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A system of dikes in flood-prone areas continuously requires measures to mitigate changes such as ageing and
climate change. Planning costly measures requires proper insight into system risk effects. Especially in a riverine
dike system, the risk contributions of individual assets to the system flood risks are not independent, because
reinforcement of a dike upstream increases the risks downstream. Tactical plans define the planning of
consecutive measures to implement a flood risk reduction strategy, which may take decades. They may differ due
to choices such as a prioritization metric, planning conditions and budget. In this study, a method is developed to
compare different tactics to prioritize and plan measures in interdependent systems of dikes to reduce risks most
effectively and efficiently. A case study meant as a proof of concept was carried out for the reinforcement of
about 500 km of dikes along the Rhine River branches in the Netherlands. We studied the effects of 12 different
tactical plans on the aggregated risks over time. The economic risks differ by up to about 40%, and the risks on
victims differ by up to 70 %. We conclude that tactical planning and corresponding decisions are important for

reduction of time-aggregated flood risks.

1. Introduction

Deltaic areas are often protected against flooding by defence systems
of dikes, dunes and hydraulic structures near the sea, and more upstream
mostly by systems of dikes. The probability of flooding times the nega-
tive consequences like victims and economic damage are referred to as
flood risks. Flood defences are ageing, due to subsidence or deterioration
of revetment material. As well, the performance of flood defences de-
creases due to the increase of loads caused by climate change. Therefore,
as long as the area has to be protected against flooding, interventions are
required in the flood defence system to mitigate increasing risks.

Management of large portfolios of dikes consists of several decision
levels [26,63], based on the ISO 55,000 series. Operational management
contains aspects such as regular inspections, maintenance and re-
inforcements [32], in the taxonomy of maintenance strategies described
by Carpitella et al. [8] referred to as condition-based or predictive
maintenance. Strategic management contains aspects such as how to
prepare for uncertain climate change, and the development of safety
standards and long-term spatial developments [29,42,47]. Tactic man-
agement connects strategic and operational management [63], con-
taining aspects such as prioritization and planning of reinforcements in
the system. The planning of reinforcements and other interventions
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takes place within the boundaries given by the flood risk strategy.
Following the terminology in [63] and [39] we use ‘tactical’ asset
management in this paper to prevent confusion with strategic asset
management. When a strategy is a plan in outline to achieve a goal, a
tactic is a way to implement the strategy to achieve that goal.

The main objective of proper asset management is to balance risks,
performance and cost over time, to align asset-related spending to
institutional goals [6,20,39]. A dike system is not in balance in case of
sudden changes such as the adoption of more stringent safety standards
or new knowledge. Dike reinforcements may be required in the whole
system to become compliant. This is also the case when new climate
projections or new spatial development goals are adopted. The corre-
sponding efforts are large relative to planning issues for a system in
balance. Since budgets, outsourcing and contractors’ execution capacity
are limited, it will take time to become compliant and restore a balanced
system. In Fig. 1 this is schematically presented. We define the portfolio
risk as the total risk in the system, and the risk deficit as the surface
between the actual portfolio risk in time and the compliant risk level,
which is the portfolio risk in case all dikes in the system are exactly
compliant. The larger the risk deficit relative to executing capacity, the
longer the period the system does not satisfy the pursued compliant risk
level.
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A tactical plan leads to a programme of interventions in a portfolio.
Different tactical plans lead to different intervention schemes. In Fig. 2 a
programme is schematically presented. It propagates in time, changing
each timeframe due to realisation, new, postponed or withdrawn
projects.

Especially in a riverine dike system, the risk contributions of indi-
vidual assets to the flood risk in the system are not independent [10,16].
Reinforcement of a dike upstream increases the risks downstream. In the
classification of infrastructure interdependencies in Sharma, Nocera,
and Gardoni [49] a riverine dike system could be best described as
episodic (dependency only during floods and dike breaches). Thus, a
dike reinforcement upstream reducing a small risk, may even increase
the total system risk. Therefore, the relation between the individual
asset risk contributions and system risks is very non-linear. This spe-
cifically leads to continuous changing contributions of individual assets
risks to system risks, depending on the measures executed in time and
space.

Therefore, to reduce system risks in time the order and planning of
reinforcements matters. In this article, we present a method to compare
the aggregated risks over time of tactical plans to prioritize and plan
compliance measures, and an application for a portfolio of dikes in a
riverine system. The novel contribution to literature is the physics-based
dependence-modelling for the tactical intervention management over
time. To focus on the effect of tactical asset management decisions, this
study is based on a single flood risk strategy to pursue compliance with
standards by dike reinforcements.

We consecutively present the theoretical background of planning
flood risk systems, the development of a risk-based method for priori-
tization and planning of a system of dikes and the metrics to enable
comparison, and a case study meant as a proof of concept, which was
carried out for the dikes along the Rhine River branches which is
planned to last for decades. We close with the discussion and
conclusions.

2. Literature overview

Meteo and water systems cause loads along flood defences systems,
and consequences could affect a large area. Derivation of maintenance
policies for a portfolio of degrading assets under climate change with
budget constraints, needs thorough system analyses [43,44,66].

Quantitative risk-based system approaches have been widely adop-
ted in the practice of flood defence management. In [57] an optimal
flood defence system safety level is derived for a large polder in the
Netherlands based on the economic risk. Based hereon the Dutch safety
standards have been established [12] for other polders, also referred to
as the criteria determining soft failure [66]. The present Dutch safety
standards were re-established in 2017 based on an enhanced economic
[17,18] and technical approach [29], based on probabilities of failure
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for dike overtopping. An extensive risk analysis has been performed
taking all failure mechanisms into account [61]. In [46] and [45] the
source-pathway-receptor framework is proposed to systematically assess
risks. In [56] a conceptual approach is developed and applied to quan-
tify the effects of river system behaviour on probabilities of dike breach
and flood risk, for a reduced set of failure mechanisms, concluding that
for proper flood risk assessment all relevant dike failure mechanisms,
uncertainties as well as all proposed safety improvement measures are to
be jointly taken into account. Vorogushyn [64] developed and applied
probabilistic flood hazard maps, taking dike breaches in a river branch
into account, and considering three failure mechanisms. Domeneghetti,
Vorogushyn, Castellarin, Merz, and Brath [14] improved the approach
adding the effect of uncertain boundary conditions. Bachmann [3]
developed a risk-based model for decision support on measures on the
scale of a catchment area. Bachmann and Schiittrumpf [5] took into
account the effect of dike breaches in the system and Curran [11]
improved the hydrological modelling of dependencies in the river
branches and cascade effects of polders. The presented system risk an-
alyses all refer to the actual status of the flood defences to consider the
risks and effects of potential measures.

In [63] the poor interconnection between strategic and operational
flood defence asset management is addressed, emphasizing the need to
strengthen the interconnecting tactical handshake to better factor
deterioration into planning. In Dupuits et al. [16] a time-dependant
economic flood risk optimization is performed to determine the
optimal development of safety standards in the long term in a small
interdependent river system, however, without planning constraints
such as budget. Klerk, Kanning, Kok, and Wolfert [31] elaborated on the
cost-optimal prioritization of interventions for the reinforcement of
non-homogeneous segments of dikes. They showed the considerable
effect of intervention tactics on Life Cycle Costs (LCC). However, they
focused on prioritization, simplified the risk analysis and did not study
the planning of measures in time.

Prioritization and planning of costly measures in large infrastructure
systems requires proper insight into system risk effects (Liu, 2023). It
requires to look forward to uncertain circumstances at the design hori-
zon. Buijs, Hall, Sayers, and Van Gelder [7] performed time-dependant
reliability analysis for flood defences in the Thames estuary and Roubos,
Allaix, Schweckendiek, Steenbergen, and Jonkman [40] did so for
corrosion analyses of quay walls. Mens [35] researched the system
robustness of one of the branches of the Rhine River, comparing system
risks for different strategies. Haasnoot, Kwakkel, Walker, and Ter Maat
[22] developed a qualitative approach for decision-making under deep
uncertainty called ‘Dynamic Adaptive Policy Pathways’ (DAPP). They
introduced the opportunity to consider different perspectives to choose a
robust strategy. Manocha and Babovic [34] and Toimil, Losada, Hinkel,
and Nicholls [54] added quantitative elements to DAPP for the man-
agement of storm water infrastructure and coastal erosion. The DAPP

Actual portfolio risk level

portfolio
risk
Risk T~
deficit T

- Compliant risk level

time .

Fig. 1. Schematic representation of actual portfolio risk level and risk deficit in time in case measures are effective.
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Fig. 2. Schematic representation of a programme window with projects (vertical axis) and planning (horizontal axis) propagating in time.

approach does not provide intervention planning, and requires discrete
chosen scenarios and strategies.

In research on related water infrastructure, the tactical intercon-
nection based on time-dependant risk analyses is increasingly addressed
to prioritize measures. Young and Hall [70] performed a systems
perspective on investments in the Thames Estuary region, including
infrastructure asset interactions. Smet [52] developed a proactive
planning approach for water resource infrastructure investments taking
into account uncertain external drivers like climate change as well as
uncertain structure-specific drivers like deterioration. Van den Boomen
[58] focused on the optimal timing of replacements of public in-
frastructures with respect to life cycle costs, taking price uncertainty into
account. Both focus on individual and independent hydraulic structures
rather than systems of assets. Yang and Frangopol [69] developed a
robust risk-based single-objective optimisation approach to portfolio
management under deep uncertainties, for a set of individual and in-
dependent assets like bridges. The method uses proxies for loads, climate
change and deterioration in time and allows one intervention per asset.
Fluixa-Sanmartin, Escuder-Bueno, Morales-Torres, and Castillo-Ro-
driguez [19] propose an approach for dam risk management in the long
term that considers the time-dependant evolution of risk, ranking the
priority of present measures to optimally reduce dam risks. Liu, Tang, D.
Huang, Z. Huang, Zhang and Xu [33] presents a probabilistic measure
for the potential risk of regional roads exposed to landslides, providing
guidance for spatial and hierarchical risk management.

Systems with many components in different states are elaborated
extensively with mathematical models, e.g. in [38,68], e.g. using fault
tree analysis, failure mode analysis, bow-tie analysis, and Markov
models. In these approaches it is important to find solutions reducing the
explosive number of samples in reliability analyses. Model-based ap-
proaches gain increasing attention [24]. Especially when cascading ef-
fects may occur [37], or in case of integrated reliability analysis,
remaining useful life analyses and maintenance actions [71], the model
based approaches support reducing the explosive number of combina-
tions of state and space [21].

To summarise, much work has been done on flood risk analysis,
system analysis, strategies for the long term, adaptive strategies to cope
with climate change, and prioritisation. The modelling of the systems is
increasingly improved with respect to scale, failure mechanisms, and
mathematic-computational methods. Prioritisation of interventions is
done more and more risk-based. However, no work has been found on

time-dependant risk-based medium-term planning of interventions in an
interdependent, deteriorating system of dikes under climate change.
This figures out a clear knowledge gap for flood risk analyses: how to
plan interventions in time in a changing system, in which the perfor-
mance of assets affects the performance of other assets in the same
system, as is the case for a system of dikes in a riverine area. In this
paper, as especially the physical system dependency affects flood risks,
we used a physical-model-based approach to assess space-dependency
applied in an integrated system risk analysis and reinforcement plan-
ning approach.

3. Methodology

In [69] the portfolio risk is given as the sum of all risks per asset per
year, which assets are independent of the performance of others:

[ K 7 K
Ry(1) = Z R(k,i) = Z ZPk(i)'dk(i) @
i=1 k=1 i=1 k=1
In which:
Ry(tr) The portfolio risk from present to year t;, €/year,
victims/year
i indicator of year -
t The time horizon of interest year
k indicator of asset, in this study dike section -
K The number of assets in the portfolio -
R(k,i)  The risk for asset k in year i €/year,
victims/year
Py (i) Probability of failure of asset k in year i per year
di (i) The consequences due to failure of asset k in yeari,  €/year,
index ER for economic risk, SR for social risk on victims/year

victims

In this paper, the objective is to enable an analysis of portfolio risks
in time for a system of dikes. The system state is given by Pi(i): the
probabilities of failure of the dikes in the system in year i. Since the
system state changes due to interventions, the risks R(k,i) of dike breach
at dike section k in year i are intertwined with the interventions on other
dike sections in the system. Therefore, the methodology consists of two
main steps that are followed over a period of time: the determination of
portfolio risks in a year given a system state, and the determination of
interventions in the system state given the compliance requirements (e.
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g. safety standard) and given planning constraints, see Fig. 3. In the
following subsections, we firstly elaborate on a system consisting of a
single dike section, secondly, we expand to a system of dike sections, and
thirdly we determine the interventions based on system states.

3.1. A single dike in the system

The risk for a single dike section k in year i is the probability of failure
multiplied by consequences Py, (i)-dx(i). The water level is the dominant
load for flood risk assessments for both the probability of failure and
consequences. The probability of failure for dike section k in year i is
assessed by integration of the probability density function (pdf) of water
level and a fragility curve, see Fig. 4, as increasingly used in flood risk
assessments since the '90s as shown by [48]:

Pa) = [ £ 20 ) @
Iy (i)
In which:
Py, (i) The probability of flooding for dike section k in year i per
year
f(he(i))  The probability density function of water level h (i) along  per
dike section k in year i year
Ay (i) Water level along dike section k in year i with respect to m+
reference level SWL (Sea Water Level) SWL
Drin (1) Conditional probability of failure of dike section k during -

a flood wave with water level hi (i) in year i

The fragility curves reflect the strength of a dike section, expressed as
a curve of conditional probabilities of dike failure for given water levels.
Thoroughly derived, this curve includes not only the strength of a dike
section but also secondary loads such as wave impacts. An advantage of
fragility curves is they can be precalculated based on knowledge and
detailed models, and are practical to use in probabilistic models [2,65].
This also enables operational flood risk management during flood
waves, supporting decision-making in situations under time pressure [4,
67], as policy analysis and planning decisions [55]. For planning issues
as addressed in this article, the fragility curve is time-dependant because
of subsidence, and subsequently, the pdf of water level is
time-dependant due to climate change. Deterioration due to subsidence
is modelled as a shift of the entire fragility curve, in Fig. 4 to the left,
gradually in time. Reinforcements are modelled as a sudden shift of the
entire fragility curve, in Fig. 4 to the right. In fact, herewith only the
measure of dike heightening is considered. Thus, the mean value of the
fragility curve for dike section k in year ty, is:

i=ty,

Hprag, (1) = Pprag, (0) — st + Z Ah (i) (3)
i=0

Determine risks in
system at time i

Store risks in system
over time

Loop
over
time

Change system state

Fig. 3. Schematic overview of methodology to assess the sum of risks
over time.
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Fig. 4. Example of a fragility curve, here simplified as a normal distribution
with a mean of 10m+SWL and a standard deviation of 0.5 m (solid line) and a
curve representing a dike heightening of 1 m (dashed line).

In which:
Hirag, (1) The mean value of the fragility curve for dike sectionkin =~ m+SWL
the system in year i
Hfrag, (0)  Mean value or 50% percentile of the fragility curve for m+SWL
dike section k at the start of the analysis, yeari = 0
Sk Yearly subsidence for dike section k m/year
Ahy (i) Increase of mean value of fragility curve due to M

reinforcement of dike section k in year i

We assume that in practice the planning process starts after detailed
reliability analysis, delivering the components of Eq. (2): the probability
of failure Py, (0) at the start year of the analysis, the pdf of water level
f(h(0)) and the shape of the fragility curve Py, (0). Therewith, pg, (0)
is known.

The interventions Ah (i) in time are based on the assessed perfor-
mances over time. In case the probability in year i rises above the
standard and other constraints such as budget are fulfilled a dike rein-
forcement Ahy (i) is performed. This reinforcement has to be compliant
until the design horizon i+ T4, Since we know exactly one reinforce-
ment is planned between year i and year i + T, We can design this
reinforcement based on the difference of Eq. (3) between year i+ Tpian
and i:

M) = 6 Tytan + (g (1 Tan) = B, (1) @
In which:

Toian The design horizon of a reinforcement year

The values for ppge (i+Tpin) are derived based on Eq. (2). The
probability of failure Py, (i+Tpq,) is equal to the required standard to be
compliant. The pdf of water level f(hi(i+Tpqn)) is based on a climate
change projection. The location i, (i +Tpin) Of the fragility curve is
solved using the present shape of the fragility curve, which is a
reasonable starting point for planning issues since detailed designs are in
practice performed as a follow-up. Therewith, the probability of flood-
ing for a single dike section is known in time.

The consequences of failure of a dike section in the system are based
on pre-calculated consequences of floodings occurring at different flood
characteristics. The economic consequences per year are discounted to
the present value. Victims in the future are assumed to be as important
as victims nowadays, thus, the *present value’ for victims is a simple sum
over the years of interest. Thus, the following equation is used for the
risk for a single dike section k in year
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R™ (ki) = /f(hk(i))ﬁf\m (0)-d(hi(i))-exp( = Ia-r-i)dh )
Iy (i)
In which:

RPV(k,i)  The present value of the flood risk for a single dike €,
section k in year i victims

d(h(i)) Consequences due to a breach in dike section k duringa €,
flood wave with water level maximum hy (i) in year i victims

Iy Indicator for type of consequences (for economic -
consequences: 1; for victims: 0)

r Discount rate minus inflation -

3.2. Multiple dikes in the system

The risk assessment for a portfolio of dikes along a water system is
more complex. Firstly, the loads along the dike system depend on a set of
water levels, depending on system loads. In river areas, these system
loads are mainly river discharges. Near the sea, in estuaries, and in
coastal environments they depend also on tides and wind-driven storm

surges. Here, these system loads are denoted by 'S’ The contribution of a
single dike section to the flood risk for the entire system in year i is
slightly adapted with respect to Eq. (5) to take into account the effect of
system loads on local water levels:

. . . PN .
R (ki) = / Fg () Py 1)l (0)exp( — Lri) d S (7 ®)
—
S
In which:
?(i) System loads, e.g. combination of river discharge and sea water
level.
f?(i) (hx)  The probability density function of system loads in year i, -

causing local water levels (hy) at dike sections k.

Secondly, the risks of different potential dike breaches interrelate
because the water levels along the water system affect each other in case
of a failure of one of the stretches. A breach upstream of a river lowers
the downstream water levels and thus affects both the probabilities of
failure of stretches downstream and their consequences. Therefore, a
simple sum of risks per individual dike stretch in Eq. (6) does not hold. In
this proof of concept for planning issues, the effect of breach discharges
on downstream river water levels is estimated with the spillway formula
at critical flow [27,30]:

2 15
Obreach = Ce'B'§ V28 (he — hw,) @
In which:
Ce Spillway discharge coefficient, here assumed to be the minimal -
value in [30] of 1/+/3 ~ 0.58.
B Breach width. m
hy,  Bottom level at breach location. m

Note, with Eq. (7) we over-estimated the effect of a breach on
downstream river water levels because the breach volume is assessed as
a suddenly occurring breach with a width B at the event water level
maximum, neglecting the backwater effect of polder water levels. Note,
we do not use Eq. (7) for the estimation of consequences d(h(i)) since
backwater effects are considered to be important for consequence
estimates.

With breach effects the load distribution f? (i)(hk) is transformed in

f_ (hx). We sum the risks for the whole portfolio of dikes k given an
S )

individual load event ?(i), taking into account the transformed water

level distributions, and then we integrate over the pdf of system load

events in year i:
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K
. . ! = .
RV(i) = S f () (i)-d((i))-exp( — Lari) d S (i) ®
=0
S )
In which:
RPY (i) The present value of flood risk for the entire portfolio of €,
dikes in the system in year i victims
f_, (h)  The probability density function of system loads in year =~ —
S

® i, causing local water levels (hx) at dike section k taking
into account the effect of breaches elsewhere in the
system

3.3. Interventions in system

Different asset managers may differently apply intervention criteria
and conditions, leading to different plans. Common steps are inventory
of possible interventions, prioritisation, and planning them in time. In
this paper, the first step is narrowed to dike reinforcement. The intensity
of the intervention depends on the performance level which is pursued
[31]. For the second step, the determination of prioritisation, the effect
of the possible interventions is ranked. Several metrics may be used to
rank the different options. In this study, we used three of them. The first
metric reflects the distance of the actual safety of the dike section to a
safety standard:

Py (i)

Vk : ratio P(k,i) = 3
fi standard

)]

In which:

The standard for the acceptable probability of flooding  per
of a dike section k year

P, standard

A second metric enables to ranking of the risk effects of an inter-
vention on system performance. For each dike section k the risk
contribution from Eq. (6) is re-calculated with a simulated reinforce-
ment in year i with a design horizon i+ Tpqg,. For all dike sections, the
differences are calculated between the risk in the actual state and the
risk in the potential reinforced state of dike section k. It reflects the risk
difference due to breaching of a dike section before and after a measure
to meet the standard:

Vk: AR™ (ki) = R™ (ki) — R" (Kreinforced: ) (10)
In which:
ARPY(k,i) The difference between the present value of the €,

flood risks of the potential reinforced and the victims
actual dike section k in year i

RPY (Kreinforced: the present value of the potential reinforced dike €,

i) section k in year i, reinforced to be compliant until

ayear i+ Tpian

victims

A third metric is the ratio between benefits and costs, in which the
benefits of a measure are the corresponding decrease of the present
value of the risk in Eq. (6):

ARPY (k,i
Wk BC(k,i) = AR KD an
Ck (l)
In which:
BC(k, The ratio between the benefits of reinforcement of dike €
i section k and the corresponding costs in year i
Cy (i) the present value of the potential costs of dike sectionkin €,
year i, reinforced to be compliant until a year i+ Tpian victims

The third step, planning the actual measures in the system in time
based on the ranking derived in the second step, contains a check
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whether a planning criterion is met (e.g. exceedance of safety level), and
a check on planning constraints such as available budget per year to
perform an intervention. Starting with the measure with the highest
rank, the measures with lower ranks can be taken as long as the planning
criterion and constraints are met. The reinforcements Ahy (i) are solved
with Egs. (2)-(4).

Therewith the discounted risks in a year in Eq. (8) can be calculated
and summed over years i until ¢ like in Eq. (1):

R =3 RYV(i) a2)
i=1

In which:

RgV The present value of flood risk for the entire system over the €,
period of interest, taking into account the system effects of victims
the entire portfolio of dikes in the system

4. Case study model

The model in Section 3 is built and applied on a case study: the Rhine
River area in the Netherlands, see the red box in Fig. 5. For centuries, the
Dutch policy has been to secure the country by dikes. The strategy is to
standardize the dike safety level, based on risks, and to pursue compli-
ance to that level. The standards have been set recently [36], based on
risks per dike segment [29]. Furthermore, the strategy is to maintain
safety levels by dike reinforcement taking into account ageing and
climate change. About 1500 km of the dikes is not compliant with these
standards [25]: the system is not in balance. The dutch Flood Protection
Programme has been installed to reinforce dikes (in Dutch called
’HoogWaterBeschermingsProgramma’, abbreviated as HWBP). The re-
inforcements in the Rhine River area are a major part of HWBP.

4.1. Physical system

The case study area in the red box in Fig. 5 is schematised in Fig. 6.
The named blue lines are the river branches. The polders along the
branches are presented as green boxes. Each polder can be flooded via
one of the potential dike breach locations.

The main loads are represented by water levels. The strengths of the
dike sections are represented by fragility curves. The water levels in

A _ |

Amsterdam
&
The Hague
Nederrijn-Lek
Pannerdensch
-
Capal, 3\
Den Bosch
pe 4\,
.8 b
\"'\\ g /\
ST
- s L
- N = R =
. 2 et S
0 50 km X Muslrkh/(

A '
it

Fig. 5. Overview of the study area of the Rhine and its branches (in red).
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Fig. 6. Overview schematisation of the Rhine, its branches, potential breach
locations, and the polders in which consequences occur in case of floods.

Rhine

River discharge

river branches depend mainly on the discharge of the main branch. The

translation from these system loads S to local water levels is modelled
by analytical relationships, which are based on available numerical
simulations [1]. The local water level corresponding with the flood wave
maxima is added with a model uncertainty factor.

hi = gi(Qu(mg)) + my, 13)
In which:
Q. Upstream discharge m3/s
gk(@u) Local water level maximum at dike section k for a m+

discharge Q, based on [1]. These levels are given relative =~ NAP
to the Dutch reference level NAP (in Dutch: Normaal
Amsterdams Peil)

Py Local water level maximum at dike section k during flood — m+
wave NAP

my Unbiased model uncertainty of local water level m

mq Unbiased statistical uncertainty of upstream discharge m

The consequences of failure of a dike section are based on the results
of about 1800 flood calculations [23], performed until the year 2015. In
the Rhine River area upstream from influence by sea water levels, cal-
culations are available for 63 potential breach locations in 24 dike
segments, see Fig. 7. A dike segment is a length of dikes of about 25 km
which is standardized in the Dutch law. A dike segment consists of
different dike sections. In this study, the separation between dike sec-
tions is chosen between these breach locations because for further detail
no flood calculations would be available. For each location are one or
more records of consequences available (damage and victims) resulting
from a breach occurring at a water level referred to with a return period.
We assessed these return periods with the pdf based on the year 2015.
Due to the effects of climate change, the return period of these water
levels will decrease for events in years after 2015.

hstelveen

Apeldoorn

A Potential breach locations

Kilometers.

5250 5 10 15 20

Fig. 7. Segments (coloured and numbered lines) and breach locations (grey
triangles) in the study area.
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Furthermore, the local water level is influenced by upstream dis-
turbances due to breaches. In that case, a part of the discharge flows into
an upstream polder, causing a decrease of the maximal water level
downstream. The derivation of the correction for these situations is
based on the law of preservation of discharge in the river branch where
the breach takes place:

Ql(’bQ = Qb. downs T Qbmach (14)
In which:
Qbreach Breach discharge into the polder, see Eq. (7). m3/s
bq Fraction of discharge Q, flowing into branch b. -
Qp,downs Discharge downstream of a breach in branch b. m3/s

The downstream water level hy at breach location k is determined
with the analytical relations in [1] for which numerous numerical
SOBEK calculations have been carried out, based on the upstream Rhine
discharge. In Eq. (14) the local water level hi is the only unknown in
both Qp,downs and Qpreach, Which can be iteratively determined. Note, a
breach in one of the branches is assumed to not affect the discharge in
the other branches, which assumption neglects the more complex effects
near bifurcation points.

A typical result for the water level along a river branch is presented
in Fig. 8. The blue line is the undisturbed water level, representing the
situation without dike breaches. The dots on this line represent the
potential dike breach locations on both sides of the river branch. The
orange dots represent a Monte Carlo draw from the fragility curves,
which characterise dike strength for that specific draw. The draws at
each potential dike breach location along the river branch are inde-
pendent and its course therefore looks random. The flood wave, prop-
agating from upstream, first exceeds at km 887.5 an orange dot
(strength). There a dike breach occurs, affecting the downstream water
levels, represented by the grey line. Further downstream, between ki-
lometers 910 and 920, two orange dots are below the undisturbed water
level again, but no second breach occurs, because these dots are above
the disturbed water level. Would one of them have been drawn below
the disturbed water level, a second breach would have occurred. In that
case, the process to find the downstream discharge and the water level at
the breach with Egs. (7) and (14) is carried out again. In this way, each
drawn event is processed from upstream to downstream to find the
accompanying breaches and water levels in the system.

4.2. Probabilistic model

4.2.1. Risks per year

The stochastic load variables are the yearly maximum river
discharge (Qu), the statistical uncertainty of its distribution (mgq) and the
model uncertainty (mp). The stochastic strength variables are the
fragility curves for the 63 potential breach locations.

z
+

Breach location

6
850 860 870 880 890 900 910 920 930 940 950

River location designation (km)

Fig. 8. Typical course of water level along the branch Rhine-Waal (see Figs. 5
and 6.
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For the system risk assessment, a Monte Carlo Important Sampling
method (MC-IS) has been used. This is an accurate method because
flooding in a river area is only possible at large discharge. In Fig. 9 the
flowchart of the calculations is presented. The central column is the core
of the flowchart, containing a yearly update of the location of the
fragility curves corresponding to Eq. (3), risk calculations and a propa-
gating prioritisation and planning.

For a system consisting of one dike section and one breach location,
the portfolio analysis for year i is a calculation of Eq. (8) with K=1.
Firstly, we perform a draw from the pdf of the stochastic load variables,
translate them to a local load h(i) with Eq. (13), and draw from the
fragility curve for the dike section representing dike strength (Rgqg(i)).
Secondly, the risks in year i are weighed and summed over all N events.
Therewith, the calculation scheme for Eq. (8) is

n=N . .
R;’V(l) — Zn:l IMC(nvnl:)NW(n) d(h(n l)) exp( _ ]d'r"l.) (15)
> w(n)
In which:
Iyc(n,i)  Indicator function indicating whether draw n leads to -
failure in year i: I=0 if h(n, i) < hpqg(n, i) and I=1 if h(n,i)
> R ().
h(n,i) Local load for the dike section in a system based ondrawn ~ m+
from (au, mq, my), in year i NAP
Rfrgg(n, Draw n from the fragility curve for the dike section in the ~ m+
i) system, in year i NAP
w(n) Weight of the n» MC-IS draw event of the river discharge ~ —
Qu (n): the probability density of that river discharge
event divided by the probability density of the sampling
function for that event.
N Number of draws -

For a system consisting of multiple interdependent dike sections, the
first step is the same, except the draw is performed from the fragility
curves for all dike sections in the system. A second step is inserted: a
system analysis is performed to determine where the breaches would
occur for this drawn event, and to adapt the downstream local water
levels, see Fig. 8. Third, the risks per dike section k in year i are calcu-
lated based on the adapted water levels, summed over the system,
weighed and summed over all N events. The calculation scheme for Eq.
(8) is

_ E:z}yszzllMC(nv k7 i)'w(n)'d(h;c(nv l))

PV ( o L
Rp (l) Zn:Nw(n) ‘*‘Xp( - tl'r'l) (16)
n=1
In which:

Ivc(n,k, Indicator function indicating whether draw n leads to -

i) failure in dike section k in year i: I=0 if Hk(n, i) <
Rprag, (1, ) and =1 if hy (n,1) > hprgg, (m,0).

hy(n,i) local load for dike section k based on draw n from (au, m+
mq, my), in year i, adapted for breaches upstream NAP

Hfrag, (M, draw from the fragility curve for dike section k in the m+

i) system, in year i NAP

4.2.2. Failure probabilities on different scales

In this paper, we used dike sections defined in between the potential
breach locations, with average lengths of about 8 km. For different
reasons, we enabled the translation of probabilities of failure for
different dike lengths:

e We used the actual failure probabilities as input for the derivation of
realistic fragility curves, which are available per dike subsection in
Vergouwe [61] with lengths of about 1 km

e The reinforcements are based on the standards, expressed as proba-
bility of failure, which are defined per dike segment, with lengths of
about 25 km.

o The check of the risk-calculations is based on the system analyses in
Vergouwe [61], which are based on detailed probabilistic modelling
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Safety levels per dike section in year i=0
Safety standards

Strategy

Settings calculations

Lo

System response on discharges: waterlevels
Database with consequences

Determine mean value fragility curves for all
dike sections in system in year i

» Determine failure probabi-
lities in system:

Yearly climate development
Yearly subsidence

In case
reinforced

‘Actual’ in
year i

Yearly development value and

inhabitants in protected areas

system:

Determine risks per section, segment and in

MC-IS-method. Per draw:
- Determine system state

Update list safety levels per ‘Actual’in year i

(adapted for breaches)

In case reinforced -
- Determine consequences

dike stretch due to projects
finished in year i

- Correct for weight draw

- priority ranking

Apply tactic: determine

- projects starting based on conditions such
as available budget, risk reduction, etc.

Tactical approach: pivot for

e priorities, budgets, conditions
for reinforcements. etc.

put, results
Year end

Fig. 9. Flowchart of the calculations for portfolio management of dikes. Input in grey, updates in blue, calculation steps in white, and results in green.

[53]. These are provided for entire polders, with dike lengths up to
200 km.

For this translation, we used an approximation which is rather good
for small and not fully dependant probabilities of failure [60]:

o full dependence for the translation between dike subsections and
dike sections, for which the correlation is very large,
Py (i) = max Py, (i) a7)

1<s<m

In which:
P (i) The probability of failure of a dike subsection s in year i -
¢ independence for the translation between dike sections and dike
segments:

Py(i)=1-]](1-Pu() 18)
vkej
In which:
Py (i) The probability of failure of dike segment j in year i -

To compare the results of these approximations with the system
analysis in Vergouwe [61], we translated the results per dike segment to
an entire polder similarly:

prom,(i) =1- H (1 _Pj}(i)) 19
Vjepolder
In which:
Py e (1) The probability of failure of a polder in year i -

We applied these translations to those polders in the study area for
which Vergouwe [61] determined failure probabilities. The comparison
is rather good, see Fig. 10.
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Fig. 10. Comparison between the results in Vergouwe [61] (denoted as VNK
study) for 13 polders (38, 40, 41, 42, 44, 45 and 47-53) and the approach in
this study.

4.3. Derivation of probability density functions over time

The pdf’s for loads and strength in Eq. (8) are time dependant. The

system loads S are represented by river discharge. The strengths by
fragility curves.

4.3.1. River discharge

In a riverine area, the maximal river discharge during a flood wave is
the most important stochastic variable to assess flood risks. The repre-
sentation of the pdf of the discharge of the Rhine River at the border of
the Netherlands is given in [9]. In this paper, this river discharge Qu is
represented by a Gumbel distribution, transformed as described in detail
in den Heijer and Kok [13] (par 9.2 of the supplementary material) to get
a realistic pdf in the time frame of the case study.

4.3.2. Fragility curves
The fragility curves are required for the actual situation (I=0) and for
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reinforcements in year i to solve Eqgs. (3) and (4). However, not in all
cases fragility curves are available since flood probabilities can be
derived via other methods than Eq. (2), such as [61] which provides
probabilities of failure per dike section. For testing the proof of concept
in this paper we used these probabilities as a starting point for the
derivation of the fragility curves. We used a normal distribution like
Fig. 4. Given this shape, the required fragility curves are represented by
Hfrag, (0) and ppo, (i+Tpian) for the actual and reinforced situation
respectively.

For the actual situation (I=0) we merged the available results per
dike subsection in [61] to the larger dike sections we used based on full
dependence within the dike section, see Eq. (17). For the derivation of
the fragility curve for reinforcements in year i + Tjq, the probability of
failure per dike section is obtained from the standards for flood proba-
bilities which are to be met per dike segment j, consisting of several dike
sections. The flood probabilities per dike section k are obtained based on
independence between the dike sections in the dike segment, see Eq.
(18), which for small probabilities is approximated by:

. o\ Ly
Pi(i) = Py (i) 20)
j
In which:
L; length of dike segment j km
Ly length of dike section k km

For both the actual and the reinforced situation a Newton-Raphson
method is used to solve the location py,,, (i) iteratively, leading to
these probabilities of failures for dike section k in Eq. (2). As a heuristic
prior estimate herein the water level is used which corresponds to an
exceedance frequency equal to the actual probability of failure. In each
iteration numerical integration is used to solve Eq. (2).

4.4. Budget and costs over time

The budget for measures is calculated as the base budget at the start
of the period of interest, increased with inflation:

B(i) = B(i=0)-(1 + infl)’ (21)
In which:
B(i) The budget for flood risk measures in year i €
B(i = The yearly budget for flood risk measures at the start year of €
0) the analysis i = 0
infl yearly inflation -

The costs of measures are based on key numbers for saving tenfold
[50], again corrected for inflation:

: : Al (i ) 10 : i
Ce (i, Tyian) = fe(k, i) < W -C-Ly-(1 + infl)' (22)
In which:
Cr (i, The cost of a reinforcement in year i, targetting to reinforce €
Tylan) for the year i+ Ty
hi° Water level difference with a tenfold decreased probability ~ m
of exceedance
cio Costs per km for dike reinforcement required for a tenfold  €/km
decrease in probability of flooding
fe(k,i) Reduction factor on costs for dike section k in year i -

The actual strengths may vary significantly along a dike section [61].
Therefore, since some parts should be more reinforced than others, the
costs Cx (i, Tpian) are reduced by fc when the dike section is reinforced for
the first time in the simulation period. The reduction is approximated
based on the proportionality of reinforcements ARy (i) to logPy, , which is
in line with the use of an extreme value distribution for discharges and
water levels:
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P (logP . — logmaxPy, )

fe(k,i)=1- - (23)
' 108Py, s — 108 Py, (i)
In which:
L Length of dike subsection s m
Py i The standard for dike section k based on the formal standard -

for dike segments by Eq. (20)

Fig. 11 provides a schematic representation of the cost reduction.
The counter in Eq. (23) sums a length-weighed distance to the maximal
probability of failure, the lowest point in Fig. 11, represented by arrow
(2). The denominator represents the distance between the actual and
required probability of failure, which is arrow (1). Note, due to unknown
years of the different interventions, in advance it is unknown at what
actual safety level Py, (i) the intervention will take place. Therefore, the
denominator of the reduction factor f¢ is dependant on the year ;.

5. Application and results
5.1. Numerical settings and model check

Several model runs have been carried out to choose numerical pa-
rameters leading to stable flood risk calculations. The performance of
the case study model is compared with the results of a detailed national
study (from here denoted as VNK) on actual risk assessments in the
Netherlands [28,61]. VNK provides probabilities per polder, which are
in most cases enclosed by several dike segments. Each polder consists of
dozens of small dike sections delivering a high level of detail for
assessment of actual safety. For the comparison in this section, the
starting points of the calculations in VNK [61] are used. For the year of
comparison 2015 is chosen, the year VNK reported. We used the results
for 5 polders which are entirely in the model area (see Fig. 6). Table 1
provides the starting points for the comparison, the pdf’s for probabi-
listic calculations, and the numerical parameters.

The results are shown in Fig. 12. The comparison is good for flood
probabilities (grey), economic risks (blue) and risk on victims (yellow)..
Thus, despite the use of a less detailed dike section schematisation, a
hybrid numerical analytical modelling of the water levels in the river
system, probabilistic modelling without dependency between dike sec-
tions, and a calculation of consequences for each MC draw instead of
only a few, the results are comparable. This comparison serves as a
check for the modelling and implementation.

Since the standard deviation of the fragility curves (6 = 050, is
based on expert opinion, we examined the effects of different values of
the standard deviation used in the fragility curves. The comparison for ¢
= 0,25, is more or less the same and for 6 = 1 00y, it is significantly less.
Therefore, we kept 6 = 0.50 m.

5.2. Elaborative calculations

Some elaborative calculations are made to get an understanding of

-log P¢
Standard per dike section
(1] Actual safety per dike sub-section
- rJ Actual mean safety in dike section
2]
vy Actual safety per dike section

Length along a dike section

Fig. 11. Schematic cost reduction due to existing differences in safety level
along dike sections.
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Table 1
Overview of numerical starting points for the case study model, and the adapted
case study specific ones for a proper model check with VNK.

Starting points Case study (Sections 5.2 and Model check

5.3) (only Section
5.1)
System effects on Yes No
probabilities of failure due
to breaches upstream
polder
Evacuation fraction 56% [50]
Database with consequences  For water levels higher than the
[23] highest in the database, the
consequences corresponding to
the highest water level are
chosen. For water levels lower
than the lowest in the database,
the consequences are truncated
to zero
Value of a human life (per 6,7 M€ [29] Neglected
victim)
Consequences (per affected 12,500 € [29] Neglected
person)
Sampling Function (SF) for Normal distribution with (,0) is
Ou (16,000,2000) m®/s
Number of draws 10,000
my Normal distribution with (y4,0) is
(0,0.15) based on [15,51]
truncated at u — 2.9¢ and u +
2.90
mq Normal distribution with (y,0) is
(0,1) based on [9] and section
9.2 of supplementary material in
[13], truncated at u—2.9¢ and u
+ 2.90
fragility curves normal distribution with ¢ is
0.5m
Step size Q 50m°/s
Step size mp, mq 5/6 -0
1,0E+03 1
o
1OE+02
1,0E+01 /’/
e
2 1OE+00 /)"
E 1 0E-01
1,0E-02
/// ® Economic risks (M€ per year)
1,0E-03 /// Failure probabilities dike rings (per year)
//, Social risks (victims per year)
1,004
1,0E-04 1,0E-03 1,0E-02 1,0E-01 1,0E+00  1,0E+01 1,0E+02  1,0E+03

Project VNK (Vergouwe, 2014)

Fig. 12. Comparison model of this study with results of project VNK, dike ring
areas 42, 43, 47, 48 (except dike segment 48-3), and 50 [61] for the probability
of failure, economic risks and risks on victims. NB. the most right grey bullet
would shift right a bit, because it is reported as ’>0.01 per year’ in Ver-
gouwe [61].
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the model behaviour and the results and tactical planning settings. In
this subsection, the results for risks and costs are not discounted to get a
clear insight into the course of the results in time. Table 2 provides the
case-specific parameters which are used together with Table 1.

In Fig. 13 the model result is shown. The prioritisation of in-
terventions is based on the maximum decrease in economic risks (see
Section 3.3). Consequently, the economic risks (grey) decrease at each
reinforcement. The cost increases at each reinforcement (brown) until
all dikes reach their standard. The total budget (blue) is proportional
and increases due to the yearly added budget and inflation.

In Fig. 14 the model result is shown for the situation as in Fig. 13,
accepting overplanning as long as the execution costs (the last 2 years of
each reinforcement, see Table 2) fit in the budget (grey). The risks are
smoother in time, and even a small increase occurs around 2035, due to
the fact a top-ranked dike cannot be reinforced due to budget shortage
and a reinforcement upstream causes increased risks downstream. A
variant in which the top 3 ranked dikes are forced to be planned first
shows a more continuously descending course of risks in time (yellow),
in this paper referred to as a priority condition. Before 2035 the risks of
this variant are somewhat higher with respect to the grey line due to the
fact no expenditures on other dikes are made before the top-ranked dikes
are reinforced. After 2035 the risks are considerably lower.

In Fig. 15 the model result is shown in case of system changes in
population growth rate, subsidence rate, and climate scenario (see
Table 2 in time (grey). As a reference, the yellow line is the same as in
Fig. 14. The risks show a clear difference. Just from the start in 2015
they increased, because the first reinforcements only become effective
after the construction period of 7 years. From 2022 they decrease,
however, considerably higher risks are present, and more time is needed
to reduce the risks until they stabilize around 2080. The costs conse-
quently follow the budget during this time. The stable risk level of the
variant with changes (grey, after 2080) is some lower than that of the
completely stable variant without system changes (yellow), for which
the reinforcements will lead to an exactly compliant system. This is
because, in a changing system, a reinforcement meant to be compliant
with circumstances a design horizon ahead leads to a surplus of risk
reduction at the time of reinforcement. Over the full portfolio, this leads
to some extra risk reduction.

Table 2
Overview of case study specific starting points.

Starting points Case study (Sections 5.2 and 5.3)

100 years, starting from 2015

150 m based on historic floods [62], head hi
— hp of 5 m based on the extreme water
levels and polder levels in the study area

Period of analysis
Breach width and depth

Population growth rate 0,33% per year
Subsidence rate 0.1 m per 50 years
Climate scenario G+ [59]

Budget at the start of the analysis The budget is based on the national budget of
HWBP of 362 ME€ per year. Since the study
area contain 498.9 km from the national
3437 km of dikes, the length-proportional
budget is taken as 50 M€ per year, in this
paper referred to as the proportional budget.
HWBP pursuits reinforcement in 7 years. Five
preparation years are used together for 25%
of the cost. In the last 2 execution years the
actual reinforcement takes place, using the
other 75%.

[50]

Reinforcement cost division over
preparation and execution years

Costs per reinforcement unit C° (in
equation (22))

Cost reduction factor fc correct costs of first reinforcement for dike

sections in which actual safety level differs

along the length, minimized by a chosen

value of 0.25 for minimal required fixed costs

The price level at the start 2015
Inflation 2%
Discount 5% (2% in section 5.2)
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Fig. 13. Model result for general starting points, for prioritisation based
decrease of economic risks.
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Fig. 14. Model results as in Fig. 13 and planning with tolerance for over-
planning (corresponding risks in grey) and a priority condition for the top 3
ranked dikes (corresponding risks in yellow).
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Fig. 15. Comparison of model results without (yellow, as in Fig. 15) and with
system changes (grey).

In Fig. 16 again the model result is as in Fig. 15 (grey). The effect of a
physical discharge limit of 18,000 m®/s due to breaches upstream of the
study area is presented as well (yellow). Although the effect is not that
large, we use this discharge limit, since it is more realistic and in cor-
respondence to this research on system effects.

In Fig. 17 the model results are presented for different prioritisation
metrics in Section 3.3: decrease of economic risk (yellow), societal risk
(black, right axis), safety performance (green) and benefit cost ratio
(grey). The course of the risks in time is comparable.

All incremental changes in the presented results of the elaborative
calculations develop in time in an understandable course. This serves as
a second check on the proper implementation, next to the comparisons
with [61] in the previous subsection.
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Fig. 16. Model results without (grey, as in Fig. 15) and with a physical river
discharge limit (yellow).
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Fig. 17. Model result for different prioritisation metrics: Economic risk
decrease (as in Fig. 16, yellow), Distance to standard (green), Benefit cost ratio
(grey) and Decrease of risk on victims. The first three refer to the left axis, the
last to the right axis.

5.3. Results for different tactical management plans

A tactical management plan defines the planning of consecutive
measures to implement a strategy. Tactical plans may differ due to
several choices such as:

e The criterion to include reinforcement in the program planning, e.g.

exceedance of a safety level.

Metric for prioritisation: order on decreasing risk reduction per year,

on decreasing differences between actual and required safety level,

or on benefit-cost ratio.

A priority condition is to give priority to plan a number of top-ranked

dikes first, which holds no others are planned as long as for these

dikes is no room on programme.

Available budget per year, and the division of the budget over the

period of interest

Minimal risk reduction rate per reinforcement is relative to the

measure with maximum risk reduction in a year, to postponing the

reinforcements which have small risk effects.

Planning window shifting through the period of interest (see Fig. 2).

In planning, this is the time for which reinforcements were actually

planned and executed.

e The degree of reinforcement. In some models, the intensity of rein-

forcement is a degree of freedom [69], or partial reinforcement is

enabled [31].

Design horizon of a reinforcement.

e Provisions for overplanning: In most models the budget limits all
activities, however, in practice mostly at least preparations for the
next projects are allowed because of low costs.
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o Intangible starting points such as to pursue regional spread.

HWRBP is actually active in the case study area and uses a mix of
different tactics for planning: difference between actual safety and
standard, regional spread, and available budget per year. In this study,
we defined different tactical plans based on the list above. The first item
in the list is fixed, because the criterion for planning is based on the
Dutch strategy, which holds that a dike can only be planned on the
programme when the safety standards are exceeded, indicating dike
reinforcement is needed shortly. The second, third and fourth item is
varied as provided in Table 3 because these appeared to be important in
elaborative calculations. For the other items a single starting point is
taken, see Table 4.

These variations together lead to 3 x 2 x 2 =12 different tactical
plans. Two other variants are calculated which are in fact no realistic
tactical plans: the ’do nothing’ option representing the growing risk over
time, and the option with infinite budget leading to reinforcement of all
dikes at once after the 7-year preparation period. All tactical plans are
presented in Table 5. In Table 6 the results of all tactical plans are
provided.

Fig. 18 summarizes the results for all tactical plans except 13 and 14.
The horizontal axis represents the expected number of victims in the
simulation period of 100 years. The vertical axis contains the discounted
value of the sum of costs and economic risks in the same period.

The difference between the total present value of costs and risks for
the ’do nothing’ option (tactical plan 13) and plans 1-12 reflect the
effect of the flood risk strategy to ensafe the area, on an average about
50%. The social risk is reduced by on an average about 85%. The dif-
ferences between the tactical plans 1-12 are up to 40% for the total
present value and up to 70% for social risk, which is the same order of
magnitude as the effect of the flood risk strategy. Especially the differ-
ences caused by the prioritisation metric and priority condition are
significant. Fig. 19 shows that a risk based prioritisation metric in
combination with a priority condition for the top 3 ranked dikes (the two
most right orange bars) has about the same effect on cost and risk as
doubling the budget in combination with a safety-level based metric (left
yellow and grey bar).

6. Discussion

In this section, we discuss consecutively critical assumptions,
extensibility, application and practical implications with respect to the
presented methodology and application.

6.1. Assumptions

The type of flood risk intervention we considered in this paper is dike
reinforcement. During the simulation, we yearly assessed the probability
of failure with fragility curves. A prerequisite for the application of the
methodology is the availability of existing actual fragility curves or
actual failure probabilities per dike subsection. In countries where these
quantities are used to meet design standards, such as the UK, Germany
and the Netherlands, these are available, because prior to the planning
process, these are part of the dike condition examination. The same

Table 3
Overview of varied aspects of the tactical plans implemented in the model.

Metric for prioritisation Budget Priority condition
Based on safety Proportional budget for case No further
performance, see Eq. (9) study area wrt to the national ~ planning

budget, in 2015 50 M€
Double budget for case study
area: In 2015 100 M€

restriction

Top 3 rank first,
postponing other
measures

Societal risk-based, see Eq.
(10) (also applicable for
economic risk effect)

Based on benefit cost ratio,
see Eq. (11)
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Table 4
Overview of starting points for parameters in the tactical plans implemented in
the model.

Parameter Used in this study

Planning criterion The probability of failure of the dike segment exceeding the
standards, and the probability of failure of the dike section
exceeding its length-proportional value calculated with
Eq. (20).

Minimal risk 0 (which means: no)

reduction rate

Planning window 12 years

Reinforcement Standard level at design horizon

Design horizon 50 years

Overplanning Allowed for the preparation years of a reinforcement
Intangible aspects No

Table 5
Overview of tactical plans implemented in the model, composed of the different
decision rules in Table 3.

Tactical Metric for Budget Priority

plan prioritisation condition

1 safety level Proportional  no

2 safety level Proportional  top 3

3 safety level Doubled no

4 safety level Doubled top 3

5 societal risk level Proportional  no

6 societal risk level Proportional ~ top 3

7 societal risk level Doubled no

8 societal risk level Doubled top 3

9 benefit-cost ratio Proportional  no

10 benefit-cost ratio Proportional  top 3

11 benefit-cost ratio Doubled no

12 benefit-cost ratio Doubled top 3

13 economic risk level 0 top 3

14 economic risk level © top 3
Table 6

Overview of results for all tactical plans in Table 5.

Tactical Present Present Total present Societal risk

plan value risk value cost value (cost and (no. of
(billion €) (billion €) risk, (billion €) victims)

1 4.27 1.47 5.74 226

2 3.38 1.47 4.85 159

3 2.12 1.86 3.98 86

4 1.95 1.88 3.83 81

5 3.18 1.47 4.64 180

6 2.73 1.46 4.18 126

7 1.84 1.87 3.71 78

8 1.80 1.88 3.68 76

9 3.44 1.47 4.91 184

10 2.59 1.48 4.07 125

11 1.80 1.87 3.67 79

12 1.78 1.88 3.66 77

13 8.15 0.00 8.15 972

14 1.36 2.05 3.42 59

prerequisite holds for a hydraulic model to translate system loads to
local loads, and consequence calculations for representative breach lo-
cations. In the case study, we tuned the actual fragility curves in a way
the probabilities per dike section at the start of the analysis are aligned
with VNK [61].

The fragility curves for to-be-reinforced dikes can be determined in
several ways. In this paper we used the shape of the fragility curves in
the actual situation and shifted them based on climate change and
subsidence to get a provisional fragility curve for a future situation,
solving the Egs. (4), (3) and (2). An alternative approach would be to
pro-forma-design conform design standards and derive a fragility curve,
which would need detailed information and calculations. Another
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Fig. 18. Model result for tactical plans 1-12, with the budget denoted by filled
(proportional budget) or open marker (doubled budget), the prioritisation
metric denoted by colour, and the priority condition denoted by marker shape
(dot: no; triangle: top 3 first).

B proportional budget, no priority conditions

-

H proportional budget, priority conditions

doubled budget, no priority conditions

=

doubled budget, priority conditions

n

— S} w ES o)

Sum of present value of costs and risks (109 €)

<o

Distance to standard Decrease of societal risk Benefit cost ratio

Metric for prioritization
Fig. 19. Overview of present values of cost and risk for tactical plans 1-12.

alternative could be to use a class of standard fragility curves for
different typologies of reinforcements, such as adapted dike slopes.
These alternative approaches would need a similar approach as used in
the present paper to enable to shift the re-shaped fragility curve until it
meets the standard at the design horizon.

For estimations of the effects of breaches on downstream river loads,
we neglected the backwater effect in the polders. This is sufficiently
accurate in case of critical flow through the breach. This holds in the
initial phase of the flooding, which phase is assumed to be most
important for the reduction of the event water level maxima down-
stream. Additional calculations are executed to examine the sensitivity
of the downstream water level effect of breach widths on the system
risks. They underpinned the low sensitivity for breach widths in the
range of most historic observations in the Netherlands, 75-200 m [62].

A limitation of this concept is the effect of timing and growth of
breaches on downstream river loads. They are assumed to occur sud-
denly at the water level maxima of floods. This overestimated the water
level reductions downstream the river. Nevertheless, if no system
behaviour is taken into account, the downstream water levels are
certainly over-estimated. We recommend research with hydraulic and
breach development model simulations, to investigate this time effect on
the downstream water level reductions.

6.2. Application and practical implications

In the case study the probabilities of flooding are based on [61].
Herein, the residual strength, which is defined here as the strength of a
dike after the occurrence of an initial failure mechanism, is not taken
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into account for the geotechnical mechanisms macro stability and
piping, which may be important in the river area. Therefore, the prob-
abilities are considered as an upper limit. For development of a method
to compare tactical plans, the probabilities are considered to be
sufficient.

The different tactical plans lead to different intervention schemes. To
illustrate the effect of different prioritisation metrics and the priority
condition, Table 7 presents the similarities and differences of the in-
terventions in the first 15 years of the analysis for the tactical plans 1, 6
and 10 in Table 6. For all plans the length-averaged /\hy is similar. The
breakdown of the reinforcement surface to branches shows clearly that
the attention of the societal risk-driven intervention tactic (plan 6) is
almost completely on dikes along the Waal (see Fig. 5), protecting large
and deep polders from flooding. The Waal is the largest river branch of
the Rhine River, and may cause flood depths with high risks to victims.
The other two tactical plans 1 and 10 show more spread of the in-
terventions over the river branches with a focus on the Nederrijn-Lek.
Another difference, shown in the number of sections column, is the
focus of plan 6 on the reinforcement of a limited number of important
sections and the spread of investments over many sections in the other
plans.

6.3. Extensibility

The methodology to compare tactical plans is developed to be
generically applicable. The fragility curves and the intervention’s deci-
sion rules are crucial elements. In the case study, we used a normal
distributed fragility curve per dike section. Eq. (2) is suitable for other
shapes, e.g. for a fragility curve composed of different failure mecha-
nisms. The intervention decisions may be based on different design
rules. In the case study, we used compliance with safety standards at the
end of the design horizon. The methodology is suitable for other inter-
vention rules or intensities as elaborated in [31] or e.g. for a fixed
reinforcement step of a factor 10 in safety. Furthermore, this method-
ology is suitable for a cascade of strategies, e.g. to elaborate adaptive
pathways of strategies [22]. Sub-paths in a pathway can be implemented
as different tactical plans being effective in certain periods, translated
into additional or changed intervention rules like Table 3.

In this study, the river discharge is the main stochastic variable
determining the local water levels. The MC approach in combination
with the physical river discharge model and consequence simulations
integrates causal knowledge about a system with probabilistic and risk
analysis techniques [41]. This enabled us to take into account breach
effects on system loads without additional hydraulic calculations. The
application can be extended to e.g. an area near sea, where the local
water level is determined by river discharge and sea water level. In the
case water levels are determined by multiple stochastic system load
variables, additional hydraulic calculations for several different com-
binations of those variables are required to determine the system effects
of a breach event. Since breaches near the sea have a limited effect on
water levels at neighbouring locations compared with breaches in
riverine areas, the system effects are expected to be smaller.

7. Conclusions

This paper focuses on the development and application of a meth-
odology for the comparison of tactical plans for interventions in an
interdependent system of dikes. We conclude that the developed model-
based tactical planning approach is applicable in a riverine area, that
tactical planning is important for the reduction of flood risks over time,
and that the methodology is extendable to other water systems.

The methodology is applied to the system of dikes along the Rhine
River branches in the Netherlands, taking into account deterioration due
to subsidence, climate change and population growth. The case study
shows the applicability of the methodology to calculate the portfolio
metrics performance, risk and cost, which are key for mature asset
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Table 7
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Overview of reinforcements for tactical plans 1, 6 and 10 (see Table 5) for the reinforcements up to and including 2030. NB. The reinforcement surface is the dike

length multiplied by the dike height increase.

Reinforcements Reinforcement surface per branch (*1000 m?)
Tactical plan Length (km) Length-averaged /\ hy (m) Number of sections (-) Rhine Waal Pannerdensch Canal Nederrijn- Lek 1Jssel
1 140.1 1.13 26 3 48 14 75 19
6 103.6 1.33 10 0 102 13 22 0
10 183.0 0.85 24 17 41 13 71 14

management decisions [6,39].

Tactical planning is important to effectively and efficiently reduce
flood risks over time to the compliant level. This is based on the calcu-
lation of the costs and risks over time for 12 different tactical plans for
different prioritisation and planning considerations and different bud-
gets. The results show the present value of the sum of costs and risks of
the plans differ by up to about 40% with respect to that of the plan with
the highest present value. For social risks, the differences are up to 70%.
An example is that interventions based on a benefit-cost-ratio prioriti-
sation in combination with the condition to reinforce the top 3 ranked
dikes first (plan 10), have the same effect on cost and risk as decisions
based on a probability-based prioritisation in combination with
doubling the budget (plan 3). Furthermore, different plans lead to
different patterns and intensity of measures in the system.

The application can be extended to other than riverine areas, which
would need additional hydraulic calculations. System effects near the
sea are expected to be smaller than the effects along rivers.

This paper underpins that the application of the presented method-
ology provides understanding that supports planning discussion and the
corresponding tactical decisions. This study contributes to the work on
model-based planning of interventions in large portfolios of interde-
pendent assets.
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