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Summary

This report studies the ability of flood defences to reduce the risk of flooding. Storm surge barriers
are a specific type of flood defence. Their function is to reduce the hydraulic loads, the water levels
and the wave conditions on the dikes located behind the storm surge barrier. Safety standards for
flood defences are established to ensure a minimum level of safety, accounting for the performance
of flood defences, which is determined by their probability of failure.

The applicable requirements for storm surge barriers have developed over time. Various
assumptions have been made in deriving these requirements, because the applicable standards for
flood defences and the corresponding methods to assess their safety have developed. Specifically,
assumptions have been made regarding the influence of storm surge barrier performance on the
failure probability of dikes. The objective of this study is to build a framework that includes this
relationship in a requirement for storm surge barriers.

The framework is built by analysing the relationships that define the flood protection system. It is
considered that a reduction in storm surge barrier performance increases the water levels in front of
dikes, which increases the dike failure probability and the risk of flooding. The framework built in this
study calculates a requirement for structural failure of storm surge barriers based on an economic
optimisation at flood protection system level. The dike failure probability is calculated by expressing
storm surge barrier performance in terms of water levels in front of the dike and by representing the
resistance of a dike to a certain water level using fragility curves. In the next step, investment
functions are used to translate failure probabilities into costs to determine the minimum, and
therefore optimum, costs at flood protection system level.

The framework is first applied in a generic context to outline the steps and potential applications of
the framework. Second, the framework is applied to a schematised representation of the Eastern
Scheldt, focusing on the case-specific aspects. The framework is applied to identify the criteria that
should be considered in safety standards for storm surge barriers. A requirement for storm surge
barriers considers the dike failure probability as a function of storm surge barrier performance. The
maximum allowed dike failure probability relates to the maximum allowed consequences of flooding.
Furthermore, the variation in dike investment costs compared to the variation in storm surge barrier
investment costs is important to derive a requirement that corresponds to an economically optimum
flood protection system.
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1. Introduction

1.1. Research context

The function of flood defences is to reduce the risk of flooding. They do so by resisting hydraulic
loads, which are water levels and wave conditions. In other words, flood defences are designed to
prevent water levels and waves from reaching and damaging the area behind them. There are
various types of flood defences, each of them has its own role within the flood protection systems
shown in Figure 3. Dunes and dikes are located in front of the hinterland; they protect the hinterland
directly against hydraulic loads. Figure 1 shows an example of a dike section in the Netherlands.
Dunes, typically found along the Dutch coast, are sandy shorelines that function as flood defences.

Figure 1 [Left]: Example of a dike in the Netherlands. Figure 2 [Right]: Eastern Scheldt Barrier.

A storm surge barrier (SSB) is a specific type of flood defence, as it is not constructed to directly
protect the hinterland, its function is to reduce the hydraulic loads on dikes. A storm surge barrier
does so by closing when a high water level occurs or is predicted. This allows for tidal exchange when
the storm surge barrier is opened. As a result of these closure procedures, the maximum water level
in the estuary that acts as a load on dikes is reduced. This flood protection system is schematised in
Figure 3. The Eastern Scheldt Barrier, an example of a storm surge barrier, is shown in Figure 2.

Water levels including SSB performance (PWL)

—— storm surge barrier performance
—— perfect storm surge barrier

Hinterland
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104
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exceedance probability (p) [1/year]
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T T T
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Figure 3 [Left]: Schematisation of a flood protection system with a storm surge barrier. Figure 4 [Right]: Example of water
levels at the Eastern Scheldt, location Oesterdam, as a function of storm surge barrier performance using Prespeil.



A storm surge barrier reduces the hydraulic loads, the effectiveness in reducing the hydraulic loads is
described by its performance. The performance is limited by the fact that a storm surge barrier does
not function perfectly, it is possible that a storm surge barrier is not fully closed during high water. As
such, storm surge barrier performance accounts for its probability of failure; the probability that the
structure does not fulfil its water-retaining function. There are various causes for a storm surge
barrier not performing perfectly. One of these failure mechanisms is the fact that structural parts of a
storm surge barrier can fail due to the hydraulic loads acting on the structure. Structural failure is
correspondingly defined as loss of water-retaining function by failure of structural parts of the flood
defence. In other words, it is possible that structural components of the storm surge barrier fail to
prevent water from passing the structure.

The performance of storm surge barriers can be expressed in terms of water levels, of which an
example is shown in Figure 4. The performance level (prestatiepeil) is the water level corresponding
to a certain exceedance probability, the water level distribution shown in Figure 4 shows a series of
water levels calculated while accounting for the fact that a storm surge barrier does not function
perfectly. This is illustrated in Figure 4, the red curve, the curve that is determined by its
performance, estimates a higher water level than the green curve, the curve that assumes a perfect
storm surge barrier. The lower the exceedance probability, which means the larger the expected
period over which a certain event is expected to occur, the larger the difference in water level
between the two curves.

The probability of failure of a storm surge barrier must be reasonably low to effectively reduce the
estuary hydraulic loads. Therefore, a maximum allowable probability of such an event taking place is
defined. Such a defined minimum expected performance is prescribed by safety standards. Safety
standards ensure that structures are assessed against the probability of a certain unfavourable event
occurring. A requirement allows for assessing the performance of storm surge barriers. Additionally,
requirements for storm surge barriers define the hydraulic loads that must be accounted for in
designing and assessing dikes. It defines which assumed reduction in hydraulic loads is accounted for
when verifying the required strength of dikes. Defining requirements for storm surge barriers is thus
essential for establishing the context for designing and assessing dikes.

1.2. Problem description

The safety standards used for assessing storm surge barriers in the Netherlands have developed over
time. These safety standards can be confusing, as the maximum allowed probability of failure is
assigned to different criteria that define failure. Furthermore, these safety standards hold various
assumptions. The influence of storm surge barrier performance on the design and assessment of
dikes is not derived explicitly, as concluded from the literature review, which is stated in the
knowledge gap in Section 2.5. Structural failure of storm surge barriers is of particular interest, as
requirements are based on specific assumptions regarding this failure mechanism. This failure
mechanism has been treated differently than other storm surge barrier failure mechanisms in safety
standards, which introduces additional definitions.



Two recent developments are relevant with respect to safety standards for storm surge barriers and
are therefore included in this study.

e New safety standards for designing and assessing flood defences in the Netherlands were
introduced in 2017. These new safety standards have introduced additional definitions
concerning the effect of storm surge barrier failure on flood risk.

e The water level distributions derived in OBT (2022) for the Eastern Scheldt, of which an
example is shown in Figure 4, provide insights into the influence of the performance of the
Eastern Scheldt Barrier, and structural failure in particular, on the resulting water levels
behind the Eastern Scheldt Barrier.

1.3. Research objective

The objective of this study is to build a framework that calculates the effect of structural reliability of
storm surge barriers on dike failure probabilities and that derives a requirement based on this effect.
The framework is used to identify criteria that influence this effect and consequently the derived
requirement. These criteria are identified for storm surge barriers in the Netherlands in the context
of flood risk.

The following main research question is formulated.
What criteria should be considered in safety standards for storm surge barriers?
Three sub-questions are formulated to address the main research question.

1. What criteria have been used in safety standards for storm surge barriers?

2. What aspects describe the effect of storm surge barrier performance on flood risk?

3. What criteria should be considered in a requirement for structural failure of the Eastern
Scheldt Barrier?

1.4. Research methodology

Literature is reviewed to identify the criteria that have been used in safety standards for storm surge
barriers. This review outlines the definitions and assumptions underlying these safety standards,
including the specific definitions and assumptions for different failure mechanisms of storm surge
barriers. Based on the literature review, a knowledge gap is identified. This knowledge gap is
consulted to identify the aspects to include in the framework.

The framework reflects the relationships that describe the effect of storm surge barrier performance
on flood risk. The framework captures the effect of storm surge barrier failure on water levels and
the influence of these water levels on the failure probability of dikes along the estuary. The
framework provides a mathematical description of these relationships, which is used to derive a
requirement for structural failure of storm surge barriers.

The framework is applied to identify the criteria that should be considered in safety standards for
storm surge barriers. The framework is applied first in a generic context, focusing on a description of
relevant relationships. Furthermore, the relevant aspects to consider in applying the framework are
identified. As a next step, the framework is applied to the case study, the characteristics of the
Eastern Scheldt are schematised to derive a requirement for structural failure of the Eastern Scheldt
Barrier. Based on this application, in combination with a description of the requirements and
assessment of the storm surge barrier, the relevant criteria for a requirement for structural failure of
the Eastern Scheldt Barrier are discussed.



1.5. Structure report

The first chapter of this report introduces the topic. The second chapter discusses safety standards
for storm surge barriers in the Netherlands. The third chapter develops the framework after
examining the influence of storm surge barrier performance on the risk of flooding. The fourth
chapter applies the framework in a generic context. The fifth chapter applies the framework to the
case study. The steps taken regarding the application of the framework are discussed in the sixth
chapter. The last chapter presents conclusions and recommendations.



2. Reviewing safety standards

This chapter reviews safety standards for flood defences, with the focus on storm surge barriers. The
findings presented in the first three sections are used to present and discuss the requirements for
structural failure of the Eastern Scheldt Barrier. In the last section, a knowledge gap is formulated.

2.1. Safety standards for flood defences

This section discusses the old and the new safety standards for flood defences. Leidraad
Kunstwerken (LK, 2003) outlines failure mechanisms for storm surge barriers based on the return
period of the hydraulic loads defined in safety standards. Werkwijzer Ontwerpen Waterkerende
Kunstwerken (WOWK, 2018) includes methods for calculating failure probabilities for flood defences
and for the distribution of the maximum allowed failure probability across failure mechanisms.

2.1.1. Introduction on safety standards for flood defences

Hydraulic loads are used for designing and assessing flood defences. In the old safety standards, as
applied before 2017, a single exceedance value was used for designing and assessing flood defences
in the Netherlands. This included the derivation of one value with a certain return period. This return
period was derived per area protected by flood defences and was established by law in Wet op de
Waterkering (1996). For example, for the dikes along the Eastern Scheldt, a return period of 4000
years was enforced. Consequently, the dikes along the Eastern Scheldt were designed and assessed
to resist the hydraulic loads predicted to occur once in 4000 years.

Old safety standards
h(p=1/RT,

Flood
defence
New safety standards
P(h=hi
Flood
defence

Figure 5: The old safety standards define a return period (RT) of the hydraulic loads. The new safety standards relate to the
uncertainty in the occurrence of a certain load (h;).

Since 2017, safety standards for flood defences in the Netherlands require failure probabilities to be
calculated explicitly. In fact, safety standards for flood defences based on failure probabilities were
already calculated and proposed based on an economic optimisation in van Dantzig (1956). However,
in practice the exceedance probabilities of hydraulic loads were used for designing and assessing
flood defences under the old safety standards. The difference between the old and the new safety
standards is schematised in Figure 5. In the new safety standards, the complete water level
distribution, including the probability of occurrence of water levels, is directly used in designing and
assessing flood defences.

Furthermore, the maximum allowed failure probability of flood defences located directly in front of
the hinterland is in the new standards explicitly calculated based on the consequences of flooding.
This is done by determining the strictest of three criteria (Slootjes & van der Most, 2016).



e Economic optimisation: A maximum allowed failure probability is determined based on an
optimisation that considers investment costs and risk related costs, which reflects an
aversion to high economic damage resulting from flooding.

e Individual risk: A maximum allowed failure probability is determined based on the maximum
allowed probability of dying due to a flood per person, which reflects an aversion to
someone dying resulting from flooding.

e Societal risk: A maximum allowed failure probability is determined based on the maximum
allowed probability of a certain number of people dying due to a flood, which reflects an
aversion to multiple people dying due to a certain flood.

Safety standards for flood defences in the Netherlands are expressed in two failure parameters
(Slootjes & van der Most, 2016). These two failure probabilities are assigned to each flood defence
trajectory, which is defined as a certain stretch of flood defence along the waterline.

e Maximum allowable annual probability of failure (Ondergrens): Failure probability that
must not be exceeded. A minimum required reliability.

¢ Signal value (Signaleringswaarde): Probability used for indicating the need to maintain and
reinforce flood defences.

2.1.2. Old safety standards for flood defences

LK (2003) defines requirements for moveable flood defences that apply to storm surge barriers. This
safety standard prescribes requirements for three failure mechanisms of storm surge barriers. LK
(2003) defines these three failure mechanisms as follows.

e Structural failure: Failure of structural components resulting in loss of water-retaining
function measured at hydraulic boundary conditions corresponding to the safety standard.

e Operational failure: Non-closure resulting in exceedance of the maximum inflowing volume.

e Overtopping failure: Water passing a closed object resulting in exceedance of the maximum
inflowing volume.

In practice, tailored approaches were used to assess storm surge barriers. Fault trees represent the
events that lead to the occurrence of the top event and therefore allow for specifying the unique
characteristics of storm surge barriers. This approach is exemplified by two examples.

The failure probabilities for different components of the Maeslant Barrier, as derived from
design documents, are presented in van Wonderen (2003). Rijkswaterstaat (1986) describes the fault
tree used in the design of the Eastern Scheldt Barrier, which includes the calculation of the total
failure probability resulting from different failure mechanisms. This fault tree is discussed in more
detail in Section 2.4.

Table 1 presents two criteria that are used for defining requirements in LK (2003). The maximum
allowable annual failure probabilities per failure mechanism are derived via Equation 1.

Preq,m = Preq * Wy Equation 1

®  Pregm [1/year]: Maximum allowed failure probability of failure mechanism.
®  Prq [1/year]: Safety standard, return period of hydraulic loads.
®  w,, [-]: Distribution factor of failure mechanisms.



Table 1: Requirements for storm surge barriers in LK (2003).

Criterion Failure mechanism (m) w [-]
The probability of structural failure must be small because of Structural failure 0.01
the uncontrollable situations associated with erosion of the

bed protection that result in severe flooding. The structural

failure probability must be insignificant compared to the

maximum allowed failure probability of the two other failure

mechanisms.
The probability that failure of a storm surge barrier leadsto  Operational failure 0.1
exceeding a maximum inflowing volume must be small. This  Overtopping failure 1

maximum inflowing volume relates to the storage capacity
of the water body, or, in other words, to the maximum
allowable estuary water level.

There are two approaches to check whether the requirement presented in Equation 1 is met. Both
approaches are explained using the limit state function presented in Equation 2.

/=R-S Equation 2

e 7: Limit state function, failure for Z < 0.
e R:Resistance.
e S:load.

The first approach is a fully probabilistic method. The calculations are performed while considering
uncertainty in both load and strength. The failure probability is defined as the probability that the
limit state function is smaller than zero (P(Z < 0)). This calculated failure probability is verified
against the maximum allowed probability of failure per failure mechanism, as defined in Table 1.
The second approach is a semi-probabilistic method. In this method, the safety standard is
translated into design values and safety factors per event. The design water level, the load as a
function of the safety standard, is used for deriving the required strength of the structure, such that

the limit state is greater than zero (Z(B¢q) > 0).

2.1.3. New safety standards for flood defences

WOWK (2018) is a follow-up on LK (2003), including recommendations on using failure probabilities
when designing and assessing water-retaining structures. This is reflected in the definition of failure;
the maximum inflow of volume is related to the consequences of inflowing volume (i.e., economic
damage or fatalities) instead of exceeding a threshold water level.

Equation 3 is used for designing and assessing flood defences according to the new safety standards.
The failure probability of a flood defence is distributed over different failure mechanisms. A
prescribed distribution of failure mechanisms is shown in Figure 6. A length effect is prescribed per
failure mechanism of flood defences.



p _ Preq * Wiy Equation 3
reqm — N
m

®  Pregm [1/year]: Maximum allowed failure probability of failure mechanism at cross section
level.

® P4 [1/year]: Safety standard, maximum allowed probability of failure, of flood defence
trajectory.

®  w,, [-]: Distribution factor of failure mechanisms.

e N, [-]: The length effect considers the variations in load and resistance along a flood defence
trajectory per failure mechanism. Load and resistance are not the same for every inspected
cross section.

remaining
30.0% )
structural failure
piping structure
2.0%
2.0% non closure structure
4.0%
overtopping 24.0%
10.0%
erosion outer slope
4.0%
24.0%

macrostability

piping

Figure 6: Default distribution of the maximum allowed failure probability across failure mechanisms as prescribed for dike
trajectories in Handreiking ontwerpen met overstromingskansen (2014).

So far, the standards of the Water Act (Waterwet) have been discussed. When designing water-
retaining structures, both the Water Act and the Building Decree (Bouwbesluit) are to be used. The
Building Decree imposes the design of structural components, including components with a non-
water-retaining function. So, if a structural component fulfils a water-retaining function, a check on
both the Water Act and the Building Decree is important. Such a check is relevant on two scales; the
Water Act is imposed at trajectory level, and the Building Decree is imposed per component and per
structure (WOWK, 2018).

Another difference between the two standards is the reference period used in requirements.
The Water Act defines requirements that must be complied with every year, the annual failure
probability must every year be lower than as maximally allowed. The Building Decree defines
requirements with respect to the lifetime of the structure, the total failure probability during the
entire lifetime of the structure is assessed (WOWK, 2018).

In the Building Decree, the reliability index, a measure for the level of safety used in design, is
used to determine load and resistance. This reliability index is based on the consequence class, the
larger the consequences, the higher the consequence class, the higher the required reliability index,
and the higher the load used in designing structural components.

WOWK (2018) shows how the maximum allowed failure probability is used to determine
loads for designing structural components according to the Water Act using safety factors.
Consequently, the semi-probabilistic design is governed by the stricter of the two standards. These
design principles are summarised in Figure 7.



Consequence
Class Building
Decree (CC)

Design load
(YR, Ys)

Semi-probablistic
(Z=R(YR)-S(Ys))

Reliability index

Semi-probablistic
(Z=R(YR)-S(Ys))

Design load
(YR, Ys)

Reliability index

Safety standard
Water Act (Preqg,m)

Fully-probablistic
(P(Z<0)<Preq,m)

Figure 7: Design methods for structural failure of flood defences via Building Decree and Water Act.

2.2. Safety standards for storm surge barriers

This section discusses safety standards for storm surge barriers. The approach and formulas used for
calculating a safety standard for storm surge barriers are important for the safety standards as
established in Dutch law.

2.2.1. Approach for deriving safety standards for storm surge barriers

For deriving safety standards for storm surge barriers, the effect of storm surge barrier performance
on the hydraulic loads on dikes is considered. Safety standards are in Jongejan (2015) derived to
allow for neglecting the contribution of storm surge barrier performance to the dike failure
probability. Two reasons are identified that explain why this approach is considered.

e The failure probabilities of dikes, and thus the safety standards of dikes, do not need to be
recalculated for considering the effect of a different storm surge barrier performance. In
other words, this approach aligns with the dike safety standards that have been derived
while accounting for a certain storm surge barrier performance.

e |tis assumed that the investments in keeping the storm surge barrier up to standard are
lower than the investments in dike strengthening prevented by keeping the storm surge
barrier up to standard. In other words, it is assumed economically preferable to have a
negligible storm surge barrier failure probability.

2.2.2. Derivation of safety standards for storm surge barriers

A safety standard that calculates the maximum allowed annual probability of failure for storm surge
barriers is derived in Jongejan (2015). A safety standard is derived based on the assumption that the
failure probability of a storm surge barrier (P(Fsgg)) must have a small influence on the calculated
failure probability of dikes (P(F4ike))- This principle is illustrated in Figure 8, the probability of a
scenario where both dike and storm surge barrier fail (P(Fgike) N P(Fssg)) must be small with
respect to the probability of the scenario where the dike fails, while the storm surge barrier does not

fail (P(Fgixe) N P(Fssp)).

P(Fgike) = P(Fgike) N P(Fssp) + P(Fgike) N P(Fssp) = Equation 4
P(Fgikel|Fssp) * P(Fssg) + P(Fgike|Fssg) * P(Fssp)

A criterion is correspondingly defined by stating that the left term in Equation 4 must be less than 10
per cent of the right term of this equation, as shown in Equation 5. This threshold assumes that the
probability of flooding can practically not be calculated within this margin of 10 per cent (Jongejan,
2015).



P(FaikelFssg) * P(Fssg) < 0.1 * P(Fyike|Fssp) * P(Fssp) Equation 5

P(Faike) NP(Fsss)

P(Fdike) N P(Fsss)

P(Fdike) N P(Fsss)

P(Fdike) N P(Fsss)

Figure 8: Venn diagram illustrating the failure scenarios for a flood protection system with a storm surge barrier.

The expression in Equation 5 is simplified further. The probability of storm surge barrier failure is
assumed to be small (P(Fssg) = 1). The maximum allowable annual probability of failure (Preq,aike)
is assigned to the dike failure probability given no storm surge barrier failure (P (Fzixe|Fssg)),
implying that the dike failure probability is fully governed by this term. As a result of these
assumptions, a maximum allowable failure probability for a storm surge barrier is derived via
Equation 6.

Preq,dike Equation 6

P =
Teq,SSB T 10 « P(FaikelFssp)
* Pregsss [1/year]: Maximum allowed annual probability of storm surge barrier failure.

®  Preqaike [1/year]: Maximum allowed annual probability of dike failure. This parameter is
determined by the strictest safety standard of the dike trajectories along the estuary.

o P(FyirelFssg) [-1: The conditional failure probability of a dike given failure of the storm surge
barrier.

2.2.3. Safety standards for operational failure of storm surge barriers

For storm surge barriers, it is considered infeasible to neglect the effect of the operational failure
probability on the hinterland (Kramer & van der Most, 2014). An additional requirement is prescribed
for operational failure of storm surge barriers. The requirement defined by Equation 6 applies to
failure in closed state, implying that failure due to non-closure is not assessed via this safety
standard.

This additional safety standard for operational failure models the probability of non-closure in the
hydraulic loads behind the storm surge barrier. These hydraulic loads, thus the hydraulic loads
including the effect of operational failure, are used when designing and assessing dikes. For storm
surge barriers that allow for defining a unique relationship between storm surge barrier failure and
resulting water levels, a criterion is defined by the maximum allowable probability of non-closure of
storm surge barriers per request. This maximum allowed operational failure probability determines
the hydraulic loads used for designing and assessing dikes (Jongejan, 2015).

This unique relationship cannot be defined for the Eastern Scheldt Barrier. Therefore, a tailored
approach is used that assesses operational failure while considering all sixty-two gates of the Eastern
Scheldt barrier. This approach is described in Subsection 2.3.1.
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2.3. Safety standards based on estuary water levels

Storm surge barrier performance is described in terms of resulting water levels. Subsection 2.3.1
discusses the calculation of water levels at the Eastern Scheldt. A requirement is derived by
expressing the performance of the Eastern Scheldt Barrier in terms of water levels at the Eastern
Scheldt. Subsection 2.3.2 describes a tool that is used in the Netherlands for calculating water levels.
Hydra-NL is used for deriving hydraulic boundary conditions that are used for designing and assessing
flood defences.

2.3.1. Water levels at the Eastern Scheldt

The water levels as a function of storm surge barrier performance are used for assessing the
performance of the Eastern Scheldt Barrier by accounting for the number of gates that fail per storm
event. These water levels are in recent studies calculated using Prespeil (Saman, 2017). This model
uses hydraulic boundary conditions at sea, wind conditions, and failure probabilities of the storm
surge barrier to calculate water levels in front of dikes along the Eastern Scheldt.

Two approaches for interpreting the results are discussed, the difference between the approaches is
explained by the new safety standards in place since 2017. In the old safety standards, a single water
level corresponding to the return period established by law was derived. The performance levels
(prestatiepeilen) were derived for locations along the Eastern Scheldt in van Manen (2008), these
water levels are shown in Figure 10.

This study found that for the most normative location along the Eastern Scheldt, the water level
corresponding to a 4000-year return period was 8 cm higher than the water level for modelling a
perfect storm surge barrier. Furthermore, the calculated water levels were lower than the water
levels used at that time for designing and assessing flood defences. For the normative location, the
water level used for assessing flood defences prescribed in Hydraulische Randvoorwaarden (2001)
was 8 cm higher than the water level that accounts for storm surge barrier performance that is
shown in Figure 10.

Bemand Onbemand Locatie Huidig prestatiepeil

0 schuiven 9.71E-01 9.13E-01
1 schuif 2.53E-02 7.75E-02 Roompot Buiten 4,86
2 schuiven 1.27E-03 4.09E-03 RO"mPOf Binnen 3.15
3-5 schuiven 9.33E-05 1.24E-03 Burghsluis 3,16
- Wemeldinge 3,48
6-10 SChUIver‘l 3.13E-04 6.96E-04 Rattekaai 3,77
11-16 schuiven 3.89E-04 5.40E-04 Marollegat 3,82
Halve kering 1.83E-03 1.89E-03 stavenisse 3.43
Driekwart kering 1.39E-07 2.79E-07 Philipsdam West 3,62
- Colijnsplaat 3,20
Hele kering 2.08E-04 7.19E-04 Zeelandbrug Noord 3,22

Figure 9 [Left]: Prespeil input: Non-closure probabilities for different numbers of gates that fail, with and without staff
availability (van Manen, 2008). Figure 10 [Right]: Prespeil output: Performance water levels per location along the Eastern
Scheldt in metres above NAP (van Manen, 2008).

The water level distributions as a function of storm surge barrier performance were revisited in OBT
(2022), including an interpretation of the water level distributions conforming to the new safety
standards. The water levels are produced based on the same principles as used in van Manen (2008).
Prespeil was built based on the same database of hydraulic boundary conditions (i.e., IMPLIC). The
non-closure probabilities of the storm surge barrier shown in Figure 9 are updated based on recent
studies.
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A notable difference between the two approaches is the inclusion of structural failure probabilities.
The structural reliability was included in deriving water level distributions in OBT (2022). In van
Manen (2008), the structural reliability was not included in the derivation of water levels, under the
implicit assumption that it does not influence the results (Vuik et al., 2021).

The performance of the Eastern Scheldt Barrier is assessed according to the following criterion (Duits
& Vuik, 2022):

The performance level (prestatiepeil) may not exceed the assessment level (beoordelingspeil) in the
hinterland.

This interpretation is understood graphically via Figure 11; the green dotted curve may not be
exceeded by the red curve at the intersection of the black dotted lines. This criterion must be fulfilled
for all selected locations along the Eastern Scheldt. An explanation of the curves and terms in Figure
11 is listed.

o Reference level (Referentiepeil, green): Water level for assuming a perfect storm surge
barrier.

e Assessment level (Beoordelingspeil, green dotted): Reference level including a 0.1-metre
operation margin (beheerruimte).

e Performance level (Prestatiepeil E-M, blue): Water level resulting from electrical (E), and
mechanical (M) failure.

e Performance level (Prestatiepeil E-M-S, red): Water level resulting from storm surge barrier
failure. Thus, including electrical (E), mechanical (M), and structural failure (S).

e Maximum allowable annual probability of failure (Ondergrens, black dotted): Failure
probability of dike trajectory that must not be exceeded.

e Signal value (Signaleringswaarde, black dotted): Standard for dike trajectories used for
indicating the need to maintain and reinforce flood defences.

Waterstandsoverschrijdingslijnen voor locatie Oesterdam-219

1E+0 g
Zonder falende schuiven
1E-1 £ Inclusief 10 cm beheerruimte
——Met e+w falende schuiven

162 + —— Inclusief constructief falen OSK
L 1E-3
]
@©
= Ondergrens
LT L R e e e e T
o 3
w iU iy i gy L g R N T L Sty i —
c Signaleringswaarde
2 15

1E-6

1E-7 &

1E-8 r r T T T

200 250 300 350 400 450 500

Waterstand [cm+NAP]

Figure 11: Prespeil output: Water level distribution including storm surge barrier performance at the Eastern Scheldt,
location Oesterdam (Duits & Vuik, 2022). The exceedance probability is plotted against water level.
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This safety criterion verifies the magnitude of the effect of storm surge barrier performance at the
two probabilities defined by the safety standards for all flood defence trajectories along the estuary.
The maximum allowable magnitude of this effect is defined by a practical 0.1-metre operation
margin. This 0.1-metre operation margin is an agreement between the responsible authorities for
both dikes and storm surge barrier (Vuik et al., 2021). It is the maximum allowed increase in water
levels that must be provided and operated by the responsible authority of the Eastern Scheldt
Barrier.

2.3.2. Water levels calculated using Hydra-NL

Hydra-NL is a tool for probabilistically assessing flood risk for dikes in the Netherlands (Duits, 2020). It
provides water level distributions for various locations in the Netherlands. Hydra-NL provides similar
results as Prespeil for the Eastern Scheldt; however, it does not consider structural failure in deriving
hydraulic boundary conditions. Hydra-NL calculates the hydraulic boundary conditions as a function
of mechanical and electrical failure (E-M failure), of which an example is presented in Figure 12.
Hydra-NL uses a different database (i.e., WAQUA) than Prespeil (i.e., IMPLIC). Therefore, the water
level calculated per exceedance probability differs between Prespeil and Hydra-NL.

42

41

4

39

38

Waterstand (m+MNAP)

37

38

35

T T T
10 100 1000 10000 100000
Terugkeertiid (jaar)

Figure 12: Water level [NAP + m] as a function of return period [year] calculated for a location near Oesterdam via Hydra-
NL.

Hydra-NL is used in this study for providing insights into the effect of different storm surge barrier
failure scenarios on hydraulic boundary conditions. This is done by altering the input file containing
non-closure probabilities presented in Table 2. This allows for calculating hydraulic loads, water level,
wave height, and wave period as a function of the operational reliability of the Eastern Scheldt
Barrier. The assessment mode in Hydra-NL is used in this study for performing calculations.

Table 2: Non-closure probabilities on demand of the Eastern Scheldt Barrier in Hydra-NL, presented for different fractions of
the total of sixty-two gates that fail with and without staff availability.

Number of gates that fail 0 16 31 62
Staff available 9.99E-01 1.15E-03 1.70E-04 2.05E-05
No staff available 9.95E-01 3.58E-03 2.31E-04 7.53E-04

2.4. Safety standards for structural failure of the Eastern Scheldt Barrier

The requirements and corresponding definitions for structural failure of storm surge barriers have
developed over time. This section presents a timeline of the established safety standards for
structural failure of the Eastern Scheldt Barrier. The five moments in the timeline presented in Figure
13 are discussed in this section.

13



1986 2003 2015 2018 2022

107/year 2.5*%10°/year 10°/year 2*10°/year 10 cm
Flooding of parts of Design load structural Negligible contribution Distribution factor Maximum increase in
Zeeland. failure. failure in closed state. structural failure. estuary water level.

Figure 13: Timeline illustrating the development of the requirement for structural failure of the Eastern Scheldt Barrier.

Flooding of parts of Zeeland

The original design of the Eastern Scheldt Barrier was verified against the occurrence of the top
event: flooding of parts of the province of Zeeland. A fault tree identifies the events leading to the
occurrence of the top event. Rijkswaterstaat (1986) describes the fault tree used in designing the
Eastern Scheldt Barrier. The maximum allowed annual probability of occurrence of this top event is
calculated using Equation 7.

IR, eq _ 10~% 10~ Equation 7
Nflood 103

®  Pripoareq [1/year]: The maximum allowable annual probability of flooding.

¢ [Rpeq = 10™* [person/year]: The maximum allowable annual individual risk of dying.

Pflood,req =

®  Nfjpoa = 1000 [person]: The number of fatalities that are estimated if the top event takes
place.

This requirement is satisfied when the assembled failure probability, the failure probability as a
function of all events contributing to the occurrence of the top event, is lower than 107, Events
related to structural failure were integrated in the fault tree. One of the two events in Table 3 must
occur to trigger the top event. The first event relates to loss of water-retaining function, the second
event concerns an increase in estuary water level.

Table 3: Events contributing to flooding of parts of Zeeland in Rijkswaterstaat (1986).

Event Contributing failure events

A flood occurs due to failure of the storm  Failure probability of 0.9%107 for failure of top layer or

surge barrier, causing immediate failure piers leading to failure of the dams that connect the

of dikes close to the storm surge barrier.  storm surge barrier to the adjacent islands.

The water level in the estuary exceeds Failure probability based on the events contributing to

the threshold value: NAP + 4.3 m. an increase in estuary water level. The operational
failure probability depends on the closure procedure.

The structure was designed to comply with the requirement in Equation 7. This was done by defining
maximum allowable probabilities of failure of events within the fault tree. The Eastern Scheldt
Barrier was designed to withstand the hydraulic loads corresponding to the 4000-year return period.
Safety factors were used to correct for the maximum allowed failure probability of events within the
fault tree.
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Design load structural failure

LK (2003) includes requirements for storm surge barrier failure mechanisms. These requirements
were derived relative to the safety standard; this safety standard corresponds to the return period of
the hydraulic loads used for designing and assessing flood defences. For the Eastern Scheldt Barrier, a
maximum allowed probability of structural failure is derived via Equation 1.

Equation 1

1
Preq,sf = Preq * Wgr = m *0.01=25%10"°

®  Proq s [1/year]: Maximum allowed failure probability of structural failure.

o Py = L}JW [1/year]: Safety standard for hydraulic loads from the North Sea (van der Want,

2010).
* wsr = 0.01 [-]: Distribution factor for structural failure (see Table 1).

A low distribution factor implies that the allowed probability of structural failure is low relative to
other storm surge barrier failure mechanisms. This safety standard is implemented in the design via
safety factors. Hydraulic loads are corrected to ensure a sufficiently safe approximation (LK, 2003).
Structural failure is not assessed for hydraulic loads with larger return periods than the one defined
by the safety standard, which corresponds to the definition of structural failure provided in
Subsection 2.1.2.

Negligible contribution failure in closed state

The maximum allowed probability of storm surge barrier failure derived in Jongejan (2015) is
important, as it examines the relation between dike failure probability and storm surge barrier
performance. This step is essential because the philosophy of assessing flood defences based on
failure probabilities is embedded in the new safety standard. Therefore, it is not sufficient anymore
to relate storm surge barrier performance solely to estuary water levels.

A requirement is calculated using Equation 6, it calculates the maximum allowed annual probability
of storm surge barrier failure. Three assumptions are made in deriving and assessing this safety
standard for the Eastern Scheldt Barrier.

s Equation 6
, _ Preq,dike — 3000 _ 104
req,SSB = 105 P(FgikelFssp) 10 = %

®  Preqssp [1/year]: Maximum allowed annual probability of storm surge barrier failure. In the
assessment in OBT (2022), it is assumed that failure in closed state occurs if at least 1 of the
total sixty-two gates fails. This definition corresponds to loss of water-retaining function.

*  Pregdike = 301% [1/year]: Maximum allowed annual probability of dike failure, as determined

in 2015 (Jongejan, 2015). Currently, the normative dike safety standard equals 1 in 10,000

years (see Table A.3). This implies that the maximum allowed probability of storm surge

barrier failure is lower when the current dike safety standards are plugged into the equation.
o  P(FyikelFssg) = % [-]: The conditional failure probability of a dike given failure of the storm

surge barrier (Jongejan, 2015).
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This required maximum allowed failure probability is defined in the Water Act; this means that the
value of 10 is enforced by law for failure in closed state. It is assumed that complying with this
requirement allows for neglecting the effect of failure in closed state when calculating the dike
failure probability. A requirement for structural failure is derived using distribution factors. For a
distribution factor of 1 per cent, as defined in LK (2003), the maximum allowed annual probability of
structural failure is derived at 10°®.

The influence of storm surge barrier performance on the dike failure probability is fully captured
through the estimated conditional failure probability (i.e., P(Fy;ke|Fssg)). This estimate is supported
by a sensitivity study that considers the sensitivity of this requirement to changes in this conditional
failure probability. For example, a less strict requirement, a maximum allowed annual probability of
storm surge barrier failure of 1 in 3,000, is derived for a conditional failure probability equalto 1in 6
(Jongejan, 2015).

Distribution factor structural failure

A requirement for structural failure from WOWK (2018) is derived based on the requirement
established in Jongejan (2015) for storm surge barriers. WOWK (2018) prescribes the distribution of
the safety standards derived for flood defence trajectories over different failure mechanisms. This is
shown in Equation 8 for structural failure, which is the same equation as Equation 3 but includes a
correlation factor. Note that the distribution factor for structural failure is in the same order of
magnitude as the one prescribed in LK (2003), although its interpretation is different.

P xwer*c 107%%0.02%3 Equation 8
Preq o = req,SSB sf _ — 0 10—6
, st 3

®  Preq sy [1/year]: Maximum allowed failure probability of structural failure at cross section
level.

* Pregssp = 10~* [1/year]: Maximum allowed failure probability of storm surge barrier,
according to Equation 6.

* wsr = 0.02 [-]: Distribution factor structural failure (see Figure 6).

e ¢ = 3 [-]: Correlation factor between overtopping and structural failure via WOWK (2018).
This factor allows for calculating the probability of structural failure given no overtopping
failure.

® Ng; = 3 [-]: Length effect via WOWK (2018). A small length effect for structural failure
implies a small variation in load and strength over the flood defence trajectory.

This safety standard corresponds to a probabilistic assessment of the structural failure probability of
the storm surge barrier. A small distribution factor is recommended for structural failure of
structures within a flood defence trajectory, since 2 per cent of the total safety standard is prescribed
for this failure mechanism. As part of assessment, it is possible to change the distribution factor. The
distribution factor is prescribed but is not a strict requirement. The flood defence must ultimately be
verified against the safety standard for the flood defence trajectory, as derived via Equation 6. For
example, an explicit distribution of failure probability over failure mechanisms is not considered in
the assessment performed in OBT (2022), the length effects and relevant failure mechanisms are
considered in the calculated failure probability in closed state of the flood defence trajectory.

16



Maximum increase in estuary water level

The Eastern Scheldt Barrier is assessed based on estuary water levels. A criterion imposes the
maximum allowed increase in water level resulting from the storm surge barrier not performing
perfectly. This additional requirement, the requirement defined in Equation 6 is still in place,
explicitly evaluates the consequences of storm surge barrier performance by calculating the resulting
water levels. Furthermore, this requirement does not require the number of gates that fail to be
included in a definition for storm surge barrier failure. In OBT (2022), a criterion is defined as a
maximum allowed increase of 10 centimetres in water level resulting from storm surge barrier
performance. The calculated water levels include contributions of all storm surge barrier failure
mechanisms.

It is not possible to apply this criterion to the entire water level distribution, because the water levels
with a low probability of occurrence are higher when storm surge barrier performance is accounted
for. This is illustrated in Figure 11, the red curve surpasses the green dotted curve for a certain
exceedance probability smaller than the signal value. The requirement for the Eastern Scheldt is
assessed at the two exceedance probabilities defined in dike safety standards: the maximum
allowable annual probability of failure and the probability corresponding to the signal value. It is
noted that these two probabilities are defined at trajectory level, whereas the water level
distributions are calculated per dike cross section. A distribution of the failure probability at
trajectory level across dike sections and failure mechanisms according to Equation 3 is not made in
this requirement.

Based on this discussion, it is concluded that this criterion aligns with the old safety standards, as the
hydraulic loads are solely assessed at the frequencies corresponding to the dike safety standards at
trajectory level. According to the new safety standards, the entire water level distribution is used
when calculating the failure probability of flood defences. Therefore, this criterion does not consider
an explicit translation of storm surge barrier performance towards dike failure probabilities.

2.5. Knowledge gap

In the new safety standards, flood defences are assessed based on their probability of failure. The
dike failure probability, which is determined by the hydraulic loads used in designing and assessing
dikes, depends on the performance of a storm surge barrier. Based on the literature reviewed in this
chapter, it is concluded that in requirements for storm surge barriers no explicit calculations are
made on the effect of the performance of a storm surge barrier on the resulting dike failure
probability or on the consequences of flooding. The framework presented in Section 3.3 outlines the
steps to include these explicit calculations in deriving requirements for storm surge barriers.
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3. Building the framework

This chapter presents a framework that provides the steps to calculate a requirement for storm surge
barrier performance. The framework is built based on relevant definitions and theory, which are
discussed in this chapter. The framework is presented and described mathematically in the third
section. The last section discusses the limitations of the framework.

3.1. Definition of failure for flood defences

For describing the flood protection system, it is important to understand the definition of failure for
flood defences. The most recent definitions are listed in Artikel 2.0c of Besluit kwaliteit leefomgeving
(2025). A distinction is made between defining failure for storm surge barriers and for dike
trajectories. For dike trajectories, the maximum allowable annual probability of failure is defined as
follows:

The maximum allowable annual probability of loss of water-retaining function, leading to flooding of
the area protected by the dike trajectory in such a way that it results in fatalities or substantial
economic damage.

Failure of dikes thus relates directly to the consequences of flooding. For defining storm surge barrier
failure, it is understood that loss of water-retaining function does not directly lead to an increase in
fatalities or economic damage. The maximum allowable annual probability of failure is defined as
follows (Besluit kwaliteit leefomgeving, 2025):

The maximum allowable annual probability of loss of water-retaining function, leading to a
substantial increase in hydraulic loads on the dike trajectories behind the storm surge barrier.

This criterion defines the function of a storm surge barrier; it reduces the hydraulic loads on dikes. A
precise definition of “a substantial increase in hydraulic loads” is not provided, interpretations of this
criterion differ per case.

The limit state function described by Equation 2 relates solely to loss of function, a translation
towards risk is not included. The calculation of a failure probability for a certain failure mechanism is
understood in this context. The limit state function is in line with the failure definition for dike
trajectories when assuming that loss of water-retaining function directly results in a flood. The
following definitions correspond to the use of limit state functions, which is the approach followed in
this report.

e Flood defence failure: Loss of water-retaining function.

e Failure probability: The annual probability of loss of function.

e Maximum allowable probability of failure: The safety standards for flood defences as
reported in Appendix Il of Besluit kwaliteit leefomgeving (2025).

e Flood: Loss of water-retaining function, resulting in consequences.

e Consequences: Substantial economic damage and/or fatalities due to a flood.

e Flood risk: The product of failure probabilities and consequences.
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3.2. Description of elements flood protection system

The fault tree depicted in Figure 14 presents the events that cause flooding for flood protection
systems with a storm surge barrier. The fault tree highlights that the studied combination of failure
of a storm surge barrier and failure of a dike trajectory is one event that leads to a flood, this event is
highlighted by the bolded line in Figure 14. It is important to note that an area can flood without
failure of a storm surge barrier. In fact, the failure probability of a dike depends on whether the
storm surge barrier has failed and to what extent failure influences the hydraulic loads on the dike.

Flooding
of hinterland

Dike failure given , ; Dike failure given
Failure dune Failure dune
storm surge : : no storm surge
trajectory 1 trajectory n

barrier failure barrier failure

for)

Failure dike Failure dike Failure dike Failure dike
trajectory 1 trajectory n trajectory 1 trajectory n

Figure 14: Fault tree depicting events that lead to flooding. The elements of the flood protection system are identified from
Figure 3.

The event of interest in this study considers the cross section shown in Figure 15. The flood
protection system is defined such that the consequences of flooding for the hinterland depend on
the characteristics of the elements in front of the hinterland. This section describes the aspects of
the elements of the flood protection system that are relevant for this study. The system consists of
four elements: storm surge barrier, water level, dike, and hinterland. The following definitions are
used for describing the elements depicted in Figure 15.

e Failure mechanism: Failure of flood defences is initiated by failure mechanisms. Failure is
defined as the load exceeding the resistance, as expressed by Equation 2.

e Load: The parameters that increase the probability of failure of flood defences. For flood
defences, relevant hydraulic loads are water levels and waves.

e Resistance: The parameters that reduce the probability of failure of flood defences. The
geometry and material strength of flood defences determine the resistance.

Dike @
land

Figure 15: Cross section depicting the elements of the flood protection system.
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3.2.1. First line of flood protection system: Storm surge barrier
The moveable parts of storm surge barriers can fail due to three failure mechanisms, as identified in
Subsection 2.1.2. The relevant aspects of these failure mechanisms are listed below.

e Structural failure: Structural components are designed to withstand offshore hydraulic
boundary conditions.

e Operational failure: Non-closure during operation of gates depends on mechanical and
electrical failure. Failure is assumed to be independent of hydraulic loads.

e Overtopping failure: The height of the structure must be sufficient to resist overtopping
failure due to hydraulic loads.

Structural failure is specified further as failure of the storm surge barrier is caused by failure of a
component of the structure, which implies failure of a gate of the structure. This scheme is illustrated
in Figure 16. Failure of structural components induces failure of the flood defence trajectory and
increases the hydraulic loads behind the storm surge barrier. The structural components are
therefore designed to resist the offshore hydraulic boundary conditions. The resistance of structural
components to failure is increased by increasing the material strength and changing the geometry of
these components.

Failure structural Failure flood

Failure gate Failure structure g
component defence trajectory

Figure 16: Steps from failure of a structural component towards failure of a flood defence trajectory.

3.2.2. Hydraulic loads behind storm surge barrier

The hydraulic loads behind the storm surge barrier are a result of its performance, accounting for the
significance of the reduction in offshore hydraulic loads. When translating these loads to a location in
front of a dike, other aspects are relevant. Three of these aspects are listed.

e Water levels are influenced by wind setup, which is an increase in water level by the wind
pushing up the water level in the direction of the wind (Jonkman et al., 2021).

e Water levels are influenced by the inflow and outflow of water via rivers and canals.

e Wind waves are generated as wind strikes over a certain fetch, which is the length of the
water body over which the wind strikes. Wave characteristics are influenced by the water
depth, the wind speed, and the fetch along this direction.

3.2.3. Second line of flood protection system: Dike

A dike trajectory consists of multiple dike sections; each section is classified as geotechnical or
structural. Dike failure is defined as the load exceeding the resistance, according to Equation 2. The
material properties and cross-sectional profiles, which define the resistance to dike failure, vary
between these sections. The hydraulic loads on dikes are influenced by the aspects described in
Subsection 3.2.2.

There are various failure mechanisms that initiate dike failure. Failure mechanisms for geotechnical
dike sections are shown in Figure 17. It is noted that these failure mechanisms are also applicable to
geotechnical dam sections, the only difference is the presence of water behind the dam section.
Failure of any dike cross section due to any failure mechanism leads to dike failure. This report
discusses a limited number of dike failure mechanisms; the dike failure mechanisms used in applying
the framework are described in Appendix B.
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Figure 17: Overview of dike failure mechanisms (TAW, 1998).

3.2.4. Consequences of dike failure for the hinterland

The hinterland is relevant because a flood is defined when dike failure results in fatalities or
substantial economic damage, as stated in Section 3.1. The risk of flooding is determined by the
probability of dike failure and the consequences of flooding. The consequences of flooding are
determined by two aspects.

¢ Vulnerability to flooding: The presence of consequences in the hinterland. For example,
evacuation reduces the vulnerability to flooding.

o Significance of flooding: The significance of consequences in the hinterland. For example,
floodproof buildings reduce the significance of flooding.

3.3. Description framework

The framework incorporates the performance of a storm surge barrier in calculating the failure
probability of the dikes located behind the storm surge barrier. It is assumed that this effect should
be considered when deriving a requirement for the performance of storm surge barriers. This
framework includes the steps towards the derivation of an optimal structural failure probability. This
is done by translating failure probabilities into costs. A mathematical description of the framework is
provided after the generic steps to perform the calculations are outlined.

3.3.1. Generic description framework

The elements of the flood protection system described in Section 3.2 are used for identifying the
steps of the framework. Storm surge barrier performance is included in the water level distribution in
front of dikes, describing the first two elements of the flood protection system. The third element,
the dike, resists the hydraulic loads in front of it. A step towards flooding, and thus towards
consequences for the hinterland, is not considered explicitly but is considered by the maximum
allowable annual probability of failure of dike trajectories.

Six steps are identified to determine a requirement for storm surge barrier performance based on an
economic optimisation. A generic expression of these steps is provided.
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Estimate the water level distribution (load) as a function of storm surge barrier performance.
Estimate the strength (resistance) of the dike behind the storm surge barrier.

Calculate the dike failure probability based on load and resistance.

Estimate the costs to strengthen the dike to comply with the dike safety standard.

Estimate the costs to maintain a certain storm surge barrier performance.

Determine the storm surge barrier performance corresponding to minimal total costs, while
considering the investment costs for the entire length of dike along the estuary.

A

The generalised steps to derive a requirement based on a criterion that assesses the validity of
neglecting the effect of storm surge barrier performance on the dike failure probability are outlined.

Estimate the water level distribution (load) as a function of storm surge barrier performance.
Estimate the strength (resistance) of the dike behind the storm surge barrier.

Calculate the dike failure probability based on load and resistance.

Define a criterion to assess the validity of neglecting the effect of the storm surge barrier
failure probability (e.g., Equation 5).

5. Determine the storm surge barrier performance that just complies with the criterion defined
in step 4, while considering the entire length of dike along the estuary.

P wnNe

The first three steps of both schemes are identical. These three steps are necessary to calculate the
dike failure probability as a function of storm surge barrier performance. Further steps are required
to translate these failure probability calculations into a requirement for storm surge barrier
performance.

3.3.2. Mathematical description framework

The framework presented in this subsection captures the steps described in Subsection 3.3.1. Two
input curves are used for calculating the failure probability of a dike behind a storm surge barrier.
These two curves represent load and resistance in the framework: a water level distribution as a
function of storm surge barrier performance and a fragility curve. Deriving water level distributions
requires modelling efforts, fragility curves are constructed based on dike characteristics. Investment
functions are used to calculate an economically optimum structural failure probability; these
investment functions must be estimated per case.

1. Water level distribution: Storm surge barrier performance is captured in the water level
distribution; different curves represent different failure scenarios of the storm surge barrier.

2. Fragility curve: Describes the resistance of the dike to failure by providing the conditional
probability of failure for a given water level per dike failure mechanism.

3. Investment function: Translates the failure probabilities of dike and storm surge barrier into
costs to maintain the corresponding safety standard.

The framework visualised in Figure 18 is described mathematically in 5 steps. Figure 18 shows the
calculations performed for the input functions shown on the left side of the figure. These five steps
are described mathematically in the remainder of this subsection.

Assume relationship between storm surge barrier performance and water level distribution.
Translating water level exceedance curve into probability density function.

Calculating dike failure probability per failure mechanism.

Translating cross section failure probability into trajectory failure probability.

Calculating the required investment to comply with the dike safety standard.

Searching for an optimal storm surge barrier structural failure probability.

vk wWwNPRE O
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Figure 18 [1a-b]: Water level distribution as a function of storm surge barrier performance.
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Figure 18 [2a-b]: Dike failure probability calculated using fragility curves.

Dike investment function

dike costs (Cinvest, aike) [€/estuary]

107°

T T
10~ 1072 1072

dike failure probability (P(Fgie, traj)) [1/year]

1e8 Dike costs

! !
10# 10°3 1072

dike failure probability (P(Fajke, tra))) [1/year]

Figure 18 [3a-b]: Dike costs as a function of the dike failure probability at dike trajectory level.
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Figure 18 [4a-b]: Total costs at flood protection system level as a function of the storm surge barrier structural failure
probability.

Step 0. Assume relationship between storm surge barrier performance and water level
distribution.

The five steps of the framework are performed after estimating the relationship between storm

surge barrier performance and resulting water levels. In this way, the water level distribution is

described as a function of storm surge barrier performance. An optimisation problem evaluates the

performance of the storm surge barrier, including both operational failure and structural failure. To

calculate only the optimal structural failure probability, the operational reliability must be assumed.

Step 1. Translating water level exceedance curve into probability density function.

Water level distributions are commonly presented by the exceedance probability as a function of
water level, as for example shown in Section 2.3. Equation 9 shows the translation from exceedance
probability to probability density function.

drF(h) d(1- p(h)) _ dp(h) Equation 9

fy ==, dh dh
e h [NAP + m]: Water level.

o f(h) [1/year/m]: Probability density function (PDF) water level distribution.
e F(h) [1/year]: Cumulative distribution function (CDF) water level distribution.
e p(h) =1—F(h) [1/year]: Exceedance probability (1-CDF) water level distribution.

Step 2. Calculating dike failure probability per failure mechanism.
The dike failure probability is calculated by multiplying the fragility curve and the water level
distribution and then constructing the area under the graph, as presented in Equation 10.

® Equation 10
P,(Z<0) = f f(h) *x B,,(Z < 0|h) *dh

A discretised version of this equation is presented in Equation 11. This equation approximates
Equation 10 for calculating over a small step in water level.
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hn Equation 11
P,(Z<0)= f(h) * B,(Z < 0|h) * Ah
h=h1
e K [NAP + m]: Water level.

e Ah[m]: Increment in water level of the discretised water level distribution.

e P,(Z < 0)[1/year]: Failure probability dike failure mechanism.

e f(h) [1/year/m]: Probability density function (PDF) water level distribution.

e P, (Z < 0|h) [-]: Fragility curve providing the failure probability of a dike failure mechanism
per water level.

Step 3. Translating cross section failure probability into trajectory failure probability.

The dike failure probability is calculated at cross section level per failure mechanism. Safety
standards are defined at trajectory level for all failure mechanisms. A translation is made, which is
presented in Equation 12. In this equation, the dike failure mechanisms are assumed to be
independent; the contributions of the failure mechanisms are summed. The same assumption is
made in assessing dikes in practice, as discussed in Appendix A (A.1).

mn

P(Faiterras) = ). Pn(Z < 0)* Ny,

m=mq

Equation 12

o m;: Dike failure mechanism.

®  P(Fgike,traj) [1/year]: Dike failure probability at trajectory level.
e P,(Z < 0)[1/year]: Failure probability dike failure mechanism.
e N, [-]: Length effect corresponding to dike failure mechanism.

Step 4. Calculating the required investment to comply with the dike safety standard.

A dike needs to be reinforced when the calculated dike failure probability exceeds the maximum
allowed probability of failure. The dike reinforcement costs are calculated as a function of the ratio
between the calculated failure probability and the safety standard, as depicted in Equation 13. This
equation is applied to the length of dike that is considered representative for the calculations

performed in the first three steps.
P(Fdike,traj) Equation 13

Preq,dike

Cinvest,dike,s

= Cdike,factlo *logqg < > + Caikebase

Lestuary
®  P(Fgike,traj) [1/year]: Dike failure probability at trajectory level.
®  Cinvestdike,s [€]: The investment required to reinforce a dike section along the estuary.
®  Lestuary [km]: Representative length of dike along the estuary.
*  Cgikeractio [€/km]: Dike investment to reduce the dike failure probability by a factor of 10.
®  Preqaike [1/year]: Maximum allowable annual probability of dike failure.
®  Caikebase [€/km]: Costs to initiate dike reinforcement.

Step 5. Searching for an optimal storm surge barrier structural failure probability.

For an optimal structural failure probability of the storm surge barrier, the sum of dike investment
costs and storm surge barrier investment costs at estuary level is minimal, which is expressed in
Equation 14.
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Sn Equation 14

opt o .
Cinvest,tot - rzr)lsl;l(cinvest,SSB (psf) + Z Cinvest,dike,s (psf)) - I;[}Sl;l Cinvest,tot(psf)

5=851
* Dy [1/year]: Structural failure probability storm surge barrier.

e 5; [-]: Dike section along the estuary.

Copt

* invest,tot

[€]: The optimal and thus minimum costs corresponding to the optimal storm
surge barrier structural failure probability (p:;’t).

®  Cinvestdikes [€]: The investment required to reinforce a dike section along the estuary.

®  Cinvestssp [€]: The investment to maintain a certain structural failure probability of the
storm surge barrier (SSB).

®  Cinvestrot [€]: The total investment costs, the sum of the two contributions.

3.4. Discussion of limitations framework

This section discusses the limitations of the framework. The first subsection addresses the
schematisation of the consequences of flooding used in the framework. The second subsection
highlights that the aspects considered in the framework relate to flood risk, which is according to the
scope of this study, while non flood risk related aspects also influence the required level of safety of
structural components of a storm surge barrier.

3.4.1. Schematisation of consequences of flooding

A criterion that accounts for the consequences of dike failure is interpreted in the framework by
calculating the investment needed to meet the dike safety standard. This approach implies that it is
not economically optimal to reduce the dike failure probability below this safety standard. This
assumption is not necessarily valid when the risk related costs, the costs resulting from flooding, are
considered.

Flood risk is calculated as a function of a certain strength of both dike and storm surge barrier, as
outlined in Equation 15. This analysis results in safety standards for storm surge barrier and dike after
iterating for various reliabilities of the elements. When taking this approach, a dike failure probability
smaller than the current safety standard may end up being economically favourable due to lower risk
related costs. A simplification is thus made in this study by not considering that a different
requirement for storm surge barrier failure may result in a different dike safety standard.

S Equation 15

n
t .
Ci(;g;est,tot = pgl,g;f(cinvest,SSB (psf) + Z Cinuest,dike,s (pdf,s) + Crisk,s(psf' pdf,s))
§=51

e pgr [1/year]: Structural failure probability storm surge barrier.
f
® pays [1/year]: Dike failure probability of dike section.

e s; [-]: Dike section along the estuary.

Copt

mvest tor L€]: The optimal and thus minimum costs corresponding to the optimal storm

surge barrier structural failure probability (p;’]?t), and the optimal dike failure probability of

dike sections (p;})ts).

®  Cinpestssp [€]: The investment to maintain a certain structural failure probability of the
storm surge barrier (SSB).

®  Cinvestdikes [€]: The investment to obtain a certain dike failure probability for a dike section
along the estuary.

e  Crisks [€]: The risk expressed in costs, a function of probability and monetised consequences
of flooding for a dike section along the estuary.
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When performing an economic optimisation for flood protection systems using Equation 14 or
Equation 15, it should be checked that the requirements for individual risk and societal risk are met.
An iterative step is required when a different performance of the storm surge barrier results in a
different dike safety standard (Jongejan, 2015). Thus, the number of fatalities, the number of victims,
and the economic damage need to be modelled per scenario. The safety standard is determined
solely by the optimal system configuration under the assumption that an increase in storm surge
barrier failure probability does not result in exceedance of the maximum allowed consequences of
flooding.

Theoretically, safety standards for both dike and storm surge barriers are derived by describing the
costs at flood protection system level and analysing the flood risk at this system level (Kramer & van
der Most, 2014). The minimum total costs that do not lead to exceeding the maximum allowed
consequences of flooding are searched for. A generic description of the steps to perform such a
problem is listed below.

1. Estimate the water level distribution (load) as a function of storm surge barrier performance.

2. Assume the strength (resistance) of the dike behind the storm surge barrier.

3. Calculate the consequences of flooding for each combination of load and resistance (i.e., risk
related costs, individual risk, and societal risk).

4. Proceed with the next steps if the maximum allowed consequences of flooding are not
exceeded.

5. Estimate the costs to achieve a certain dike safety standard.

6. Estimate the costs to maintain a certain storm surge barrier performance.

7. Determine the combination of dike safety standard and storm surge barrier performance
corresponding to minimal total costs, while considering the investment costs for the entire
length of dike along the estuary.

The difference between these steps and the steps listed in Subsection 3.3.1 is the explicit calculation
of flood risk. The costs associated with a certain dike safety standard are calculated instead of the
costs to comply with a predefined dike safety standard. The framework described in Section 3.3 takes
the dike safety standards in Appendix Il of Besluit kwaliteit leefomgeving (2025) as a starting point.

3.4.2. Safety criteria for non flood risk related aspects

The framework is built in the context of flood risk, focusing on the effects in terms of hydraulic loads
and dike failure probabilities. A requirement for structural failure is imposed by the Building Decree
but is not explicitly considered in the safety assessment of storm surge barriers. Deriving a
requirement based on flood risk may result in a less strict requirement for structural failure.
Increasing the allowed structural failure probability can have a limited impact on flood risk under the
Water Act, however, the Building Decree requires a minimum level of structural reliability.

An argument for demanding a sufficient level of safety for the structural components of a storm
surge barrier is that storm surge barriers fulfil other functions that must be preserved. For example,
if a road is constructed on top of a storm surge barrier, failure is undesirable in the context of
transportation function due to potential loss of function and loss of life.

Furthermore, the social perception of structural failure influences the desired level of safety. Storm
surge barriers have a landmark value in the Netherlands, if this structure fails, it will have an impact
on the political and societal perception of storm surge barriers and flood safety in general. The
willingness to prevent such an undesirable event is independent of the actual increase in flood risk
that this event eventually causes.
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A requirement for structural failure depends on the various functions of the object and the possible
consequences of failure. In addition to the consequences of failure, a target reliability for structural
failure reflects the relative costs of achieving a certain reliability, accounting for the existence and
remaining lifetime of the structure (Steenbergen et al., 2018). This implies that the structural
reliability is influenced by an economically optimal strategy to maintain the storm surge barrier.

In summary, different arguments are to be considered in a requirement for structural failure of storm
surge barriers. The required level of structural failure is not solely determined by flood risk related
aspects. It is necessary to assess the implication of the level of safety of the storm surge barrier
within the context of various functions and consequences of structural failure of storm surge
barriers. Flood risk must be considered within the applicable conditions.
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4. Applying the framework in a generic context

This chapter applies the case study in a generic context. A schematised water level distribution is
used for applying the framework. The results of the application are presented and discussed. Further
steps to consider in applying the framework are described.

4.1. Introduction to a generic application of the framework

In this chapter, the framework is applied to a schematised water level distribution. This allows for
studying the effect of the storm surge barrier failure probability on the dike failure probability
without focusing on case-specific aspects. This chapter uses the schematisation described in Section
4.2 as a generic interpretation of storm surge barrier performance. This schematisation translates
offshore water levels into estuary water levels using the non-closure probability and the structural
failure probability of the storm surge barrier. This schematised water level distribution does not
include wind setup within the estuary and the inflow of water into the system. Furthermore, it does
not provide the water level distribution as a function of failure of number of gates, the storm surge
barrier cannot fail partially.

The framework is applicable to this generic context. However, a translation towards costs is not
made in this chapter due to the limited value of generalising investment costs for storm surge
barriers and dikes. Instead, this chapter applies the first three steps of the framework presented in
Subsection 3.3.2. The focus is on describing the effect of storm surge barrier performance on the dike
failure probability per dike failure mechanism. A system is not described exactly; the focus is on the
effects of variations in hydraulic load and dike resistance on the dike failure probability.

4.2. Schematisation of storm surge barrier performance

For describing the effect of storm surge barrier performance in terms of resulting water levels,
efforts are made in schematising storm surge barrier performance. As for providing insights, it is not
convenient to make a complete model for deriving hydraulic boundary conditions. Such a
schematisation is presented in Jongejan (2015) and Mooyaart et al. (2025). This schematisation is a
generic description of the method used for describing the water level behind the Maeslant Barrier
(Maeslantkering, a storm surge barrier near Rotterdam) in Janssen & Jorissen (1992).
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Figure 19: Graphical representation of storm surge barrier performance (Mooyaart et al., 2025).
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Figure 19 presents the schematisation in Mooyaart et al. (2025), of which the aspects are described.
The exceedance curve (in black) is the water level distribution resulting from the aspects described.
The schematisation uses the Maeslant Barrier as a reference case, the principles are applicable in
general.

e Performance (grey area): The performance of the storm surge barrier is defined as the
difference between the water level distribution with and without a storm surge barrier.

e Water level for no storm surge barrier (black dotted): The offshore water level is assumed
to be exponentially distributed.

e Closure decision level (green): Closing procedures are started when this water level is
predicted. The storm surge barrier influences the water level distribution when the offshore
water level exceeds this level. A perfect storm surge barrier implies no probability density for
water levels larger than the closure decision level.

e Probability of non-closure (red): Limits the performance of the storm surge barrier. Non-
closure results in a shift of the offshore water level towards the right. The exceedance
probability per offshore water level is multiplied by a factor corresponding to the probability
of non-closure on demand.

e Structural failure probability (purple): Structural failure is assumed if the corresponding
water level is exceeded. For a structurally failed barrier, the offshore water level describes
the estuary water level.

e Critical water level (grey dotted): Indicates the water level corresponding to a certain return
period, which is a function of storm surge barrier performance.

Two considerations are drawn based on the schematisation presented.

e The non-closure probability is independent of the water level, while structural failure
depends on the water level distribution.

e Deterministic behaviour is assumed. In reality, structural failure does not happen exactly
when a certain water level is exceeded. Furthermore, closure of the barrier does not result in
the estuary water level being exactly equal to the closure decision level. These aspects are
included in a probabilistic approach for describing storm surge barrier performance in
Mooyaart et al. (2025) but are not discussed in this study.

4.3. Dike failure probability as a function of storm surge barrier performance
This section describes the assumptions and input used for calculating the dike failure probability as a
function of storm surge barrier performance. The findings are presented and discussed. The
calculations are performed via notebooks, as described in Appendix F.

4.3.1. Assumptions made in applying the framework
The following assumptions are made in applying the framework.

e Storm surge barrier performance is represented in terms of resulting water levels according
to the schematisation described in Section 4.2.

e Calculations are performed for three dike failure mechanisms.

e Calculations are performed for the cross section illustrated in Figure 15.
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4.3.2.

10°°

exceedance probability (p) [1/year]

108

Input framework
The water level distribution described in Section 4.2 is modelled via Equation 16 and illustrated in
Figure 20. The parameters of this distribution are varied while calculating the dike failure probability.

fh) =

=
dp(h) _ d(pnc*10\D

)Y In(10)+ pye

dh dh

h [NAP + m]: Water level.

f(h) [1/year/m]: Probability density function (PDF) water level distribution.
p(h) [1/year]: Exceedance probability (1-CDF) water level distribution.

a = 2.1 [NAP + m]: Location parameter of the offshore water level distribution.
b = 0.75 [m]: Scale parameter of the offshore water level distribution.

* 10((13—}1)

Equation 16

Pne [1/demand]: Non-closure probability storm surge barrier: the number of demanded
closures that includes one occasion of non-closure.

This non-closure probability is modelled to be smaller than 1 if the closure decision

level is exceeded and if the water level is not too large to initiate structural failure.
O Pnc * 1forheg <h < (a—>bxlogyo(psy)).
o hgqg = 3 [NAP + m]: Closure decision level.

o Dsf [1/year]: Structural failure probability storm surge barrier.

Schematised water level distribition
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Figure 20 [Left]: Schematised water level distribution for p,. = 1072 and Dsf = 107°. Figure 21 [Right]: Fragility curves for
three dike failure mechanisms, and their mean values shifted by 1 metre.

The fragility curves described in Appendix B and shown in Figure B.1 are used. The purpose of the
fragility curves is to calculate the dike failure probability using dike failure mechanisms with a
different response to variations in the water level distribution. Variations in dike strength are
simulated by shifting the mean value of the fragility curves by one metre, this approach is illustrated
in Figure 21. The three failure mechanisms included in the calculations are listed.

Overtopping: Represents a failure mechanism of which the failure probability is relatively

sensitive to the water level distribution.

Macrostability inner slope: Represents a failure mechanism of which the failure probability
is relatively insensitive to the water level distribution.

Grass revetment failure: Represents a failure mechanism that is completely driven by the
water level. The grass revetment fails if the water level reaches the grass revetment on the
outer slope of the dike.
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4.3.3. Output framework

The results of the calculations are shown in Figure 22. The output shows the dike failure probability
at cross section level per failure mechanism calculated for varying structural failure probabilities.
Different non-closure probabilities are depicted by the curves with different colours. The limit values
of the calculations are depicted by the black curves; they indicate the dike failure probability that can
be achieved theoretically by adjusting storm surge barrier performance.

e The upper limit is calculated for a storm surge barrier that fails when the closure decision
level is exceeded. The dike failure probability never exceeds this value.

e The lower limit represents a storm surge barrier that closes perfectly. This curve is
determined by the fragility curve according to Equation 11.
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Figure 22 [a-f]: Dike failure probability at cross section level calculated for three failure mechanisms, including a stronger
dike configuration.
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In short, improving storm surge barrier performance, exemplified by reducing the structural failure
probability and the non-closure probability, reduces the dike failure probability. The coloured curves
show how the actual performance deviates from the two limit curves.

4.3.4. Discussion of results
Based on the output of the framework, the factors that influence the dike failure probability are
identified. These factors relate to the strength of both dike and storm surge barrier.

Relationship between operational failure and structural failure of storm surge barrier

Storm surge barrier performance is influenced by operational failure, structural failure, and the
interaction between the two. If one of the two failure probabilities is high, the dike failure probability
reduction that can be achieved by reducing the other failure probability is small. This finding is
illustrated in Figure 22 by the horizontal segments of the coloured curves. The higher the probability
of non-closure, the higher the structural failure probability beyond which the dike failure probability
cannot be reduced further. In other words, a further reduction of the structural failure probability
has a relatively small influence on the total dike failure probability.

Influence of dike failure mechanism on dike failure probability

The curves shown in Figure 22 are influenced by the fragility curves presented in Figure 21. The
increase in dike failure probability resulting from an increase in structural failure probability is
greater for a higher conditional failure probability of the dike. This is exemplified by the varying
shapes of the curves shown in Figure 22 for the three dike failure mechanisms. The lower limit curve
for grass revetment failure has a slope equal to one, whereas the slopes of the lower limit curves for
the other two failure mechanisms increase as the structural failure probability decreases according to
the shape of the fragility curve.

Influence of dike strength on dike failure probability

Stronger dikes have a lower dike failure probability. Their failure probability is influenced by higher
water levels. This implies that for stronger dikes, small structural failure probabilities influence the
results. There is a larger range of water levels for which the dike does not fail, which is simulated by
shifting the fragility curve. This is depicted in Figure 22 by the limit curves intersecting at lower
structural failure probabilities.

It is noted that the effectiveness of improving storm surge barrier performance depends on the dike
strength. If the dike fails for water levels lower than the closure decision level, the reduction in dike
failure probability that can be achieved by improving storm surge barrier performance is limited. The
findings presented in this subsection, which are based on Figure 22, are made for a dike that has no
conditional failure probability for water levels below the closure decision level.

4.4. Further steps in applying the framework

The framework is based on generic steps, these steps can be applied to any case study, although
making assumptions is required. The aim of this section is twofold: it outlines the steps that can be
taken based on the calculations presented in Section 4.3, and it provides an outlook into case-specific
aspects for different flood protection systems to consider in applying the framework.
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4.4.1. Further steps in interpreting failure probability calculations
This subsection discusses further steps that can be taken in processing the results presented in
Section 4.3.

Calculating the total failure probability

The dike failure probability at trajectory level is calculated by summing the contributions of the three
failure mechanisms using Equation 12 and the corresponding length effects in Table B.1. Figure 23
shows the dike failure probability calculated per storm surge barrier structural failure probability.
Macrostability inner slope is the dominating failure mechanism in this calculation, as it determines
the assembled failure probability. In the framework, the calculated dike failure probability is verified
against the safety standard after the computation of this failure probability at trajectory level.
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Figure 23: Dike failure probability at trajectory level as a function of the storm surge barrier structural failure probability.

Calculating an economic optimum

The dike failure probability is calculated in this chapter. A requirement based on an economic
optimisation requires translating failure probabilities into costs. The effect of varying operational
failure probability is included in Equation 17. Including this parameter requires the costs to maintain
the storm surge barrier to be expressed in terms of both the non-closure probability and the
structural failure probability of the storm surge barrier.

Sn Equation 17
opt _ .
Cinvest tot — min (Cinvest,SSB (psf: pnc) + Cinvest,dike,s (psf' pnc))
’ DsfiD
sfenc
S=8§1

® pss [1/year]: Structural failure probability storm surge barrier.
® P [1/demand]: Non-closure probability storm surge barrier.

e 5; [-]: Dike section along the estuary.

Copt

imvest tot L€]: The optimal and thus minimum costs corresponding to the optimal storm

surge barrier performance (p;’;’t, pZ?t)

®  Cinpestssp [€]: The investment to maintain a certain performance of the storm surge barrier
(SSB).

®  Cinvestdikes [€]: The investment required to reinforce a dike section along the estuary.
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Reducing flood risk at flood protection system level

Three measures are identified that reduce the dike failure probability; a combination of the three

measures can be applied when such a reduction is needed.

e Reducing the structural failure probability of the storm surge barrier reduces the dike

failure probability, effectiveness is limited by the fragility curves.

e Reducing the non-closure probability of the storm surge barrier reduces the dike failure
probability, effectiveness is limited by the structural failure probability.
e Increasing the dike strength reduces the dike failure probability, the upper limit of the dike

failure probability is lowered.

4.4.2. Case-specific aspects to include in applying the framework

This subsection describes the aspects to consider in applying the framework. These aspects are
examined by discussing three case studies, demonstrating that the aspects to include in the
framework are case-specific. These case studies are located in the southwestern part of the
Netherlands, as shown in Figure 24.
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Figure 24: Flood defences in the southwestern part of the Netherlands that are part of the Deltawerken (Rijkswaterstaat,

Maeslant Barrier

n.d.a).

As noted in Section 4.2, the schematised water level distribution is used for describing the water
levels behind the Maeslant Barrier (Maeslantkering, Figure 25). The water levels at the river behind
the storm surge barrier are influenced by both the performance of the storm surge barrier and the
river discharge. Calculating an economic optimum requires considering the length of river branches
influenced by the performance of the storm surge barrier. The schematisation of the water level
distribution can be improved further. For example, Mooyaart et al. (2025) considers the influence of
the river discharge behind the Maeslant Barrier on the river water levels as an extension of the
model described in Section 4.2.
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Figure 25 [Left]: Maeslant Barrier (van Houdt, 2007). Figure 26 [Right]: Haringvliet Sluices (van Houdt, 2008).

Eastern Scheldt Barrier

The water level distribution used in this chapter assumes a unique relationship between the
structural failure probability, the operational failure probability, and the resulting water levels. This
unique relationship can, however, not be assumed for storm surge barriers with multiple gates, such
as the Eastern Scheldt Barrier (Oosterscheldekering, Figure 2). This is illustrated in Figure 27, as the
more gates that fail, the higher the hydraulic loads behind the storm surge barrier. In other words, it
is difficult to generalise the effect of failure of the storm surge barrier as a function of failure of each
of the sixty-two gates on the water level distribution. The approach taken in Prespeil is therefore
considered for the Eastern Scheldt Barrier, as discussed in Subsection 2.3.1, and applied in Chapter 5.
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Figure 27: Water level distribution calculated for different numbers of gates that fail. Hydra-NL calculations for a location at
the Eastern Scheldt, near the Oesterdam.
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Haringvliet Sluices
The dam closing off the Haringvliet (Haringvlietdam, Figure 26) is a storm surge barrier located in the

southwestern part of the Netherlands. The Haringvliet Sluices are closed during normal conditions;
water is discharged from the river into the North Sea during high river discharges. The framework
can be applied to flood protection systems with multiple lines of flood defences; the storm surge
barrier does not necessarily have to close during high water. The framework is applicable to cases
where the first line of the flood protection system can fail and thereby increase the hydraulic loads
on the second line of the flood protection system. For the Haringvliet Sluices, a model that calculates
the water levels at the Haringvliet is considered. The water levels at locations behind the Haringvliet
Sluices are correspondingly assessed (Rijkswaterstaat, 2022b). This is a similar approach as used for
assessing the performance of the Eastern Scheldt Barrier, this approach is described in Subsection
2.3.1.
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5. Applying the framework to the case study

The framework described in Subsection 3.3.2 is applied to the case study. The Eastern Scheldt is
described first, before a schematised representation of this flood protection system is used to apply
the framework. The results of the calculations and the current requirements for the Eastern Scheldt
Barrier are presented and discussed.

5.1. Introduction case study

The Eastern Scheldt (Oosterschelde, Figure 28) is a flood protection system with a storm surge
barrier. The Eastern Scheldt Barrier (Oosterscheldekering, Figure 2) is a storm surge barrier located in
the southwestern part of the Netherlands, at the transition between the North Sea and the Eastern
Scheldt. The Eastern Scheldt Barrier is built to prevent flooding of the province of Zeeland, which is
the main function of the structure.
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Zuid-Beveland

o

Figure 28: Map of Eastern Scheldt and its flood defence trajectories. The Eastern Scheldt Barrier is indicated by trajectory
218.

This report focuses on the flood risk related aspects of the storm surge barrier. However, it is
important to note that ecological considerations, supported by local fishers and nature conservation
organisations, led to the current design, whereas the barrier was originally proposed as a dam, a non-
moveable barrier. The moveable sections of the barrier allow for tidal exchange, which serves
environmental and ecological values (Rijkswaterstaat, 1986). The flood risk related aspects are thus
influencing and influenced by other functions and values of the Eastern Scheldt.

The Eastern Scheldt is defined as a closed system, inflow and outflow of water are possible when the
Eastern Scheldt Barrier is opened. The flood protection system consists of three elements.

e Eastern Scheldt Barrier: Defined as flood defence trajectory 218. It consists of both
moveable sections (i.e., Roompot, Schaar, and Hammen) and non-moveable sections (i.e.,
dam sections and Roompotsluis). The flood defence trajectory is indicated in purple in Figure
29.

o Dike trajectories: Seven dike trajectories defend the hinterland directly. These trajectories
are indicated in Figure 28: 26-2, 26-3, 27-1, 27-2, 28-1, 30-1, and 31-2.
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e Closure dam trajectories: The estuary is closed by closure dams; they are the second line of
flood defence behind the Eastern Scheldt Barrier. The dams prevent interaction with other
water bodies; they close off the estuary. These trajectories are indicated in Figure 28: 216,
217,219, 221, and 222.

z

Damaanzet Noordland Damvak geul NOORDZEE - %g %

Noord-Beveland

Roggenplaat

o
- oompot

Schouwen-
Duiveland

en
Schaes SO
Noord-Beveland

Roompotsluis

Damaanzet

Neeltje Jans Schouwen-Duiveland

Figure 29: Map of the Eastern Scheldt Barrier (OBT, 2022).

5.2. Results of assessment of Eastern Scheldt flood defences

This section describes the assessment of flood defences as part of the case study. The safety
assessment of storm surge barrier and dike trajectories is performed separately. Storm surge barriers
are assessed by, or on behalf of, Rijkswaterstaat. Water boards assess dike trajectories.

5.2.1. Results of assessment of Eastern Scheldt Barrier

This subsection discusses the assessment of the Eastern Scheldt Barrier. This assessment has been
conducted according to both the old and the new safety standards. Two requirements are used in
the recent assessment of the Eastern Scheldt Barrier.

Assessment of the Eastern Scheldt Barrier according to old safety standards

The Eastern Scheldt Barrier was assessed in van der Want (2010). Calculations and inspections were
used to assess the failure mechanisms. This assessment was performed according to the old safety
standards. This means that the different parts and failure mechanisms of the flood defence trajectory
were verified against the hydraulic boundary conditions corresponding to the safety standard (i.e.,
4000-year return period). This assessment showed that the storm surge barrier was up to standard at
that time. The structural failure probability was categorised between the safety standard and one per
cent of this standard, which corresponds to the requirements defined in Table 1.

Assessment of the Eastern Scheldt Barrier according to new safety standards

The Eastern Scheldt Barrier was assessed following the new safety standards in OBT (2022),
consisting of the derivation of the failure probability in closed state of the flood defence trajectory.
This failure probability in closed state consists of failure of non-moveable sections and failure of
structural components of the moveable sections (la Gasse et al., 2020). Components with a non-
negligible share with respect to the failure probability of the trajectory (i.e., a failure probability
smaller than 1 per cent of the safety standard) were included in the derivation of the quantitative
results.
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Five components of the moveable parts of the barrier were identified with a non-negligible share in
the assembled failure probability. The failure probabilities of these five components were calculated,
as depicted in Figure 30. Four of these five components significantly contribute to the assembled
failure probability. The assembled failure probability of the trajectory was calculated after integrating
over the different storm events. The failure probabilities per storm event are integrated in the water
level distribution via Prespeil. These estuary water levels were used to assess the performance of all
storm surge barrier failure mechanisms, as discussed in Subsection 2.3.1.

Failure probability per structural component of Eastern Scheldt Barrier
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Figure 30: The structural failure probability per gate of the Eastern Scheldt Barrier resulting from the contributing structural
components (Vuik et al., 2024).

The Eastern Scheldt Barrier was in OBT (2022) assessed based on two requirements.

e The first requirement relates to failure in closed state, as described in Section 2.2. OBT
(2022) shows that the assembled failure probability in closed state is smaller than the
allowed failure probability as derived in Equation 6 (i.e., 1/10,000), as this failure probability
is approximately equal to 1/13,000. This implies that the failure probability in closed state
has a negligible effect on the dike failure probability.

¢ The second requirement relates to water levels as described in Subsection 2.3.1. OBT (2022)
reports that all locations along the estuary comply with this requirement. For the normative
dike location, an increase in water level of 1.36 metres is calculated. This is equivalent to a
margin of 8.64 centimetres compared to the agreed maximum allowed increase in water
level of 10 centimetres.

5.2.2. Results of assessment of dike and dam trajectories

The dike trajectories and closure dam trajectories all have different requirements because the
consequences of failure differ per location. An overview of flood defence trajectories and their
assessment with respect to the current requirements, including the assessment of different dike
failure mechanisms, is provided in Appendix A.
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5.3. Dike failure probability for non-perfect storm surge barrier
This section describes the calculation of dike failure probability as a function of the performance of

the Eastern Scheldt Barrier. The calculations are performed via notebooks, as described in Appendix
F.

5.3.1. Assumptions made in applying the framework
The following assumptions are made in applying the framework.

e Itis assumed that all relevant storm surge barrier failure mechanisms are described by and
implemented in Prespeil.

e Three dike failure mechanisms are used for describing the Eastern Scheldt. These failure
mechanisms represent failure of both dike trajectories and closure dam trajectories. The
closure dam trajectories are included as part of the second line of flood defences.

e The framework is applied to one cross section in this section; this cross section is considered
representative for the flood defence trajectories along the estuary. The cross section
considers the elements illustrated in Figure 15.

5.3.2. Input framework

The water level distributions calculated using Prespeil for the Oesterdam that are shown in Figure 31
are used as input. A description of the dike failure mechanisms is given in Appendix B. The dike
failure mechanisms are presented through the fragility curves illustrated in Figure 32. The same
failure mechanisms are used in Chapter 4.
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Figure 31 [Left]: Water level distribution at Oesterdam via Prespeil. Figure 32 [Right]: Fragility curves for a dike that is
governed by macrostability failure, and the mean values shifted to represent a dike according to distribution factors.

Differences in dike strength are simulated by shifting the fragility curves, as illustrated by the dotted
curves in Figure 32. A dike that complies with a safety standard equal to 10 is simulated by
constructing each dike failure mechanism at the maximum allowed annual probability of failure per
dike failure mechanism, thus including the distribution factors prescribed in Figure 6, according to
Equation 3. This schematisation considers a dike that is designed while accounting for operational
failure of the storm surge barrier. This difference in dike strength allows for studying the results for a
dike that has a reduced probability of failure for macrostability.
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5.3.3. Output Framework

The input of the framework is used for calculating the dike failure probability for the three different
water level distributions illustrated in Figure 31. The failure probability calculations at trajectory level
are shown in Table 4. Clearly, the fragility curves are constructed such that macrostability is the
dominant failure mechanism. Therefore, the calculated dike failure probabilities for the two other
failure mechanisms do not contribute to the total failure probability.

Table 4: Failure probability at trajectory level for a perfect storm surge barrier (SSB) and for taking into account electrical
(E), mechanical (M), and structural (S) failure.

Failure probability perfect SSB E-M failure E-M-S failure
per mechanism [1/year] [1/year] [1/year]
Overtopping 1.71E-06 2.19E-06 4.16E-06
Macrostability 1.13E-03 1.13E-03 1.14E-03
Grass revetment 1.34E-09 9.63E-08 2.54E-06
Total 1.13E-03 1.13E-03 1.14E-03

The results in Table 5 are calculated for the dike fitted according to the distribution factors. The dike
failure probability is lower, as this dike has a greater resistance against failure due to macrostability
of the inner slope. Furthermore, the total dike failure probability is influenced by all three failure
mechanisms, it is not dominated by one failure mechanism.

Table 5: Failure probability at trajectory level for a dike fitted for the distribution factors per dike failure mechanism.

Failure probability  Distribution perfect SSB E-M failure E-M-S failure
per mechanism factor (w) [-] [1/year] [1/year] [1/year]
Overtopping 0.24 2.24E-05 2.33E-05 2.57E-05
Macrostability 0.04 2.97E-06 3.97E-06 7.43E-06
Grass revetment 0.05 1.97E-06 5.22E-06 1.20E-05
Total 0.33/1 2.74E-05 3.24E-05 4.51E-05

5.3.4. Discussion of results

The inclusion of the structural failure probability in the calculations for the Eastern Scheldt Barrier
results in an increase in dike failure probability, which is depicted in Table 6. For the ‘distribution
factor dike’, the factor of the increase in dike failure probability, the relative increase, is larger than
for the ‘macrostability dike’. However, the absolute increase in dike failure probability is still small.
So, the maximum allowed annual failure probability is not underestimated by a large factor, an
absolute increase in the order of magnitude of 10 per cent relative to the strictest dike safety
standard along the Eastern Scheldt is calculated.

Table 6: Difference in dike failure probability resulting from including the effect of structural failure.

Increase in dike failure E-M failure E-M-S failure Absolute increase Relative increase

probability [1/year] [1/year] [1/year] [-]
Macrostability dike 1.13E-03 1.14E-03 9.87E-6 1.01
Distribution factor dike 3.24E-05 4.51E-05 1.27E-5 1.39

Table 7 shows the increase in dike failure probability relative to a perfect storm surge barrier, thus
relative to a perfectly closing Eastern Scheldt Barrier. The increase in dike failure probability is larger
than as shown in Table 6, however it is still in the same order of magnitude.
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Table 7: Difference in dike failure probability compared to a perfect storm surge barrier.

Increase in dike failure  Perfect SSB  E-M-S failure Absolute increase Relative increase

probability [1/year] [1/year] [1/year] [-]
Macrostability dike 1.13E-03 1.14E-03 1.41E-5 1.01
Distribution factor dike 2.74E-05 4.51E-05 1.77E-5 1.65

The findings thus depend on the assumed strength of the dike. Assuming that a dike will not be less
strong than its current state results in the conclusion that the absolute increase in dike failure
probability resulting from including the effect of storm surge barrier performance is not larger than
order of magnitude 107°. This is concluded based on the assumption that the conditional dike failure
probability per water level, which is modelled via fragility curves, does not increase for a stronger
dike.

There are two aspects identified that contribute to differences in the calculated dike failure
probability when including storm surge barrier performance.

e For macrostability failure, the failure probability is assessed at a low failure probability at
cross section level (i.e., order of magnitude 107). A large length effect amplifies the effect of
small increments in dike failure probability at cross section level when translating to
trajectory level, which is exemplified by Equation 12. The uncertainty in dike strength along
the dike trajectory is reflected in a lower demanded failure probability at cross section level.
The uncertainty on the ability of the dike to resist water levels with higher return periods, the
water levels influenced by storm surge barrier performance, is higher.

e For revetment failure, the fragility curve is modelled as a step function. This means that the
calculations solely depend on the load (i.e., the water level distribution), the fragility curve is
not distorted by the strength of the dike. The failure probability calculations in Appendix C
(C.1) show that the structural failure probability influences the results, the magnitude of this
influence depends on the strength of the dike.

5.4. An economically optimal structural failure probability

This section describes the steps to calculate a requirement for structural failure of the Eastern
Scheldt Barrier by performing an economic optimisation. The calculations are performed via
notebooks, as described in Appendix F.

5.4.1. Assumptions made in applying the framework

The same assumptions as those listed in Subsection 5.3.1 are made, implying that the costs at flood
protection level are calculated using one representative cross section. One dike cross section is
considered representative for the complete length of flood defence along the estuary.

5.4.2. Input framework

For deriving a requirement, an assumption is needed regarding the effect of varying structural failure
probability of the Eastern Scheldt Barrier on the resulting water levels. For reference, the calculations
performed in Nicolai & Vuik (2025) are used; these results are shown by the blue dotted curves in
Figure 33. This figure shows the resulting water levels for an assumed uniform reduction in failure
probability; the same factor in failure probability reduction is applied to all gates. The calculations are
performed for the Oesterdam and include a sea level rise of 50 centimetres.
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Figure 33: Water level distribution at Oesterdam calculated for different structural failure probabilities (Nicolai & Vuik,
2025).

A discretised approximation of Figure 33 is shown in Figure 34. This approximation illustrates how
hydraulic loads increase due to an increase in structural failure probability. The higher the water
level, the greater the difference in exceedance probability between the different curves. This
approximation is used in this section to estimate the effect of different structural failure
probabilities. In this schematisation, structural failure is defined as loss of water-retaining of at least
one of the sixty-two gates of the Eastern Scheldt Barrier. The operational failure probability is not
optimised in this chapter. It is assumed that the current non-closure probability represents the
optimal non-closure probability.

The results in Figure 33 are extrapolated in two ways. First, the slope of the curve is extended
towards water levels with larger return periods. This extrapolation is performed for water levels
smaller than those corresponding to the offshore water level, as the estuary water level does not
exceed the water level corresponding to a situation without a storm surge barrier. The offshore
water level distribution is shown in Figure 27, a sea level rise of 50 centimetres is added to the
assumed exponential distribution. Second, the slope of the curve is extrapolated to examine the
effect of higher structural failure probabilities. As part of this extrapolation, the same increase in
exceedance probability per water level is assumed for an increase in structural failure probability by
the same factor.
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Figure 34 [Left]: Assumed water level distribution for different structural failure probabilities. Figure 35 [Right]: Fragility
curves with a reduced failure probability for macrostability to represent a dike that just meets the safety standard.
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The fragility curves are fitted to represent a dike that just complies with the dike safety standard for
a negligible storm surge barrier structural failure probability. This is done by reducing the failure
probability for macrostability, as shown in Figure 35. It is reasoned that the dike is designed while
accounting for a negligible structural failure probability, in other words, the dike safety standards
consider a negligible effect of structural failure on the dike failure probability. The dike is
strengthened to account for the increase in dike failure probability resulting from decreasing storm
surge barrier performance.

The dike investment function is calculated using Equation 13 and shown in Figure 18 [3a]. This
function is used for evaluating the costs associated with small variations in dike failure probability.
The dike costs are calculated for varying storm surge barrier structural failure probabilities. The
following parameters are used as input for this function.

®  Lestuary = 196 [km]: Total length of dike and dam trajectories along the estuary, as
identified from Appendix A.

*  Caikefact1io = 2 * 106 [€/km]: Dike investment to reduce the dike failure probability by a
factor of 10. A representative value for the Eastern Scheldt is estimated using Slootjes &
Wagenaar (2016).

*  Pregdike = 10~* [1/year]: Maximum allowable annual probability of dike failure. The
strictest safety standard of the flood defences along the Eastern Scheldt is used (see
Appendix A).

®  Caikepase = 0 [€/km]: Costs to initiate dike reinforcement are not considered.

The required investment to guarantee a certain structural failure probability for the Eastern Scheldt
Barrier is estimated using Equation D.2, which is described in Appendix D. The resulting function is
shown in Figure D.1. The costs associated with a variation in structural failure probability by a factor
of 10 are used for analysing the sensitivity of the storm surge barrier investment function with
respect to the calculated economic optimum.

5.4.3. Output framework

As a first step, the dike failure probability is calculated. As shown in Table 8, the dike failure
probability increases for a higher probability of structural failure. For the calculations in Table 8, an
increase in dike failure probability in the order of magnitude 10 is calculated relative to the
assumption of a storm surge barrier that does not fail structurally.

Table 8: Dike failure probability at trajectory level (P(Fyike traj)) per storm surge barrier structural failure probability (p. f).

Psy [1/year]  Negligible 1 1 1 1 1 1
100,000 30,000 10,000 4,000 1,000 300

P(Fgikeiraj) 9-25E-05  9.26E-05 9.65E-05 1.10E-04 1.51E-04 2.42E-04 4.40E-04
[1/year]

The input of the framework is used to calculate an economic optimum. The calculated investment
costs are presented in Figure 36, the economically optimum structural failure probability is calculated
to be 1073. The sensitivity of this result with respect to the parameters used as input for the
framework is discussed in Subsection 5.4.4.
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Figure 36: Total costs as a result of dike and storm surge barrier costs for different structural failure probabilities of storm

surge barrier (psy).

5.4.4. Discussion of results
An economic optimum is calculated and presented in Figure 36, based on the assumed parameters,
which are summarised in Appendix E. Two aspects determine the structural failure that is calculated

in Figure 36.

The dike failure probability as a function of storm surge barrier performance. The economic
optimum is determined by the variation in dike failure probability for a certain increment in
structural failure probability. The aspects influencing this relationship are discussed in
Subsection 4.3.4 and Subsection 5.3.4. It is noted that the dike investment function uses the
relative increase in dike failure probability, a factor of ten increase in failure probability,
therefore the dike costs are most sensitive to absolute variations in dike failure probability
when the initial dike failure probability is small.

The storm surge barrier investment function relative to the dike investment function. The
economic optimum is determined by the variation in storm surge barrier costs compared to
the variation in dike investment costs. In other words, the justified investment to be spent on
improving storm surge barrier performance is determined by the variation in dike costs. The
sensitivity of the parameters influencing this relationship is discussed in this subsection.

Figure 37 illustrates the sensitivity of the parameters used in describing the investment functions and
how these parameters influence the economically optimal structural failure probability.
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Figure 37 [a-d]: Sensitivity of the parameters influencing the investment functions. The total costs at estuary level depicted

in green are calculated for varying magnitudes of the parameters.

The following conclusions are drawn from Figure 37.

The dikes and the storm surge barrier must be maintained in all considered options. These
base costs do therefore not influence the calculated economic optimum.

A lower economically optimal structural failure probability is calculated when the variation in
dike investment costs is large with respect to the variation in storm surge barrier investment
costs.

The required dike strength determines the required dike reinforcement. No dike
reinforcement is required when the dike failure probability is lower than required.

Physical parameters, such as the total length of dike along the estuary, influence the
variation in costs. A variation in estuary shoreline length is equivalent to the same variation
in the dike costs described by a factor of ten. The greater the total length of dike, the higher
the variation in dike costs relative to the variation in storm surge barrier costs.

The case-specific results indicate a low justified investment in strengthening the Eastern
Scheldt Barrier. This is a result of both the dike investment costs per kilometre and the
increase in dike failure probability for a varying structural failure probability.
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5.5. Discussion of safety standards for structural failure of the Eastern Scheldt

Barrier
For studying safety standards for structural failure of the Eastern Scheldt Barrier, the dike failure
probability is calculated for different hydraulic boundary conditions in this study. The theory
demonstrates that the dike failure probability depends on the water levels on the dikes and that this
failure probability is higher for higher structural failure probabilities of the storm surge barrier.

The calculations show that the increase in dike failure probability resulting from including the current
estimation of failure in closed state via water levels is small. In fact, the increase in dike failure
probability for including both failure mechanisms, operational failure and structural failure, is small.
This is in line with the limited increase in water levels resulting from including the effect of storm
surge barrier performance along the Eastern Scheldt, as described in Subsection 5.2.1.

These findings do not account for the repair time of the structural components of the Eastern
Scheldt Barrier. Therefore, these findings hold under the assumption that the repair time of these
structural components is limited and does not significantly influence the hydraulic loads behind the
storm surge barrier.

The findings align with an approach that includes the effect of both failure mechanismsin a
criterion that assesses the maximum allowable increase in dike failure probability. For the dike
trajectories along the Eastern Scheldt, individual risk was the most critical criterion in deriving dike
safety standards, as concluded from Slootjes & Wagenaar (2016). Therefore, the maximum allowed
increase in dike failure probability relates to the maximum allowed increase in individual risk.

It is noted that this approach does not necessarily lead to an economically optimal flood
protection system. Although, the calculations indicate that a small increase in dike failure probability
does not result in large variations in dike investment costs. Therefore, a large deviation between the
maximum allowable structural failure probability and the economically optimal structural failure
probability is not expected, unless the storm surge barrier costs are relatively insensitive to the
required structural failure probability compared to the dike costs.

Deriving the water level distribution as a function of storm surge barrier performance, and
subsequently calculating the resulting dike failure probabilities, is important, as the interpretation of
the requirement for failure in closed state suggests that this effect may almost not be neglected. As
presented in Subsection 5.2.1, the estimated failure probability in closed state is almost equal to the
maximum annual probability of failure. Applying this requirement strictly leads to a different
conclusion than that based on the assessment of the criterion that considers water levels behind the
storm surge barrier, as it indicates the need to improve the structural reliability of the Eastern
Scheldt Barrier.

This assessment is based on a high conditional probability of dike failure given storm surge
barrier failure for a small increase in water level behind the storm surge barrier. Failure of the
Eastern Scheldt Barrier is assumed for failure of at least one of the sixty-two gates, which is
associated with a probability of one in three that a dike fails given failure of the storm surge barrier.
However, Vuik et al. (2024) reports that failure of one gate has no substantial effect on the water
levels behind the storm surge barrier. This suggests that this assessment considers a conservative
interpretation of the definition, and associated conditional failure probability, of failure in closed
state of the Eastern Scheldt Barrier.
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6. Discussion

This chapter discusses the steps taken in applying the framework, these steps are discussed per
element of the flood protection system. It is discussed that applying the framework, and thus
deriving a safety standard for storm surge barriers, requires making assumptions regarding the
schematisation of the elements of the flood protection system.

Schematisation of storm surge barrier performance

Storm surge barrier performance is part of the derived water level distributions for the Eastern
Scheldt. These water level distributions depend on the data, models, and assumptions used to derive
the hydraulic boundary conditions. This is exemplified by the different findings presented in this
report. The findings depend on the consulted model and, therefore, on the assumptions made in
constructing the model.

e van Manen (2008) reported an 8 cm increase in water level resulting from accounting for
storm surge barrier performance at Stavenisse, while Duits & Vuik (2022) reported a 1 cm
difference at the same location for a higher return period (10,000 years versus 4,000 years).

e Hydra-NL predicts a more conservative water level distribution than Prespeil. Figure 38
illustrates that Hydra-NL predicts a higher water level for the complete range of exceedance

probabilities.
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Figure 38: Water level distributions calculated using Prespeil and Hydra-NL.

The schematisation of estuary water levels made using Prespeil is used as input for the framework.
Several aspects are included in Prespeil, for example, Prespeil includes the effect of operational
failure possibly leading to structural failure of gates of the Eastern Scheldt Barrier. This cascade effect
considers that failure of the bed protection, which is caused by non-closure of a certain gate, leads to
loss of stability of parts of the structure (Vuik et al., 2021).

The repair time of the structural components of the Eastern Scheldt Barrier is not explicitly
considered in the safety assessment. The repair time determines the state of the storm surge barrier
at the start of the next storm. This is associated with the probability that the failed structural
components have not been repaired before the next closure of the storm surge barrier. The repair
time therefore influences the resulting water levels behind the storm surge barrier significantly if the
repair time is not limited.
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Discretisation of storm surge barrier performance

The structural failure probability is assembled into one value in the framework, as exemplified by
Equation 14. Such an approach is suitable for storm surge barriers with fewer gates, as a unique
relationship between storm surge barrier performance and resulting water levels is estimated. For
the Eastern Scheldt Barrier, multiple configurations of different gates not fulfilling their water-
retaining function result in the same structural failure probability. The translation towards water
levels is for these configurations not necessarily the same.

This implies that applying the framework requires making assumptions about the relationship
between the storm surge barrier structural failure probability and the resulting water level
distribution in order to avoid iteration over small variations in the water level distribution. This is
exemplified by Figure 33, the assembled failure probability is reduced by applying the same
reduction in structural failure probability to all gates of the Eastern Scheldt Barrier.

Changing hydraulic boundary conditions
This report focuses on the effect of storm surge barrier performance on the estuary hydraulic

boundary conditions. The influence of variations in water level can be analysed using the framework.
For example, by varying the parameters of the schematised water level distribution described in
Equation 16. This approach can be followed to study the effect of sea level rise. This report does not
consider sea level rise and its effect on the risk of flooding. This is however inevitable when keeping
in mind the lifetime of flood defences.

Due to sea level rise, the hydraulic loads on flood defences increase. Consequently, the structural
failure probability of the storm surge barrier increases. The Eastern Scheldt was designed while
accounting for a rise in water level; a safety margin of 30 centimetres was included in the design to
account for the effects of both subsidence and sea level rise (Verbruggen et al., 2012).

Duits et al. (2024) calculated that the requirements for the Eastern Scheldt Barrier discussed
in Subsection 5.2.1 are no longer met for a certain rise in water level. The requirement for failure in
closed state is no longer met for an estimated water level rise of 5 to 10 cm. For the requirement
regarding water levels, exceedance of the maximum allowed increase in water level is expected for
70 to 100 cm sea level rise for the normative dike locations.

The impact of sea level rise is amplified by the closure decision level that is increased to limit the
number of closures needed. Such a measure is expected, as the number of closures per year must be
limited to maintain tidal exchange and thus preserve environmental and ecological values. The
hydraulic loads on dikes increase due to an increasing closure decision level.

The dike failure probability increases for higher hydraulic loads. This is exemplified by increasing the
location parameter (a in Equation 16) of the water level distribution by 50 cm, while maintaining the
same water level corresponding to structural failure, as depicted in Figure 39. The resulting
calculations are shown in Figure 40.

These calculations show that the increase in the location parameter results in an increase of
the dike failure probability by the same factor for all storm surge barrier structural failure
probabilities, which exemplifies that the density of the water level distribution has increased by the
same ratio for all water levels. Furthermore, it is concluded that an increase in hydraulic loads results
in an increase in both storm surge barrier failure probability and dike failure probability.
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Schematised increase in hydraulic load Dike failure probability at trajectory level

—— a=NAP+2.1m — a=NAP+2.1m
10 1 Na=0.5m a=NAP+2.6m = a=NAP+2.6m
5
o -2
= § 10
> =
= E
= -2 =
3z g
= <
2 &
z
2 E:“ 107 4
£ 10 E
o e
c o
< g
& E
£ 1076 4 E
¢ :u
X 10744
-]
1078 T T T T T T T - T T T T " T i
2 3 4 5 6 7 8 9 10~ 1077 1076 1073 10~ 1073 1072 1071
water level (h) [NAP + m] structural failure probability (psf) [1/year]

Figure 39 [Left]: Schematisation of increase in hydraulic loads. Figure 40 [Right]: Dike failure probability at trajectory level
for increase in hydraulic loads with respect to the calculations in Figure 23.

Schematisation of dike strength
The resistance of dikes to failure is schematised using fragility curves, which provide a method to

assess the sensitivity of a dike to variations in the water level distribution resulting from varying
storm surge barrier performance. This study assumes the shape of the fragility curves; it does not
provide a mathematical description of the physical processes leading to failure. Furthermore, it is
assumed that the three dike failure mechanisms are independent. This assumption does not consider
that dike failure mechanisms are influenced by the same water level on the dike during a certain
event. Finally, a limited number of dike failure mechanisms is included in the calculations.

Not all dike failure mechanisms can be accurately represented using fragility curves. For example,
overtopping failure depends on the wave height and the water level in front of the flood defence. It
is not straightforward to capture the correlation between the two hydraulic boundary conditions
using a fragility curve.

This is the main reason for the conceptual approach that is taken for deriving fragility curves.
As part of this conceptual approach, the shapes of the fragility curves for macrostability and
overtopping are derived by examining the results of typical calculation methods, such as overtopping
discharge formulas and dike stability calculations. In practice, fragility curves, in particular fragility
curves for overtopping, were not used and derived during safety assessment. Fragility curves for
failure mechanisms such as macrostability and piping are more common and depend on geotechnical
parameters.

When applying the framework, the methods and models that are used to calculate dike
failure probabilities for varying hydraulic loads must be chosen. In other words, it is not strictly
necessary to use fragility curves for applying the framework, as exemplified by the generic steps
outlined in Subsection 3.3.1.

The correlation between dike failure mechanisms is especially relevant for the dependency between
overtopping failure and grass revetment failure. Overtopping most likely occurs when the water level
is above the start of the grass revetment, indicating a strong correlation between these two failure
mechanisms. These two failure mechanisms are assumed to be independent in the framework, which
implies that a conservative assumption is made for calculating both the dike failure probability and
the influence of storm surge barrier performance on the dike failure probability. Figure 41 illustrates
the fragility curve for assuming that the two failure mechanisms are fully correlated. This assumption
results in a lower dike failure probability than the sum of the two individual contributions.
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Fragility curves
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Figure 41: Fragility curves for overtopping and grass revetment failure. The fragility curve that assumes the two failure
mechanisms to be fully correlated is shown by the black-dotted line.

Three dike failure mechanisms are included in the calculations. These failure mechanisms relate to
geotechnical sections that are vulnerable to variations in water level. Specific structures within a dike
trajectory and dike failure mechanisms insensitive to variations in water level are not considered.
Piping failure is not included, as it is not considered as an important failure mechanism for describing
the effect of storm surge barrier performance on the dikes along the Eastern Scheldt.

The dike probability is most vulnerable to storm surge barrier performance when the
conditional dike failure probability is high for a relatively low water level on the dike. Erosion of grass
revetment is an example of a failure mechanism that includes this characteristic. The failure
probability of this failure mechanism is determined solely by the water level distribution, as
discussed in Appendix C. The example of failure due to erosion of grass revetment is generalised to
outline similar failure mechanisms that include this characteristic.

e Grass revetment failure models a dike that fails suddenly for a low water level on the dike,
which is a simplified schematisation of failure due to overflow of a low dike.

e The correlated height driven failure mechanism in Figure 41 models a dike that fails for a
water level that exceeds the height of the outer slope berm. This is a conservative
schematisation of the wave reduction by outer berms of dikes. The higher the water level
relative to the height of the outer berm, the smaller the reduction in wave height (EurOtop,
2007). Accounting for a smaller reduction in wave height increases the conditional failure
probability of overtopping for water levels above the height of the outer berm.

Discretisation of flood protection system

The calculations have been applied to one cross section in this study. When deriving a requirement
for flood defences, the effect of storm surge barrier performance on all relevant dike sections must
be considered. It must be checked that the requirements are met for all selected locations along the
estuary.
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In case an optimisation problem is consulted, a distinction of different dike sections is needed. This
allows for considering differences in load and resistance per location along the estuary. Equation 18
shows the problem that is solved in this study. The only change with respect to Equation 14 is the
representative length of dike, or in other words, the number of dike sections considered. A
distinction of dike sections also allows for specifying the dike investment function per section.

Copt

invest,tot = r{)li;l(cinvest,SSB (psf) + Cinvest,dike (psf)) Equation 18
S

* Dy [1/year]: Structural failure probability storm surge barrier.

. C%Lst tot [€]: The optimal and thus minimum costs corresponding to the optimal storm

surge barrier structural failure probability (p;);’t).

®  Cinvestssp [€]: The investment to maintain a certain structural failure probability of the
storm surge barrier (SSB).
®  Cinvestaike [€]: The investment required to reinforce the dikes along the estuary.

Estimation of investment functions

In this study, the dike failure probability is directly translated into costs, as exemplified by Equation
13. Translating failure probability to the required design geometry of a dike, and then calculating the
costs to strengthen the dike, provides more detail. In that case, measures are identified per dike
failure mechanism and included in the optimisation problem, as indicated by the green arrows in
Figure 42.
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Figure 42: Steps to calculate the investment costs. The black arrows indicate the steps taken in this study. The red arrows
represent dike strength by means of one function (e.g., one fragility curve). The green arrows calculate the required
measures per dike failure mechanism.
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Appendix C (C.2), for example, shows that the investment costs are lower when considering case-
specific aspects. The costs to heighten revetment blocks on the outer slope of a dam are estimated
to be lower than the costs based on the ratio between the actual and the required dike failure
probability via Equation 13. Including a higher level of detail in the investment functions is desirable,
examples are given for specifying the investment for a dike failure mechanism and for the structural
failure probability of the storm surge barrier.

e For the dike investment function, the costs to reduce the failure probability of
macrostability inner slope depend on the measure taken. The costs of a hard measure (e.g., a
diaphragm wall) differ from the costs of a soft measure (e.g., a stability berm). Therefore, the
investment costs depend on the available space per dike section, as a soft measure is
applicable when enough space is available.

e For the storm surge barrier investment function, a concrete plan on how a certain structural
failure probability is achieved and maintained is of interest. For the Eastern Scheldt Barrier,
this consists of the costs to reduce the structural failure probability of the gates. This is
achieved by increasing the strength of a certain structural component. The investment
function presented in Figure D.1 is used to analyse the sensitivity of the parameters
influencing this function.
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7. Conclusions and recommendations

7.1. Conclusions
The first research question considers the criteria that have been used in safety standards for storm
surge barriers, which have developed over time. It is important to understand the assessment of
storm surge barriers with respect to the governing safety standards. Under the old safety standards
in the Netherlands, the criteria and corresponding definitions were based on a maximum allowed
estuary water level. The new safety standards follow approaches that assess whether the effect of
storm surge barrier performance on flood risk may be considered negligible. If this is not the case,
storm surge barrier performance must be modelled in the estuary hydraulic boundary conditions.
Furthermore, separate standards have been established for the different failure mechanisms
of storm surge barriers. Additional requirements have been established for structural failure; these
requirements are stricter than those for operational failure of storm surge barriers. The
consequences in terms of flood risk associated with structural failure of storm surge barriers differ
between safety standards, which is reflected in specific criteria for structural failure.

The framework presented in this study calculates the dike failure probability as a function of storm
surge barrier performance. This is possible by accounting for storm surge barrier performance when
schematising the water level distribution in front of dikes. The resistance of dikes to failure is in this
study schematised using fragility curves.

Two approaches are identified to calculate a requirement for structural failure of storm surge
barriers based on these failure probability calculations, which encompasses the objective of this
study. The investment costs differ between flood protection systems designed based on an economic
optimisation and systems designed using a conservative approach. Additional steps are necessary to
perform an optimisation approach, as it requires the estimation of investment costs. An optimisation
approach is relevant to assess the costs associated with a conservative approach.

e An optimisation approach considers the costs at the level of the flood protection system. A
safety standard for storm surge barriers is derived by considering the investment in
increasing the strength of dike and storm surge barrier to comply with the dike safety
standards. When designing and assessing dikes, there is accounted for storm surge barrier
performance by means of hydraulic loads. These hydraulic loads correspond to the optimal
system configuration.

e A conservative approach does not account for storm surge barrier performance while
designing and assessing dikes. A requirement is established so that the dike safety
assessment does not need to be adjusted when the effect of storm surge barrier
performance on the dike failure probability is accounted for. In other words, the maximum
allowable consequences of dike failure are not exceeded when the effect of storm surge
barrier performance is accounted for. There are two approaches to comply with this
criterion: increasing the performance of the storm surge barrier and strengthening the dikes.
Both measures lead to a lower dike failure probability; this exemplifies the system approach
that is studied.

It is noted that this approach corresponds to a negligible effect on dike failure
probability and consequences of flooding. It does not imply that accounting for this negligible
effect when designing and assessing dikes using hydraulic boundary conditions that describe
the effect of storm surge barrier performance does not result in a substantial difference in
dike geometry. This is exemplified using the calculations shown in Appendix C, a large
difference in required design geometry does not correspond with a large absolute difference
in dike failure probability.
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The criteria that should be considered in safety standards for storm surge barriers are identified by
applying the framework in a generic context and to the case study. The same criteria were identified
in the two chapters presenting these applications. This is a result of the description of the flood
protection system that is used for building the framework.

The aspects that describe the effect of storm surge barrier performance on flood risk are

determined by the failure probabilities of flood defences, including both dike and storm surge
barrier. These failure probabilities depend on the hydraulic loads, the resistance of flood defence
defences, and the consequences of failure. It is concluded that an increase in storm surge barrier
failure probability results in an increase in water level, an increase in dike failure probability, and
consequently an increase in flood risk. These relationships that answer the second research question
are included in the derivation of a requirement for storm surge barrier failure via the framework.

The criteria that should be considered in safety standards for storm surge barriers based on

these relationships are listed to formulate an answer to the main research question. An elaboration
of the relationships that determine these criteria is provided.

A definition of storm surge barrier failure. The strength of the storm surge barrier
influences the significance of the reduction in hydraulic loads. The strength and the number
of structural components and gates influence the resulting hydraulic boundary conditions.
The influence of varying storm surge barrier performance. The dike strength determines
the required performance of the storm surge barrier. The sensitivity of the dike failure
probability to small changes in water level, resulting from varying structural reliabilities of
the storm surge barrier, differs per dike failure mechanism and therefore per dike section.
The minimum costs at the level of the flood protection system. The justified investment in
strengthening a storm surge barrier depends on the economic optimisation that considers
dike and storm surge barrier investment functions.

o The greater the reduction in dike failure probability achieved by increasing storm
surge barrier performance, the higher the justified investment in the storm surge
barrier.

o The larger the length of dike protecting the hinterland, the higher the reduction in
flood risk achieved by improving storm surge barrier performance.

The maximum allowed consequences of flooding. The required dike strength is essential for
determining the required strength of the storm surge barrier. The required dike strength
reflects the consequences of dike failure for the hinterland.

The third research question addresses the criteria that should be considered in a requirement for
structural failure of the Eastern Scheldt Barrier. For this case study, two aspects are in particular of
relevance in addition to the generic criteria identified by addressing the main research question.

Structural failure of the storm surge barrier should be expressed as a function of the number
of gates that fail per storm event, which in Prespeil is represented in terms of estuary water
levels.

In terms of flood risk, the consequences for the hinterland should be considered. Individual
risk is the most relevant indicator for the Eastern Scheldt dikes. This implies that an economic
optimisation does not fully determine a requirement for storm surge barrier performance. A
criterion that assesses the individual risk for the hinterland is necessary.
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7.2.

Recommendations

A framework is proposed to derive a requirement for storm surge barriers based on the relationship
between storm surge barrier performance and dike failure probability. The following
recommendations relate to the use of the framework.

A limited number of calculations are performed in this study. Varying the input functions
provides insights into the sensitivity of the results. Furthermore, it is necessary to perform
calculations for multiple locations and dike cross sections when analysing the complete flood
protection system.

The framework does not include the steps to calculate the consequences of dike failure in
terms of individual risk and societal risk. Including these criteria in the calculations allows for
verifying that the maximum allowed consequences of flooding are not exceeded.

A generic description of the steps of the framework is provided in this report. The functions
and formulas to be used in applying the framework can be altered based on the available
tools for performing the analysis. The tools must be available to calculate the dike failure
probability while varying the load on a dike and the dike resistance.

The framework is applied to a case study: the Eastern Scheldt Barrier. The following
recommendations are based on the discussions and calculations in this study regarding this case

study.

Structural failure of the Eastern Scheldt Barrier is currently verified using two requirements
that evaluate flood safety. The assessment of these two requirements provides two
contradicting conclusions. Therefore, it is relevant to reflect on the approaches that are used
in safety assessment using the failure definitions in Besluit kwaliteit leefomgeving (2025).
For the Eastern Scheldt Barrier, a criterion that assesses whether the effect of storm surge
barrier performance on the consequences of flooding may be considered negligible is
suitable. This approach does not require the investment functions and the effect of different
dike safety standards to be considered, which reduces the effort in performing the
calculations.

The dike failure probability, and thus the risk of flooding, increases for increasing structural
failure probability. It is recommended to check whether this effect is of interest regarding
non flood risk related aspects. It is not checked in this study which increase in structural
failure probability is accepted when considering the Building Decree and the repair time of
structural components.
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Appendix A. Overview of assessment of Eastern Scheldt
flood defences

This appendix gives an overview of the assessment of flood defence trajectories along the Eastern
Scheldt; these flood defence trajectories are presented in Figure 28. Section A.1 discusses the
methods used in assessing flood defences. The characteristics of the dike trajectories are
summarised in Section A.2. The characteristics of the closure dams along the estuary are presented
in Section A.3. These characteristics are used for schematising the fragility curves for the Eastern
Scheldt in Appendix B.

A.1. Methods for assessing flood defences

Flood defences are verified against safety standards, the maximum allowed failure probability and
the signal value, as depicted in Table A.1. The minimum required dike strength is represented by the
maximum allowable annual probability of failure, the signal value is used to decide whether
reinforcement is necessary. The maximum allowable annual probability of failure is never stricter
than the signal value.

Table A.1: Assessment categories for flood defences (IHW, n.d.).

Assessment Description

Category

A+ Complies with signal value by a large margin.

A Complies with signal value.

B Complies with maximum allowable failure probability, not with signal value.

C Does not comply with both maximum allowable failure probability and signal value.
D Does not comply with maximum allowable failure probability by a large margin.

Flood defences are assessed using calculations per cross section and per failure mechanism. The
failure probability of a cross section is determined by summing the failure probabilities of the
individual failure mechanisms, thus assuming that the different failure mechanisms are independent.
The failure probability per cross section is translated to trajectory level, this failure probability is
verified against the maximum allowable annual probability of failure per dike trajectory.

Table A.2 presents an example of dike failure probability calculations for a dike trajectory along the
Eastern Scheldt (i.e., dike trajectory 28-1). For this dike trajectory, the calculated failure probability
(i.e., 1/790) is lower than the maximum allowed failure probability (i.e., 1/300).

Table A.2: Failure probability calculations for dike trajectory 28-1 (Waterschap Scheldestromen, 2022).

Failure mechanism Failure probability [1/year] Share of total [%]
Overtopping 6.42E-7 0.1

Piping 1.07E-4 8.4
Macrostability 1.16E-3 91.5

Failure of structure 4.31E-7 =0

Total 1.27E-3 100
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A.2. Overview of assessment of dike trajectories

The dike trajectories protect the hinterland directly against flooding. The required strength of the
dike trajectories is expressed via safety standards. Seven dike trajectories are defined along the

Eastern Scheldt.

Table A.3: Summary of characteristics of dike trajectories along the Eastern Scheldt (IHW, n.d.).

Trajec- Trajectory
tory [#] length [km]

26-2 20.7
26-3 21.9
27-1 16.2
27-2 36.9
28-1 23.9
30-1 22.6
31-2 28.6

Maximum Dominating failure mechanism

allowed failure

probability

[1/year]

1/1,000 Macro stability inner slope (STBI)
Shearing grass cover inner slope (GABI)

1/3,000 Macro stability inner slope (STBI)

Shearing grass cover inner slope (GABI)
Piping failure of structure (PKW)

1/3,000 Macro stability inner slope (STBI)
Shearing grass cover inner slope (GABI)

1/10,000 Macro stability inner slope (STBI)

1/300 Macro stability inner slope (STBI)

1/1,000 Stability block revetment (ZST)

1/3,000 Macro stability inner slope (STBI)

Strength and stability of water-retaining
structure (STKWI)

Assess-

ment

O O ™ O

The dominating failure mechanism, the failure mechanism that determines the assessment category,
differs per dike trajectory, as concluded from Table A.3. Failure due to macro instability of the inner

slope is important for all dike trajectories. Other important failure mechanisms relate to a specific
structure that is part of the flood defence trajectory or to the quality of the revetment of the dikes.

In this study, the failure probability of dike failure mechanisms is calculated using the water level on

the dike. Table A.4 shows that macro stability inner slope is the most important failure mechanism
for describing the dikes along the Eastern Scheldt regarding the failure mechanisms driven by the

water level.

Table A.4: Minimum and maximum failure probabilities at trajectory level of the seven dike trajectories (IHW, n.d.).

Failure probability
per mechanism
Minimum failure
probability [1/year]
Maximum failure
probability [1/year]

Overtopping failure Macro stability inner  Piping failure
slope failure

3.24E-07 9.03E-04 1.15E-05

1.56E-04 1.64E-02 1.63E-04
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A.3. Overview of assessment of closure dam trajectories

The Eastern Scheldt is closed off by dams. These closure dams are designed to separate bodies of
water. Closure dams are flood defences before another line of the flood protection system
(voorliggende keringen), just like storm surge barriers. Their function is to reduce the hydraulic loads
behind the dam; they do not protect the hinterland directly. The five trajectories corresponding to
the dams and their characteristics are outlined in Table A.5.

Table A.5: Summary of characteristics of closure dam trajectories along the Eastern Scheldt (IHW, n.d.).

Trajectory Trajectory [-] Trajectory  Maximum allowed failure  Assessment
[#] length [km] probability [1/year]

216 Grevelingendam 4.4 1/1,000 A

217 Philipsdam 7.8 1/10,000 B

219 Oesterdam 11.5 1/10,000 D

221 Zandkreekdam 0.9 1/3,000 A

222 Sluizen kanaal door Zuid- 0.1 1/10,000 A

Beveland

Currently, only the Oesterdam does not comply with the safety standards, assessment category D is
assigned to this trajectory. The failure mechanisms related to the resistance of the outer slope
revetment are the reason for no improved assessment for both the Oesterdam and the Philipsdam.
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Appendix B.  Fragility curves for the Eastern Scheldt

The framework uses fragility curves to represent the strength of a dike cross section. Three relevant
failure mechanisms for the Eastern Scheldt are represented by fragility curves. The fragility curves
are conceptual; an exact mathematical description is not provided. This appendix discusses three
failure mechanisms and their corresponding fragility curves.

B.1. Description of fragility curves

Fragility curves represent the failure probability of a failure mechanism given a certain load; in this
study the load is represented by the water level. A fragility curve is constructed by calculating the
failure probability per water level. The fragility curve represents the resistance to failure, the higher
the resistance to failure, the lower the failure probability given a certain load. The conditional failure
probability, the failure probability given a certain water level, increases for increasing water level.

B.2. Overview of failure mechanisms used in this study
Three failure mechanisms are used to describe the flood defences along the Eastern Scheldt.

e Overtopping failure is included, as this failure mechanism is more driven by water levels than
geotechnical dike failure mechanisms.

e Macrostability of inner slope is an important failure mechanism for dikes along the Eastern
Scheldt, as derived from Appendix A, and is therefore essential for describing the Eastern
Scheldt dikes.

e Failure due to erosion of the outer slope is largely dependent on the quality of the
revetment. The example of failure due to erosion of the outer slope grass revetment for the
Oesterdam is used as an example of a revetment failure mechanism that is determined by
water levels.

Figure B.1 illustrates the fragility curves of the considered failure mechanisms. Equation B.1 and
Table B.1 provide the length effect calculations corresponding to these failure mechanisms. The
parameters are representative for the case study. The three following sections describe the failure
mechanisms.

Fragility curves

1.0 + —— overtopping
macrostability inner slope
—— grass revetment

0.8 4

0.6

0.4

0.2 4

conditional failure probability (P(Z < 0]h)) [-]

0.0 4 -

0 2 4 6 8 10
water level (h) [NAP + m]

Figure B.1: Fragility curves for a dike with three failure mechanisms.

61



Ltra ject Equation B.1
N=1+ax T]

e N [-]: Length effect.

e a [-]: Fraction of length sensitive to failure mechanism.

e b [m]: Length between independent dike cross sections.

® Liraject = 25,000 [m]: Length of a typical dike trajectory, as identified from Appendix A.

Table B.1: Failure mechanisms with corresponding distribution factor (w) and length effect (N) (Handreiking ontwerpen met
overstromingskansen, 2014).

Failure mechanism w [-] a [-] b [km] N [-]

Overtopping 0.24 - - 2

Macrostability inner slope 0.04 0.033 0.05 17.5

Erosion grass revetment 0.05 - - 2 (Rijkwaterstaat, 2022a)

B.3. Overtopping

Water topping over a flood defence leading to erosion of the inner slope. Failure is defined when an
excessive discharge flows over a flood defence. Failure mechanism depends on estuary water level.
The Eastern Scheldt is characterised by high flood defences, thus the failure probability for
overtopping of dikes is low, as shown in Appendix A.

The fragility curve is characterised by a relatively steep slope, indicating that a small increase in water
level increases the conditional probability of dike failure significantly. The mean value of the fragility
curve is fitted to represent a typical failure probability for a dike along the Eastern Scheldt (i.e., order
of magnitude 10°%/year at trajectory level).

B.4. Macrostability inner slope

Instability of the inner slope leading to sliding of parts of the flood defence. Failure is defined if the
external moment is larger than the resisting moment. The conditional dike failure probability is
relatively insensitive to small changes in water level. Macrostability of the inner slope is an important
failure mechanism for dike trajectories along the Eastern Scheldt, as shown in Appendix A.

The fragility curve is characterised by a relatively mild slope, indicating that failure is influenced by a
relatively large range of water levels. The mean value of the fragility curve is fitted to represent a
typical dike cross section along the Eastern Scheldt (i.e., order of magnitude 103/year at trajectory
level).

B.5. Erosion grass revetment outer slope

Loads on outer slope that initiate erosion of the outer slope. Failure is initiated by instability of outer
slope revetment. Failure mechanism is mostly dependent on wave loading. Erosion of the grass
revetment of the Oesterdam is an example of failure due to erosion of the outer slope of a flood
defence.

This example considers dam failure due to failure and erosion of revetment. Specifically, failure of
grass revetment due to erosion of the grass layer is considered. To prevent erosion of revetment, it is
common practice to use revetment that is capable of withstanding wave impact. In general, grass
revetment is not suitable to use in the wave impact zone, block revetment is used instead.
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Klerk & Jongejan (2016) describes an approach for determining the wave impact zone. This zone is
defined below the water level corresponding to the return period of the failure mechanism at cross
section level according to Equation 3, which is illustrated in Figure B.2. Above this transition, wave
run-up takes place, and applying grass revetment is not problematic.

\)(\,\)Q

<

h( P req,gebu = P req *U)gebu/ Ngebu)

Figure B.2: Wave impact and wave run-up on outer slope flood defence.

This failure mechanism is relevant for the Oesterdam, a dam along the Eastern Scheldt, indicated as
flood defence trajectory 219 in Figure 28. The Oesterdam is a closure dam with grass revetment on
the outer slope of the cross section, as shown in Figure B.3. The grass revetment is rejected when the
theoretical transition level exceeds the transition level on the dam cross section (Rijkswaterstaat,
2022a).

Figure B.3: Oesterdam (van Houdt, 2011).

This failure mechanism is schematised by assuming conditional failure if the water level is above the
start of the grass revetment on the dam’s outer slope. It is assumed that the revetment has no
residual strength, it fails after the start of erosion of the outer slope. This is illustrated by a sudden
jump in the fragility curve, a step function. The jump is schematised at a typical start of the grass
cover on the outer slope for a cross section of the Oesterdam (i.e., NAP + 5 m).
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Appendix C. Calculations grass revetment failure Oesterdam

This appendix presents calculations for grass revetment failure. This failure mechanism is relevant for
the Oesterdam and is described in Appendix B (B.5). A characteristic of this dike failure mechanism is
that it is completely driven by the load, the failure probability is described fully by the water level
distribution. This implies that the required design level of the start of the grass revetment on the
dam’s outer slope is read directly from Figure C.1. The required strength, the design level, depends
on Equation 3.

P ok 10~% % 0.05 Equation 3
Preq gebu = req,dike gebu _ —25E—6
’ N 2
gebu

®  Preqgepu [1/year]: Maximum allowed failure probability of grass revetment (GEBU) at cross
section level.

*  Pregdike = 10~* [1/year]: Maximum allowed annual probability of failure of the Oesterdam
(see Table A.5).

®  Wgepy = 0.05 []: Distribution factor grass revetment failure (see Table B.1).

®  Ngepy = 2 [-]: Length effect failure grass revetment (see Table B.1).

Subsequently, the required transition level is determined at NAP + 4.44 metres for taking into
account storm surge barrier performance. This is 0.44 metres higher than the required design level
for assuming a perfect storm surge barrier. This implies that the required transition level depends on
the structural failure probability of the storm surge barrier.

Water levels Oesterdam

performance E-M-S
performance E-M
perfect SSB

= safety standard (Pyeq)

safety standard (Preq, gebu)

107

1072 1

N [ ........... l .......... , ........... l .....

1078 T T T T T
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
water level (h) [NAP + m]

exceedance probability (p) [1/year]

Figure C.1: Prespeil output for Oesterdam read at exceedance probability corresponding to failure of grass revetment.

C.1. Calculation of design levels and failure probabilities for grass revetment failure
The required strength of the dam, the required height of the transition level, is sensitive to small
changes in exceedance probability. In practice, the required height is adjusted via the distribution
factor. Two options are presented in Table C.1.

1. The effect of storm surge barrier performance on the design level is reduced by increasing
the failure budget (e.g., Wgepy, = 2 * 0.05).

2. The contribution of this failure mechanism relative to the safety standard, and thus relative
to other dike failure mechanisms, is reduced (e.g., wgepy, = 0.1 * 0.05).
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Table C.1: Calculations for failure grass revetment for different failure budgets (wgepy, ). Design levels (hy) and failure
probabilities at trajectory level per design level for taking into account storm surge barrier performance (E-M-S) (paf n,,)-

wgebu =0.05 wgebu =0.1 wgebu = 0.005
design pdflhd design pdf|hd design pdf'hd
level (hy) [1/year] level (hy) [1/year] level (hy) [1/year]
[NAP + m] [NAP + m] [NAP + m]
perfect SSB 4.00 1.60E-05 3.95 2.25E-05 4.25 7.21E-06
performance (E-M) 4.08 1.14E-05 3.99 1.70E-05 4.58 4.03E-06
performance (E-M-S) 4.44 496E-06 4.13 9.75E-06 5.90 4.91E-07

The calculations in Table C.1 show how the design level influences the dike failure probability for
taking into account storm surge barrier failure (performance E-M-S). If the dike is designed for not
taking into account storm surge barrier failure (perfect SSB) or taking into account failure due to non-
closure (performance E-M), the failure probability is underestimated. This effect is altered by
changing the failure budget, as shown by the two options presented.

1. The design level is lower for a higher failure budget. Furthermore, the absolute increase in
required design level when accounting for storm surge barrier performance is smaller for a
higher failure budget.

2. The failure probability is lower for a higher design level. Furthermore, the absolute increase
in failure probability when accounting for storm surge barrier performance is smaller for a
higher design level.

C.2. Estimation of costs to reduce the failure probability of grass revetment

To show the implications of the results presented in Table C.1, the results are translated into costs.
The required investment to account for the effect of storm surge barrier failure (E-M-S), instead of
assuming a perfect storm surge barrier, is calculated in Table C.2. The calculations are assumed to be
representative for the complete length of the Oesterdam (i.e., 11.5 kilometres, see Table A.5).

The costs are calculated for two approaches.

e C,s: Investment based on a difference in dike failure probability, calculated using Equation
13, with parameters defined in Subsection 5.4.2.

* C(p,: Investment based on the difference in design level. The costs to place rock revetment
are estimated at 100 €xm2(HWBP, n.d.). For assuming a 1 in 4 slope of the dam, the costs to
place block revetment are estimated at €500/metre height/metre width.

Table C.2: Costs required to heighten the transition level to take into account storm surge barrier performance. Costs are
calculated for two approaches for calculating investment and for three different failure budgets.

Wgebuy = 0.05 Wgeby = 0.1 Wgebuy = 0.005
Cpf [million €] 11.7 8.3 26.8
Cp, [million €] 2.5 1.0 9.5

The calculations show that it is possible to translate between a difference in failure probability,
design height, and costs. Furthermore, the costs are calculated lower when estimating the costs for
this specific failure mechanism (Cp,), instead of using generalised costs of dike strengthening per
kilometre (Cpf).
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Appendix D. Description of storm surge barrier investment
function

This appendix outlines the principles that are used for describing the storm surge barrier investment
function. This function quantifies the costs associated with maintaining a certain structural failure
probability of the Eastern Scheldt Barrier.

The storm surge barrier investment function is estimated, as the relationship between costs and the
structural failure probability of the Eastern Scheldt Barrier is not available. Based on Figure 30, it is
assumed that the structural failure probability is determined by the gates (schuiven) and the support
structure of the gates (schuifaanslagen). Three maintenance tasks are identified for these
components.

e Preservation of the gates.
e Replacement of the gate supports.
e Replacement of the gates.

The first two tasks are currently part of the maintenance of the structure. The total maintenance
costs of the Eastern Scheldt Barrier are approximately equal to 30-40 million euros per year, of which
about 10 million euros is associated with these tasks, as concluded after contact with
Rijkswaterstaat. The third task, the replacement of the gates, is not planned within the near future.

For describing the investment function, the following assumptions are made on the maintenance of
these three tasks.

e The frequency of maintenance on the storm surge barrier, and therefore the annual
expenditure, increases if a lower structural failure probability is required. The frequency of
maintenance, an expression for the number of gates maintained per year, determines the
investment costs.

e The replacement of the gates is needed to guarantee a lower structural failure probability
but is currently not part of the maintenance tasks. Including this task is expected to increase
the maintenance budget significantly. This is interpreted as at least a doubling of the
maintenance costs for structural failure.

It is assumed that the costs are determined by the annual investment required to maintain the gates
and their support structure. The discount rate is used to convert these annual costs to total costs,
which is needed to ensure the same unit of costs for the dike and storm surge barrier investment
functions. Equation D.1 provides the approximation of the total maintenance costs over the lifetime
of the structure. This approximation is valid for a long reference period and is assumed to be
applicable to the lifetime of the Eastern Scheldt Barrier, which has been defined as 200 years in
Rijkswaterstaat (1986).
_ Cyearly Equation D.1
T

-1
Clifetime = Cyearly * Lzl (1 +1)t

*  Cyearry [€/year]: The annual maintenance costs.

®  Cifetime [€]: The total maintenance costs over the lifetime of the structure.
e 1 [-]: Discount rate used to determine the present value of costs.

e t [year]: Number of years relative to the reference year.
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The estimation of the storm surge barrier costs is given for the current operation of the storm surge
barrier, which corresponds to the present structural failure probability (i.e., pss = 10~*/year). The
costs associated with an increment in structural failure probability are described by the costs
associated with a factor ten difference in probability. This approach is used for analysing the
sensitivity of the investment function with respect to the calculations presented in Section 5.4. The
investment function is shown in Figure D.1 and described by Equation D.2.

1e7 Storm surge barrier investment function
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Figure D.1: Storm surge barrier investment function.

—4 Equation D.2

Cinvest,sse * T = Cssp fact10 * logyo ( ) + Css pase

sf

® pss [1/year]: Structural failure probability storm surge barrier.

®  Cinvestssp [€]: The investment to maintain a certain structural failure probability of the
storm surge barrier (SSB).

e 1 =0.0225 [-]: Discount rate via Rijkswaterstaat (n.d.b).

*  Csspfactio =4 * 10° [€/year]: SSB investment to vary the structural failure probability by a
factor of 10. The sensitivity of this parameter with respect to the calculation of an economic
optimum is discussed in Subsection 5.4.4.

e Cssppase = 20 * 10° [€/year]: The estimated annual maintenance costs related to structural
failure.
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Appendix E.  Parameters used for calculating a requirement

for structural failure

An overview of the parameters considered in the application of the framework to the case study is
provided in Table E.1. The parameters are listed according to the generic steps for calculating an
economic optimum, as outlined in Subsection 3.3.1.

Table E.1: Parameters included in calculating an economically optimal structural failure probability.

Parameters used for performing the steps of the framework
Parameter included in calculating the dike failure probability

1 f(h) [1/year/m]: Probability density
function (PDF) water level
distribution.

2 P(Z < 0]|h) [-]: Fragility curve
providing the failure probability of a
dike failure mechanism per water
level.

3 P(Fgike,raj) [1/year]: Dike failure
probability at trajectory level.

Dsy [1/year]: Structural failure probability storm surge
barrier.

Pnc [1/demand]: Non-closure probability storm surge
barrier.

Up(z<o|r) [NAP + m]: Mean value of the fragility curve.
Op(z<oln) [M]: Shape of the fragility curve.

N [-]: Length effect corresponding to dike failure
mechanism.

Parameters included in the investment functions

4  Cinpestaike [€]: The investment
required to reinforce the dikes along
the estuary.

5 Cinyestssp [€]: The investment to
maintain a certain structural failure
probability of the storm surge
barrier (SSB).

6 Cinvesttor [€]: The total investment
costs, the sum of the two
contributions.

Lestuary = 196 [km]: Total length of dike and dam
trajectories along the estuary.

Caike,factio = 2 * 10° [€/km]: Dike investment to
reduce the dike failure probability by a factor of 10.
Preqaike = 107* [1/year]: Maximum allowable annual
probability of dike failure.

r = 0.0225 [-]: Discount rate.

Cssp factio = 4 * 10° [€/year]: SSB investment to vary
the dike failure probability by a factor of 10.

p;)}?t[l/year]: Optimal structural failure probability

storm surge barrier.
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Appendix F.  Description of notebook calculations

The calculations in this report are performed using Python notebooks. The notebooks follow the
steps outlined in the report. Output is generated by varying the code within the notebook. Three
notebooks are written; the content of these notebooks is described concisely.

F.1. Hydra-NL

This notebook uses the hydraulic loads calculated with Hydra-NL to illustrate the effect of storm
surge barrier performance on the hydraulic loads. The notebook describes the location used in the
calculations and the approach to modify the reliability of the Eastern Scheldt Barrier in Hydra-NL.

F.2. Framework Generalised

This notebook follows the steps in Subsection 3.3.2 to calculate the results presented in Chapter 4.
This includes deriving the schematised water level distribution and providing functions for calculating
the output per fragility curve for different hydraulic loads.

F.3. Framework Case

This notebook follows the steps in Subsection 3.3.2 to calculate the results presented in Chapter 5.
The input is provided in MS Excel files. Figures and tables outline the steps in the calculations.
Calculations for grass revetment failure, presented in Appendix C, are included in the notebook.
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