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1.

With every new dike reinforcement the prospects for
multifunctional use of flood defences increase.
(this thesis)

2.

Contrary to current practise, multifunctional use is an
opportunity to improve flood protection rather than an
additional risk.
(this thesis)

3.

Risk, of any kind, is both a matter of perspective and objective
truth.

4.

Knowledge about uncertainties is the most undervalued aspect
of science.

5.

The greatest thing about online meetings is that one can join
more meetings, while actually spending less time in them.

6.

COVID-19 is both a health and a risk communication crisis.
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Summary

Summary
Many regions face an increasing flood risk as a result of sea-level
rise, climate change, and a growing population in flood prone deltas.
Flood protection infrastructure like dikes, levees, and barriers is essential
in reducing the threat of flooding. As areas are redeveloped for the
construction or reinforcement of flood protection, often the question
arises whether other developments like housing, recreational facilities or
nature restoration, can be combined with the flood protection
infrastructure as well. When adapting to higher extreme water levels and
storm events in the future, the types of uses that can be maintained on or
nearby flood defences are intrinsically linked to the flood protection
measures implemented. While combining other activities with flood
protection can have many benefits in principle, in practise there are some
obstacles remaining preventing the construction of such multifunctional
flood defences. One of those obstacles is a lack of knowledge on the safety
provided by multifunctional flood protection measures due to the
uncertainties introduced. This PhD research addresses this obstacle by
developing a framework to assess the safety of multifunctional flood
protection measures.
When flood protection infrastructure is combined with other uses,
it must be demonstrated that the flood defences comply with minimum
safety standards. This involves identifying the modes of failure of the
flood defence, modelling the processes causing the failure, and assessing
the probability of the failure by extreme events. A multifunctional flood
defence will only be constructed if the assessed probability of failure is
acceptably small. Regulations, manuals, and guidelines exist to evaluate
the safety of flood defences, yet these provide little guidance on assessing
the large variety of multifunctional flood defences. As of yet, constructing
multifunctional flood protection either requires highly specialised timeconsuming studies, must comply to strict conservative standards, or the

i

Summary

implementation of multifunctional flood protection is discouraged
entirely.
A probabilistic risk-based approach, as introduced in the
Netherlands, allows for methods to quantify risks and benefits of
multifunctional use in dike safety assessments. Therefore, the aim of this
thesis is: to investigate how combining different activities on or near flood
defences affects the safety provided by flood defences assessed with a risk-based
approach. To this end, four research questions are addressed in case
studies:
•

How can a dike assessment framework be adapted to probabilistically evaluate
multifunctional use of a flood defence? (Chapter 2)

•

How can additional defences constructed for multifunctional use of the flood
protection zone be incorporated and evaluated within a probabilistic
evaluation framework? (Chapter 3)

•

How can a probabilistic framework account for long-term climate adaption
benefits of multifunctional use within a flood protection zone? (Chapter 4,
5)
How much a conservative approach to multifunctional use can affect

the perception of the safety of a multifunctional flood defence was
explored in Chapter 2. A scenario-based approach was introduced into
the assessment framework to quantify both risks and benefits for flood
protection. As the analysis shows, the current conservative approach can
lead to a significant overestimation of the probability of failure, up to
several orders of magnitude. This is most notable when the dominant
failure mechanism is directly affected by the multifunctional use.
Furthermore, the influence of multifunctional use on safety is
proportional to the size and protection level of the flood defence itself.
The safety of large flood defences will thus be impacted less by
multifunctional use than conventional assessments would suggest, but
flood protection benefits of multifunctional use will also be limited.
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Other uses of the flood protection zone can also be accommodated
by introducing additional flood defences in a double dike system. The
area in between the defences can be flooded, e.g. through a culvert, and
used for other uses like clay mining, nature creation, and aquaculture.
Chapter 3 concludes not all double dike configurations may improve
flood protection however. When the size of the seaward defence is much
larger than the landward defence, the bulk of the safety is provided by the
seaward defence while a culvert introduces a new mechanism for
flooding the hinterland. To evaluate benefits of double dikes, Chapter 3
proposes to treat the seaward defences as transmitting loads to the final
seaward defence in the assessment framework. This way, different
configurations of dike heights and culvert sizes can be explored, while the
development of failures across the parallel defences during storm events
remains accounted for.
Long-term benefits are often not included in risk assessments. The
Wide Green Dike case explored in Chapters 4 and 5 is an exception by
incorporating the sediment dynamics on the foreshore in its design and
construction. The results indicate extracting clay from pits on the saltmarsh foreshore is feasible to obtain sufficient material for future dike
reinforcements, provided a salt marsh can persist under sea-level rise.
Still, uncertainty in marsh accretion due to compaction of the foreshore
(e.g. by grazing) or the reduction of available sediment directly affects the
need for future dike heightening, up to several additional millimetres
each year. Results stress the importance of management of the foreshore
in future dike reinforcements against sea-level rise.
Chapter 6 compiles the lessons from the other chapters and shows
that multifunctional use can be facilitated by four design components: 1)
the foreshore 2) the geometry of the flood defence system, 3) the (state of)
materials used for flood protection elements, and 4) objects in, on or near
the flood protection zone. Changes in dike composition and geometry can
already be accounted for in the assessment procedure. Foreshores need to
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be evaluated by the transmission of hydraulic loads. Objects introduced
for multifunctional use are the most complicated to incorporate as these
may directly affect hydraulic loads and the dike’s resistance as well as
introduce additional uncertainty. A scenario-based approach as
introduced in Chapter 2 is needed to quantify the effect on flood
protection across different potential states of the object during an extreme
event.
The thesis shows that the safety of flood defences shared with other
uses can be assessed using a risk-based approach. This includes common
features (Chapter 2), additional defences to enable other uses (Chapter 3),
as well as climate adaptation designs (Chapters 4, 5) through analysing
the ramifications of four design components (Chapter 6). For a full riskbased analysis the use of advanced hydrological, geotechnical, statistical
and morphological models is required. Still, the developed framework
can be improved by including the effects of other uses on reducing the
vulnerability or exposure of the hinterland. With a growing need for
integrated flood protection solutions due to climate change and
urbanisation, the shared-use of flood defences is only expected to
increase. This research is a starting point for developing new integrated
flood protection solutions within a probabilistic risk-based approach.
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Samenvatting
Veel delta’s op aarde worden kwetsbaarder voor overstromingen
door

zeespiegelstijging,

klimaatverandering,

en

bevolkingsgroei.

Waterkeringen zoals dijken zijn essentieel om de kans op een
overstroming te beperken. Wanneer er een dijkversterkingsopgave ligt
vraagt men zich vaak af of andere ontwikkelingen in het gebied
meegekoppeld kunnen worden zoals woningen, recreatie faciliteiten of
nieuwe natuur. Bij het anticiperen op hogere waterstanden en extremere
stormen zijn de mogelijke vormen van medegebruik bij waterkeringen
direct afhankelijk van de voorziene versterkingsopgave.

Alhoewel er

veel voordelen kunnen zijn bij het combineren van andere gebiedsfuncties
binnen een versterkingsopgave, blijkt in de praktijk dat er barrières zijn
voor het implementeren van multifunctionele waterkeringen. Één van
deze barrières is het gebrek aan kennis om de veiligheid van
multifunctionele

keringen

en

de

inherente

onzekerheden

van

multifunctioneel gebruik te kwantificeren. In dit promotieonderzoek
wordt de kennisbarrière verkleind door een beoordelingskader voor
multifunctionele waterveiligheidsconcepten te ontwikkelen.
Wanneer een waterkering wordt gecombineerd met andere
gebiedsfuncties moet worden aangetoond dat de waterkering nog steeds
voldoet aan de veiligheidsnormen. Hiertoe moeten de faalmechanismen
van de kering worden geïdentificeerd,

de faalprocessen worden

gemodelleerd, en de kans op falen door extreme condities als een storm
worden berekend. Alleen als de kans op falen van de kering voldoende
klein wordt ingeschat zal deze gebouwd mogen worden. Normen,
ontwerpmethodieken en leidraden zijn beschikbaar om de veiligheid van
waterkeringen te kunnen inschatten. Toch blijken deze weinig handvaten
te bieden voor het omgaan met de grote variatie aan multifunctioneel
gebruik die rond een kering kan plaatsvinden. Op dit moment vergt de
implementatie van een multifunctionele kering geavanceerde en
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tijdrovende studies, moet de kering voldoen aan strenge conservatieve
veiligheidseisen ten aanzien van de functies rond de kering, of wordt
multifunctioneel gebruik in zijn geheel ontmoedigd.
Een probabilistische risicobenadering zoals onlangs in Nederland is
geïntroduceerd biedt de mogelijk om zowel de risico’s als voordelen van
multifunctioneel gebruik in het veiligheidsoordeel te betrekken.

Dit

proefschrift heeft dan ook als doel om: te onderzoeken hoe het combineren van
verschillende functies op of bij de waterkering het veiligheidsoordeel van de
waterkering beïnvloedt binnen de risicobenadering. Zodoende zijn vier
onderzoeksvragen opgesteld:
•

Hoe kan een beoordelingskader voor dijken aangepast worden voor het
probabilistisch evalueren van multifunctioneel gebruik van de kering?
(Hoofdstuk 2)

•

Hoe

kunnen

extra

dijken

aangelegd

voor

medegebruik

van

de

waterveiligheidszone worden betrokken en geëvalueerd binnen een
probabilistisch beoordelingskader? (Hoofdstuk 3)
•

Hoe kan een probabilistisch beoordelingskader rekening houden met
klimaatadaptatievoordelen

van

multifunctioneel

gebruik

van

de

waterveiligheidszone op de lange termijn? (Hoofdstuk 4, 5)
Hoeveel een conservatieve benadering het veiligheidsoordeel van
een multifunctionele kering kan beïnvloeden is onderzocht in hoofdstuk
2.

Een

scenario-aanpak

wordt

geïntroduceerd

binnen

het

beoordelingskader om zowel voor- als nadelen voor waterveiligheid te
kwantificeren. Volgens de analyses kan een conservatieve benadering
leiden tot een significante overschatting van de faalkans, tot meerdere
ordes van grootte. Dit komt vooral tot uiting wanneer het dominante
faalmechanisme direct beïnvloed kan worden door het medegebruik.
Verder is het effect van medegebruik op de waterveiligheid proportioneel
aan de sterkte en faalkans van de dijk zelf. De veiligheid van een zware
veilige kering zal minder beïnvloedt worden door medegebruik dan de

vi

Samenvatting

huidige conservatieve aanpak doet vermoeden. Anderzijds zullen
voordelen van medegebruik voor waterveiligheid in deze gevallen
beperkt zijn.
Medegebruik van de beschermingszone kan ook mogelijk gemaakt
worden door het aanbrengen van extra keringen in een dubbele dijk
systeem. Het tussengebied kan overstromen, b.v. via een duiker, en
gebruikt worden voor het winnen van klei, het creëren van nieuwe
natuur, of voor aquacultuur. Hoofstuk 3 concludeert dat niet alle
configuraties met dubbele dijken de veiligheid bevorderen. Wanneer de
buitenliggende kering veel groter is dan de binnenliggende kering zal het
merendeel van de veiligheid door de buitenliggende kering worden
geleverd,

terwijl

een

duiker

een

nieuw

faalmechanisme

voor

overstroming kan introduceren. Om de veiligheid van dubbele
dijksystemen

te

kwantificeren

stelt

hoofdstuk

3

voor

om

de

buitenliggende kering te beschouwen als een (beperkt) doorlatend
element voor hydraulische belastingen op weg naar de binnenliggende
kering. Op deze manier kunnen verschillende configuraties van
dijkhoogtes en duikerdimensies worden onderzocht, terwijl de effecten
van faalmechanismen aan de buitenliggende kering tijdens een storm
verdisconteerd worden.
Voordelen van medegebruik op de lange termijn blijven vaak
buiten het vizier van veiligheidsbeoordelingen. Het Brede Groene Dijk
concept dat is onderzocht in hoofdstukken 4 en 5 vormt daarop een
uitzondering door de dynamiek van sediment op het voorland in het
ontwerp te betrekken. De resultaten laten zien dat het winnen van klei uit
putten op het voorland een realistische strategie is voor het verkrijgen van
voldoende materiaal voor toekomstige versterkingen. Een voorwaarde
daarbij is dat de kwelder op het voorland zichzelf in stand kan houden bij
de verwachte zeespiegelstijging. Desalniettemin hebben onzekerheden
rond het opslibben van de kwelder, denk aan compactie als gevolg van
beweiding en de toevoer van sediment, een directe invloed op de
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benodigde dijkversterking in de toekomst. Per jaar bespaart de kwelder
enkele millimeters aan benodigde dijkverhoging met zeespiegelstijging.
Hoofdstuk 6 brengt de lessen van de voorgaande hoofdstukken
samen en identificeert vier elementen in het ontwerp waarop
multifunctioneel gebruik voor veiligheid getoetst wordt: 1) de vooroever,
2) geometrie van de kering, 3) de (staat van de) gebruikte materialen, en
4) de objecten in, op, of bij de waterveiligheidszone. Veranderingen in
materiaalcompositie en geometrie zijn in veel gevallen al onderdeel van
de beoordeling. Vooroevers kunnen beoordeeld worden op basis van de
invloed op hydraulische belastingen. Objecten voor medegebruik zijn
moeilijker te beoordelen omdat deze direct kunnen acteren op de
hydraulische belastingen, de stevigheid van de dijk, en extra
onzekerheden introduceren. Een scenario aanpak zoals voorgesteld in
hoofdstuk 2 is nodig om de effecten op waterveiligheid bij verschillende
mogelijke situaties van het object tijdens een hoogwater te beoordelen.
Het proefschrift laat zien dat de veiligheid van waterkeringen met
multifunctioneel

gebruik

beoordeeld

kunnen

worden

met

een

risicobenadering. Dit omvat veelvoorkomende functies (hoofdstuk 2),
extra keringen voor medegebruik (hoofdstuk 3), en klimaat adaptieve
elementen (hoofdstukken 4 en 5) door het analyseren van vier
ontwerpelement (hoofdstuk 6). Voor een volledige risicobenadering zijn
geavanceerde hydrologische, geotechnische, statistische en morfologische
modellen nodig. Het ontwikkelde beoordelingskader kan verder worden
verbeterd door rekening te houden met de effecten van medegebruik op
de kwetsbaarheid van het achterland. Zeker nu er voor het aanpassen aan
klimaatverandering en bevolkingsgroei integrale oplossingen worden
gezocht, zal het medegebruik van waterkeringen steeds vaker worden
overwogen. Dit onderzoek is een startpunt voor het ontwikkelen van
nieuwe integrale waterveiligheidsconcepten door middel van een
probabilistische risicobenadering.
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Chapter 1

1.1. Background

1.1.1. Multifunctional flood defences
For over millennia humans have depended on natural recourses within
deltas like fresh water, fertile floodplains, and abundance in marine resources, to
fuel urban development (Day, Gunn, Folan, Yáñez-Arancibia, & Horton, 2007).
Over time settlements have developed into large urban centres and transportation
hubs providing a myriad of additional functions to the region. Aside from direct
economic value, deltas harbour a variety of unique habitats providing important
ecosystem services (Barbier, 2017). Deltas are also the most densely populated areas
in the world with over 300 million people living there (Edmonds et al., 2017),
roughly 270 million of whom can expect flooding at least once per century
(Jongman, Ward, & Aerts, 2012). The exposure to flooding is reduced by the
construction of flood defences. Still, any flood defence will inevitably affect other
uses present either directly or indirectly (Adams, Adger, & Nicholls, 2018; van
Wesenbeeck et al., 2014).
Accelerating sea-level rise as a result of climate change is further increasing
flood risk, with annual global flood costs expected to reach up to US$ 210 billion
by 2100 without new or reinforced flood defences (Hinkel, van Vuuren, Nicholls,
& Klein, 2013). If new coastal flood defences were to be constructed and existing
defences were maintained economically, globally the population at risk of flooding
is estimated to reduce by as much as a factor of 500 and annual flood costs would
reduce by a factor of 5 by 2100 compared to business as usual (Hinkel et al., 2013).
When improving flood protection, it is often considered whether the flood
protection zone could also be combined with other needs and services for the area
like nature, recreation, or urban development. As of yet, there is little guidance on
how such activities will affect the safety provided by the flood protection measures.
Multifunctional use can exploit synergies between uses, for example when
excess heat from industry is used to heat houses (Weinberger, Amiri, & Moshfegh,
2017). Other times combining uses concentrates adverse effects so these are more
easily managed or mitigated, for example when bundling line infrastructure like
highways, rail lines, pipelines, and power lines, to concentrate noise pollution and
nuisance during maintenance. Similar beneficial combinations of uses for flood
2
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protection could improve flood protection while addressing the demand for other
uses. Therefore, options have been, and still are, explored to combine other uses
with flood protection in so-called multifunctional flood defences (MFFDs). In this
thesis a multifunctional flood defence is defined as any flood protection structure
sharing physical space with a use not tied to retaining water.
While many flood defences may have accumulated different uses over time,
e.g. the presence of a road, buildings, trees, etc., examples of flood defences
designed for multifunctional use in literature are still rare. Prominent examples are
given by Voorendt (2017) such as flood retention walls within houses in Dordrecht
and a parking garage inside a dune at Katwijk. Another example is the super levee
in Tokyo where a city block is integrated with the flood defence (Nakamura, 2016).
Rather than employing synergies to reduce the size of flood defences, in practise
multifunctional flood defences are often over-dimensioned, i.e. safer than strictly
necessary to meet the flood protection norm. This results in a “robust” dike (van
Loon-Steensma & Vellinga, 2014) which is more resilient to damage or additional
loads by multifunctional use. Examples of robust dike concepts designed to be safer
than the safety norm are: the Delta dike (Knoeff & Ellen, 2011), the climate dike (de
Moel et al., 2010), and the so-called “unbreachable” dike which is technically still
breachable (Silva & van Velzen, 2008) (Figure 1.1, Table 1.1).
Multifunctional use is not limited to robust dike concepts. According to van
Veelen, Voorendt, and van der Zwet (2015) there are different degrees of
multifunctionality:
•

Shared-use: A flood defence is (temporarily) used by another function
without adapting the design of the dike to the function.

•

Spatial optimisation: The design of the flood defence is altered to
accommodate another function, but remains technically separate from the
other function.

•

Structural integration: A non-water retaining object (NWO) is built on, in
or under the flood defence. This type includes the over-dimensioned dike
concepts discussed before.

•

Functional integration: Elements built in the dike for other uses double as
water-retaining elements. These are often called hybrid defences.
3
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Figure 1.1 A monofunctional dike and different "robust" reinforcement concepts suitable for shareduse, spatial optimisation, and/or structural integration

Table 1.1 Multifunctional dike concepts classified by type and scale of multifunctionality
Dike scale
SharedSpatial
use
optimisation
Robust dike

4

Structural
integration
Super levee

Functional
integration

Flood defence system
scale

Hybrid
defence
Eco-engineering,
natural foreshores
Parallel dikes
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Expanding the scope from a single flood defence to a larger flood defence
zone, other multifunctional options like parallel dikes and eco-engineering
solutions can be explored (van Loon-Steensma et al., 2014b). Parallel flood defences
are systems with two or more dikes, where both contribute to mitigating flood risk.
The space between the dikes can be used for agriculture, aquaculture, and nature
development (Kwakernaak et al., 2015). Recent literature advocates for
incorporating potential synergies of natural elements like salt marshes, mangroves,
and reefs, with flood protection (Borsje et al., 2011; Möller et al., 2014; Scheres &
Schüttrumpf, 2019). A major benefit of eco-engineering is that the adaptive capacity
of ecosystems (e.g. sediment accumulation, soil stabilization, etc.) is utilised to
reinforce flood defences over time, while preserving other ecosystem services for
the region. Apart from flood storage measures like the Dutch “Room for the River”
or the flood retention areas of the “Sigmaplan” in Belgium, considering elements
beside the flood defence itself for flood protection is not yet common practise. As a
result, there is little guidance available to assess how uses within the flood
protection zone might affect safety now, let alone in the future.

1.1.2. Assessment of flood protection
There are many options for multifunctional use in flood protection. However,
before multifunctional elements can be incorporated, it is important to know how
flood defences are usually assessed.
The methods to assess flood protection are rooted in reliability theory. The
goal of a reliability analysis is to determine the probability of failure of a system or
component. Interpreting “failure” as a flood and the “component” as a physical
process to allow water into the hinterland, it becomes clear that quantifying flood
risk is a specialised application of reliability theory. Concepts of reliability theory
can be expressed in failure mechanisms, limit states, and fault trees when applied
for assessing flood protection measures (Bakker & Vrijling, 1980; Vrijling, 1987,
2001).
A sequence of events that can result in a flood is known as a failure mechanism.
The most common dike failure mechanisms (Figure 1.2) for a dike are:
•

overtopping & overflow: water flowing over the crest of the dike
inundating the hinterland and/or eroding the landward slope of the dike
5
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•

macrostability: loss of stability of the soil at the landward side due to water
pressure

•

erosion: erosion of the dike by wave action on the outer slope

•

piping: water flowing beneath the dike eroding the subsoil

Figure 1.2 The most common failure mechanisms of a dike

The vast majority of dike breaches can be attributed to these failure
mechanisms (Danka & Zhang, 2015; Özer, van Damme, & Jonkman, 2020). For each
mechanism methods are available to compute the flow, force balance, or erosion
given the hydraulic boundary conditions like water level and wave action. A
critical flow, erosion or force threshold (i.e. a limit state) is defined such that, when
exceeded, will result in failure. The probability of a failure mechanism is thus
defined as the probability the limit state is exceeded by a (combination of)
hydraulic load(s). The different parallel and sequential events needed to initiate a
failure mechanism are structured in a fault tree. Each stage of the fault tree is
evaluated to evaluate the probability of failure for any (combination of)
mechanisms.
Probabilistic calculations can be performed at varying degrees of complexity.
In a level I analysis the dike resistance (𝑅𝑅𝑅𝑅) and hydraulic loads (𝑆𝑆𝑆𝑆) are multiplied
by partial safety factors that represent the uncertainty (Jongejan, Diermanse,
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Kanning, & Bottema, 2020). These factors need to be calibrated by more complex
probabilistic techniques. In a more complex level II analysis the probability of
failure is obtained by approximating the limit-state surface around the design point
(Der Kiureghian & Dakessian, 1998). In a level III analysis neither the probability
distributions nor the limit state are approximated. Computationally intensive
algorithms like Monte-Carlo sampling or numerical integration are required for to
this level of analysis.
Since the 2000’s the probabilistic approach from reliability theory has seen
wide spread adoption in flood risk assessments with varying approaches to
stochastic hydraulic boundary conditions, statistical algorithms, and limit state
definitions (Apel, Thieken, Merz, & Blöschl, 2006; Jonkman, Kok, Van Ledden, &
Vrijling, 2009; Neal, Keef, Bates, Beven, & Leedal, 2013; Purvis, Bates, & Hayes,
2008). This approach has also been adopted nationally in the Netherlands (see
section 1.1.4). The probabilistic method allows for uncertainties in the design of a
flood defence to be accounted for explicitly, as well as give a better estimation of
the true probability of flooding. The downside is the complexity of estimating the
necessary probability distributions and the large number of model runs required
to estimate probabilities in level II or III algorithms. While the application of the
probabilistic approach for regular flood defences is well established, very few
studies so far have attempted to incorporate multifunctional use of the flood
defence in the assessment (see next section).

1.1.3. Advances in the probabilistic assessment of multifunctional
flood defences

While there are many different concepts and ideas surrounding
multifunctionality of flood defences, there is no clear framework for how these
multifunctional aspects can be accounted for in flood risk assessments. For objects
commonly found at flood defences guidelines to deal with safety risks are already
present. A simple method to assess flood defences with non-water retaining objects
(NWOs), e.g. trees, pipes, and small structures, is already part of Dutch safety
regulations (Rijkswaterstaat, 2016c). In this conservative approach a MFFD is safe
if the NWOs cannot interfere with the profile designed to the required flood
7
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protection level. As a result, MFFDs are required to be larger than monofunctional
flood defences. For pipelines an exception is made if the pipeline itself is already
designed to meet the NEN-norm for pipelines near important public works (NEN,
2012), ensuring it has an insignificantly low probability of failure.
During the writing of this thesis additional studies have been conducted to
advise the Dutch Flood Protection Program (abbreviated as HWBP in Dutch) on
common

issues.

These

explorations

across

projects

(projectoversteigende

verkenningen or POVs in Dutch) have identified two options for evaluating
multifunctional use. The first option is to evaluate a fault tree of scenarios with
different states of the object. The second option considers failure of a
multifunctional element as an additional failure mechanism in the assessments.
“POV cables and pipelines” (Schelfhout, Nurmohamed, Janssen, & de Koning,
2020) considers both approaches acceptable, but prefers the second option for
pipelines to avoid major changes to the current assessment of failure mechanisms.
“POV foreshores” (Roode, Maaskant, & Boon, 2019) suggests the first option for
objects on foreshores.
Scientific studies have already been conducted to device more advanced
safety assessments of multifunctional elements in MFFDs (Table 1.2).
Multifunctional flood defences can include a wide range of implemented
multifunctional elements, each interacting in a variety of complex ways with the
flood defence depending on the context. As a result, studies so far have focussed
primarily on assessing the effects of a specific multifunctional element on a specific
failure mechanism, usually for a specific case-study. As a result, the approaches do
not lend themselves for a wider implementation. Overall, MFFDs are safer than
conventional assessments often suggest because positive interactions can be
incorporated while the risk of negative interactions is quantified, e.g. (AguilarLópez, Warmink, Schielen, & Hulscher, 2018b; Vuik, van Vuren, Borsje, van
Wesenbeeck, & Jonkman, 2018b). The approaches of previous studies are discussed
in detail below.
Ways of probabilistically assessing specific types of multifunctional flood
defences were explored by Aguilar-López (2016). The effect of two multifunctional
uses (a pipeline and a road) were assessed for two failure mechanisms (piping and
overtopping). The strategy employed by Aguilar-López (2016) follows a similar
8
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scheme for each use: 1) collect field data of the failure mechanism affected by a use,
2) reproduce the results with a high-detail model (e.g. Finite Element Model or
Computational Fluid Dynamics simulation, etc.), 3) emulate the advanced model
with a faster model to reduce computation time, 4) fit probability density functions
and correlation models to site data, 5) use Monte-Carlo Sampling to assess failure
for thousands of parameter combinations, 6) estimate the probability of failure
from the samples, 7) update the existing formulas to better represent the case
results. The use of experimental data and advanced models allows Aguilar-López
(2016) to thoroughly test the validity of commonly applied models of failure
mechanisms like the piping formula of Sellmeijer, de la Cruz, van Beek, and Knoeff
(2011) when new uses are present. The major downside of the approach is the
extensive data collection and modelling needed to update design formulas of
failure mechanisms whenever a new use on a flood defence is considered.
As Vuik et al. (2018b) demonstrated for natural foreshores, additional uses
not necessarily require updating models of failure mechanisms. Instead, the
reduction in hydraulic loads (wave height) by the presence of natural features is
explicitly modelled prior to modelling the failure mechanism itself. Lanzafame
(2017) accomplished assessing the effects of woody vegetation on the
macrostability of dikes by updating soil parameters (cohesion and friction angle)
with results from a root growth model, rather than adding steps to the description
of the failure mechanism itself. Halter (2015) approached wind turbines near flood
defences as a risk of falling components damaging the defence and considered this
a new failure mechanism. Finally, Chen, Jonkman, Pasterkamp, Suzuki, and
Altomare (2017) approached safety from the perspective of the new use, i.e. a
building. To do so, they considered the collapse of the building as a new failure
mechanism and derived a new sequence of design formulas to assess its
probability.

Apart from these studies,

the probabilistic assessment of

multifunctional elements has remained largely unexplored in scientific literature.
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Table 1.2 Overview of scientific literature probabilistically assessing the influence of
multifunctional elements on flood defences
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Multifunctional
element

Studied failure
mechanism(s)

Failure model

Probabilistic
method

Study

Wind turbine

- Damage by
falling blade or
mast

- Fall impact
model (of
debris)

Scenarios
(Level I)

Halter (2015)

Building

- Collapse of
buildings due to
overtopping

- Empirical
wave peak
loads
- Design
formulas

Scenarios
(Level I)

Chen et al.
(2017)

Tree

- Macro stability

First Order
Reliability
Method
(Level II)

Lanzafame
(2017)

Road

- Overtopping

Monte-Carlo
(Level III)

Aguilar-López,
Warmink,
Bomers,
Schielen, and
Hulscher
(2018a)

Sewer pipe

- Piping

Monte-Carlo
(Level III)

Aguilar-López
et al. (2018b)

Salt-marsh

- Overtopping
- Revetment
erosion

- Empirical
root biomass
model
- Finiteelement
ground water
flow model
- Design
formulas
Computational
fluid dynamics
(CFD)
- Artificial
neural network
emulator
- Finiteelement
ground water
flow model
- Artificial
neural network
emulator
- Numerical
wave model
- Design
formulas

First Order
Reliability
Method
(Level II)

Vuik et al.
(2018b)
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1.1.4. The Dutch case
About 60% of the Netherlands is prone to flooding from the sea or rivers
(Kok, Jongejan, Nieuwjaar, & Tanczos, 2017; Slomp, 2012). Flood protection has
therefore always been a priority. However it was only after the large flood in 1953
that a large national plan was prepared to ensure national flood safety. The first
Delta Committee was established to advise the government in policies for flood
risk management. The Delta Committee advised an acceptable yearly design water
level exceedance probability of 1/10,000 for the west of the Netherlands, with
higher acceptable flood probabilities for rural areas in the north and south of the
Netherlands, based on the extrapolation of observed water-levels and storm surges,
and an economic optimisation of damages in case of a flood (Maris et al., 1961). This
advice has been the basis of Dutch flood risk policy ever since, cemented in
legislation such as the Water Act.
The Flood Protection Program (Hoogwaterbeschermingsprogramma in Dutch, or
HWBP) is part of the larger Delta program initiated by the Delta Committee. It
consists of all 21 waterboards of the Netherlands and the national water authority
Rijkswaterstaat. This alliance is tasked with maintaining and reinforcing the flood
defences up to the safety standards across the Netherlands. From a total of 3,750
kilometres of primary flood defences in the Netherlands, 1,640 kilometres of flood
defences have been in need of reinforcement since 2006. By 2020 the HWBP has
already reinforced 354 kilometres of flood defences (HWBP, 2020). In order for all
remaining primary flood defences to meet the safety standards by 2050, roughly 1
kilometre of flood defence must be reinforced weekly (HWBP, 2020). Among these
flood defences many feature multifunctional elements. Thus, to meet the target of
all flood defences being up to standard by 2050, an effective strategy for
incorporating multifunctional use must be developed.
Recently (2017) the Water Act has been changed from (storm) exceedance
based norms to flood probability based norms. That is, it is no longer sufficient to
demonstrate a flood defence can survive a design storm or water level of a specified
exceedance frequency, but instead all uncertainties in the hydraulic loads and the
dike should be incorporated to determine the probability of a flood. To determine
whether a flood defence complies with these new standards, the legal assessment
tools “WBI2017” (Wettelijk Beoordelings Instrumentarium 2017 in Dutch) have been
11
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developed. These tools are largely adapted from previous design guidelines like
VTV2006 (Ministerie van Verkeer en Waterstaat, 2007), as well as the large amount
of grey literature on the strength of dikes accumulated over many years. The WBI
consists of three types of assessment: 1) basic assessments, 2) detailed assessments,
and 3) advanced assessments (Rijkswaterstaat, 2016a; Slomp, Knoeff, Bizzarri,
Bottema, & de Vries, 2016). Basic assessments consist of simple but conservative
rules and are intended to quickly approve dike sections on failure mechanisms that
are highly unlikely to be relevant. The advanced assessments on the other hand
allow for highly detailed, highly location-specific models to be employed for
evaluating a failure mechanism on a particular dike section and are intended for
evaluating unusual circumstances. The detailed assessments are most commonly
employed for assessing flood defences.
In a detailed probabilistic assessment, the first step consists of retrieving and
hydraulic load distributions (e.g. water level, wave height, etc.) for the relevant
dike section from the official hydraulic databases. Tools like Hydra-NL (Duits &
Kuijper, 2018) have been made available for this purpose. The second step is
schematising a representative dike cross-section for the failure mechanisms to be
assessed. Schematisation guides for each mechanism have been made available
online (www.helpdeskwater.nl) to guide the development of cross-sections and the
uncertainties to include. Finally, failure of the cross-section by the relevant failure
mechanisms is assessed according to the methods outlined in Rijkswaterstaat
(2016c). Versions of these models and probabilistic routines for assessing failure
probabilities have been made available directly in the assessment tools like Riskeer
(Deltares, 2021), but may also be evaluated manually as in this thesis. In the WBI, a
section is safe if the combined probability of failure from all failure mechanisms
remains below the safety norm set for the dike section.
The shift to a full probabilistic approach allows for optimisation of dike
designs as knowledge and uncertainties of local conditions and uses can be
incorporated directly in the safety assessment. However, there is little experience
how to apply the probabilistic approach in cases of multifunctional use. Still, by
2050 all primary flood defences, including those with multifunctional elements,
must conform to the new safety standards in the Water Act.
12
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1.2. Knowledge gaps and research objectives
Based on the available literature the following knowledge gaps regarding the
reliability of multifunctional flood defences can be formulated:
1. There are no clear guidelines of how multifunctional elements can be
included in a risk-based approach for flood defences.
2. The effects of different activities near flood defences and their
implementation within a reliability framework are unclear and often
omitted.
3. Multifunctional flood defences are generally considered as long-term
climate adaptation measures, yet changes to the flood protection system
over time as a result of multifunctional use are absent from the reliability
framework.
Therefore, the main objective of this PhD thesis is: to investigate how combining
different activities on or near flood defences affects the safety provided by flood defences
assessed using a risk-based approach. To this end, I will develop a framework for
assessing and designing flood defences in which effects of multifunctional use
within the flood protection zone on safety can be quantified. To do so, the following
research questions are addressed in this thesis.
RQ1: How can a dike assessment framework be adapted to probabilistically
evaluate multifunctional use of a flood defence?
RQ2:

How can additional defences constructed for multifunctional use of

the flood protection zone be incorporated and evaluated within a probabilistic
evaluation framework?
RQ3: How can a probabilistic framework account for long-term climate
adaption benefits of multifunctional use within a flood protection zone?

1.3. Research approach
1.3.1. General approach

Multifunctional use of flood defences covers a wide range of functions and
the implementation is highly context specific. As a result, formulating a generic
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framework for assessing multifunctional use is complicated. In general, studying
changes in flood risk requires (any combination of) three types of analyses:
1. An analysis of the frequency of (extreme) hydrological events
2. An analysis of the stability or strength of flood defences
3. An analysis of the damages or consequences of a flood
The first type of analysis can consist of a statistical analysis of long-term
observations. The observed variability in hydraulic loads in the system can be
schematised by (a set of) probability distributions, i.e. mathematical functions
describing the range of values a system variable can reach and the associated
likelihood of each value (Bernardara, Schertzer, Sauquet, Tchiguirinskaia, & Lang,
2008). If there is reason to believe the distribution of extreme events will change,
models are required to quantify these changes. A prime example for this type of
analysis is assessing the effects of climate change. Results from large scale climate
models have been utilised to predict changes in river discharge (Bastola, Murphy,
& Sweeney, 2011), the frequency of storm events (Salathé et al., 2014) and the
likelihood of hurricanes (Marsooli, Lin, Emanuel, & Feng, 2019), which will in turn
affect the frequency of hydraulic load conditions. Hydraulic load distributions may
also shift due to changes in land-use (Schilling et al., 2014), the loss of natural
features like marshes and coral reefs (Ferrario et al., 2014; Möller, Spencer, French,
Leggett, & Dixon, 2001), and man-made structures like dams (Lee, Heo, Lee, & Kim,
2017). Some additional uses on or near a flood defence may similarly result in a
shift in hydraulic loads in which case computer models are required to quantify the
change in hydraulic loads from the specific use.
The second type of analysis is concerned with determining the capacity of
flood protection infrastructure to prevent flooding or designing sufficiently strong
flood defences. As described in Section 1.1.2, the probability of failure of a flood
defence is determined by modelling the different failure mechanisms of the flood
defence within a reliability framework. The hydraulic conditions determined in the
first type of analysis are used as design criteria the flood defence is required to
retain up to an acceptable level. A vast amount of literature has explored various
effects and design options for flood defences by assessing the probability of failure
of the flood defence through modelling (Bischiniotis, Kanning, Jonkman, & Kok,
2018; van Loon-Steensma & Schelfhout, 2017). The effect of additional features
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such as pipelines and asphalt roads (Aguilar-López et al., 2018a; Aguilar-López et
al., 2018b), and different types of foreshores (Oosterlo et al., 2018a; Vuik et al., 2018b)
were all assessed by different models for predicting dike failure. Calculating the
probability of failure by incorporating effects of multifunctional use in dike failure
models is therefore a promising approach to quantify the effects of multifunctional
use on flood protection in this research.
The third type of analysis involves determining and/or mitigating the
consequences of a flood. Many studies have been conducted to estimate the
vulnerability of areas across the world to flooding. Such studies explore options to
minimise consequences of floods, e.g. through regional policies (Koks, Jongman,
Husby, & Botzen, 2015), or use these metrics to determine an economically optimal
protection level (Jonkman et al., 2009). This research is mainly concerned with the
effects of multifunctional use in reducing or increasing the risk flooding. Therefore,
no such analyses are conducted for this research.
The implementation of additional functions within a flood defence is highly
context specific. As a result studies on multifunctional use so far have analysed
case-studies to study multifunctional elements of interest (Aguilar-López et al.,
2018a; Aguilar-López et al., 2018b; Chen et al., 2017; van Loon-Steensma & Vellinga,
2014; Vuik, Borsje, Willemsen, & Jonkman, 2019; Vuik et al., 2018b; Yang, Shi,
Bouma, Ysebaert, & Luo, 2012) (Table 1.2). Similarly, to ensure multifunctional use
is understood within the relevant context, a suitable case-study from the Dutch
Flood Protection Program (HWBP) is selected to answer each research question in
this thesis as well.
To effectively study the effects of multifunctional use on flood risk, it is not
necessary to redevelop all three types of flood risk analyses for each case-study. As
discussed in sections 1.1.2 and 1.1.3, there are already developments in the
probabilistic assessment of flood defences. It is therefore more efficient to adapt an
existing probabilistic framework for assessing flood risk, rather than developing a
new one. This thesis adapts the Dutch legal assessment tools (abbreviated as WBI in
Dutch) and design guidelines (abbreviated as OI in Dutch). This probabilistic
framework is implemented since 2017 (Slomp et al., 2016) and specifies methods for
the analyses discussed above of 1) deriving hydraulic loads (Rijkswaterstaat,
2016b), 2) models for failure mechanisms (Rijkswaterstaat, 2016c), and 3) prescribes
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the appropriate safety level for dike sections given expected damages and
casualties in the hinterland (Rijkswaterstaat, 2016a). This approach ensures the
research can focus on areas in the framework affected by multifunctional use and
the reliability framework developed throughout the thesis remains consistent with
current practises while allowing insights of the thesis to be more easily adopted in
dike assessments and designs.

1.3.2. Approach per research question
This thesis explores three research questions to develop a framework for
assessing the effects of multifunctional use of flood defences on flood risk. Starting
with the WBI framework introduced in the Netherlands in 2017 (Slomp et al., 2016),
each research question will be used to adapt the framework in some aspect.
The first research question asks how a dike assessment framework can be adapted
to probabilistically evaluate multifunctional use of a flood defence? As explained in
Section 1.1.3, some multifunctional uses like trees and pipelines are common along
river dikes and do have procedures to ensure a safe design. Examining these
procedures of the WBI framework within the context of a case-study is the first step
in identifying how multifunctional elements can be accounted for in a dike design.
To this end a multifunctional dike is schematised according to the current safety
framework and its relevant failure mechanisms are evaluated by models already
used in practise (e.g. (Sellmeijer et al., 2011; van der Meer et al., 2016)). The safety
level is assessed with a level II probabilistic algorithm. An improved probabilistic
schematisation for multifunctional use is suggested and the effect on the safety
level is again assessed using the same models and probabilistic routine. The casestudy selected is the Grebbedijk in Wageningen, the Netherlands. While the
Grebbedijk was used as a starting point, the multifunctional elements explored
(buildings, trees) are common enough that the approach is easily generalised to
other river dikes with such elements.
The second research question asks can additional defences constructed for
multifunctional use of the flood protection zone be incorporated and evaluated within a
probabilistic evaluation framework. While aspects of multifunctional use of a single
flood defence have been incorporated within the WBI framework to some degree
16
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as examined in the previous question, multifunctional use of a flood protection
system can also be achieved by the construction of additional defences in the flood
protection zone. A prime example is the construction of additional defences and
inlets for restoring wetlands in polders while improving flood protection, e.g. (Cox
et al., 2006). At the time this research was conducted the framework needed to
probabilistically evaluate this type of flood protection is extensively discussed. The
question is explored by analysing the case of the Double Dike between Eemshaven
and Delfzijl, the Netherlands. Based on the Double Dike case, changes to the WBI
framework are explored to evaluate the effect of the additional dike on flood
protection. Similar to the approach of the previous question, the relevant failure
mechanisms for the case are identified, modelled, and evaluated with a
probabilistic algorithm. The applied failure models (wave impact and overtopping)
are rooted in the models applied and developed for the WBI, with additions made
for the case-study area. The approach is generalised such that it can be applied to
similar multifunctional flood protection concepts where additional flood defences
are constructed.
The third research question asks how a probabilistic framework can account for
long-term climate adaption benefits of multifunctional use within a flood protection zone?
Multifunctional use of flood defences is not only considered for immediate benefits,
but also for potential long-term benefits. This is the case for the Wide Green Dike
case-study in the Ems estuary, the Netherlands. Previous studies have suggested
aligning the dike design with the nearby marshes is a promising long-term climate
adaptation strategy (van Loon-Steensma & Schelfhout, 2017). Nevertheless, it is not
yet explored how such benefits can be represented in a probabilistic flood risk
framework. Changes to the WBI framework are explored in order to quantify these
benefits. As climate change, in particular sea-level rise, presents a change in the
hydraulic system, hydro-morphological models are used to identify changes in the
frequency of extreme hydraulic loads on flood defences. In addition, the
multifunctional design of the dike will again be evaluated probabilistically by
modelling the relevant failure mechanisms within a probabilistic calculation.
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1.4. Thesis outline
The thesis is divided into 7 chapters (Figure 1.3). Chapter 1 presents the
background, the research objectives, a description of the research approach, and
the structure of the thesis.
Chapter 2 addresses the first research question: “How can a dike assessment
framework be adapted to probabilistically evaluate multifunctional use of a flood defence?”
by evaluating a typical river dike with common multifunctional elements. The
current practise for common multifunctional elements is described and compared
to an alternative assessment methods with scenarios for the state of each
multifunctional element.
Chapter 3 addresses the second research question: “How can additional
defences constructed for multifunctional use of the flood protection zone be incorporated
and evaluated within a probabilistic evaluation framework?” by studying the Double
Dike near Delfzijl, the Netherlands. A new framework is proposed to propagate
hydraulic loads through multiple flood defence elements and demonstrated for the
relevant failure mechanism of the Double dike (i.e. revetment erosion and
overtopping).
Chapters 4 and 5 relate to the research question: “How can a probabilistic
framework account for long-term climate adaption benefits of multifunctional use within a
flood protection zone?” and explore it with the Wide Green Dike case-study in the
Ems-Dollard estuary. Chapter 4 evaluates the feasibility of sediment capture by
man-made pits to reinforce dikes against sea-level rise while chapter 5 explores
how sedimentation on a natural foreshore can already reduce the need for future
reinforcements.
Chapter 6 presents the main result of the thesis: “a framework for assessing and
designing flood defences in which effects of multifunctional use within the flood protection
zone on safety can be quantified” by combining the lessons learned in the previous
chapters into one framework for assessing multifunctional flood defences and
provides insights how other uses influence the design of flood defences.
Finally, Chapter 7 provides a discussion of the results of the thesis, discusses
the weaknesses of the approach and how these can be addressed, and provides an
outlook for the implementation of multifunctional flood defences in the future.
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Figure 1.3 Overview of the thesis chapters with the research questions and case-studies. Each step
the scope of the multifunctional use is expanded in space (from a single flood defence to a flood
protection zone), and in time (from short-term effects on flood protection to long-term climate
adaptation effects on flood protection)
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2. Re-evaluating safety risks of multifunctional dikes
with a probabilistic risk framework
(RECHTS)
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Abstract
It is not uncommon for a flood defence to be combined
with other societal uses as a multifunctional flood defence,

from housing in urban areas to nature conservation in rural
areas. The assessment of the safety of multifunctional flood

defences is often done using conservative estimates. This

study synthesizes new probabilistic approaches to evaluate
the safety of multifunctional flood defences employed in
the Netherlands and explores the results of these

approaches. In this chapter a case representing a typical
Dutch river dike combining a flood safety function with a
nature and housing function is assessed by its probability
of failure for multiple reinforcement strategies considering
multiple relevant failure mechanisms. Results show how the

conservative estimates of multifunctional flood defences
lead to a systematic underestimation of the reliability of
these dikes. Furthermore, in a probabilistic assessment

uncertainties introduced by multifunctional elements affect
the level of safety of the dike proportional to the reliability

of the dike itself. Hence, dikes with higher protection levels

are more suitable to be combined with potentially harmful
uses for safety, whereas dikes with low protection levels can
benefit most from uses that contribute to safety.
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2.1. Introduction

2.1.1. Evolution of the flood risk approach
With rising sea level and an expected rise in extreme rainfall events due to
climate change, many regions in the world are faced with increasing flood risk
(Bouwer, Bubeck, & Aerts, 2010; Hirabayashi et al., 2013). Risk-based approaches
towards flood protection have been applied all over the world to inform decision
makers on effective flood risk measures in spite of the large (Hall et al., 2003;
Jonkman et al., 2009; Kheradmand, Seidou, Konte, Batoure, & Bohari, 2018).
Nevertheless, a better understanding of the fragility of flood protection measures,
including innovative ones like natural flood defences (Temmerman et al., 2013), is
instrumental to properly evaluate the flood risk in the future.
The Netherlands in particular is vulnerable to rising flood risks as about 60
% of its area is prone to flooding from the sea or rivers (Kok et al., 2017). After the
large flood of 1953 a design water level with an acceptably small exceedance
probability was set based on an economic optimization between investment costs
and obtained risk reduction (Maris et al., 1961). Many studies have argued for a
comprehensive probabilistic approach towards assessing the protection level
provided by flood defences (Apel et al., 2006; Hall et al., 2003; Vrijling, 2001). As of
January 2017 the water-level exceedance-based national risk standards were
replaced by a more complex full probabilistic approach to more effectively adapt
to social and economic developments and climate change (Kok et al., 2017). The
Dutch Water Act is the first to require the implementation of these principles on a
nationwide scale. While these approaches were developed for dikes that serve as
flood protection only, in practice many dikes have features serving other functions
than flood protection. It is still unclear how such multifunctional aspects of a flood
defence must be included in probabilistic safety assessments.

2.1.2. Multifunctional flood defences
Multifunctional flood defences (MFFDs) are engineered structures designed
for the purpose of flood protection while simultaneously enabling other uses
(Voorendt, 2017). Combining dikes with other functions is fairly common. Dikes
can have roads on top, cables and/or pipelines running through them, or structures
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on them or are part of a historic landscape. In the Netherlands alone, the majority
of dike reinforcement projects already face the presence of more than one function.
Usually, enabling multiple functions requires strengthening of the dike beyond the
minimal requirements for a traditional dike to account for uncertainties related to
those

functions

(van

Loon-Steensma,

Schelfhout,

&

Vellinga,

2014c).

Multifunctional use of the flood defence does not need to decrease safety. For
example, the development of green foreshores for flood protection services is an
attractive option for future climate adaption (van Loon-Steensma et al., 2014c) as
such flood defences can reduce the risk of flooding through natural processes (van
Loon-Steensma, Hu, & Slim, 2016; van Loon-Steensma & Kok, 2016).
Flood defences can strengthen other values when functions are properly
integrated (Lenders, Huijbregts, Aarts, & van Turnhout, 1999; van Loon-Steensma
et al., 2014c). In urban areas where space is limited, there is continuous pressure to
build on or integrate structures with the flood defence (Stalenberg, 2013). In rural
areas, nature-based solutions have gained interest because they combine beneficial
properties of natural systems for flood protection (e.g. wave attenuation by
vegetation on foreshores) with conservation or development of important natural
values (Pontee, Narayan, Beck, & Hosking, 2016; Temmerman et al., 2013). In the
Netherlands these developments favour the implementation of a multifunctional
flood defence due to the limited space and government policy to consider other
uses (e.g. natural, historical, and economical)(van Loon-Steensma & Vellinga,
2014).
Despite the large number of multifunctional dikes and incentives, the tools
to assess the safety of MFFDs have still been limited to rules of thumb and in-depth
tailor-made studies. Unless the multifunctionality is a key feature, assessments are
often limited to proving multifunctional use does not significantly diminish the
safety of the flood defence, ignoring potential positive contributions to safety.
Using such a conservative approach for dike assessments does ensure safe dikes
from a flood risk perspective but may result in requiring larger and more expensive
dikes.
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2.1.3. Aim
There is a need for improved flood defences due to climate change (rising sea
levels, higher river discharges) and socio-economic developments. The number of
people exposed to a high risk of flooding is expected to increase from 271 million
in 2010 to 345 million in 2050 due to socio-economic growth alone (Jongman et al.,
2012). By 2100, 168 million people per year will experience floods due to sea-level
rise. By reinforcing dikes this number can already be reduced by a factor of
461(Hinkel et al., 2013). While reinforcing dike systems, there is plenty of
opportunity to enable multifunctional use of the flood defence.
However, the means to determine the safety provided by multifunctional
flood defences remain limited to conservative approaches in which multifunctional
elements can only be shown to have no significant negative influence. Spurred on
by the threat of increasing flood risks by climate change and the revised legislation
on flood standards in the Netherlands, a new probabilistic framework to assess
multifunctional flood defences is emerging that can be used for a wider context.
The aim of this chapter is to synthesize the new approaches to evaluate the safety
of MFFDs employed in the Netherlands into a single coherent framework and
evaluate how this new probabilistic approach towards MFFDs can change the
assessed safety compared to the commonly applied conservative approach towards
MFFDs .
To this end, first the existing official framework for assessing multifunctional
dikes in the Netherlands is analysed and alternative frameworks in both scientific
and grey literature for a probabilistic risk-based approach towards assessing
MFFDs as required by the new Water Act are explored. These are synthesized in
an adapted framework (Sect. 2.2). Secondly the methods used to calculate the
probability of failure of several dikes are explained using the synthesized
probabilistic approach and the traditional conservative approach (Sect. 2.3) to show
the differences in assessed safety level (Sect. 2.4). Finally the implications and
results are discussed (Sects. 2.5 and 2.6). By illustrating how a probabilistic
approach towards multifunctional use can affect the assessed level of safety, new
types of integrated solutions can be more fairly compared to monofunctional dikes,
both in the Netherlands and beyond.
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2.2. Formulating a framework for MFFD assessment

2.2.1. Official Dutch guidelines for MFFD dike assessments and design
The methods to assess flood defences in compliance with the official Dutch
safety standard are documented in official guidelines (Ministerie van
Infrastructuur en Milieu, 2016; Ministerie van Verkeer en Waterstaat, 2007). The
assessment can be performed on different levels: basic, detailed, and tailored. Basic
assessments are a quick scan with simple rules to approve flood defences with an
insignificantly low failure probability. Detailed assessments consist of design
formulas and models taken or adapted from Dutch design manuals and are
commonly applied for (initial) designs and assessments. These are suitable for
predicting the failure of dikes when general descriptions of dike failures can be
applied. Such generalizations are not always suitable for MFFDs. Tailored
assessments allow for the use of advanced models and experiments outside the
guidelines to assess the probability of failure as accurately as possible. These
assessments require a large amount of information for a specific location and are
generally expensive to perform. The dike needs to pass at least one of these
assessments to be considered safe and a proper design ensures the dike will pass
the assessments for its entire designed lifespan.
In the official Dutch framework, multifunctional use of the dike is considered either
directly as objects on the dike, by the materials used, or indirectly by the geometry
of the dike. When only the geometry of the dike is affected or a different material
is used (e.g. to integrate with the surrounding landscape) the official framework
can still be applied (Slomp et al., 2016). However, if multifunctional use of the dike
is facilitated by a non-water retaining object (NWO), e.g. a house or pipeline, an
additional assessment must be made for the NWO. For a few multifunctional
elements, a basic safety assessment is described in guidelines (structures,
vegetation, and traffic) (Ministerie van Infrastructuur en Milieu, 2016; STOWA,
2000, 2010; TAW, 1985, 1994; van Houwelingen, 2012). Only for pipelines is a more
detailed assessment available following the Eurocode (NEN, 2012), which ensures
the pipeline itself has an acceptably small probability of failure. If a dike cannot be
approved by a basic assessment and no suitable detailed assessment is available, a
tailored assessment for that specific dike section with NWOs must be made.
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Assesment profile

Minimum stable slope

Dike profile

Minimum crest height

Zone of influence
of pipeline

Figure 2.1 Assessment profile for a dike with NWOs (pipeline and house with basement). Adapted
from Fig. A4 of the current Dutch guidelines (Rijkswaterstaat, 2016).

The philosophy of a basic assessment is to rule out the possibility of the
NWO affecting the dike significantly. Hence, the dike is considered safe only if the
dike is dimensioned such that the zone of influence of the NWO does not extend
into the minimum dike profile needed to meet the safety standard (see Figure 2.1).
As a result, in basic assessments the NWO is always assumed to be in its most
critical state during design conditions (e.g. uprooting of a tree). This is the
conservative approach to assess the influence of multifunctional elements on safety
because the actual probability of multifunctional elements being in a critical state
is not considered. The ambition of the Dutch Water Act is to consider the actual
probability of flooding which necessitates a risk-based approach to these elements.

2.2.2. Synthesizing a risk-based approach to MFFD design
The scientific basis for the risk-based framework adopted in the Netherlands
was presented by Vrijling (2001). The risk of a flood is decomposed into a fault tree
of failure mechanisms, each of which can be described with a mathematical limit
state function and evaluated probabilistically. Limit states are common for
designing structures in civil engineering and define when a structure collapses
resulting in damages and casualties (ultimate limit state) or can no longer perform
its intended use (serviceability limit state) (Gulvanessian, 2009). Vrijling's approach
of structuring the ultimate limit states of flood defences into a fault tree for risk
analyses has been incorporated into many frameworks of flood defences (Apel,
Thieken, Merz, & Blöschl, 2004; Steenbergen, Lassing, Vrouwenvelder, & Waarts,
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2004; van Gelder et al., 2008; Vorogushyn, Merz, Lindenschmidt, & Apel, 2010) and
has already been applied on a large scale to evaluate the Dutch flood defences
(Jongejan et al., 2013). However, the framework was developed for monofunctional
flood defences.
Studies on MFFDs specifically are available. However, the developed
frameworks address different aspects, like the identification of the degree of spatial
and structural integration (Ellen et al., 2011b; van Veelen et al., 2015; Voorendt,
2017), the identification of costs and benefits (Anvarifar, Oderkerk, van der Horst,
& Zevenbergen, 2013), the identification of the threats and opportunities
(Anvarifar, Voorendt, Zevenbergen, & Thissen, 2017), and the identification and
evaluation of flexibility for MFFDs (Anvarifar, Zevenbergen, Thissen, & Islam,
2016). Other studies on MFFDs tend to only focus on the effects of a specific
multifunctional element or failure mechanism (Bomers, Aguilar-López, Warmink,
& Hulscher, 2018; Chen et al., 2017; Zanetti, Vennetier, Mériaux, Royet, &
Provansal, 2011). Only recently was an assessment framework specifically for
hybrid nature-based flood defences put forward, accounting for multiple failures
by putting vegetation-specific equations directly into the assessment procedure
(Vuik et al., 2018b).
Pending an official framework, practitioners in the Netherlands have used
approaches to integrate multifunctional dike elements. One such approach was put
forward for trees through the use of scenarios such as uprooting (van
Houwelingen, 2012). An approach for assessing NWOs as indirect failure
mechanisms with scenarios is being suggested in these cases (Knoeff, 2017). This
approach will be explored further in this chapter.
Formulating a practical framework for the assessments of MFFDs is challenging
due to the large variety of possible configurations and range of multifunctional
elements. Multifunctional elements can be evaluated in different scenarios with
simple or complex models in literature while preserving the established structure
of the existing Dutch framework. Scenarios in this context are different possible
states of a multifunctional element with a probability of occurrence in which the
element affects the flood defence. By assessing each scenario and weighing up the
probability of failure in each scenario by the probability of the scenario, the
probability of failure of the flood defence is calculated accounting for the
28
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Figure 2.2 A framework for a detailed assessment and design of a dike with multifunctional
elements. The yellow section is the existing framework, while the last step in red denotes the
addition of scenarios (e.g. a failed NWO and functioning NWO) to conform to a risk-based
approach.

uncertainty in the state of the multifunctional element. Therefore the steps for
MFFD assessments in the Netherlands are synthesized as follows (also see Figure
2.2):
•

Step 1. Establish the required safety level of the dike segment.

•

Step 2. Assign

a

portion

of

the

required

safety

level

to

unknown/unquantifiable risks.
•

Step 3. Distribute the remaining failure budget across the known failure
mechanisms.

•

Step 4. Divide the dike into (close to) homogeneous sections.

•

Step 5. Determine a representative cross section and safety level, taking
variations along the dike section into account (length effect).

•

Step 6 (addition). Determine the scenarios, i.e. states, in which the NWO
affects the flood defence differently, assess the probability of these
scenarios, and combine them based on their probability of occurrence.
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The difference between a basic assessment and a probabilistic one is the
addition of Step 6. In a basic assessment, i.e. a detailed assessment without NWOs
followed by a basic NWO assessment to exclude significant potential negative
influences, first a dike cross section would be designed with the criteria found in
Step 1 to 5 and then adapted such that the influence of the intended NWO is outside
the designed profile. In the risk-based probabilistic assessment the effects of NWOs
are calculated directly with the scenarios in Step 6 and combined with their
probability of occurrence to arrive at a safe cross section.

2.3. Application of the risk frameworks
2.3.1. Comparing

the

basic

probabilistic assessment

assessment

with

the

expanded

To answer how a probabilistic approach towards multifunctional dikes can
affect the evaluated safety compared to a monofunctional dike, a set of MFFDs is
assessed with the new probabilistic approach and the traditional conservative
approach (see Table 2.1 for values per scenario, see Appendix A.1 for all values).
The calculations are performed on a cross-sectional level. The reliability of a cross
section is calculated for the most common dike failure mechanisms by
probabilistically evaluating the models describing failure for the different
scenarios. The failure probabilities per scenario and failure mechanism are
combined to arrive at the probability of failure.

2.3.2. Failure mechanisms
To assess the risk of a flood, it is important to know the mechanisms by which the
flood defence could fail. Though many failure mechanisms are possible (Kok et al.,
2017), the vast majority of documented dike failures worldwide are the result of
three dominant mechanisms: overtopping (resulting in erosion of the inner slope),
internal erosion (also referred to as piping), and inner slope stability (Danka &
Zhang, 2015; Vorogushyn, Merz, & Apel, 2009). Within the Netherlands,
predominantly overtopping and slope instability have been the cause of dike
breaches in the past (van Baars & van Kempen, 2009). For this study the probability
of a flood is calculated by considering the failure mechanisms overtopping, piping,
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and macro-stability. Whether the flood defence fails by a failure mechanism is
expressed in an equation called a limit state function:
𝑍𝑍𝑍𝑍 = 𝑅𝑅𝑅𝑅 − 𝑆𝑆𝑆𝑆

(2.1)

where Z<0 denotes failure, R is the resistance to failure, and S is the soliciting
load. For overtopping and overflow, the load (𝑆𝑆𝑆𝑆) is the amount of water flowing
over the dike, while the resistance (𝑅𝑅𝑅𝑅) is the capacity of the crest and inner slope to
resist the flow of water without eroding (Appendix A.2). For piping, the method of
Sellmeijer et al. (2011) is used to calculate the stability of the sand particles in the
subsoil under a pore water pressure gradient. It is expressed as a critical head
difference (R) that cannot be exceeded by the head difference across the dike (𝑆𝑆𝑆𝑆)
(Appendix A.3). Macro stability is calculated within the program D-Geo Stability
(Brinkman & Nuttall, 2018) with the stability method by (Van, 2001) and ground
water model by (TAW, 2004). The method by Van (2001), like the Bishop (1955)
method, calculates the sum of the driving moments (𝑆𝑆𝑆𝑆) and the total resisting
moment (𝑅𝑅𝑅𝑅) along the slip plane (Appendix A.4). However, it also accounts for
uplift forces on the interface of aquifers present beneath most dikes. The resulting
limit states are:
𝑍𝑍𝑍𝑍overflow & overtopping = 𝑞𝑞𝑞𝑞c − 𝑞𝑞𝑞𝑞

(2.2)

𝑍𝑍𝑍𝑍macro stability = Σ𝑀𝑀𝑀𝑀R − Σ𝑀𝑀𝑀𝑀S

(2.4)

𝑍𝑍𝑍𝑍piping = 𝐻𝐻𝐻𝐻c − 𝐻𝐻𝐻𝐻

(2.3)

Here 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 is the empirically determined critical overtopping discharge, 𝑞𝑞𝑞𝑞 is the

overtopping discharge calculated according the methods of van der Meer et al.
(2016) and TAW (2002), 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 is the critical hydraulic head according to Sellmeijer et

al. (2011), 𝐻𝐻𝐻𝐻 is the difference in water level in front and behind the dike, Σ𝑀𝑀𝑀𝑀S is the

sum of the active moments in the critical slip plane, and Σ𝑀𝑀𝑀𝑀R is the sum of resisting

moment in the critical slip plane.

2.3.3. Probabilistic procedure
Multiple procedures are available for calculating the reliability of a flood
defence. A fully probabilistic procedure like Monte Carlo relies on evaluating the
limit state function for many variations of the random variables and determines the
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failure probability as the number of failures over the total number of samples.
Meanwhile, a semi-probabilistic approach evaluates the limit state function once
and captures uncertainties with (partial) safety factors to determine (non)failure. A
probabilistic procedure like the first-order reliability method (FORM) iteratively
converges to an approximation of the probability of failure (Hasofer & Lind, 1974)
(see Appendix A.5). This option was chosen as it does not require millions of
evaluations of the limit state function to assess the small failure probabilities
required for dikes while still retaining the probabilistic distribution of the variables
otherwise lost in a semi-probabilistic approach.
While the FORM procedure can approximate the failure probability of a
single limit state function of a single failure mechanism, a combination of failure
mechanisms is more complex to evaluate. When the only dependence between
failure mechanisms is assumed to be the water level, each failure mechanism
becomes an independent event for each discrete water level such that the
probability of failure of the system is:
𝑛𝑛𝑛𝑛

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,sys|ℎ = 𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑓𝑓𝑓𝑓|ℎ) = 1 − ��1 − 𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,𝑖𝑖𝑖𝑖|ℎ �

(2.5)

𝑖𝑖𝑖𝑖=1

Where Pf,i|h is the probability of failure given water level h for the ith failure
mechanism and Pf,sys|h is the probability of failure given water level h. Repeating
this calculation across all water levels results in the fragility curve of the system to
the water level (Bachmann, Huber, Johann, & Schüttrumpf, 2013). The failure
probability of the system is computed by integrating the fragility curve of the
system (FR(h)) over the probability density function (PDF) of the water level (fh(h)):

ℎ=∞

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,sys = �

Eq. 2.6 is discretized to:

𝑓𝑓𝑓𝑓ℎ (ℎ) ∗ 𝐹𝐹𝐹𝐹𝑅𝑅𝑅𝑅 (ℎ) 𝑑𝑑𝑑𝑑ℎ

ℎ=−∞
𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,sys = � 𝑃𝑃𝑃𝑃�ℎ𝑗𝑗𝑗𝑗 � ∗ 𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠ys (𝑓𝑓𝑓𝑓|ℎ𝑗𝑗𝑗𝑗 )
𝑗𝑗𝑗𝑗=1

32

(2.6)

(2.7)

Re-evaluating safety risks of multifunctional dikes

Figure 2.3 The probabilistic procedure for calculating the probability of failure of a dike cross
section in this study.

Low failure probabilities can more easily be expressed in terms of the
reliability index which is defined as:
𝛽𝛽𝛽𝛽 = −Φ−1 (𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 )

(2.8)

Where Φ−1 is the inverse standard normal cumulative distribution function.

The probabilistic procedure described above has been utilised before
successfully by Lendering, Schweckendiek, and Kok (2018) and Bischiniotis et al.
(2018) to compute the reliability of canal levees and a cost-optimal river dike
respectively.

An overview of the entire process as applied in this study is

schematised in Figure 2.3.

2.3.4. Case study
2.3.4.1.

Setting and cross sections

The multifunctional dike for the case study is situated in a riverine area, with
nature on the floodplain side and a building on the landward side. To test how a
risk approach can affect the calculated level of safety, eight cross sections of
multifunctional dike profiles (Figure 2.4) are evaluated with three methods: a
conservative, a probabilistic, and a monofunctional approach (see 2.3.1).
If a dike does not meet the set safety standards, a reinforcement by adapting the
profile, among other options, is explored. Each profile in this study represents a
common reinforcement strategy. Broadening the dike by widening the crest or
expanding the slope reduces the risk of a piping failure by increasing the piping
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Figure 2.4 Case studies for comparing the conservative and the new probabilistic approach in this
study.

length by a few metres. Furthermore, broadening inwards and making the inner
slope shallower makes the inner slope more stable. A berm also improves the
stability of the inner slope. Finally heightening the dike decreases the risk of
overtopping waves and overflow during high water. The final reinforcement
strategy is a combination of heightening and decreasing the steepness of the inner
slope.
Each multifunctional element can compromise a section of the dike resulting
in failure. For the purpose of this study the multifunctional elements have been
simplified so these can be incorporated directly in variables of the limit state
functions or dike geometry (see Sect. 2.3.4.1). When broadening the dike on the
floodplain or making a shallow outer slope (see profiles 1 and 5 in Figure 2.4), the
hinterland remains unaffected by the dike itself, while in the other alternatives, the
building becomes part of the flood defence. By reviewing the options the effect of
the multifunctional elements on the safety after the reinforcements is evaluated in
each framework.
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2.3.4.2.

Schematization of multifunctional elements

Effects of multifunctional elements on dike failure are incorporated through
scenarios based on the fact sheet by Knoeff (2017). For each mechanism, scenarios
are defined in which the element (e.g. tree, structure, and pipeline) affects the
failure mechanisms. The probability of failure can then be calculated for each
scenario. The total probability of failure for the specific mechanism is computed by
weighing the probability of failure of each scenario with the probability of the
scenario.
A natural floodplain can add ecological, landscape, and recreational values
to the flood protection system. However, elements like trees can penetrate the clay
top soil, resulting in cavities within the clay when the tree dies (Zanetti et al., 2011).
Following a conservative estimation for the uprooting of trees by TAW (1994), a
2 % annual probability of a cavity within the floodplain is assumed. If a cavity is
present, the effective length for piping is reduced to the distance between the dike's
inner toe and the location of the disturbance. The trees on the floodplain do not
affect the inner slope stability, nor is the tree density in the case study high enough
to expect an influence on overtopping by wave dampening properties of trees.
A building on or close to the dike affects multiple failure mechanisms. The
weight of the structure is transferred to the underlying soil, where the load
increases friction with the subsoil, increasing slope stability, and lateral stress on
the soil, decreasing slope stability. On the slope itself, the structure affects the
overtopping mechanism through the inner slope cover that prevents erosion. When
a structure is present, it acts as a discontinuity in the outer grass cover such that
water can more easily erode soil during overtopping and is reflected in a lower
critical overtopping rate. When a structure is absent, the space occupied by it in the
profile is assumed to be empty. Furthermore there is no grass cover but instead
loose bare soil with practically no overtopping resistance (see Table 2.1). In the case
study the effect of the structure on piping is insignificant as it does not penetrate
the aquifer, and pipes can still develop along the outside of the structure rather
than directly beneath it.
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Table 2.1 Variation in parameters between reinforcement strategies across profiles (Figure 2.4).
Profile
nr.

Inner
slope
[-]

Outer
slope
[-]

Crest
height
[m+REF]

Berm
width
[m]

Crest
width
[m]

0
1
2
3
4
5
6
7

1:2.5
1:2.5
1:2.5
1:2.5
1:2.5
1:2.5
1:4
1:10

1:3
1:3
1:3
1:3
1:3
1:4.5
1:3
1:3

5.5
5.5
5.5
6.5
5.5
5.5
5.5
6.5

0
0
0
0
15
0
0
0

5
10
10
5
5
5
5
5

Flood
plain
length
[m]
100
95
100
97
100
91.75
100
97

Max. overtopping rate (μ, σ)*
[l m-1s-1]
House
House
No house
intact
collapsed
100 120
100 120
70 80 0.1
0
100 120
70 80 0.1
0
100 120
70 80 0.1
0
100 120
100 120
70 80 0.1
0
100 120
70 80 0.1
0
100 120

*parameters of the lognormal distribution based on (van Hoven, 2015)

The structure in the case study is located 3 m behind the inner dike toe. The
structure is taken to be 15 m wide, exerts a weight of 17 kN m−1, and is embedded
1 m into the soil on a shallow foundation without additional geotechnical measures
like piles or sheet pile walls. The horizontal position of the structure remains fixed
for each reinforcement strategy, while vertically the landward end of the structure
is always embedded only 1 m in the soil when the dike is expanded inwards. The
probability the structure is absent during a high water event is estimated to be 1 %.
This probability is based on the percentage of houses demolished in the
Netherlands annually which has varied between 0.13 % and 0.23 % per year (van
der Flier and Thomsen, 2006) rather than the probability of structural failure of the
house. The structure in its demolished state leaves a discontinuity in the dike
profile, exerts no weight on the dike, and exposes bare clay on the dike slope while
leaving the remaining dike intact.

2.4. Results
The results are presented in Figure 2.5. As expected, the conservative
approach consistently yields the highest probabilities of failure for the assessed
dikes. Both the probabilistic assessment of the additional multifunctional uses and
the monofunctional assessment yield a lower probability of failure for each dike
profile (Figure 2.5).
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Figure 2.5 The probability of failure (𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 ) for every dike profile (0 to 7) assessed as a
monofunctional dike (blue bar), a multifunctional dike with a conservative approach (red bar),
and a multifunctional dike using a probabilistic approach (yellow bar) in the situation in which
a structure is present (left), an impaired clay cover on the floodplain could be present (middle),
and both a structure and unreliable clay cover are present (right). The influence of the three
failure mechanisms overtopping (blue), piping (green), and stability (red) is given per bar with a
pie chart.
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2.4.1.

Slope stability

The weight of the structure
can improve the slope stability of
the

dike

in

assessment

the

as

probabilistic

shown

in

the

assessment of profile 1 with the
structure only. The changes in
annual failure probabilities are
solely due to the presence or
absence

of

weight

increasing

friction in the passive zone of the
slip circle. In the conservative
approach the weight of structure is
always

ignored,

noticeably

leading

higher

to

a

failure

probability. This effect is most
noticeable in profile 2 with only a
structure. The reliability increases
by a factor of 10 in the probabilistic
assessment

compared

to

a

monofunctional dike due to a
favourable position of the structure
in the critical slip circle (see Figure
2.6). In contrast to profile 2, in
profile 4

the

position

of

the

structure is detrimental to stability,
whereby a monofunctional dike has
Figure 2.6 The difference between the fragility
curves of the three failure mechanisms and each
profile, with both multifunctional elements intact in
blue and both multifunctional elements in a critical
state in red
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a reliability that is 3 times larger
(1.6×10−8 versus 5.0×10−8) for the
probabilistically assessed dike with
a structure. Both the structure and
berm add weight, but the structure
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has the risk of being absent while the risk of a monofunctional berm being absent
is negligible. This makes the berm a safer option. Nevertheless this effect on the
reliability of profile 4 was insignificant compared to the overall failure probability,
which was dominated by piping and overtopping.

2.4.2. Overtopping
The presence or absence of the structure had a minor impact on overtopping
as can be seen in Figure 2.6. This is mainly the result of the relatively high
predictability of the mechanism itself (reflected by the steepness of the fragility
curve) rather than the direct influence of the structure on the mechanism (reflected
by the shift of the fragility curve) or additional uncertainty introduced by the
structure (reflected by a decreasing steepness of the fragility curve). Because
overtopping has a steep fragility curve, the influence of the structure only affects a
limited range of water levels, and thus the net effect of the structure on the safety
of the dike is limited.

2.4.3. Piping
Including uncertainty because of unmanaged vegetation on the floodplain
has a large effect on piping failure, which was ignored in the assessments with the
structure. Because the floodplain in the case study is wide, a scenario with a cavity
close to the dike results in a major reduction of the piping length in the probabilistic
assessment. Figure 2.6 shows a large difference between the fragility curves of the
critical state and the ordinary state. The presence of trees on the floodplain on
piping is even more pronounced in the conservative approach because the entire
width of the floodplain is automatically excluded in the assessment. This leads to a
different assessment of the need for piping specific reinforcement measures, in
particular for the conservative assessment. Due to the dominance of the piping
failure mechanism in a conservative schematization, there is an increasing
discrepancy between the conservative assessment and the other assessments.

39

Chapter 2

2.4.4. Assessments
Finally the difference in probability of failure between a monofunctional dike
and a multifunctional dike depends on the reliability of the monofunctional dike
itself. Unless there are large differences in the schematization of a failure
mechanism (as was discussed for piping), differences in failure probabilities
between assessments scale roughly by the same order of magnitude as the decrease
in failure probability after a reinforcement (Figure 2.5; note the log scale for the
probability of failure). However, the relative differences become more pronounced
leading to proportionally higher failure probabilities in a conservative assessment
compared to a probabilistic assessment.

2.5. Discussion
The results show a large difference between the reliability assessed between
the conservative approach and the probabilistic approach. A prevailing view
against the multifunctional use of flood defences is that these require larger
dimensions to meet the same safety standard as a traditional dike (Ellen et al., 2011a;
van Loon-Steensma et al., 2014c). However, as the case study above illustrated, this
perception only holds true for a conservative approach that omits multifunctional
elements from the assessment. With a more probabilistic approach towards
multifunctional elements, their perceived negative influence was significantly
smaller or could even result in a net positive influence. Positive contributions of
multifunctional elements under likely conditions can be included as well as the
likelihood of the multifunctional elements affecting the flood defence negatively.
A drawback of the probabilistic approach is that it needs specific information
about the failures and states of multifunctional elements before an assessment can
be conducted. For example, erosion around or over discontinuities during
overtopping (possibly due to the presence of multifunctional elements like a road)
is highly variable and hard to capture in a generic limit state function, even with
well-calibrated models (Bomers et al., 2018; Hoffmans, Akkerman, Verheij, van
Hoven, & van der Meer, 2009). Depending on the sensitivity of the failure
probability to these processes, assumptions on effects and statistical distributions
would need to be increasingly conservative to guarantee the safety level is met.
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However, new information on the interaction between multifunctional uses and
failure mechanisms is becoming increasingly available through ongoing research
(Aguilar-López et al., 2018a; Vuik et al., 2018b). Furthermore, new techniques are
being employed to continuously monitor the dikes in detail (Hanssen & van Leijen,
2008; Herle, Becker, & Blankenbach, 2016), while advances in remote sensing allow
for closer monitoring of the state of foreshores (Friess et al., 2012; Niedermeier,
Hoja, & Lehner, 2005). As a result, a probabilistic approach towards multifunctional
elements can capitalize on these advances by updating the previously assumed
risks in assessments with observations of the actual performance of MFFDs over
time.
Aside from the effects of multifunctional elements themselves, other
uncertainties influence how much the multifunctional use of the flood defence can
affect the level of safety. For piping, Aguilar-López, Warmink, Schielen, and
Hulscher (2015) demonstrated that by reducing the uncertainty in the seepage
properties of the soil of a multifunctional dike, the probability of a piping failure is
already significantly reduced. Lanzafame (2017) concluded variability introduced
by vegetation only has a small effect on the probability of a slope failure due to
larger uncertainties in strength and seepage of the soil. In contrast, a relatively
small disturbance by burrowing animals in a fragile dike has resulted in a breach
under conditions it had previously survived (Orlandini, Moretti, & Albertson,
2015). The observation that the dike's own reliability influences the degree to which
multifunctional use can affect the probability of failure of the dike was also found
in this study. As the reliability of the dike itself increases, the influence of a
multifunctional element on the level of safety decreases as the added variability of
the multifunctional element becomes smaller compared to the uncertainties in
other parameters the dike was already designed for. This effect of dike reliability
on the influence of multifunctional elements has implications. An increase in failure
probability due to multifunctional elements is likely to be overestimated in a
traditional assessment for dikes with a high protection level, while similarly for
these dikes also only a limited decrease in failure probability can be expected from
beneficial multifunctional elements. Conversely, dikes with a low protection level
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are influenced more by both beneficial and detrimental effects of multifunctional
use of the flood defence.
This chapter only looked at the effects of multifunctional use on flood
protection. However, multifunctional use comes with its own set of requirements
that must be taken into account. For example, structures need to comply with
building codes, and flood protection measures in nature reserves can be subject to
environmental protection regulations, while to preserve landscape values
substantial dike heightening may be unacceptable. How much such additional nonflood protection requirements influence the design of dikes needs to be researched
for a successful implementation of MFFDs.
This chapter investigated the assessments of multifunctional flood defences
for the current situation. In the design of these defences, however, future
conditions, like for example climate change or societal trends, need to be taken into
account. Scenarios for future sea-level rise in the coming century vary between 0.23
and 0.98 m (IPCC, 2013). Incorporating beneficial multifunctional uses of flood
defences, either natural like marshes or man-made like structures, can become an
asset to achieve the levels of flood protection needed in the future.

2.6. Conclusions
This chapter analysed how a full probabilistic approach towards
multifunctional flood defences can change the assessed safety compared to the
commonly applied conservative approach in which multifunctional use of the
flood defence can only be shown to have no significant negative influence.
Although probabilistic assessments have been used before, the new regulations of
the Water Act in the Netherlands necessitate a full probabilistic assessment of flood
defences. Therefore, a probabilistic framework incorporating multifunctional
elements probabilistically was developed. The overall conclusion is that
application of a probabilistic approach towards multifunctional use of the flood
defence will lead to a lower assessed risk of flooding compared to conservative
assessments because (1) positive contributions of multifunctional elements to
safety can be included, even when in a critical state there is a negative contribution
to safety, and (2) the risk of multifunctional elements being in such a critical state
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is made explicit. Another important aspect is that effects of multifunctional use on
safety become smaller as the reliability of the dike increases. Therefore,
monofunctional dikes which already have a high reliability are more suitable to be
combined with multifunctional uses detrimental to safety, whereas dikes with a
low reliability can benefit more from multifunctional uses that contribute to safety.
Based on the results, we recommend that a probabilistic framework is further
developed and implemented for including multifunctional elements into dike
assessments. While many knowledge gaps are still present in quantifying the
effects of multifunctional use of flood defences, incorporating scenarios in which a
multifunctional element can harm or help flood protection can already provide
insights in synergies that can be exploited or dangers that can be mitigated. These
scenarios and associated probabilities will need to rely on expert judgment.
However, it is expected that with the growing number of methods to monitor dike
performance and ongoing studies on dike failures, these gaps can be filled in the
future. To this end, further research is required on the proper scenarios and their
associated probabilities that can be used to improve future assessments of
multifunctional dikes. Additionally, more research is needed to assess how
multifunctional elements influence the safety of dikes over longer periods,
especially in relation to the large uncertainties involved in climate change. A realworld case study for design should be used to explore how these aspects can be
incorporated in practice.
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Abstract
In this chapter the safety of a double-dike system (or twin dikes)

is assessed. Such a system consist of two parallel lines of flood defences.
During storms the combined strength of the parallel flood defences

must prevent flooding of the hinterland. A culvert can be implemented
for the tidal exchange of sea water to enable new land-uses in the area

between the dikes such as aquaculture, saline agriculture, salt marsh
restoration and clay extraction. We develop a general framework for

assessing the safety of such double dike systems and apply a simplified
version to the Double Dike between Eemshaven and Delfzijl (The

Netherlands) to test this method. In doing so, we aim to quantify the
flood protection benefits of parallel flood defenses and enable their use
in multifunctional flood protection strategies.

Within the framework the transmission of hydraulic loads by the

seaward dike to the landward dike in the case-study was described by

overtopping, overflow and erosion of the outer slope, alongside
discharge through the culvert in the event of a non-closure. For the

subset of coastal double dike systems with a tall seaward dike (as in the

case-study), the results show only a negligible improvement in flood
protection compared to a single dike system. With the addition of a

culvert in the first dike, flood risk will only be reduced by the second
landward dike if its height is sufficient to retain water in the event of a

non-closure during common storm events. These double dike systems
are implemented for potential uses of the inter-dike zone, e.g. for

nature restoration, rather than as a measure to primarily improve flood
protection.
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3.1. Introduction

3.1.1. Implementation of double dike systems
The majority of the world’s population lives near rivers and coastlines where
millions of people are exposed to the threat of flooding. With a growing global
population and the influence of climate change, flood risk is expected to increase
further unless new flood risk management strategies are implemented, including
the introduction of innovative flood protection infrastructure (Hinkel et al., 2014;
Vousdoukas et al., 2018; Winsemius et al., 2016). One method to reduce the exposure
to floods is the continued heightening and strengthening of existing levees,
seawalls and other structures. However, such interventions may not address, or
could even aggravate, other pressing problems (Elliott, Day, Ramachandran, &
Wolanski, 2019; Jeuken, Haasnoot, Reeder, & Ward, 2014), like loss of marsh and
fish habitat (Munsch, Cordell, & Toft, 2017; Schuerch et al., 2018), coastal erosion
(Williams, Rangel-Buitrago, Pranzini, & Anfuso, 2018), limited space for urban
expansion (Barbier, 2015), and a deteriorating water quality (Kiedrzyńska,
Kiedrzyński, & Zalewski, 2015). Therefore, integrated solutions are being
investigated to reduce flood risk, while at the same time integrating, improving or
restoring other uses within the flood protection system (Stalenberg, 2013;
Temmerman et al., 2013; van Loon-Steensma et al., 2014c). A system of multiple
parallel dikes (also called double dikes or twin dikes) is one alternative being
explored in this context.
Double dike systems are already implemented in many different forms to
improve flood protection. A system of multiple dikes has been described in
literature in a variety of contexts, using different names to refer to the double dike
system and its components. For example, a second dike behind the primary dike
can be referred to as a sleeper dike, a ring dike if it encircles an area of interest, a
compartment dike designed to limit the flood extent after a breach, or as a regional
dike. To aid in the discussion of these systems, we first classify different double
dike types based on the probability of a flood (𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 ) for each dike in the absence of

the other (Table 3.1). The first dike is always located closest to the sea/river while
the second dike is closest to the hinterland regardless of function, size or age (see
Box 3.1). In a type I system the strongest dike is located near the source of water. In
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Table 3.1 A classification for different double dike configurations based on the probability of a
flood (𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 ) for each dike in the absence of the other.

Type
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Image

Criterium

I

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,1 < 𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,2

II

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,1 ≈ 𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,2

III

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,1 > 𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,2

IV

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,1 ≫ 𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,2

V

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,1 = 1

Flood risk reduction by parallel flood defences

Box 3.1: Definitions used for the components of a double dike system

The following definitions are used throughout this chapter:
Double dike system: A flood defence system where two parallel dikes, including the
area between the dikes, protect the hinterland from flooding.
Foreshore: The land in front of the first dike which is not permanently inundated with
water.
Culvert (optional): If present, this structure allows the interdike area to be controllably
flooded and drained.
Interdike area: The land in between two dikes. Flooding of this area may be managed.
Hinterland: The land protected by the flood protection system.
First/second dike: Dikes are numbered from the foreshore towards the hinterland,
regardless of size, age or function.

a type II system both dikes are about equally strong. In a type III system the
strongest dike is located closest to the hinterland. For completeness two additional
types are included where the first dike does not offer protection from floods, but
may still interact with flows and waves on the foreshore. This is the case for small
embankments on the foreshore (type IV) or after a breach is created (type V), e.g.
as a part of managed realignment.
Secondary dikes can simply be remnants of defences along former polders,
rivers or coastlines and no longer serve a purpose in flood protection. When a
second defence is built to support an existing defence its function differs between
riverine and coastal environments. Generally, along coastlines an additional dike
aims to reduce or mitigate flooding by high (storm) waves. This may be
accomplished by making the first dike act as a breakwater in a type III system (Mai,
von Lieberman, & Zimmermann, 1999). Alternatively, overtopping water can be
contained in the interdike area and prevent damage in the hinterland in a type I or
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II system (Pasche et al., 2008). Along rivers, a sufficiently high second dike aims to
reduce the (peak) river discharge and the associated flood water levels by
providing additional space (Room for the River) in a type I, II or III system
(Bornschein & Pohl, 2018). The interdike area is flooded (directly or through a
structure) during the peak of the discharge, thereby reducing the peak discharge
and water level downstream (Lammersen, Engel, van de Langemheen, &
Buiteveld, 2002; Smolders et al., 2020). Smaller “summer” dikes found along rivers
only aim to retain water within the river’s main channel for navigation and
agriculture in summer, rather than contributing to mitigating flood risk during
extreme events, and are classified as a type IV system.
Systems with multiple dikes have often emerged from repeated land
reclamation for agriculture or urban expansion. More recently, small polders have
also been restored to wetlands across many countries to preserve and create
ecosystem services (Esteves, 2014). In many of these coastal examples, the tide was
reintroduced via one or several in-/outlet structures in the first dike and a second
ring dike was built around the restoration site, thus creating a type I, II or III double
dike system (e.g. Kruibeke (BE), Breebaart (NL), Luneplate (GE), Bremerhaven
(GE), Beltringharder Koog (GE), Sebástopol (FR)) (Goeldner-Gianella, 2007;
Hofstede, 2019; Maris et al., 2007; Peletier, Wanningen, Speelman, & Esselink, 2004;
Reise, 2017). In other cases double dikes have been implemented for retaining water
and managing floods for agriculture (Ghazavi, Vali, & Eslamian, 2010; Toan, 2014)
or to anticipate the loss of primary flood defences by ongoing coastal erosion (Vinh,
Kant, Huan, & Pruszak, 1997). While two dikes remain present to retain floods,
usually only one dike is assigned the function of flood defence during critical
conditions. Finally, systems where the first dike is already breached before a storm
are classified as a type V system. While the first dike can no longer prevent flooding
by itself, it can still aid in reducing water levels at the second dike, as was studied
for the Freiston Shore Managed Realigment site (UK) (Kiesel et al., 2020).

3.1.2. Research gap
Double dikes have garnered interest for their potential to integrate coastal
functions (e.g. urban development, nature conservation and development,
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recreation, aquaculture, saline agriculture, etc.) with flood protection. However,
without an extensive local or regional assessment it is not yet clear how an
additional dike affects flood protection assessments of such a system.
So far, safety assessments of systems with multiple flood defences have
computed the probability of failure of each flood defence individually for the
failure mechanisms (Jongejan et al., 2020) and later combine the probabilities into a
system reliability. This is achieved by schematising the failures of flood defence
components into a system of serial and parallel correlated failures, from which the
combined failure probability is assessed with a fault tree analysis (Roscoe,
Diermanse, & Vrouwenvelder, 2015; Steenbergen et al., 2004). The applied failure
mechanisms to compute these individual failure probabilities are usually defined
by critical thresholds rather than by a physical description of dike erosion or
deformation. While such thresholds for failure are useful indicators, they give no
information regarding the subsequent flows over/through the dike into the
interdike area during failure. Therefore this approach is ill-suited for incorporating
the dynamic loads on a second flood defence during and after “failure” of the first
dike. Generally, a component like the first dike is simply assumed to have one
“failed” state in which a breach has developed. This assumption overestimates the
failure probability of a double dike system when the residual strength of the first
dike remains sufficient to reduce or even prevent loads on the second dike.
The development of a breach and the subsequent flows after failure of the
first dike is usually modelled separately as part of the safety assessment of regional
compartment dikes, dikes designed to limit the extent of a flood after a breach.
These simulations are carried out for pre-defined breach locations, during predefined design storm scenarios, under the assumption that breach formation is
initiated upon reaching the design water level of the primary defence during the
simulated event (Geerse, Stijnen, & Kolen, 2007; Oost & Hoekstra, 2009). As a result,
this method substantially simplifies the events initiating failure and relies on the
judgement of the engineer to select the proper scenarios.
In this study we aim to quantify the flood protection benefits of parallel flood
defences in order to enable their use in multifunctional flood protection strategies.
In the current practise the system reliability is assessed by simple failure scenarios
for each individual flood defence. In this study a more sophisticated approach is
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explored where the first dike of the system is treated similar to a foreshore. Recent
studies have demonstrated how complex additional elements on the foreshore like
vegetation or sand from dunes can be implemented in probabilistic flood risk
assessments (Oosterlo et al., 2018a; Vuik et al., 2018b) and affect flooding once a
breach has developed (Zhu et al., 2020). Adopting a similar approach for double
dikes allows for greater optimisation in the design of these systems. This chapter
proposes a general method for assessing the safety of double dike systems and
applies a simplified version to the Double Dike between Eemshaven and Delfzijl
(The Netherlands) to demonstrate its applicability.

3.1.3. Outline of the chapter
First the methodology to assess the safety of a double dike system is
presented in section 3.2, starting with the existing framework for single dikes (3.2.1)
and expanding this to a new framework for two dikes (3.2.2). The method (section
3.3) is applied to the case of the double dike between Eemshaven and Delfzijl (3.1).
Here the framework is simplified to fit the study area (3.3.2) and the concepts of
hydraulic loads (3.3.3), and transmission functions with the probability estimation
methods (3.3.4) are described for the case-study. Results of the safety assessment
calculations are presented in section 3.4: first for the safety assessment of the first
dike (3.4.1), then integrated with a culvert (3.4.2), and finally with a second dike
(3.4.3). In section 3.5 the results are discussed: first the reliability of the models
(3.5.1), secondly the applicability of the double dike framework (3.5.2), thirdly the
applicability of the results of the case-study for other types of double dike systems
(3.5.3) and finally other drives for implementing a double dike system beside flood
protection (3.5.4). Finally the conclusions are presented in section 3.6.

3.2. Assessment of double dike systems

3.2.1. Existing approach for flood risk assessments
In general, assessing the safety of dike systems consists of identifying the
failure mechanisms of the system, assessing with various models when these
failures are expected to occur, and finally determining if the probability of such an
event is acceptably low. The failure mechanisms of dikes, levees and other common
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flood protection structures are well known and can be found in most engineering
manuals, guides, and standards. e.g. (Allsop, 2007; Kok et al., 2017; USACE, 2002).
For failure mechanisms “failure” is usually defined as an amount of critical damage
of the flood defence or a critical condition in which damage is expected. Examples
of such criteria include overflow, a critical overtopping discharge limit (van der
Meer et al., 2016), a critical pore pressure gradient for piping (Sellmeijer et al., 2011),
or a critical force balance for slope instability (Van, 2001). The probability of failure
in these cases is defined as:
𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 = 𝑃𝑃𝑃𝑃(𝑺𝑺𝑺𝑺 > 𝑹𝑹𝑹𝑹),

(3.1)

where 𝑺𝑺𝑺𝑺 is the applied load condition on the dike and 𝑹𝑹𝑹𝑹 is the critical load

condition for the flood defence.

Solving when the limit state (𝑹𝑹𝑹𝑹 = 𝑺𝑺𝑺𝑺) has been reached does not indicate how

much water will flood the hinterland. Therefore, in Dutch law a different criterion

is used. According to the definition of Kok et al. (2017) a flood defence has only
failed if it results in at least 0.2 m of water depth in a postcode area in the hinterland.
In practice the limit state approach is still used for assessing flood defences.
However, exceeding the limit state for a failure mechanism is allowed within safety
assessments as long as the flood depth criterion is not exceeded.

3.2.2. A framework for double dikes
In case of a single dike, the probability of failure is defined as the moment
where the applied hydraulic loads on the system (𝑺𝑺𝑺𝑺) are greater than the resistance
of the system (𝑹𝑹𝑹𝑹). In a double dike system, failure of the first dike may not result in
a flood as long as the second defence prevents flooding of the hinterland by its
height, or when the “failed” first dike sufficiently reduces the hydraulic loads at
the second dike. The first dike can be conceived as transmitting (𝑇𝑇𝑇𝑇) a portion of the
hydraulic loads from the sea/river (𝑺𝑺𝑺𝑺) to the second dike. Under critical conditions
dikes can transmit water and waves, similar to a breakwater. A breakwater
transmits loads to the other side depending on the properties of the breakwater and
its location within the system (d'Angremond, van der Meer, & de Jong, 1997). Dikes
will only transmit water and waves by overtopping, overflow, seepage, or after a
breach rather than through water pressures in the structure. The second dike needs
to resist (𝑹𝑹𝑹𝑹) the loads transmitted by the first dike (𝑇𝑇𝑇𝑇(𝑺𝑺𝑺𝑺)). This resistance (𝑹𝑹𝑹𝑹) of the
second dike is not affected by the fact that the dike is part of a double dike system.
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The probability of failure of the system is thus the probability of the transmitted
hydraulic loads being greater than the resistance of the second dike. In
mathematical terms:
𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 = 𝑃𝑃𝑃𝑃(𝑇𝑇𝑇𝑇(𝑺𝑺𝑺𝑺) > 𝑹𝑹𝑹𝑹)

(3.2)

Comparing Eq. 3.2 to Eq. 3.1 used for single dike systems, the only difference
is the addition of a transmission function (𝑇𝑇𝑇𝑇). Here 𝑇𝑇𝑇𝑇 is a sequence of models

describing for any storm event in 𝑺𝑺𝑺𝑺 the corresponding hydraulic loads behind the
dike. The idea of properties (𝑺𝑺𝑺𝑺), like water levels and waves, being transmitted

through a system (𝑇𝑇𝑇𝑇) and comparing it with some critical criteria (𝑹𝑹𝑹𝑹) to decide on

the probability of an event (𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 ) is not uncommon in other fields. In fact, this
procedure lies at the core of many machine learning applications where

information is transmitted through a network of (simple) models to inform about
probabilities of an event.
To follow this procedure, we present in Figure 3.1 A general framework for

assessing the probability of failure for a double dike system. The shaded boxes
represent the mechanisms that were considered in the assessment of the case-study
between Eemshaven-Delfzijl. a new framework which consists of 5 steps:
1. Retrieve or compute the necessary statistics of hydraulic boundary
conditions of the defence (S). These include the water level, the tide,
the frequency of (storm) waves, the duration of storms, etc.
2. Identify the relevant failure mechanisms (T) of the first dike. In the
framework there are three categories of failure mechanisms: the
transmission mechanisms which transfer water from one side of a
dike to the other (e.g. overtopping and overflow), the erosion
mechanisms which damage the flood defence such that transmission
mechanisms are enhanced or a breach develops (e.g. soil instability or
damage by waves), and the failures of embedded structures which
can either allow water to flow through the dike (e.g. a culvert) or can
damage the flood defence (e.g. an uprooted tree). Each erosion
mechanism is expressed by a model calculating changes in the profile
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Figure 3.1 A general framework for assessing the probability of failure for a double dike system.
The grey boxes represent the mechanisms that were considered in the assessment of the casestudy between Eemshaven-Delfzijl.

3.

over time, and each transmission mechanism is expressed by a model
calculating the flow over, through, or beneath the (eroding) dike.
Possible failures posed by embedded structures can vary depending
on the structure but should be expressed as flows or erosion over
time. Finally, if according to one of the failure definitions erosion is
too large a breach is assumed. Once the dike is assumed breached,
failure mechanisms are no longer calculated and instead hydraulic
loads are transmitted unimpeded to the interdike area.

4. Link the models identified in step 2 such that for all combinations of
boundary conditions transmitted hydraulic loads into the interdike
area are calculated T(S).
5. Determine the resistance of the second dike (R) to the relevant failure
mechanisms. This procedure is identical to descriptions of failure in a
situation with a single dike.
6. Select and execute a suitable algorithm to compute the probability of
failure. Examples of such algorithms are the first order reliability
method (FORM) (Ditlevsen & Madsen, 2007), numerical integration,
or different sampling methods (e.g. Monte Carlo, directional
sampling, importance sampling, etc,).
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To understand how the framework can be employed in practice, a simplified
subset of mechanisms (the grey blocks in Figure 3.1) are evaluated for the case of
the double-dike between Eemshaven and Delfzijl (section 3.3).

3.3. Application to Ems-Dollard double dike
3.3.1. Case study

Like many coasts in the world, the Wadden-sea region will need to prepare
for accelerating sea-level rise. The Delta Program, National Flood Protection
Program, and local water boards are investigating options to prepare the Dutch
Wadden-sea coast for 2100 (Delta Programme, 2014). At the dike section between
Eemshaven and Delfzijl the application of a double dike system is investigated to
maintain the strict flood protection level under future sea-level rise and subsidence,
and explore how additional functions (saline agriculture, aquaculture, nature
development, clay mining) can be integrated in this system (Kwakernaak et al.,
2015).

Figure 3.2 The location of the Double Dike between Eemshaven and Delfzijl within the Ems estuary.
Sections A, B, C are the different zones planned for different functions, each connected by culverts
to the sea. Base map adapted from OpenStreetMaps
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Figure 3.3 A cross-section of the front dike between Eemshaven and Delfzijl

The Double Dike project Eemshaven-Delfzijl is located in the north-east of
the Netherlands inside the Ems estuary, in the southern part of the Wadden Sea
(see Figure 3.2). The parallel dikes (see Box 1 for the definitions of a first and second
dike) enclose about 39 ha of land where new uses are explored. The first dike has
been reinforced many times and the original clay dike can still be found inside the
current dike (Figure 3.3). Recently the first dike was reinforced by the construction
of the inner berm. A second dike was built behind the dike to a height of
approximately 4 m+NAP to create the double dike system (see definitions in Box
1).
The area between the two dikes is split into three sections (Figure 3.2). The
southernmost section (A) will be connected directly to the Ems through a culvert.
In this area clay mining and nature development are planned as additional landuses within the flood protection system. While an intertidal habitat develops, at yet
to be determined locations accumulated clay will be extracted at regular intervals
for use in dike construction. Section B will be connected to section A through a
smaller culvert and is reserved for aquaculture. Section C is elevated and will
feature saline agriculture. At the time of writing the second dike has been
constructed, but the culverts in the first dike and between the dike sections, and the
functions within the interdike area are not yet implemented.
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3.3.2. Framework applied to the case-study
The first dike of the double dike system has already been reinforced to
prevent breaching from failure mechanisms like piping and geotechnical
instabilities up to the required Dutch safety standard for a single dike. For the
mechanisms of wave impact and overtopping sufficient safety ought to be
provided by the addition of the second dike. The usual overtopping and wave
impact criteria assume the flood protection system has failed once the outer grass
and roots, asphalt, or stone layer is damaged. Provided no breach develops,
damage to the first dike is acceptable since the second dike would prevent water
from reaching the hinterland. While this approach suits the specific circumstances
of the case-study where an existing primary dike has already been reinforced up to
standard, it does not generalise well for designing double dike systems from
scratch. Therefore, the integrated framework in section 3.2 is applied to this context.
For the case-study the framework in Figure 3.1 is substantially simplified to
estimate failure of the Double Dike Eemshaven-Delfzijl. In practice all failure
mechanisms need to be included for a thorough assessment, but for this study only
the shaded parts of the framework in Figure 3.1 are evaluated. First, we consider
only erosion of the outer slope by waves as the erosion mechanism of the first dike.
The considered transmission mechanisms as defined in section 3.2.2 are
overtopping and overflow. Other failure mechanisms were already addressed
during the last round of reinforcement with the construction of the wide inner
berm.
Secondly, we consider failure of the structure (i.e. the culvert in the first dike)
to only result from non-closure, and assume it will be constructed with a negligibly
low probability of structural failure. The second culvert between sections A and B
(see Figure 3.2) is not considered as it will remain open to fill the interdike area
evenly. Therefore, we only consider the flow of water between the sea and interdike
area through the culvert in the first dike from here on.
Thirdly, the first dike used to be the primary defence and consequently was
designed to prevent overtopping during most storm events. As a result, little wave
action can be expected within the interdike area from overtopping of the first dike.
A water level increase inside the interdike area is therefore the only transmitted
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hydraulic load considered at the second dike. To transform the combined hydraulic
load probabilities at the first dike into the water level distribution of the interdike
area, a multitude of different storm events were simulated in a probabilistic
procedure (see subsection 3.3.4.3 and Appendix B.2).
To arrive at the failure probability of the double dike system, the remaining
hydraulic load distributions need to be evaluated at the second dike. For simplicity,
this study only looks at overflow as a failure mechanism for the second dike, as this
mechanism dictates the required height of the second dike. Hence the probability
of failure for this particular simplified case reduces to:
𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 = 𝑃𝑃𝑃𝑃(𝑇𝑇𝑇𝑇(𝑺𝑺𝑺𝑺) > 𝑹𝑹𝑹𝑹) = 𝑃𝑃𝑃𝑃�ℎ𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 > 𝑧𝑧𝑧𝑧𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,2 �.

(3)

Figure 3.4 visualizes the mechanisms that were used to assess the case-study.

Figure 3.4 The transmission of loads from the sea into the interdike area as schematised for the
case-study in this paper.
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3.3.3. Hydraulic loads
For many locations along the Dutch coast annual water level and wind
statistics derived from over 60 years of measurements are available from gauges
and stations. Additionally, the expected wave conditions during different
combinations of water levels, wind speeds, and wind directions have been
simulated with standardised models of the Dutch coast and are stored in databases
for designing and assessing flood protection measures (den Heijer, Vos, Diermanse,
Groeneweg, & Tönis, 2008). The most recent version of this hydraulic databases of
the studied section of the Wadden Sea coast was used (Rijkswaterstaat WVL, 2017).
Hydra-NL is a software-package made available by the Dutch water authorities
that combines station statistics and the hydraulic database of simulations to
estimate the annual probability of hydraulic load conditions at flood defences
(Duits & Kuijper, 2018; Gautier & Groeneweg, 2012). The probabilistic methods
employed in Hydra-NL are described by Diermanse and Geerse (2012) and in
Hydra-NL’s background report (Gautier & Groeneweg, 2012). To simplify
computations, probability density functions (PDFs) and correlations were fitted to
the water level, wave height and wave period statistics at the case-study site
computed by Hydra-NL. Due to the orientation of the case-study site inside the
estuary the conditions were simplified further by only considering one wave
direction: from the Wadden Sea towards the study-site (see section 3.3.1). The fitted
Table 3.2 Simplified distributions of maximum annual hydraulic conditions at the case-study site.
*Note: NAP is the local vertical datum. ** Note: the probabilities of extreme values presented belong
to the marginal distribution of the variable
Symbol

Variable

Unit

Distribution

Parameters

𝒉𝒉𝒉𝒉

Water
level

Generalized
extreme
value

𝑯𝑯𝑯𝑯𝒔𝒔𝒔𝒔

Significant
wave
height

𝑚𝑚𝑚𝑚 +
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃*

𝜇𝜇𝜇𝜇 = 3.28,
𝜎𝜎𝜎𝜎 = 0.36,
𝜉𝜉𝜉𝜉 = −0.02.

𝑻𝑻𝑻𝑻𝒑𝒑𝒑𝒑
𝜷𝜷𝜷𝜷𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘
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𝑚𝑚𝑚𝑚

Weibull

Peak wave
period

𝑠𝑠𝑠𝑠

Weibull

Wave
direction

°

Constant

𝑁𝑁𝑁𝑁 = 0.54,
𝐵𝐵𝐵𝐵 = 1.63.
𝑁𝑁𝑁𝑁 = 2.44,
𝐵𝐵𝐵𝐵 = 3.56.
69.

Extreme values**
Exceedance Val.
Probability
1 / 10
4.1
1 / 1,000

5.6

1 / 10
1 / 1,000
1 / 1,000,000
1 / 10

0.9
1.8
2.7
3.1

1 / 1,000,000

1 / 1,000

1 / 1,000,000
-

7.5

4.2
5.1
69

Correlations
𝜌𝜌𝜌𝜌ℎ
𝜌𝜌𝜌𝜌𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝
𝜌𝜌𝜌𝜌𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠
1.00

0.68

0.43

0.68

1.00

0.92

0.43

0.92

1.00

-

-

-
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distributions for storm conditions are summarised in Table 3.2. The conditions in
Table 3.2 represent the simplified correlated joint probability distribution of annual
maximum hydraulic loads at the first dike. This was defined as the collection of
hydraulic loads (𝑺𝑺𝑺𝑺) in section 3.2.2.

3.3.4. Transmission models
3.3.4.1.

Overtopping and erosion

For assessing overtopping flows and erosion of the outer revetment
simultaneously, a prototype dike erosion model was utilised (Rongen, Stenfert,
Dupuits, & Barbosa, 2018). It is based on the extensive research performed on grass
dikes during the development of new dike assessment tools in the Netherlands
(WTI-2017) (de Waal & van Hoven, 2015a, 2015b; Kaste & Klein Breteler, 2014, 2015;
Kaste, Klein Breteler, & Provoost, 2015; Klein Breteler, Capel, Kruse, Mourik, &
Kaste, 2012b; Mourik, 2015). The formulas were empirically derived from largescale wave flume experiments (Klein Breteler, Bottema, Kruse, Mourik, & Capel,
2012a; Wolters, Klein Breteler, & Bottema, 2013). The integration of the different
components into a single model was first presented by Kaste et al. (2015) and
programmed by Rongen et al. (2018). While all individual model components are
already in use for advanced dike assessments in the Netherlands as part of the WTI2017 tools, the integrated model is still under development at the time of writing.
Minor adjustments were made to the prototype to allow the dike erosion model to
run within a probabilistic routine (see 3.3.4.3).
The general steps performed by the model are described here. For the details
and formulas see Appendix B.4. First the dike profile needs to be specified in terms
of geometry and the different materials (grass cover, clay, sand) like in Figure 3.3.
Each of these materials has a resistance to being eroded when exposed to wave
impacts and wave run-up loads. Secondly, the annual maximum storm loads were
converted into a storm event with a time-series of a water-level, wave height and
wave period using the 45 hour storm schematization for the region from Chab
(2015) (see Appendix B.2 for details). At each time step, the model calculates which
part of the dike is exposed to the wave loads, determines whether the critical load
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Figure 3.5 Overtopping of the dike as a result of loads (water level + waves) over time. Once a
critical load is realized on a dike section, the dike starts eroding. As the dike is lowered by erosion,
more waves overtop the dike as a result and the water level behind the dike rises. (Based on figure
5 of Rongen et al. (2018) )

has been exceeded for the exposed material and, if true, calculates the volume of
dike material being eroded at that time step (see Appendix B.4). After the erosion
processes are evaluated, the overtopping discharge by waves over the possibly
eroded dike profile is calculated. The result is a time series of the wave-overtopping
discharge (see Figure 3.5). The total volume of overtopping during the simulated
storm event is divided by the area of the interdike area to determine the rise in
water level during the event.
3.3.4.2.

Flow through the culvert

The formulas of Borgerhout implemented in Delft-3D (Deltares, 2020) (p. 301303), based on the flow regimes in French (1985) (p. 368), were used to calculate the
flow of water through the culvert in the event of a non-closure (see Appendix B.3
for details). A wide range of 45-hour events, ranging from a regular tide without
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storm surge to a 1 in 1,000,000 year storm surge, were simulated in the event of a
non-closure (see section 3.4.3 and Appendix B.2). The highest water level reached
during the event is the maximum hydraulic load of the event.
At the time of writing, no final design is made yet for the culverts in the case
study, but some dimensions have been proposed. The bottom of the culvert is being
set at the bottom level of the inter-dike area (around -0.5 m+NAP), and the height
is set at 2 m. Different widths for the culvert in the outer dike are being considered:
3.5 m, 6 m and 12 m. Since the culvert has not been designed yet, the parameters
needed to calculate the flow contraction (𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷 , 𝛼𝛼𝛼𝛼 and 𝑛𝑛𝑛𝑛) are set at default values. These

parameters can be determined once a culvert is designed. A non-closure probability
for the culvert in the case-study area of 1.67*10-4 per event was estimated using a

score-table of aspects such as preparation, mobilisation, and closure-mechanisms
within the guidelines set out by the Dutch national water authority Rijkswaterstaat
(Casteleijn & Van Bree, 2017). Since the culvert will be part of a primary flood
defence, it is assumed it will be designed and maintained to the strictest safety
policies. For comparison, the famous, Maeslandt barrier in Rotterdam, the
Netherlands, is only assumed to have a probability of non-closure of 1/100 per
event (Bijl, 2006), primarily because it is more difficult to close a large barrier in
case of a malfunction. A summary of the dimensions and parameters of the culvert
are given in Table 3.3.
Table 3.3 Parameters for calculating flow through the culvert
Culvert
Probability of non-closure [-]
Bottom elevation [m+NAP]
Height [m]
Width [m]
Length [m]
Manning roughness coefficient [s m-1/3]
Energy-loss coefficient (cD) [-]
Additional energy loss coefficient (α) [-]
Flow directions
Interdike area
Area [km2]
Elevation [m+NAP]
Initial water level [m+NAP]

1.67*10-4
-0.5
2
3.5, 6, or 12
42
6.00*10-3
0.6
0.03
2
0.39
-0.5
0.5
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3.3.4.3.

Coupling the models in a probabilistic routine

The probability distribution of the transformed hydraulic loads, in this case
only the water level distribution of the interdike area, was evaluated in discrete
water depths between 0.2 m to 7 m inside the interdike area. Both the combined
erosion-overtopping dike model (section 3.3.4.1) and the culvert model (section
3.3.4.2) only accept discrete storm parameters as inputs, and produce the highest
water level in the interdike zone for that event as output (see Figure 3.6). The
probabilistic routines below iterate hydraulic conditions over these models and
converge to the conditions with the highest probability of exceeding a discrete
water depth. Because the probability of conditions with both significant
overtopping and an open culvert were insignificantly small (in the order of 10-9)
and the erosion-overtopping model is computationally expensive, the interdike
water level probability for each mechanism was calculated separately, opting to
calculate more steps with the culvert model. The total probability of reaching a
water level by each mechanism is calculated by adding the probabilities of
exceedance of both mechanisms.

Figure 3.6 The flow of information between the model inputs, the hydraulic loads (section 3.3.3),
the creation of a synthetic storm event (Appendix B.2), the transmission functions for the culvert
and first dike (section 3.3.4.1 and 3.3.4.2) and evaluation of the probability by a computational
algorithm like FORM or importance sampling. The interdike water level probability for each
mechanism was calculated separately as the joint probability of both significant overtopping and a
non-closure was low, in the order of 10-9.
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For each discrete water depth in the interdike area, first the probability of
exceedance and the associated hydraulic conditions at the first dike were estimated
with the first order reliability method (FORM) (Ditlevsen & Madsen, 2007). The
FORM method starts from an initial design point and reduces the complex set of
correlated probability distributions into approximately equivalent standard
normal distributions (𝒏𝒏𝒏𝒏) around this design point, e.g. with a Rosenblatt
transformation. In the transformed n-space, the distance from the origin represents
the likelihood of the conditions. To solve for the likeliest storm (i.e. conditions
nearest to the origin in n-space) almost exceeding the limit state definition
(ℎ𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = ℎ𝑖𝑖𝑖𝑖 ), the Constrained Optimization BY Linear Approximations solver

(Cobyla) was used (Powell, 1994), which uses successive linear approximations of
the limit state to iterate towards the design point. Mathematically, FORM
iteratively solves the optimisation problem:
𝑃𝑃𝑃𝑃(ℎ𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 > ℎ𝑖𝑖𝑖𝑖 ) = 𝛷𝛷𝛷𝛷�−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛��|𝒏𝒏𝒏𝒏|���,
(3.3)
𝑇𝑇𝑇𝑇(𝑺𝑺𝑺𝑺)
−
ℎ
=
0
Constrained by the limit
𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖
state:
ℎ𝑖𝑖𝑖𝑖
= Water level in the area between
Where:
dikes for which the exceedance
probability is being evaluated
(m+NAP)
ℎ𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = Water level in the area between
dikes (m+NAP)
𝑇𝑇𝑇𝑇
= The water transfer model across the
first dike, i.e. the overtopping and
culvert flow
𝑺𝑺𝑺𝑺
= The set of correlated hydraulic load
parameters
𝒏𝒏𝒏𝒏
= Set of independent standard
normal distributions of equivalent
probability around the design point
in S
𝛷𝛷𝛷𝛷
= Cumulative standard normal
distribution
While FORM generally converges quickly to a solution, it cannot converge

well around the sudden increase in overtopping when waves erode the crest of the
first dike. A more accurate exceedance probability was obtained through
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importance sampling (IS) (Robert & Casella, 1999) around the conditions returned
by the FORM routine. The IS-routine sampled up to 3000 random storm events
within one standard deviation of the design point in standard normal space to
compute the probability of a storm causing a failure of the system. Both methods
were performed with the open-source toolkit OpenTURNS (Baudin, Dutfoy, Iooss,
& Popelin, 2015) in the Python programming language. Interpolating between the
computed exceedance probabilities of the water depth behind the first dike gives
the full cumulative probability distribution of water depths inside the inter dike
area. This water level distribution (ℎ𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) is the distribution of hydraulic loads

transformed by the dike (𝑇𝑇𝑇𝑇(𝑺𝑺𝑺𝑺)) as defined in section 3.2.2.

3.4. Results

3.4.1. Overtopping of the first dike
The water level exceedance frequency in the interdike area due to
overtopping and erosion of the first dike was obtained by the FORM-IS procedure
(see section 3.3.4.3). The results are compared to calculations of the conventionally
accepted overtopping limits for a single dike during the peak of a storm (0.1, 1, and
10 lm-1s-1) as well as the water level increase for a model where no erosion of the
outer profile is included (see Figure 3.7). The conventional overtopping limits are
conservative as they assume failure of the first dike immediately when the inner
grass experiences this discharge, ignoring the time required for the dike to erode
and form a breach.
For conditions with overtopping discharges up to 10 lm-1s-1 coupling erosion
of the seaward slope with overtopping does not affect the expected water level in
the interdike area as little erosion is expected from wave impact (see Figure 3.7).
Following the Dutch design code the dikes in the region have a 1/3000 acceptable
annual probability of flooding. Considering the length effect, which requires this
dike segment to be split into 3 individual sections for overtopping, and a suggested
24% failure budget for overtopping and overflow, the dike cross-section of the casestudy should be designed against an annual failure probability greater than
1/37,500 for overtopping and overflow (Rijkswaterstaat, 2016b). The probability of
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Figure 3.7 The probability of water levels in the interdike area due to overtopping alone (red) and
the integrated erosion-overtopping model (green) with 95% confidence bands. The horizontal lines
are drawn at the calculated exceedance probabilities for conventional overtopping limits of a single
dike system of 0.1, 1, and 10 lm-1s-1.

exceeding a moderate overtopping limit of 1 lm-1s-1 under present conditions was
calculated at 1/66,200 per year, around the safety criterion as expected.
The storm resulting in a water level rising in the interdike area over 0.2 m
by overtopping has a return period of 120,000 years, a storm surge of 6.8 m+NAP
and a significant wave height up to 2.1 m. As storms grow further in intensity, the
outer layer of clay and sand above the old clay core are eroded, resulting in a
sudden increase in overtopping and overflow in the interdike area. Conditions
where overtopping is enhanced by wave impact erosion can be expected roughly
once in a 1,000,000 years. As a result, coupling wave impact erosion with
overtopping increased the probability of interdike water levels of 3 and 4 m+NAP
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(Figure 3.7). Under conditions with an expected interdike water level above 5
m+NAP, overtopping appears very sensitive to tiny changes in storm conditions,
such that even without erosion an increase in storm intensity is capable of filling
up the interdike area to sea-level. The calculated probabilities for interdike water
levels of 6 m+NAP and 7 m+NAP suggest the flooding probabilities for the coupled
model remain generally higher than the model without wave impact erosion,
although as the result at 5 m+NAP, shows, variance in the results of the FORM-IS
procedure is too large to draw this conclusion. For a storm with an expected return
period of approximately 2,300,000 years with a storm surge of 7.3 m+NAP and
significant wave height of 2.5 m the dike can be assumed breached as the water
level in the interdike area rises to sea level during the storm event.
As conditions with significant overtopping are likely to erode the dike crest
in this case-study, flood protection is only marginally improved by the ability of
the second dike to retain water up to its crest level. It can be argued that no safety
is gained as the amount of stored overtopping water in these cases would not be
sufficient to cause a water level rise of 20 cm in the hinterland of Groningen
anyway.

3.4.2. Effect of the culvert
The water level behind the first dike with an open culvert under a variety of
conditions is presented in Table 3.4. There is a trade-off between introducing a tide
in the interdike area and exposing the second dike to high water levels during a
storm due to the risk of failure of the culvert. With the smallest culvert (3.5 m wide)
there is only 30 cm of tide during regular tides with a polder level at -0.5 m+NAP.
During an extreme storm, the small size of the culvert prevents a fast increase in
water level of the interdike area in case of a non-closure. The water level in the
interdike area will be a substantially reduced (approximately 0.8 m less) compared
to the outside water level (the extreme sea level). With the widest culvert (12 m)
there is substantially more exchange of the tide, but only about 5 cm of reduction
in the water level in the event of a non-closure. When accounting for the probability
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Figure 3.8 The frequency of water levels in the interdike area due to a non-closure of the culvert
with probability 𝑃𝑃𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

Table 3.4 The variation in water level when the culvert remains open during different events. LW =
low water, HW = high water, HHW = highest high water during a storm event.

At sea
Culvert width = 3.5
m
Culvert width = 6 m
Culvert width = 12 m

Regular tide
[m+NAP]

1/10 year storm
[m+NAP]
HHW = 4.06

1/1000 year
storm
[m+NAP]
HHW = 5.56

1/100,000 year
storm
[m+NAP]
HHW = 6.88

HW = 1.35
LW = -1.64
HW = 0.88
LW = 0.58
HW = 0.98
LW = 0.50
HW = 1.18
LW = 0.32

HHW = 3.28

HHW = 4.77

HHW = 6.04

HHW = 3.67

HHW = 5.20

HHW = 6.53

HHW = 4.02

HHW = 5.51

HHW = 6.81

of non-closure, the water level exceedance probabilities are obtained as shown in
Figure 3.8.

3.4.3. Required height second dike
Without the second dike the failure probability would follow from the
overtopping criteria used (Figure 3.7). With a second dike and no culvert, the
probability of overflow of the second dike is the new failure criterion and it follows
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from the amount of water overtopped by the first dike. An additional 1 m high
second dike decreases the overtopping failure of the system to 5.5*10-6. However,
further heightening yields diminishing returns as can be seen by the steep green
curve from the overtopping failure in Figure 3.7 and Figure 3.9. Heightening the
second dike to 2 m+NAP, 4 m+NAP and 6 m+NAP yields only 1.51*10-6, 9.22*10-7,
and 5.1*10-7 as the system failure probability respectively. Storm events causing
overtopping are rare (Figure 3.7) and are drawn from the very tails of the
probability distributions (Table 3.2) making more severe storms become
exponentially less likely. Thus, heightening of the first dike several decimetres in a
double dike system with a tall first dike (type I) is far more effective in reducing

Figure 3.9 The exceedance probability of the water level in the interdike area due to a failure of
the culvert or the first dike. The bands represent the 95% confidence interval of the FORM-IS
procedure. The culvert width was 3.5 m for this plot. The safety norm for a dike section is 1/37500.
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the probability of a flood than heightening of the second dike. Still as mentioned in
section 3.4.1, it can be argued that the stored volumes of overtopping would not
yet constitute a flood for the hinterland according to the 20 cm water depth criterion
and thus no actual flood was prevented.
The frequency of water levels inside the interdike area from a dike or culvert
failure are presented in Figure 3.9. Because the probability of large overtopping
volumes is already low, it is more likely the interdike area will be flooded due to a
non-closure of the culvert.. To meet the regional safety norm the dike section of the
case-study cannot have an annual failure probability greater than 1/37,500 for
overtopping and overflow. As a consequence the second dike should be higher
than 3.12 m+NAP with a 3.5m culvert, 3.5 m+NAP with a 6 m wide culvert, and
3.84 m+NAP with a 12 m wide culvert.

3.5. Discussion

3.5.1. Reliability of the results
The application of the framework for the case-study required coupling
different models of interactions between hydraulic loads and dike failures. The
hydraulic loads were simplified from the distributions returned by Hydra-NL, the
official tool used to determine hydraulic boundaries for Dutch flood defences.
According to Oosterlo, van der Meer, Hofland, and van Vledder (2018b) the SWAN
wave model that is used to compute the wave heights in the hydraulic databases
for Hydra-NL, predicts unusually high on-shore directed waves for the EmsDollard estuary and therefore requires validation of the complicated nature of
wave refraction, wind-wave and wave-wave interactions in the estuary by
measurements. Safety assessments are highly sensitive to the hydraulic boundary
conditions (Vuik et al., 2018b) and thus updating wave predictions can greatly
affect the assessed safety. In the case-study of this paper, the risk from overtopping
of the first dike could be smaller if the wave heights stored in the hydraulic
database are overpredicted.
Next in the modelling chain are the interactions between the hydraulic loads
and the dike itself. The applied models describing the process of wave erosion are
empirical, and tuned with results from a limited number of flume experiments
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performed over a few decades (Klein Breteler et al., 2012a). Calibration of the
formulas is limited by the tested experimental conditions, e.g. wave conditions,
slope, and condition of the clay (Klein Breteler et al., 2012a; Wolters et al., 2013).
While the formulas represent the most up-to date knowledge to describe the
erosion process, they will be updated as more experiments are conducted. The
EurOtop wave overtopping formulae have been derived similarly and have
become standard models in the field as the number of experiments for verification
has increased over the years (van der Meer et al., 2016). Within the context of this
study, however, the uncertainty in erosion parameters did not influence the
expected failure of the double dike system due to the dominant effect of the culvert.
The probability of non-closure of the culvert proved to be the most influential
parameter in our case-study. This probability followed from guideline based
estimations of the probabilities of subfailures by Dutch experts (e.g. failing to
predict a storm in time, failure to initiate a closure, failure to mobilize a mechanic,
etc.) (Casteleijn & Van Bree, 2017). Assuming strict policies on preparation,
detection, and mobilization for a culvert with multiple closure-mechanisms in a
rural area, the probability of non-closure per event was estimated to be 1.67*10-4.
The actual probability will of course be determined by the design of the culvert and
its operation scheme. Still, considering strict policies on the prediction of closureevents, mobilization, and operation were already presumed, designing a system
with a non-closure probability within the same order of magnitude as dike
overtopping (10-5 - 10-6) will pose an engineering challenge.

3.5.2. Applicability of the framework
The proposed framework in section 3.2.1 to assess double dike systems was
applied to the system between Eemshaven and Delfzijl. The framework itself is
based on the probabilistic dike assessment methods already described in literature
and applied in practice (Bischiniotis et al., 2018; CUR/TAW, 1990; Schweckendiek,
Vrouwenvelder, Calle, Kanning, & Jongejan, 2012; Slomp et al., 2016; Vorogushyn
et al., 2010). As a result, the same data, probabilistic techniques, and failure criteria
could be employed as in a regular dike assessment. However, the perspective of a
dike transmitting hydraulic loads to another flood defence proved novel.
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In the framework introduced in this study, a combination of dike erosion and
water transmission models are needed to compute loads on the second dike. The
coupling of wave erosion and overtopping by Kaste et al. (2015) is one of few
methods in which erosion processes on the seaward side of the dike and flows over
the dike are combined. More methods are being developed that combine other
erosion processes with overtopping flows on the inner slope (Aguilar-López et al.,
2018a; van Bergeijk, Warmink, Frankena, & Hulscher, 2019), but these are still
limited to the upper grass and soil layer. Advances in geotechnical models will
allow models to quantify the probability of a breach forming, rather than an initial
sliding failure (Remmerswaal, Hicks, & Vardon, 2018). Ideally, erosion of the dike
by all failure mechanisms is calculated such that subsequent flows and waves can
be evaluated. While such models are not yet available for most failure mechanisms,
an integrated model of wave impact erosion combined with overtopping flows is
already possible and this setup may serve as an example to integrate other failure
mechanisms.

3.5.3. Comparison with other double dike systems
A direct comparison of the results from this case-study with other double
dike systems is difficult, as flood risk and exposure varies greatly in different
contexts. The case-study Eemshaven-Delfzijl represents only a small subset of
possible double dike systems which 1) are adjacent to the coast, 2) have a higher
first dike and lower second dike (type I in the classification of section 3.1.1), and 3)
feature a culvert to accommodate a wetland, agriculture, and clay-mining
simultaneously. The interpretation of the results from this study for general double
dike systems is discussed below.
Studies so far have found only limited local flood protection benefits from
inundating coastal interdike areas compared to benefits of such retention areas
along rivers and within estuaries. Huguet, Bertin, and Arnaud (2018) found for a
case study in La Faute-sur-mer, France, that water-level reductions are achieved for
areas further inside the estuary rather than along the coast. As noted by Hofstede
(2019) based on managed realignment in Schleswig-Holstein, Germany, the opened
coastal polders have no significance as flood retention areas and thus do not
contribute to improving flood protection. If the total length of defences increases,
73

Chapter 3

flood protection is even diminished. In contrast, double dike systems along rivers
and inside estuaries (in this context called Flood Retention Areas (FRAs), or buffer
zones in other studies) remove water from a confined system and thus reduce the
water level at the site as well as downstream, thereby reducing flood risk.
Combined with the benefits of wetland restoration, such estuarine retention areas
can be implemented as an eco-system based flood protection(Temmerman et al.,
2013). Interventions from the Sigmaplan in Belgium, and Room for the River in the
Netherlands for example, achieve flood risk reduction mainly from this principle.
Additionally, coastal flood protection is subject to higher wave loads than in river
settings. Consequently, wave-related failures were considered in this study while
for river dikes other failure mechanisms related to a prolonged high water level
and water pressure are more likely to be dominant (e.g. piping or macrostability).
Flooding of the interdike area can reduce the water level in rivers and estuaries and
thus reduce the probability of such failures for both defences in the double dike
system. Wave action at the outer defence remains unaffected by flooding of the
interdike area in a coastal setting, hence the risks of wave related failures is only
reduced for the landward defence of the system. Thus, protection benefits of a
double dike system are expected to be higher along rivers and within estuaries
compared to the results of the case from study.
The first dike in the double dike of Eemshaven-Delfzijl is taller than the
second dike and is an example of a type I system within the classification of double
dike systems in section 3.1.1. The safety assessment changes with a low first dike
and tall second dike (types II and III). For these types, flooding of the interdike area
due to overflow of the low first dike will not risk overflowing the tall second dike.
However, wave loads propagating over the low first dike towards the second dike
when the interdike area is flooded can no longer be ignored. Within a type III
system (a low first dike and high second dike) the first dike acts as a low-crested
breakwater, reducing the wave load on the second dike when the interdike area is
flooded. The behaviour of these types of structures has already been extensively
studied and can realize substantial wave height reductions (d'Angremond et al.,
1997; Mai et al., 1999). Because wave action inside the interdike area was
insignificant for a type I system, the results do not generalise to type III systems. In
river areas where wave loads are insignificant similar results for interdike loads as
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presented in Figure 3.9 can still be expected from a type III system. In type IV and
V systems (low embankment and breached first dike) the first dike cannot prevent
a flood. Water is not retained by the first dike and only wave and water level
attenuation effects can be expected in these systems. Rather than an erosionovertopping model used in this study, a hydrodynamic wave and flow model is
needed to assess the loads propagating towards the second dike in these systems
(Kiesel et al., 2020). These examples show that the selection of models needed in the
transmission step of the framework greatly depends on the type of system and its
context.
The different uses of the interdike area may require a regulated exchange of
water through the first dike and pose limits to the acceptable frequency of flooding
in the interdike area. As the results show, the probability of flooding of the
interdike area by storms in the case in Eemshaven-Delfzijl is small and therefore
multifunctional use criteria are hardly relevant. However, there is a trade-off
between functions through the configuration of the culvert as designing the culvert
for a greater tidal exchange to support multifunctional use of the interdike zone
will result in larger water levels (and thus flood risk) in case of a non-closure.
Across different documented double dike projects, balancing uses proved to be a
design challenge. At the nature restoration site polder Breebaart nearby our casestudy, a tide of 27 cm was introduced in the polder through a small culvert in the
first dike (Peletier et al., 2004). While a new marsh successfully developped, due to
the high turbidity of the Ems-estuary, an average of 30 cm of sediment was
deposited annually prompting an unexpectedly rapid succession of vegetation
types and habitats (Peletier et al., 2004). As a result, 70,000 m3 of sediment was
eventually dredged in 2019 to restore the diversity of habitats within the marsh
(H2O, 2019). Another double dike system where flood protection is combined with
functions requiring a tidal exchange is in the dunes of Waterdunen, the
Netherlands. The in- and outflow of the tide has to be regulated to allow enough
tidal variation for nature development, recreation, and experimental saline
agriculture, while preventing overflow of the inner ring dike (Stark, Ravenstijn,
Korf, & Walraven, 2006). At the time of writing the project is exploring options for
a sufficiently safe operation scheme of the culverts each tidal cycle, while meeting
the new strict Dutch flood protection standards. The Controlled Reduced Tide
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(CRT) areas of the Belgian Sigmaplan in Kruibeke, Lippenbroek, and
Bergenmeersen Belgium, are another example. The combination of several culverts
preserves the dynamic tidal variation needed to support a marsh habitat similar to
natural marshes outside the dike, while minimising sedimentation that reduces the
water storage capacity of the area over time (Cox et al., 2006; Oosterlee, Cox,
Temmerman, & Meire, 2019). Nevertheless, the ability to reduce water levels in the
Scheldt River by flooding the interdike area during a high-water event was a crucial
factor in the design of the in/outlet structures (Cox et al., 2006; Smolders et al., 2020).
Given the importance of culverts for both flood protection and multifunctional use,
the limitations and synergies between functions imposed on a culvert design
should be explored further in detail.

3.5.4. Values beside flood protection
As can be seen in the results of our case-study, double dikes are not
necessarily safer than a single dike. Still, the long-term benefits and value generated
by its multifunctionality are a strong driver to choose a double dike system over a
simple reinforcement. As long as the additional costs of a second dike over a simple
reinforcement are outweighed by the costs saved on reinforcing the first dike and
the value generated over time in the interdike area, a double dike system is even
economically preferable. Economic benefits include specialised saline agriculture,
or clay extraction (Kwakernaak et al., 2015). Benefits in a double dike system do not
have to be strictly monetary to be viable however. Nature restoration can be
another driver for the implementation of such a system, as is the case for many
managed realignment projects (Esteves, 2014). Ecosystem service benefits like
carbon sequestration, water purification, sediment accretion, as well as natural
values, may outweigh the costs of realignment, or in this case a double dike system,
after several decades (Luisetti et al., 2011; Turner, Burgess, Hadley, Coombes, &
Jackson, 2007). To summarise, double dike systems in the coastal zone are primarily
implemented for the potential use of the inter-dike zone, e.g. for nature restoration,
rather than as a pure flood protection measure.
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3.6. Conclusions
Double dike systems have been constructed to manage and control water for
different uses as well as providing flood protection for the hinterland. Despite the
benefits of combining flood protection with other uses in a double dike system, it
was still uncertain how much flood protection is provided by a second dike in the
system. The double dike between Eemshaven and Delfzijl was analysed as a casestudy to demonstrate a general method for assessing the safety of double dike
systems. The probability of failure was assessed using an advanced dike erosion
model of the seaward slope (Rongen et al., 2018) coupled with overtopping for 3000
simulated storm events for the area.
The novel general framework for assessing double dike systems developed
in this study is based on the same safety principles for flood protection assessment
as current practises. However, the distinction and integration needed within the
framework between dike failures describing erosion of the dike, and those
describing the transfer of water over the dike proved novel and is not present in
most failure criteria for dike assessments. This part could only be achieved by a
specialised erosion-overtopping model that is still being developed at the time of
writing. For the framework to be implemented for other types of failures,
integrated models describing both erosion of the dike and the transfer of water
during the process of dike failure are needed.
According to the model results, the taller front dike in the case-study area is
already unlikely to be overtopped by large volumes of water. Wave conditions
during high overtopping events are also likely to erode the dike and rapidly fill the
interdike area. Because of its low crest height, the second dike overflows in this
scenario and does not reduce the probability of flooding, although it may delay the
onset of flooding of the hinterland. Instead of overtopping or breaching of the front
dike, water depths up to about 4 m between the dikes are far more likely to be
reached from a non-closure of the culvert that connects the inner area with the sea.
Thus, the second dike is required to reduce the risks related to the culvert rather
than any dike failure. No (significant) reduction in flood risk can be expected from
coastal double dike systems in general when the first seaward dike is taller than the
second landward dike. The flood risk reduction in other types of double dike
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systems depends on potential water-level reductions in estuarine or riverine
settings as well as the different dominant failure mechanisms. Further research into
the safety of double dikes in these environments is needed to further validate the
framework developed in this study.
An interesting trade-off between flood protection and tide within the
interdike area was found. As the culvert width increases, a greater tidal variation
can be realised between the dikes to support a functioning tidal ecosystem and
clay-mining. However, in the event of a non-closure more water will flood the area
between the dikes, thus requiring a higher second dike to prevent flooding. Similar
trade-offs between functions through the design of the culverts were found in other
double dike projects.
Results of this study show there is not necessarily a substantial flood risk
reduction by implementing a double dike system over a single dike system. The
value of these systems lies mostly in the integration of other functions, e.g. saline
agriculture or nature restoration, rather than as the simplest improvement for flood
protection. The framework of this study gives engineers and designers a tool to
expand the number of uses around flood protection in a double dike system, while
ensuring flood protection safety norms are met.
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Abstract
Effective adaptation to sea-level rise is critical for future flood

protection. Nature-based solutions including salt marshes have
been proposed to naturally enhance coastal infrastructure. A gently
sloping grass-covered dike (i.e. Wide Green Dike) can be

strengthened with clay accumulating locally in the salt marsh. This
study explores the feasibility of extracting salt-marsh sediment for
dike reinforcement as a climate adaptation strategy in several sea-

level rise scenarios, using the Wide Green Dike in the Dutch part of

the Ems-Dollard estuary as a case study. A 0-D sedimentation

model was combined with a wave propagation model, and

probabilistic models for wave impact and wave overtopping. This
model system was used to determine the area of borrow pits

required to supply clay for adequate dikes under different sea-level
rise scenarios.

For medium to high sea-level rise scenarios (>102 cm by

2100) thickening of the clay layer on the dike is required to

compensate for the larger waves resulting from insufficient marsh
accretion. The model results indicate that for our case study

roughly 9.4 ha of borrow pit is sufficient to supply clay for 1 km of

dike reinforcement until 2100. The simulated borrow pits are
refilled within 22 simulation years on average, and infilling is

projected to accelerate with sea-level rise and pit depth. This study

highlights the potential of salt marshes as an asset for adapting
flood defences in the future.
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4.1. Introduction
Coastlines are expected to become increasingly vulnerable to flooding from
a combination of rising sea-levels due to climate change and economic growth
(Neumann, Vafeidis, Zimmermann, & Nicholls, 2015; Nicholls, 2004). Accelerated sealevel rise from future ice-loss in the Antarctic, among other factors, considerably
raises the sea-level projection for the end of the 21st century (DeConto & Pollard,
2016). The large range in future sea-level rise predictions has prompted the search
for robust yet flexible adaptation options for the world's vulnerable delta regions
(Hallegatte, 2009). Many studies (Borsje et al., 2011; Möller et al., 2014; Temmerman
et al., 2013; van Loon-Steensma, 2015; van Loon-Steensma et al., 2016; Vuik et al.,
2018b) stress the capacity and importance of specific coastal ecosystems such as salt
marshes and mangroves to dampen wave action and preserving foreshores.
Incorporating these systems into coastal management could reduce the need for
more costly flood protection measures in the future. As a result, nature-based
flood-protection measures have emerged as a potential adaptation option.
The tendency of coastal wetlands to accumulate sediment provides an
avenue for incorporating them in flood protection strategies. In natural salt
marshes, the vegetation decelerates tidal currents by exerting friction which allows
suspended sediment to accumulate on the marsh platform (Bouma et al., 2005)
(Christiansen, Wiberg, & Milligan, 2000; Leonard & Croft, 2006). Furthermore,
roots bind the marsh bed and reduce erosion during storm conditions. Provided
there is a sufficient supply of sediment, a marsh accumulates fine sediment based
on the sea-level, the tide, compaction and subsidence processes, organic deposition,
and wave action (Allen, 2000b; Davidson-Arnott, van Proosdij, Ollerhead, &
Schostak, 2002).
The rising of the marsh platform by sediment accumulating within the marsh
has the benefit of reducing the load on flood protection infrastructure (Vuik et al.,
2019). Another benefit of sedimentation of salt marshes for flood protection is to
supply clay as building material for dike reinforcement, as was done historically.
Within the German sector of the Wadden Sea, pits have already been excavated for
dike reconstruction and to rejuvenate marsh from a late stage of succession. At
Petersgroden in 1998 approximately 150,000 m3 of clay was extracted from a 300 ×
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330 m (10 ha) pit with a depth of 1.2 to 1.5 m. Initially the infilling rate was 15 cm/yr
in the first years and decelerated to 4 cm/yr by 2007 (Bartholomä et al., 2013). More
recently in 2012 at Elisabethaußengroden 325,000 m3 of clay was excavated across
four pits to cover roughly 1/3 of the clay demand for reinforcing a 27-km long dike
section (Menke, 2015). Infilling of the pit, and accretion of marshes in general, relies
on inundation by sediment-laden water from the sea. As the bottom elevation of
the pit increases, it becomes increasingly reliant on spring- and storm tides to
supply additional sediment and the thus the infilling rate decelerates (Bartholomä
et al., 2013).From experience pits are refilled within 30 years after excavation
(Arens, 2002; Bartholomä et al., 2013).
While sedimentation within marshes can be an asset in flood protection it is
yet unclear how future sea-level rise can affect such a strategy in the long term.
Both the historic and foreseen response of marshes to sea-level rise has been
extensively studied. Many marshes are expected to drown within this century as
these will not be able to accrete fast enough to keep pace with sea-level rise (Best et
al., 2018; Crosby et al., 2016; Kirwan et al., 2010; Schuerch et al., 2018). The response
of borrowing pits within them has, however, not been studied so far. Therefore, the
effectiveness of incorporating borrowing pits for dike-building material as a
measure for sea-level rise adaptation is still unknown.
This study explores the feasibility of extracting sediment for dike
reinforcements from the fringing salt marshes as a climate adaptation strategy in
several sea-level rise scenarios, using the Wide Green Dike in the Dutch sector of
the Dollard bay in the Ems estuary as a case study. To sustain adaptation of the
flood defence by natural sedimentation of the marsh under sea-level rise, two
conditions need to be satisfied: the borrow pit will refill to the marsh's level and the
dike meets the national flood protection standard. This study explores 1) the
feasibility and 2) sustainability of extracting salt marsh sediment for dike
reinforcements as a climate adaptation strategy in several sea-level rise scenarios.
A 0-D sedimentation model was combined with a wave propagation model, and
probabilistic models for wave impact and wave overtopping. This model system
was used to determine the dimensions of adequate dikes and borrow pit
dimensions under different sea-level rise scenarios.
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4.2.

The study area

4.2.1. History of the Dollard
The Dollard forms a bay of about 100 km2 within the Ems estuary located
on the Dutch-German border in the Wadden Sea (Figure 4.1). Around 80% of the
Dollard consists of tidal flats on which approximately 1.1 km2 of salt marsh is
present. The Dollard has a mesotidal regime with a tidal range of 3.3 m and a mean
high tide of 1.55 m + NAP (Dutch Ordnance Level).
The bay developed during the Middle Ages and reached its greatest extent
in the 16th century after a series of storm surges (Esselink, 2000). Further
transgressions were halted by improved management of the dikes. Land was
reclaimed from the sea by repeatedly embanking the emerging marshes on the
fringes of the diked estuary. The last reclamation was completed in 1924 (Esselink,
2000). In the Dollard, engineering measures to promote salt-marsh development
were initiated as early as the 17th century. This was achieved by the construction

Figure 4.1 Location of the study area where the pilot study for clay mining is being conducted
within the Ems-Dollard estuary
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and upkeep of a pattern of low clay-built groynes and a dense drainage network.
These works were acquired and expanded by the Provincial Government in 1938
but were discontinued 15 years later. The majority of the present-day salt marshes
date back to this period (1938–1953) (Esselink, 1998).The historic loss of intertidal
area for the deposition of sediment, among others through deepening of the estuary
for navigation and ongoing morphological processes, has been linked to an
increasingly high turbidity in the estuary today (van Maren, Oost, Wang, & Vos,
2016) which inhibits the primary production of the local marine ecosystem
(DeGroodt & de Jonge, 1990).

4.2.2. The Wide Green Dike pilot
Dikes along the Dutch Dollard coast were designed for an acceptable anual
failure probability of 1/3000. In the last dike assessment only 20% of the Dollard
dikes met the safety standard (van Loon-Steensma & Schelfhout, 2017). The current
dikes feature a crest height between 7.7 and 9.3 m + NAP a lower section of the
seaward slope at an angle of 1:4 and an upper section at an angle of 1:7. The lower
section of the slope is reinforced with asphalt and stones against wave impacts
while the remaining upper section consists of grass (van Loon-Steensma &
Schelfhout, 2017).
The Province of Groningen aims to remove 1 million ton of sediment from
the estuary annually to reduce the high turbidity in the estuary to acceptable levels
(Provincie Groningen & Ministerie van Infrastructuur en Milieu, 2018). A so-called
“Wide Green Dike” has emerged as an option to reinforce the dikes while reducing
turbidity within the estuary. As a pilot 1 km of dike will be reinforced with marine
clay extracted locally from the salt marsh (Hunze en Aa's, 2020). The resulting
borrow pit will function as a sink for new sediment while the excavated clay is
processed for dike reinforcement. The dike will feature a shallow (1:7) grass outer
slope along the entire seaward side to withstand the impact of large waves rather
than a conventional stone or asphalt revetment. Furthermore, it simplifies future
reinforcements with the excavated clay (van Loon-Steensma & Schelfhout, 2013,
2017).
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Figure 4.2 A schematic cross-section of the wide green dike system and its components

The borrow pit will extract sediment from the water by a similar process as
the marsh. Water carrying sediment in suspension is transported landward during
flood tide. Within the marsh and pit the flow of water is decelerated allowing
the suspended sediment to settle. Because of its depth the pit will experience more
regular inundations of sediment-laden water than the marsh through a creek
leading into it, thereby capturing more suspended sediment from the estuary over
time until the pit is filled.
At the time of writing a pilot project of the Wide Green Dike is being
conducted in the Dollard (see Figure 4.2) (Hunze en Aa's, 2020). In the spring of
2018 45,000 m3 of clay was excavated from a 4 ha borrow pit with an average depth
of 1.6 m (Esselink, Elschot, Tolman, & Veenstra, 2019). The pit is connected to the
tidal creek through a weir (of 0.9 m + NAP) which impedes the in- and outflow. At
the centre of the pit an elevated section of marsh remains to serve as a breeding
island for birds. The excavated clay is being processed to be used as dike clay.
Meanwhile the infilling of the borrow pit and ecological impacts are being
monitored.
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4.3. Methods

4.3.1. Modelling approach
To assess the feasibility of a wide green dike system under sea-level rise, both
the clay required for dike reinforcement and the future clay yield from the pit need
to be predicted. We do this in three modelling steps in which we quantify: 1) on the
foreshore the accretion of both the marsh and the pit over time, 2) the change in
storm conditions over time, 3) the failure probability of a dike design subjected to
those storm conditions (see Figure 4.3) as assessed with the official Dutch dike
assessment tools. The final step is repeated for different dike designs to find the
design that requires the lowest amount of clay.
In the first step the vertical marsh growth and infilling of the borrow pit in
response to different sea-level rise scenarios is modelled by a 0D numerical
deposition model which has been used in many other studies (Allen, 1990; French,
1993; Krone, 1987; Temmerman, Govers, Meire, & Wartel, 2003). The simplicity and
speed of the 0D model allows for uncertainties to be quantified by varying the
initial elevation and sediment properties in a Monte Carlo fashion (5000
simulations per sea-level rise scenario) (see Section 4.3.3, Table 4.2 and Appendix
C.1 for details). In the second step wave, wind and water level conditions of the

Figure 4.3 the modelling approach followed in this study starting from a sea-level rise scenario
towards computing the optimal dike by 2100. Step 1: determine the accumulation of sediment in
the marsh, step 2: determine the storm conditions across the marsh at the dike toe, step 3:
determine the probability of failure of different dike designs and return the design with the lowest
clay demand as output.
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Ems-Dollard estuary from a database developed for Dutch dike assessments
(Rijkswaterstaat, 2018) were run across the accreted foreshore predicted by the
deposition model in step 1 until the dike toe with the SWAN wave model (Booij,
Ris, & Holthuijsen, 1999). The Hydra-NL model (Duits & Kuijper, 2018) is used to
compute the associated probability of the storm events to which correlated
probability distributions were fitted. In the third step the wave and water level
distributions are used to evaluate the probability of failure of different dike
configurations by overtopping (van der Meer et al., 2016) and failure of the outer
slope by wave action (Kaste et al., 2015; Klerk & Jongejan, 2016; Mourik, 2015). The
optimal dike configuration requires the least amount of clay to achieve the required
safety level without a hard revetment. With the results of the borrow pit
simulations in the first modelling step the area of pit required for 1 km of dike
reinforcement is computed.

4.3.2. Sea-level rise scenarios
For this study the RCP and KNMI sea-level rise scenarios for the Dutch coast
as presented by Haasnoot et al. (2018) were selected as a starting point (Table 4.1).
The RCP scenarios from the IPCC were adapted by Haasnoot et al. (2018) from Le
Bars, Drijfhout, and de Vries (2017). Dutch flood protection measures, however,
were designed based on the delta scenarios that were developed in 2014 by the
Royal Dutch Meteorological Institute (KNMI) (Bruggeman et al., 2013;
Bruggeman et al., 2016; KNMI, 2014). The KNMI concluded that: “observations show
decadal-scale variations, but no long-term trend over the past 130+ years. Results from
recent state-of-the-art climate models as well as RCM studies suggest no changes in the
wind climate [for the Netherlands]. This is true for mean wind conditions, low wind
conditions and extreme wind speeds. Modelled changes are statistically insignificant.”
(KNMI, 2014, p. 69). The KNMI based this conclusion on analyses by de Winter,
Sterl, and Ruessink (2013) and Sterl, van den Brink, de Vries, Haarsma, and van
Meijgaard (2009). Therefore, we decided to follow the KNMI's assessment that
there will be no (significant) effects of climate change on storm statistics in our
study area.
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Table 4.1 Sea-level rise scenarios for 2050 and 2100 (in cm difference from 2018) adjusted for the
Dutch coast by Haasnoot et al. (2018), using the KNMI'14 Delta scenarios and RCP scenarios. Values
are adjusted by 6 cm for sea-level rise at the Dutch coast between 1995 and 2018 following Baart
et al. (2019). The low (L), 50% medium (M), and 50% high (H) scenarios used in this study are
highlighted in green, yellow, and red respectively.
Scenario

KNMI’14
D/R

Margin

-

2050

+ 9 cm

+ 34 cm

+ 1 cm

+ 29 cm

+ 94 cm

+ 23
cm

This study

2100

L

-

KNMI’14
W/S

5%

RCP
4.5
50%

95%

5%

+ 18
cm
+ 102
cm

+ 35
cm
+ 186
cm

+ 3 cm

M

+ 69
cm

RCP
8.5
50%
H

+ 23
cm
+ 189
cm

95%
+ 41 cm
+ 311
cm

The KNMI'14 scenarios do not yet account for recent findings on accelerated
ice-loss (DeConto & Pollard, 2016; Haasnoot et al., 2018). No statistically significant
acceleration of sea-level rise has been detected yet at stations along the Dutch coast,
as the acceleration of sea-level rise accounts for just 0.1% of the variance in observed
mean annual water levels (Baart et al., 2019). For this study the KNMI'14 D/R, the
median of RCP 4.5, and median of RCP 8.5 scenarios were selected as a low (L),
medium (M), and high (H) sea-level rise scenario for 2100. This allows for a range
of possible climate change scenarios to be explored (Table 4.1).

4.3.3. Marsh deposition model
As the first step, sediment deposition within the marsh is modelled (see
Figure 4.3). In this study a basic marsh elevation model similar to various other
studies (Allen, 1990; French, 1993; Krone, 1987; Temmerman et al., 2003) was used.
It simulates a single idealised point within the marsh. Each tide when the water
rises suspended sediment is transported to this point. The suspended sediment
sinks towards the bottom and thus raises the elevation of this point over time. It is
assumed that vegetation reduces the flow velocity such that all suspended
sediment is able to sink without resuspension by turbulence. Furthermore it is
assumed that the vegetation reduces wave energy and flows sufficiently to prevent
settled sediment from eroding. The approach was first described by Krone
(1987) and uses a mass balance as follows:
𝑑𝑑𝑑𝑑𝑧𝑧𝑧𝑧 𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑃𝑃𝑃𝑃
=
+
− ,
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
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Where 𝑧𝑧𝑧𝑧 is the surface elevation, 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the mineral sediment deposition, 𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜

is the organic deposition and 𝑃𝑃𝑃𝑃 is a subsidence term. Organic deposition was
ommited in this study as samples from the marsh area contained only a low

percantage of organic content (8%) indicating low organic deposition (see
Appendix C.1).
Sediment is deposited when suspended sediment carried by the incoming
tide settles within the marsh. The process is described by the equations:
𝑑𝑑𝑑𝑑ℎ
𝑑𝑑𝑑𝑑ℎ
>0
−𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑(𝑑𝑑𝑑𝑑) + 𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ∗
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
(4.2)
(ℎ − 𝑧𝑧𝑧𝑧)
=�
𝑑𝑑𝑑𝑑ℎ
𝑑𝑑𝑑𝑑ℎ
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
≤0
−𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑(𝑑𝑑𝑑𝑑) + 𝑑𝑑𝑑𝑑(𝑑𝑑𝑑𝑑) ∗
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑(𝑑𝑑𝑑𝑑)
(4.3)
=
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
Where ℎ is the water level, 𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠 is the sediment fall velocity, 𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the
suspended sediment concentration (SSC) during flood tide, 𝑑𝑑𝑑𝑑(𝑑𝑑𝑑𝑑) is the SSC at time
𝑑𝑑𝑑𝑑, and 𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the bulk dry density (BDD) of the deposited sediment layer.

Expanding on the approach by Temmerman et al. (2003), the expected

deposition during a tidal period was modelled from the distribution of high waters
and extrapolated to an annual deposition. However, to include the effect of storm
surges lasting multiple cycles, the expected deposition of two tidal cycles rather
than one cycle was determined in this study using a basic storm surge
schematisation model for the Dutch coast (see Appendix C.2). We assumed no
variation in SSC between storm events.
Modelling the behaviour of the borrow pit required a few additions. In order
to keep water around the breeding island at low tide, a small weir was constructed
in the creek draining the pit (Figure 4.2). A formula was calibrated from
measurements within the pit to incorporate the effect of the weir on the water level
(see Appendix C.2). Compaction of sediment deposited within the pit was included
using a variation of the formula proposed by Allen (2000a) which was calibrated
with soil samples of the Dollard marsh (see Appendix C.1, Appendix C.4).
The model produces a time series of the elevation of both the marsh and the
pit bed. For modelling purposes the pit is considered full when the bed elevation
is within 5 cm of the marsh elevation as at this stage the difference in accretion rate
between marsh and pit is no longer significant. At that point the pit is re-excavated
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to a depth of 1.6 m below the marsh surface identical to the pit in the pilot study.
Using this setup, the amount of sediment extracted per sea-level rise scenario from
that single pit is stored as a time series.
Because of uncertainty associated with multiple variables (𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠 , and the

initial marsh elevation 𝑧𝑧𝑧𝑧0 , see Section 4.2.2), a Monte Carlo approach was needed

to quantify the uncertainty in accretion. The marsh deposition model was run 5000
times for each scenario, sampling randomly from the probability distributions of
these variables. The median result as well as the 5 and 95 percentiles of the accretion
time series were stored and passed to the next modelling steps.

4.3.4. Modelling storm conditions
In step 2 the design conditions for the flood defence are determined
(see Figure 4.3). Water-level, wave and wind statistics on the foreshore of the
Dollard were retrieved from a hydraulic database of the Eastern Dutch Wadden
sea (Rijkswaterstaat, 2018) and analysed in Hydra-NL (Duits & Kuijper, 2018).
Hydra-NL is a programme made available by the Dutch authorities to derive
hydraulic loads on flood defences across the country in compliance with the official
assessments procedures (Rijkswaterstaat, 2016b). Across the Netherlands, official
stations at representative locations measure water levels, wind speeds, and wind
directions. Hydra-NL connects the statistical probability of the water level, wind
direction, and wind speed derived from the stations, to a database of precomputed
wave model simulations for the Wadden Sea area. For locations between stations
values are found by interpolation. By doing so, the statistics of storm waves at the
coastal defences are estimated. The correlation models employed by Hydra-NL are
described in (Diermanse & Geerse, 2012). The effect of sea-level rise is simulated by
raising the mean of the water level probability distribution accordingly (Duits &
Kuijper, 2018).
A database from Rijkswaterstaat (2018) was selected which contains
computed wave characteristics at the marsh foreshore in the eastern Dutch Wadden
Sea under various combinations of water levels and wind conditions. This database
was adapted to represent storm conditions at the dike toe per sea-level rise
scenario. The widely used SWAN wave model (Booij et al., 1999) was applied across
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the salt-marsh profile until the dike toe for all entries in the database. SWAN uses
an implicit numerical scheme to calculate the evolution of the wave spectrum
across the foreshore as described by the spectral action balance equation:
𝜕𝜕𝜕𝜕𝑁𝑁𝑁𝑁 𝜕𝜕𝜕𝜕�𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜,𝑥𝑥𝑥𝑥 𝑁𝑁𝑁𝑁� 𝜕𝜕𝜕𝜕�𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜,𝑠𝑠𝑠𝑠 𝑁𝑁𝑁𝑁� 𝜕𝜕𝜕𝜕(𝑐𝑐𝑐𝑐𝜎𝜎𝜎𝜎 𝑁𝑁𝑁𝑁) 𝜕𝜕𝜕𝜕(𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃 𝑁𝑁𝑁𝑁)
+
+
+
+
= 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕𝜎𝜎𝜎𝜎
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

(4.4)

where 𝑁𝑁𝑁𝑁 is the wave-action density, defined as spectrum energy density divided

by the radian frequency, 𝜎𝜎𝜎𝜎 is the relative wave frequency. The first term describes
the change in wave action over time, the second and third terms the propagation
of wave action in space with velocity components 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜,𝑥𝑥𝑥𝑥 and 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜,𝑠𝑠𝑠𝑠 , the fourth term

represents the shifting of the relative frequency due to depth change, and the fifth
term represents depth-induced diffraction. The sum of sink and source terms (𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 )

accounts for wave breaking, bottom friction, triad wave interactions, and the input
of energy from the wind. The model requires an input of water level, wave
spectrum properties (i.e. significant wave height, peak period, and wave direction)
at the offshore boundary, an elevation profile towards the coast, and additional
inputs to compute the processes included as source/sink terms (i.e. wind speed,
wind direction, and bottom roughness)(Booij et al., 1999).
To simplify the computations, only a 1D profile of the marsh was used in the
SWAN calculation. In this step the elevation change of the salt marsh by
sedimentation (see Section 4.3.3) is incorporated in the foreshore profile derived
from the AHN2 elevation map (Rijkswaterstaat, 2014) to examine the effect of
natural sedimentation of the foreshore on the wave exposure of the dike. The effect
of the pit and wave damping by vegetation was not included. A worst-case
inundated tidal flat (Manning roughness 𝑛𝑛𝑛𝑛 = 0.02 𝑚𝑚𝑚𝑚−1/3 𝑠𝑠𝑠𝑠) was assumed
representative of winter-storm conditions. The off-shore wave boundary

conditions and wind speed were retrieved from the original data of Rijkswaterstaat
(2018). A new dataset of wave properties at the dike toe was created by running all

entries of the original data in SWAN. The new dataset was passed to Hydra-NL to
derive the statistics of wave properties at the dike. New simpler probability
distributions and correlations of water level, wave height, wave period and wave
direction were fitted on the outputs of Hydra-NL. For wave height and wave
period a Weibull distribution was fitted, and for water level a generalized extreme
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value distribution was fitted. Wave direction was simplified to an empirical
distribution from the wind direction, where each bin of 30° in wind direction
corresponds to a generated wave direction at the dike. The result is a set of
correlated probability distributions describing the frequency of storm wave- and
surge conditions at the dike toe for each sea-level rise scenario which is used to
design the dike.

4.3.5. Dike failure model
In step 3 the probability of failure for a range of dike designs is calculated
(see Figure 4.3). The wide green dike must be dimensioned such that the
probability of failure of the dike conforms to the Dutch national safety standard
(WBI2017). For this study the focus is on the main failure mechanisms that
determine the outer dike geometry: overtopping and failure of the revetment by
wave erosion. It was previously determined that these failures dictate the outer
slope, necessitating a “wide” dike if a “green” grass revetment were to be
implemented (van Loon-Steensma & Schelfhout, 2013, 2017). The dike section of
the Dollard has a maximum annual failure probability of 1/3000. The norm for a
specific cross-section failing by overtopping or erosion of the grass revetment is
calculated following the Dutch design guidelines (Rijkswaterstaat, 2016c) as:
𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =

𝜔𝜔𝜔𝜔
𝑃𝑃𝑃𝑃
𝑁𝑁𝑁𝑁 𝑓𝑓𝑓𝑓,𝑛𝑛𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(4.5)

where the fraction of the norm failure probability (𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,𝑛𝑛𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ) allocated to overtopping

and erosion of the revetment is 29% (𝜔𝜔𝜔𝜔 = 0.29) while the length factor (𝑁𝑁𝑁𝑁) of these
mechanisms is recommended to be 3 (Rijkswaterstaat, 2017). The result is an
allowed failure probability of a cross-section (𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓,𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) of 3.22 ∗ 10−5 year−1 or

a minimum reliability index (𝛽𝛽𝛽𝛽) of 4.0. Whether a dike fails by a mechanism is
expressed by a limit state function (LSF). In this study the formulas accepted within

the Dutch safety regulations are applied for the mechanism of overtopping and
wave impact. Overtopping is a type of failure of the dike where water from waves
flows over the crest onto the inner slope eroding the dike in the process. The
amount of overtopping was calculated by the method described in van der Meer et
al. (2016) and TAW (2002). The limit state has been reached when the overtopping
discharge (𝑞𝑞𝑞𝑞) exceeds the critical discharge the dike is able to resist (𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 ).
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𝑍𝑍𝑍𝑍𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜 = 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 − 𝑞𝑞𝑞𝑞

(4.6)

Erosion from wave impact on the outer slope was calculated according to the
descriptions in Kaste et al. (2015), Klerk and Jongejan (2016), and Mourik (2015).
The limit state function is reached when the duration of the storm (𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) exceeds

the amount of the time required to damage the grass (𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ), the root zone (𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 )
and erode the clay below (𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ). See Appendix C.5 for details on the calculation of

each of these durations.

𝑍𝑍𝑍𝑍𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖 = 𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(4.7)

The probability of failure for a dike design is determined by probabilistically
evaluating the LSF's under the hydraulic boundary conditions and uncertainties
with the first order reliability method (FORM) Low and Tang (2007):
𝛽𝛽𝛽𝛽

= min ��𝒏𝒏𝒏𝒏𝑇𝑇𝑇𝑇 𝑅𝑅𝑅𝑅−1 𝒏𝒏𝒏𝒏 �

𝑍𝑍𝑍𝑍(𝒙𝒙𝒙𝒙)=0

(4.8)

Here 𝛽𝛽𝛽𝛽 is the reliability index, 𝒏𝒏𝒏𝒏 is the vector of the normalised stochastic

input variables in 𝒙𝒙𝒙𝒙 and 𝑅𝑅𝑅𝑅 is the correlation matrix of the stochastic input variables.

Vector 𝒙𝒙𝒙𝒙 contains the values of the hydraulic load such as water level and wave

parameters, as well as stochastic variables related to modelling wave impact and
overtopping (see Appendix C.5). A value of variable (𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖 ) is normalised as:
𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖 = 𝛷𝛷𝛷𝛷 −1 �𝐹𝐹𝐹𝐹(𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖 )�

𝛷𝛷𝛷𝛷

−1

(4.9)

Where 𝐹𝐹𝐹𝐹 is the cumulative distribution function (CDF) for that variable and

is the inverse standard normal CDF. The routine was programmed in MATLAB

and solved for the two LSF’s (𝑍𝑍𝑍𝑍(𝒙𝒙𝒙𝒙)=0) with the built-in nonlinear solver called
fmincon.
Since both overtopping and large wave impacts are dependent on storm
conditions it is reasonable to assume both mechanisms are fully dependent. As a
result, the reliability of the system is the minimum reliability of these mechanisms:
𝛽𝛽𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = min�𝛽𝛽𝛽𝛽𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜 , 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖 �

(4.10)

While the 1:7 outer slope was maintained, a range of crest height and clay
thickness combinations were evaluated. The optimal outcome for each sea-level
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rise scenario was determined as the combination where 𝛽𝛽𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 matched the safety

standard of 4 and the required amount of clay was lowest.

4.4. Trust in the model system
4.4.1. Model selection

The series of models described in Section 4.3.3, with the exception of the
marsh deposition model, were all selected for their use in and compliance with the
official Dutch dike assessment instruments (WBI2017). Both the SWAN and HydraNL model (including their precursors) have been used extensively in determining
hydraulic loads along the Dutch coast (Rijkswaterstaat, 2016b; Slomp et al., 2016).
The applied overtopping and wave impact models are directly incorporated in the
official Dutch dike assessment instruments or were developed specifically as an
addition to these instruments (Rijkswaterstaat, 2016c). Given that these models
were developed for Dutch systems already, no further validation or calibration of
these models was conducted. By applying these specific models, this study will
align as close as possible to the dike that would be built in practise, even if better
and more advanced models are available.
Despite the fact that it is required to consider the foreshore for determining
hydraulic loads on the dike (Rijkswaterstaat, 2016b), modelling the changes of the
foreshore over time is not common in the Netherlands. As a result, a model had to
be selected for this purpose. Highly advanced methods exist for predicting the
accretion of marshes over time e.g. (Best et al., 2018; Elmilady, van der Wegen,
Roelvink, & Jaffe, 2019; Temmerman, de Vries, & Bouma, 2012), but would be
computationally intensive for an exploratory study which is not focused
specifically on marsh morphology. Instead a comparatively simple method
employed extensively in sea-level rise studies (Allen, 1990; French, 1993; Krone,
1987; Temmerman et al., 2003) was used that could be calibrated for the Dollard
estuary with the first observations from the pilot. Owing to its relative simplicity,
multiple combinations of parameter inputs could be quickly assessed making this
approach better suited for the study.
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4.4.2. Implementation and evaluation of the marsh deposition model
For the implementation of the marsh deposition model suitable data of water
level (ℎ), elevation (𝑧𝑧𝑧𝑧), sediment settling velocity (ws ), sediment density (𝜌𝜌𝜌𝜌), and

suspended sediment concentration in flood water (𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ) is needed (see section

4.3.3). For the water level (ℎ), a record of water levels from a local gauge at Nieuwe

Statenzijl was retrieved from the water authority Rijkswaterstaat and the water
level within the borrow pit has been monitored as part of the ongoing pilot. The
elevation of the marsh (𝑧𝑧𝑧𝑧) was based on information from the national elevation
database (Rijkswaterstaat, 2014) and checked with point measurements of the
marsh taken just before implementation of the pilot (Esselink, Veenstra, Daniels, &
Veenstra, 2018). Sediment characteristics on bulk dry density (𝜌𝜌𝜌𝜌) were derived from
local soil investigations (Raadgevend Ingenieursbureau Wiertsema & Partners,
2016; Sweco Nederland B.V., 2018) and initial measurements (Esselink et al., 2019)
(see Appendix C.1). Sediment fall velocities (𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠 ) and suspended sediment

concentrations (SSC) (𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ) were retrieved from literature. Sediment settling

velocities are reported to vary between 1 and 3 mm/s (Ridderinkhof, van der Ham,
& van der Lee, 2000; van der Lee, 2000). There is a great variation in measured SSC

in the estuary, differing between years, seasons, within spring-neap cycles and
daily by weather conditions (Dankers, Binsbergen, Zegers, Laane, & van der Loeff,
1984; de Haas & Eisma, 1993; Dyer et al., 2000; Kornman & de Deckere, 1998;
Ridderinkhof et al., 2000; Taal, Schmidt, Brinkman, Stolte, & Van Maren, 2015; van
der Lee, 2000; van Maren et al., 2016). To generalise the model across these different
seasons and conditions, a representative value for SSC during the incoming tide
had to be found by calibration.
An overview of all modelling parameters is presented in Table 4.2. Over the
period 1984–2003 the average accretion rate within the marsh has been 8 mm/yr,
though large variations exist across the marsh between 0 and 20 mm/yr (Esselink,
1998, 2007). The model was run for 1 year at elevations 0.32 ± 0.12 m above mean
high tide (MHT) with different values for the representative SSC (𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ). A

representative SSC of 0.19 kg/m3 best reproduced these observations (Figure 4.4).
To evaluate the performance of the same deposition model for the borrow pit the
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Table 4.2 Inputs of the model. Probability distributions: deterministic (D), empirical (E), and normal
(N).
Water level
High water
level

peak

Sea-level rise
Weir in borrow pit:
Weir crest elevation
Weir flow resistance
term
Elevation:
Initial
marsh
elevation
Initial bed elevation
of the pit
Subsidence
Sediment:
Representative
sediment
concentration
during flood
Sediment settling
velocity
Bulk dry density of
deposited sediment
Bulk dry density
within marsh

Value

Unit

Distribution

Source

From
distribution

m+NAP

E

From scenario

m

D

Tide gauge at
Statenzijl
(Rijkswaterstaat)
See section 3.2

0.9
Rin = 3.5
Rout = 2.7
Rover = 13.5

m+NAP
m

D
D

(Esselink et al., 2019)
Calibrated
(See
Appendix B)

μ = 1.86
σ = 0.12
0.41

m+NAP

N

m+NAP

D

2.6

mm/yr

D

Based
on
AHN2
(Rijkswaterstaat, 2014)
Based on excavation
depth of pit
(NCG, 2018)

0.19

kg/m3

D

Calibrated (This section)

μ=2.7
σ=1
μ = 398
σ = 87
μ = 873
σ = 72

mm/s

N

(van der Lee, 2000)

kg/m3

N

See Appendix A

kg/m3

N

See Appendix A

Nw.

model was run with the exact water level time series measured at the pit between
September of 2018 and March 2019, and compared the results with the deposition
measured. For the initial half year of the pilot 0.13 m of elevation change was
measured (Esselink et al., 2019). Subsequent measurements show a further 0.13 m
of elevation change between September of 2018 and March 2019. A representative
SSC of 0.25 kg/m3 reproduced the reported elevation change (Figure 4.5).
Both SSCs found are within the range of values that was expected from
literature. A higher representative SSC of 0.25 kg/m3 during the winter of 2018 than
the 0.19 kg/m3 for 1984 to 2003 also seems consistent with seasonal differences
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observed in previous studies resulting from wave action and decreased biological
activity in winter (de Haas & Eisma, 1993; Dyer et al., 2000; Kornman & de Deckere,
1998). For this study, however, we consider the first value of 0.19 kg/m3 more
appropriate as it was calibrated over a longer timespan with an elevation more
representative for the long-term rather than the initial bed elevation of the pit.
However, an extensive study of seasonal SSC variations is required to properly
validate this specific value. Despite the limitations in validation we consider the
model to be satisfactory for an exploratory study until validation can be performed
on a longer time series.

Figure 4.4 Distribution of calibrated model results of the average sedimentation rate for the period
1984–2003 in orange and the distribution of measured sedimentation rates between 1984 and 2003
by Esselink in green.

Figure 4.5 Modelled sedimentation over time (bottom panel) from the water level time series
measured at the borrow pit (top panel). Input parameters: 𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 0.25 kg/m3; 𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 372 kg/m3;
𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠 = 2.7*10−3 m/s.
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4.5. Results

4.5.1. Marsh elevation
The predicted effect of sea-level rise on vertical accretion of the marsh surface
is substantial (see Figure 4.6). In the lowest sea-level rise scenario, the marsh
accretes in pace with sea-level rise. For the medium scenario the deposition rate
decreases until around 2050 when sea-level rise outpaces the deposition rate. From
this point onward inundation depths increase with each year enhancing deposition
but never catching up to the increasing rate of sea-level rise. The high sea-level rise
scenario is similar to the medium scenario but is outpaced by 2035. In this scenario

Figure 4.6 Development of the marsh elevation over time as predicted by the model simulations
for the low sea-level rise scenario (L) in green, medium sea-level rise scenario (M) in yellow, and
high sea-level rise scenario (H) in red. The band represents 90% of simulation results and the line
is the median of all simulations.
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the marsh is projected to be below mean high water around the year 2078. Since
marsh vegetation requires a minimum period of dry conditions to survive, the
marsh may not persist at this stage of drowning and the assumptions underlying
the model will no longer hold. That is, as vegetation cover is lost, more turbulence
and wave action will inhibit sediment for settling and enable erosion. Hence, the
model tends to overestimate the sediment accumulation of a drowning marsh. In a
worst-case scenario, run-away erosion of the marsh could be initiated resulting in
a net loss of sediment, rather than accretion.
As Figure 4.6 shows, the relative water depth above the marsh during high
tide does only vary in the order of centimetres between scenarios by 2050. Towards
2100 the relative water depth has remained constant for low sea-level rise,
increased under medium sea-level rise and increased substantially with a high sealevel rise scenario. The 90% band of simulations decreases under strongly
accelerated sea-level rise suggesting a decreasing influence of settling velocity, bulk
dry density and variance in initial elevation for the deposition rate compared to the
increasing inundation depth by sea-level rise. The uncertainty in initial conditions
is the result of heterogenous processes in the marsh (e.g. creeks, patches of denser
vegetation, etc.). The model does not capture these features, so variance across the
marsh will be larger in 2100 than the model suggests. However, it does indicate
that the initial uncertainty of a “representative marsh elevation” has a diminishing
influence on long-term accretion trends.

4.5.2. Infilling of the borrow pit
For the same reasons as discussed in section 4.5.1, until 2050 the expected
deposition within the borrow pit is similar between scenarios until 2050 (see Figure
4.7, Figure 4.8). The pit excavated in 2018 is expected to be refilled by 2040 for all
scenarios. At the earliest the pit is already filled by 2029 for all scenarios in 5% of
the simulations. At the latest the pit is refilled in 2068 for the low sea-level rise
scenario, 2056 for the medium scenario and 2052 for the high scenario according to
95% of simulations.
The majority of infilling takes place during the initial years after excavation
of the borrow pit. Within the first 10 years approximately 75% of the pit is already
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Figure 4.7 The influence of sea-level rise scenario L, M and H on A) elevation, B) the bulk dry density
within the pit, and C the infilling rate of the borrow pit until 2100 with all parameters fixed at average
values. Note (*) that for scenario H after 2078 results are not reliable (see Figure 4.6).

Figure 4.8 The mass of clay extracted from the borrow pit by A) 2050, B) 2100 and C) cumulative
over time for the low (L) sea-level rise scenario in green, the medium (M) sea-level rise scenario in
yellow, and the high (H) sea-level rise scenario in red. For each scenario, the band represents 90%
of all simulation results and the solid line the median. Note (*) that for scenario H after 2078 results
are not reliable (see Figure 4.6)

100

A sustainable adaptation scheme for a wide green dike

refilled. Initially, the relative depth to mean high tide is largest, resulting in
frequent inundation and thus ample opportunities for sedimentation. Inundation
frequency decreases exponentially with increasing elevation explaining the
decreasing deposition within the pit over time. It further suggests that a greater
initial depth of borrow pit is more efficient in capturing sediment than a pit with a
shallow depth. As the rate of sea-level rise accelerates, so does the inundation
frequency and thus deposition rate within the borrow pit relative to the marsh
surface. The modelling results suggest an acceleration of the infilling process as a
result of the acceleration in sea-level rise which results in a higher clay yield from
a continuous exploitation of the borrow pit.
The model also suggests the sediment density of an infilled pit remains
significantly lower than the density of the surrounding marsh, which has on
average a density of 873 kg/m3 (see Figure 4.7B). On average, the infilled pit will
contain only 54% of the mass of clay compared to the surrounding undisturbed
marsh. The 5th and 95th percentiles of simulations show a large range in BDD
within the pit upon refilling: from 37% to 74% of the BDD in the marsh. Uncertainty
in the density of sediment within the pit upon re-excavation is a major influence on
the total clay yield by 2100 as it directly affects the mass of clay in the pit at the end
of each extraction cycle (Figure 4.8).

4.5.3. Optimal dike dimensions in 2050 and 2100
The deposition rate on the foreshore has a large influence on the design of
the dike. If the marsh keeps pace with sea-level rise, the dike stays subjected to
similar waves as initially. However, if the inundation depth increases as a result of
sea-level rise the dike will be exposed to higher waves. The effects on the required
dike dimensions are presented in Figure 4.9. The required dike height is primarily
governed by the absolute sea-level rise. Lower crest heights become increasingly
likely to overtop as the water level rises. The required clay layer on the dike's outer
slope is primarily affected by the impact of waves on the outer slope. For all dikes
in 2050 and scenario L in 2100 the optimal thickness was found to be around 1.7 m
when a 1:7 slope is maintained (Figure 4.9). With increasing wave heights under
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Figure 4.9 The dike dimension for the three sea-level rise scenarios in 2050 and 2100 when the
minimal amount of clay is applied on the dike slope. The black dot represents the optimal wide
green dike design for 2018, the triangles represent 2050 dike dimensions and the squares 2100
dike dimensions. The colour of the squares and triangles indicate the sea-level rise scenario: green
for scenario L, yellow for scenario M and red for scenario H.

extreme storm conditions, the clay layer is eroded more rapidly from wave impacts.
By 2100 the required thickness has increased to 1.9 m and 2.2 in scenarios M and H
respectively. In scenario H however, because of potential drowning of the marsh a
lower foreshore may be present than predicted. Thus, stronger waves may reach
the dike and larger dike dimensions will be required.

4.5.4. Matching clay demand for dikes with supply from the pits
A representative dike profile of the current Dollard dike was adapted to the
dimensions calculated in section 4.5.3. The amount of clay applied on the outside
of the dike was computed to achieve the optimal minimal clay thickness where any
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space left was filled by sand. Assuming a clay density of 1200 kg/m3 the volume of
clay was converted in a demand for the mass of clay per reinforcement. This
amount was converted to an area of pit using the results of section 4.5.2 of the mass
retrieved from each m2 of pit.
The first reinforcement is conducted as part of the pilot in which in 2025 the
dike is reinforced to the dimensions meeting the safety criteria in 2050 as calculated
in 4.5.3 with clay extracted from the pit since 2018. Ordinarily dikes are reinforced
for a time horizon of 50 years, but given the fact this reinforcement is part of pilot
for other dike sections in the Dollard and the uncertainty in sea-level rise by 2075,
a 25 years' time horizon is more applicable. The necessary area of a pit 1.6 m deep
Table 4.3 The area of pit required in hectares to reinforce 1 km of dike to the 2050 safety level in
the low (L), medium (M) and high (H) sea-level rise scenario with the 5%, 50% and 95% uncertainty
margins.
Area of pit required (in ha) per km of dike
reinforcement by 2050

L

M

H

5%

4.6

5.1

5.8

95%

8.6

9.2

9.4

50%

7.3

7.3

7.9

Table 4.4 The area of pit required in hectares to reinforce 1 km of dike to the 2100 safety level in
the low (L), medium (M) and high (H) sea-level rise scenario with the 5%, 50% and 95% uncertainty
margins.
Area of pit required (in ha) per km of dike
reinforcement by 2100

L

M

H

5%

3.5

3.8

4.7

95%

5.2

6.5

8.2

Strategy 1: New pits

50%
Strategy 2a: Re-excavating pit up to 2050

4.3

4.4

5.5

5%

4.5

4.4

5.3

95%

9.9

11.7

13.8

5%

3.5

3.1

3.3

95%

6.6

6.7

6.7

50%
Strategy 2b: Re-excavating pit up to 2075
50%

5.9

4.9

5.7

3.8

6.9

4.1
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to meet the clay needed for the dike in each 2050 scenario with uncertainty margins
is presented in Table 4.3 The area of pit required in hectares to reinforce 1 km of
dike to the 2050 safety level in the low (L), medium (M) and high (H) sea-level rise
scenario with the 5%, 50% and 95% uncertainty margins.. As the rise in sea level
remains modest until 2050, there is little difference between dike dimensions and
thus clay demand for each scenario. The area of pit needed lies between 4.6 and
9.4 ha with an expected area of 7.3 ha across all scenarios.
A decision will have to be made about the reinforcement strategy for 2100
based on the results of the pilot and the projected sea-level rise. We look at 2
strategies: 1) excavate a new pit elsewhere in the marsh after the first one is refilled
or 2) a continuous exploitation of the same pit as shown in Figure 4.8. In strategy 1
we assume 2 pits of equal of equal area are dug and refilled by 2100. In strategy 2
clay is collected until either (a) 2050 or (b) 2075. The required borrow pit area for
each scenario and strategy is presented in Table 4.4. For a reinforcement until 2100
similarly-sized pits are needed as for a 2050 reinforcement despite the higher and
thicker dikes in 2100, mostly because first the slope had to be flattened from 1:4 to
1:7. It can be seen that for the low sea-level rise scenario excavating a new pit yields
more clay per hectare than excavating an existing pit once (up to 2050) or twice
(2075). This is the result of the low density of clay within an infilled pit compared
to the surrounding marsh. Infilling of the borrow pit is projected to accelerate with
sea-level rise. As a result in scenarios M and H a large amount of additional clay
can be extracted up to 2075 and cyclically excavating the pit requires less area of pit
per kilometre of dike than excavating a new pit once when a reinforcement is
needed.

4.6. Discussion
Different types of nature-based solutions in flood protection have been
proposed to enhance coastal protection. Ecosystems like reefs, marshes,
mangroves, and oyster reefs are typically effective in wave damping and/or
stabilising sediment (Narayan et al., 2016; Scheres & Schüttrumpf, 2019), but their
survival and performance as flood protection measures may suffer from
accelerated sea-level rise (Crosby et al., 2016; Kirwan et al., 2010; Perry et al., 2018;
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Ridge et al., 2015). In this regard, the ability of the ecosystems to (partially) mitigate
relative sea-level rise by accumulating sediment is a more promising avenue for
long-term nature-based solutions. This study explores whether utilising
sedimentary processes of a salt marsh-dike system can sustainably adapt a dike
system against sea-level rise. Successes of clay mining in Lower Saxony, Germany,
have encouraged the concept to be reintroduced in the Netherlands (Bartholomä et
al., 2013; Karle & Bartholomä, 2008; van Loon-Steensma & Schelfhout, 2017; van
Loon-Steensma & Vellinga, 2019). Exploratory studies suggested a Wide Greed
Dike constructed with clay from the marsh could be successfully implemented in
the Dutch Dollard estuary to adapt the flood defences for future sea-level rise (van
Loon-Steensma & Schelfhout, 2013, 2017; van Loon-Steensma et al., 2014a). As a
result the Wide Green Dike pilot was initiated to further explore the concept
(Hunze en Aa's, 2020).
Future sea-level rise has a profound effect on the implementation of an
adaptation strategy involving sedimentary processes for flood protection. The first
aspect

relates

to

the

vertical

accretion

of

the

foreshore. Vuik

et

al.

(2019) demonstrated vertical accretion of the marsh contributes to flood risk
reduction against sea-level rise by the dissipation of wave energy across the
foreshore. A similar result was produced by the combination of a 0-D marsh
deposition model and SWAN wave model in this study. When the relative water
depth on the foreshore is maintained by accretion, the design storm waves will
remain unchanged and only increasing the dike crest height is necessary.
Otherwise reinforcement of the outer slope will be necessary.
Our simulations with the sea-level rise scenarios representing the RCP 4.5
and 8.5 scenarios of the IPCC (scenarios M and H in this study) indicate accretion
rates for our case study for 2100 could be insufficient to mitigate the accelerated
sea-level rise, whereas in the low KNMI'14 scenario (scenario L in this study) the
marsh does keep pace with sea-level rise. Whether the marsh fronting the dike
maintains its elevation relative to mean sea level until 2100 is therefore
uncertain. Kirwan et al. (2010) suggested an environment like the Dollard should
be capable persisting under sea-level rise upwards of 80 mm/yr but in our
simulation only 9 mm/yr (90% interval: 4–12 mm/yr) could be accommodated. In
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the Scheldt estuary at a representative suspended sediment concentration of one
fifth of the Dollard (0.04 kg/m3) accretion was measured around 1.6 cm/yr
(Temmerman et al., 2003), almost twice the accumulation rate of 8.5 mm/yr
observed in the Dollard (Esselink, 1998, 2007). Comparing our model parameters
with the parameters from the Scheldt marsh form Temmerman et al. (2003), a high
bulk dry density on the foreshore is the most important factor explaining the low
deposition rate in the Dollard. Given the large influence, close consideration of bulk
dry density on the foreshore is required when comparing the resilience of different
estuaries to sea-level rise.
Model simulations suggest the borrow pits are expected to be refilled after
22 years (range: 11–50 years across scenarios) under present day sea-level rise rates
with initial infilling in the order of 10 cm/yr and decelerating as the pit fills. This
rate is comparable to the pits of Jade Bay in the German Wadden Sea, which take
about 30 years to refill (Arens, 2002). Furthermore, the model predicts sediment in
the refilled clay pit will not exceed a bulk dry density of 500 kg/m3 mirroring the
observations in Jade bay of former clay puts (Bartholomä et al., 2013; Karle &
Bartholomä, 2008). As the infilling rate is directly related to the depth of the pit
(see section 4.5.2), a small yet deeper pit is more effective in trapping sediment than
a wide but shallow pit. However a deeper pit will remain inundated for longer
meaning it will take longer for the marsh to rejuvenate. Marsh rejuvenation was
another reason for the construction of borrow pits in the Jade Bay (Bartholomä et
al., 2013). In this sense the objectives of nature restoration and sediment extraction
may not necessarily align.
A prediction of the model is an increasing infill rate of the pit as sea-level rise
accelerates. This would be a unique property for a borrowing-pit adaptation
scheme compared to other nature-based solutions in which its effectiveness
increases as the sea-level rise accelerates. However, in this study it was assumed
the marsh locally surrounding the pit always shelters the pit from erosion by wave
action and currents. In practise the effectiveness of the borrow pit will be
constrained by the adaptive capacity of the marsh to sea-level rise. Furthermore, a
key assumption in this study was that the sediment concentration within the
estuary would remain constant. If large scale efforts to reduce the turbidity within
the estuary are successful, borrow pits being one of them, a reduced amount of
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sediment will be available for accumulation on the marshes and pits on the long
term.
The effects of local topography and horizontal processes governing the marsh
and pit were not included in the methodology for this study. However, such
processes can contribute to the developments on a long time-scale (Best et al., 2018;
Elmilady et al., 2019). Within Jade Bay clay mining was carried out in combination
with ecological restoration by redesigning an artificially developed salt marsh into
a more natural marsh with natural creeks and levees (Bartholomä et al., 2013;
Esselink, 2007). Across the pit the elevation changes varied greatly depending on
emerging drainage patterns, relative elevation differences and the emergence of
vegetation (Bartholomä et al., 2013; Karle & Bartholomä, 2008). Also within the
Dollard marsh such differences in accretion rates exist, and which are not
accounted for in our approach (Esselink, 1998). Such processes may hinder the
capacity of the marsh to accrete locally in response to sea-level rise, resulting in e.g.
the formation of ponds (Mariotti, 2016; Watson et al., 2017). Lateral erosion of the
salt marsh edge also plays a role in the development of the marsh. Multiple studies
have revealed collapse of the marsh can be triggered by wave action at the marsh
edge, rather than by direct drowning of the marsh through sea-level rise
(Fagherazzi, Mariotti, Wiberg, & McGlathery, 2013; Mariotti & Fagherazzi, 2013;
van de Koppel, van der Wal, Bakker, & Herman, 2005). This is relevant for the high
sea-level rise scenarios in this study, in which an increase in wave action across the
marsh was predicted. Marsh erosion from wave action leads to a smaller marsh
platform, larger waves reaching the dike and thus more reinforcement of the dike.
Local processes within the marsh should therefore be included in future
assessments of high sea-level rise scenarios.
The use of borrow pits can be considered for other regions outside of the
Dollard and the Wadden Sea as long as similar conditions can be satisfied that
allow for the refilling of a pit: an abundance of suspended sediment, a sufficiently
wide marsh to avoid erosive wave action at the pit, and a sufficient tidal range for
sediment transport towards the marsh. Other deltas with marshes and a historic
record of sediment accumulation (e.g. the Yangtze and Mississippi) should
possesses these qualities unless human interventions have altered these conditions.
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In the Dutch case, marshes have historically been managed to further promote
sediment accumulation in the marsh. Understanding the present hydrodynamics
and morphology, both daily and during extreme storms, is vital to assess the
balance between natural sediment accumulation, and the required sediment for
flood defences. The Dutch case presented in this study allowed for the use of tools,
hydrodynamic databases, and marsh monitoring efforts over decades. In the
absence of such knowledge, data gathering of marsh sediment accumulation, as
well as storm conditions, is necessary before the methods presented in this study
can be applied.

4.7. Conclusions
Effective adaptation to sea-level rise is one of the major challenges of this
century. The sedimentary processes within marshes fronting flood defences are an
adaptation option to reinforce or improve flood defences for future sea-level rise.
Using the “Wide green dike project” in the Dutch Dollard as a case, we combined
models quantifying the vertical sedimentation processes within the marsh with
hydraulic models and design formulas for dike assessments to explore the
feasibility of such a nature-based adaptation strategy under different sea-level rise
scenarios.
For a low sea-level rise scenario (+29 cm by 2100) we simulate accretion of the
foreshore in pace or faster than the rate of sea-level rise. For medium to high sealevel rise scenarios (over +102 cm by 2100) vertical accretion is outpaced by sealevel rise leading to a relatively lower foreshore and higher waves impacting the
dike. As long as the marsh keeps pace with sea-level rise the grass dike can
maintain an outer slope of approximately 1:7 and a clay layer of approximately
1.7 m thick. To meet safety standards by 2100 under the high sea-level rise scenario
(+189 cm by 2100) the clay layer on the outer slope needs to be thickened to 2.2 m.
Clay mined from the marsh fronting the dike can supply clay for dike
reinforcement. According to the model simulations the borrow pit will refill in
22 years (range: 11–50 years across scenarios) but will contain sediment of only 54%
(range: 37–74%) the density of the original marsh. The model predicts that the
infilling rate of the pit decreases asymptotically when the bottom elevation
108

A sustainable adaptation scheme for a wide green dike

increases relative to the mean high tide. This results in an increasing clay yield with
sea-level rise if the pits are repeatedly re-excavated upon reaching the elevation of
the surrounding marsh. Depending on the scenario 7.3 ha (range: 4.6–9.4 ha) of
borrow pit is necessary to reinforce the outer slope of a 1 km dike section by 2050.
To construct a dike meeting the safety standards by 2100 re-excavating a new pit of
4.3 ha twice (range: 3.5–5.2 ha) is most efficient for the clay yield per hectare in the
low sea-level rise scenario. In a high sea-level rise scenario with strongly
accelerated sea-level rise infilling of the pit is projected to accelerate substantially.
Here re-excavating a pit up to 2075 requires the smallest borrow pit of 4.1 ha (range:
3.3–6.7 ha).
This study highlights the important role sedimentary processes can play in
future flood protection. Even though the study focusses on the marsh in the Dollard
estuary, in principle other sediment rich estuaries suitable for marsh, e.g. within
the Yangtze Delta, can utilise borrow pits in their flood protection strategies
provided these pits remain sheltered from erosion within the marsh. Maintaining
natural foreshores can thus be an important asset for adapting flood defences in the
future.
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Abstract
Integrating natural components in flood defence infrastructure

can add resilience to sea-level rise. Natural foreshores can keep

pace with sea-level rise by accumulating sediment and attenuate
waves before reaching the adjacent flood defences. In this study

we address how natural foreshores affect the future need for dike
heightening. A simplified model of vertical marsh accretion was
combined with a wave model and a probabilistic evaluation of

dike failure by overtopping. The sensitivity of a marsh-dike
system was evaluated in relation to a combination of processes:

(1) sea-level rise, (2) changes in sediment concentration, (3) a

retreat of the marsh edge, and (4) compaction of the marsh.

Results indicate that foreshore processes considerably affect the

need for dike heightening in the future. At a low sea-level rise
rate, the marshes can accrete such that dike heightening is
partially mitigated. But with sea-level rise accelerating, a

threshold is reached where dike heightening needs to

compensate for the loss of marshes, and for increasing water
levels. The level of the threshold depends mostly on the delivery

of sediment and degree of compaction on the marsh; with

sufficient width of the marsh, lateral erosion only has a minor
effect. The study shows how processes and practices that hamper

or enhance marsh development today exacerbate or alleviate the
challenge of flood protection posed by accelerated sea-level rise..
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5.1. Introduction
To protect the growing number of people living in deltas against flooding,
flood protection measures are required. In many deltas “grey” solutions like dikes,
levees and storm surge barriers have been implemented (Powell, Tyrrell, Milliken,
Tirpak, & Staudinger, 2019; Scheres & Schüttrumpf, 2019; Schoonees et al., 2019). In
general these measures are designed to function over long periods, yet are
relatively inflexible to unforeseen accelerated sea-level rise (Borsje et al., 2011;
Powell et al., 2019; Temmerman et al., 2013; Vuik et al., 2019). Moreover, many grey
solutions can be detrimental to ecosystems by confining the intertidal area (coastal
squeeze) or affecting the natural hydro- morphological processes (Firth et al., 2014;
Leo, Gillies, Fitzsimons, Hale, & Beck, 2019; Powell et al., 2019).
Nature-based solutions, where “green” ecosystems aid in flood protection,
have recently garnered a great deal of attention (Borsje et al., 2011; Temmerman et
al., 2013). Ecosystems like salt marshes promote accretion on the foreshore of a
flood defence through interacting with the tide, dampen waves, and attenuate
storm surges (Allen, 2000a; Costanza et al., 2008; Möller et al., 2014; van LoonSteensma et al., 2016). A major benefit of marsh ecosystems in flood protection is
their ability to naturally adapt to sea-level rise under the right conditions (Kirwan
& Temmerman, 2009; Kirwan, Temmerman, Skeehan, Guntenspergen, &
Fagherazzi, 2016). However, mitigating flood risk with nature-based solutions
alone may not always be feasible. As a result, hybrid flood defences, incorporating
both traditional flood defences structures and natural elements, are an attractive
strategy to protect deltas (Borsje et al., 2011; Temmerman et al., 2013; Vuik et al.,
2019).
A combination of dikes with salt-marshes are considered to be an effective
hybrid flood defence (Temmerman et al., 2013; van Loon-Steensma, 2015; Vuik,
Jonkman, Borsje, & Suzuki, 2016). Yet, the inherent variability and uncertainty
about the development of the marsh is an obstacle for implementation in an
integrated dike-marsh flood protection scheme where only small risks are
acceptable (Scheres & Schüttrumpf, 2019; van Loon-Steensma & Kok, 2016).
Marshes are dynamic systems which expand and retreat periodically in response
to the complex interactions between waves, elevation and seedling establishment
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(Bouma et al., 2016; van de Koppel et al., 2005). Furthermore, the marshes will
respond directly to future human activities that affect the availability of sediments
like dredging or upstream dam construction (Aaron & Turner, 1997; Yang, Ding, &
Chen, 2001). Large uncertainties about the effectiveness of a marsh for flood
protection could negate its potential contributions and preference may be given to
a more traditional flood defence rather than to a hybrid flood defence (Möller,
2019).
So far, few studies tried to translate processes affecting marshes into the
required adaptations of dikes. The connection between marshes and flood risk
reduction concepts was qualitatively described by van Loon-Steensma and Kok
(2016). Vuik et al. (2018b) were the first to apply these concepts for a safety
assessment of a flood defence. In Vuik et al. (2019) this type of assessment was used
to compare the cost-effectiveness of a natural foreshore against regular
reinforcement measures with sea-level rise, assuming all other factors governing
the marsh would remain constant. In this study we explore how dike reinforcement
is affected in case those factors do not remain constant.
The aim of this study is, therefore, to address how the processes on a natural
foreshores affect the future need for dike heightening. More specifically, we
consider the effects of sea-level rise, sediment availability, marsh erosion, and
compaction on the dike crest elevation in a marsh-dike flood protection system. To
do so, a simplified model of vertical marsh accretion was combined with the SWAN
wave model and a probabilistic evaluation of dike failure by overtopping. The
modelled foreshore, hydraulic conditions and dike design were taken from the Ems
estuary in the Dutch Wadden sea as a case-study. Through this modelling system
the required dike reinforcement over time as a result of human interventions and
dynamic processes in the marsh are explored.

5.2. Marsh processes and flood protection
5.2.1. Marsh development and human influence

Salt marshes are coastal ecosystems on the fringes between land and sea.
Vegetation within the marsh has adapted to frequent submergence by the tide.
Typically the edge of marshes can be found above mean high neap tide (MHNT)
114

The sensitivity of a dike-marsh system to sea-level rise

where submergence times are tolerable only for the most well-adapted plants
(Allen, 2000b). When tides inundate the marsh, the vegetation exerts a drag force
on the water decelerating the flow. In the decelerated flow sediment suspended in
the water can settle while the turbulent motions of waves are dampened (Leonard
& Reed, 2002; Möller et al., 2014; van Loon-Steensma et al., 2016). Furthermore, the
root structure reinforces the soil which becomes more resistant to erosion (Silliman
et al., 2012). As a result, the marsh platform accumulates sediment over time and
grows in elevation, allowing for a succession of plants less tolerant to submergence
on the higher elevations (Allen, 2000b). In this way the pioneering plants in the
ecosystem “engineer” their environment to facilitate the establishment of more
vegetation(Bouma, de Vries, & Herman, 2010).
Sea-level rise directly affects the water level and through the interactions
described above will affect the development of the marsh. The resilience of marshes
to sea-level rise is highly debated in literature. Crosby et al. (2016) predict as many
as 60-90% of marshes globally are under threat of drowning this century. Spencer
et al. (2016) estimate a loss of 46-78% and Craft et al. (2009) 20 to 45%. Schuerch et
al. (2018) predict only 0-30% of global wetlands will be lost if no new
accommodation space for marsh is created. Kirwan explains key determinants of
marsh resilience are the rate of sea-level rise, tidal range, the amount of sediment
suspended in the coastal water, and the capacity of marshes to retreat to higher
elevations (Kirwan et al., 2010; Kirwan & Megonigal, 2013; Kirwan & Temmerman,
2009; Kirwan et al., 2016). Without considering the feedbacks between these
processes the resilience of marshes can be greatly underestimated (Kirwan et al.,
2010). Other studies (Fagherazzi et al., 2013; Mariotti & Fagherazzi, 2013;
van de Koppel et al., 2005) point out marshes can still be lost by lateral erosion from
increased wave action, even if vertical accretion of the marsh surface supersedes
the rate of sea-level rise.
Human actions in the larger delta system will play a crucial role in the
development of marshes. Land reclamation has already resulted in a direct loss of
roughly one third of coastal wetlands, including marshes, worldwide (Mcleod et
al., 2011). However, human interventions can affect the marsh further by disrupting
the flow sediment. For instance, the expansion of marshes in the Yangtze delta has
been halted or turned to retreat as a result of dams constructed upstream blocking
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the flow of sediments to the coast(Yang et al., 2001; Yang et al., 2006). Meanwhile,
the retreat of marshes on Sturgeon Bank, Vancouver, B.C., Canada, has been caused
in part by the reduction in sediment supply as a result of dredging in the Fraser
River and the redirection of its outflow by a jetty (Atkins, Tidd, & Ruffo, 2016). In
Jamaica bay, New York city US, mineral sediment supply was reduced by 60% in
the past two centuries due to urbanisation, but sediment supply was compensated
by enhanced organic deposition after intense fertilization of the marsh by
wastewater pollution (Peteet et al., 2018). Ironically, improving water quality in
Jamaica bay would probably lead to a reduced resilience of its marshes to sea-level
rise. Other such examples of human interventions are numerous and reveal the
extent of the influences these can have (Kirwan & Megonigal, 2013).
In the light of historic marsh losses, preserving or restoring marsh habitat for
coastal protection has become increasingly important. Measures like e.g. depoldering of agricultural land (Rupp-Armstrong & Nicholls, 2007), applying
sediment onto or near tidal flats (Baptist et al., 2019; Ford, Cahoon, & Lynch, 1999),
and promoting sedimentation with groynes or dams (van Loon-Steensma & Slim,
2013), have been employed to restore marsh land. While these interventions aim to
restore and/or preserve marsh habitat, these projects can also aid in flood
protection.

5.2.2. Flood protection services by marshes
Flood protection measures aim to reduce the risk of areas being inundated.
Structures like dikes fail when the hydraulic load is too great to prevent water
(pressure) from: flowing over the dike (i.e. overflow and overtopping), eroding or
destabilising the structure resulting in collapse (e.g. macro-stability and erosion),
or excessive seepage in the ground below (i.e. piping). The hydraulic load is
composed of characteristics of the extreme event, e.g. the water level, wave
characteristics, storm duration, etc. . Flood protection services are provided when
the marsh interacts with one or more components of the hydraulic load.
The attenuation of waves by the marsh is one of the benefits for flood
protection. Many studies find significant wave height reductions within the first
10’s of metres of marsh (Möller et al., 2014; Möller, Spencer, French, Leggett, &
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Dixon, 1999; Schoutens et al., 2019; Vuik et al., 2016; Ysebaert et al., 2011). Waves are
dampened further with distance travelled across the marsh. Möller et al. (2014)
measured 60% of the wave height reduction during storm surges could be
attributed to the plants themselves. Studies tend to highlight the large reductions
achieved with wave heights below 1 m and biomass under peak summer
conditions. Field studies find a strong seasonality in wave attenuation
corresponding to seasonal changes in vegetation density (Möller & Spencer, 2002;
Schoutens et al., 2019; Vuik et al., 2016). Vuik showed that the capacity of marshes
to attenuate waves is hampered by the breaking of stems under high wave loads
(Vuik, Suh Heo, Zhu, Borsje, & Jonkman, 2018a; Vuik et al., 2018b). Moreover, field
studies have consistently shown the wave dampening capacity diminishes when
the marsh is considerably inundated (Foster-Martinez, Lacy, Ferner, & Variano,
2018; Möller et al., 2001; Vuik et al., 2016). Well-known models of wave dampening
by vegetation predict a continuously stronger decrease in drag-force from
vegetation as the inundation depth exceeds the height of the vegetation(Baptist et
al., 2007; Dalrymple, Kirby, & Hwang, 1984; Mendez & Losada, 2004). Taken
together, the direct effect of wave dampening by the presence of vegetation during
extreme events becomes limited once storm surges are expected to be substantially
higher than MHT and typical wave heights are sufficient to break all stems
remaining in winter.
Another benefit of coastal wetlands is storm surge attenuation. A recent
review of attenuation rates by Glass, Garzon, Lawler, Paquier, and Ferreira (2018)
suggests marshes can attenuate water levels about 4 to 5 cm/km with extremes
reported at -2.2 and 70 cm/km. Stark, Van Oyen, Meire, and Temmerman (2015)
explain the ability of marshes to attenuate water levels is determined by the
combination of friction effects along the tidal channels and their convergence.
Models suggest a small-shallow tidal channel system will result in more
attenuation than one with wide deep channels (Stark, Plancke, Ides, Meire, &
Temmerman, 2016). Attenuation is strongest for surges up to about 1 m above the
marsh platform and diminish with higher inundation levels and longer lasting
events (Stark et al., 2015; Wamsley, Cialone, Smith, Atkinson, & Rosati, 2010).
Furthermore, the presence of dikes or levees reduces the attenuation as these block
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the water from moving further inland. Consequently, the mash platform inundates
faster and the rate of storm surge attenuation reduces (Stark et al., 2016).
The highest value of marshes for coastal protection during extreme events
lies instead in the ability of marshes to grow in elevation over time, thereby limiting
the water depth waves can travel through before reaching the flood defence. Waves
break and dissipate energy when the water depth decreases sufficiently (Battjes &
Stive, 1985). Thus, as long as the marsh accretes faster than the rate of sea-level rise,
wave heights at the flood defence can be expected to diminish over time.
Furthermore, during storm events strong winds actively generate waves across the
inundated tidal flats and marshes. The wave height generated by the wind is
limited by the water depth (Young & Verhagen, 1996). The effect of marsh accretion
thus diminishes both the generation and progression of waves on the marsh
platform.

5.3. Methods

5.3.1. Case-study description
The interplay between flood protection, nature conservation and human
interventions within a delta system is one of the challenges in the Ems-Dollard
estuary, the Netherlands (Figure 5.1). Over centuries a large portion of the marshes
was converted into farmland until the final reclamation in 1924 (Esselink, 2000).
Accretion of the marsh was still promoted with a system of ditches and clay dams
until the 1950s when maintenance of the ditches and dams ceased. Since then the
parts of the marsh have remained stable or show retreat (Esselink, 2000; Esselink,
Dijkema, Sabine, & Geert, 1998). Today the marshes are part of a protected nature
reserve, with sections that are privately owned and used for grazing livestock.
The loss of sediment major sinks like marshes, the frequent dredging of the
shipping lanes and harbours, and morphological processes within the estuary
itself, have resulted in a high turbidity in the estuary. Over the past 20 years the
mean annual sediment concentration has increased between 0.7 to 4 mg/l annually
(van Maren et al., 2016) and without intervention a further increase is likely.
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Figure 5.1 The case-study site in the Dollard within the Dutch Ems estuary. The map is adapted
from OpenStreetMap © layers.

The high turbidity is of concern for the local ecological quality of the estuary
as the turbid water negatively affects the primary production of the ecosystem. It
was, therefore, decided by the provincial government to remove 1 Mt of sediment
per year from the estuary by 2050 (Provincie Groningen & Ministerie van
Infrastructuur en Milieu, 2018). Measures proposed to do so include creating and
maintaining sediment sinks like de-poldered Polder Breebaart, creating a sediment
sink between the twin dikes at Delfzijl, and by digging borrowing pits in the current
marsh itself that refill from sediment in the estuary within the Wide Green Dike
project. The new sediment sinks are used as nature reserves while borrowing pits
are dug such that these create islands for birds to breed undisturbed. Furthermore
a pilot is being conducted to process clay dredged from the local harbour at Delfzijl
and the clay periodically extracted from the marshes as material for dike
construction.
The goal of these projects is threefold: 1) to improve the water quality in the
estuary to acceptable levels by reducing turbidity, 2) to create new or enhance
existing natural values of marshes and 3) to retrieve building material for future
dike reinforcements. The dynamics of the marsh-foreshore are affected by the
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interventions in the sediment dynamics of the system. In turn, changes in the
foreshore will affect the hydraulic load on the dike. Furthermore, both the marshes
and the dikes are affected by sea-level rise in the future. This complicates assessing
the extent to which the dikes should be reinforced to combat sea-level rise, while
these other processes are at play. Therefore, in this chapter we examine the
sensitivity of dike reinforcement against sea-level rise to the processes
affecting the foreshore.

5.3.2. Model framework
To explore the sensitivity of the required dimension of the dikes along the
Dollard to sea-level rise and other interventions in the estuary, we look at a simple
representation of one dike and marsh cross-section. The hydraulic forcing at the
marsh edge was adapted from Rijkswaterstaat’s hydraulic boundary conditions
database for the detailed dike assessments of the Wadden Sea (Rijkswaterstaat,
2011) and analysed with the statistical model for the Dutch coast Hydra-NL (Duits
& Kuijper, 2018). A constant slope of 1/4000 across the Dollard marsh was
determined from the AHN2 elevation map (Rijkswaterstaat, 2014) as well as a
representative width of the marsh of 750 m. We did not consider the attenuation of
storm surges or the attenuation of waves by stems of vegetation and instead

Figure 5.2 The processes modelled within the framework. 1) sea-level rise, 2) vertical sediment
accretion and compaction, 3) marsh retreat and 4) dike reinforcement.
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focused solely on the effect of marsh accretion as wave heights and marsh
inundation are expected to be too severe under design storm conditions (see Table
5.2 and section 5.3.5) for a significant influence.
We employ a similar approach as used in Chapter 4 to determine dike
dimensions in a wide green dike system. The accretion of the marsh by suspended
sediment is simulated under a constant sea-level rise rate (processes 1 and 2 in
Figure 5.2, see section 5.3.3) for a 20 year period. Within this relatively short
morphological period both sediment concentration and sea-level rise are assumed
to remain constant. The SWAN wave model (Booij et al., 1999) was run under a
variety of wind-, wave- and water-level conditions to calculate the expected wave
attenuation by the foreshore (see section 5.3.4). From here an optimal dike crest
height is determined (see section 5.3.5). The foreshore is then adapted with the
modelled amount of accretion and the amount of marsh retreat in the scenario. The
wave attenuation under the sea-level rise conditions and altered foreshore is
recalculated and used to calculate new dike dimensions (see section 5.3.4). From
this we estimate the required rate of dike reinforcement under a particular scenario.
We varied four parameters: the rate of sea-level rise, the suspended sediment
concentration, the rate of marsh retreat, and the bulk dry density in the marsh. Each
represents expected or already observed processes affecting the Dollard marshes.
The rates of sea-level rise were chosen between 3 and 20 mm/yr to cover the range
of sea-level rise rates for the Wadden Sea in RCP scenarios for this century
(Vermeersen et al., 2018). The suspended sediment concentration was taken from

Table 5.1 The parameters affecting the marsh and dike varied in this chapter
Variable

Description

Values

SLR

Sea-level rise rate

3, 5, 10, 20

SSC

Suspended sediment
concentration

0.1, 0.2, 0.4

MR

Marsh edge retreat

0, 1, 2

BDD

Bulk dry density of
sediment

398, 873, 1208

Unit
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜕𝜕𝜕𝜕𝑦𝑦𝑦𝑦
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚3
𝑚𝑚𝑚𝑚
𝜕𝜕𝜕𝜕𝑦𝑦𝑦𝑦
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚3
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Chapter 4 and halved or doubled to cover a wide range of potential futures and
measures affecting the sediment supply. The marsh edge retreat rate was based on
a scenario of marsh conservation and/or no retreat, and rates of 1 and 2 m/yr of
retreat. Observed rates of retreat average between +0.4 and -1.7 m/yr (Esselink et
al., 2011). Finally we consider different marsh management scenarios based on the
three classes of sediment density found in the marsh (Chapter 4, Appendix C.1). A
value of 398 kg/m3 represents no compaction or little compaction, 873 kg/m3
represents compaction under the current management with grazing of the marsh,
and 1208 kg/m3 represents heavy compaction from extensive use of the marsh with
heavy equipment. In total 108 combinations of these parameters were run for
analysis (Table 5.1).

5.3.3. Vertical marsh accretion
A basic sedimentation model was applied to simulate accretion of the marsh.
It was simplified from existing numerical models of marsh accretion under sealevel rise conditions (Allen, 1990; French, 1993; Krone, 1987). The model is a balance
between the total load of sediment above the marsh platform, the amount of
sediment deposited and elevation change. Every time the water exceeds the
elevation of the marsh platform (𝑧𝑧𝑧𝑧𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ ), a water column with a concentration of
suspended sediment (𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ) is present. A fraction of suspended sediment deposits

(𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 ) and settles with a certain density (𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) on the marsh. Here 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 is a simple

constant combining the effects of sediment fall velocity, tidal asymmetry, and
erosion. It was calibrated using observed deposition rates between 1984 and

2003(Esselink, 2007; Esselink et al., 1998). The high waters from the nearby tide gauge
station at Nieuw Statenzijl (ℎ𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 ) were analysed and the expected number of
inundations with each water level per year was computed (𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ). Sea-level rise

is incorporated by raising the water-level at each inundation frequency by the total
amount of sea-level rise. Summing the deposition during each water level and
subtracting subsidence results in the net elevation change for a given year (Eq. 5.1).
Details on the parameters and probability distributions can be found in Appendix
D.1.
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𝑛𝑛𝑛𝑛

𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖 ∗ 𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ∗ �ℎ𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,𝑖𝑖𝑖𝑖 − 𝑧𝑧𝑧𝑧𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ � ∗ 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑𝑧𝑧𝑧𝑧
− 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
=�
𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(5.1)

𝑖𝑖𝑖𝑖=1

5.3.4. Wave forcing and attenuation by the foreshore

The SWAN wave model was used to compute wave attenuation across the
foreshore (Booij et al., 1999). It incorporates the effects of wave breaking, the
influence of the wind, and bottom friction. The friction across the marsh platform
was incorporated as a bottom roughness with a Manning coefficient of 0.02 m−1/3s
representing flats under worst-case open-water conditions (Wamsley et al., 2010).
The water level, wave and wind conditions at the marsh edge were retrieved
from Rijkswaterstaat’s hydraulic database for foreshores in the Wadden Sea
(Rijkswaterstaat, 2011) and processed with Hydra-NL (Table 5.2).
For each of the 108 scenarios over 600 different combinations of wave height,
period, water level, and wind speed with exceedance probabilities between 10-0.1 to
10-6 yr-1 were run across the foreshore. The results were stored in a database. Only
waves and winds from the north-west along the strait connecting the Dollard to the
Wadden Sea were considered as, because of the orientation of the Dollard (see
Figure 5.1), only these can result in the critical storm surges and wave heights. The
generated database of SWAN computations was used to interpolate arbitrary
combinations of wave, wind and water levels in front of the marsh into hydraulic
parameters at the dike toe without the need to rerun the SWAN model itself. This
sped up the iterative dike failure computation (see section 5.3.5) which requires in
the order of 100’s of evaluations of the attenuation provided by foreshore under
changing hydraulic parameters to compute the failure probability of the dike under
a specific scenario.

Table 5.2 Return periods of inundation depth (𝑑𝑑𝑑𝑑), significant wave height (𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 ) and wave peak period
(𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜 ) at the edge of the Dollard marshes as calculated with Hydra-NL
Return period [yr]
10
100
1,000
10,000
100,000

𝒅𝒅𝒅𝒅 [m]
2.78
3.69
4.47
5.18
5.84

𝑯𝑯𝑯𝑯𝒔𝒔𝒔𝒔 [m]
1.34
1.85
2.35
2.85
3.37

𝑻𝑻𝑻𝑻𝒑𝒑𝒑𝒑 [s]
4.14
4.90
5.52
6.05
6.52
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5.3.5. Dike reinforcement calculation
Dikes needs to be high enough to limit the risk of waves eroding the dike by
overtopping to an acceptable level. For dikes along the Dollard the safety level for
dike failure is 1/4000 yr-1. As dikes can fail by multiple mechanisms across the
length of the transect, a correction factor needs to be applied when evaluating a
cross-section of a specific failure mechanism. In accordance with the Dutch
guideline “Designing with flooding probabilities” (Rijkswaterstaat, 2017) the
acceptable level of overtopping for a given cross-section should be approximately
1/200,000 yr-1.
The amount of wave overtopping is computed with the formulas in the
Eurotop manual (van der Meer et al., 2016). The dike is considered to have failed
when the amount of overtopping exceeds the critical amount of overtopping to
initiate erosion (see Appendix D.1 for parameter values and Appendix D.2 for the
formulas). The risk of such a failure was calculated with the First Order Reliability
Method (FORM) algorithm by Low and Tang (2007) implemented in the non-linear
optimizer fmincon in MATLAB. The procedure iteratively searches the likeliest set
of input parameters where failure is initiated. The dike crest height was varied and
evaluated with the FORM algorithm until a crest height was found meeting the
safety standard (see Appendix B for details). In this manner a crest height was
computed for each of the 108 scenarios with varying sea-level rise, suspended
sediment concentration, marsh retreat rate and foreshore compaction. The
reinforcement is simply the difference between the required crest height at the end
of the 20-year scenario and the start of the scenario.

5.4. Results
The required rate of dike reinforcement for all different combinations of bulk
dry density (BDD), suspended sediment concentration (SSC), sea-level rise (SLR)
and marsh retreat scenarios (MR) (Table 5.1) are shown in Figure 5.3. Intuitively
one would expect that for every millimetre of sea-level rise requires an equivalent
amount of dike reinforcement would be necessary. The difference between the rate
of sea-level and the year-averaged amount of dike heightening required (ΔRcrest)
depends on the relative amount of marsh accretion and retreat compared to sea124
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Figure 5.3 The year-averaged dike heightening rate (ΔRcrest) on top of sea-level rise (RSLR) for the
Dollard in the Dutch Wadden sea. The grey line represents a static foreshore without any
morphological changes. The colours suspended sediment concentrations. The marsh retreat rate
scenarios are denoted by the symbols and variations in shade of colour. The dashed black line at
ΔRcrest=0 is the threshold, above which the year-averaged rate of dike reinforcement exceeds the
anticipated rate of sea-level rise
Table 5.3 Fitted parameters of the generalised linear model of Eq. 5.2. See text for the symbols
Estimate
8.76E-02

95% confidence range
8.2E-2 — 9.4 E-2

𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

-4.90E-03

-5.2E-3 — -4.6E-3

𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ

3.13E-05

-1.8E-5 — 8.0E-5

𝑎𝑎𝑎𝑎𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

1.60E-06

1.5E-6 —1.7E-6

𝑏𝑏𝑏𝑏

-1.23E-03

-1.4E-3 — -1.1E-3

𝑅𝑅𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅

2.1E-4

𝑎𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅

Goodness of fit:
𝑅𝑅𝑅𝑅2

0.96

Unit
𝑚𝑚𝑚𝑚4
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 ∗ 𝜕𝜕𝜕𝜕𝑦𝑦𝑦𝑦
𝑚𝑚𝑚𝑚4
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 ∗ 𝜕𝜕𝜕𝜕𝑦𝑦𝑦𝑦
𝑚𝑚𝑚𝑚
𝜕𝜕𝜕𝜕𝑦𝑦𝑦𝑦
𝑚𝑚𝑚𝑚
𝜕𝜕𝜕𝜕𝑦𝑦𝑦𝑦

125

Chapter 5

level rise resulting in more or less attenuation of waves.
To infer the sensitivity of the dike reinforcement rate to the changes, a linear
model (LM) was fit to the results in the form of:
(𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅 ) = 𝑎𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅 ∗ 𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅 + 𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ∗ 𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ ∗ 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ + 𝑎𝑎𝑎𝑎𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
∗ 𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑏𝑏𝑏𝑏

(5.2)

Where 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the required rate of dike heightening, 𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅 is the rate of sea-

level rise, 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ is rate of marsh retreat, 𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the density of deposited

sediment, 𝑎𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅 , 𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 , 𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ , 𝑎𝑎𝑎𝑎𝐵𝐵𝐵𝐵𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 , represent the local sensitivity to each of these
variables and 𝑏𝑏𝑏𝑏 is a model constant. The threshold, above which dike reinforcement
outpaces sea-level rise is found by rearranging Eq. 5.2 as follows:
𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅,𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =

−𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ − 𝑎𝑎𝑎𝑎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝜌𝜌𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 − 𝑏𝑏𝑏𝑏

(5.3)

𝑎𝑎𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅

First of all the least-squares fit of the sensitivity parameters 𝑎𝑎𝑎𝑎 and constant 𝑏𝑏𝑏𝑏

approximates the solutions of the modelling procedure well (Table 5.3). This
suggests that, at least for this specific case-study, a LM is sufficient to describe the
influences between the dike reinforcement rate, the rate of sea-level rise, sediment
concentration in the estuary and the average density of deposited soil on the
foreshore for the immediate future (up to 20 years). From the LM it is substantially
easier to infer the relative influences of the future processes on dike reinforcement.
There is only a small effect expected of erosion of the marsh edge on failure
of the dike by overtopping at its current width of 750 m. This is clearly visible in
Figure 5.3 and in the p-value computed for the marsh width in the linear regression
(p=0.21). A p-value higher than 5% from the t-test is not sufficient to accept the
hypothesis that marsh retreat has an influence on future dike reinforcement.
Interpreted physically, the marsh width remains sufficient to dampen waves close
to its full potential under extreme conditions for the foreseeable future in spite of
the marsh receding.
In the current situation of the Dollard with an average 0.2 kg/m3 suspended
sediment concentration (SSC), 1 m/year erosion of the marsh edge, and a bulk dry
density on the foreshore of 873 kg/m3, the critical rate of sea-level rise for dike
reinforcement is estimated to be 8.9 mm/yr. The sediment concentration is thus
contributing substantially to mitigating future dike reinforcements. Halving the
SSC 0.1 kg/m3 reduces the critical rate of sea-level rise to only 3.3 mm/yr while a
doubling of SSC to 0.4 kg/m3 increases it to 20 mm/yr. In other words, halving or
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doubling of the present-day suspended sediment concentration determines
whether dike reinforcement needs to accelerate beyond sea-level rise in the near
future, or only at sea-level rise rates found in the highest projections.
The range of bulk dry densities tested had a large influence on the results.
While in the current situation the critical rate of sea-level rise was found to be 8.9
mm/yr, if in the future compaction of the foreshore would be limited to 400 kg/m3
the critical rate of sea-level rise moves to 17.6 mm/yr. On the other hand if in an
extreme case human activity would fully compact the foreshore to 1200 kg/m3
present-day sea-level rise would already result in a dike reinforcement rate higher
than sea-level rise. Changing management to limit compaction (400 kg/m3) or allow
almost full compaction of the clay (1200 kg/m3) of the foreshore is roughly
equivalent to doubling or halving SSC on the marshes for the rate of dike
reinforcement.

5.5.

Discussion
The question this paper set out to explore was how influential the dynamics

of a natural foreshore are for future reinforcements of a dike-wetland system. The
results of the Dollard case-study show that interventions altering the supply of
sediment and management of the foreshore strongly affect the rate of dike
reinforcement. There are examples of cases where the sediment supply has been
halved (Yang et al., 2006) and marsh soil was strongly compacted after extensive
agricultural use (Tempest, Harvey, & Spencer, 2015). Effective adaptation thus
should strongly consider the impact of other uses on the foreshore as and
developments within the delta that could affect the sedimentary processes of the
marsh.
The focus on sedimentary processes exclusively for dike reinforcement in this
case-study, rather than biological factors, is an indirect result of the extreme
hydraulic loads that need to be withstood to meet the desired safety level. Under
design conditions waves of at least 2.5 m high and water depths over 4.5 m deep
were expected. The breaking of stems (Vuik et al., 2018a), and large inundation
reducing drag forces by vegetation (Mendez & Losada, 2004) as well as the storm
surge attenuation capacity (Stark et al., 2015), leave only the elevation created
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through accretion of the marsh as a viable contribution of the marsh. It can be
expected that for other areas where the desired safety level is lower and the dike is
more sheltered from extreme loads these processes can significantly contribute to
flood protection and should be incorporated for an accurate assessment.
For the case-study in the Dollard marsh recession was not significantly
affecting dike reinforcement in the foreseeable future. The 750 m width of the
marsh is still sufficient to cope with recession. While direct dampening by stems
was not included in this study, this agrees with many observations that most waves
break at the edge of the marsh and further dampening decays landward (Möller et
al., 2014; Möller & Spencer, 2002; Schoutens et al., 2019). According to Möller et al.
(2014) a width of 40 m is sufficient to already reduce 15% of the incoming waves
height. As our study shows, the modelled lateral dynamics of marshes do not
conflict with flood protection objectives as long as a sufficient width is maintained.
The future sediment concentration, and subsequently the turbidity of the
Ems-estuary, is still highly uncertain. If the water quality is improved by reducing
the amount of suspended sediment the accretion of the marshes is negatively
affected and more dike reinforcement is necessary. This is not the full picture if the
reduction in turbidity was achieved by new wetlands or borrowing pits designed
to capture sediment for re-use in dike reinforcement. In that case the measures
would locally increase the required dike reinforcement from decreased
sedimentation, but still aid in flood protection by capturing more sediment as a
building material for use in flood protection on a larger scale.
This modelling study demonstrates the importance of sediment transport
towards marshes has for future dike reinforcements. Human actions like damming
rivers, dredging, or building coastal infrastructure can similarly result in a lower
supply (Peteet et al., 2018; Yang et al., 2001) and thereby necessitate more dike
reinforcement. On the flipside adding sediment through suppletions can also be a
viable addition to flood adaptation strategies (Baptist et al., 2019; Ford et al., 1999).
The suppleted sediment has to accumulate on the marsh for longer time-scales and
not degrade other areas of the system (Baptist et al., 2019; Ganju, 2019). Doing so
effectively requires extensive knowledge of the local hydrodynamics and
morphology. Baptist et al. (2019) mention the Dollard as a location where
suppletion would be possible, but is undesirable because it conflicts with water
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The sensitivity of a dike-marsh system to sea-level rise

quality objectives. Furthermore as Vuik et al. (2019) noted, while promoting the
process of sediment accretion in the marsh decreases the probability of failure of
the flood defence, artificial break waters in the marsh can still be more cost-effective
in the short-term. Suppletion would therefore not be a preferred option for the
Dollard.
Finally this study also suggests compaction of the marsh by human use
affects dike reinforcements in the future. While we did not investigate what types
of uses or processes in the marsh contribute to compaction of the marsh, it is
reasonable to posit that limiting compaction within the marsh will improve the
resilience of both the marsh and dike system to sea-level rise. Grazing on the marsh
is one such process that contributes to compaction. Studies did find higher
compaction and overall shorter vegetation at grazed sites, but are yet to find a
statistically significant difference in accretion rates between grazed and ungrazed
sites (Elschot, Bouma, Temmerman, & Bakker, 2013; Nolte et al., 2013). Spatial
processes affecting the distribution of sediments across the marsh were found to be
more important for accretion rates than grazing (Nolte et al., 2013). A better sitespecific understanding of grazing, compaction and accretion processes is needed
for assessing the impacts of grazing specifically for a flood protection strategy.
The modelled results of this study show that sea-level rise will necessitate
dike reinforcements under the modelled conditions. Extrapolating the LM of the
Dollard beyond its range suggests that only an increase of SSC to 0.7 kg/m3 is
sufficient to fully mitigate the effects of the present-day sea-level rise for flood
protection through marsh accretion. Regardless of whether a tripling of SSC is
physically feasible, it would conflict with the ambitions to improve the water
quality be reducing SSC. Many marshes are inundated with lower SSC
concentrations than found in the Dollard. Therefore it is infeasible marshes alone
will be sufficient to mitigate the increasing flood risk from sea-level rise. Instead of
a replacement for traditional reinforcement measures, marshes act as buffers for
the effects of sea-level rise while simultaneously providing valuable services to the
ecosystem.
Apart from the marsh component, the modelling approach we used to assess
hydraulic loads and overtopping is widely accepted for analyses of dikes in the
Netherlands (Slomp et al., 2015). The modelled marsh behaviour was, however,
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simplified to a large degree. Important spatial morphological processes and
features were omitted like: resuspension and erosion events, creek formation,
vegetation growth and distribution, and the feedbacks between these spatial
processes. Superior models exists that resolve these interactions and the approach
of this study should only be considered an exploration. Feedbacks like described in
Mariotti and Fagherazzi (2013) could accelerate recession. Furthermore, rare events
could result in a sudden large scale die-off of marsh affecting its evolution over
time (e.g. a year of extensive herbivory or a significant storm event). Nevertheless,
simple models still tend to be the most suitable for a simple exploration of the
general behaviour of wetlands (Fagherazzi et al., 2012).

5.6. Conclusions
In recent years, it has been recognized that marsh ecosystems play a role in
flood protection, because of their wave- and storm surge attenuation properties.
Few studies, however, quantified the processes affecting marshes in relation to the
challenge of reinforcing defences against sea-level rise.
Studies from the past two decades focussed on three main contributions of
marshes to flood protection: (1) wave attenuation by vegetation, (2) storm surge
attenuation, and (3) stabilisation and accretion of foreshores. Accretion of
foreshores directly counter-acts the effects of sea-level rise on the propagation of
waves. The effectiveness of wave attenuation by vegetation and storm surge
attenuation is limited for high storm surges with high wave heights. Therefore,
accretion is the most important process to consider in flood protection schemes.
Furthermore anecdotal evidence from literature reveals that the sediment supply
needed for accretion can be greatly influenced by human actions in the delta.
A simple marsh accretion model of the Dollard marsh-dike system was
combined with the design procedures for dikes to explore the effects of sediment
supply, marsh retreat and marsh compaction on sea-level rise adaptation schemes.
At present day conditions, a sea-level rise exceeding 8.9 mm/yr would require dikes
to be heightened at a faster pace than the rate of sea-level rise. Halving the supply
of sediment to the marsh reduces the threshold to a sea-level rise rate of 3.3 mm/yr
while doubling the sediment supply increases it to 20 mm/yr. Similarly if the bulk
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dry density of the deposited soil would remain low this threshold is at 17.6 mm/yr
while if the soil would be highly compacted by human activity marsh accretion
would already be insufficient at present day sea-level rise. In short, suspended
sediment concentration, as well as management of the foreshore to limit
compaction of the marsh determines whether dike reinforcement needs to
accelerate beyond sea-level rise in the near future, or only at sea-level rise rates
found in the highest projections
Our results and modelling approach are also interesting for other regions.
While the focus of flood risk adaptation schemes is usually on sea-level rise itself,
the results of this study show there is a great deal of influence people have on the
extent of future dike reinforcements through the management of marshes.
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6.1. Introduction
Throughout the previous chapters methods for assessing the safety of
multifunctional flood protection have been discussed. As explained in Chapter 1,
an existing probabilistic framework for assessing flood defences (WBI2017) (Slomp
et al., 2016) was used as a starting point for defining a multifunctional framework.
In this framework, the pressence of any function must not lead to an unacceptably
high probability of failure of the flood defence. The probability of failure is
calculated from analysing the failure mechanisms of the flood defence. The most
common modes of failure of a flood defence are overflow, overtopping, piping, and
macro (in)stability (Allsop, 2007; Danka & Zhang, 2015). Assessing the probability
of failure of these mechanisms can vary from empirical relations based on tests, to
numerical simulations (Table 6.1).
Regardless of the methods used, at the core of any safety assessment is a limit
state function (𝑍𝑍𝑍𝑍 = 𝑅𝑅𝑅𝑅 − 𝑆𝑆𝑆𝑆). When 𝑍𝑍𝑍𝑍 < 0 failure of the flood defence is assumed as

the soliciting loads (𝑆𝑆𝑆𝑆) are greater than the resistance (𝑅𝑅𝑅𝑅) of the flood defence. The
loads are most often hydraulic loads like water level, wave characteristics, and the
duration of the storm or high water. The resistance is determined by the design of
the flood defence (e.g. the crest height). Both 𝑆𝑆𝑆𝑆 and 𝑅𝑅𝑅𝑅 are composed of uncertain

factors and hence 𝑍𝑍𝑍𝑍 will be uncertain. These uncertainties are modelled as

probability density functions (PDFs). The goal of a designer of a flood defence is to
ensure that the probability of 𝑍𝑍𝑍𝑍 < 0 remains below the safety norm.

A designer of a flood defence has several methods to ensure the flood defence

meets the safety norm. Some loads are subject to the design itself (e.g. the external
weight of an additional structure). The main tool for a designer to meet the safety
standard is through the design of the flood defence itself. The resistance to the loads
must be delivered by the different elements of the flood defence. The flood defence
can be decomposed in: the geometry (its height, width, slope angles, etc.), and the
material composition (sand, clay, asphalt, etc.). The dike composition is further
broken down based on its location:
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•

the revetment, i.e. the outer shell,

•

the core,

•

and the soil beneath the dike including features like sheet pile walls.
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Table 6.1 The failure mechanisms and methods to assess them. Common procedures for Dutch
dike assessments are presented in Rijkswaterstaat (2016c).
Failure
mechanism

Description

Overflow and
overtopping

Assessment Methods in the Dutch assessment
procedures

Flow of water across the dike
crest and inner slope

Piping

Macro stability inner
slope

Erosion of grass
revetment on outer
slope
Erosion of other type
of revetment on outer
slope

Other

Excessive flow of
groundwater beneath the
dike resulting in erosion of
the subsoil
Sliding of the soil at the inner
slope

Wave overtopping: (van der Meer et al., 2016), (TAW,
2002), (de Waal, 1999)
Overtopping resistance: Critical overtopping discharge,
(van der Meer et al., 2016), (Rijkswaterstaat, 2016c)
Uplift: Basic force balance (Rijkswaterstaat, 2016c)
Heave: Empirical critical heave gradient (Rijkswaterstaat,
2016c)
Erosion: (Sellmeijer et al., 2011)
Basic methods: (Bishop, 1955), (Morgenstern & Price,
1965), (Spencer, 1967), (Janbu, 1973), Lift-(Van, 2001)
Advanced methods: Finite elements modelling, e.g.
(Griffiths & Fenton, 2007), (Bakker et al., 2019)
Empirical cumulative overload method (de Waal & van
Hoven, 2015a, 2015b; Rijkswaterstaat, 2016c)
Asphalt:

Damage and erosion of the
protective outer layer of the
dike by waves

-

Stone:

-

GOLFKLAP model: (de Looff, ’t Hart,
Montauban, & van de Ven, 2012)
Empirical uplift criterion (Rijkswaterstaat,
2016c)
Stability under uplift: force balance, e.g. (Klein
Breteler, Mourik, & Provoost, 2014)
Stability against sliding: force balance
(Rijkswaterstaat, 2016c)
Other: sub-failures have been omitted from this
table.

Table 6.2 Connections between dike elements, storm conditions, and failure mechanisms. A “X”
denotes a connection.
Resistance factors
Dike geometry

Overflow &
Overtopping
Piping
Macro
stability
Revetment
failure

Crest
height

Berm
/dike
width

Dike
slope

Revetment
material

Core
material(s)

X

X

X

X

(X)*

X
X

Load factors

Dike composition

X

X

X

X

X

X

Hydraulic loads
Subsoil

Water
level

Wave
action

Event
duration

X

X

(X)*

X

X

(X)*

X

X

(X)*

X

X

Other
External
loads

X

X

*Usually omitted or substantially simplified for basic assessments and/or design calculations
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Connections between the components of the dike resisting failure
mechanisms are presented in Table 6.2. For an additional function in a
multifunctional flood defence to affect its safety it needs to interact with the dike
geometry, dike composition or the loads (the columns in Table 6.2).
As introduced in Chapter 1, the aim of this PhD research is to investigate how
combining different activities on or near flood defences affects the safety provided
by flood defences assessed using a risk-based approach. In the previous chapters
case-studies have been explored to quantify the flood protection provided by
different multifunctional flood protection designs. Based on these case-studies,
changes to the probabilistic assessment framework have been proposed. In this
chapter the explored changes to the probabilistic assessment framework are
summarised into one framework for assessing multifunctional flood defences.
Furthermore, this chapter describes how these multifunctional elements and flood
protection are linked through the design of a flood protection measure. This will
help designers and managers of flood defences to better assess the safety
implications of multifunctional use on flood defences.
Section 6.2 presents a reflection on the case-studies. The different
multifunctional elements encountered are summarised along with the influenced
design features of the flood defence. Furthermore, it presents the changes to the
assessment framework made to quantify flood risk in the case-study. Section 6.3
generalises these insights by linking multifunctional elements through the flood
defence design to flood risk (6.3.1), then links these design elements to changes in
the assessment procedure (6.3.2) to finally arrive at the framework for assessing the
safety of multifunctional protection (6.3.3). The framework is discussed (6.4) and
finally the conclusions are presented (6.5).

6.2

Reflection on the case-studies

6.2.1 Multifunctional use along river dikes
The first case was presented in Chapter 2 and represents a “prototypical”
multifunctional river dike (Figure 6.1). In the original framework (WBI2017, see
(Rijkswaterstaat, 2016c)) other uses are not mentioned explicitly, but are
represented by non-water retaining objects (NWOs). The functions covered are:
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nature in the form of woody vegetation, infrastructure in the form of pipelines, and
structures for e.g. housing. An exception is transportation. The loads on the flood
defence by cars and trucks need to be considered in stability calculations if they can
plausibly be expected on the dike in flood scenarios. Other functions, e.g.
recreation, are often not considered to have an effect on safety.
According to the Dutch WBI guidelines (Rijkswaterstaat, 2016c), but also
international standards like the levee handbook (Sharp et al., 2013), the dike should
be dimensioned such that the objects do not interfere with the minimal profile
needed to retain water under extreme conditions unless the safety of a MFFD can
be demonstrated with tailored studies. In Figure 6.1 for example, the subsoil is
penetrated by the roots of vegetation. This poses a risk of water seeping into a
sandy layer below the dike and result in piping beneath the flood defences. The
basic method suggested in the WBI is to pad the dike geometry, such that these
functions no longer interfere with the minimal required profile, e.g. adding a
stability or piping berm. In effect, the regions of the dike affected by
multifunctional use are excluded from the assessed dike profile.
As Chapter 2 demonstrates, this conservative approach in the guidelines can
result in overestimating the probability of failure by several orders of magnitude.
Instead, Chapter 2 proposes the use of scenarios to account for changes in the dike
geometry (e.g. a hole from an exploded pipeline), or the properties of materials (e.g.
the resistance of grass to overtopping) due to the multifunctional use. This
approach allows for benefits of multifunctional use (e.g. a building stabilising soil
at the dike toe) to be incorporated in the design.

6.2.2 Multifunctional use by multiple defences
The Double Dike at Delfzijl (Figure 6.2) was analysed in Chapter 3 as an
example of a multifunctional flood protection with multiple flood protection
structures. Rather than a single structure, the combination of structures must
comply with the safety standards. In the case-study, the multiple defences allow
the area in between to be used for trapping silt in the Ems estuary (similar to the
Wide Green Dike), nature development, aquaculture, and saline agriculture. Thus,
the addition of other uses resulted in the addition of a culvert and a second dike.
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For the analysed case the
seaward dike was wider and higher
than the landward dike, hence flood
protection was primarily provided
by the seaward dike (see Chapter 3).
Furthermore, in the assessed casestudy a culvert will be made in the
Figure 6.1 Example of a river dike with common
multifunctional elements like trees, a house and a
pipeline in the inner dike toe.

seaward

dike,

introducing

an

additional failure mechanism, i.e.
failure to close the culvert. Only in
cases of non-closure of the culvert,
excessive overtopping of the first
dike, or a breach of the first dike,
additional

flood

protection

is

provided by the second dike. Thus,
loads on the landward dike depend
Figure 6.2. The Double Dike as implemented
between Eemshaven and Delfzijl, the Netherlands.
At the top a section is dedicated to nature and clay
extraction and the bottom is designated for agriand aquaculture. Each section is connected by
structures through the dike.

on processes at the seaward dike.
Chapter 3 proposes to consider
parallel flood defences as objects
transmitting hydraulic loads from
the river or sea towards the final
flood defence. After transforming
the hydraulic load distributions
sequentially across the foreshore
and parallel defences, the safety of
the entire system is evaluated from
the transmitted hydraulic loads and
the resistance of the last flood

Figure 6.3. The Wide Green Dike, as implemented
in the Dutch Dollard estuary. Left of the dike is the
marsh with the extraction pit around the bird
island. Right of the dike there is an area to process
and store extracted clay.
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6.2.3 Long-term use of multifunctional dikes
The Wide Green Dike concept was analysed in Chapters 4 and 5 as an
example of a flood defence designed for long-term benefits of multifunctional use.
It is located in the Dutch Dollard region of the Ems estuary in the Wadden Sea near
the border between Germany and the Netherlands. It features a shallow slope of
approximately 1:7 at the seaward side (hence “wide”) with only a grass revetment
(hence “green”) (see Figure 6.3) (van Loon-Steensma et al., 2014c). The grass
revetment extends into the extensive Dollard salt marshes. The concept is to
reinforce the dike with clay extracted locally from borrowing pits in the salt marsh.
Furthermore, the pit acts a sediment sink to improve water quality while the
middle of the pit features a breeding island for birds. The multifunctional aspect of
the Wide Green Dike concept is primarily through the connections between the
dike reinforcement and the uses of the foreshore. The use of clay from local clay
pits to reinforce the outer slope resulted in a design with a shallow outer slope and
a thick clay layer.
In Chapter 4 the concept of retrieving sediment from the foreshore for future
reinforcements against sea-level rise was explored. Modelling the sedimentation
on the foreshore, the pit is expected to be refilled within 20 years, after which it can
be re-excavated. While clay pits do re-create pioneer marsh vegetation (Vöge, Reiss,
& Kröncke, 2008), large scale clay extraction should be managed to avoid trade-offs
for nature values, further permanent marsh loss or impede the marsh’s capacity to
accrete in response to sea-level rise. Chapter 5 analysed the interaction between
sea-level rise, sedimentation on the foreshore, and the hydraulic loads on the flood
defence. Chapter 5 concludes the accretion on foreshores dampens the need for
dike reinforcements with sea-level rise. However, the extent of this dampening is
strongly affected by the sediment supply and the management of the foreshore.
While both chapters do not propose changes to the assessment framework for
dikes, they do consider the management of the foreshore through the interactions
with hydraulic loads as a feature of the flood protection measure.
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6.3

General framework for multifunctional dike design

6.3.1 Linking multifunctional design to flood risk

To incorporate multifunctional use in a flood defence several components
may be added or changed (Figure 6.4). These correspond with the components
already identified in Table 6.2, but with the addition of the foreshore. This was
motivated by both the Wide Green Dike and Double Dike cases. Most of the
multifunctionality of the Wide Green Dike was derived from the foreshore of the
system, rather than any multifunctional use of the dike itself. Foreshore elevation
(e.g. by marsh accretion) and composition (e.g. the higher roughness of a marsh
substrate) can work in conjunction to decrease loads (e.g. through wave breaking
and friction) (Chapter 5). The case of the Double Dike can be evaluated from
another perspective, as the primary seaward dike can also be perceived as an object
transmitting hydraulic loads to the final landward dike (Chapter 3). However,
when the seaward defence provides most safety against flooding, like in the casestudy of Chapter 3, it may seem counter-intuitive to classify a seaward flood
defence providing the bulk of the safety against flooding as an “object” within the
safety framework rather than as a flood defence. Indeed, if little safety is provided
by the landward defence a practical approach could be to assess the seaward
defence with minor adjustments to the failure criteria based on the presence of the
second defence (e.g. allowing larger amounts of overtopping). Nevertheless, the
approach suggested in this thesis is intended to be generalisable to other
configurations of systems with multiple defences (Chapter 5).
Allowing multifunctional use by changes in dike geometry has been the
default approach as for example suggested by van Loon-Steensma and Vellinga
(2014). This approach has been used for the concepts of delta dike, unbreachable
dike, and the super dike (de Moel et al., 2010; Knoeff & Ellen, 2011; Nakamura, 2016;
Silva & van Velzen, 2008). While these dike concepts differ in geometry from
traditional designs due to multifunctional elements, these geometry changes are a
consequence of excluding multifunctional elements in conservative safety
assessments rather than optimisation in multifunctional design (Chapter 2). Also
in the case-study of the Wide Green Dike, multifunctional use did affect the dike
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geometry. Because of the choice to preserve the landscape value of a green grass
dike and re-use clay extracted from the estuary, the dike’s slope was made less
steep to increase the resistance of the dike to wave impacts (Chapter 4). Thus,
multifunctional use directed the design of the dike’s geometry.
Dike composition is another way to introduce multifunctional use. The grass
cover on the Wide Green Dike for landscape values is one such example where the
material was not (primarily) chosen for its effectiveness in flood protection. A
similar concept in which the dike’s ecological value is enhanced by flowers or
weeds on its outer cover, is another example. The erosion-resistance of the dike
cover is primarily governed by the root density and the overall root depth (Scheres
& Schüttrumpf, 2019; Vannoppen, Poesen, Peeters, de Baets, & van de Voorde,
2016).
Introducing additional vegetation species to improve the ecological value of the
dike therefore has a direct influence on the dike design when it affects the allowable
amount of water flowing on the inner slope without erosion (e.g. in deciding the
necessary crest height against overtopping). Another example of multifunctional
design is integrating the wall of a house as a retaining wall (van Veelen et al., 2015).
Objects can be anything on a dike that interacts with the movement of water
on, within, or beneath the dike, can apply loads on the dike, or alter properties of
the dike (e.g. damage). This makes objects a broad category. Objects traditionally
found on flood defences are fences, trees, houses, cables, pipes, pavements, roads,
etc.. Some objects, e.g. in the case of a pipeline, may result in such severe damages

Figure 6.4 The connection between multifunctional use, flood risk, and the design choices within
a flood defence. Red arrows denote the influence of multifunctional use, the green block contains
design elements, and the blue blocks represent flood conditions.
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that it can be considered a separate failure mechanism (Schelfhout et al., 2020).
While the types of risks, opportunities, and uncertainties vary greatly between
objects, in general objects can be considered to affect flood risk through interactions
on the (local) hydraulic loads, applying loads directly, or by influences on the
resistance of a dike to a failure mechanisms (e.g. by introducing damages). Objects
also introduce uncertainty when the object can be in different states during a
potential flood event, each state resulting in different interactions with hydraulic
loads and/or the resistance of the dike. As demonstrated in Chapter 2, not only the
worst-case negative interactions of an object affect flood risk, but the variability in
both negative and positive interactions determines the influence an object has on
flood risk.

6.3.2. Implementation of multifunctionality in dike safety assessments
The four types of multifunctional design components require each a different
implementation in the risk framework. Figure 6.5

presents how the

multifunctional components from Figure 6.4 fit into assessment of failure
mechanisms through hydraulic loads and resistance factors (Table 6.2).
Foreshore components reduce the hydraulic loads before the flood defence is
reached (Figure 6.5). Tools and models (e.g. SWAN, X-Beach, Delft-3D) are already
present to simulate the behaviour of waves and storm surges across foreshores of
different compositions. Foreshores can be dynamic morphological systems and
change in composition and geometry over time. Incorporating future changes of
the foreshore (whether natural changes or by human intervention) is crucial to
assess the hydraulic loads and thus the safety of the flood defence in the future.
Dike geometry and dike composition are integrated in the resistance of a flood
defence and are already included in any safety assessment (Figure 6.5). Geometry
parameters in particular, like steepness of a slope, can already be varied in most
design formulas and approaches. Incorporating changes in dike composition can
be more challenging if the relevant material properties (e.g. the erosion of marsh
clay in the Wide Green Dike case) are uncertain. However, such uncertainties can
be reduced by experimentally testing the properties or by employing measures to
ensure quality standards are met. In a probabilistic analysis the uncertainties in
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material properties are represented by probability distributions. Objects embedded
into a material can also be considered as a change in the material property. For
example, Aguilar-López et al. (2018b) demonstrate a pipeline below a dike can be
conceived as a change in hydraulic conductivity of the subsoil rather than as an
object within the assessment of the piping failure mechanism.
Objects can possess their own interactions with the hydraulic loads to
decrease the resistance of the system (see Chapter 2). These interactions were
observed in the treatment of roads (with traffic) and structures in the first example
of a proto-typical river dike. Additional loads were applied to the dike directly in
conjunction with the hydraulic loads (Rijkswaterstaat, 2019). The interactions
between objects, hydraulic loads, and resistance greatly depend on the specifics of
the object, how it is used during a high water event, and the particular failure

Figure 6.5 A) Representing the dike geometry, composition and foreshore as part of the hydraulic
loads and resistance factors used to assess the stability of flood defences. B) Representing the
scenario-approach for objects in terms of hydraulic load and resistance factors for assessing the
safety of a flood defence
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mechanisms the object interacts with. A scenario-based approach is needed with
scenarios for the state of the object during a high water event (including a worstcase one), and attribute probabilities to each scenario (Figure 6.5). These scenarios
are then evaluated for the relevant failure mechanisms and combined into a single
probability with fragility curves (See Chapter 2).
Often the presence of natural features on foreshores like marshes are not
included, as relying on these features for flood protection lacks certainty about their
presence under changing conditions. Such features can also be considered as
objects and assessed with a scenario-based approach. For example, by assessing
scenarios of likely extends of vegetated foreshores during critical conditions.
Parallel flood defences also fall within this category of objects (Figure 6.5). The front
dike in the system reduces hydraulic loads on the landward dike by reducing the
probability of waves and surges at the final landward defence (see Chapter 3). To
determine the erosion and subsequent flows over/through the first defence,
complex models are required and makes the assessment of parallel defences
challenging. However, once reductions in hydraulic loads are accounted for, the
assessment process can proceed as for monofunctional dikes (see Chapter 3).
Ideally, a transmission model like in Chapter 3 is determined to directly translate
hydraulic loads at the outer defence into hydraulic loads at the landward defence.
Otherwise a scenario-based approach can be used.

6.3.3. Summary of the adapted framework
After linking the design concepts from the case-studies (section 6.2) to
elements for multifunctional dike design (section 6.3.1) and incorporating these in
methods for safety assessments (section 6.3.2), this section summarises the
framework developed in this thesis. This framework for assessing the safety of
multifunctional flood defences is extended from the current Dutch flood protection
framework (Kok et al., 2017; Rijkswaterstaat, 2016a, 2016b, 2016c). The steps to
design or assess the safety of a multifunctional flood defence are presented visually
in Figure 6.6 and Figure 6.7. Chapters exploring steps of the framework in more
detail, propose additions, or suggest changes to this framework are presented in
between brackets.
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Figure 6.6 A representation of a multifunctional flood protection zone with the numbered
components of the risk framework (see Figure 6.7)

Figure 6.7 The fault tree used to assess the risk of flooding for a flood protection zone (see Figure
6.6)
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1. Determine the hydraulic loads within the environment of the food defence
using local measurements, hydraulic models, and statistical models.
2. Investigate the changes on the foreshore over time and consider implementing
management practises to enhance load reducing capabilities of foreshore landuses (e.g. accretion and wave damping by marsh vegetation), or reduce the
impact of detrimental uses (e.g. reduction in sediment supply by dams).
[Chapters 4 and 5]
3. Calculate the impact of foreshore features on the transmission of hydraulic
loads from the sea/river [Chapters 4 and 5]
4. Determine a transmission model or set of scenarios with corresponding
probabilities for objects interacting with the hydraulic loads and/or the strength
of the dike. [Chapters 2 and 3]
5. Evaluate/design changing the dike geometry to enable additional uses of the
flood defence [Chapters 2, 3, 4 and 5]
6. When designing, evaluate whether materials synergise with additional uses of
or near the flood defence (e.g. a grass revetment with flowers to enhance
biodiversity, incorporating local clay, etc.). [Chapters 4, 6]
7. Evaluate the hydraulic loads and associated return periods at the flood defence.
8. Evaluate the parameters and uncertainties thereof to evaluate the resistance of
the dike.
9. Compute the probability of failure of the flood defence to all failure
mechanisms with the hydraulic load and resistance probabilities.

6.4. Discussion
Many dikes are already multifunctional. They may serve a transportation
function by a road on top or its slope may be part of a nature reserve. This was
covered by the “prototypical” river dike example in this paper. Both traditional
assessment standards (Ministerie van Verkeer en Waterstaat, 2007; Rijkswaterstaat,
2016c) and other literature (van Loon-Steensma & Vellinga, 2014) assert a negative
effect of functions for a design of a flood defence to ensure a safe design. This is
understandable, as functions do not necessarily provide direct benefits for flood
protection or those benefits are uncertain (van Loon-Steensma & Kok, 2016). As a
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consequence, however, defences will not gain any safety benefits from other
functions in this approach.
Voorendt, Vrijling, and Voortman (2017) distinguish different levels of
functional integration based on the overlap of functions with water structural
elements of the flood defence. Voorendt identified 8 types of structural elements
multifunctional for MFFDs (Voorendt, 2017; Voorendt et al., 2017). The underlying
idea is that multifunctional design can only improve safety if an element required
for multifunctional use can fulfil the function of a structural element of a flood
defence (e.g. the walls of a parking garage that also serve at the same time as
retaining walls). However, these types of functions were not included in the rural
case-studies explored in this thesis, as these are more common in urban settings
(Stalenberg, 2013; Voorendt, 2017). This view of multifunctionality ties in neatly
with the dike composition elements identified in this chapter, where material or
composition design choices are motivated by multifunctional use.
The frameworks for MFFDs so far had only a limited scope of
multifunctionality of dike design. However, there is a push to look beyond the dike
itself in developing integrated multifunctional flood protection solutions. For
example, a growing body of scientific literature is starting to connect natural
processes in foreshore ecosystems like coral reefs, salt marshes, and mangroves, to
flood risk mitigation (Borsje et al., 2011; Ferrario et al., 2014; Guannel, Arkema,
Ruggiero, & Verutes, 2016; Vuik et al., 2016) (Borsje et al., 2011; Ferrario et al., 2014;
Guannel, Arkema, Ruggiero, & Verutes, 2016; Vuik et al., 2016). Such opportunities
to enhance flood protection are overlooked when reinforcement is only focussed
on the dike itself, rather than entire flood protection zone. The cases in this thesis
furthermore highlight that multifunctionality can be integrated across the entire
flood protection zone, from the foreshore until multiple lines of flood defences. The
framework presented in this thesis thus allows for a wider application of MFFDs
than other studies had so far.
While the links between multifunctional use and flood protection cover a
wide range of practical applications, it does not consider the benefits of a flexible
design over a static one. This may further alter the design choices, provided safety
remains guaranteed during the design period. Studies have suggested natural
elements can add flexibility and resilience to regular defences under a changing
147

Chapter 6

climate (van Slobbe et al., 2013; van Wesenbeeck et al., 2014). Building with nature
measures like the suppletion of sand or silt on marsh foreshores are such examples
(Baptist et al., 2019; Stive et al., 2013). Under favourable conditions, natural systems
can adapt to a changing environment and reduce the need for future
reinforcements. Flexibility and adaptability aspects are usually not captured in
designs made on to basis of assessments at the end of the flood defence’s design
life. In the long term, not accounting for these leads to more expensive designs for
both monofunctional and multifunctional dikes (Anvarifar et al., 2017).
Finally, it is important to stress that flood protection and costs are never the
only factors governing the choice for a multifunctional flood defence. A proper
integration of other functions will add other values to the area by for example
various ecosystem services by nature, recreation, etc. . These benefits need to be
accounted for in the costs of alternative safe dike designs.

6.5. Conclusions
Multifunctional flood defences are of growing interest to protect deltas from
floods. In this chapter an extended framework for assessing the safety of
multifunctional flood defences is presented based on lessons learned in the
previous chapters.
The three examples of multifunctional dike design concepts from the
previous chapters were discussed, from which four categories of multifunctional
design components were identified: 1) foreshore, 2) dike geometry, 3) dike
composition, and 4) dike objects. Multifunctional foreshore elements affect
hydraulic loads directly and can be incorporated in dike assessments via
accounting for these changes. Similarly, existing dike assessment procedures can
be followed when additional functions affect the geometry of the flood defence
and/or the choice of materials used in dike elements. When additional functions
are facilitated by objects, dike assessments need to be adapted. Objects may
introduce additional loads, or interact with the hydraulic loads or directly affect
elements of the dike itself. A scenario-based approach is needed to quantify risks
in different possible states of the object. Furthermore, objects in front of the dike
affecting hydraulic loads may also be modelled by transmission models. These four
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types of elements were used to expand the existing risk framework for flood
defences to include steps for multifunctional elements.
In the existing approach, multifunctional use is conservatively assessed by a
worst-case scenario. The extended framework for multifunctional flood protection
with a scenario-based approach allows for benefits and synergies between
multifunctional use and flood protection to be quantified. Furthermore,
connections to the foreshore and areas between multiple defences are made in the
framework in order to capture flood benefits and risks across the entire flood
protection zone.
Designs of multifunctional flood defences will vary across different
environments and function combinations. Nevertheless, the framework in this
chapter will aid in guiding safe multifunctional flood protection solutions.
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7.1

Introduction
In this synthesis chapter the results and insights across the previous chapters

are discussed as well as the wider implications of this research for multifunctional
flood protection. Section 7.2 first summarises the key findings of the thesis. Section
7.3 presents a discussion on the strengths and weaknesses of the framework for
multifunctional flood defences presented in the thesis. Section 7.4 presents an
outlook for multifunctional use of flood defences in the future and provides
recommendations for further research. Finally, section 7.5 discusses how the
lessons could be applied within the Dutch Flood Protection Program (HWBP).

7.2

Key findings and novelties for multifunctional flood
defences

In this sections the key findings from the previous chapters are summarised.
In these chapters, three research questions were explored:
1. How can a dike assessment framework be adapted to probabilistically
evaluate multifunctional use of a flood defence?
2. How can additional defences constructed for multifunctional use of the
flood protection zone be incorporated and evaluated within a probabilistic
evaluation framework?
3. How can a probabilistic framework account for long-term climate
adaption benefits of multifunctional use within a flood protection zone?
Together, these questions serve the main aim of the research: to investigate how
combining different activities on or near flood defences affects the safety provided by flood
defences within a risk-based approach. An overview of all highlights is presented in
Figure 7.1. The highlights are elaborated further throughout this section.
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Figure 7.1 The highlights of each chapter in the thesis in expanding from a safety framework for
single flood defences with little multifunctional elements, towards a safety framework for
multifunctional flood defences encompassing the wider flood protection zone.
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7.2.1 Probabilistic assessment of multifunctional elements on flood
defences

The probabilistic assessment of multifunctional use was investigated within
Chapter 2. The research followed the suggestion published in a memo by Knoeff
(2017) to consider failures by objects as scenarios when evaluating failure
mechanisms within the reliability framework. To see whether this approach is
feasible and how it affects the results from safety assessments, the approach was
applied to a schematisation of a typical river dike where different objects (a house
and a tree) are present after different reinforcement measures.
The main finding of the study was the large degree to which a conservative
approach can reduce the assessed safety level compared to the probabilistic
implementation with scenarios. A conservative approach inherently penalises the
safety of a flood defence for other land-uses present as only the worst state of the
different objects on a flood defence are considered while benefits are omitted. Thus,
if an object can strongly influence a failure mechanism, regardless of the probability
of the object reaching this critical state (a tree affecting piping in the example of
Chapter 2), this failure mechanism becomes more dominant for the probability of
failure of the defence. When the feasibility of a critical scenario and potential
benefits (e.g. stabilisation of the slope by the weight of a building) are accounted
for results can vary significantly. Chapter 2 highlights the probability of failure in
the conservative approach can be multiple orders of magnitude higher than
probabilistic approach for the same defence (Figure 2.6). Thus, in cases where
multifunctional use has the potential to strongly increase the odds of a failure
mechanism, a conservative approach can inform a drastically different
implementation of a function than a probabilistic assessment would.
Another finding from Chapter 2 was that the magnitude of the influence of
multifunctional use on flood protection is shown to be inversely proportional to
the protection level of the dike itself. Thus, dikes with a lower probability of failing
will not be affected as much by multifunction use, either positively or negatively,
as dikes with a higher probability of failure. In practice, the risks as well as flood
protection benefits of multifunctional use of a flood defence decrease as the dike
increases in size. Previously, “robust” dikes have already been proposed to be
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combined with other uses for this exact reason (de Moel et al., 2010; Knoeff & Ellen,
2011; Silva & van Velzen, 2008; van Loon-Steensma & Vellinga, 2014). However,
the proportional loss of flood protection benefits from other uses with robust dikes
has so far received little attention.

7.2.2 Probabilistic assessment of additional flood defences
In Chapter 3 the case of the Double Dike near Delfzijl is studied to investigate
how the additional flood defence constructed for both flood protection and landuses like saline agriculture affects flood protection. Prior to this study, several other
studies had investigated this specific system. Gautier, Schelfhout, and van Meurs
(2015) concluded the Double Dike would meet the flood protection norm by virtue
of the tall first dike alone as the clay core would not significantly erode during
critical storm conditions for a breach, nor would overtopping be significant. The
additional dike would instead need to be designed according to the water
management of the area in between the dikes. Wauben (2019) applied the updated
Dutch reliability framework (WBI2017) but found the methods in this framework
remained inadequate for multiple defences. Instead he applied a new model
(Rongen et al., 2018) to assess dike failure by wave impact at the first dike by the
amount of overtopping into the interdike area resulting from erosion of the dike by
waves. Despite these efforts, a probabilistic evaluation of the system where both
defences are assessed is missing.
In Chapter 3 a framework to assess multiple flood defences was developed.
Recognising that effects of foreshores and structures like breakwaters can be
modelled by adjusting hydraulic loads at the flood defence within the Dutch
reliability framework (Rijkswaterstaat, 2016b), the same approach can be applied
for additional defences. This novel approach for treating flood defences in Chapter
3 considers the first flood defence by the mechanisms that can erode it (erosion
mechanisms), and the mechanisms that can transfer hydraulic loads (transmission
mechanisms). The transmitted hydraulic loads are then evaluated at the most
landward defence to assess the protection level of the system. The approach of
Chapter 3 can be applied to many combinations of defences by selecting the
relevant erosion- and transmission mechanisms for the assessment.
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The framework was applied to the case-study of the Double Dike in Delfzijl.
The advanced erosion-overtopping model conceptualised by Kaste and Klein
Breteler (2015); (Kaste et al., 2015) , programmed by Rongen et al. (2018) and
subsequently demonstrated for application to the Double Dike (Wauben, 2019)
was adapted in Chapter 3 for a probabilistic scheme. The failure models of the
seaward dike are recontextualised as a hydraulic transmission function where
erosion by wave impact contributes to the volume of water transmitted into the
interdike area. An additional transmission mechanism was introduced by the
culvert inside the seaward dike which was added to the model. Like previous
studies (Gautier et al., 2015; Wauben, 2019), this study found the Double Dike
system at Delfzijl gained little additional flood protection from the additional dike.
However, it did reveal the transmission of loads by the culvert had a significantly
more effect on safety than previously assumed, necessitating a compromise
between the tidal exchange through the culvert for activities in the interdike zone
and flood protection. The novel approach was capable of confirming earlier results,
as well as provide a more general understanding of the safety provided by
additional defences. It has also informed further research on the safety of the
Double Dike concept (van Steeg & Diermanse, 2021).

7.2.3 Incorporating long-term benefits of multifunctional flood
protection

Chapters 4 and 5 studied the Wide Green Dike case to investigate the longterm potential of multifunctional use of flood defence systems for flood protection.
Prior to this thesis, van Loon-Steensma and Schelfhout (2017) had analysed the
feasibility of a “Wide Green Dike” (a grass-covered dike with a shallow outer slope
smoothly merging with the salt-marsh). While their calculations showed the
concept was feasible and cheaper than traditional reinforcement when local clay is
extracted, the importance of the marsh for the adapting the foreshore with sea-level
rise and accumulating the necessary clay for reinforcement was not yet
incorporated in their assessment.
In Chapter 4 the clay accumulating in man-made pits for dike reinforcements
with sea-level rise is discussed, while Chapter 5 investigates how the conditions
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governing natural sediment accretion of the marsh affect the required dike
reinforcement to mitigate sea-level rise for flood protection. Introducing these
components to the safety assessment of the flood defence has led to two main
conclusions.
Firstly, excavating pits on a salt marsh foreshore for capturing sediment as
reinforcement material from a turbid estuary is feasible as a long-term adaptation
strategy. Sediment capture is positively linked to sea-level rise, allowing more
sediment to be used in reinforcement. Thus the additional demand for clay as sealevel rise accelerates is dampened by the additional sediment capture. Within the
reliability framework, the pits on the foreshore are expressed by the additional clay
used in reinforcements of the dike and the resulting change in dike geometry after
each reinforcement cycle.
Secondly, the sediment accretion on the marsh acts as a buffer against sealevel rise, reducing the need for future dike heightening. Managing the suspended
sediment concentration in the Dollard and the compaction of the marsh determines
whether dike reinforcements will need to outpace sea-level rise (i.e. over 1 mm of
dike heightening needed for each millimetre of sea-level rise) in the near future or
only at the end of this century within the highest sea-level rise scenarios. Thus,
managing foreshores and the factors governing their evolution is crucial to design
future-proof flood protection. Within the reliability framework, managing the
foreshore should be considered as a design element to limit future hydraulic loads
at the flood defence.

7.3

Strengths and weaknesses
Based on the results presented in Chapters 2 to 5, Chapter 6 assembles these

lessons into a new integrated framework for assessing multifunctional flood
defence systems. In this section, the advances for the assessment of multifunctional
flood protection systems by the framework in Chapter 6 are discussed.
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7.3.1. Comparison to different flood risk management approaches
Probabilistic assessments have been available and performed in flood risk
management internationally, e.g. in Germany and the UK (Apel et al., 2006; Hall et
al., 2003). Still, methods for the probabilistic assessment of multifunctional
components on a dike have remained limited. This thesis has contributed by
expanding an existing probabilistic framework with methods to consider
multifunctional uses on the dike (Chapter 2) and near the dike (Chapters 3, 4, 5).
These new insights may aid in the optimisation of multifunctional flood protection
designs internationally. This thesis has mainly focussed on adapting and
improving the reliability assessment framework as applied within the Dutch flood
risk policy. Here the findings of this thesis are discussed through the lens of
different flood risk approaches.
First of all, the framework in this thesis is characterised by advanced
assessments of the reliability of the defences, using both probabilistic algorithms
and detailed descriptions of failure mechanisms. Many other approaches can be
employed to simplify the assessment of flood defences, e.g. with deterministic
design storms, or performance indicators (Sharp et al., 2013). While simpler
approaches like indicators may be less accurate, these are often sufficient to already
identify key weaknesses in flood protection infrastructure (Vuillet, Peyras, Serre, &
Diab, 2012). The type of advanced assessment proposed in this thesis may simply
be infeasible when many flood defences need to considered in a limited time or
data required for advanced assessments is unavailable.
Still, there are more fundamental concerns with adapting a framework for
multifunctional use from the Dutch flood risk management approach. One of its
main criticisms is the strong emphasis on reducing the probability of flooding
through engineering measures rather than addressing the vulnerability to flooding
(Klijn, de Bruijn, Knoop, & Kwadijk, 2012). The consequences of a flood, i.e.
economic damage, the number of people affected, and the likelihood of casualties
during a flood event, are only reflected within the official safety norms for flood
protection measures expressed as a maximum allowable flooding probability.
These norms are set independently of the designs of flood defences themselves.
Multifunctional flood defences not only affect the probability of flooding, their
158

Synthesis

designs can greatly affect the vulnerability of the hinterland should a flood occur.
For example, the value of marshes in reducing the flow through a breach, thereby
reducing the speed and extent of flooding in the hinterland (Zhu et al., 2020). The
“robust” broad dikes (Silva & van Velzen, 2008; van Loon-Steensma & Vellinga,
2014; Vellinga, 2008) not only aim to increase the robustness of dikes for
multifunctional use of the defences, these broad dike are primarily concerned with
reducing the probability of sudden breaches that threaten to quickly inundate the
hinterland. As a result of a slower flooding, there would be more time for
emergency measures, evacuation and potentially less damage to the hinterland.
Other multifunctional concepts relocate critical land-uses to higher or less exposed
locations, e.g. placing buildings on the super levee (Kundzewicz & Takeuchi, 1999),
while incorporating land-uses that may benefit from occasional flooding (e.g.
nature creation in a double dike system). Since these benefits are outside of the
scope of reducing the probability of flooding as defined in the Dutch Water Act,
these benefits remain unaccounted for within the Dutch reliability framework, and
thereby in the dike design process.
Aside from the approach described above which considers risk as the
product of probabilities and consequences (𝑅𝑅𝑅𝑅 = 𝑃𝑃𝑃𝑃 ∗ 𝑑𝑑𝑑𝑑), other approaches consider
risk as the intersection of hazards and vulnerabilities (𝑅𝑅𝑅𝑅 = 𝐻𝐻𝐻𝐻 ∩ 𝑉𝑉𝑉𝑉). For example, the

Japanese flood risk management approach regulates the vulnerability of exposed
areas by a combination of zoning policies, flood-proofing of structures, as well as

structural measures like parallel or ring dikes (Fan & Huang, 2020; Ichidate, Tsuji,
Taki, & Nakamura, 2016; Takeuchi, 2002). These different approaches are
reconciled by considering how measures can affect the exposure (𝑅𝑅𝑅𝑅) of the
hinterland to floods (Klijn, Kreibich, de Moel, & Penning-Rowsell, 2015). Exposure
encompasses the characteristics of the flood hazard (𝐻𝐻𝐻𝐻 = 𝑃𝑃𝑃𝑃 ∗ 𝑅𝑅𝑅𝑅) like flood extent,

flood depth, and flow velocities which determine the consequences for vulnerable
assets in the hinterland (𝑑𝑑𝑑𝑑 = 𝑅𝑅𝑅𝑅 ∩ 𝑉𝑉𝑉𝑉). A treatment of the exposure within the

framework of this thesis enables its use within hazard-oriented flood risk
management approaches.

Because the reliability framework developed in thesis is rooted within Dutch
reliability framework it inherits both its strengths and weaknesses as discussed
above. However, the methodology for handling parallel defences from Chapter 3
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may provide a way forward for addressing the exposure of the hinterland in the
assessment framework. In Chapter 3 the first dike of the system is considered as
transmitting hydraulic loads to the interdike zone behind it. The result is a new set
of hydraulic loads within the interdike zone. Instead of evaluating the failure
mechanisms to determine a probability of failure for the flood defence, one could
similarly calculate the loads transmitted by the final dike towards the hinterland.
As these transmitted hydraulic loads (i.e. water level and waves) are evaluated
probabilistically, the result is actually the flood hazard as defined earlier. Thus, the
framework from this thesis is a first a step to bridge the gap between different flood
risk management approaches. Nevertheless, adapting the framework from this
thesis to include exposure of the hinterland will require further study as well as a
redefinition of the Dutch flood protection norm.

7.3.2. Discussion on supporting models
Implementing the framework presented in this thesis requires a suite of
models to evaluate all processes leading up to failure as well as assess the
probability of such an event. There are three types of models needed for
implementing the framework: hydraulic models to compute the flow of water,
models of failure mechanisms to compute if a dike fails, and finally statistical
methods to assess the probability of events. This subsection discusses the models
used throughout the thesis and discusses their strengths and weakness, as well as
points out alternative methods to assess the same processes within the risk
framework.
7.3.2.1.

Hydro-morphological models:

Hydraulic models are used to determine the hydraulic boundary conditions
of the environment like water levels and wave conditions, as well their changes
when travelling towards flood defences. Throughout this thesis Hydra-NL (Duits
& Kuijper, 2018) was used to determine the hydraulic boundary conditions of the
case-studies. Hydra-NL combines observations of water levels and wind speeds at
stations throughout the Netherlands with a database of precomputed wave
simulations from a SWAN wave-model (Booij et al., 1999) of the Dutch coast to
extrapolate conditions along the Dutch coast during extreme events. To account
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for changing conditions on the foreshore a separate SWAN model was used to
model the final stretch of foreshore toward the defence (Chapters 4 and 5). This
approach follows directly the procedure in the WBI (Rijkswaterstaat, 2016b) and
thus produces consistent results with dike design practises in the Netherlands. This
advanced approach is suitable for the Netherlands where many decades of
measurements have verified the accuracy of these hydraulic models. However,
there are concerns about limitations of the SWAN model, e.g. infra-gravity waves
on shallow foreshores (Lashley, Bricker, van der Meer, Altomare, & Suzuki, 2020)
or interactions between waves in complex estuaries like the Dollard (Oosterlo et
al., 2018b). Alternative models like XBeach (Roelvink et al., 2015) or calibration of
the models for specific areas may resolve such shortcomings. Addressing
limitations is paramount for designing flood defences, as inaccuracies will be
magnified in the extrapolation of extreme (storm) events. To implement advanced
wave models sufficient data needs to be available for extrapolating hydraulic loads,
calibrating the wave models, and verifying the results. This data may not be
available for other areas in the world.
Aside from the propagation of waves across the foreshores, models are
needed to determine the changes on the foreshore itself before hydrodynamic
models can predict the future loads on a flood defence. A basic sedimentation
model for marsh accretion based solely on tidal inundation and suspended
sediment was applied in this thesis (Chapters 4 and 5). While such models are
useful for predicting the general behaviour of salt marshes (Kirwan et al., 2010), it
omits the many complex interactions between vegetation, morphology and
hydrodynamics. Complex models are available to model these interactions, e.g.
(Best et al., 2018; Breda et al., 2021; D'Alpaos et al., 2007). Such models are both
computationally intensive and require more extensive data collection for proper
calibration and validation. For implementation in a risk approach the main
objective of a foreshore model is not to accurately predict all foreshore features, but
rather to assess the effect of the on hydraulic loads at the flood defence foreshore
across a range of potential future scenarios. As such, implementing a simple model
(like in Chapter 4) capable of running many simulations quickly across multiple
scenarios is best suited for a risk framework. This does require attention to the
limitations of the model as a result of the assumptions and simplifications. Finding
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sufficiently accurate yet fast models is one of the main challenges in
probabilistically assessing future hydraulic loads on flood defences.
7.3.2.2.

Failure mechanisms

Throughout the thesis the failure mechanisms of piping (Chapter 2),
macrostability (Chapter 2), overtopping and overflow (Chapters 2, 3, 4, and 5), and
wave impact (Chapters 3 and 4), were considered. Table 7.1 presents an overview
of the applied methods in this thesis. For implementation into a risk framework,
descriptions of failure mechanisms must fit the definition of a limit state
(𝑍𝑍𝑍𝑍 = 𝑅𝑅𝑅𝑅 − 𝑆𝑆𝑆𝑆) where failure is denoted when the loads (𝑆𝑆𝑆𝑆) exceed the capacity of a

flood defence (𝑅𝑅𝑅𝑅). As long as failure models can be rewritten in this form other
methods can be implemented as well. It should be noted that exceeding the
presented limit states does not necessarily result in a flood, but rather reflects some
critical state prior to the actual flooding. As a result, the limit state definition of the
same mechanism may vary across models. For example, overtopping is usually
evaluated by a critical overtopping discharge (van der Meer et al., 2016), but in the
model by van Bergeijk et al. (2019) it is defined as 20 cm of erosion depth on the
dike’s inner slope. Aside from practical considerations (e.g. computational time,
accuracy, etc.), the choice of models for failure mechanisms is of little consequence
for their implementation in the risk framework. This is useful as different
(combinations of) models may be better equipped to incorporate effects of specific
types of multifunctional use, e.g. (Aguilar-López et al., 2018a; Aguilar-López et al.,

Table 7.1 Summary of failure mechanisms, models, and limit states utilised throughout the thesis.
The relevant chapters are presented between brackets.
Failure mechanism
Overtopping and
overflow
Wave impact
Piping
Slope stability

Model utilised
(van der Meer
et al., 2016), (Ch
(Rongen et al.,
2, 3, 4, 5)
2018), (Ch 3)*
(Klein Breteler,
2015), (Ch 4)
(Sellmeijer et al., 2011) (Ch 2)
(Van, 2001), (Ch 2)

Limit state implemented**
𝑍𝑍𝑍𝑍 = 𝑧𝑧𝑧𝑧𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − ℎ
Overflow:
Overtopping:
𝑍𝑍𝑍𝑍 = 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 − 𝑞𝑞𝑞𝑞

𝑍𝑍𝑍𝑍 = 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑍𝑍𝑍𝑍 = 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 − 𝐻𝐻𝐻𝐻
𝑍𝑍𝑍𝑍 = 𝛴𝛴𝛴𝛴𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅 − 𝛴𝛴𝛴𝛴𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆

* This model was only implemented for the first parallel defence and was not evaluated as a limit state (see Chapter 3)
** Symbols:
𝑍𝑍𝑍𝑍 = limit state, 𝑧𝑧𝑧𝑧𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =dike crest height, ℎ=water level, 𝑞𝑞𝑞𝑞(𝑐𝑐𝑐𝑐) = (critical) overtopping discharge, 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖=time
required to erode the revetment, 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = storm duration, 𝐻𝐻𝐻𝐻(𝑐𝑐𝑐𝑐) =(critical) hydraulic pressure gradient, 𝛴𝛴𝛴𝛴𝑀𝑀𝑀𝑀=
the sum of (resisting or driving) moments on a slab of soil
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2018b). Table 7.1 presents the limit state definitions applied across this thesis. As
explained in Chapter 3, limit states should only be evaluated for the last line of
flood defences in order to account for all processes transmitting hydraulic loads
through the other defences.
Within the risk framework, all failure mechanisms are assumed to be
independent. However, it is known there are connections between these failure
mechanisms. One such connection was implemented for wave impact and
overtopping (Chapter 3) where wave impact lowers the crest height and enhances
overtopping. Other examples of connections are: the connection between
infiltration during overflow/overtopping, and saturation of the dike resulting in a
loss of soil stability (Gasmo, Rahardjo, & Leong, 2000), and the correlations among
soil parameters affecting both the formation of pipes and the stability of the soil
above (Aguilar-López et al., 2015; Van, 2001). Coupling mechanisms is not standard
practice, but may be required to properly assess multifunctional use when present
on the interface between mechanisms. For example, pores in the outer revetment
of a dike as a result dead roots from woody vegetation enhances the infiltration of
water into the dike body (Zanetti et al., 2011), which during overflow increases the
risk of slope instabilities. Coupling of failure mechanisms is required to study such
effects. While assuming independence simplifies calculations (see Chapter 2), the
framework can still be utilised for complex interactions between multifunctional
use and failure mechanisms by combining mechanisms (see Chapter 3).
7.3.2.3.

Reliability models

Evaluating the probability of events in which a flood defence fails requires
the use of statistical models and computational algorithms. Reliability analyses are
classified in three levels: level I for semi-probabilistic methods like the use of safety
factors, level II for methods which simplify distributions like the First Order
Reliability Method (FORM), and level III for fully probabilistic methods like MonteCarlo or importance sampling (CUR/TAW, 1990). Throughout the thesis FORM has
been utilised (Chapters 2, 3, 4, and 5), as well as Importance Sampling (Chapter 3)
to quantify the probability of failure of a flood defence (Ditlevsen & Madsen, 2007;
Low & Tang, 2007; Robert & Casella, 1999). Since a level I procedure requires safety
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factors derived by a higher level assessment, this type of analysis cannot be
performed for multifunctional elements of which the effects (and thus the required
safety factors) are not known beforehand.
The choice for a level II algorithm over a level III algorithm was motivated
by the balance between accuracy in estimating the probability failure, while
keeping computational times relatively short. The limitations of a level II procedure
became apparent in Chapters 2 and 3. The FORM procedure is best suited for
continuous, monotonically increasing limit state functions, otherwise convergence
is not guaranteed. For the failure mechanism of macrostability (Chapter 2) the
evaluation of different slip planes can present sudden jumps in the evaluation of
the limit state function between iterations, resulting in several times in poor
convergence and inaccurate failure probabilities as a result. A similar issue was
present in the case of wave impact erosion on the first dike of a double dike system
(Chapter 3). Once waves have eroded the clay on the outer revetment, the
acceleration in erosion at the sand core and the increased overtopping as a result
presents a sudden discontinuity of the limit state definition. This could only be
resolved by resorting to a level III routine. Thus, while level II routines can be
implemented in the risk framework for multifunctional use, care should be taken
to avoid errors resulting from discontinuous limit state definitions.
Finally, in many applications of flood risk management indicators are used
rather than reliability analyses (Sharp et al., 2013; Vuillet et al., 2012). Indicators may
be used to quickly identify weaknesses in flood protection infrastructure and
prioritise reinforcements or further investigations. While indicators are a useful
tool, they are only qualitive in nature. As such, these are not compatible with the
risk framework presented in this thesis which aims to quantify the reliability of
flood defences.

7.3.3. Summary of strengths and weaknesses
In this subsection the main strengths and weaknesses of the framework are
summarised from the discussions in subsections 7.3.1 and 7.3.2:
Strengths:
•
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•

Layers of (parallel) flood defences can be assessed

•

Management practises of foreshore are quantifiable as flood risk reduction
measures over time

•

Multifunctional use across the flood protection zone can be quantified in
terms of flood risk through evaluation of the affected design elements
(dike geometry, dike composition, objects, and foreshore)

Weaknesses:
•

The framework considers reducing flood risk only by reducing the
probability of flooding, not by reducing the vulnerability or exposure of
the hinterland.

•

A collection of (complex) statistical models, hydro-morphological models,
models of failure processes, and reliability algorithms need to be
calibrated, validated and integrated. Expertise to implement and recognise
the limitations of the models, as well as data for calibrating and validating
the models is required. Data and expertise may not always be available.

7.4

Outlook

7.4.1 Integration of Nature-Based Solutions in flood protection
Nature-based flood protection, where flood protection services are provided
by eco-systems like marshes, is often proposed as a promising form of future flood
protection (Temmerman et al., 2013; van Wesenbeeck et al., 2014). In salt marsh
ecology there is well-known principle called “windows of opportunity”; an
ecosystem needs sufficient time without major disturbances from the sea to
establish before the next storm arrives (Balke et al., 2011; Hu et al., 2015). Similarly,
there is a limited window of opportunity for the establishment of ecosystems in a
nature-based flood protection scheme due to sea-level rise. Coastal ecosystems like
salt marshes can adapt to, and even expand with, a gradual increase in sea-level
rise due to their ability to enhance sediment deposition and/or retreating landward
(Cahoon, McKee, & Morris, 2020; Kirwan et al., 2010; Kirwan et al., 2016). Still,
global trends are narrowing the window of opportunity for nature-based flood
protection. Sea-level rise in the Dutch Wadden Sea is projected to accelerate from
165

Chapter 7

about 2 mm/yr in 2014 to between 2.2 mm/yr (lower bound RCP 2.6) and 18 mm/yr
(upper bound RCP 8.5) by 2100 (Vermeersen et al., 2018). According to the analysis
performed in Chapter 4 marshes in the Dollard part of the Wadden Sea can only
be expected to persist up to a sea-level rise rate of 8.9 mm/yr before drowning under
current environmental conditions. The Dollard area has a relatively

high

availability of sediment compared to most deltas. Worldwide the construction of
dams, as well as other human influences, has reduced the amount of sediment
reaching coastal ecosystems from the river (Walling & Fang, 2003).
From the perspective of flood risk, relying on ecosystem services for
additional protection long-term is contentious if their own adaptive capacity is in
question. As discussed in Chapter 4, severe compaction of the foreshore from
agricultural use or a drastic decrease of the sediment supply results can equally
increase in flood risk over time similar to the highest sea-level rise scenarios when
relying

on

marsh

accretion

for

protection.

Furthermore,

a

wide-scale

implementation of eco-engineering measures based on accretion will be limited by
the amount of sediment naturally available within the delta system (Oost et al.,
2021). Therefore, long-term nature-based flood protection can only be successful if
integral policies are present and enforced to ensure conditions remain favourable
for the ecosystem. Still, as long as conditions remain within the “window of
opportunity”, Chapter 4 demonstrates substantial benefits are gained from
coupling dike reinforcement with a salt marsh through wave damping and the
extraction of clay for dike construction from pits. As flood management plans start
to shift towards more nature-based solutions (Wesselink et al., 2016), managing
sediment budgets and other anthropomorphic influences within the delta becomes
crucial for the success of these softer measures (Hoitink et al., 2020).
A final consideration for nature-based solutions is the required protection
level. As the protection level increases, flood protection measures need to be
designed for increasingly extreme wave and water level conditions. While studies
found a substantial attenuation of waves by vegetation under regular storm
conditions (Möller et al., 2014; Yang et al., 2012), attenuation reduces for extremer
situations due the breaking of stems (Vuik et al., 2018a), seasonal die-off (Schoutens
et al., 2019), and deeper submergence. For the Dutch case studies in this thesis
extreme conditions with annual probabilities lower than 1/1000 were considered.
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For simplicity, this thesis opted not to include direct wave dampening effects from
vegetation in the case-studies in these conditions, even though these can still be
incorporated in the dike assessment framework from Chapter 6 using the scenario
approach for different vegetation conditions introduced in Chapter 2. Still,
Willemsen, Borsje, Vuik, Bouma, and Hulscher (2020) found a positive, albeit
diminished, contribution to wave attenuation can be expected from vegetated
foreshores under extreme conditions. As a result, nature-based solutions may
improve flood protection more so than this thesis suggests, in particular when a
high failure probability is acceptable.
To summarise, building with nature concepts of multifunctional use of flood
defences are promising to improve the protection against floods. However, one
must realise the contribution of nature-based elements to flood protection will
diminish over time with extremer sea-level rise scenarios, increasingly strict
protection standards for flood defences, and poor management of foreshores and
sediment budgets in the estuary.

7.4.2 The future of multifunctional use in flood protection strategies
For the next 30 years the flood protection strategies as applied today can still
guarantee sufficient safety against flooding once all reinforcement projects in the
HWBP are completed. For the long-term, 2100 and beyond, the uncertainty in
climate change and sea-level rise specifically will become an important factor.
Continued heightening and strengthening of flood defences in combination
with pumping remains a technical option for the future (Kwadijk et al., 2010). Dikes
will inevitably need to expand in and around urban centres and will increasingly
need to resemble the “super levee” concept already implemented in regions of
Japan, integrating massive flood defences into the urban fabric (Nakamura, 2016).
As explained in Chapter 2, the influence of multifunctional use on flood protection
from the added uncertainty in loads or dike strength will decrease as the magnitude
of the hydraulic loads or dike’s resistance increase, either to meet stricter safety
norms or due to increasing loads expected loads from e.g. sea-level rise. Put simply,
the influence of multifunctional use on safety decreases with the size of the dike. In
a way, this reinforces the call for more robust-multifunctional flood defences
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previously (van Loon-Steensma & Vellinga, 2014), although this time motivated
from a probabilistic perspective. Additionally, even the inclusion of a highly
uncertain system like a salt-marsh within a safety-assessment has shown
uncertainty in the dike’s strength parameters remains the largest source of
uncertainty for a dike’s performance (Vuik et al., 2018b). Thus, opportunities for
integrating multifunctional use with flood defences will increase in the scenario of
continued dike strengthening.
An alternative adaptation method is the inclusion of multifunctional flood
defence zones with nature-based solutions in addition to dike strengthening of the
flood defences. Multiple studies have suggested shifting towards softer naturebased solutions in response to sea-level (Baptist et al., 2019; Haasnoot et al., 2019;
Temmerman et al., 2013; van Wesenbeeck et al., 2014). It is actually one of the
preferred coastal adaption options for the Wadden Sea within the Dutch Delta
program (Delta Programme, 2014) and is one of the reasons for the pilots of the
Wide Green Dike and the Double Dike. These concepts for a multifunctional flood
protection zone were analysed in this thesis.
Chapters 4 and 5 discuss how the wave damping and sediment accumulation
processes of natural foreshores can be utilised to reduce the need and materials for
improving flood defences against sea-level rise. Still, as posed in section 7.4.1,
effective flood protection by ecosystems has a limited window of opportunity
where flood risk is reduced when sea-level rise quickly accelerates and sediment
sources in the Delta decrease. Therefore, this adaptation is most effective for the
lowest climate scenarios and decreases in effectiveness with higher sea-level rise
scenarios. The presence of an ecosystem will still aid in flood protection, even if
additional measures are needed to counteract sea-level rise.
Double dike systems allow for the creation of new land-uses such as nature
creation, aquaculture and saline agriculture while improving flood protection
(Chapter 3) and may add economic value to the adaptation strategy. Furthermore,
the interdike area can be used to establish ecosystems with same benefits as natural
foreshores in places where none are possible on the existing foreshore. As Chapter
3 discussed however, only a marginal improvement in flood protection is achieved
along the Dutch Wadden sea coast by the construction of an additional low dike
behind the existing tall defences. Instead, double dike systems can be implemented
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along the coast to slowly raise a second line of defences and anticipate a future
retreat scenario while preserving flood risk protection and land-use benefits. This
use of double systems can already be found along the Vietnamese coast in response
to coastal erosion (Vinh et al., 1997). Double dike systems with a small first dike
reducing waves loads on the second dike, or where water storage from flooding of
the interdike zone can reduce loads downstream show most promise (see Chapter
3).
In conclusion, the safety of multifunctional dikes will be highly relevant for
dike reinforcements now and in the future, regardless of the climate adaptation
pathway.

7.4.3 Recommendations for science
Based on the limitations raised in 7.3.3, and the foreseen knowledge gaps in
7.4.1 and 7.4.2 this subsection presents a list of recommendations for developing
the framework for multifunctional use further.
•

Incorporate the effects of multifunctional use on the exposure and vulnerability of
the hinterland. The current framework does not consider the effects of landuses on/near the dike on the vulnerability of and exposure of the
hinterland. For example, buildings on the super levee are elevated above
the surrounding area (Nakamura, 2016) making them less likely to be
flooded when another section of levee fails, but their presence on the levee
makes them vulnerable to the collapse of the specific levee they are built
on. The net safety gain or loss for by multifunctional use of the levee
cannot be evaluated within the framework of this thesis.

•

Incorporate serviceability limit states of other uses. The framework only
considers whether the dike will meet flood protection criteria. However, it
does not consider whether the dike or the surrounding area is fit for the
intended uses. Incorporating serviceability limit states alongside the safety
limit states would enable designs to be evaluated both based on flood
protection criteria, as well as the needs for the other uses.
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•

Development of probabilistic foreshore models. The complex interactions
between tides, waves, sediment, and possibly vegetation are difficult to
model. Yet, identifying the range and probability of future foreshore
scenarios is crucial to determine future loads on flood defences, especially
with regards to sea-level rise. Running accurate multi-year models
repeatedly to find critical future foreshore states is computationally
expensive. However, models that can run quickly within probabilistic
procedures are simplistic and require the omission or simplification of
many processes. Therefore, more work is needed to develop a model
procedure which can identify the risk of future foreshore states
detrimental to flood protection efficiently, while retaining as many crucial
complex interactions as possible.

7.5

Implications for the Dutch Flood Protection Program
One of the countries with the greatest need for flood protection is the

Netherlands. Dutch flood defences are maintained and reinforced by the Flood
Protection Program (abbreviated as HWBP in Dutch). This section discusses how
the framework from Chapter 6 of the thesis can be used to improve the existing
practices in the HWBP and compares them with the recent technical
recommendations by studies across projects in the HWBP (known as POVs in
Dutch).
When the probabilistic assessment framework for Dutch flood defences
(WBI2017) was in introduced in 2017 based on the methodology by VNK2 (2012), a
probabilistic approach towards multifunctional elements was yet to be determined.
In Chapter 2 the approach detailed by Knoeff (2017) of failure scenarios for objects
introduced for other uses was investigated. The recent POV studies (Roode et al.,
2019; Schelfhout et al., 2020) identify two options to include scenarios in
assessments: 1) either incorporate scenarios directly within the assessment of
failure mechanisms, or 2) include dike failure after the failure of an object as a
separate mechanism in the assessment. POV cables and pipelines (Schelfhout et al.,
2020) prefers the second option for pipelines as the safety assessments of the
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conventual failure mechanisms can be maintained while POV foreshores (Roode et
al., 2019) suggests the first option for objects on foreshores.
In the current approach all direct failure mechanisms are conservatively
assessed assuming the worst-case scenario for the state of objects to guarantee the
safety standards are met. However, as the calculation of the effect of a house in
Chapter 2 exemplifies, uses can, depending on the implementation, both contribute
to flood protection in one state and reduce flood protection in another. The net
effect of an object (both benefits and risks) on the safety of the dike is strongly
affected by the uncertainties in the failure mechanisms it affects. For example, if the
uncertainties in slope stability are already large due to uncertainties in the soil
strength, the effect of the house on flood protection will be smaller than if the soil
strength parameters are well-known. Such connections are less clear if the failure
state of an object is evaluated separately as a new failure mechanism, making it
more difficult to evaluate a design across the direct failure mechanisms like
overtopping or stability. Therefore, in this thesis, Chapters 2 and 6 specifically,
scenarios for objects have been incorporated directly within the assessment of
direct failure mechanisms similar to the suggestion by POV foreshores (Roode et
al., 2019). Nevertheless, incorporating objects, e.g. pipelines, wind turbines, etc., as
additional failure mechanisms in the HWBP’s assessments is more practical when
little flood protection benefits can be expected while damage from the object to the
flood defence can be extensive enough to trigger a dike failure.
An integrated approach between uses on the foreshore and the safety of a
flood defence is gaining traction within the HWBP. The recent POVs foreshores and
Wadden Sea dikes strongly advocate for incorporating foreshores in dike
assessments by default (Roode et al., 2019; Steetzel, Groeneweg, & Vuik, 2020). Like
the framework presented in Chapter 6, the POVs suggest (elements on) foreshores
are considered by a scenario approach when directly affecting failure mechanisms
of the flood defence (Roode et al., 2019), or as a change in the hydraulic load
conditions (Steetzel et al., 2020). A safety framework evaluating the flood protection
by multiple flood defences is still missing however. This has made flood protection
concepts like the Double Dike in Chapter 3 more difficult to evaluate.
Based on the Double Dike case in Chapter 3 this thesis proposes to consider
parallel defences as objects transmitting hydraulic loads to the most landward
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defence similar in concept to transforming hydraulic loads by a foreshore. When
multiple elements can retain a flood (e.g. with multiple dikes or a sand dune with
dike) a scenario approach is usually applied based on the probability of failure of
each defence. However, as discussed in Chapter 3, defining failure criteria for the
flood protection system at the first defence is ambiguous due to the interactions
between hydraulic loads, erosion mechanisms, and the resulting transmission of
hydraulic loads over time. In this case a scenario-based approach with a breached
scenario ignores the time required for the formation of a breach during a storm
event, resulting in an overestimation of the probability of a system failure if
emergency repairs are not possible.
The framework presented in Chapter 3 proposes to model parallel dikes by a
hydraulic transmission model similar to a transformation of loads by a foreshore,
rather than by scenarios. The required safety level is assessed at the last defence
protecting the hinterland given the transmitted hydraulic loads. Theoretically,
transmitted hydraulic loads are zero if the seaward defences already provide
sufficient safety during an event. Consequently, in this thesis the transmission of
hydraulic loads is regarded as an integral part of the design of a flood protection
system itself, rather than a boundary condition to which flood protection
infrastructure is designed. A downside of this is approach is that modelling flows
across an eroding dike is complex, requiring models and schematisations of both
the relevant erosion mechanisms of a dike and the resulting flows. Therefore, this
approach may not yet be feasible for most dike assessments. While small
adjustments can be made to failure criteria of the strongest dike to accommodate
the effect of another defence, this approach does not generalise easily to other
projects. Especially now integrated multifunctional flood protection measures with
double dikes are explored for multiple areas in the Netherlands (de Mesel,
Ysebaert, & Kamermans, 2013; van Loon-Steensma, de Vries, Bouma, & Schelfhout,
2020), the HWBP may consider to research the more general concept of
transmission models for dikes in order to assess the safety of such concepts in the
future.
Finally, one of the major tasks of the HWBP is reinforcing flood defences to
meet the safety standards before 2050. Understandably, many flood protection
designs and assessments within the HWBP are therefore geared towards analyses
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of the near future. However, cases like the Double Dike and Wide Green Dike are
presented as long-term solutions (2100 and beyond) with elements intended to
reduce the effects of future sea-level rise (e.g. by accretion of the foreshore). Yet,
probabilistic safety assessments of these systems have so far been limited to the
near future (Gautier et al., 2015; van Loon-Steensma & Schelfhout, 2013; van LoonSteensma et al., 2014a). Chapters 4 and 5 present a long-term perspective for flood
defences through the Wide Green Dike study, and conclude sediment accretion on
foreshores and mining from clay pits can indeed contribute to mitigating sea-level
rise. In doing so, management of the foreshore, e.g. sediment suppletion, grazing,
marsh restoration, etc., as well management of sediment within the delta system,
is revealed to be a key factor for the design of future flood protection measures
along the Wadden Sea in the HWBP. The monitoring and management of sediment
is already practised along the sandy coast of the Netherlands for decades. It is
recommended foreshore management is considered within reinforcement projects
along the muddy coasts as well.
Based on the framework in this thesis some types of multifunctional flood
protection concepts are more promising than others. As a general rule of thumb,
the effects of multifunctional (both positive and negative) are inversely
proportional to the size of the dike (i.e. large dike equals small effect). Primary flood
defences meeting high safety standards are designed for coping with large
uncertainties. Therefore, these defences will not be as significantly affected by
minor cases of shared-use a conservative estimate from a worst-case scenario
would suggest. Furthermore, promising avenues for multifunctional use of the
flood defence zone lie in the use foreshores, as these have the capacity to dampen
the need for additional reinforcements in the future. Special attention is required
for multifunctional use across multiple defences, as the construction of additional
low inland defences will generally not significantly contribute to flood protection
in the short term. Instead, these defences offer an avenue for long-term adaptation
plans, or for accommodating specific types of land-uses requiring access to
seawater.
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Appendix A:
A.1

Appendices belonging to Chapter 2

Case-study parameters

The dike geometry of the base case is captured by the variables in Table A1.1.
Table A1.1 The standard geometry parameters for the dikes in the hypothetical case-study
Symbol

Description

Distribution

zhinter

elevation of the
hinterland [m] above REF
elevation of the crest [m]
above REF
elevation of the foreshore
(at the dike toe) [m]
above REF
the average bed level, [m]
above NAP along the
fetch of the wind
inner slope angle [-]
outer slope angle [-]
crest width [m]
length of the foreshore

zcrest
zfore
zdeep
tan(αin)
tan(αout)
Bcrest
Lf

Deterministic

Parameters
µ
0

σ
-

Deterministic

5.5

-

Deterministic

0

-

Deterministic

-0.8

-

Deterministic
Deterministic
Deterministic
Lognormal

1/2.5
1/3
5
100

10

The soil was divided into 3 layers: the dike core, the blanket layer and the
aquifer. Representative values for the soil layers were taken from known soil types
in the Dutch riverine area (Table A1.2, Table A1.3 and Table A1.4).
Table A1.2 Standard parameters of the blanket layer for the dikes in the hypothetical case-study
Symbol
Description
Distribution
Parameters
µ
σ
dblanket
blanket layer thickness
Lognormal
2
0.6
[m]
γsat,blanket
saturated volumetric
Normal
18.8
0.1
weight of the blanket
layer [kN/m3]
kblanket
specific conductivity of
Lognormal
2.00E-08
2.00E-08
the blanket layer [m/s]
chblanket
cohesion of blanket
Deterministic
0
0
material [kN/m2]
φblanket
Friction angle of blanket
Normal
28
4.5
material [deg]
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Table A1.3 Standard parameters of the aquifer layer for the dikes in the hypothetical case-study
Symbol
Description
Distribution
Parameters
µ
σ
daquifer
Aquifer layer thickness
Deterministic
30
[m]
γsat,aquifer
saturated volumetric
Normal
18
0.1
weight of the aquifer
layer [kN/m3]
η
drag factor/White's
Deterministic
0.25
coefficient [-]
θ
bedding angle [rad]
Deterministic
0.61
d70
70%-percentile of the
Lognormal
3.07E-04
4.61E-05
grain size distribution [m]
kaquifer
specific conductivity
Lognormal
4.86E-04
2.82E-04
aquifer [m/s]
chaquifer
cohesion of aquifer
Deterministic
0
0
material [kN/m2]
φaquifer
Friction angle of aquifer
Deterministic
31.3
4.5
material [deg]
Table A1.4 Standard parameters for the dike soil material for the dikes in the hypothetical casestudy
Symbol
Description
Distribution
Parameters
µ
σ
γsat,core
saturated volumetric
Normal
18.2
0.1
weight of the dike core
[kN/m3]
γdry,core
dry volumetric weight of
Normal
13.1
0.1
the core[kN/m3]
chcore
cohesion of core material Deterministic
0
0
[kN/m2]
φcore
Friction angle of core
Normal
33
4.5
material [deg]

Hydraulic load parameters are given in Table A1.5. Representative water and
wind characteristics were estimated from the hydraulic loads database of the upper
Rhine area in the Netherlands which is available as part of the WBI software. For
simplification the wind direction is only considered in the direction perpendicular
to the dike.
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Table A1.5 Standard hydraulic load and resistance parameters for the dikes in the hypothetical casestudy
Symbol
Description
Distribution
Parameters
Source
µ
σ
ρw
density of water
Normal
1000
1
Known constant
[kg/m3]
h
water level [m]
Generalized
-2.5
σ =1.5,
Assumed
above REF
extreme value
ξ= -0.17
γbreak
breaker index of
Normal
0.425
0.075
Estimated
waves [-]
(TAW, 2002; van
der Meer et al.,
2016)
γf
roughness factor
Deterministic
1
(TAW, 2002; van
for an outer slope
der Meer et al.,
with grass [-]
2016)
uv
hourly wind speed
Gumbel
16.8
1.6
Assumed
at 10 m above the
surface [m/s]
Fmax
fetch [m]
Deterministic
1800
Assumed
qc
critical overtopping
(van Hoven,
discharge [l/m/s]
2015)
No house (closed
Lognormal
100
120
grass cover)
Intact house (open
Lognormal
70
80
grass cover)
Collapsed house
Lognormal
0.1
(no major
overtopping
allowed)

A.2

Overflow and overtopping limit state function
Overflow is calculated directly from the water level (h) and crest height (zcrest)

by the formula for a broad crested weir:
3
2√3
(A.2.1)
(ℎ − 𝑧𝑧𝑧𝑧crest )2
9
To calculate the overtopping discharge first the significant wave height (Hs)

𝑞𝑞𝑞𝑞overflow = �2𝑘𝑘𝑘𝑘 ∗

and period (Ts) perpendicular to the dike are estimated from the water depth (h),
fetch length (F), and wind speed (uwind) with the equations of Bretschneider as
presented by Holthuijsen (1980):
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
Fx = 2
𝑢𝑢𝑢𝑢wind
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ℎx =

𝑘𝑘𝑘𝑘ℎ

(A.2.3)

2
𝑢𝑢𝑢𝑢𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(A.2.4)

𝑑𝑑𝑑𝑑1 = tanh(0.53 ∗ ℎx0.75 )

𝑑𝑑𝑑𝑑2 = tanh(0.833 ∗ ℎx0.375 )
2
𝑢𝑢𝑢𝑢𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖
𝐹𝐹𝐹𝐹x0.42
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐻𝐻𝐻𝐻s = 0.283 ∗
∗ 𝑑𝑑𝑑𝑑1 ∗ tanh �0.0125 ∗
� ∗ 𝑚𝑚𝑚𝑚Bret,H
𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑1
𝑢𝑢𝑢𝑢wind
𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥0.25
∗ 𝑑𝑑𝑑𝑑2 ∗ tanh �0.077 ∗
𝑇𝑇𝑇𝑇s = 7.54 ∗
� ∗ 𝑚𝑚𝑚𝑚Bret,T
𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑2

(A.2.5)
(A.2.6)
(A.2.7)

With the wave characteristics the average overtopping discharge is

calculated following the formulas by TAW (2002) and van der Meer et al. (2016).
Since no berm is present on the dike of the case-study and waves are assumed
perpendicular factors related to these aspects are omitted.
tan(𝛼𝛼𝛼𝛼out )
𝜉𝜉𝜉𝜉0 =
2𝜋𝜋𝜋𝜋𝐻𝐻𝐻𝐻
� 𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇2s
s

0.067

1
�
𝐻𝐻𝐻𝐻s
𝜉𝜉𝜉𝜉0 ∗ 𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓 ⎞
⎛�tan 𝛼𝛼𝛼𝛼out
𝑞𝑞𝑞𝑞1 = min ⎜
⎟
1
𝑧𝑧𝑧𝑧crest − ℎ
∗ �
0.2 ∗ exp �−2.6 ∗
𝐻𝐻𝐻𝐻s
𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓
⎠
⎝
∗ 𝜉𝜉𝜉𝜉0 ∗ exp �𝑐𝑐𝑐𝑐1 ∗

∗ �𝑘𝑘𝑘𝑘 ∗ 𝐻𝐻𝐻𝐻s3

𝑞𝑞𝑞𝑞2 = 10𝑐𝑐𝑐𝑐2 ∗ exp �−
𝑞𝑞𝑞𝑞overtopping = �10

𝑧𝑧𝑧𝑧crest − ℎ

∗

𝑧𝑧𝑧𝑧crest − ℎ

� ∗ �𝑘𝑘𝑘𝑘 ∗ 𝐻𝐻𝐻𝐻s3
𝛾𝛾𝛾𝛾f ∗ 𝐻𝐻𝐻𝐻s ∗ (0.33 + 0.022 ∗ 𝜉𝜉𝜉𝜉0 )
𝑞𝑞𝑞𝑞1
𝜉𝜉𝜉𝜉 < 5

log(𝑞𝑞𝑞𝑞1 )+log(𝑞𝑞𝑞𝑞2 )
2

𝑞𝑞𝑞𝑞2

0

5 ≥ 𝜉𝜉𝜉𝜉0 ≥ 7
𝜉𝜉𝜉𝜉0 > 7

(A.2.8)

(A.2.9)

(A.2.10)
(A.2.11)

A description and values for the variables are presented in Table A.2.1.
Table A.2.1 Description and values of variables in the overtopping and overflow limit state function
Variable
𝜶𝜶𝜶𝜶𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨
𝜸𝜸𝜸𝜸𝐟𝐟𝐟𝐟

Description

Note

Outer slope angle [-]

-

Friction factor for the outer slope
[-]

1 (TAW, 2002)
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𝑯𝑯𝑯𝑯𝐬𝐬𝐬𝐬

Significant wave height [m]

See Eq. (A.2.6)

𝝃𝝃𝝃𝝃𝟎𝟎𝟎𝟎

Iribaren number [-]

See Eq. (A.2.8)

𝒄𝒄𝒄𝒄𝟏𝟏𝟏𝟏

Factor for overtopping [-]

Normally distributed with µ=4.75 and σ=0.5 (TAW, 2002)

𝒄𝒄𝒄𝒄𝟐𝟐𝟐𝟐

Factor for overtopping [-]

Normally distributed with µ=-0.92 and σ=0.24 (TAW, 2002)

Model factor for Bretschneider
equation

Lognormally distributed with µ=1 and σ=0.27 (Diermanse,
2016)

Model factor for Bretschneider
equation

Lognormally distributed with µ=1 and σ=0.13 (Diermanse,
2016)

𝒎𝒎𝒎𝒎𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐨𝐨𝐨𝐨,𝐇𝐇𝐇𝐇
𝒎𝒎𝒎𝒎𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐨𝐨𝐨𝐨,𝐓𝐓𝐓𝐓

The limit state function is then evaluated as:
𝑍𝑍𝑍𝑍overflow and overtopping = 𝑞𝑞𝑞𝑞c − 𝑞𝑞𝑞𝑞overflow − 𝑞𝑞𝑞𝑞overtop

A.3

(A.2.12)

Piping limit state function

Piping is evaluated with the piping erosion formulae of Sellmeijer et al. (2011).
The critical head difference (Hc) is calculated as:
𝛾𝛾𝛾𝛾𝑜𝑜𝑜𝑜 − 𝛾𝛾𝛾𝛾w
𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵 0.35
∗ 𝜂𝜂𝜂𝜂 ∗ tan 𝜕𝜕𝜕𝜕 ∗ �
�
𝛾𝛾𝛾𝛾w
𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵m
𝑑𝑑𝑑𝑑70
𝑑𝑑𝑑𝑑70m 0.6
𝐹𝐹𝐹𝐹S = 3
∗�
�
𝑑𝑑𝑑𝑑70
√𝜅𝜅𝜅𝜅𝜅𝜅𝜅𝜅
𝐹𝐹𝐹𝐹R =

𝐹𝐹𝐹𝐹G = 0.91 ∗

0.28
+0.04
𝑖𝑖𝑖𝑖aquifer 2.8
𝑑𝑑𝑑𝑑aquifer �
� −1
𝑆𝑆𝑆𝑆
�
�

𝜅𝜅𝜅𝜅
𝐻𝐻𝐻𝐻c = 𝐹𝐹𝐹𝐹R ∗ 𝐹𝐹𝐹𝐹S ∗ 𝐹𝐹𝐹𝐹G ∗ 𝜅𝜅𝜅𝜅

(A.3.1)
(A.3.2)
(A.3.3)
(A.3.4)

Failure occurs when the critical head level (Hc) is exceeded by the head

difference (H) and the resistance of the blanket layer:
𝑍𝑍𝑍𝑍piping = 𝑚𝑚𝑚𝑚p ∗ 𝐻𝐻𝐻𝐻c − (𝐻𝐻𝐻𝐻 − 0.3 ∗ 𝑑𝑑𝑑𝑑blanket )

(A.3.5)

The variables introduced by Eq. A.3.1 to Eq. A.3.5 are given in Table A.3.1.

and are based on estimates used in Dutch dike assessments. The intrinsic

204

Appendices

permeability (κ) which is directly converted from the permeability of the aquifer
(kaquifer).
Table A.3.1 Description and values of variables in the piping limit state function
Variable Description
Destribution
Parameters
𝜸𝜸𝜸𝜸𝐩𝐩𝐩𝐩
26
specific weight of sand
Deterministic
particles
𝜸𝜸𝜸𝜸𝐰𝐰𝐰𝐰
10
specific weight of water
Deterministic
𝜼𝜼𝜼𝜼
𝜽𝜽𝜽𝜽
𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹
𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝒎𝒎𝒎𝒎

𝒅𝒅𝒅𝒅𝟕𝟕𝟕𝟕𝟎𝟎𝟎𝟎𝟕𝟕𝟕𝟕
𝒎𝒎𝒎𝒎𝐩𝐩𝐩𝐩

A.4

drag factor
bedding angle [°]
Relative density of the
material compared to smallscale piping experiments
Reference d70 of the material
used in small-scale piping
experiments
Model factor for piping

Deterministic
Deterministic
Determinsistic

0.25
35
1

Determinsistic

2 ∗ 10−4

Lognormal

Macro stability limit state function

𝜇𝜇𝜇𝜇 = 1, 𝜎𝜎𝜎𝜎 = 0.12

Unit
𝑘𝑘𝑘𝑘𝑁𝑁𝑁𝑁
𝑚𝑚𝑚𝑚3
𝑘𝑘𝑘𝑘𝑁𝑁𝑁𝑁
𝑚𝑚𝑚𝑚3
𝑚𝑚𝑚𝑚
-

The macro stability of the dike is evaluated using the schematisation of the
phreatic surface of a clay dike from the TAW (2004) following the official Dutch
guidelines (see Fig. A.4.1). The TAW (2004) schematisation assumes a drop in the
phreatic surface on the interface of the dike with the outside water (1 m as by
default) and a linear drop towards the inner toe. The water head in the aquifer was
calculated using the equations by TAW (2004) as implemented in the D-stability
software (Brinkman & Nuttall, 2018).
The stability of the slope is calculated with the method by Van (2001) for the slip
plane and works on the same principle as the method by Bishop (1955). The main
difference between the methods is the separation of the slip plane in an active circle
connected by a straight section followed by a passive circle. The centres of these
circles of the critical slip plane (RA and RP) are found iteratively using the D-stability
software (Brinkman & Nuttall, 2018).
The slip plane is divided into slices and the net force induced by each slice is
calculated. If the moment induced by the active slices (ΣMS) is greater than the
combination of friction forces and moments induced by the passive slices (ΣMR) the
slope is unstable. This is both expressed in a factor of safety (FS) and Z-function.
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Figure A.4.1. Schematisation of the slip plane and phreatic surface used for the macro stability
calculation

𝐹𝐹𝐹𝐹S =

ΣMR
ΣMS

𝑍𝑍𝑍𝑍macrostability = 𝐹𝐹𝐹𝐹S − 1

(A.4.1)
(A.4.2)

To calculate the probability of failure with FORM the factor of safety needs

to be evaluated during each iteration with D-stability. An experimental version of
D-stability with an additional piece of software from the same developers called
the probabilistic toolkit (PTK) was utilised to automatically execute D-stability with
updated parameters calculated by the FORM algorithm in the PTK.
The iterative procedure of finding the critical slip plane is both
computationally demanding and complicates conversion in the probabilistic
FORM algorithm. To speed up the procedure in the computation first a test run is
performed using average soil strength parameters at a fixed critical slip plane with
a water level halfway at the crest . With the results of the first indicative run,
stochastic variables with little to no influence (|α|<0.001) are set as constants. Then
the entire model was run for each discretised water level.
After the run the fragility curve was checked for points where no
convergence was achieved with FORM or a non-critical slip circle must have been
evaluated. To this end points where the maximum number of iterations was
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reached or the probability of failure decreased with ascending water level were
removed to obtain a monotonically increasing fragility curve.

A.5

FORM algorithm
The first order reliability method (FORM) is a method to iteratively calculate

the probability of a limit state function

(Z(𝐗𝐗𝐗𝐗) ≤ 0) being exceeded given a set of

independent random variables (𝐗𝐗𝐗𝐗) (Hasofer & Lind, 1974). The starting point for
the iteration is arbitrary, but usually the mean of the variables is taken as the first
point to evaluate (𝐱𝐱𝐱𝐱 ∗ ). The problem is first simplified by converting the random

variables before each iteration into realisations of equivalent normally distributed
variables (𝐱𝐱𝐱𝐱′) with an equivalent normal transformation (Rackwitz & Flessler,
1978).
µ′𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 = 𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖∗ − 𝜎𝜎𝜎𝜎′𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 ∗ 𝛷𝛷𝛷𝛷−1 [𝐹𝐹𝐹𝐹(𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖∗ )]
𝜎𝜎𝜎𝜎′𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 =

𝜑𝜑𝜑𝜑{𝛷𝛷𝛷𝛷−1 [𝐹𝐹𝐹𝐹(𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖∗ )]}
𝑓𝑓𝑓𝑓(𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖∗ )

(A.5.1)
(A.5.2)

Where µ′Xi and σ′X𝑖𝑖𝑖𝑖 are the mean and standard deviation of the equivalent

normal distribution of variable xi in the point 𝐱𝐱𝐱𝐱 ∗ . Also f and F are the probability

density function (PDF) and cumulative distribution function (CDF) of variable xi

while φ and Φ are the standard normal PDF and CDF. The mean and standard
deviation of the limit state function are evaluated by:
∗)

𝜇𝜇𝜇𝜇𝑍𝑍𝑍𝑍 = 𝑍𝑍𝑍𝑍(𝒙𝒙𝒙𝒙

𝑛𝑛𝑛𝑛

+�

𝜎𝜎𝜎𝜎𝑍𝑍𝑍𝑍 = �� �
𝑖𝑖𝑖𝑖=1

𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1

𝜕𝜕𝜕𝜕𝑍𝑍𝑍𝑍 ′
(µ − 𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖∗ )
𝜕𝜕𝜕𝜕𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

𝜕𝜕𝜕𝜕𝑍𝑍𝑍𝑍 2 ′ 2
� 𝜎𝜎𝜎𝜎 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

(A.5.3)

(A.5.4)

With the mean and standard deviation calculated from the design point (𝐱𝐱𝐱𝐱 ∗ )

the reliability index (𝛽𝛽𝛽𝛽) and influence factor of each variable (𝛼𝛼𝛼𝛼𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 ) are calculated.
µ𝑍𝑍𝑍𝑍
(A.5.5)
𝛽𝛽𝛽𝛽 =
𝜎𝜎𝜎𝜎𝑍𝑍𝑍𝑍
𝜕𝜕𝜕𝜕𝑍𝑍𝑍𝑍 𝜎𝜎𝜎𝜎 ′𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖
(A.5.6)
𝛼𝛼𝛼𝛼𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 =
∗
𝜕𝜕𝜕𝜕𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 𝜎𝜎𝜎𝜎𝑍𝑍𝑍𝑍
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The point is updated by adjusting each variable based on the overall safety
level (𝛽𝛽𝛽𝛽) and the sensitivity of the limit state to the variable (𝛼𝛼𝛼𝛼𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 ):
𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖∗ = µ′𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 − 𝛼𝛼𝛼𝛼𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 𝛽𝛽𝛽𝛽𝜎𝜎𝜎𝜎′𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖

(A.5.7)

The process is repeated until the reliability index has converged and no longer
changes significantly after an iteration.
While the method is effective there are limitations. It is not guaranteed FORM
finds the design point with the highest probability but rather converges to a local
design point. Furthermore for FORM to converge the limit state function should be
smooth without jumps or discontinuities. This complicated the implementation of
for example macro stability as when a different slip circle becomes critical there can
be a sudden jump in the evaluation of the limit state function.
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Appendix B:
B.1

Appendices belonging to Chapter 3

List of Symbols

Table B.1.1 List of symbols used in Chapter 3
Symbol
Universal:
𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
Culvert:

𝐻𝐻𝐻𝐻
𝜅𝜅𝜅𝜅
𝑄𝑄𝑄𝑄
𝑆𝑆𝑆𝑆0
𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐
𝑊𝑊𝑊𝑊

𝑧𝑧𝑧𝑧𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷
𝑛𝑛𝑛𝑛
𝛼𝛼𝛼𝛼
𝜁𝜁𝜁𝜁𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛

𝜁𝜁𝜁𝜁𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜇𝜇𝜇𝜇

Dike profile
𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑧𝑧𝑧𝑧𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑧𝑧𝑧𝑧𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑧𝑧𝑧𝑧𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝛼𝛼𝛼𝛼
𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓
𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽

Wave Erosion
𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖
𝐵𝐵𝐵𝐵
𝑈𝑈𝑈𝑈
𝑎𝑎𝑎𝑎
𝑏𝑏𝑏𝑏

Variable
Gravitational acceleration
Time
x-coordinate
y-coordinate
Culvert height
Culvert length
Culvert discharge
Culvert slope
Critical slope
Culvert width
Culvert bottom elevation
Discharge coefficient
Manning’s roughness coefficient
Energy loss correction coefficient
Water level relative to the culvert bottom at the
intake
Water level relative the culvert bottom at the outlet
Flow contraction coefficient
Sand fraction within clay
Clay thickness
Dike crest elevation
Foreshore elevation
Elevation of transition between stone and grass
revetment
Dike slope
Roughness factor for overtopping
Wave direction factor for overtopping
Terrace width of the erosion profile
Cumulative overload. Subscript c for critical
overload
Wave run-up velocity. Subscript c, for critical
velocity
Constant in relation between wave height and grass
strength duration
Constant in relation between wave height
And grass strength duration

Unit
𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠 −2
𝑠𝑠𝑠𝑠
𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚3 𝑠𝑠𝑠𝑠 −1
−
−
𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃
−
1

𝑚𝑚𝑚𝑚3 𝑠𝑠𝑠𝑠 −1
−
𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚
−

−
𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃
𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃
𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃
−
−
−

𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚2 𝑠𝑠𝑠𝑠 −2
𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠 −1
𝑚𝑚𝑚𝑚

ℎ𝑦𝑦𝑦𝑦 −1
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𝑐𝑐𝑐𝑐

𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖
𝛼𝛼𝛼𝛼𝑀𝑀𝑀𝑀
𝛼𝛼𝛼𝛼𝑆𝑆𝑆𝑆

Constant in relation between wave height and
strength duration
Clay erosion coefficient
Maximum duration the revetment can withstand
wave impacts
Maximum duration the root zone beneath the
surface can withstand wave impacts
Erosion volume per unit width of dike
Factor for increased load at transitions and objects
Factor for decreased strength at transitions and
objects

Hydraulic parameters
𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠
Significant wave height
𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
Wave steepness �𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 ⁄�1.56 ⋅ 𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜2 ��
𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
Time lag between the peak of the storm surge and
high tide
𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜
Spectral wave peak period
𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
Duration of the peak of the storm
𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
Storm duration
ℎ
Water level
𝑞𝑞𝑞𝑞
Overtopping discharge
𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
Wave direction
𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
Wave breaker index

B.2

Modelling storm surges

𝑚𝑚𝑚𝑚

−
ℎ𝑦𝑦𝑦𝑦
ℎ𝑦𝑦𝑦𝑦

𝑚𝑚𝑚𝑚3 𝑚𝑚𝑚𝑚−1
−
−
𝑚𝑚𝑚𝑚
−
ℎ𝑦𝑦𝑦𝑦

𝑠𝑠𝑠𝑠
ℎ𝑦𝑦𝑦𝑦
ℎ𝑦𝑦𝑦𝑦
𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃
𝑚𝑚𝑚𝑚3 𝑚𝑚𝑚𝑚−1 𝑠𝑠𝑠𝑠 −1
−
−

Storms are modelled following the conventional Dutch dike assessment tools
in the (WTI-2017). For the case-study area the regular tide at Delfzijl was combined
with the storm surge model by Chab (2015). The storm surge is modelled as a
trapezoidal timeseries (see Figure B.2.1) characterized by a storm duration (𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ),

peak duration (𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ), peak water level (ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ), and the time lag between the peak

of the storm surge and the next high tide (𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ). For the eastern Waddensea

where the double dike case-study is located, Chab (2015) suggests a schematization
with 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 45 hours, 𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 2 hours, and 𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 6 hours.

The off-shore wave heights are assumed to remain constant for the duration

of the storm. A simple correction for wave breaking on the foreshore was made as
follows:
𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑑𝑑𝑑𝑑) = min (𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ; 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∗ (ℎ(𝑑𝑑𝑑𝑑) − 𝑧𝑧𝑧𝑧𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ))

B.2.1

where 𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 is the wave height, 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the breaker index set at 0.5, ℎ is the

water level, and 𝑧𝑧𝑧𝑧𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the foreshore elevation.
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Figure B.2.1 Schematization of a storm by combining a regular tide with a synthetic storm surge

B.3

Modelling culvert discharge
This entire section was adapted from Deltares (2020) (p. 301 to 303). To

simplify the formulas, first some notation is introduced. The up- and downstream
water depths at the culvert are defined as:
𝜁𝜁𝜁𝜁𝑠𝑠𝑠𝑠 = max(0; 𝜁𝜁𝜁𝜁𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 )

𝜁𝜁𝜁𝜁𝑖𝑖𝑖𝑖 = max(0; 𝜁𝜁𝜁𝜁𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )

(B.3.1)
(B.3.2)

The critical water depth in the culvert is calculated as:
3

𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 = �

𝑄𝑄𝑄𝑄2
𝑘𝑘𝑘𝑘𝑊𝑊𝑊𝑊 2

(B.3.3)

The flow rate through the culvert depends on the flow regime. Six flow
regimes are distinguished following the classification by French (1985), with
different discharge formulas for each.
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Table B.3.1 The different flow regimes through a culvert with associated conditions
Type
Flow regime
Conditions
𝜁𝜁𝜁𝜁𝑠𝑠𝑠𝑠
𝜁𝜁𝜁𝜁𝑖𝑖𝑖𝑖
𝜁𝜁𝜁𝜁𝑖𝑖𝑖𝑖
Other
1
2
3
4
5
6

Supercritical flow at
intake
Supercritical flow at
outlet
Tranquil flow
Submerged flow

Rapid flow at inlet

Full flow free outlet

< 1.5𝐻𝐻𝐻𝐻

≤ 𝐻𝐻𝐻𝐻

≤ 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐

< 1.5𝐻𝐻𝐻𝐻
> 𝐻𝐻𝐻𝐻

≤ 𝐻𝐻𝐻𝐻
> 𝐻𝐻𝐻𝐻

> 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐

< 1.5𝐻𝐻𝐻𝐻

≥ 1.5𝐻𝐻𝐻𝐻
≥ 1.5𝐻𝐻𝐻𝐻

≤ 𝐻𝐻𝐻𝐻

≤ 𝐻𝐻𝐻𝐻
≤ 𝐻𝐻𝐻𝐻

≤ 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐

𝑆𝑆𝑆𝑆0 > 𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁
𝑆𝑆𝑆𝑆0 ≤ 𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐

≤ 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐
> 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐

The general formula for the discharge can be written as:
where:

𝑄𝑄𝑄𝑄 = 𝜇𝜇𝜇𝜇𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑊𝑊𝑊𝑊 ∗ �2𝑘𝑘𝑘𝑘∆𝐻𝐻𝐻𝐻,

µ = 𝑓𝑓𝑓𝑓(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, 𝐻𝐻𝐻𝐻, 𝑊𝑊𝑊𝑊, 𝜅𝜅𝜅𝜅, 𝑛𝑛𝑛𝑛, 𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷 , 𝛼𝛼𝛼𝛼)
𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 ,
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 1, 2
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 3
𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = �𝜁𝜁𝜁𝜁𝑖𝑖𝑖𝑖 ,
𝐻𝐻𝐻𝐻,
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 4, 5, 6
𝜁𝜁𝜁𝜁𝑠𝑠𝑠𝑠 − 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 ,
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 1, 2
𝜁𝜁𝜁𝜁 − 𝜁𝜁𝜁𝜁𝑖𝑖𝑖𝑖 ,
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 3, 4
∆𝐻𝐻𝐻𝐻 = � 𝑠𝑠𝑠𝑠
𝜁𝜁𝜁𝜁𝑠𝑠𝑠𝑠 ,
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 5
𝜁𝜁𝜁𝜁𝑠𝑠𝑠𝑠 − 𝐻𝐻𝐻𝐻,
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 6

(B.3.4)
(B.3.5)
(B.3.6)

(B.3.7)

For the full discharge formulas with the calculation of the flow contraction
coefficient see Deltares (2020) (p. 301 to 303).

B.4

Wave erosion and overtopping formulas
This section only describes the main components of the prototype dike

erosion model that was used for the study. The full documentation of the model
and the integration between failures is described by Kaste and Klein Breteler (2015)
and Rongen et al. (2018). The values of all parameters used within this study are
presented in the supplement to the online article.
B.4.1

Erosion of the grass revetment:
The grass can fail by wave-run and wave impacts in the impact zone. The

run-up part is calculated with the method by de Waal and van Hoven (2015b). For
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the duration of the storm, the expected number of waves with a run-up velocity
greater than the resistance of the grass (𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 > 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐 ) is calculated across the slope of

the dike weighted into a damage number (𝐵𝐵𝐵𝐵). When the critical amount of damage
(𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐 ) is computed the grass layer is considered failed and the layer beneath it is
subjected to wave loads. This process is described by the equations:
𝑛𝑛𝑛𝑛𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠

𝐵𝐵𝐵𝐵 = � max(𝛼𝛼𝛼𝛼𝑀𝑀𝑀𝑀 𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖𝑖𝑖 2 − 𝛼𝛼𝛼𝛼𝑆𝑆𝑆𝑆 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐2 ; 0) ,

(B.4.1)

ln 𝑑𝑑𝑑𝑑
𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 ⋅ �𝑘𝑘𝑘𝑘 ⋅ 𝑧𝑧𝑧𝑧2% �
,
ln 0.02

(B.4.2)

𝑖𝑖𝑖𝑖=1

where 𝛼𝛼𝛼𝛼𝑀𝑀𝑀𝑀 and 𝛼𝛼𝛼𝛼𝑆𝑆𝑆𝑆 are calibration constants for discontinuities on the dike

slope (assumed to be 1 for the case-study), 𝑧𝑧𝑧𝑧2% is the 2% wave run-up, 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 is a

constant (1.1), and 𝑑𝑑𝑑𝑑 is the probability of a wave. Failure of the grass is assumed

when 𝐵𝐵𝐵𝐵 > 𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐 , at 7000 m2s-2 (de Waal & van Hoven, 2015b).

The failure from wave impact is calculated with the method of de Waal and

van Hoven (2015a). Failure of the grass by wave impact is calculated with wave
impact resistance curves described by the equation:
1
𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 − 𝑐𝑐𝑐𝑐
max � ln �
� ; 0� ,
𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 > 𝑐𝑐𝑐𝑐
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = �
𝑏𝑏𝑏𝑏
𝑎𝑎𝑎𝑎
1000,
𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 ≤ 𝑐𝑐𝑐𝑐

(B.4.3)

When during a storm the critical duration for wave loads (𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) at a

section of the revetment is exceeded, that grass section is considered damaged and
the root zone beneath can erode. Erosion of the root zone below is calculated in a
similar way:
min (𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ; 0,5) − 0.2
,
𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖 tan 𝛼𝛼𝛼𝛼 1.5 max(𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 − 0.5; 0.001)
1000,
Where:

𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖 = 1.1 + max(0; 8 ∗ (𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 − 0.7))

𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 > 0.5

𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 ≤ 0.5

(B.4.4)

(B.4.5)
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To combine damage by run-up and impact after time step 𝑗𝑗𝑗𝑗 with a duration

∆𝑑𝑑𝑑𝑑, the failure fractions for both mechanisms per vertical dike segment are added
and failure is defined as:
𝑗𝑗𝑗𝑗

∆𝑑𝑑𝑑𝑑
𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖
�� +
�>1
𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖 + 𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖

(B.4.6)

𝑖𝑖𝑖𝑖=1

B.4.2

Erosion of clay:

The erosion rate of the clay layers inside the dike when subjected to waves is
calculated with the formula by Mourik (2015):
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖0
⎧ce ⋅ [1.32 − 0.079 2 ] ⋅ [16.4 (tan 𝛼𝛼𝛼𝛼)2 ] ⋅
𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠
𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 ⎪
0.0061
=
𝜕𝜕𝜕𝜕𝑑𝑑𝑑𝑑
�min �3.6; 1.5 � � ⋅ [1.7 ⋅ (𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 − 0.4)2 ], 𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 > 0.4
⎨
𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
⎪
𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 ≤ 0.4
⎩0,

(B.4.7)

When clay is eroded from the profile, a cliff (slope 1:1) is formed around the
water level and a terrace (slope 1:8) is formed below the water line.
B.4.3

Erosion of sand:
The erosion of sand is computed with the model by Klein Breteler et al.

(2012a):
𝜕𝜕𝜕𝜕𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠2 0.15
𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖 2
=
� 1.3 tan 𝛼𝛼𝛼𝛼 0.8 �135 − 1500 ⋅ 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 � ⋅ exp �−0.0091 ⋅ � � ��
𝜕𝜕𝜕𝜕𝑑𝑑𝑑𝑑
𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠

(B.4.8)

Here, 𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖 is the terrace width of the eroded profile. The erosion profile again

consists of a steep cliff (slope 1:1) and a shallow terrace (slope 1:8) around the water
line.

A small change was made to the model to better represent the erosion around
the sand and clay around clay core of the dike in the case-study of this paper.
Originally, the equation of the weakest material in the wave impact zone was used
to calculate the erosion volume per time step (Kaste & Klein Breteler, 2015; Rongen
et al., 2018). This caused an unrealistically high erosion rate of the clay core when
the top of the wave impact zone happened to extend just above the core into the
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sand above. An additional requirement was implemented that equation B.4.8 is
used only if at least 25% of the material in the impact zone is sand.
B.4.4

Erosion of other materials:
The erosion of other materials like stone is not implemented yet. Instead, it is

simply assumed these sections will not fail when exposed to wave impacts. The
revetment will still fail, however, by erosion propagating from a section directly
above or below the revetment as the revetment is literally being undermined.

B.5

Overtopping
After erosion of the dike profile has been accounted for, overtopping is

calculated with the EurOtop formulas (van der Meer et al., 2016):
0.067
𝑧𝑧𝑧𝑧crest − ℎ
1
∗ 𝜉𝜉𝜉𝜉0 ∗ exp �−4.75 ∗
∗
�
𝐻𝐻𝐻𝐻s
𝜉𝜉𝜉𝜉0 ∗ 𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓 ∗ 𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽 ⎞
⎛√tan 𝛼𝛼𝛼𝛼
3
𝑞𝑞𝑞𝑞 = min ⎜
⎟ ∗ �𝑘𝑘𝑘𝑘 ∗ 𝐻𝐻𝐻𝐻s
1
𝑧𝑧𝑧𝑧crest − ℎ
∗
�
0.2 ∗ exp �−2.6 ∗
𝐻𝐻𝐻𝐻s
𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓 ∗ 𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽
⎝
⎠
tan(𝛼𝛼𝛼𝛼)
𝜉𝜉𝜉𝜉0 =
2𝜋𝜋𝜋𝜋𝐻𝐻𝐻𝐻
� 𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇 2s
p

(B.5.1)

(B.5.2)

and,

𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽 = 1 − 0.0033 ∗ min (|𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 |, 80°)

(B.5.3)
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Appendix C:
C.1

Appendices belonging to Chapter 4

Marsh soil investigations

As part of preparatory work for the pilot project of the wide green dike soil
investigations have been carried out by private companies within the marsh to
measure potential contamination and suitability of the clay for direct application in
dike construction (Raadgevend Ingenieursbureau Wiertsema & Partners, 2016;
Sweco Nederland B.V., 2018). These reports have been shared confidentially for this
study. The moisture content, dry matter content, fraction of organic matter content,
and the depth below the surface from which the sample were taken were recorded.
Additionally the locations of the samples were recorded: at the marsh at the
location of the pit, at the marsh near the clay depot (closer to the dike toe) or within
one the ditches in the marsh.
Bulk dry density (BDD) of the samples was not measured and direct
measurements of BDD within the Dollard marsh are limited. Esselink et al. (2019)
measured BDD from 10 marsh samples. The values ranged between 744 and 1085

Figure C.1.1 Bulk dry density estimations of the marsh soil in the Dollard at three locations/ The
triangles were samples from a ditch, the sampled represented by circles were taken around the
centre of the marsh before the borrow pit was excavated and the squares were samples close to
the dike toe.
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kg/m3 with an average of 873 kg/m3. Assuming the average BDD of the marsh of
both Esselink et al. (2019)’s measurements and the soil investigations is the same,
the properties measured in the soil investigations can be converted to BDD
estimations assuming a saturation of 0.94. This allowed for an expansion of the
BDD data-set as shown by figure A1. BDD within the marsh varies between 737
and 1008 kg/m3. A distinct class with higher values around 1208 kg/m3 was found.
These high values indicate clay has compacted from grazing cattle on the marsh
(Esselink, 1998; Karle & Bartholomä, 2008).
Three measurements of BDD within the infilling borrow pit were taken by
Esselink et al. (2019) measuring BDD’s of 342, 367 and 407 kg/m3. These values are
comparable to the estimated BDD within ditches of the marsh. It was therefore
assumed the BDD within the borrow pit will follow a similar density distribution
over depth as shown in Figure C.1.1.

C.2

Simulating storm surges
The progression of the water level during a high water event was determined

the tool called “waterstandsverloop” used for Dutch dike safety assessments based
on the schematisation of Chab (2015). The tool generates a storm surge using the
tide at the location and the maximum water level during the storm as inputs. A
trapezium-shape is added to the tidal signal such that the maximum water level
matches the highest water level of the storm (see Figure C.2.1). The storm duration
and phase of the tide for the Dollard area were adopted directly from the report by
Chab (2015).
To shorten the simulation time, the time series was restricted to only the two
tidal cycles with the highest water levels. For the deposition model this section
contains the fast rise in water level where sediment can enter the marsh and the
period during high water where it settles. This extended peak of the storm is also
the critical period for wave impacts at the dike as high waves are dependent on the
high water level.
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Figure C.2.1 Progression of a simulated high water event of 5.5 m+NAP, composed of a tidal signal
in the Dollard and an artificial storm surge. The two vertical lines denote the two tidal cycles of the
time series used for computations.

C.3

Simulating the water level within the borrow pit
The borrow pit in the Dollard is connected to the tidal network by a ditch. A

weir was installed between the pit and the ditch to keep water around the bird
island at the centre of the pit. This weir affects the flow of water in and out of the
pit. In particular the weir prevents the pit from draining completely at low tide,
allowing sediment to settle even during low tide.
Modelling the weir was achieved by incorporating the Bernoulli equation.
Since the flow of the tide is orders of magnitude smaller than the flow over the
weir, the flow velocity in and out of the pit over the weir is calculated as:
𝑢𝑢𝑢𝑢 = �2𝑘𝑘𝑘𝑘 ∗ (ℎ�𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − ℎ�𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 )

(C.3.1)

Where ℎ�𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and ℎ�𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 are the water depths at the sea and pit side of the weir

above the level of the weir. The discharge (𝑄𝑄𝑄𝑄) in and out of the pit is computed as
follows:

𝑄𝑄𝑄𝑄 = (max (ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ; 𝑧𝑧𝑧𝑧𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) − ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ) ∗ 𝑅𝑅𝑅𝑅 ∗ 𝑢𝑢𝑢𝑢

(C.3.2)

Where ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the water level of the tide, ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the water level within the pit,

𝑧𝑧𝑧𝑧𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the elevation of the weir crest, and 𝑅𝑅𝑅𝑅 is an inverse resistance term

accounting for both the width of and friction induced by the weir. The change in
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water level within the pit is the result of discharge in and out of the pit spread out
over the area of the pit:
𝑑𝑑𝑑𝑑ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (max(ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ; 𝑧𝑧𝑧𝑧𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) − ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ) ∗ 𝑅𝑅𝑅𝑅 ∗ 𝑢𝑢𝑢𝑢
=
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑁𝑁𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(C.3.3)

The resistance term 𝑅𝑅𝑅𝑅 was calibrated for three situations: during inflow when

the tide enters the pit at flood tide, during outflow when the pit drains at ebb tide,
and during overflow when the tide is higher than the edges of the pit. Calibration
was performed with direct measurements of the water level within the pit at the
Dollard between September of 2018 and March 2019 and the local tide gauge at
Nieuwe Statenzijl.
With the calibrated parameter 𝑅𝑅𝑅𝑅 (Table C.3.1) an excellent fit (𝑅𝑅𝑅𝑅 2=0.96) was

achieved between the measured water levels within the pit and the water levels
converted from the tidal signal at Nieuwe Statenzijl (Figure C.3.1).

Table C3.1 The parameters used to convert water levels from the tide gauge at Nieuwe Statenzijl
to water levels within the pit
Symbol
𝑨𝑨𝑨𝑨𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑
𝒛𝒛𝒛𝒛𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘
𝑹𝑹𝑹𝑹

Description

Value

Weir flow resistance
term

Rin = 3.5
Rout = 2.7
Rover = 13.5

Pit surface area
Weir crest elevation

3.5
0.9

Unit

ha
m+NAP
m

(a)
(b)
Figure C.3.1 (a) comparison of the tide at Nieuwe Statenzijl (light blue) measured tide at
the borrow pit (dark blue), and the modelled water level in the borrow pit over 1 week. (b)
comparison of the measured and modelled water levels in the borrow pit over a three month period.
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C.4

Modelling auto-compaction within the pit
Allen (2000a) presented a formula to model compaction as follows:
𝑇𝑇𝑇𝑇 = (𝑇𝑇𝑇𝑇0 − 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) ∗ 𝑑𝑑𝑑𝑑 −𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(C.4.1)

Where 𝑇𝑇𝑇𝑇 is the layer thickness, 𝑇𝑇𝑇𝑇0 is the layer thickness during deposition,

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 the minimum thickness after compaction, 𝐻𝐻𝐻𝐻 is the overburden height and 𝑘𝑘𝑘𝑘 is

a compaction constant. For this study it is more convenient to reformulate the

formula in terms of bulk dry density (𝜌𝜌𝜌𝜌) and mass of sediment within the pit (𝑚𝑚𝑚𝑚):
1
1
1
1
=� −
� ∗ 𝑑𝑑𝑑𝑑 −𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 +
(C.4.2)
𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝜌𝜌𝜌𝜌0 𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
Where 𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the BDD of the sediment layer, 𝜌𝜌𝜌𝜌0 is the BDD before compaction

and 𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is the BDD after compaction. Constant 𝑘𝑘𝑘𝑘 can be computed from the known

profile within the ditch, the BDD of unconsolidated clay in the ditch and the
consolidated clay in the marsh:

𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
−1
1
𝜌𝜌𝜌𝜌
ln � 𝜌𝜌𝜌𝜌 𝑖𝑖𝑖𝑖
𝑘𝑘𝑘𝑘 = −
�
inf
𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖
−1
𝜌𝜌𝜌𝜌0

(C.4.3)

From the measurements the 𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is taken as the BDD of the marsh and 𝜌𝜌𝜌𝜌0 as

the BDD at the surface of the ditch where (mostly) unconsolidated deposits are
present. From the ditch measurements a BDD over depth profile was fitted:
𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ = 45.53 ∗ 𝐵𝐵𝐵𝐵 4.284 + 𝜌𝜌𝜌𝜌0 − 4.4

(C.4.4)

𝑚𝑚𝑚𝑚 = � 𝜌𝜌𝜌𝜌(𝐵𝐵𝐵𝐵) ∗ 𝑑𝑑𝑑𝑑𝐵𝐵𝐵𝐵

(C4.5)

Where (𝐵𝐵𝐵𝐵) is the depth below the surface. The mass below the surface can be
found by the integral:

The deepest sample from the ditch was at 1.6 m below the surface and using
expected BDD values for the marsh and ditch samples (873 kg/m3 and 398 kg/m3
respectively, see Appendix C.1), the compaction constant 𝑘𝑘𝑘𝑘 can thus be estimated

to be 4.6*10-4 kg-1 with uncertainty around this value. A new BDD accounting for
compaction in the lower layers is computed for each time step of the model with

the compaction constant 𝑘𝑘𝑘𝑘 and the mass within the pit 𝑚𝑚𝑚𝑚 using eq. C.4.3.
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C.5

Failure of a grass on clay revetment

C.5.1

Wave impact
Failure by wave impact is considered in three stages: a) failure of the grass

cover, b) failure of the roots within the clay and c) failure of the entire clay layer. In
terms of a limit state approach, the failure is described by:
(C.5.1)

𝑍𝑍𝑍𝑍𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖 = 𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖

A recent study suggests adding a reduction factor for wave heights in wave
impact calculations to account for lower pressures exerted by oblique waves (Klein
Breteler & Mourik, 2019). However, this has not yet been implemented in Dutch
dike assessment calculations and was therefore not yet considered to keep the
results of this study comparable to previous designs of the wide green dike.
Failure of the grass cover
Within the WBI 2017 the time required for initial damage of the top layer with
grass (𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) is calculated with an empirically fitted formula (Klerk & Jongejan,
2016):

Where:

𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔

=

𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠

=

𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐

=

𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠

=

𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

1
𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 − 𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐
ln �
�
𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔
𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠

Constant in resistance duration
curve,
Lognormal (μ =1.82, σ = 0.62)
Constant in resistance duration
curve,
Constant (-0.035)
Constant in resistance duration
curve,
Constant (0.25)
Significant wave height

(C.5.2)

[𝑚𝑚𝑚𝑚−1 ]
[ℎ𝑦𝑦𝑦𝑦 −1 ]
[𝑚𝑚𝑚𝑚]
[𝑚𝑚𝑚𝑚]
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Failure of the grass and root zone
The subsequent time required to erode the clay layer reinforced by the roots
of grass until 0.5 m below the surface (𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) is also determined from an empirically
fitted formula (Klein Breteler, 2015):
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =

With 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖 :

0.5 − 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖 (𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 − 0.5) ∗ (tan 𝛼𝛼𝛼𝛼)1.5

(C.5.3)

𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 �𝜇𝜇𝜇𝜇𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑 = 0.59 + max�0; 8(𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 − 0.7)� ,
𝜎𝜎𝜎𝜎𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑 = 0.32�

Where:

=

Thickness of the top-layer of
grass, (0.2 m)
Significant wave height

[𝑚𝑚𝑚𝑚]

=

Slope angle

=

Sand fraction within the clay,
For clay from the pit 𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 <
70%

[°]

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

=

𝛼𝛼𝛼𝛼

𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠

𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

[𝑚𝑚𝑚𝑚]
[%]

Failure of the deeper clay layer

The time required for the remaining clay below the 0.5 m is calculated with
the model by (Mourik, 2015):
⎛
𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = −12.66 ∗ 𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠2 ln ⎜1 −
⎝

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖

⎞
⎟
0.0061
466 ∗ 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖 ∗ 𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠2 ∗ (𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 − 0.4)2 ∗ (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝛼𝛼𝛼𝛼)2 ∗ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛 �3.6; 1.5 �
𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
⎠

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖

=

the total erosion volume

=

𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

=

erosion coefficient for clay,
Normal (μ=0.55, σ=0.1375)
Wave steepness

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖

(C.5.4)

[𝑚𝑚𝑚𝑚2 ]
[−]
[−]

The erosion profile forming within the dike changes as erosion progresses.
To greatly simplify the calculation a worst case erosion profile is assumed where
the cliff side has a 1:1 (=45°) slope while the terrace is horizontal. With these
assumptions the required erosion volume to erode the entire thickness of the clay
layer (𝑑𝑑𝑑𝑑) follows as:
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 =
222

1 2
1
1
𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗ �
+
�
2
tan 𝛼𝛼𝛼𝛼 tan(45° − 𝛼𝛼𝛼𝛼)

(C.5.5)

Appendices

Wave impact duration
The zone where waves can impact the slope extends from the water line to
half a wave height below the water line. The maximum duration of wave impact
along any point on the slope is thus the time the water level is within a range of
half a wave height of that point.
For calculations the slope is discretised in sections of wave impact zones, each
with a height of 0.5 𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 . The erosion of each section is calculated using eq. C.5.5.

When the erosion profile starts expanding into the next section, the erosion volume
extending in the section above must be added to the erosion volume of the section

above. From the geometry of the erosion profile the erosion volume in the next
section is calculated as:
1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(45° − 𝛼𝛼𝛼𝛼)
𝛥𝛥𝛥𝛥𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖+1 = max �0; 1 − 𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 ∗
� ∗ 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖
2
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖

(C.5.6)

Here 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖 is the erosion depth of section 𝑚𝑚𝑚𝑚 resulting in additional erosion in the

next section (𝛥𝛥𝛥𝛥𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖+1 ). Using eq. A.4 the additional erosion is converted in additional

time of wave impact exposure (∆𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖 ) because of erosion propagating from

the section below.
C.5.2

Overtopping
Failure of a dike by overtopping is induced by an excessive amount of waves

overtopping the crest of the dike resulting in erosion of the inner slope from water
flowing down the inner slope. In the limit state approach this is expressed as:
(C.5.7)

𝑍𝑍𝑍𝑍𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜 = 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 − 𝑞𝑞𝑞𝑞

Here 𝑞𝑞𝑞𝑞 is the average discharge along the inner slope of the dike induced by

overtopping waves while 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 is the critical discharge before erosion of the inner

slope is induced. The formulas by TAW (2002) and van der Meer et al. (2016) are
used to compute the discharge.
𝑞𝑞𝑞𝑞overtopping =

𝑞𝑞𝑞𝑞1
log(𝑞𝑞𝑞𝑞1 )+log(𝑞𝑞𝑞𝑞2 )
�10
2

𝜉𝜉𝜉𝜉0 < 5
5 ≥ 𝜉𝜉𝜉𝜉0 ≥ 7
𝜉𝜉𝜉𝜉0 > 7

(C.5.8)

𝑞𝑞𝑞𝑞2
Of which the parameters 𝑞𝑞𝑞𝑞1 , 𝑞𝑞𝑞𝑞2 and 𝜉𝜉𝜉𝜉0 are calculated with the formulas:
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0.067

1
�
𝐻𝐻𝐻𝐻s
𝜉𝜉𝜉𝜉0 ∗ 𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓 ∗ 𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽 ⎞
⎛√tan 𝛼𝛼𝛼𝛼
3
𝑞𝑞𝑞𝑞1 = min ⎜
⎟ ∗ �𝑘𝑘𝑘𝑘 ∗ 𝐻𝐻𝐻𝐻s
1
𝑧𝑧𝑧𝑧crest − ℎ
0.2 ∗ exp �−2.6 ∗
∗
�
𝐻𝐻𝐻𝐻s
𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓 ∗ 𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽
⎝
⎠
∗ 𝜉𝜉𝜉𝜉0 ∗ exp �𝑐𝑐𝑐𝑐1 ∗

𝑞𝑞𝑞𝑞2 = 10𝑐𝑐𝑐𝑐2 ∗ exp �−

𝑧𝑧𝑧𝑧crest − ℎ

∗

(C.5.9)

𝑧𝑧𝑧𝑧crest − ℎ

(C.5.10)

� ∗ �𝑘𝑘𝑘𝑘 ∗ 𝐻𝐻𝐻𝐻s3
𝛾𝛾𝛾𝛾f ∗ 𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽 ∗ 𝐻𝐻𝐻𝐻s ∗ (0.33 + 0.022 ∗ 𝜉𝜉𝜉𝜉0 )
tan(𝛼𝛼𝛼𝛼)
𝜉𝜉𝜉𝜉0 =
2𝜋𝜋𝜋𝜋𝐻𝐻𝐻𝐻
� 𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇2s

(C.5.11)

p

And the influence factor for the wave direction (𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽 ):
𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽 = 1 − 0.0033 ∗ min (|𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 |, 80°)

(C.5.12)

The parameters used as input are in the table below.
Table C.5.1 The input variables for the overtopping calculations
Symbol
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𝒒𝒒𝒒𝒒𝒄𝒄𝒄𝒄

=

𝒛𝒛𝒛𝒛𝐜𝐜𝐜𝐜𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁𝐁
𝒉𝒉𝒉𝒉
𝑯𝑯𝑯𝑯𝐬𝐬𝐬𝐬
𝜸𝜸𝜸𝜸𝒇𝒇𝒇𝒇

=
=
=
=

𝒄𝒄𝒄𝒄𝟐𝟐𝟐𝟐

=

𝜶𝜶𝜶𝜶
𝒄𝒄𝒄𝒄𝟏𝟏𝟏𝟏

=
=

𝒈𝒈𝒈𝒈

=

𝑻𝑻𝑻𝑻𝒑𝒑𝒑𝒑
𝜶𝜶𝜶𝜶𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘

=
=

Description
Critical overtopping discharge:
Lognormal(µ=70, σ=80)
Angle of the outer slope
Overtopping model coefficient:
Normal(µ=-4.75, σ=0.5)
Dike crest elevation
Water level
Significant wave height
Slope roughness factor:
1 for grass
Gravitational acceleration:
9.81
Overtopping model coefficient:
Normal(µ=-0.92, σ=0.24)
Wave peak period
Wave direction relative to the dike normal

Unit

𝐹𝐹𝐹𝐹 −1 𝑚𝑚𝑚𝑚−1 𝑠𝑠𝑠𝑠 −1
°
−

𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃
𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃
𝑚𝑚𝑚𝑚
−
𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠 −2
−
𝑠𝑠𝑠𝑠
°

Appendices

Appendix D:
D.1

Appendices belonging to Chapter 5

Model parameters

This appendix presents the parameter values and distributions in chapter 5.
Table D.1.1 Marsh accretion parameters
Variable
ℎ𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

Description
Distribution of the water
level at high tide
Suspended sediment
concentration
Fraction of suspended
sediment retained per
tidal cycle
Bulk dry density of the
marsh

Value

Unit

GEV(µ = 1.3, σ = 0.4, ξ = -0.1)

𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚3

See Table 1
0.8

−

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚3
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜕𝜕𝜕𝜕𝑦𝑦𝑦𝑦

See Table 1

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

Subsidence rate

2.7

Variable

Description
Initial marsh elevation
Initial marsh width
Slope of the marsh elevation

Table D.1.2 Marsh profile parameters

𝑧𝑧𝑧𝑧𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ
𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ
tan 𝛼𝛼𝛼𝛼𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ

Value
1.86
750
1/4000

Unit
𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃
𝑚𝑚𝑚𝑚
-

Table D.1.3 Parameters used in the dike reinforcement calculation. Distributions are GEV= generalized
extreme value distribution, W=Weibull distribution, C=constant, L=lognormal, V= variable is adjusted
between computations
Variable
Hydraulic
ℎ
𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠
𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜

𝑢𝑢𝑢𝑢10

Description
Combined high
water + storm
surge (excluding
SLR)
Significant wave
height

Distribution
type

GEV

W

Wave peak period

W

Wind speed 10 m
above the water

GEV

Value(s)

µ=
3.70

σ=
0.44

A=
0.75
A=
3.15
µ=
23.2

B=
1.66
B=
3.40
σ=
2.00

Unit

ξ=0

𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃
𝑚𝑚𝑚𝑚

ξ=0.02

𝑠𝑠𝑠𝑠

𝑚𝑚𝑚𝑚
𝑠𝑠𝑠𝑠
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Dike
tan 𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑧𝑧𝑧𝑧𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐

Modelling
factors
𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜
𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜

Dike slope
Dike crest height
Critical
overtopping
discharge

C
V

1/7

𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃

L

µ = 70

σ = 80

𝐹𝐹𝐹𝐹 −1 𝑚𝑚𝑚𝑚−1 𝑠𝑠𝑠𝑠 −1

Overtopping factor

N
L

σ = 0.5
σ=
0.24

-

Shallowness factor

µ = 4.5
µ=
0.92

-

Table D.1.4 The correlation matrix between hydraulic parameters fitted from Hydra-NL

𝒉𝒉𝒉𝒉
𝑯𝑯𝑯𝑯𝒔𝒔𝒔𝒔
𝑻𝑻𝑻𝑻𝒑𝒑𝒑𝒑

D.2

𝒖𝒖𝒖𝒖𝟏𝟏𝟏𝟏𝟎𝟎𝟎𝟎

𝒉𝒉𝒉𝒉
1
0.77
0.56
0.71

𝑯𝑯𝑯𝑯𝒔𝒔𝒔𝒔
0.77
1
0.94
0.62

𝑻𝑻𝑻𝑻𝒑𝒑𝒑𝒑

0.56
0.94
1
0.39

𝒖𝒖𝒖𝒖𝟏𝟏𝟏𝟏𝟎𝟎𝟎𝟎
0.71
0.62
0.39
1

Dike reinforcement formulas

D.2.1 The overtopping calculation
Before the amount of overtopping can be determined the wave conditions at
the dike toe need to be known. The SWAN wave model was used to transform
offshore wave and wind conditions into a significant wave height (𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 ) and spectral
wave period (𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚−1 ) at the dike toe. From the database of computed SWAN

transformations new offshore conditions could be readily transformed to
conditions at the dike (see section 5.3.4).
The following section summarizes the procedure to calculate the average

discharge of water over a dike during storm conditions following the EurOtop
manual (van der Meer et al., 2016). First the type of wave breaking is determined
with the breaker index (𝜉𝜉𝜉𝜉), a ratio between the slope steepness and wave steepness.
𝜉𝜉𝜉𝜉𝑚𝑚𝑚𝑚−1,0 =

2
tan(𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) ∗ �𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚−1

�2𝜋𝜋𝜋𝜋𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠

(D.2.1)

Since the spectral wave period 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚−1 is used in this variation, the breaker

index has the subscript m-1. For 𝜉𝜉𝜉𝜉𝑚𝑚𝑚𝑚−1,0 < 5 the average overtopping discharge (𝑞𝑞𝑞𝑞)

is calculated with the formula:
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𝑞𝑞𝑞𝑞

�𝑘𝑘𝑘𝑘𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠3

=

0.067

�tan(𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 )

∗ 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠 ∗ 𝜉𝜉𝜉𝜉𝑚𝑚𝑚𝑚−1,0 ∗ exp �−𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜 ∗

with a maximum of:

𝑞𝑞𝑞𝑞

�𝑘𝑘𝑘𝑘𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠3

𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐
�
𝜉𝜉𝜉𝜉𝑚𝑚𝑚𝑚−1,0 ∗ 𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 ∗ 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠 ∗ 𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓 ∗ 𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽

= 0.2 ∗ exp �−2.6 ∗

𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐
�
𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 ∗ 𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓 ∗ 𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽

When 𝜉𝜉𝜉𝜉𝑚𝑚𝑚𝑚−1,0 > 7 the average overtopping discharge (𝑞𝑞𝑞𝑞) is calculated as:
𝑞𝑞𝑞𝑞

�𝑘𝑘𝑘𝑘𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠3

= 10𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜 ∗ exp �−

𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐

�
𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓 ∗ 𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽 ∗ 𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 ∗ �0.33 + 0.022 ∗ 𝜉𝜉𝜉𝜉𝑚𝑚𝑚𝑚−1,0 �

(D.2.2)

(D.2.3)

For cases where 5 ≤ 𝜉𝜉𝜉𝜉𝑚𝑚𝑚𝑚−1,0 ≤ 7 the overtopping discharge is interpolated

between the two equations.

In the equations 𝑘𝑘𝑘𝑘 is the gravitational acceleration constant, 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐 is the crest

height above the average water level and the 𝛾𝛾𝛾𝛾’s are various influence factors. The
other input variables are explained in Table D.1.3.

Because the dike was schematised as a smooth grass dike with no berm, 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠

and 𝛾𝛾𝛾𝛾𝑓𝑓𝑓𝑓 are both set to 1. The influence of wave angle (𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ) is calculated with the
equation:

𝛾𝛾𝛾𝛾𝛽𝛽𝛽𝛽 = 1 − 0.0033 ∗ min ( |𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 |, 80°)

(D.2.4)

The procedure so far describes the amount of overtopping, but not whether
the dike fails. Failure of the dike was assumed when the overtopping discharge (𝑞𝑞𝑞𝑞)
exceeds a critical threshold (𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 ). This was described by the limit state function (𝑍𝑍𝑍𝑍)
where dike failure is induced when 𝑍𝑍𝑍𝑍 > 0.
𝑍𝑍𝑍𝑍 = 𝑞𝑞𝑞𝑞 − 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐

(D.2.5)

D.2.2 First order reliability method (FORM)
The first order reliability method is an approach to approximate the
probability of failure of a system. The type of failure considered in this study is
excessive overtopping during a storm. Mathematically failure is described by the
limit state function (Eq. D.2.5) and the other equations of section D.2.1.
Combining the values of all parameters into one single vector (𝒙𝒙𝒙𝒙), in the
FORM algorithm the values in 𝒙𝒙𝒙𝒙 are iterative varied until 𝑍𝑍𝑍𝑍(𝒙𝒙𝒙𝒙) = 0. However many

combinations of values in 𝒙𝒙𝒙𝒙 satisfy this condition. The probability of failure is
determined by the combination of values in 𝒙𝒙𝒙𝒙 with the highest probability of

occurring given the probability distributions in Table D.1.3 and correlations
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specified in table D.1.4. Following the FORM-method presented by Low and Tang
(2007)the probability of failure is approximated by first solving:
𝛽𝛽𝛽𝛽

=

𝑍𝑍𝑍𝑍(𝒙𝒙𝒙𝒙)=0

min ��𝒏𝒏𝒏𝒏𝑇𝑇𝑇𝑇 𝑅𝑅𝑅𝑅−1 𝒏𝒏𝒏𝒏�

(D.2.6)

Here 𝛽𝛽𝛽𝛽 is the reliability index and 𝑅𝑅𝑅𝑅 is the correlation matrix. The vector 𝒏𝒏𝒏𝒏 is

a normalization of the elements in 𝒙𝒙𝒙𝒙 as:

𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚 = 𝛷𝛷𝛷𝛷−1 (𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚 (𝜕𝜕𝜕𝜕𝑚𝑚𝑚𝑚 ))

(D.2.7)

Where 𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 is the cumulative distribution function from the ith parameter in 𝒙𝒙𝒙𝒙,

and 𝛷𝛷𝛷𝛷−1 is the inverse standard normal distribution. The probability of failure (𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 )
is computed from the reliability index 𝛽𝛽𝛽𝛽 as:
𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 = 𝛷𝛷𝛷𝛷(−𝛽𝛽𝛽𝛽)

(D.2.7)

The mathematical problem stated in Eq. B.6 is an example of a constrained

non-linear optimization problem. The numerical solver called fmincon in the
program MATLAB was used to numerically solve the system of equations in this
appendix. This way the probability of failure of different crest heights was
computed until an optimal height was found meeting the safety standard.
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