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Preface

The design of flood defence systems has undergone extensive develop-
ment in the last decades. Traditionally, flood defence systems are de-
signed on the basis of deterministic or quasi-deterministic approaches,
normally referring to a design water level. However, these approaches
adopt simplistically fixed design values for the various parameters of hy-
drodynamic and geotechnical processes taking place at a flood defence
system during a storm surge.

Hence, new design methods, including probabilistic approaches, have
been subjected to constant development during the last years. The prob-
abilistic approaches allow engineers to account for uncertainties in the
input parameters and the models describing all possible versions of the
various types of flood defence structures. Probabilistic approaches are,
however, only applicable to the concept of risk analysis.

The present report has been prepared under the framework of the Inter-
reg Il B project “Common Strategies for Storm Flood Risk” (COMRISK)
and presents the results of the SP7 subproject “Risk Assessment for the
Wadden Sea”. The objective of the subproject has been assessment of
the flood risk for the Ribe sea defence system by means of a risk analysis.
The Danish Coastal Authority (DCA) has been responsible for the comple-
tion of the SP7 subproject, which has been carried out in the period from
January 2003 to September 2004.

The support of Ribe Municipality, Ribe County and Ribe Tourist Office and
their supply of valuable data and information about the Ribe area are
gratefully acknowledged. Special thanks are due to Dr. A. Kortenhaus of
the Leichtweiss Institute at the Technical University of Braunschweig, Ger-
many, for his performing of the probabilistic calculations as well as for his
inexhaustible support.

September 2004

Danish Coastal Authority
Lemvig, Denmark
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Abstract

Within the framework of the Interreg Ill B project “Common Strategies
for Storm Flood Risk” (COMRISK) coastal flood risk management is being
improved through transfer and evaluation of knowledge, methodolo-
gies as well as pilot studies. One of the pilot studies, the SP7 subproject,
concerns the risk analysis of a flood defence system located in the Dan-
ish part of the Wadden Sea. The pilot study area is located about 50 km
north of the German-Danish border and is mainly characterised by a large
rural area of former marshland and by an urban area, Ribe town.

The study in hand assesses the flood risk of this flood defence system
based on the state of the art in the literature. The flood risk of the Ribe
defence system is hereby defined as the product of the flooding probabil-
ity and the subsequent consequences of flooding. The study is performed
in two major steps which comprise on the one hand a hazard analysis cal-
culating the overall probability of flooding for the area, and on the other
hand an analysis of vulnerability determining the damage potential of the
hinterland in case of flooding.

Within the hazard analysis the report deals with the set-up of a detailed
fault tree for the dike structure, a sluice and three outlets considering
23 failure mechanisms and their related limit state equations. The uncer-
tainties of the input parameters and the models are evaluated and sup-
plemented by a sensitivity analysis of the input parameters. The overall
failure probability of the individual sections of the system are calculated
after splitting the defence system into representative sections based on
predefined criteria.

The vulnerability analysis considers the valuation of tangible risk elements
in the flood-prone hinterland. Damage functions are defined for each ele-
ment at risk. Moreover, inundation scenarios are set up in order to assess
the extension and depth of different inundation scenarios. The combina-
tion of the value of risk elements and the related damage factors deter-
mines the damage within a specific scenario.

Finally, the overall flooding probability is multiplied with the damage
within a risk assessment, which is the final formal step in the risk analysis.

12
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1. Introduction

There is a long tradition of coastal flood defence systems along the North
Sea coast. The overall objective of flood defence systems is to protect
low-lying coastal areas against flooding. However, throughout history
many low-lying areas around the North Sea have been flooded during
storm surges due to flood defence system failure. A great effort has
therefore been made to improve and strengthen flood defence systems
during the last decades. The knowledge regarding the technical processes
concerning loads and the resistance of flood defence systems has been
considerably broadened. However, the risk of flooding is present and will
be present in future.

Though no major flooding disasters have taken place in the North Sea re-
gion for decades, the challenge of climate change and the increasing vul-
nerability of more intensively used coastal areas call for new management
approaches to the handling of the risk of coastal flooding. About 14 mil-
lion people, corresponding to approx. 20 % of the total population in the
North Sea region, live in coastal lowlands. Major economic activities, e.g.
the seaports of Rotterdam, London and Hamburg or the tourist industry,
are concentrated in these lowlands. Hence, social progress and economic
growth prerequisite appropriate coastal defence measures embedded in
new innovative strategies of managing the risk of coastal flooding.

Y
\ North Sea
»

Germany

Figure 1-1: Low-lying coastal areas in the North Sea region.

Introduction
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1.1 The "Common Strategies to reduce the Risk of
Storm Floods in Coastal Lowlands"” (COMRISK)
project

In 1996 national and regional coastal defence authorities in the UK, Bel-
gium, the Netherlands, Germany and Denmark initiated a high-level net-
work of co-operation, the North Sea Coastal Managers Group (NSCMG).
The NSCMG is an important platform for exchanging knowledge and
achieving a balanced approach to a more comprehensive international
co-operation on risk management throughout the North Sea region.
Based on these considerations, the idea of a project named COMRISK
was born.

The “Common Strategies for Storm Flood Risk” (COMRISK) project aims
to improve coastal flood risk management through transfer and evalua-
tion of knowledge, methodologies as well as pilot studies.

COMRISK is divided into two parts: the ‘umbrella project” and nine sub-
projects. The umbrella project focuses on the exchange of experience and
on the coordination of the overall project and the subprojects. The spe-
cific objectives of the project are as follows:

e To bring together coastal defence experts from administrations, sci-
ence centres and private companies in the North Sea region and be-
yond.

e To exchange experiences and studies of good practise on coastal risk
management.

® To evaluate and further develop innovative integrated risk manage-
ment strategies, considering national regulations and responsibilities.

e To initiate and support transnational cooperation on integrated coast-
al risk management (network).

e To integrate coastal risk management into strategies for sustainable
management of the coastal zones in the North Sea region.

The nine subprojects are closely connected to each other and consist ei-
ther of evaluation studies or pilot studies. There is one general objective
of each subproject that contributes to the above-mentioned main objec-
tives. In four of the nine subprojects, the objective is to perform a risk as-
sessment of a relevant coastal flood unit located in Belgium, UK, Germa-
ny and Denmark. This report presents the results of the risk assessment of
the Danish flood unit. The objectives of the remaining five subprojects are

® to improve national policies and strategies for coastal risk manage-
ment,

e to achieve common strategic planning tools for coastal risk manage-
ment,

® to achieve common methods to improve the public’s perception of,
and participation in, coastal risk management,

14
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e to achieve common approaches and indicators to establish the per-
formance of risk management measures,

® and to achieve common approaches to establish the hydraulic bound-
ary conditions for technical measures.

The COMRISK project runs from July 2002 to June 2005 and is co-fi-
nanced by the Interreg Il B North Sea Region Community Initiative Pro-
gramme of the European Union. The project period is divided into three
phases. During the first phase, necessary preparations to coordinate and
implement the project involving seven partners have been carried out.
The subprojects are carried out in the second phase. During the second
phase a workshop has to be organized for each subproject where the
project progress as well as relevant (local) topics will be discussed by the
participants. The second phase ends with the reporting of the outcome
of the subprojects. Finally, an international conference will be organized
during the third phase. The conference is an opportunity to present the
outcomes of the pilot and evaluation studies to a broader audience of
risk management experts from administrations, research institutes and
private companies.

On the basis of the conference proceedings and the preceding activities
a brochure will be prepared, containing principles and recommendations
for innovative and integrated risk management strategies in the North
Sea region.

1.2 Background and objectives of the SP7 subproject

The report in hand presents the results of the SP7 subproject “Risk assess-
ment for the Wadden Sea”. The SP7 subproject is one of the four pilot
studies to perform a risk assessment. The pilot study area is located in the
Danish part of the Wadden Sea.

The Wadden Sea is a major part of the North Sea region. It fringes the
Dutch, German and Danish coasts over a distance of nearly 500 km with
a maximum width of approximately 35 km (CPSL, 2001). Towards the
North Sea, the Wadden Sea is bordered by 20 large and many small bar-
rier islands, peninsulas and sandy shoals. In between these barrier islands
and the mainland coast lies the largest tidal flat area in Europe. The low-
lying mainland coasts are mainly protected against flooding by dikes.

Based on the increasing socio-economic pressure in the low-lying hinter-
lands behind the Wadden Sea dikes, the awareness and the perception
of the coastal flood risk are well established in all Wadden Sea countries.
Coastal defence authorities have to react to the public’s request for main-
tenance of the present safety level. This demand is increased by the pub-
lic discussion about the long-term consequences of climate change.

Scientists and risk management experts are therefore developing instru-
ments and methods in order to assess the risk of flooding. For this pur-

15
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pose, risk is defined as the combination of the probability of occurrence
of a hazardous event and the magnitude of subsequent consequences.
The method of combination is generally to multiply the probability of
occurrence by the consequences. Although the concept of multiplying
two figures looks quite simple, the implementation is quite complicated.
Instruments and methods used to calculate the probability of hazard-
ous events or the determination of consequences have to be applicable
for coastal defence authorities in charge and they must be in conformity
with national policies. Weak spots in the models and application difficul-
ties normally appear during practical application. Hence, the feasibility
of these methods and models for risk assessment have to be tested and
evaluated at different flood units with changing boundary conditions.

The main objective of SP7 subproject is to perform a risk assessment of
a sea defence system located in the Danish part of the Wadden Sea. The
risk assessment will be based on knowledge found in the literature. This
way, the project will not contribute to new development of instruments
or methods, but instead apply existing methods and models. To achieve
the main objective, the following tasks and topics will be dealt with:

— The present state of knowledge of terms, methods and models con-
cerning risk handling will be studied in a literature review. The litera-
ture review shall identify practicable methodologies and tools which
may be used for assessing the flood risk in the Danish pilot study area.

— In the discipline of flood protection the main goal is the prevention of
flooding danger to the public. However, a hazard to the public occurs
if the protection against flooding can not be maintained in a particu-
lar situation, e.g. in case of a dike breach during a storm surge. This
implies the question in what kind of situations the protection against
flooding is lost. A hazard analysis aims at identifying these situations,
including the definition of relevant hazard types (e.g. wave overtop-
ping or dike breach), the location and intensity of the hazard as well
as the calculation of the hazard probability.

— Furthermore, it is necessary to know the consequences if the flood
defence system fails and the hinterland is inundated. If inunda-
tion occurs, the result will be different types of damage — material/
nonmaterial, direct/indirect, tangible/intangible damage. By inventory-
ing the flood-prone area and defining damage functions in relation to
the inundation depth for different types of damage, the consequenc-
es of a particular flood (scenario) can be estimated.

— In case of failure of the sea defence system during a storm surge, a
specific water volume will enter the area behind the defence line and
inundate the hinterland. The volume of inflow depends on a number
of parameters, e.g. location and number of openings in the defence
system, time-dependent growth of the gaps as well as the time of
dike breach in relation to the outer storm surge water level. Further-
more, the expansion of the flood water pouring into the hinterland

16
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must be described properly in order to allow an adequate assessment
of all assets which might be damaged by the flood water. For this pur-
pose, the topography of the flood-prone hinterland must be known.

A more specified description of the objectives and the methodology of
the investigation will be given in Chapter 3.

As mentioned above, each subproject included a workshop during the
second project phase. At the workshops of the four pilot studies, differ-
ences and similarities in relation to the applied methods and tools as well
as the geographical conditions of the pilot areas have been discussed ex-
tensively. Experience gained when performing a risk assessment, compris-
ing a hazard analysis and vulnerability analysis, has been exchanged. This
way, the SP7 subproject has been especially linked to the other three pilot
studies involving risk assessment.

1.3 The pilot study area of Ribe - history and present
situation

The pilot study area for the performance of a risk assessment is located
approximately 50 km north of the German-Danish border. The study area
is more than 95 km2 and mainly characterised by a large rural area of
former marshland and by an urban area, Ribe town, which is located

5-6 km from the sea. Ribe town is the oldest town in Denmark and today
it has about 9.000 inhabitants. Ribe town and the westward marshland
are protected by an 18,4 km long sea dike called Ribe Dike. The dike has
a constant profile over its total length and is interrupted by one sluice
(Kammerslusen) and three smaller outlets.

. Store Darum

Darum Baek

‘ . Gredstedbro

I Flood prone area
B Dike
-

Sluice, outlet
River

Village, town

Figure 1-2: Location of Ribe town and its flood unit.
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The Ribe flood site has been chosen as pilot study area due to a) suitable
and sufficient input data, b) a simple cross-section of the flood defence
system, and c) the composition of the flood site by rural and urban areas
is characterised by a high degree of tourism which to a great extent has
to do with the long and interesting history of Ribe town.

The history of Ribe town and its hinterland goes back to the period be-
fore the year 800. The town was founded along the periphery of a small
market place on high sandy land, which was separated by a river and
wetlands. Already before the time of Apostle Ansgar, who obtained land
from the Danish king around the year 860, the market place was an im-
portant international meeting place (Ribe Tourist Office, 2004).

Figure 1-3: Drawings showing Ribe during the 9% century (Peter Dragsbo in BYGD,
1989).

The 12™ century was the most dramatic period of development for Ribe.
The Ribe Cathedral was erected. The medieval town expanded to the
western side of the river which resulted in a kind of twin city with activi-
ties on both sides of the river. The town of Ribe developed during the
next four centuries into the most important medieval North Sea port of
the kingdom characterised to a high degree by its religious and political
life as well as trade (Tougaard & Meesenburg, 1974). The principal trade
of Ribe was the export of agricultural produce to Flanders, on the other
hand import and sale comprised clothing and luxury articles (Ribe Tourist
Office, 2004).

By the middle of the 17" century, the import and export activities slowed
down and Ribe lost its economic importance. Trade had found other
routes and new trading centres evolved in other places. Shipping on the
river dramatically decreased and the river slowly sanded up.

18
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Figure 1-4: The course of Ribe River in the year 1873
(Tougaard & Meesenburg, 1974).

In the middle of the 19™ century increasing coal imports from England
and timber exports from Norway held out hopes of a new period of
profit-yielding trade. However, the conditions made loading and unload-
ing of ships and prams difficult. The silting of the river and the increase in
ship size enabled the turnover of goods only to a limited degree. In 1844,
the Ribe harbour board decided to invest in the construction of a canal
for the purpose of shortening the shipping way from the river mouth
through the marsh towards Ribe town to three kilometres (see Figure 1-
4). Due to lack of money, the second part of the canal project was not
finished before 1918-19 (Tougaard & Meesenburg, 1974). As a result of
this, the river course was clearly shortened and the distance that ships
had to sail to get into Ribe town would have been much shorter, if the
Ribe era of trade and shipping had not finally ended around 1900.

Since the first settlements along the periphery of a small market place, no
sea defence system protected Ribe town against flooding during storms.
The marsh area west of Ribe town was frequently flooded. During severe
storms, the water even reached the town resulting in many casualties.
Hence, settlements were erected further inland on higher dry land and
the large marsh areas remained unsettled for many centuries. From 1911
to 1914 the Ribe dike was built — reaching from Vester Vedsted in the
south to Tjaereborg in the north — including the construction of a sluice at
the estuary of Ribe river and three smaller outlets.
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During the following years, efforts were made to drain the marshland of
agricultural activities and scattered settlements. Around 1966, after the
severe storm surges in Holland in 1953 and in Germany in 1962, local
policy makers began discussing the possible reinforcement of Ribe dike.
The discussion was mainly driven by three factors (Ribe Amtsrad, 1966):

1. The existing profile of Ribe dike no longer corresponded with the
state of knowledge at the time.

2. The storm surges of 1953 and 1962 had shown that even reliable
dike constructions designed by experienced engineers could collapse
under special load conditions.

3. The sea level rise.

However, the Ribe dike was not reinforced to its present safety level be-
fore 1978 - 1980. A detailed description of the dike geometry will be
given in Chapter 4.

Today, Ribe town is the oldest and best preserved town in Denmark. The
preservation of many old timber framed houses, which go back to the
17™ century, was initiated by Ribe Tourist Association in 1899 in the hope
of promoting the historical importance of Ribe as a tourist attraction.
Today, the tourist association’s hope has come true. About 1 million day-
visitors visit Ribe every year, which has made tourism the most important
economic source of revenue for Ribe town and its hinterland (personal
communication with Ribe Tourist Office, 2003).

1.4 Contents of the report

Chapter 2 will provide a short literature review of risk handling and exist-
ing conceptual approaches, including risk assessment, risk analysis and
risk management. Relevant definitions will be given and the concept of
a probabilistic framework, including failure modes and fault trees, will be
introduced.

Objectives and the methodology of the study will be specified in detail
in Chapter 3. Furthermore, the chapter will present selected models and
tools which have been applied in the study.

Chapter 4 will describe the calculation of failure probability of a number
of failure mechanisms as well as the overall failure probability of the Ribe
sea defence system. In order to calculate the overall failure probability,

a detailed fault tree will be presented in the chapter explaining the cor-
relations between the failure mechanisms. A detailed description of the
methodology used in chapter 4 will be given in Chapter 3.

Chapter 5 will relate to the determination of the damage or loss associ-
ated with the occurrence of an inundation. A valuation of all elements
at risk and their geographical position will be registered. The chapter will
deal with damage functions which relate the damage to a risk element
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to an inundation depth. Dike breach scenarios will be set up in order to
calculate the inundation behaviour in the flood-prone area. A more de-
tailed description of the methodology used in Chapter 5 will be given in
Chapter 3.

Finally, the flood risk for the Ribe flood unit will be assessed in Chapter 6
based on the results of the hazard analysis and the vulnerability analysis.

The report ends with a discussion on methodology and results, and rec-
ommendations for further work will be given.
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2. Literature review of flood risk assessment

A short literature review of risk handling and natural hazards will be given
in the following. This will comprise general definitions of terms and me-
thodical approaches. A conceptual reflection on risk handling will be pre-
sented together with a more detailed explanation of risk analysis and risk
assessment. Finally, an overview of some practicable methods and models
to support the performance of a risk analysis will end Chapter 2.

2.1 Risks and natural hazards in coastal areas

The terms “risk” and “natural hazard” are keywords which are often
heard in the media. A short discussion of the terms “risk” and “natural
hazard” therefore seems reasonable, starting with a simple example.

Imagine two persons living in the same low-lying flood-prone area within
the same distance to the sea. The property of person A is protected
against flooding by a 2 m high ring dike surrounding his house. The
house of person B is protected against flooding by a 4 m high ring dike.

The hazard of being exposed to a storm surge and a subsequent inunda-
tion of the low-lying coastal area in which they live is the same for both
persons. However, the risk of getting his property flooded due to dike
breach or wave overtopping is higher for person A than for person B be-
cause A's property is protected only by a 2 m high ring dike.

The term “risk” is often misused as a synonym for the term “hazard”
(Reese, 2003). Hazard is defined as natural or man-made processes or
events with the potential to result in harm. However, a hazard may not
necessarily lead to harm. Hence, natural hazards in coastal areas are
extreme natural events (storm surges) of a specific intensity in a specific
area, which may result in danger to individuals, property and infrastruc-
ture (Reese, 2003). The systematic process of identifying events, situa-
tions or actions with the potential to result in danger to human life and
property in a specific area is carried out through a hazard analysis. It
determines the combination of the intensity and probability of a specific
hazardous event or situation. The practical implementation of a hazard
analysis will be explained in Chapter 2.3.

Returning to the example mentioned above, risk includes the feature of
impact or consequence due to the hazardous event: Getting their proper-
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ty flooded due to dike breach or wave overtopping during a storm surge.
Risk is hence a combination of a hazard in a specific area — characterised
by intensity and probability — and the consequences that this hazard may
have if it occurs (see e.g. Reese, 2003; DEFRA, 2002).

Furthermore, the example comprises the aspect of failure or collapse of

a construction, namely the persons’ ring dike surrounding their prop-
erty. Thus, in this case the magnitude of the consequences depends on
the failure or collapse of both persons’ defence construction (dike ring)
protecting them against flooding. Therefore, the assessment of risk also
includes the failure and/or collapse of the defence system. Although the
two terms of failure and collapse are commonly used as having almost
identical meanings, there is a clear distinction (CUR, 1990). The term
“failure” relates to the principal functions of the construction. This way,

a dike fails if it can no longer prevent inundation of a protected area. The
term “collapse” relates to the construction itself. If the dike undergoes
deformations of such magnitude that the original geometry and integrity
is lost, the dike collapses (CUR, 1990). In general, the collapse of the con-
struction is attended by an increased failure probability of the construc-
tion. The construction may collapse without losing its main functions, e.g.
en-bloc-slide on the seaward slope. However, the opposite may occur,
too. In the event of wave overtopping the dike fails without necessarily
collapsing. For reasons of simplification, the term “failure” will be used in
the following for both “failure” and “collapse”. However, Chapter 4 will
show that both definitions of “failure” and “collapse” must be consid-
ered when assessing the risk of a coastal defence system.

The expected consequences of a failure event may be desirable or un-
desirable. The engineering discipline of flood protection is, however,
mainly focused on the prevention of inundation to protect society against
loss of life or injury and financial losses. Normally, the consequences are
estimated by assessing the potential damage of a number of risk ele-
ments (i.e. buildings, household goods, livestock, agricultural areas) in

a specific area. A major difficulty in estimating consequences is how to
compare direct financial losses at risk elements (building damage, produc-
tion losses), indirect losses (impact on economic growth, unemployment)
and non-monetary losses like loss of human life or injury. In many cases,
the consequences of a failure event are therefore often only described
through direct damage where the monetary value of risk elements can be
sufficiently assessed.

The systematic approach used to assess the potential damage to risk ele-
ments in a specific area is defined as a vulnerability analysis. In Chapter
2.5, the practical implementation of a vulnerability analysis will be ex-
plained.

Finally, to determine persons A and B’s risk of getting their property
flooded, natural hazards, failure events and the consequences have to be
assessed. In a mathematical formula, the risk R is determined by multiply-
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ing the probability P, of a failure event by the expected consequences
E(D) that this event will have (see e.g. Kortenhaus & Oumeraci, 2002;
Faber & Stewart, 2003):

R =P, x E(D) (Eq. 1)

2.2 Conceptual reflection on risk handling

In general, risk handling aims at a judgment of whether an engineering
system satisfies the requirements of society with regard to safety and
economy. Concepts of risk analysis are in fact multidisciplinary engineer-
ing fields which have entered various engineering application areas,

such as nuclear power, dam engineering or bridge construction. Differ-
ent methodologies and concepts of risk handling have been compiled.
However, these concepts are often characterised by a high degree of
complexity. Moreover, the concepts comprise interdisciplinary approaches
which intend to involve different interest groups such as scientists, policy-
makers and the public, each having an individual understanding of risk
handling. The task of compiling standardized concepts of risk handling is
therefore quite difficult. Since the 1980s, Germany has made an attempt
to standardise concepts and methodologies for the handling of natural
hazards and the correlated risk. However, this attempt has only had little
success so far (Reese, 2003).

In the field of flood protection and flood risk a number of aspects are of
interest:

e The danger and probability that the public will be harmed or killed by
flooding.

e The intensity and probability of damage to property and infrastruc-
ture.

e The intensity, depth and duration of flooding.

e The frequency of different locations in the potential flood area to be
flooded in return, taking account of the failure probability of the de-
fence system and geographical circumstances of the potential flood
area.

e The degree of risk inherent in each defence structure, i.e. the predict-
ed annual consequences of failure of the defence structure.

e Scenarios, i.e. considering the effect of sea level rises or changes in
the frequency and intensity of storms.

Due to the aspects mentioned above and the idea of harmonising design
and safety standards in various engineering disciplines, conceptual frame-
works for handling the risk of flooding have been recently published (see
e.g. Reese, 2003; Oumeraci, 2001; Oumeraci & Kortenhaus, 2002). The
comparison of the concepts shows a generic approach to risk handling,
including the following elements: risk analysis, risk evaluation and risk
management (see Figure 2-1).
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Figure 2-1:  Conceptual risk handling structure.

Risk Analysis

By performing a risk analysis, the specific risk of e.g. coastal flooding is
determined. Risk analysis involves both hazard assessment and vulnerabil-
ity assessment. The objective of analysing the hazard is the prediction of
the flood probability, which either means a functional failure (e.g. wave
overtopping) or a structural failure of the defence system (dike breach).
The social-economic consequences of flooding due to e.g. a dike breach
are determined by means of a vulnerability analysis. In a vulnerability
analysis the potential damage and costs of flooding in a specific area are
assessed. In order to determine the potential damage, potential risk ele-
ments have to be evaluated. The specific risk is finally calculated through
a risk assessment where the probability of flooding is multiplied by the
vulnerability figure. The wide variety of uncertainties in calculating the
flood risk has to be addressed explicitly in the analysis (Oumeraci & Ko-
rtenhaus, 2002). This is further dealt with in Chapter 2.3 together with a
more detailed explanation of risk analysis.
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This way, risk analysis aims at answering the following questions:

e Which structures in a defence system can fail during a storm surge?
e How will each structure fail?

e What is the probability of failure?

e |f the defence system fails, what are the consequences?

Risk Evaluation

The specific risk calculated in the previous analytical approach leads to
the subsequent part of risk evaluation. Intuitively it may be assumed that
risks with the same numerical value are perceived as being equal, but this
is often not the case. In some cases, the significance of a risk is assessed
by multiplying the probability by the consequences. In other cases it is im-
portant to understand the nature of the risk, distinguishing between rare
catastrophic events and more frequent but less severe events (DEFRA,
2002). Moreover, many other factors influence society and individuals in
the process of risk perception. When considering the evaluation of flood
risk, not only the numerical value of the probability multiplied by the
vulnerability is important, but it is also important how the risk will be per-
ceived by society or the individual. Therefore, the first objective of a risk
evaluation is to study the perception of a specific risk.

When determining the perception and acceptability of a flood risk it is
distinguished between society (or group) risk and individual risk (Vrijling,
1984 in Kortenhaus & Oumeraci, 2002; CUR, 1990; DEFRA, 2002). A
hazard can affect whole groups of people or properties, for example all
inhabitants and their property in a flood-prone area. The evaluation of

a risk in this case includes the judgement of whether the predicted risk

is sufficiently low for this group/society. On the other hand, a particular
inhabitant in the flood-prone area may be at risk due to his location and
other circumstances, as e.g. person A compared to person B (see example
in Chapter 2.1). Furthermore, individual interests, experiences, know-how
and awareness play an important role in the evaluation of the risk which
can either lead to aversion or acceptance. However, the evaluation of
both group risks and individual risks can result in different perceptions of
the predicted risk.

Aversion arises if the perception of risk crosses an individual or societal
risk level, beyond which the risk is deemed unacceptable. Below this level
a higher risk is accepted, however, a risk reduction would be desirable
(Reese, 2003).

Aversion of flood risk leads to the second objective of a risk evaluation:
The determination of an acceptable flood risk for a specific area. Ac-
cording to Oumeraci (2001), the ALARP principle (As Low As Reason-
ably Practicable) is a widely accepted concept for the evaluation of an
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acceptable risk across most engineering disciplines. Within the field of
flood and coastal defence, decision-making typically takes place based
on the ALARP principles (DEFRA, 2002). It includes techniques and tools
like Cost-Benefit Analysis, Reliability Analysis and Multi-Criteria Decision
Theory (Oumeraci, 2001). Acceptance criteria for the failure probability
of the flood system and for the potential damage have to be defined.
Comparable to the calculated predicted risk, the acceptable flood risk is
defined as the product of the acceptable failure probability and the ac-
ceptable damage. Again, as mentioned above, it is noteworthy that the
tolerability of a risk may depend on the nature of the event. Normally,
frequent events with a low impact are more tolerable than low-frequency
catastrophic events.

The evaluation of an acceptable flood risk allows for further consideration
of scenarios of e.g. different sea level rises. This way the acceptable risk
may not only be calculated for the present moment but also for different
future scenarios.

In case of a broadly accepted risk determined by a risk analysis, no further
approach for evaluating an acceptable risk is needed. However, the risk
management has to ensure that the risk remains at this level by maintain-
ing the flood defence system.

This way, risk evaluation aims at answering the following questions:
® How is the predicted risk perceived individually?
® |s the calculated risk accepted or not — personally and socially?

e Which facts and conditions play an important role in the process of
perception and evaluation?

e \What criteria are important for defining an acceptable risk?

Risk management

Based on the results derived from risk analysis and risk evaluation, the
handling of the risk can be facilitated by means of management proce-
dures. In general, the predicted risk and the acceptable risk will not be
equal. Through comparison of the predicted risk and the acceptable risk,
the remaining risk is determined. Ideally, the determined remaining risk
leads to the definition of tools and strategies in order to manage the
remaining risk in practice. However, the definition of management tools
and strategies includes not only technical measures but also economic
and political measures. Risk management therefore comprises administra-
tive, technical and political strategies which are translated into concrete
measures, e.g. reinforcement, monitoring and maintenance, compensa-
tion payments or evacuation plans, through risk management plans (see
also Oumeraci, 2001).
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This way, risk management aims at answering the following questions:
® How great is the remaining risk?
® How can the remaining risk be managed?

e What are the consequences of today’s management decisions for fu-
ture opportunities with regard to efficient flood protection?

Moreover, risk management is one of the key features in risk handling.
The risk management can as the integral part make decisions on the
methodology of risk analysis and risk evaluation. It includes the iterative
process of monitoring and updating risk analysis and/or risk evaluation
(see Figure 2-1). Together with the iterative process of monitoring and
updating, communication plays an important role, especially in the deci-
sion-making phase. Here, the question of a remaining risk will lead the
discussion about appropriate management strategies. Figure 2-2 shows
the decision-making process regarding the remaining risk at a flood de-
fence system.

Remaining No
risk ?

lYes

Reinforcement
?

A

No

Monitoring .
Reinforcement and gency
. . and
Strategies Maintenance .
. Evacuation
Strategies

Figure 2-2: Decision-making on the remaining risk
regarding a flood defence system.

Furthermore, in the decision-making process insufficient communication
can lead to confusion as coastal defence agencies, government and lo-
cal authorities are promoting or using different descriptions of risk for
different purposes. The clear communication to all involved players and
stakeholders of a consistent framework for risk handling is therefore in-
dispensable.

The objective of such a conceptual structure is to promote and enable
consistent approaches to assess and communicate the risk of flooding.
These approaches analyse and describe the defence system as a whole,
incorporating the various uncertainties in the assessment of the safety
of the defence system. Moreover, it is possible to take explicit account
of the cost of damage or loss expectation in the specific area as well as
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the cost of improving the defence system (CUR, 1990). This way, these
approaches enable the politicians to obtain a clearer conception of the
defence system and its safety function which should help bridge the gap
between technical and non-technical decision-makers (Oumeraci & Ko-
rtenhaus, 2002).

On the other hand, Kortenhaus (2003) mentions the disadvantages of
probabilistic concepts of risk handling which are e.g. the non-acceptance
of these concepts and the often insufficient database. Nevertheless, the
application of probabilistic risk concepts has to be recommended in gen-
eral.

2.3 Risk analysis and risk assessment

In general, the objective of designing a flood defence system is to obtain
a construction with a sufficiently low failure probability during its whole
service life. In order to achieve the best possible assessment of this prob-
ability, a risk analysis can be performed. Reese (2003) defines a risk analy-
sis as a systematic, understandable and formal procedure to quantify the
probability and intensity of a certain hazard and the subsequent possible
consequences in a specific area in case of failure. Within this definition,
the risk analysis is composed of two sub-analyses: the hazard analysis and
the vulnerability analysis (see Figures 2-1 and 2-4). Risk assessment is a
sub-process of the risk analysis in which the results of the hazard analysis
and the vulnerability analysis are tied together. The result of the risk as-
sessment is the predicted risk for a specific area (Reese, 2003).

The following Chapters 2.3.1 and 2.3.2 will explain the hazard analysis
and the vulnerability analysis in detail. Figure 2-4 shows the general risk
analysis procedure, including the analyses of hazard and vulnerability.

2.3.1 Hazard analysis

As already stated in Chapter 2.1, a hazard analysis is the systematic ap-
proach used to identify events, situations or actions with the potential
to result in danger to human life and property in a specific area. In the
field of coastal flood defence, the dike is an important structure prevent-
ing inundation of coastal areas. This fact has led to dike structures quite
frequently being the object of hazard analyses during the last years (e.g.
CUR, 1990; Meadowcroft et al., 1994; Oumeraci, 2001; Kortenhaus,
2003).

Looking at the design of a dike structure, it is often based on purely
deterministic or quasi-deterministic approaches. The design criterion is

a water level which is exceeded with a predetermined frequency (e.g. 1/
200 years). The specified exceedance frequency of the design water level
is normally interpreted as the failure probability of the dike, which again
is equated with a flooding probability (Oumeraci, 2001). Moreover, the

29



CHAPTER 2
Literatur review on flood risk assessment

COMRISK - SP 7

crest height of the dike is obtained by superimposing the design water
level by a maximum wave run-up and a certain extra height in order to
compensate especially for sea level rises. The extra height needed to cope
with wave run-up and sea level rises is further considered to provide a
substantial reserve of safety in the event of the design water level being
exceeded. However, this reserve is not quantified (CUR, 1990).

Apart from the hydraulic boundary conditions and the cross-sectional
profile, the geotechnical parameters (e.g. cohesion of sand and clay) play
an important part in the stability calculation. However, in the present de-
sign practice geotechnical calculations are rarely applied.

Furthermore, deterministic approaches do not take account of uncertain-
ties in data values or model functions. Figure 2-3 summarises the main
sources of uncertainties.

Main sources of uncertainties
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Figure 2-3: Main sources of uncertainties (adopted from Oumeraci, 2001).

Hence, Oumeraci (2001) concludes that deterministic approaches are too

simplistic to be used as consistent and transparent design approaches for

coastal flood defences, as it may for instance have the following conse-

quences:

e that the water level during a storm surge exceeds the design water
level without dike failure, because the dike may not necessarily fail

when the design water level is exceeded. Too high and expensive dike

constructions can be evaded.

e an incorrect analysis of the hazard because the dike may also fail even
if the design water level is not being exceeded, leading to dike breach
and subsequent flooding of the protected area.
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However, the probabilistic methods embedded in a hazard analysis ac-
count for the uncertainties of the input parameters and the models which
describe possible failure mechanisms of the dike. They take account of
the lack of precise knowledge of the dike properties, the loading, and

the response function. This is performed in a systematic and transparent
manner.

Predicted Risk R”

Figure 2-4:  Risk analysis, including hazard and vulnerability analyses.

A hazard analysis begins with an inventory of the coastal defence
scheme, including hydraulic boundary conditions, foreshore topography
as well as geometrical and geotechnical properties (Figure 2-4). The geo-
metrical description of the flood defence system is needed in cross-sec-
tional representation and plan view representation due to the fact that
coastal defence systems are composed of many components, e.g. dikes,
dunes or sluices. The failure of one component may lead directly to fail-
ure of the whole system, as in the case of a serial system. In other cases
components may compensate for one another (parallel systems) (CUR,
1990).

31



COMRISK - SP 7 CHAPTER 2
Literatur review on flood risk assessment

The hydraulic boundary conditions must be reliably assessed because
small errors in hydraulic input parameters may lead to graver errors in the
failure mechanisms’ output, such as wave impact and wave overtopping.
This comprises water levels and wave conditions in front of the defence
structure. Two aspects are important in this connection:

1. The simultaneous occurrence of large waves and a high water level.
2. The transformations of waves propagating over a shallow foreshore.

In case of the first aspect, a number of authors propose a joint probability
distribution of the hydraulic load variables (e.g. Oumeraci, 2001; Hawkes
et al., 2002; Voortmann, 2003). The choice of variables for description

of the joint probability distribution of hydraulic loads normally comprise
water level, wave height and wave period due to a strong correlation be-
tween them. Over the years a number of methods for describing the joint
probability distribution of long-term hydraulic boundary conditions have
been introduced, which are listed in Voortman (2003).

Coastal defence systems are generally attacked by waves which have
propagated over shallow foreshores with a complex morphology before
reaching the main defence line.

The wave conditions just in front of the defence system are, however, im-
portant for determination of the system’s loading by wave impact, wave
run-up or wave overtopping. Therefore, the second aspect considers the
wave transformation processes, including depth-limited wave breaking,
wave reformation, etc. These processes and the subsequent changes in
the wave height distribution have to be simulated in order to obtain the
wave loading and its distribution just in front the defence system (Oumer-
aci, 2001).

Having determined the hydraulic boundary conditions as well as geo-
metrical and geotechnical input parameters, the next step involves the
systematic identification of all relevant failure mechanisms, see Figure
2-4. All failure mechanisms which most likely lead to the failure of the
defence structure, including a suitable model to describe the failure,
have to be defined. In the case of sea and estuary dikes, Schuttrumpf &
Oumeraci (2002) have performed a detailed failure analysis, dividing all
identified failure mechanisms into either an origin on the seaside, on the
shoreward side or inside the sea dike. All failure mechanisms have to be
described and arranged in logical order. Figure 2-5 shows an example for
the seaward slope.
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Figure 2-5: Failure mechanisms on the seaward slope (Kortenhaus et al., 2002).

In comparison to deterministic approaches, each failure mechanism needs
a definition which can later be used in the probabilistic calculation. The
“failure” is therefore expressed by the comparison of two quantities: the
resistance term R and the stress term S. The boundary between failure
and non-failure is generally called limit state. Thus, each failure mecha-
nism has to be expressed as a limit state function (CUR, 1990; Korten-
haus et al., 2002):

Z=R-5S (Eq. 2)

A negative value of Z corresponds to failure and a positive value to non-
failure.

When identifying the failure mechanisms which lead to defence system
failure, a spatial and temporal order of the failure mechanisms becomes
noticeable. It begins with one failure mechanism initiating the next fail-
ure mechanism and so on, which eventually results in the overall failure
(breach) of the defence system. A useful aid to establish an ordered pat-
tern of all failure mechanisms can be obtained by a fault tree diagram
(see Figure 2-6). A fault tree provides a graphic description of complex
connections in a defence system, in which failure mechanisms are logi-
cally connected and initiated one after the other. The top event of the
fault tree is defined as the flooding of the hinterland due to a dike breach
or wave overtopping/overflow (CUR, 1990; Kortenhaus, 2003).
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Figure 2-6: Example of a fault tree.

In order to describe the connections between the top event and the
subordinated failure mechanisms, symbols such as AND/IF-gates and OR-
gates are used in the fault tree (Kortenhaus, 2003). The symbols visualise
the correlation between the failure mechanisms and the relative contribu-
tion to the overall failure of the defence system. Moreover, they define
the mathematical manner in which the probability of a failure mechanism
is calculated by subordinated failure probabilities.

The AND-gate corresponds to a parallel system. This means that all mech-
anisms aiming at this gate must be initiated before the gate is “open”
and the failure mechanism ahead is initiated. The probability of initiating
the failure mechanism ahead is calculated by multiplying the failure prob-
abilities of all mechanisms at the gate.

In the case of an OR-gate, all mechanisms aiming at the gate are con-
nected in series. This time, only one failure mechanism is needed to
initiate the next failure mechanism. The probability for initiating the
next failure mechanism is calculated by adding the probability values of
the failure mechanisms at the gate. Similar to the OR-gate, Kortenhaus
(2003) names an IF-gate. At an IF-gate all failure events are treated as
comparable to an OR-gate, it means that only one failure mechanism is
needed. However, an additional mechanism/event has to be initiated in
order to initiate the next failure mechanism. The failure probability at an
IF-gate is calculated in the same manner as for an AND-gate.

Having identified all relevant failure mechanisms, including the associated
limit state functions, the uncertainties originated in the sources as shown
in figure 2-3, must be quantified in the next step. For the probabilistic
calculation, two types of uncertainties must be determined: the uncer-
tainties (scattering) of the input parameters and the model uncertainties.
The input parameter uncertainties have to be described by means of sta-
tistical distributions. In this connection, the description through the distri-
bution density function is the most accurate way. The probability density
function for a parameter provides a complete description of the param-
eter’s probability characteristics. However, the density function is not
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always known. In this case, the density function of a parameter may be
described by its mean (expected) value, standard deviation or coefficient
of variation and the type of statistical distribution. Normally, a normal
(Gaussian) distribution and a standard deviation based on engineering
experiences are chosen as a parameter where no data or references from
the literature are available (Kortenhaus et al., 2002).

The model uncertainty may be understood as the accuracy of the model
describing a physical process/mechanism and the subsequent limit state
function. The model uncertainty is normally quantified by a model factor,
correcting the calculated result of the model. Thus, the model factor may
be seen as the magnitude of corrections, which may be described by sta-
tistical distribution. Different approaches are available for determining the
model factor, which are further explained by Kortenhaus (2003).

Finally, the probability calculations for a given failure mechanism defined
by a limit state function and the related parameters (e.g. water level,
crest height, angle of internal friction, etc.) can be performed. In reality,
the calculation of the probability of failure of a flood defence system is
a complex matter. For this reason it is necessary to have a computational
basis for calculating the failure probability.

There are various methods available, which are classified into the follow-
ing levels (CUR, 1990):

Level lll: Comprises calculations in which the complete probability density
functions of each parameter in the limit state function are introduced and
a possibly non-linear character of the limit state function is exactly taken
into account.

Level Il: Comprises a number of approximate methods in which the limit
state function is linearized and all probability density functions are re-
placed by probability density functions of normal distributions.

At level | calculations are based on characteristic values and partial safety
factors or safety margins, which do not involve failure probabilities. Level
| calculations have not been dealt with in this report. For further informa-
tion about the different types of calculation, reference is made to Korten-
haus (2003) and CUR (1990).

At the end, the failure probabilities of all failure mechanisms are trans-
ferred to the fault tree. Based on the type of relationship (gate) between
the failure mechanisms, the overall failure probability of the coastal de-
fence system may be calculated.

A complete fault tree for the Ribe sea defence system and further infor-
mation about the performance of a hazard analysis is provided in Chapter
4.
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2.3.2 Vulnerability analysis

To carry out a risk analysis of flood defence systems it is furthermore nec-
essary to know what consequences the failure of the defence system wiill

have. Therefore, it is desirable to establish the relation between the unde-
sirable event (dike breach) and the consequences.

When a flood defence system fails, water flows into the region which
the system was intended to protect. In the great majority of cases, the
area behind the defence system will be inundated. Only if the quantity
of inflowing water is small (e.g. limited wave overtopping), so that it can
be accommodated by pumping or by storage basins, no inundation will
occur. If inundation occurs, it may have a variety of consequences. Voort-
man (2003) lists a few examples:

e casualties,

e fear and anxiety among people,

e |oss of economic value due to material damage,
e direct damage at the flood defence system,

e |oss of land (reversible/irreversible),

e |oss of historical and cultural monuments,

e |oss of natural and ecological values.

The variety of consequences prompts a classification of all types of dam-
age. In general, it is distinguished between direct damage and indirect
damage. Direct damage is defined as damage caused by contact with the
flood water. Indirect damage is a consequence of direct damage. A sec-
ond level of distinction can be made between monetary and non-mon-
etary damage, also referred to as tangible and intangible damage (Reese,
2003). Smith and Ward (1998, in Reese, 2003) differentiate further be-
tween primary and secondary damage, considering causal connections in
the categorisation of flood damage. Thus, primary damage results from
the flooding itself. Secondary damage, however, is at least one causal
step away from the event. The different types of damage due to flooding
are presented in Figure 2-7.
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Figure 2-7: Classification of flood damage (adopted from Reese, 2003).

A vulnerability analysis conducted as part of a risk analysis is subdivided
into a valuation analysis and a subsequent damage analysis (see Figure
2-4).

The valuation analysis assesses all endangered values which are supposed
to be considered in the damage analysis. For this purpose, the valuation
analysis starts with delimitation of the flood-prone area. Secondly, an in-
ventory of all possible types of damage based on the classification in Fig-
ure 2-7 will define all elements at risk. Due to the complexity of valuating
intangible damage, the vulnerability analysis considers usually only direct
tangible damage, e.g. damage to buildings, infrastructure or agricultural
areas. The valuation of human life has been subject to many discussions
in the literature. A number of models have been developed, however,
ethical aspects call the valuation of human life in question. Thus, possible
casualties are often only qualitatively assessed. The same applies to some
types of indirect intangible damage such as fear and distress among sur-
vivors or migration from the area due to loss of confidence.

After definition of all risk elements (Reese, 2003), each element has to
be linked to the topography of the flood-prone area. The location and
elevation of each risk element will be relevant in the subsequent dam-
age analysis. A detailed GIS-supported topographical map of the affected
area, including contour lines, is thus indispensable.

Moreover, the spatial distribution of material assets within the potential
flooding area leads to the next step of valuating the assets. Frenkel and
John (1999, in Reese, 2003) propose valuation of assets based either on
initial costs, replacement costs or fixed costs. Initial costs represent the
market price at the time of purchase. Replacement costs are defined as
the market price on the day of valuation and represent the monetary
value of replacement. Fixed costs relate to a basis year.
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The valuation analysis ends with the spatial distribution of the total value
of all risk elements within the possible flooding area. Information about
spatial distribution of the total value is considered input for the following
damage analysis.

Based on the results of the valuation analysis as well as the hazard analy-
sis, different breach and flood scenarios are established. The scenarios
form the basis for determining the inundation area and inundation be-
haviour. Very many parameters describe and influence the inundation
process and the circumstances during inundation (CUR, 1990; Reese,
2003):

e type of event (e.g. dike breach, sluice failure, overtopping of greater
magnitude)

e number and location of failure,

e time-dependent development of the breach (depth and width),
e time of failure,

e outer water level as a function of time,

e inner water level as a function of time,

e inflow volume,

e flow velocity,

e duration of inundation,

e water quality,

® size of the polder.

The purpose of the flood scenarios is to assess as precisely as possible
the extension of inundation as well as depth and duration. The correla-
tion of inflow volume and topography in order to determine the inunda-
tion depth can either be established by means of numerical modelling

or “manual work” supported by GIS. The inundation duration depends
chiefly on the water run off. A fast run off is only achievable above the
breach threshold. Below the threshold level and especially in topographi-
cal hollows, the flood water will remain in the area for a longer period of
time depending on the existing drainage and pumping capacity. Reese
(2003) mentions an average water level drop rate of 8 cm/d.

Furthermore, the damage analysis comprises the definition of damage
functions. A damage function describes the relationship between the
inundation depth and the degree of destruction. For each risk element

a damage function has to be deduced from data or from expert knowl-
edge. At the end of the vulnerability analysis - combining the results from
the valuation analysis and the damage analysis - stands the calculation of
the possible damage depending on each scenario.

Chapter 5 deals with the vulnerability analysis for the Ribe sea defence
system, including a valuation analysis and a damage analysis.
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Finally, the results of the hazard analysis and the vulnerability analysis
have to be linked together in order to obtain the predicted flood risk for
a specific coastal area. This is performed through a risk assessment, which
is the final formal step in the risk analysis.

Reese (2003) points out that the term of risk assessment is not uniformly
used in the literature. However, he pleads for a methodical separation of
calculating the risk from the previous analyses (hazard and vulnerability
analyses).

Within risk assessment, the predicted risk is calculated by multiplying the
overall failure probability by the vulnerability (see also Chapter 2.2). The
calculated risk value corresponds to an annual expectation value of dam-
age and is expressed as a monetary value per year.

2.4 Methods and models

In the following, an overview of existing methods and models used when
performing a hazard analysis and/or a vulnerability analysis will be given.

Methods and models have been partly presented at the COMRISK work-

shops. The overview does not claim completeness.

For the purpose of conducting a hazard analysis and determining the
overall failure probability, two computer models are available: ProDeich
and PC Ring.

ProDeich

ProDeich has been developed during a research project at the Leichtweiss
Institute at the Technical University of Braunschweig (Kortenhaus &
Oumeraci, 2002; Kortenhaus, 2003). The model allows the calculation of
the failure probability of sea and estuary dikes.

It comprises 25 failure mechanisms and 87 input parameters. The number
of failure mechanisms includes structural failure (breach of the dike) and
non-structural failure, for example large overtopping without breaching.
The description of all failure mechanisms, their interaction and the uncer-
tainties are based on an extensive analysis of historical dike failure events.
Missing or incomplete limit state functions of some of the failure mecha-
nisms have been developed further and are integrated in the model.

The correlation in time (duration of a storm surge) has been considered
when defining the limit state functions and the fault tree. So far the
ProDeich model has been applied at typical non-existing sea and estuary
dikes. In this connection, a detailed sensitivity analysis of input param-
eters, failure mechanisms, and uncertainties has been performed.
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However, ProDeich is limited to calculating the overall failure probability
by considering cross-sections of the defence system. The length effect
and the division of the defence system into a number of sections are not
included in the model at this time. Moreover, some of the failure mecha-
nisms are only integrated in the model in a simplistic manner, because
further research regarding the particular failure mechanisms has still to be
carried out.

PC-Ring

In the Netherlands software called PC-Ring has been developed in order

to calculate the failure probability of the Dutch ‘dike rings’ (Buijs, 2003).

PC-Ring only calculates failure mechanisms concerned with structural

failure. Buijs (2003) lists the following four failure mechanisms included in

PC-Ring:

e Qvertopping/running over causing erosion on and saturation of the
shoreward slope.

e |nstability of the shoreward slope.
® Piping.

e Damage of the revetment on the seaward slope.

The integrated statistical model in PC-Ring comprises a spatial correlation
function and a model representing the correlation in time.

Moreover, in PC-Ring a number of models for different situations of hy-
draulic boundary conditions are incorporated. Further information about
these models and PC-Ring in general are, however, not available at this
time.

MERK

In the case of performing a vulnerability analysis, the Federal Department
of Coastal Defence in Germany assigned to the Research and Technology
Center a project to develop a transferable instrument for the handling

of storm surge risks and risk assessment. The main focus of the MERK-
project was a vulnerability analysis for selected lowlands along the Ger-
man North Sea and Baltic Sea coasts.

The vulnerable tangible and intangible structures were identified and
evaluated within the scope of a micro-scale valuation analysis. The micro-
scale, object-orientated, approaches in the analysis has been beneficial
because of their high accuracy and preciseness (MERK, 2002).

To determine the possible damage, tangible and intangible risk elements
have been defined. Different flood scenarios and dike breach scenarios
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have been elaborated to realise the simulation of various flooding proc-
esses and the different associated scales of possible damage. To record
the damage due to flooding at the objects itself, depth-damage models
have been derived by expert interviews. The models are still theoretical
and need a more profound analysis regarding practicable implementa-
tion. However, the methods developed within the scope of the MERK-
project are of rational and transparent nature.

Information and decision-making tools

Due to the great demand for having all important data regarding the risk
of flooding collected at one place, a number of countries in the North
Sea region are working on developing tools to process all information
about the probability of flooding as well as the associated damage.

In the United Kingdom operational tools to assess the values in coastal
lowlands are under development. In Belgium a special research group
called Hydrological Information Centre has been formed in order to
secure a systematic approach and develop tools for water level manage-
ment as well as to provide scientific support to policy-makers in Flanders.

Flood wave propagation

The modelling of flood wave propagation in a flood plain after a breach
of the defence system may for example be performed by the MIKE
FLOOD flood modelling package. MIKE FLOOD has been developed by
DHI, Water & Environment, Denmark. The model consists of components
taken from the models called MIKE 11 and MIKE 21. By exchanging simu-
lation results with GIS applications, risk and flood maps can be drawn up.
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3. Specification of objectives and
methodology

The literature review in Chapter 2 showed that there is increased atten-
tion to risk-based design concepts within the field of coastal defence. The
first models have been compiled to assist in the assessment of the risk of
coastal flooding. The probabilistic methods on which these models are
based allow consideration of the uncertainties of input parameters and
describe possible failure mechanisms for various types of coastal struc-
tures.

General agreement is found in the literature about the definition of risk
by multiplying the failure probability by the possible consequences. The
structure of risk-based design concepts, however, differs slightly and
there is a lack of consistent term definitions. The differences between the
models are the number of failure mechanisms taken into consideration
and the degree of specification for the set-up of a fault tree. However,
the top event of hinterland flooding due to the failure of a defence sys-
tem is concurrent for all models.

All'in all, the literature contains a common pleading for and first ap-
proaches to the application of reliability and risk-based methods and
models.

3.1 Objectives

As mentioned in Chapter 1.2, the main objective of the study in hand is
to assess the risk of an existing sea defence system located at the Danish
Wadden Sea coast. Risk is defined by multiplying the failure probability by
the consequences, as described in the literature. The risk assessment will
be based on the literature review and existing methods and procedures
will thus be applied.

The objectives in detail are therefore as follows:

e the selection of appropriate methods and models in order to assess
the risk of the Ribe sea defence system;

e the calculation of the overall failure probability of the defence system,
including a sensitivity analysis of the overall results;

e the estimation of values and the damage in the protected area behind
Ribe dike;
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e the calculation of risk by multiplying the overall failure probability by
the damage due to flooding.

The objective of performing a risk assessment for the Ribe sea defence
system may be regarded as a starting point for the application of a reli-
ability-based risk analysis on a feasibility level. The results will give insight
into the high complexity of hydrodynamic and geotechnical processes

at sea dikes as well as attract attention to the types of assets, which are
located in the flood-prone area. Moreover, the understanding of the
damage characteristics of individual assets due to the contact with flood-
water will be improved.

3.2 Methodology

In general, the study will be performed in two major steps which com-
prise a hazard analysis of the flood defence system and a vulnerability
analysis of the hinterland.

The hazard analysis aims at the calculation of the flooding probability for
the Ribe defence system. For this reason, the ProDeich model has been
chosen (see Chapter 2.4) due to the large number of failure mechanisms
included, the detailed set-up of the fault tree and the transparent docu-
mentation in Kortenhaus (2003). Moreover, a cooperation agreement
between the Leichtweiss-Institute and the Danish Coastal Authority has
been concluded for the probabilistic calculations to be made by means of
the ProDeich model.

Hazard analysis

The detailed procedure of performing the hazard analysis and calculating
the overall flooding probability of the Ribe defence system is described in
Figure 3-1.

At first, the defence system will be described in detail, including all rel-
evant characteristic features. Due to the fact that the defence system is
interrupted by one sluice and three outlets, the hazard analysis will also
comprise probabilistic calculations of the sluice and the three outlets.
Hence, a larger number of input parameters are needed to describe the
defence system and its elements. The input parameters will be grouped
into parameters describing (i) the geometry of the structure, (i) the hy-
drodynamic boundary conditions and (iii) the geotechnical features of the
Ribe defence system.
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Figure 3-1: Procedure for performing the hazard ana-
lysis (according to Oumeraci et al., 2004).

Traditional deterministic design procedures form the basis of the proba-
bilistic calculations in the ProDeich model. A detailed fault tree for the
Ribe defence system will be presented comprising relevant failure mecha-
nisms and related limit state equations. Based on the defined fault tree,
deterministic computer calculations will be performed. The deterministic
results will lead to a first selection of significant limit state functions, and
a sensitivity analysis will be performed of the most important input pa-
rameters of the limit state function selected.

At the next step, the uncertainties of all input parameters and models
embedded in the ProDeich model will be determined and discussed in
detail.

After quantification of all uncertainties, probabilistic calculations will be
performed based on the same fault tree and failure mechanisms as those
used for the deterministic calculations. The calculations will consider at
first the failure probability of individual sections. Furthermore, scenarios
will be defined to consider the time-dependent correlation between the

44



COMRISK - SP 7 CHAPTER 3
Specification of objectives and methodology

failure mechanisms at Ribe dike. This will result in a revised fault tree
which will consider the time-dependent correlation between the failure
mechanisms. Again, a sensitivity analysis will end the probabilistic calcula-
tions and make clear the most important input parameters and failure
mechanisms for the calculation of the overall flooding probability.

Finally, the failure probabilities of each section of the system will be linked
by an overall fault tree in order to determine the overall failure probability
of the whole Ribe flood defence system.

Vulnerability analysis

The vulnerability analysis aims at the determination of the damage poten-
tial of the hinterland. To achieve this, the sub-division of the vulnerability
analysis into a valuation analysis and a subsequent damage analysis is
considered (see also Chapter 2.3.2). The detailed procedure of perform-
ing the vulnerability analysis is described in Figure 3-2, where the first
three steps (Chapters 5.1 to 5.3) may refer to the valuation analysis and
the remaining steps (Chapters 5.4 to 5.5) may refer to the damage analy-
sis.

As in the hazard analysis, at first a detailed description and an inventory
of the hinterland will be made after the flood-prone area has been delim-
ited. According to Chapter 2.3.2, the inventory will be based on the types
of damage — material/nonmaterial, direct/indirect, tangible/intangible
damage — which will be selected for the valuation analysis. Due to the
practicability of valuation and the available data/information, only direct
and tangible flood damage will be considered in this study.

At the next step, data about the risk elements for the Ribe area will be
requested at different national registers. A GIS application software will
be set-up to handle all input data about the risk elements. In this study,
the Maplnfo software package will be used. At the same time, data
about the topography of the flood-prone area will be input into the GIS
program. Furthermore, each risk element will be geocoded. Geocoding is
the process that assigns a latitude/longitude coordinate to the address of
a risk element.

The following step deals with the actual valuation of the risk elements.
For estimation of the different values, expert knowledge or information
from the literature will be used. By means of the GIS program, the spatial
distribution of the total value of the risk elements in the flood-prone area
can be calculated.

45



COMRISK - SP 7

CHAPTER 3

Description of the flood-prone area

Selection of
damage types

\

Inventory of the Delimitation of
elements at risk = the flood-prone area

Elements at risk

{

Data request and set-up of data handling

Input data about
risk elements

\ \

GIS application
software

Topography

Geocoding of the risk elements

Valuation analysis

Values of the risk elements

Spatial distribution of total values

\

Determination of the depth-damage functions
|
A\
Damage analysis

Inundation

Scenarios — 1
behaviour
_— Damage factor
The inundated
risk elements
— > Value

Calculation of damage within each scenario

Figure 3-2: Procedure for performing the vulner-

ability analysis.

Specification of objectives and methodology

After having determined the values of the risk element and its spatial
distribution, the question of the extent of the damage affecting each risk
element in case of inundation will be dealt with. For this purpose, depth-
damage functions will be determined by means of expert knowledge or
information from literature. The depth-damage functions describe the
damage to inundated risk elements in retation to the inundation depth.

The final step will deal with the assessment of the damage. For this
purpose, dike failure scenarios (breaching or wave overtopping) will be
defined which will result in different inundation events. The inundation
characteristics such as extension, inundation depth and duration are sim-
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ulated for each scenario. The simulation of inundation will be performed
only in a manual way. Due to limited resources in this sub-project, a digit-
al simulation by means of numerical computer software (see e.g. Chapter
2.4) is renounced. The manual assessment is here assumed to be a rough,
but sufficient procedure to describe the inundation behaviour based on
different breach and overtopping events. Based on the inundation char-
acteristics, the inundated risk elements within each scenario will be se-
lected by means of a GIS program. The results of the valuation (Chapter
5.3) and the depth-damage functions (Chapter 5.4) of each risk element
will finally enable the calculation of the damage within each scenario.

Finally, in Chapter 6, the calculated overall flooding probability of the
whole Ribe flood defence system will be multiplied by the scenario-de-
pendent damage within a risk assessment in order to determine the risk
of the Ribe flood defence system.
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4. Hazard analysis and overall failure prob-
ability

The following chapter describes the calculation of the failure probability
of a number of failure mechanisms as well as the determination of the
overall flooding probability of the Ribe flood defence system.

4.1 Description of the Ribe defence system and input
parameters for calculation

The Ribe flood defence system protects the town of Ribe which is sur-
rounded by flat marshland against flooding. The dike line of the defence
system consists of a 15,3 km long section which is directly exposed to
the sea and therefore will be named ‘the main dike’ in the following.
Together with a northern and southern wing dike, the total length of the
Ribe dike is 18,6 km. The numbering of the dike stationing line begins at
the southern end of the dike line.

Three streams and a large river, Ribe A, cross the flat marshland on their
way towards their mouths. The river flows through the town of Ribe and
passes a sluice, named the Kammer sluice, shortly before it reaches its
mouth. The three streams pass the dike through their outlets.
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Figure 4-1:  Map of the Ribe flood defence system.
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The flood-prone area, which is protected by the defence system, compris-
es an area of about 95 kmz2. Figure 4-1 provides an overview of the Ribe
flood defence system and the accompanying flood-prone area.

As already mentioned in Chapter 1.3, Ribe dike was reinforced during
the years of 1978 — 1980. The crown height was increased up to 7,0 m
DNN'. A standard cross-section of Ribe dike and its key geometric param-
eters are shown in Figure 4-2.
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Figure 4-2: Standard cross-section of Ribe dike (km 6,644 as an example).

At the shoreward side of the dike, an emergency road and a drainage
channel separate the dike from the marshland. There are 17 ramps in to-
tal, and two of them provide access to the Wadden Sea island of Mandg.
All other ramps are used for access to the sea area for repair and mainte-
nance work.

The Kammer sluice and the three outlets interrupt the dike line. The
Kammer sluice is located in km 8,470. A major outlet for the river called
Konge A (km 13,450) and a smaller outlet at Darum (km 14,800) are lo-
cated in the northern part of the dike line. In the southern part, the third
outlet is located close to Vester Vedsted (km 2,890). These structures are
described in more detail in the following.

The Kammer sluice controls the discharge of the river of Ribe and serves
as a sluice for small yachts and boats. The sluice was constructed concur-
rently with the construction of the dike from 1911 to 1914. The sluice
walls with a top height of 5,88 m DVR90 are made of bricks. The bottom
of the sluice is made of 0,2 m thick bricks and is located in a height of
-3,60 m DVR90. The two-winged 5,0 m wide outer sluice gates are made
of steel and reach a height of 5,78 m DVR90. Figure 4-3 shows the cross-
section of the Kammer sluice.

1 DNN stands for the old Danish reference level »Dansk Normal Nul«. Since May 2002, the new Danish

reference system »DVR90« has been in force. The following applies to DVR90: DVR90 = DNN - 0,12

m. In the following, all heights are based on DVR90.
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Figure 4-3: The cross-section of the Kammer sluice (according to Oumeraci et al., 2004).

The gates close automatically at a certain outer water level. In case of a
power failure (the gate motors are powered by the public power supply),
the gates can be operated manually. The inner sluice gates (storm gates)
are not motor-operated, but will be closed manually if needed.

At the Konge A outlet (see Figure 4-4), the Konge A flows through 5 out-
let channels, each having a width of 4,0 m and a height of 4,60 m. The
gates of the outlet channels close automatically in case of a raising outer
water level. Additionally, an emergency (storm) gate has been provided
for each of the channels.
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Figure 4-4: The cross-section of the Konge A outlet (according to Oumeraci et al., 2004).

The outlet channels, including the bottom, are made of concrete. On top
of the concrete construction part a dike core is placed which is made of
sand. The sand body is covered by a clay layer of 1,0 m on the seaward
slope and 0,5 m on the shoreward slope respectively. On top of the clay
layer, there is a 0,23 m thick stone mattress lying on a filter textile. At the
shoreward toe, the dike is drained by a 110 mm large filter tube embed-
ded in filter gravel. The seaward slope is 1:3, the landward slope is 1:2.
The crown height is at 6,88 m DVR90.

The Vester Vedstedt and Darum outlets (see Figure 4-1) generally have
similar construction characteristics apart from having only one outlet
channel. The outer gates at Vester Vedstedt and Darum consist of auto-
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matically closing gates. The dike cross-sections are identical to the de-
scription of the Konge A outlet.

For the deterministic and probabilistic calculations, the method applied
by Kortenhaus (2003) is used. For this purpose, an overall number of 87
input parameters are necessary. In order to keep track of it, the input pa-
rameters have been grouped into geometrical parameters, hydrodynamic
parameters and geotechnical parameters.

Geometrical parameters

Geometrical input parameters are available for six cross-sections along
the main dike line. The selection of cross-sections resulted from settle-
ment investigations in 1998 performed by the Danish Coastal Author-
ity (DCA). These investigations were based on measurements of crown
heights from different years. In the resulting report, the selected cross-
sections were regarded as the weakest points of the main dike.

Thus, it was concluded that analysing these profiles should include the

potential weak spots of the dike. In addition, the selection of the cross-
sections should represent both the northern and southern parts of the

main dike such that the whole dike system would be sufficiently repre-
sented. The six selected cross-sections are located at:

km 3,156 km 6,644
km 8,422 km 9,400
km 10,403 km 14,499

In order to use the cross-sections, the measured profiles from surveys
need to be assigned to the input parameters of the design formulae.
These formulae require idealised cross-sections based on geometric pa-
rameters. One of the key simplifications needed is for example the use of
a single value for the seaward slope of the dike.

The dimensions and the constructional details of the sluice and the out-
lets were taken from technical drawings which were made available by
the DCA. All six cross-sections are illustrated in more detail in Appendix
A, including the cross-sections of the dike, key input parameters as well
as two photos of the respective location. All geometrical input param-
eters required for the calculations are listed in Appendix B.

Geotechnical parameters

All geotechnical parameters, like the shear strength of clay, have been
predefined by the DCA. This information is based on geotechnical investi-
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gations which were performed close to the six cross-sections during rein-
forcement works from 1978 t01980. For the Ribe sluice and the outlets,
the geotechnical parameters of the nearby dike cross-sections are used.
All geotechnical input parameters are listed in Appendix B.

Hydrodynamic parameters

The design water level for all cross-sections, the sluice and the outlets at
the Ribe defence system has been determined by extreme water level sta-
tistics for a pre-described 200-year return period. The design water level
is defined as hy, = 5,22 m DVR90.

The input parameters for wave height and wave period result from a
study performed by DHI, Water & Environment, Denmark (DHI). In 1998,
the DCA commissioned DHI to undertake a detailed numerical study

in which the hydrodynamic parameters along the Danish Wadden Sea
coastline were simulated. The offshore input parameters for this study
were given by the DCA. Altogether, 21 simulations with different input
parameters were performed. The results of the numerical study are stated
as the wave height Hpyg and the wave period Ty, for specific points with
a distance of 100 m in between the points along the coastline as well as
a distance to the toe of the dike of 50 m and 300 m respectively.

Angles of wave attack are based on instructions given by the DCA and
correspond to the angles of wave attack used in the numerical study by
DHI. The angles of wave attack represent the most unfavourable condi-
tions for the specific cross-sections. The duration of storm surge is de-
fined as constant for the defence system through calculations where t¢
= 6,5 h. All hydrodynamic input parameters required are presented in
Appendix B.

The range of selected parameters for all six cross-sections is presented in
Table 4-1. The first column contains a description of the parameter, the
second column states the units, the third column contains the parameter
abbreviation used in this document and in the software, and the last two
columns provide information on the minimum and maximum values of
the parameters which are input into the software regarding all six cross-
sections.

It can be seen from Table 4-1 that the geometric parameters vary the
most, e.g. the crown height hy and the foreland height hy, which conse-
quently results in large variations in the water depth d at the dike toe and
the freeboard Rc. The wave height H differs up to 0,2 m over the total
length of the main dike line. The wave period Tp varies within a range of
0,80 s. On the other hand, most of the values of the geotechnical param-
eters are of the same magnitude.

52



CHAPTER 4

/\/COMRISK -SP7

The most important input parameters for the Kammer sluice and the

outlets are stated in Table 4-2. The table structure of Table 4-2 is identi-
cal to Table 4-1. In addition, some lines of Table 4-2 are shaded in grey
indicating that these values are only required for the outlets but not for

the sluice.
Description Dim.  Parameter Min. Max
Geometrical parameter
Height of water level in front of dike [m] hw 5,22 5,22
Height of toe protection in front of dike [m] ht 1,92 2,66
Seaward slope below berm [-] mo 9,30 20,00
Seaward slope above berm [-] mb 8,00 12,00
Height of crown [m] hk 6,65 7,08
Freeboard [m] Rc 1,43 1,86
Width of crown [m] Bk 2,00 10,50
Shoreward slope above berm [-] mbb 2,30 3,10
Shoreward slope below berm [-] mbo 2,70 9,70
Wave parameter
Water level in front of dike [m] d 2,56 3,30
significant wave height at toe of dike [m] Hs 1,45 1,65
Peak wave period [s] Tp 4,07 4,89
Angle of wave attack at toe of dike (0° = perpendicular) [°] theta 0,00 20,00
Storm surge duration [h] ts 6,50 6,50
Geotechnical parameter
Thickness of clay cover seaward slope [m] dfr 1,00 1,00
Thickness of clay cover shoreward slope [m] db 0,50 0,50
Thickness of clay cover at crown [m] dcr 1,00 1,00
Specific weight of clay at crown [kN/m3] gK 17,00 17,00
Specific weight of saturated clay at crown [kN/m3] gKr 20,00 20,00
Cohesion [kN/m2] s 35,00 35,00
Virtual cohesion in sand [kN/m?] c_ss 10,00 10,00
undrained shear strength [kN/m2] cu 15,00 15,00
Clay part in sand (results in cohesion of sand) [%] pK 18,00 18,00
Clay quality (0 = poor clay; 1 = good clay) [-] qc 0,40 0,80
Thickness of grass cover [m] dG 0,05 0,05
Grass quality (0 = poor grass; 1 = good grass) [-] qG 0,70 0,70
Specific weight of sand [kN/m3] [N 19,00 19,00
Specific weight of saturated sand [kN/m3] gsr 22,00 22,00
inner friction angle of sand [°] phi_s 40,00 40,00

Table 4-1:  Range of values for selected input parameters of all cross-sections.

Table 4-2 shows that the crown heights of the sluice and outlets together

with the water depth in front of the structures vary the most. A total

overview of all input parameters for sluice and outlets is presented in Ap-

pendix B.

Hazard analysis and overall failure probability
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Description Dim.  Parameter Min. Max.
Geometrische Parameter

Height of water level in front of structure [m] hw 5,22 5,22
Height of river bottom in front of structure [m] ht -2,60 -2,27
Seaward slope [-] mo 3,00 3,00
Height of dike toe [m] hbfr 4,18 4,35
Water depth at toe of dike [m] dh 0,87 1,04
Height of crown / of sluice gates [m] hk 5,78 6,88
Freeboard [m] Rc 0,56 1,66
Width of crown [m] Bk 1,00 1,50
Shoreward slope above berm [-] mbb 2,00 2,40
Width of shoreward berm [m] Bbb 0,00 0,00
Height of shoreward berm [m] hbb 4,87 5,01
Shoreward slope below berm [-] mbo 2,00 2,40
Wave parameter

Water level in front of structure [m] d 7,49 7,82
significant wave height at toe of structure [m] Hs 1,59 1,65
Angle of wave attack at toe of dike (0° = perpendicular) [°] theta 0,00 20,00
Storm surge duration [h] ts 6,50 6,50
Geotechnical parameter

Thickness of clay cover seaward slope [m] dfr 1,00 1,00
Thickness of clay cover shoreward slope [m] db 0,50 0,50
Thickness of clay cover at crown [m] der 1,00 1,00
Specific weight of clay at crown [kN/m?] gK 17,00 17,00
Specific weight of saturated clay at crown [kN/m?] gKr 20,00 20,00
Cohesion [kN/m?] cs 35,00 35,00
Virtual cohesion in sand [kN/m?] Cc_ss 10,00 10,00
undrained shear strength [kN/m2] cu 15,00 15,00
Clay part in sand (results in cohesion of sand) [%] pK 18,00 18,00
Clay quality (0 = poor clay; 1 = good clay) [-] qc 0,60 0,80
Thickness of grass cover [m] dG 0,05 0,05
Grass quality (0 = poor grass; 1 = good grass) [-] qG 0,70 0,70
Specific weight of sand [kN/m?] gs 19,00 19,00
Specific weight of saturated sand [kN/m?] gSr 22,00 22,00

inner friction angle of sand

[°]

phi_s 40,00

40,00

grey shaded lines only for outlets

Table 4-2:

4.2 Deterministic calculations

Range of values for selected input parameters of the Kammer sluice and outlets.

Traditional deterministic calculations are based on a comparison of the

resistance R of the construction and the stress S working on the construc-
tion. Failure in a deterministic way takes place if the stress S exceeds the

resistance R of the construction.

In the case of failure; R-S<0

(Eq. 3)
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The extent of safety in deterministic approaches is normally expressed by
a safety coefficient n = R/S.

However, as already mentioned in Chapter 2.3.1, for probabilistic calcula-
tions the boundary between failure and non-failure has to be described
by the following limit state equation:

Z=R-5S (see Eq. 2)

This has to be done for each failure mechanism.

4.2.1 Limit state equations and fault tree analysis

The deterministic calculations comprise 25 failure mechanisms with an
overall number of 87 input parameters (see Kortenhaus, 2003). Figure 4-
5 presents an overview of the failure mechanisms of a sea dike which are
considered in the ProDeich model.

Global failure mechanisms

Overflow
Wave overtopping Failure mechanisms at shoreward slope
Failure mechanisms at seaward slope Breaching Velocity overflow
Stability revetment Sliding Velocity wave overtopping
Impact Grass erosion shoreward slope
Uplift revetment Clay erosion shoreward slope
Velocity seaward slope Infiltration
Grass erosion seaward slope Cap stability (Kappensturz)
Clay erosion seaward slope Seepage
Erosion dike core seaward slope (cliff erosion) Uplift clay shoreward slope

Stability seaward slope Sliding clay shoreward slope
Stability shoreward slope

Erosion dike shoreward slope

SZ

— el
N aey coV

Sand core

Failure mechanisms in the core
Piping
‘ Contact erosion

Figure 4-5:  Overview of failure mechanisms of a sea dike considered in the ProDeich model
(Oumeraci et al., 2004).

The failure mechanisms are divided into the following four groups:

e Global failure mechanisms result in a direct failure of the cross-sec-
tion;

e Failure mechanisms on the seaward slope lead to failure of the sea-

ward slope and subsequently to breaching;

e Failure mechanisms on the shoreward slope lead to failure of the
shoreward slope and then to breaching (‘Kappensturz’ is not included
since it is a separate branch in the fault tree);

e Failure mechanisms in the dike core describe mechanisms which lead
to inner erosion of the core and thus provide the basis for breaching
of the dike.
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For limit state equations and more detailed descriptions of the failure
mechanisms, see Kortenhaus (2003). The connections between each
failure mechanism are considered by means of a fault tree (see Figure 4-
6). In the fault tree, additional possible failure mechanisms are provided
which are not considered in this study due to lack of models, shortage
of data or an estimated extremely low failure probability. These failure
mechanisms are e.g. vandalism, explosion, sabotage, ship collision, lique-
faction and damage by debris.

@

EalE= ®
[ R<S ] L R<S 1 @
- explosion partial breaching partial breaching © " - -
| vandalism | | sabotage | seaward slope shoreward slope . sliding inner erosion
@ R<S

@ slope stability
shoreward slope

suffosion

sliding of clay
surface

erosion seaward =
slope stability . .
@ liquefaction

erosion of
shoreward slope

matrix erosion

erosion clay
seaward slope
erosion grass. erosion clay phreatic line at | | phreatic line at
seawardgslope @ m shoreward slope @ shoreward slope shoreward slope
R<S | R<S | [ R<S |
R<S
run-up velocity
:l il - o q 5 erosion grass
R<S | rfea\lrléjnﬁ:rft | | ship collision | | floating debris | |shorewar3 slope |—‘ uplift of clay at
L R<S 11 R<S | [ R<S 1 shoreward slope
A ——
I infiltration smrr::slacrgrﬁo:te
stability of (e }—|  sliding of
cover layer P revetment @
R<S [ R<S | [ R<S |
ve.%of ==
e CIE0LO
L R<S 1 [ R<S 1
uplift due to -~ scour at toe of
| wave run-down wash-out revetment
[ R<S | [ R<S ] [ R<S ]

Figure 4-6: Fault tree for a sea dike (Kortenhaus, 2003).

Due to the lack of a revetment at the Ribe dike, all failure mechanisms for
revetments are not considered in the calculations either. The total number
of input parameters is therefore reduced to 80. All gates in the fault tree
will be calculated according to Kortenhaus (2003) and are schematically
shown in Figure 4-7.

The calculations of the limit state equations and the failure probabilities
have been performed by software programmed in ‘Pascal’. MS Excel ex-
tended with VBA routines® has been used to check the calculation results
of the limit state equations, to calculate the limit state equations in the
fault tree as well as to display the results. The software has been devel-
oped at the Leichtweiss Institute and details are provided in Kortenhaus
(2003).

2 VBA = Visual Basic for Applications
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Figure 4-7: Gates in the fault tree for a sea dike (Kortenhaus, 2003).

The failure mechanisms of a sluice cannot be described using the afore-
mentioned procedure. Therefore, further limit state equations have to be
formulated. Figure 4-8 presents an overview of relevant failure mecha-
nisms of the Kammer sluice (see also Vrouwenvelder (1993), TAW (1997),
TAW (2000)).

Global failure mechanisms

Overflow
Failure of sluice gates Wave overtopping
Breakage by hydrodynamic loading Sluice gates not closed
Corrosion Breakage of sluice gates
Debris impact
Floating ice Lo | | | I

\

[ELTLIy
[T

Failure mechanisms in the sluice
Hydraulic heave
Breakage by earth pressure on sluice walls

Figure 4-8: Overview of failure mechanisms of the Ribe Kammer sluice (Oumeraci et al., 2004).

All failure mechanisms are summarised within a simple fault tree, shown
in Figure 4-9 (see e.g. CUR (1990)).

Flooding

MO
[ T I
Overflow Overtopping Open gates @ Break. gate
R<S R<S R<S @ R<S
/A AND - Gate | |
O OR - Gate | Debris imp. | | Corrosion | | Floating ice | | Break. walls | | Hydr. stab. |

Figure 4-9: Fault tree for Ribe Kammer sluice (Oumeraci et al., 2004).

For the following failure mechanisms

® Dbreaching due to hydrostatic and hydrodynamic loading,
e Dbreaching due to earth pressure on the walls of the sluice,
® corrosion,

® debris impact,
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e floatingice,

e ship collision

no proper calculation models are available or the amount of data is not
sufficient. These failure mechanisms will therefore not be considered in
the further determination of the overall failure probability of the sluice.

For the “sluice gate not closed” failure mechanism an overall failure
probability for storm surge protection gates in the harbour of Hamburg is
stated by Napp (1999) which is Ps = 1,2:103. This value will be used for
the fault tree calculations shown in Figure 4-9.

noou

The limit state equations for the “hydraulic uplift”, “overflow"” and
“wave overtopping” failure mechanisms will be described in more detail
in the following. These limit state equations will be implemented in the
software and used in the following for calculation of the overall failure
probability of the sluice and the outlets.

Limit state equation for wave overtopping

For economic reasons, the freeboard of a structure cannot be chosen ar-
bitrary. Therefore, failure due to wave overtopping is defined as the event
in which the overtopping rate of water qyorh exceeds the tolerable over-
topping rate g. Thus, the limit state equation for wave overtopping can
be written as:

Z = Qzul — Qvorh (Eq. 4)

DWL
V70 . N,

Sluice gate

Figure 4-10: Principal sketch of wave overtopping over
the sluice gate (Oumeraci et al., 2004).

If the sluice gate is considered a vertical wall (see Figure 4-10), the fol-
lowing equation according to EAK (2002) can be used to calculate the
overtopping rate:

RX
Q = a‘exp[b~7} (Eq. 5)
where:
Qx - qvorh

/g He = dimensionless wave overtopping rate
s
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Rx = R¢/Hs = relative freeboard [-]
Rc = freeboard [m]
g = mean wave overtopping rate [m3/(sm)]

a = 0,082 (dimensionless wave overtopping rate for zero free
board for vertical walls according to EAK (2002) [-]

b = -3,0 (factor for vertical walls according to EAK (2002)) [-]

v = correction factor for oblique wave attack [-]

Following Kortenhaus (2003), the limit state equation needs to be re-
formulated and stated in terms of available and tolerable freeboards to
avoid instability in the probabilistic calculations. For a given maximal tol-
erable overtopping rate qzy|, the required freeboard R erf is determined
and afterwards compared to the available freeboard R¢ yorh. The limit
state equation then reads:

z=Rcerf — Revorh (Eq. 6)

Using Eqg. 5, the required freeboard R¢ erf results in:

q 1
R erf = |n(;U'J B He-v (Eq. 7)
a

Jg - Hi-

Limit state equation for overflow

Overflow is defined as the flow of water over the sluice gate in case of a
higher water level on the seaward side of the gate than the height of the
gate (see Figure 4-11).

V2 129
ha B
he q
hW Vo .
+——Sluice gate

Figure 4-11: Principal sketch for overflow over the
sluice gate (Oumeraci et al., 2004).

For a given tolerable overflow rate qjs 7 and an existing overflow
rate qys vorh, the limit state equation for this failure mechanism can be

determined as follows:

z=R =S =qus,zul = dUs,vorh (Eq. 8)
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According to Napp (1999), the gate of the Ribe sluice can be regarded as
a sharp weir with respect to its hydrodynamic efficiency. Therefore, the
overflow rate can be determined as follows:

2 3/2
Qus,vorh = 5'“'@'hE (Eq. 9)

where: g = gravitational constant [m/s2]

u = overflow parameter; for sharp weir crowns with aerated
overflow: p = 0.64 [-]

and where hg is the energy height with respect to the ground. The en-

ergy height (see Figure 4-11) is calculated as follows:

2
\'
hg = hW+hu+2—é (Eq. 10)

where: h,, = weir height (height of the upper end of the sluice gate) [m]

hij = energy height at the weir (at the sluice gate) [m]

vg = velocity at the gate [m/s]

Limit state equation for hydraulic uplift

Hydraulic uplift is when a vertical upward flow force is greater than the
weight force of the soil under water (see principal sketch in Figure 4-12).

Sluice gates

Bottom of sluice

L,=2,5m

Seepage flow

soil, ¥

Figure 4-12: Principal sketch for hydraulic uplift at the Ribe Kammer sluice (Oumer-
aci et al., 2004).

The flow force Fs on the inner side of the sluice is larger than the weight

force of the soil under water. This is a result of the hydraulic difference Ah
which results in erosion of the soil and a loss of stability behind the sluice.
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The structure may fail under these conditions. The limit state equation
can be written according to Lang et al. (2003):

z=R—=S=vy—F (Eq. 11)
where: ¥ = weight of soil under uplift [kN/m?3]

Fs = flow force of the upward flow with a gradient i [kN/m?3]

An approximate calculation of the flow gradient i according to Figure 4-
12 can be made as follows:

Ah

T TR (Ea. 12)

where: Ah = difference of water levels outside hy, 5ygen and inside
hw,innen
L1, L2, L3 = length of different flow parts around the structure

f=factor for consideration of flow potential at the considered
point (using a manually constructed flow grid).

The failure mechanisms for the three outlets are a combination of the
failure mechanisms for the sluice and the failure mechanisms for the main
dike. Figure 4-13 provides an overview of relevant failure mechanisms for
the three outlets.

Global failure mechanisms

Overflow
Wave overtopping ) .
Failure mechanisms at seaward slope Breaching Failure mechanisms at shoreward slope
Stability revetment Sliding Velocity overflow
Impact Hydraulic heave Velocity wave overtopping
Uplift revetment Grass erosion shoreward slope
Velocity seaward slope Clay erosion shoreward slope
Grass erosion seaward slope Infiltration
Clay erosion seaward slope Cap stability (Kappensturz)
Erosion dike core seaward slope (cliff erosion) Seepage

Stability seaward slope Uplift clay shoreward slope
Sliding clay shoreward slope
Stability shoreward slope

Erosion dike shoreward slope

L]

] ) o

Failure mechanisms outlet gates Failure mechanisms outlet walls
Gate not closed Breakage of walls by earth pressure
Debris impact

Floating ice

Breakage by hydrodynamic loading

Figure 4-13: Overview of failure mechanisms for outlets (Oumeraci et al., 2004).

The combination of failure mechanisms for both the sluice and the main
dike has been selected because the outlets are partly sluices (walls, gates,
etc.) but also show characteristics of a dike (slope, grass cover, crown,
etc.) The cross-section, however, deviates from the standard profile quite
significantly and cannot be described by the fault tree in Figure 4-6.
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This fault tree is therefore extended to include failure mechanisms for the
outlet gates and the main body of the outlet (see Figure 4-14).
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Figure 4-14: Fault tree for the three outlets within the Ribe defence system (Oumeraci et al., 2004).

To all mechanisms, which describe the failure of the outlet gates in par-
ticular, it applies that no models are available or that there is no sufficient
information to quantify the input parameters. For the “outlet gate not
closed” failure mechanism, the same failure probability as used for the
sluice gate can be used as a first assumption (Pf = 1,2-1073). It can be ex-
pected that the failure probability of the outlet gates is much lower than
for the sluice gates because the outlet gates close automatically with a
raising outer water level which is, however, not the case for the sluice
gates. Therefore, the failure probability can be assumed to be Ps = 1-104.
This assumption will be discussed later in the report.

The failure of the main body of the outlet, which might be caused by a
failure of the walls due to earth pressure, cannot be described by a model
due to insufficient information about the soil input parameters. There-
fore, this failure mechanism will not be considered for calculations within
this study?.

The stone mattresses between grass cover and clay layer will change
the erosion processes significantly. There are no investigations available
for this type of strengthened dike covers so it is assumed (according to
Westrich et al. (2003)) that the seaward and shoreward slopes are very
stable. Thus, it can be expected that the erosion of the seaward and the
shoreward slopes is negligible as compared to cases without stone mat-
tresses (failure probabilities of an order of magnitude that is lower than
without mattresses). Consequently, the “erosion of the seaward slope”
and “erosion of the shoreward slope” branches can be neglected in the

3 Ignoring the failure mechanism in a fault tree automatically means that the failure probability of this
mechanism is set to P, = 1,0. This implicit assumption results in a higher overall failure probability of
the whole cross-section and is therefore on the “safe side”.
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fault tree. Furthermore, the stones will increase the weight of the soil so
that there is no hazard due to soil uplift and the “partial breaching at
shoreward slope” branch can be ignored as well. These considerations
result in no initial conditions for a dike breach. Therefore, the probability
of “breaching” failure is supposed to be less than P = 1-10"10 and can
hence be ignored in the fault tree.

4.2.2 Results of the deterministic calculations of all cross-sections

A deterministic calculation for all failure mechanisms summarised in
Chapter 4.2.1 is performed for all six cross-sections. An overview of the
results is presented in Table 4-3.

A safety coefficient of = 999 is automatically selected in the software if
the loading S in the limit state equation is zero. This is required to avoid a
division by zero (n = R/S) in the software code.

It can be seen from Table 4-3 that the “erosion of grass cover on the
seaward slope” failure mechanism will lead to failure at all cross sections.
This means that in case of a design water level of hy, =5,22 m and a
storm surge duration of ts = 6,5 h the grass cover on the seaward slopes
of all cross-sections will fail.
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Dike section
No  Failure mechanism 3156 6644 8422 9400 10403 14499
R/S R/S R/S R/S R/S R/S
Global failure mechanisms
1 Overflow 999 999 999 999 999 999
2 Wave overtopping 6,8 8,8 6,3 7,2 4,8 8,1
3 Breaching 999 999 999 999 999 999
4 Sliding 69,5 64,1 45,6 65,7 64,6 60,1
Failure mechanisms at the seaward slope of the dike
6 Impact 35,0 36,2 31,5 35,8 34,1 34,8
8 Velocity seaward slope 1,6 1,7 1,6 1,6 1,7 1,6
9 Grass erosion seaward slope 0,43 0,47 0,35 0,46 0,41 0,43
10 Clay erosion seaward slope 8,3 7,0 4,5 6,1 5,3 4,5
11 Erosion dike core seaward slope 999 999 999 999 999 999
12 Stability seaward slope 1,6 1,6 1,8 1,6 1,8 1,6
Failure mechanisms at the shoreward slope of the dike
13 Velocity overflow 999 999 999 999 999 999
14 Velocity wave overtopping 999 999 999 999 999 999
15 Grass erosion shoreward slope 999 999 999 999 999 999
16 Clay erosion shoreward slope 999 999 999 999 999 999
17 Infiltration 999 999 999 999 999 999
18 Kappensturz 1,9 1,6 1,9 1,7 2,1 999
19 Seepage 466,1 415,4  370,0 455,0 512,6 532,1
20 Uplift clay on shoreward slope 4,3 4,8 6,3 3,3 5,7 5,7
21 Sliding clay shoreward slope 4,6 4,4 5,1 4,0 5.1 4,8
22 Stability shoreward slope 2,7 2,3 3,1 2,3 2,1 2,1
23 Erosion dike shoreward slope 999 999 999 999 999 999
Failure mechanisms in the dike
24 Piping 11,3 999 999 23,5 10,9 171
25 Matrix erosion 1,7 1,4 1,9 1,9 2,4 3,6

Table 4-3:  Results of the deterministic calculations for all dike cross-sections.

Failure mechanisms such as “velocity wave run-up”, “slope stability sea-
ward slope”, “Kappensturz” and “matrix erosion” result in safety coeffi-
cients within the range of 1,0 <n < 2,0. These coefficients are rather low
and hardly contain any “safety margin” under design conditions. More
details about the safety margin of such failure mechanisms will be given
in the sensitivity analysis in Chapter 4.2.3.

The results of the deterministic calculations of the Kammer sluice and the
outlets of Vester Vedsted, Darum and Konge A are summarised in Table
4-4. All values for the input parameters used for the deterministic calcula-
tions are presented in Appendix B.
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Outlets
Kammer-
sluice  V.Vedsted Konge-A Darum
No  Failure mechanism R/S R/S R/S R/S
1 Overflow 1,3 999 999 999
2 Wave overtopping 0,3 0,7 0,6 0,6
3 Hydraulic uplift 20,8 21,4 19,5 21,4

Table 4-4:  Results of the deterministic calculations of the Kammer sluice and

the three outlets.

The results show that there is wave overtopping failure at the Kam-

mer sluice and the three outlets. Due to the fact that wave overtopping
belongs to the group of global failure mechanisms — the hinterland is
inundated by the overtopping water — the sluice and the outlets totally
fail, considering the fault trees shown in Figures 4-9 and 4-14. The safety
coefficients for wave overtopping and overflow are significantly lower
compared to the dike cross-sections. A reason for this observation is that
the seaward slope of the outlets is much shorter and steeper compared
to the main dike. Furthermore, the water depth in front of the structures
is significantly larger than in front of the main dike. Since the breaker
criterion according to Oumeraci & Muttray (2001) is used for the determi-
nation of the wave height, which strongly depends on the water depth,
the heights of incoming waves will be less reduced in front of the sluice/
outlets than in front of the sea dikes. Consequently, higher wave run-up
and overtopping may be expected.

Furthermore, the wave heights at the Kammer sluice are increased due to
wave reflection from the gates. This effect is implicitly considered in the
limit state equation for wave overtopping.

The safety coefficient for hydraulic uplift is sufficiently high for both the
Kammer sluice and the three outlets.

4.2.3 Sensitivity analysis

The overall aim of performing a sensitivity analysis is to evaluate the
importance of all input parameters for the failure mechanisms in a way
that allow the following investigations with respect to uncertainties (see
Chapter 4.3) to concentrate only on the most important parameters.
The sensitivity analysis can be considered a step between deterministic
and probabilistic calculations since it already considers the variations of
the input parameters and their influence on the results of the limit state
equations.

Within the sensitivity analysis, all input parameters will be varied at cer-
tain steps one after another within physically meaningful boundaries. The
variation of the re-calculated safety coefficient is the measure of the im-
portance of each input parameter in the respective limit state equation.
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A pre-selection of the parameters to be varied is taken from Kortenhaus
(2003). The sensitivity analysis is performed for all mechanisms which
have led to failure during the deterministic calculations (grass erosion
on seaward slope) and for all failure mechanisms which have been close
to failure (see Chapter 4.2.2). For this purpose, only one dike section
with the lowest safety coefficient will be used for the sensitivity analysis,
whereas the others will be used to verify the results.

In Table 4-5 an overview of all parameters are given showing the biggest
influence on the failure mechanisms investigated in the study. The ‘plus’
signs in the ‘influence’ column indicate that higher input values result in
higher safety coefficients. The opposite is indicated by the ‘minus’ signs.
The number of signs shows the importance of the parameters as more
signs indicate greater importance.

Failure mode analysed Parameter influence

Grass erosion outer slope quality of gras aqG ++
water level hw -
wave height Hs --
storm surge duration ts

Velocity wave run-up material constant surface outer slope aqM +++
wave period Tp --

Bishop outer slope cohesion of clay cu +++
saturated volume weight of sand gSr -

Kappensturz undrained shear strength of clay cu ++
percentage of sand in clay pk ++
volume weight of clay gK -

Wave overtopping admissible overtopping rate qzul ++
water level hw -
wave height Hs -
wave period Tp
reduction factor seaward slope rrfr

Table 4-5:  The influence of the most important parameters on the investigated

failure mechanisms.

The importance of the input parameters for the investigated failure
mechanisms are also illustrated by figures, which are provided in
Oumeraci et al. (2004), Appendix E.

4.3 Input parameter uncertainty

Uncertainties are defined as the variation of parameters from their mean
values. As already mentioned in Chapter 2.3.1, the uncertainties may be
described using either the statistical distribution or the mean value to-
gether with the standard deviation (or the coefficient of variation respec-
tively) of a specific input parameter. In this study, the uncertainties for
specific input parameters given by Kortenhaus (2003) will be used, if no
other information is available.
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For some parameters, which are considered to be important for the fail-
ure mechanisms (see sensitivity analysis in Chapter 4.2.3), the uncertain-
ties have been evaluated in more detail, as the following chapters will
describe.

4.3.1 Water level uncertainty

The height of the water level hy, has a significant influence on many of
the failure mechanisms of the dike cross-sections. As described above,
the design water level of hy, = 5,22 m DVR90 has been calculated by the
DCA by means of extreme water statistics using a peak-over-threshold
method, a 200-year return period and a LogNormal distribution. These
results were re-calculated by the Leichtweiss Institute using the same data
set. These calculations have led to slightly different results.

The application of different distribution functions (Pearson-lll, Log Pear-
son, Gumbel, Weibull, Pareto) for the re-calculation of the design water
level using information according to Plate (1993), Jensen (1985) and Ma-
niak (2004) have shown that Weibull and Pareto distributions result in the
worst fit and that the maximum variation of the design water level goes
up to 0,37 m.

The influence of the number of considered data points in the re-calcula-
tion has been investigated by varying the threshold value, too. Depending
on the selected threshold value, changes of the design water level could
reach up to 90 cm.

Also the return period of 200 years has been changed to 50, 100, and
500 years respectively in the re-calculation by the Leichtweiss Institute. A
maximum variation by using a return period of 500 years shows differ-
ences in the design water levels of up to 80 cm for the Gumbel distribu-
tion and about 60 cm for all other distributions.

All variations used for determining the uncertainties of the water level
have led to deviations of several decimetres. Unfavourable combinations
of different methods to determine the uncertainty may therefore lead

to large variations of the design water level which underlines the impor-
tance of mean values and full statistical distributions rather than extrapo-
lated values in the sense of a deterministic approach.

In the following, the values predefined by the DCA will, however, be used
for the probabilistic calculations in Chapter 4.4. Thus, the LogNormal dis-
tribution is used together with a mean value of p = 4,02 m and a stand-
ard deviation of o = 0,47 m using a threshold of 3,38 m DVR90.
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4.3.2 Dike height uncertainty

The dike crown height is one of the most important parameters for de-
signing a dike. In many failure mechanisms, the crown height is consid-
ered by using the freeboard R = hg-hy, and therefore it has a significant
influence on the failure probability of a sea dike.

For the Ribe dike, a number of surveys of the crown height are available
from different years. After a quality check of the data, only data from
two of the surveys could be used for estimating the uncertainties of the
measurements. The analysis has shown that there is a standard deviation
of 3 cm. Since the DCA estimates the uncertainty of GPS measurements
to be within the range of 5 — 6 cm, the latter value will be used for un-
certainty evaluation. This applies to the dike cross-sections and the out-
lets. Due to lack of information about the sluice gates, a simple estima-
tion of 10 cm is used for the sluice gates. For reasons of simplification, a
uniform standard deviation of 10 cm is finally used for all elements (main
dike, sluice, outlets) for the probabilistic calculations.

4.3.3 Uncertainty of wave height and period

As described in Chapter 4.1, the wave heights result from numerical sim-
ulations performed by DHI. The uncertainties linked to these numerical
simulations need to consider the correlation between the hydrodynamic
input parameters. For example, the wave heights may depend on the an-
gle of wave attack and the local water depth.

As a first step, the influence of the angle of wave attack has been inves-
tigated for all six dike cross-sections. The variation of the angle of wave
attack of about 40° shows a variation of the wave height Hy,g of only

3 -4 mm. Therefore, it is concluded that the angle of wave attack has no
influence and a uniform angle of 250° is thus chosen for all subsequent
calculations.

At the next step, the relationship between the wave heights and the
water levels given by DHI are investigated. A strong linear relation can be
observed between the wave height Hy,g and the water level d in front of
the dike. However, no uniform factor can be determined for the different
cross-sections (Hmo/d varied from 0,56 to 0,79). Therefore, it is decided
to use the breaker criterion of Hyg/d = 0,55 following the principal inves-
tigations of Oumeraci & Muttray (2001).

To find a relation between wave periods and wave heights, the wave
period Ty, and the wave height Hyp g are plotted against each other. A lin-
ear relationship is found which is assumed to result from a constant wave
steepness sg = Hmo/Lom- A Vverification of all types of wave steepness
gives sg = 0,07 for km 14,449 in the northern end and sg = 0,06 for km
3,156 in the southern end of the dike line. It is decided to use sg = 0,06
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for all subsequent calculations resulting in the following reduction of the
wave period:

_ [H.-g-0,06 g-T?
Tp— ST for HS>0,06- 27tp (Eg. 13)

Due to the fact that no local wave measurements at the dike toe are
available, no information can be derived regarding the statistical distri-
bution of wave parameters. To consider the related uncertainties of the
wave parameters, the investigations conducted by Kortenhaus (2003) is
used. He assumes a normal distribution for wave height and wave pe-
riod with a coefficient of variation of "= 20 % for the wave period and
o'= 13 % for the wave height respectively.

4.3.4 Geotechnical parameters

The shear strength cg partly shows a strong influence on the geotechnical
failure mechanisms (see Chapter 4.2.3). Therefore, the uncertainties of
these parameters need to be considered as accurately as possible. During
the dike reinforcement from 1978 to 1980, detailed in situ investigations
measured several geotechnical parameters. However, an assessment of
the uncertainty of the values is not practicable. Kortenhaus (2003) has
used a coefficient of variation of ¢’ = 0,76 which is considered too high
for Ribe. Thus, a coefficient of variation of 6’ = 0,2 is used for e.g. the
drained shear strength of sand cg and the undrained shear strength of
clay cy in the subsequent calculations.

Detailed analysis of the internal friction angle of the non-cohesive soil @
has shown that this value should be restricted to input parameters for
sand (15°< @¢ <40°) since the results of some failure mechanisms using
this value will otherwise lead to unreliable results.

4.3.5 Model uncertainties

Besides the uncertainties of the input parameters, the models describing
the failure mechanisms based on the limit state equations are also subject
to uncertainty. Kortenhaus (2003) provides details on how to determine
these uncertainties and their importance on the overall failure probabili-
ties. Since the cross-sections in this study have very similar characteristics,
it can be assumed that the values mentioned in Kortenhaus (2003) can
be applied. Hence, model factors with a mean value of Mf= 1,0 and a
coefficient of variation of 20 % is used for all probabilistic calculations.

Table 4-6 summarises the assessed uncertainties of the input parameters
discussed in the previous chapters. The remaining input parameters, in-

cluding their uncertainties, used in the probabilistic calculations are pre-
sented in Appendix B.
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Parameter Uncertainty Restriction Remarks
Crown height hk Sdev=0,10 m - Uncertainty in measurements
Extreme statistics from available meas-
Water level hw Sdev =0,47 m -
urements
. Breaker criterion, d = local water
Wave height Hs CoV=0,13 Hs = 0,55*d
depth
Wave period Tp CoV =0,20 Tp = (Hs /0,0938)10.5 Restriction by wave steepness
. Available soil investigation, CoV usu-
Cohesion of clay ¢ CoV =0,20

ally higher
Available soil investigation, CoV usu-

Undrained shear strength cu CoV =0,20 . .
ally slightly higher in average

Available soil investigation, CoV usu-

Virtual cohesion CoV =0,20 )
ally higher

Internal angle of friction phis ~ CoV = 0,58 15° < phis < 40° restriction to values for sand

Sdev = standard deviation
CoV = coefficient of variation

Table 4-6:  Overview of uncertainties and limitations of selected parameters.

4.4 Probabilistic calculations

It is the overall aim of probabilistic calculations to explicitly consider un-
certainties in the calculation of the overall failure probability of an engi-
neering structure. The theoretical background and details about probabil-
istic calculations are presented in Kortenhaus (2003).

As a first step, the failure probability Ps of each mechanism is determined.
Afterwards, level Il or level lll calculations are performed depending on
the complexity of the limit state equations. A level Il analysis is performed
using FORM (first order reliability method) and a level lll analysis is con-
ducted by means of Monte-Carlo simulations. The calculated failure prob-
ability is expressed as Pg/year. Failure probabilities smaller than Pg= 1-10-1°
are assumed as Ps = 0 and are ignored for subsequent calculations.

For the overall flooding probability of a dike section, the individual failure
probabilities related to the limit state equations are linked to each other
as already indicated in the fault tree analysis for deterministic calculations
(see Chapter 4.2).

To calculate the temporal dependencies of the failure mechanisms, a
scenario approach is used. The scenarios comprise several individual fail-
ure mechanisms which are put in a logical and temporal order. A simple
example can be the grass and clay erosion on the seaward slope where
the latter only starts when the former has finished. At the same time,
the grass erosion takes some time from the overall storm surge duration
so that the loading S for the clay erosion is already reduced. Kortenhaus
(2003) has defined 11 scenarios. These 11 scenarios are divided into four
groups which describe seaward slope failure, shoreward slope failure, the
"Kappensturz” and failure due to inner erosion. The groups are linked
together by means of a second fault tree. This second fault tree also con-
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siders individual failure mechanisms which are not time-dependent and
therefore remain stand-alone failure mechanisms, like wave overtopping.
The results of the scenario-based approach will be presented in Chapter
4.4.2.

4.4.1 Results of dike cross-sections

Table 4-7 provides an overview of the results of the probabilistic calcula-
tions of all dike cross-sections and all individual failure mechanisms.

Dike section
No. Failure mechanism 3156 6644 8422 9400 10403 14499
Global failure mechanisms
1 Overflow 1,0e-06  2,0E-07  2,3E-06 1,0E-06  3,4E-06  5,0E-07
2 Wave overtopping 3,0E-05 9,0E-06  4,1E-05 3,5E-05 6,6E-05 9,0E-06
3 Breaching 4,3E-02 1,86-02  7,4E-02  4,2E-02  8,9E-02  3,6E-02
4 Sliding 3,4E-07 3,3E-07 4,1E-07 3,3E-07 3,5E-07 3,4E-07
Failure mechanisms at the seaward slope of the dike
6 Impact 8,0E-06 5,0E-06 2,0E-05 4,0E-06  7,0E-06 8,0E-06
8 Velocity seaward slope 2,2E-02 1,8E-02  3,4E-02 1,9E-02  3,4E-02  3,2E-02
9 Grass erosion seaward slope 2,9E-01 2,4E-01 6,8E-01 2,6E-01 3,3E-01 3,0E-01
10 Clay erosion seaward slope 1,3E-05  5,6E-05  3,6E-03 1,3E-05  3,7E-04  4,6E-04
1 Erosion dike core seaward slope 1,7E-05  7,6E-05  4,8E-04 1,1E-04  3,2E-04  5,6E-04
12 Stability seaward slope 0,0 0,0 0,0 0,0 0,0 0,0
Failure mechanisms at the shoreward slope of the dike
13 Velocity overflow 2,0E-06  3,0E-06  3,0E-06  2,0E-06  2,0E-06  0,0E+00
14 Velocity wave overtopping 2,6E-05 3,3E-05 1,4E-04 1,2E-05 1,9E-04 2,2E-05
15 Grass erosion shoreward slope 1,6e-04  1,0E-04 5,7E-04  8,5E-05 6,9E-04 1,2E-04
16 Clay erosion shoreward slope 6,3E-05 1,6E-05 6,6E-05 2,3E-05 7,6E-05 1,7E-05
17 Infiltration 0,0 8,0E-06 2,1E-04 1,0E-06  0,0E+00 1,6E-04
18 Kappensturz 1,4E-02 1,1E-02 7,6E-03  2,3E-02  4,1E-03 1,4E-02
19 Seepage 1,0E-06 1,0E-06 1,0E-06  2,0E-06  0,0E+00 1,0E-06
20 Uplift clay on shoreward slope 1,0E-06  2,0E-06 1,0E-06 1,0E-06  0,0E+00 0,0E+00
21 Sliding clay shoreward slope 4,1E-04  5,4E-04  1,4E-04  1,3E-03 1,4E-04  2,4E-04
22 Stability shoreward slope 0,0 0,0 9,6E-05 0,0 0,0 0,0
23 Erosion dike shoreward slope 0,0 0,0 3,2E-05 3,0E-06  7,0E-06 0,0
Failure mechanisms in the dike
24 Piping 9,6E-07 2,0E-06 2,0E-06 6,8E-07 1,1E-06 5,4E-07
25 Matrix erosion 2,5E-01 1,4E-01 2,7E-02 2,6E-02 3,8E-03 2,8E-04
Overall failure 3,1E-05 9,2E-06  4,3E-05 3,6E-05 6,9E-05 9,5E-06

Table 4-7:  Overview of failure probabilities for all failure mechanisms of all dike cross-sections

(calculated by Monte-Carlo simulation).

The overall failure probability of the cross-sections is also stated in Table
4-7 based on the fault tree defined for the previous deterministic calcula-
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tions. The overall failure probability of each cross-section is therefore only
understandable by considering the fault trees illustrated in Appendix C.

Within all global failure mechanisms, the ‘breaching’ failure mechanism
has a failure probability of Ps = 1072. This very high probability is a result
of not taking into account the temporal relation between the failure
mechanisms. This way, the full storm surge duration is used to calculate
the loading S of the limit state equation. Hence, this failure probability is
too high and needs to be re-calculated using the scenario approach (see
Chapter 4.4.2).

The failure probability of wave overtopping represents the second highest
values of Ps = 107> - 10°®. This implies a tolerable wave overtopping rate
of gzyl = 20 I/sm. The difference of the order of magnitude results from
the difference in freeboard heights of the six cross-sections. The failure
probability of sliding of the whole dike body is P = 1077. However, it

can be assumed to be even lower since the Monte-Carlo simulation was
stopped in order to avoid a simulation run that was too long.

For the seaward slope, the failure probabilities of grass erosion (Ps = 1071)
and run-up velocity (Ps = 1072) present the highest values. Especially for
grass erosion, this type of failure will occur in almost all cases. The failure
probability of clay erosion is on the other hand much lower (Ps = 104 —
10'5) due to the fact that the clay cover is very thick on the seaward side.

Failure probabilities for mechanisms on the shoreward slope of the dike
are relatively high for ‘Kappensturz’ and ‘sliding of the clay cover’. Both
mechanisms are essentially governed by the undrained shear strength ¢,
of the clay. A general failure of the sliding of the clay cover will occur
when the shear strength is lower than ¢, = 3 kN/m2. This value corre-
sponds to a mushy, almost liquid consistency. The second most important
input parameter is the relatively steep shoreward slope of the dike (see
Table 4-1) which implies that failure may occur on the shoreward slope.

In Figure 4-15, the fault tree for the dike cross-section km 8,422 is
shown. The fault tree illustrates the influence of the individual failure
mechanisms on the overall failure probability. The fault tree is at its root
branched out and converges at its top into the top-event of flooding. In
order to determine the overall failure probability, the failure probabilities
of the individual failure mechanisms are calculated - starting at the tree
root - according to the type of gate (see Figure 4-7) they are pointing
at. For this, each failure mechanism is represented by a box, stating the
failure mechanism, the calculated failure probability Pt and the reliabil-
ity index B. Furthermore, each gate is represented by a box, stating the
type of gate (OR, AND, IF) and the calculated failure probability of the
failure mechanisms pointing at the particular gate. The figures/numbers,
which are stated above each box, are designations being used for calcu-
lation reasons. Looking at the IF-gate T17 (branch 'seaward slope"), for
example, the failure probability in this gate is calculated by multiplying
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the failure probability of 'erosion grass, seaward slope' (6,8-10°1) by the
failure probability of 'velocity run-up' (3,4-1072). This failure probability is
afterwards passed on to the next IF-gate, where the value is multiplied by
the probability of ‘erosion clay, seaward slope' (3,6-10°3).

The blue failure mechanisms indicate initial (stress) failure mechanisms at
the bottom of each branch. The branches being called ‘A’ and 'B' (orange
boxes) have to be each considered twice: Once in the branch regarding
'‘Kappensturz, shoreward slope' and once in the branch 'failure shore-
ward slope'. The fault trees for all six cross-sections comprising the results
of the probabilistic calculations are presented in Appendix C.
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Figure 4-15: Fault tree with failure mechanisms for the cross-section km 8,422.

It can be seen from Figure 4-15 that the overall failure probability of the
cross-section km 8,422 mainly depends on the failure probability of ‘wave
overtopping’ and ‘overflow’. The very high failure probability of ‘grass
erosion’ is not of major importance to the overall failure probability. It
only represents the beginning of the erosion process on the seaward
slope which eventually adds up to a failure probability of Pf = 4,9-10°8 for
the seaward slope. The failure probability of ‘breaching’ is of a similar or-
der of magnitude (Pf = 3,6-1078) and both are therefore 103 times lower
than the failure probability of wave overtopping and a factor of 64 lower
than the failure probability of overflow. These factors are similar for all six
cross-sections.

The fault tree does, however, not consider the temporal correlation
between the failure mechanisms. Therefore, the following chapter will
present the results of the scenario approach calculation and the related
fault tree analysis.
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4.4.2 Results of the scenario approach

The failure probabilities of the scenarios are calculated by using the

level Ill approach (Monte-Carlo simulation). The results are summarised in
Table 4-8. The overall failure probability, which also is stated in the table,
is calculated based on the scenario fault tree. The overall failure probabil-
ity of each cross-section is therefore only understandable by considering
the simplified scenario fault tree illustrated in Appendix D.

Individual mechanisms Dike cross section
No (see Tab. 4-7 for def.) 3156 6644 8422 9400 10403 14499
Sc1  9+10+1143 3,0E-06 6,0E-06 3,5E-05 1,4E-05 3,4E-05 7,0E-06
Sc2 1143 3,0E-05 2,6E-04 1,1E-03 6,9E-05 4,9E-04 7,7E-04
Sc3  15+16+18+3 0 0 0 0 0 0
Sc4 1742141843 0 0 0 0 0 0
Sc5  19+20+21+18+3 0 0 0 0 0 0
Sc6  15+16+23+3 0 0 1,5E-05 0 4,0E-06 0
Sc7 1742142343 0 0 0 0 0 0
Sc8 1942042142343 0 0 0 0 0 0
Sc9  23+3 0 0 3,8E-05 0 9,0E-06 0
Sc10  19+24+23+3 0 0 0 0 0 0
Sc11  19+25+23+3 0 0 0 0 0 0

Overall failure 3,10E-05  9,60E-06  4,50E-05  3,70E-05  7,10E-05  1,00E-05

Table 4-8:  Failure probability of scenarios for all cross-sections.

For several scenarios the overall failure probability results in Pf = 0 and
Ps < 10710 respectively. Scenario | which comprises grass erosion, clay
erosion, cliff erosion and breaching of the dike results in failure prob-
abilities larger than Pt = 10710, The same applies to scenario Il (cliff ero-
sion and breaching). For the cross-section km 8,422, scenario | results in
Pf = 3,5-107>. In comparison to the fault tree approach discussed in the
previous chapter, the failure probability of the seaward slope of the dike
was Ps = 4,9:10"8 and thus three orders of magnitude smaller.

Furthermore, for two cross-sections (km 8,422 and km 10,403) two ad-
ditional scenarios describing the erosion of the shoreward slope result in
failure probabilities of Ps = 107> and Ps = 107°.

In the fault tree using the scenarios (see Figure 4-16), wave overtopping
and overflow have the same failure probabilities as in the standard fault
tree due to the fact that the limit state equations for wave overtopping
and overflow do not contain any time dependency. Again, the failure
probability of wave overtopping is dominant for the overall flooding
probability. The increased failure probability of the erosion process on the
seaward slope now comes much closer to the failure probability of wave
overtopping by using the scenario fault tree. Hence, the erosion process
seems to become increasingly important for the overall flooding probabil-
ity of the Ribe dike.

74



CHAPTER 4

/\/COMRISK -SP7

The overall flooding probabilities of five cross-sections (6644, 8422,
9400, 10409 and 14499) result in 3-5 % higher values when the sce-
nario approach is used. The cross-section km 3,156 does not seem to be
affected by the use of the scenario approach.

Using these results, the scenario fault tree can be simplified ignoring all
branches in the tree which have failure probabilities of Pf < 10710, Such
a simplified fault tree is shown in Figure 4-16 for the cross-section km
8,422. The overall flooding probability results in Ps = 4,5:107>. The calcu-
lation of the overall failure probability within the simplified scenario fault
tree is identical to the procedure described in the previous Chapter 4.4.1.
All simplified scenario fault trees for the six cross-sections are presented
in Appendix D.
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Figure 4-16: Simplified scenario fault tree for the dike cross-section km 8,422.

To study the influence of the uncertainties of the input parameters on
the overall flooding probability in more detail, a sensitivity analysis is per-
formed on the basis of the dominant scenarios. The results of the sensi-
tivity analysis will be discussed in the following.

4.4.3 Sensitivity analysis of scenarios

A pre-selection of parameters with the most significant influence on the
overall failure probability is performed based on the sensitivity analysis

in Chapter 4.2.3. Following this, the water level h,y, the wave period Tp,
the storm surge duration ts, and the wave height Hg are considered. The
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simplified scenario fault tree is used for all calculations and the variations
performed within the sensitivity analysis are presented in Table 4-9.

To calculate the failure probabilities of the individual failure mechanisms
used in the simplified scenario fault tree, the FORM analysis is used
because the calculation effort is significantly lower than for the Monte-
Carlo simulation. However, the scenarios are calculated using the Monte-
Carlo simulations due to their complexity.

Parameter Variation 1 Variation 2

hw [m] Reference value*) — 0,5 m Reference value + 0,5 m
Tp [s] Reference value —1,0's Reference value + 1,0's
ts [h] Reference value -2 h Reference value + 2 h
Hs [m] Reference value — 0,5 m Reference value + 0,5 m
Statistical distribution for hw Gumbel — distribution Normal distribution

*) the reference value is defined as the mean value used for the probabilistic calculations

Table 4-9:  Variation of key parameters for the sensitivity analysis of all scenarios.

The influence of the mean value of a number of key input parameters on
the failure probability of individual mechanisms, scenarios and the overall
flooding probability is investigated. For example, the mean water level hy,
is changed by 0,5 m upwards and downwards respectively. The results for
the cross-section km 10,403 are exemplarily shown in Figure 4-17.

™ Velocity seaward slope  Scenario I u Scenario I
m Sliding = Overtopping W Pf,tot.
Failure probability Pt

1,0E-01
1,0E-02
1,0E-03
1,0E-04
1,0E-05
1,0E-06
1,0E-07
1,0E-08
1,0E-09
1,0E-10

hw = 3,52 hw = 4,02 hw = 4,52 Water level h

Figure 4-17: The effect of variation of the mean water level h,,, on the failure prob-
ability of individual mechanisms, scenarios and overall flooding prob-

ability of the cross-section km 10,403 (Oumeraci et al., 2004).

The increase of the mean water level h, by 0,5 m yields an increase of
the failure probability of wave overtopping by a factor of 10,0 and a re-
duction by 0,5 m results in a lower failure probability by a factor of 10,0.
The overall flooding probability and the failure probability of scenario I
are changed by the same order of magnitude. For both the ‘sliding” and
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the ‘velocity wave run-up’ failure mechanisms the variation does not have
a significant influence. However, scenario | does not show a consistent
behaviour which may be due to an insufficient number of simulations for
the lower mean value of the water level.

At the next step, the influence of the mean values of further parameters
on the failure probability of wave overtopping is investigated in more
detail. Wave overtopping is selected since it has the greatest influence on
the overall flooding probability. In Figure 4-18 the results of the variation
of the mean values are presented for the cross-section km 10,403.

Var 1 Ref. val. Var 2
Failure probability Pf hw 3,52m 4,02m 4,52 m
N2 hw - stat. distribution Gumbel LogN Normal
1,06-03 Hs 0,95m 1,45m 1,95 m
Tp 3,025 4,025 502s
ts 4,5h 6,5h 8,5h
Var 1 mRef. val. mVar2
1,0E-04 -
B l I I I
1,0E-06
hw hw -stat. Hs Tp ts  Parameter
distribution

Figure 4-18: Failure probability of wave overtopping depending on variation of
mean values of key input parameters (Oumeraci et al., 2004).

The increase of the water level hy, and the variation of the type of statisti-
cal distribution leads to significant changes of the failure probabilities (or-
der of magnitude of about 10,0). On the other hand, an increase of the
wave height Hs and wave period Ty has less influence as the variations
lead to a factor of about 2,0. However, the decrease of the wave period
Tp does not show a consistent behaviour, which requires further verifica-
tion of the plausibility of the result. The inconsistent behaviour may be
due to an insufficent number of simluations and/or a missing consistency
between the reference wave height and the reduced wave period. As
expected, the storm duration does not have any influence on wave over-
topping because it is not an input parameter for the wave overtopping
formula and the water level is assumed to be constant during the storm
surge. Therefore, the key parameters to influence the failure probability
of wave overtopping and the overall flooding probability are the water
level and the wave period. The uncertainties of both parameters should
therefore be evaluated very carefully.
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4.4.4 Results for the Ribe sluice and the outlets

The failure probability of the Kammer sluice and the outlets is calculated
using the Monte-Carlo method. The results are shown in Table 4-10.

Outlets
Kammer
No Failure mechanism sluice | V.Vedsted Konge A Darum
1 Overflow 5,3E-02 1,5E-04 2,5E-04 7,9E-05
2 Wave overtopping 6,1E-01 5,6E-01 4,7E-01 4,9E-01
3 Hydraulic heave 1,0E-10 1,0E-10 1,0E-10 1,0E-10
4 Gates not closed 1,2E-03 1,0E-04 1,0E-04 1,0E-04
Overall failure 6,3E-01 5,6E-01 4,7E-01 4,9E-01

Table 4-10: Results of probabilistic calculations for the Kammer sluice and the

three outlets.

The overall flooding probability of the Kammer sluice and the three
outlets is calculated using the fault tree in Figure 4-9 and Figure 4-14 re-
spectively. The failure probabilities for the outlets are all within the range
of Ps = 5-1071, which means that flooding occurs approximately every
second year. The key failure mechanism for all structures is wave overtop-
ping comprising a tolerable wave overtopping rate of gz = 20 l/(sm).
Variations of the tolerable overtopping rates (g, = 100 I/(sm), 200 I/(sm)
and 515 I/(sm) — 515 I/(sm) corresponds to the overtopping rate for a zero
freeboard as a maximum possible value) are performed to study their in-
fluence on the results. The results of these variations are shown in Table
4-11.

Increasing the tolerable wave overtopping rate to 100 I/(sm) and 200 I/
(sm) results in a decrease of the failure probability of wave overtopping
by a factor of about 10,0 and 100,0 for all outlets and the sluice respec-
tively. If the tolerable wave overtopping rate is set to 515 I/(sm), the fail-
ure probability of wave overtopping comes within the range of Pf = 1074
for the sluice and Ps = 107> or Ps = 10°® for the outlets.

Therefore, the selection of the tolerable wave overtopping rate is very im-
portant for calculating the overall failure probability and may change the

result by several factors. Consequently, the choice of these values for the

sluice and the outlets has to be made very carefully.
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Outlets
Ayl Kammer
No Failure mechanism [1/sm)] sluice | V.Vedsted Konge-A Darum
1 Overflow 20 5,3E-02 1,5E-04 2,5E-04 7,9E-05

100 1,0E-10 4,8E-07 4,8E-07 4,8E-07
200 1,0E-10 4,8E-07 6,3E-08 4,8E-07
515 1,0E-10 4,8E-07 4,8E-07 4,8E-07
2 Wave overtopping 20 6,1E-01 5,6E-01 4,7E-01 4,9E-01
100 2,4E-02 1,0E-01 8,3E-02 8,3E-02
200 6,1E-03 1,6E-02 6,1E-03 6,1E-03
515 8,0E-04 7,4E-05 4,1E-06 3,0E-05

Table 4-11: Failure probabilities of wave overtopping and overflow at the Kammer
sluice and the outlets for variations of the tolerable wave overtopping

rate.

Keeping in mind the fault trees for the sluice and the outlets (Figure 4-9
and Figure 4-14 respectively), the failure probability of wave overtop-
ping may become lower than what has been assumed for the ‘gates
not closed’ scenario in which case the latter is relevant for the overall
failure probability. Failure probabilities for this scenario have been set
to Pr=2,1-10"3 and 1-10% respectively, as already discussed in Chapter
4.2.1.

4.5 Calculation of the overall failure probability of the
total defence system

As a last step, the overall flooding probability of the whole flood defence
system is calculated. As already mentioned in Chapter 2.3, the risk as-
sessment, as a sub-process of the risk analysis, combines the results of
the hazard analysis and the vulnerability analysis. The principal result of
the hazard analysis needed for the risk assessment is the overall flooding
probability of the whole defence system. So far, only the failure probabil-
ity of the six cross-sections, the Kammer sluice and the three outlets has
been calculated.

4.5.1 Representative sections for the main part of the defence
system

To determine the overall flooding probability of the Ribe defence system,
the dike stretches between the six cross-sections, the sluice and the out-
lets have to be considered. This is done by dividing the defence system
into representative sections. A rough division can be made following the
two criteria below (the division of the Ribe defence system comprises only
the main dike):
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1. structure type, e.g. dike, outlet, sluice,

2. variation of input parameter for either the stress (S) or the resistance
(R) of the limit state equations (only applicable for the dike structure).

A further, more detailed division of the second criteria can be chosen for
the following aspects:

a) geometry of the structures, e.g. crown height, angle of slopes

b) principal composition of the dike cross-section, e.g. existence of a re-
vetment

c) properties of the used material, e.g. soil parameters

d) differences in the loading of the structures, e.g. wave heights, angle
of wave attack.

While the rough division is easily made by letting dikes, outlets and the
sluice be different sections, the more detailed division based on the four
aspects requires some assumptions. First, the material properties of the
dikes are assumed to be similar. Second, the principal cross-sections of
the dikes can be assumed to be similar. Furthermore, the sensitivity analy-
sis has shown that wave overtopping is one of the key failure mecha-
nisms. Wave overtopping is essentially governed by the wave period Tp
and the water level hy, in front of the structure or the freeboard Rc.
Since hyy is assumed to be constant for the whole dike length, the crown
height plays a major role for the determination of the freeboard Rc.
Therefore, both the crown height hi of the dike and the peak wave peri-
od Tp are the key selection criteria for the division of the defence system
into representative dike sections.

In addition, it is decided that the mean crown height of a dike section
should be the same as the crown height of one of the six calculated
cross-sections. Further, the variation of the wave period should maximum
be Tp=05s.

The aforementioned criteria are shown in Figure 4-19, where the crown
height hy and the wave period T are drawn at a distance of 50 m in
front of the dike line (taken from the DHI simulation). Additionally, the
location of the cross-sections of the dike, the sluice and the outlets are
marked according to the stationing line of the defence system.

Following the selected criteria, 15 sections are defined as shown in Figure
4-19. Four sections are defined as close to the cross-section km 6,644,
two sections close to the cross-section km 14,499, whereas all other sec-
tions differ from each other. Section 4 in Figure 4-19 cannot be assigned
to one of the cross-sections due to a crown height of hy = 7,53 m which
is significantly higher than for the other sections. This section will be ig-
nored for the subsequent probabilistic calculation®.

To calculate the overall flooding probability of the whole defence system,
the overall failure probabilities of the individual sections are structured in

4 Due to the much larger crown height, the failure probability of wave overtopping of this section will
be much lower than for all other sections. Thus, the section will not have any influence when the
overall failure probability of the system is calculated using an OR gate in the fault tree approach.
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a fault tree, which will be discussed in more detail in the following chap-
ter.

Ribe sluice
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1 r ‘ ,

Height of crown hy
[m DVR90]

Wave period Tp [s]

Outlet 3156

Hazard analysis and overall failure probability

14499 Outlet

A

7,50

7,00 —

6,50 —

6,00 —

5,50 -

5,00

4,50 -

e Crown height

e \ave period

e Cross-section
Sluice

= Outlet

M N —— L —-—‘/—\
[ ] [ ] [ ] L] [ ] [ ] [ ] [ ] ® [ ]
4,00 T T T T
2000 4000 6000 8000 4 1000 12000 14900 16000 18000
Section 1 Section 3 Section 9 Section 10 Section 14 Stationing [m]
outlet V. Vedsted profile 6644 Section 4 profile 10403 | outlet 14499 outlet Darum
Section 2 Section 5 Section 8 Section 13 Section 15
profile 3156 profile 6644 profile 9400 profile 14499 profile 6644
Section 6 Section 7 Section 11 Section 12
profile 8422|| Ribe sluice outlet Konge A profile 6644

Figure 4-19: Division of the Ribe flood defence system into representative sections (Oumeraci et al., 2004,).

4.5.2 Failure probability of the defence system and evaluation of
the results

For most of the dike sections which have been discussed in Chap-

ter 4.5.1, the failure probabilities have been calculated already (see
Chapter 4.4). For section 3 (corresponds to the cross-section km 6,644)
and section 10 (corresponds to the cross-section km 14,499) the failure
probabilities are re-calculated with an increased wave period Tp,. To deter-
mine the failure probability of these sections, only the failure probability
of wave overtopping is calculated since this will be the main contribution
to the overall flooding probability as shown in Chapter 4.4. Variations of
the wave period in section 2 (corresponds to the cross-section km 3,156)
are not considered because the original cross-section km 3,156 has been
calculated using the highest wave period and hence resulting in the high-
est failure probability.

The failure probabilities of the dike sections are linked to each other by
means of a fault tree, including only one OR gate. This gate is used to
calculate the overall probability of flooding of the hinterland. The result is
shown in Figure 4-20.
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Taking into consideration the aforementioned assumptions in Chapter
4.5.1, the overall flooding probability of the defence system in Ribe can
be calculated to be Ps = 9,5-10°1. This very high failure probability is es-
sentially dominated by the failure probability of the sluice and the outlets
(see Table 4-10). Reasons for these results have already been stated in
Chapter 4.4.4. All sections comprising a dike structure resulted in much
lower failure probabilities within the range of Pt = 100 to 10 (see
Chapter 4.4.2).

[ o ]

2 | Dike 4 | Dike 6 | Dike 8 | Dike 10| Dike 12| Dike 14| Outlet
Section 3156 Section 8422 Section 9400 Section 14499 Section 6644 Konge - K
4,58 3,1E-05 - | - 0,00 4,5E-05 0,00 3,7E-05 0,00 1,7E-05 0,00 9,6E-06 0,00 4,7€-01
1 | Outlet 3 | Dike 5 | Dike 7 | Kammer sluice 9 | Dike 11| Outlet 13| Dike 15| Dike.
V. Vedsted Section 6644 Section 6644 Ribe - K Section 10403 Konge - K Section 14499 Section 14499
0,00 [ 56E-01 0,00 [ 8,0E-06 0,00 [ 9,6E-06 0,00 | 6,3€-01 0,00 [ 7,1€-05 0,00 [ 4,7€-01 0,00 | 1,0E-05 0,00 [ 1,0E-05
Description Calculation of gates
>0 <
Section 0/ 5: independent / dependent
Pf 1/ 2: simple lower / upper bounds
3/ 4: Ditlevsen lower / upper bounds

Figure 4-20: Fault tree for calculating the overall flooding probability of the whole defence system in Ribe (including
the sluice and the outlets) (Oumeraci et al, 2004).

It has to be considered though that the weakest elements of the defence
line (sluice and outlets) are only very narrow sections and therefore only
constitute a very short stretch in the whole defence line. A calculation of
the expected wave overtopping volume can provide a criterion for the
evaluation of the failure probabilities.

The wave overtopping volume per running meter length of the structure
can be calculated using Eq. 5 in Chapter 4.2.1. Using the input values of
Hs = 1,65m, hy =5,78 m and hy, = 5,22 m, the wave overtopping rate
results in g = 159 I/(sm) for short-crested waves and an angle of wave at-
tack of & = 20°. Assuming that this overtopping rate is constant during
the storm surge duration of 6,5 hours, the overall volume for the approxi-
mately 10,0 m wide sluice gate may be estimated to Q = 37200 m3. This
corresponds to a water level in the flood-prone area of less than 1,0 mm.
Therefore, flooding of the hinterland will only occur if the sluice or one of
the outlets will structurally fail.

Hence, a simple method used to calculate the lowest possible failure
probability is to leave out the sluice and the outlets in the fault tree of
Figure 4-20. The reduced fault tree is shown in Figure 4-21. The overall
flooding probability now results in Ps = 2,5:104.

Alternatively, the outlets and the sluice can be calculated using the fail-
ure probability of the ‘gate not closed’ failure mechanism. This will then
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result in an overall flooding probability of Ps = 1,7-1073. It is therefore
essential to investigate the sluice and the outlets in more detail to finally
determine their overall failure probability. For the time being, it is recom-
mended to use a flooding probability of P = 2,5-1074 for the risk assess-
ment in Chapter 6.

Flooding

2,5E-04

2 | Dike 4 | Dike 6 | Dike 8 | Dike 10| Dike 12| Dike 15| Dike
Section 3156 Section 8422 Section 9400 Section 14499 | Section 6644 Section 14499
4,58 | 3,1E-05 - - 0,00 | 4,5E-05 0,00 | 3,7E-05 0,00 | 1,7E-05 0,00 | 9,6E-06 0,00 | 1,0E-05

=) | Dike 5 | Dike 9 | Dike 13| Dike
Section 6644 Section 6644 Section 10403 Section 14499
0,00 | 8,0E-06 0,00 | 9,6E-06 0,00 | 7,1E-05 0,00 | 1,0E-05
Description Calculation of gates
>0 <
Section 0/ 5: independent / dependent
Pf 1/ 2: simple lower / upper bounds

3 / 4: Ditlevsen lower / upper bounds

Figure 4-21: Reduced fault tree for the coastal defence system in Ribe (without sluice and outlets) (Oumeraci et al.,
2004).

4.5.3 Remarks on the results

As already mentioned in Chapter 3, the main objective of the hazard
analysis has been the calculation of the overall flooding probability of the
Ribe defence system based on the ProDeich model (Kortenhaus, 2003).
When calculating the overall failure probability, a total of 25 failure mech-
anisms have been applied at the main dike. At the Kammer sluice and the
three outlets, a small number of failure mechanisms regarding overflow,
wave overtopping and hydraulic uplift have been developed. However,
these failure mechanisms have to be further evaluated in coming stud-
ies and the missing limit state equations e.g. concerning the sluice gates
have to be defined in the future. Also the approach concerned with divid-
ing the Ribe defence system into representative sections will be further
investigated during the coming two years.

Therefore, the aforementioned results in Chapter 4.5.2 have to be seen
as results of this study applying probabilistic calculations to the Ribe de-
fence system. The results may, however, not be seen as the final overall
flooding probability of the Ribe flood defence system.
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5. Vulnerability analysis and damage poten-
tial

To carry out the risk analysis of the Ribe flood defence system it is neces-
sary to know what consequences the failure of the main dike, the sluice
or the outlets will have. Therefore, it is desirable to establish the relation
between the effect (e.g. failure of the dike) and the consequences. This
relation is established within the framework of a vulnerability analysis.
The following chapters describe the vulnerability analysis of the Ribe
flood defence system, which will be sub-divided into a valuation analysis
and a subsequent damage analysis.

5.1 Description of the flood-prone area

The vulnerability analysis begins with the description and inventorying of
the flood-prone hinterland. In order to limit the analysis to the elements
most at risk, the flood-prone hinterland is delimited.

In Chapter 1.3 the present situation and the history of the hinterland
have already been described briefly. The hinterland is mainly character-
ised by a flat rural area of former marshland and by an urban area, Ribe
town. The urban area of Ribe town goes back to the period before the
year 800, where the first settlements were established on high sandy
land. However, an effective and protected (against regular flooding) ex-
ploitation of the rural area around Ribe town was not possible before the
building of the Ribe dike from 1911 till 1914. The utilization of the hin-
terland may therefore be described as a two-part land utilization, which is
historically conditioned.

5.1.1 Delimitation of the flood-prone area

The subsequent selection of the risk elements requires a delimitation of
the area. The delimitation is further needed for the presentation of the
land utilization and the spatial distribution of the assets within the valu-
ation analysis. This way, the delimitation of the flood-prone area deter-
mines the geographical framework of the vulnerability analysis and thus
represents the specific area within the risk analysis.
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The delimitation orientates itself in relation to the existing flood defence
system, topographical and hydrodynamic features as well as historical
flood events. In the western direction, towards the North Sea, the flood-
prone area is marked off by the main dike, which is described in detail in
Chapter 4.1. At the northern and southern ends of the defence system
two wing dikes delimit the Ribe hinterland towards the neighbouring
flood-prone areas, which are protected by the Darum-Tjaereborg defence
system in the North and by the Rejsby defence system in the South re-
spectively. In case of failure at one of the neighbouring flood defence sys-
tems, the objective of the wing dikes is to prevent the intrusion of flood
water into the Ribe hinterland.

The southern wing dike expands approximately 2,6 km into the hinter-
land in a south-east direction. The crown height of the wing dike var-

ies between 5,7 m DVR90 and 6,0 m DVR90. The northern wing dike
expands about 650 m into the hinterland in a north-east direction. The
crown height varies between 5,4 m DVR90 and 6,4 m DVR90. Both ends
of the southern and northern wing dikes lead into a topographical eleva-
tion at an altitude of 5,0 m DVR90.

For the purpose of further delimitation of the Ribe area towards the re-
maining hinterland, the altitude line of 5,0 m DVR90 is chosen for three
reasons:

® The southern and northern wing dikes lead into a topographical el-
evation of 5,0 m DVR90. This way, the 5,0 m DVR90 altitude line is
assumed to prevent the expansion of severe inundations.

e Through the ages, several storm surges have caused flooding of parts
of Ribe town which presupposes flood levels of 4,0 m DVR90 or
higher. These flood events occurred before the Ribe flood defence sys-
tem came into existence. However, the worst assumable dike breach
scenario, including an increase of the inundation volume by backwa-
tering of the Ribe river discharge due to closed gates during a storm
surge, justifies consideration of all risk elements up to a maximum
inundation height of 5,0 m DVR90.

e Storm surge levels of 5,0 m DVR90 or higher have already been regis-
tered, e.g. during the storm surge on December 3-4, 1999.

The delimitation by the 5,0 m DVR90 altitude line, however, does not
preclude that inhabitants and assets located in areas at an altitude higher
than 5,0 m DVR90 may be affected in a very extreme case.

The delimitation of the flood-prone area by the 5,0 m DVR90 altitude line
is presented in Figure 5-1.
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Figure 5-1:  Delimitation of the flood-prone area.

Looking at the delimited flood-prone area in Figure 5-1, a major exten-
sion of the flood-prone area into the hinterland can be seen where the
course of the dike line bends and changes direction. A more or less paral-
lel course of the 5,0 m DVR9O0 altitude line to the course of the defence
line can only be tracked for the northern part of the defence line. In the
southern part of the defence line, the 5,0 m DVR9O altitude line runs
eastwards into the hinterland. The reason for this can be found in the
existence of the Ribe river and its connected streams (see Figure 5-1). The
low-lying delta area around the watercourses extends about 12,5 km into
the hinterland and thus also the course of the 5,0 m DVR9O0 altitude line
surrounding the delta area.

Coast line
Dike line
[ ] Sluice/outiet

|:| 5,0 m DVRIO altitude line

Water course
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Figure 5-2: Ribe river and its tributaries west of Ribe town.

5.1.2 Selection of risk elements

According to Figure 2-7 the different types of damage are classified as
direct and indirect damage, tangible and intangible damage as well as
primary and secondary damage. Direct damage is caused by contact
with the flood water whereas indirect damage is a consequence of direct
damage, such as interruption of transportation and communication or
reduced investments in a specific area after flooding. The second level of
classification distinguishes between tangible and intangible damage.

The aforementioned damage classification represents the basis for the
selection of the risk elements. When selecting the risk elements not only
the objectives of the valuation analysis have to be considered, but also
the analysis of the damage potential has to be kept in mind. Both analy-
ses require a quantitative description in a monetary way. Some types of
damage can only be described by their number or in a descriptive way
(intangible damage categories). This may also be valid for tangible dam-
age types due to missing data and models or complex circumstances
which are difficult to grasp. Here especially indirect damage types have to
be mentioned.

It is therefore nearly impossible to consider all types of damage and con-
sequences within a vulnerability analysis. The objective is, however, to
register the dominant damage caused by flooding. Thus, the major part
of the damage considered in a vulnerability analysis may comprise direct,
tangible damage. Within the framework of this study, focus has there-
fore been laid on a number of elements at risk, which may be sorted into
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direct, tangible damage categories. Additionally, a few intangible, direct/
indirect risk elements have been considered.

Within this study the following risk elements of direct, tangible damage
have been chosen:

® Buildings, including residential buildings, agricultural buildings and
industrial buildings;

e Movable property, including movable property in residential, agricul-
tural and industrial buildings;

e Agricultural acreage, crops;

® Llivestock;

e Electric installations (pumps, windmills);

e Traffic system (roads, railways).

As intangible, direct/indirect damage categories, the following risk ele-
ments are only considered in a descriptive form in Chapter 5.3:

® Inhabitants;

® Employees;

® \ehicles;

® Tourism.

Figure 5-3 presents an overview of the applied risk elements in this vul-
nerability analysis where most of the risk elements are classified as direct,
tangible damage. These risk elements will be valuated within the valu-

ation analysis and depth-damage functions will be derived for each of
those risk elements within the damage analysis.

Storm flood damages

Direct Indirect
| |
[ I [ I
Tangible Intangible Tangible Intangible
I I I |
Primary Secondary Primary Secondary Primary Secondary Primary Secondary
- | PR ) I

Buildings Inhabitants Employees
Movable property Vehicles  Tourism capacity |
Crops )
Livestock

Electric installations
Traffic system

Figure 5-3: Risk elements considered in the vulnerability analysis.
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A quite considerable number of scientific publications have discussed the
valuation of human life. However, the valuation of a human life turns out
to be quite difficult mostly due to ethical questions. This study therefore
refrains from monetizing the value of the inhabitants or the damage po-
tential in case of victims/casualties during a storm surge. This point is sup-
ported by the fact that evacuation plans exist for the Ribe area, which se-
cure the evacuation of the inhabitants away from the place of danger in
good time before storm surge culmination. It can therefore be assumed
that in case of failure of the defence system only very few people, who
have disobeyed the evacuation order, will be at risk.

In the category of industrial plants and large businesses, production
breakdown or reduced investment may be the consequences of the
flooding of industrial estates. It is, however, difficult to determine the
tangible damage of production breakdown or reduced investments.
Furthermore, the Ribe area is characterised by only few industrial plants
or large businesses. It is therefore decided not to consider the indirect
industrial damage potential in the vulnerability analysis. A description of
the number of employees and their distribution by different industrial
branches will, however, be presented.

Furthermore, vehicles are placed in the direct, intangible damage catego-
ry based on the assumption that vehicles at risk will be either removed to
safer areas by the owners or used in connection with evacuation meas-
ures. Vehicles are therefore only considered in a descriptive form.

The tourism capacity may count as direct as well as indirect damage. Indi-
rect damage occurs if the number of tourists decreases as a consequence
of an inundation event. Direct damage regarding the tourism capacity is
in many cases difficult to quantify. Seasonal variations in overnight stays
and the number of visitors have to be considered. For reasons of simplifi-
cation, the tourism capacity is grouped into the indirect, intangible dam-
age category and only valuated in a descriptive form.

5.2 Data request and set-up of data handling

The performance of a valuation analysis and a damage analysis requires
a great amount of input data. The data basis should reflect a high level
of detailed information to secure a sufficient representation of the assets
and the damage potential in a flood-prone area (Reese, 2003).

The same applies to the cartographic basis used in the analyses. Especially
in the damage analysis where the inundation extension and its depth are
simulated, a precise topography of the flood-prone area is essential (see
also Chapter 5.5.1).

Within this study, altitude data in a grid net of 25x25 metres is used to
generate a topographical map of the flood-prone area within the 5,0 m
DVR9O0 altitude line. Topographical data is available in Denmark at Kort
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& Matrikelstyrelsen, Copenhagen. In order to supplement the altitude
information of the grid net, altitude data from road surveys performed by
the private survey company I/S Bramming is combined with the data from
Kort & Matrikelstyrelsen. Based on both data sources, a digital altitude
model is generated. Altitude data comprising a narrower grid net has not
been available for the study area, which means that the generated digital
model stands for the most accurate topographic information available for
the Ribe area.

In a next step, altitude lines at regular intervals of 0,5 m, starting at 0 m
DVROO till 5,0 m DVRIO0, are interpolated. For each interval between two
altitude lines the mean value of the altitude is calculated, which is further
needed within the damage analysis. Figure 5-4 presents the topography
of the Ribe flood-prone area within the 5,0 m DVR9O0 altitude line.

Coastline - below 0 m DVRIO
o ke line

W Shiceloutst - 0,0-0,5m DVRSD

[ ] somoveso atce e B o: onoveeo

Waler course

1.0- 1.5 m DVRS0
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-
1.5- 2.0 m DVRS0

2,0-25mDVRS0

2,5-3,0mDVRE0
- 3,0=-3.5mDVRS0

3,5-4,0mDVRS0
- 4.0-45mDVRE0
- 4.5-5.0mDVRE0
- above 5,0 m DVRA0

Figure 5-4: Topography of the Ribe flood-prone area.
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Again, the influence of the Ribe river and its neighbouring streams on the
characteristics of the flood-prone area can be clearly seen. The low-lying
delta areas surrounding the watercourses (red areas) expand far into the
hinterland (> 5 km). North of Ribe river and its low-lying areas, a topo-
graphic elevation stretches from West to East and divides the flood-prone
area into a northern area and a southern area. This separation counts up
to 2,5 m DVR90, which will be decisive in connection with the inundation
scenarios in Chapter 5.5.3.

The size of the delimited flood-prone area is 96,7 kmz2. Table 5-1 shows a
distribution of the altitude intervals in the flood-prone hinterland of Ribe.

Altitude interval Mean altitude Area

[m DVR90] [m DVR90] [km2] [%] Acc. [%]
<0 0,02 0,02 0,02
0,0-0,5 0,25 5,91 6,11 6,13
0,5-1,0 0,75 6,62 6,84 12,97
1,0-15 1,25 9,59 9,91 22,88
1,5-2,0 1,75 12,77 13,20 36,08
20-25 2,25 16,06 16,60 52,68
2,5-3,0 2,75 11,46 11,85 64,53
3,0-3,5 3,25 8,04 8,31 72,84
3,5-4,0 3,75 7,65 7.91 80,75
4,0-4,5 4,25 7,52 7,78 88,53
4,5-5,0 4,75 11,10 11,47 100,00
Total 96,73 100,00

Table 5-1:  Distribution of altitude of the flood prone area.

A high level of accuracy is also desirable regarding the data and informa-
tion about the risk elements in the flood prone area. However, this has
been rather difficult for some of the risk elements. Despite the fact that
a large number of registers exist in Denmark, the data acquisition and
the data format of the registers differ. Some data has not been at our
disposal due to data protection of the inhabitants’ personal information.
In other cases, a lower level of detail has been chosen in relation to what
would have been possible in order to reduce the work load with respect
to the available resources of the SP7 project.

The data basis and the data source, the reference data/period, and the
procedure of geocoding will be described for each risk element in the fol-
lowing. The intangible risk elements will be dealt with at first, followed
by the tangible risk elements.
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Inhabitants

In general, the number of inhabitants at risk can be determined based

on a residents’ register. These registers are available for each municipality
and comprise information about each registered person at a specific ad-
dress. Due to the high level of personal information of each resident, the
use of such data in this study is not allowed for data protection reasons.
Thus, a direct description of the number of inhabitants for all addresses in
the delimited area through data from the residents’ register has not been
possible.

A different approach is therefore applied. Statistics about the number of
persons living in each household within Ribe Municipality are download-
ed from Statistics Denmark. Furthermore, a mean value for the number
of persons per household is calculated. The mean value of persons per
household is afterwards assigned to each residential building and is thus
geocoded by means of the risk element ‘buildings’. The reference year of
the statistical resident data is 2003.

Employees

To describe the number and distribution of employees for different
branches in the Ribe Municipality, data is downloaded from Statistics
Denmark. The reference year of the statistical data is 2002. In order to
obtain an overview of the number of employees working in the flood-
prone area, each branch is linked to the input data of the risk element
‘buildings’. By comparing synonymous definitions of the branches and
the application of buildings, the number of employees is geocoded in the
flood-prone area. Depending on the altitude information of each building
used for commercial purposes, the sorting of the employees into the alti-
tude intervals is carried out.

Vehicles

The risk element ‘vehicles’ is only considered in a descriptive form, be-
cause most of the cars will be used in case of evacuation. It is further
assumed that most car owners will move their cars into higher and pro-
tected areas during a flood event. The damage potential of vehicles will
therefore be small in the case of flooding compared with more stationary
risk elements. However, Chapter 5.3 will show the distribution of the car
value by altitude. To do so, data is downloaded from Statistics Denmark
which lists the number of households in Ribe Municipality as having no
car, one car or two and more cars. The reference year of the data is 2002.

In a next step, a mean value of the number of cars per household is cal-
culated and geocoded for each residential building in the flood-prone
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area. Furthermore, a mean value per car of 300.000 DKr. (€ 40.200) is
defined.

Tourism

Statistics or registrations concerning the occupation of bed spaces in the
Ribe area could not be found. The Ribe tourist office has, however, pro-
vided some attendance figures for the major attractions in Ribe town and
in the surrounding area. These figures are stated for the period 2001 till
2003.

A valuation of tourism turns out to be quite difficult because tourism in
Ribe is seasonal. This means that the largest numbers of visitors are seen
during the months from May till October. The probability of a storm surge
is, however, higher in the remaining months. Furthermore, a valuation of
tourism based solely on the number of bed spaces would not take the
many day-visitors into account, which constitute about 1 million day-visi-
tors every year (personal communication with Ribe Tourist Office, 2003).
The risk element ‘tourism’ will therefore only be qualitatively described in
Chapter 5.3.

Buildings

One of the most important tangible risk elements are buildings. The risk
element ‘buildings’ comprises residential buildings, agricultural buildings
and industrial buildings. All data about buildings and apartments are
registered in Bygnings- og Boligregistret (building and housing register) in
Denmark. Here, information about ownership, built-up area, type of the
building, use of the building, number of floors, the existence of a base-
ment, road number and house number of the building, type of heating
and further remarks on the building can be found. Data extracts from
Bygnings- og Boligregistret are available through agencies which have
permission to extract data from the register.

The data needed for the valuation analysis and the damage analysis for
all buildings within the 5,0 m DVR90 altitude line has been provided by
Gilling Communications & Consulting ApS, Copenhagen, Denmark. The
reference year of the data is 2002. Each building or apartment is marked
by only one geocode within Bygnings- og Boligregistret. A geographical
description of the precise position of the surface area of each building is
not available in this register. This is, however, anticipated to be negligible
because the effect of possible differences in altitude around a building is
considered to be very small with respect to the subsequent analysis of the
damage due to flooding.
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Movable property

The valuation and the analysis of damage to movable property are linked
to the buildings. Based on the statistics of the Flood Compensation
Council (Stormradet), Copenhagen, a mean value of the movable prop-
erty for different building types has been derived. Each building in the
flood-prone area is provided with a mean value for movable property de-
pending on its definition of use. This way, the value of the movable prop-
erty is geocoded by means of the risk element ‘buildings’ and classified
according to the building type. The data basis of the Flood Compensation
Council refers to the year 2002.

Agricultural acreage

The agricultural acreage has been derived from cadastral maps, which
were provided in geocoded form by Kort & Matrikelstyrelsen. Each cadas-
tral map is sub-divided by one or more block numbers, which represent
the smallest area, on which one sort of crop is cultivated.

In the next step, the most recent data about the cultivated crop sort on
each block number has to be found. This information has been provided
by the Danish Centre of Agricultural Research in Foulum. For each block
number, the sort of crop is stated referring to the period 2001/2002.

Livestock

Data about the livestock of the farms within the flood-prone area is taken
from the Central Livestock register. All relevant data about the animal
species, number of animals as well as information about the farm are
registered. However, the data do not include information about the block
number on which e.g. cattle stock normally graze. Thus, some of the
stocks may be several kilometres away from their home farm in case of

a disastrous flood, which may result in the farm and the accompanying
stock suffering different damage as a result of flooding. It is not possible
to consider this differentiation regarding the actual location of the stock
within the damage analysis with the data basis in hand.

As in the case of Bygnings- og Boligregistret, only authorised agencies are
allowed to extract data from the Central Livestock register. For this rea-
son, Maersk Data Public, Copenhagen, has been contacted. The received
data refers to the year 2002 and is geocoded by means of the addresses
of the farm buildings.
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Electric installations

Within this study electric installations comprise windmills and pumps for
public supply of drinking water as well as pumps used for sewage dis-
posal. Data about windmills is taken from the digital topographical map
TOP10DK in the scale of 1:10.000. The reference year used in this study is
the year 2000. The TOP10DK map is provided by Kort & Matrikelstyrelsen
and is constructed as a vector map comprising 7 object classes and 47
topics as well as altitude information. The map is updated every 5 years.

Data about pumps within the public supply network in Ribe has been
delivered by Ribe Municipality. The data was taken from the municipality’s
own GIS application, which made another geocoding of the pumps un-
necessary. The input data about public pumps refers to the year 2002.

Traffic system

The risk element ‘traffic system’ comprises the network of roads and
railway tracks in the flood-prone area. Data about the road network has
been provided by Ribe County, including a division into the following
road classifications: path, second road, 3-6 meter wide road, road over 6
meter wide, and expressway. Again, the data had already been geocoded
which simplifies the entering of the data into the GIS application used in
this study. The county’s data refer to the year 1997.

The location and length of railway tracks in the Ribe area are taken from
the TOP10DK map.

For the purpose of processing all data concerning the risk elements, the
data is input into the GIS application software MaplInfo Professional Ver-
sion 7.5. The analysis work for determining the spatial distribution of
the damage potential as well as the damage within inundation scenarios
have been performed by means of the aforementioned GIS software and
MS Excel calculations.

5.3 Valuation analysis

This chapter describes the valuation of the tangible risk elements. By valu-
ating the tangible risk elements, the damage potential of the flood-prone
area is determined and quantified. The chapter will, however, begin with
a short description of the intangible elements (inhabitants, employees,
vehicles, tourism).

Inhabitants

The statistics of the number of persons living in each household within
Ribe Municipality show that 60 % of all households consist of either 1
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person, 2 persons or 3 persons (see Figure 5-5). 16 % of all households
consist of 4 persons, and households of more than 4 persons make up 17
%. Based on this distribution of the number of occupants per household,
a mean value of persons per household is calculated to 2,3 persons.

30 1% 1% 1 person

16%

12% [ 2 persons
M 3 persons

4 persons

[ 5 persons

W 6 persons

7 persons

W 8 persons

28%

16%

23%

Figure 5-5:  Distribution of the type of household by number of occupants.

By assigning the mean value of 2,3 occupants per household to each resi-
dential building in the flood-prone area, the distribution of the number
of inhabitants over the altitude intervals can be determined. This is illus-
trated in Figure 5-6.
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Figure 5-6: The number of inhabitants within each altitude interval.
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Figure 5-6 shows that the majority of all inhabitants live in areas above
3,5 m DVR90, which again may be explained by the historical develop-
ment of the area. Altogether, approximately 7.500 persons live within the
delimited flood-prone area.

Employees

As mentioned before the Ribe area is characterised by few industrial
plants and service companies, whereas tourism is a major economic sec-
tor. This is confirmed by considering the numbers employed. Figure 5-7
illustrates the proportional distribution of the number of employees in the
Ribe Municipality.

No information

Public adminstration, health system and social institutions
Finance companies and company services

Transportation, mail and telecommuncations

Trade, hotel and catering

Building trade and craft

Water and pow er supply

Industry

Agriculture, fishing and production of raw materials
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Number of employees (%)

Figure 5-7:  Proportional distribution of the number of employees.

Figure 5-7 clearly shows that the largest portion of employees is working
within public administration and in health/social institutions. The second
largest group consists of employees working within trade and the hotel
and catering industry. Employment in industry only makes up about 15 %
of total employment.

Comparing the employees’ branches with the description of geocoded
commercial buildings, most workplaces are located within Ribe town on
ground above 3,5 m DVR90.

Vehicles

Based on the statistics of private cars, a mean value of the number of
cars per household within Ribe Municipality is calculated to 1,3 cars per
household. The mean value is afterwards multiplied by the number of
households within each altitude interval. Each car is valued at an average
initial price of 300.000 DKK. Figure 5-8 illustrates the car value within
each altitude interval.
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Figure 5-8: Total car value within each altitude interval.

Tourism

The Ribe tourist office has provided the attendance figures of six major
tourist attractions, e.g. Ribe cathedral, the old town hall and the Viking
museum. By adding up the individual attendance figures, it turns out that
about 230.000 visitors have been registered in total at the six attractions
per year. The attendance figures further show an increase of visitors dur-
ing the period 2001 — 2003. Together with the about 1 million day-visi-
tors of Ribe town per year, the figures show the importance of tourism
for Ribe town and the surrounding area. A major flooding catastrophe
affecting Ribe town and its major tourist attractions will therefore cause
immense direct and indirect damage to the tourist trade in the Ribe area.

Buildings

Buildings are important assets to be considered within the valuation anal-
ysis because of their high value in most cases. Table 5-2 lists the number
of buildings for different fields of application within each altitude interval
of the flood-prone area.
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Key Field of application Altitude interval [m DVR90]

0,0 0,5 1,0 1.5 2,0 2,5 3,0 3,5 4,0 4,5 SUM
-5 -10 -15 -20 -25 -30 -35 -40 -45 -50

110  Residential building to agricultural 2 4 22 27 36 39 53 183
estate

120  Detached house 3 3 2 22 59 67 203 382 544 610 1895

130  Terrace house 5 12 11 8 98 285 169 206 794

140  Apartment building 1 4 8 4 8 13 31 36 41 146

150  Student hostel 1 2 1 5 9

160  Home for children, old people’s 5 4 1 18 2 1 1 32
home

190  Other building for all-year living 1 1 2

210  Farm building (agriculture, gardin- 9 24 95 140 156 204 238 866
ing, forestry)

220  Factory, workshop (industry, craft) 3 1 3 7 10 35 25 73 157

230  Buildings for public water and 3 3 10 2 5 7 9 39
power supply

290  Other building for agriculture of 3 3 1 2 9
industry

310  Transport- and garagebuilding 2 1 3 4 6 1M1 19 46
(freight)

320  Office, trade, warehouse, public 1 6 9 23 23 49 54 104 269
administration

330 Hotel, restaurant, laundary, service 1 1 1 24 7 7 5 46
company

390  Other building for trade and service 5 3 1 2 4 15

410  Cinema, teather, library, church, 4 3 5 6 8 26
museum

420  Teaching and research work 1 2 5 7 2 8 8 3 36

430  Hospital, outpatients’ department 2 1 6 9

440  Kindergarten, day nursery 4 3 5 1 13

510  Summer house 63 4 4 2 2 75

520  Youth hostel, holiday camp 1 1 5 7

530  Gym, indoor pool, clubhouse 4 1 3 3 2 3 16

540  Allotment graden house 1 6 14 35 7 10 4 2 3 82

590  Other building for leisure activities 4 1 2 3 1 6 17

910  Garage (1-2 vehicles) 1 3 6 29 30 98 169 228 251 815

920 Carport 2 3 1 6 15 29 110 280 268 323 1037

930 Outhouse 1 1 6 26 44 47 120 151 249 310 955
SUM 9 13 44 148 294 384 915 1627 1874 2288 7596

Table 5-2:  Number of buildings for different fields of application.

The fields of application key-coded from 110 to 190 are defined as resi-
dential buildings within this study. Fields of application numbered from
210 to 290 stand for agricultural and industrial buildings. The key-codes
from 310 to 440 are arranged in one group as buildings for public ad-
ministration, trade and service. Fields of application numbered from 510
till 590 are finally combined as buildings for leisure activities. Appendix E
comprises a map showing the location of the buildings in the flood-prone
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area differentiated by the four groups. Garages (910), carports (920) and
outhouses (930) are not included in the map in Appendix E.

The valuation of the building asset in the flood-prone area is based on
the public property value® of the building. Figure 5-9 illustrates the total
property value of buildings distributed over the altitude intervals.

Acc. property value [1000 million DKK]
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Figure 5-9: Total property value distributed over the altitude intervals.

It is noteworthy that approximately 7 % of the property value is located
below 2,5 m DVR90. About 45 % of the property value is placed at alti-
tudes of up to 4,0 m DVR90 and about 30 % of the total property value
is located within the altitude interval of 4,5 - 5,0 m DVR90. It may there-
fore be expected that the damage to buildings due to flooding will only
be great during flooding disasters with inundation heights above 2,5 m
DVR90.

Movable property

For movable property, no valuation has been performed. The damage
to movable property is derived on the basis of data about compensation
payments for movable property, which will be described in the following
Chapter 5.4.

Agricultural acreage

The valuation of agricultural acreage and crops has been performed by
external experts from the DSH Centre in Lagumkloster, Denmark. The

3 All buildings in Denmark are regularly valued by the Danish tax authority for taxation of property. The
property value of each building represents the approximate selling price of the building. The property
values are accessible at public registers.
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valuation analysis conducted by the DSH Centre has considered the culti-
vated crops in the delimited flood-prone area. The results of the valuation
are presented in Table 5-3. The profit per hectare for the most common
crops referring to the price level of 2003 is stated as well as the acreage
(see also Appendix E).

Crop Area [ha] Profit per ha. [DKK] Sum value [DKK]
Winter wheat 1.086 6.300 6.839.904
Winter grain 324 4.400 1.424.174
Spring grain 2.463 4.950 12.191.158
Arable grass 2.054 4.550 9.345.658
Permanent grass 520 3.150 1.637.926
Fallow land 567 0 0
Forest 5 0 0
No farm land 1.150 0 0
No information 1.806 0 0
SUM 9.974 31.438.820

Table 5-3:  Profit per hectare for representative crops within the flood-prone area.

A differentiation of the total profit of all crops over the altitude intervals
is shown in Figure 5-10. An almost linear distribution can be seen, which
differs remarkably from the other risk elements.
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Figure 5-10: Total profit distributed over the altitude intervals.

Livestock

Based on the individual purchase price of each animal species (data by
the DCH Centre), the value of livestock is calculated to be approximately
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48,6 million DKK (€ 6,5 million). Adding the profit of the livestock, the
total value of livestock within the flood-prone area amounts to about
86,8 million DKK. (€ 11,7 million). A map of the geocoded livestock is
included in Appendix E.

Electric installations

Within the delimited area, six windmills and eight pumps are located. The
eight pumps, which function within the public water supply network, are
distributed evenly over the eight altitude intervals. With respect to the six
windmills, an even distribution over the altitude intervals also exist within
the six highest intervals.

The purchase price of a supply pump is assumed to be 60.000 DKK (€
8.050), whereas the price of one windmill is set to 7.000.000 DKK (€
939.600).

Traffic system

Data about construction costs for different road classifications have been
provided by Ribe County. Table 5-4 gives an overview of the construction
costs as well as the total value of all road classifications within the flood-

prone area.
Road Length [km] Price per km [DKK] Sum value [DKK]
Path 24,3 1.100.000 26.730.000
Second road 191,5 1.000.000 191.500.000
Road 3-6 m 120,1 3.700.000 780.650.000
Road over 6 m 13,5 6.500.000 87.750.000
Expressway 0,1 6.500.000 650.000
SUM 349,5 1.087.280.000

Table 5-4:  Construction costs and value of different road classifications.

5.4 Derivation of the depth-damage functions

In a next step, functions have to be derived, which describe the dam-
age to an inundated risk element in relation to the inundation depth.

For other risk elements, the damage potential will be independent of the
inundation depth. Here, the damage of the risk element is described by a
damage factor. For buildings, movable property, agricultural acreage, live-
stock, electric installations and roads the particular depth-damage func-
tions or damage factors will be described in the following.
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Buildings

For the risk element ‘buildings’ comprising residential buildings, agri-
cultural buildings and industrial buildings, one common depth-damage
function is derived. The damage function considers damage to the build-
ing itself, e.g. damage requiring repair work on masonry and woodwork
(doors, windows), cleaning and dehumidification of the building, or
painting and restoration.

In Denmark the Flood Compensation Council (FCC) is responsible for
compensation payments in the case of flooding caused by storm surges.
Compensation is paid to private persons, companies and farms, who
have suffered damage due to coastal flooding. All claims for compensa-
tion payments are registered at the FCC. Data about compensation pay-
ments regarding flood damage to buildings in the Ribe area is therefore
available for the reference years 1999 and 2000. Based on this data, a
depth-damage function for damage to buildings is set up. For this pur-
pose, two models, one model considering the inundation depth outside
the affected building, the other model considering the public property
value of the building (see Chapter 5.3), are derived by best-fitting based
on the FCC data on flood damage to buildings. Next, both models are
combined within one depth-damage model. The concurrence of the
depth-damage model with the available FCC data is illustrated in Figure
5-11.
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Figure 5-11: Depth-damage model for buildings vs. compensation payments by
means of FCC data.
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Figure 5-11 shows no clear relationship between the amount of com-
pensation and the outer water level for compensation payments below
60.000 DKK (€ 8050). In a way, higher water levels outside the building
should result in higher compensation payments. However, the compen-
sation amount is determined by insurance agents, who must consider
further aspects besides the outer water level and the property value when
assessing the flood compensation. The derived model therefore only rep-
resents an average description of compensation payments for flood dam-
age to buildings.

Movable property

For movable property, two depth-damage models have been derived. One
considers damage in residential buildings (private sector) to e.g. house-
hold effects, and the other one considers flood damage in agricultural/
industrial buildings (economic sector) to e.g. production equipment. This
division is made because the FCC data on movable property showed a
clear distinction between the private sector and the economic sector. For
both sectors the approach used to define the depth-damage models has
been identical to the approach used for buildings. For each sector (private
and economic), two models, one model considering the inundation depth
outside the affected building, the other model considering the buildings
public property value, are derived by best-fitting based on the FCC data
on compensation payments regarding movable property. For both sectors,
the models are again combined to one depth-damage model. The depth-
damage model for the private sector is illustrated in Figure 5-12.

Compensation [1000 DKK]

120
100 —
*
4 Compensation payment
80 hd . by the FCC ]
¢ Depth-damage model,
private sector
*
60 *>
*
40 - ®
* - .
it
20 & 9 'S
°* 23 $
R SN 3 * ¢
‘ * <
* o 24 ¢
2 3
0 * o
0,0 0,2 0,4 0,6 0,8 1,0 1.2 1.4 1,6 1,8

Inundation depth outside the building [m]

Figure 5-12: Depth-damage model for private movable property compared to the

FCC compensation payments.
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The same remarks as those described for the building model are valid
for the depth-damage models on movable property. The compensation
payments differ significantly due to the individual assessments of the in-
surance agents, which required the derivation of models representing an
average description of compensation payments for damage to movable
property.

Agricultural acreage

An assessment of the flood damage at agricultural acreage and crops has
been performed by the external experts from the DSH Centre. The assess-
ment comprises the damage factors for different crops and inundation
periods of 5, 14 and 28 days. Furthermore, direct damage due to oxygen
starvation as well as indirect damage due to salt intrusion into the soil
have been considered. Additionally, the damage factors are differentiated
according to the time of the flood event, since an inundation in October
causes less damage compared to an inundation in March where the dam-
age is greater.

The water depth is estimated to have very little influence on crop failure,
whereas the duration of the inundation is important for the damage ex-
tent. Winter crops will be totally damaged after an inundation period of
14 days, while grass may survive up to 28 days of flooding. Salt intrusion
will occur in hollows where the flood water stays throughout the inunda-
tion’s retreat. The area of hollows within the flood-prone area where salt
intrusion into the soil may take place is included in the assumption by a
mean value of 15%.

Table 5-5 shows mean values of the damage to crops differentiated by
the month of occurrence and the inundation duration.

Mean damage [DKK/ha]

October November December January Febraury March

5 days 170 232 425 557 775 1097
14 days 303 411 595 823 1020 1337
28 days 1013 1281 1617 1952 2120 3030

Table 5-5:  Mean value of the damage to crops differentiated by the month of oc-
currence and the inundation duration.

Livestock

The DSH Centre has also provided damage factors for livestock. Dam-
age to livestock is normally defined as the number of animals killed due
to drowning or stress multiplied by their market price. Furthermore, the
production loss, which is suffered in the period after the inundation event
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due to reduced production capacity, is considered. The production loss
continues until total production capacity is regained.

Death due to drowning or stress depends on the inundation depth. The
DSH Centre has calculated water depths for all relevant animal spe-
cies. Cattle stock and cow stock are being killed at water depths of 1 m
or higher. Pigs and poultry stock are, however, already at risk at water
depths of 0,1 m.

Electric installations and traffic system

Damage functions for pumps within the public supply network and for
windmills are derived through expert interviews or literature research,
respectively. For pumps, it is assumed that flood water and suspended
sediment will damage all electronic parts inside the pump. This requires
replacement of the flooded pump by a new pump.

For windmills, Reese (2003) states a damage function where the damage
percentage is calculated as 2,3 times the inundation depth referring to
the initial costs of a windmill. For inundation depths of more than 2 m
the damage percentage remains constant at 4,6 %.

Normally, severe damage to roads and railway tracks occurs only in the
area close to the dike breach because of the high current velocity of the
inflowing flood water. Outside a 300 m distance from the gap, the cur-
rent velocity decreases significantly, which means that e.g. scour damage
under the carriageway surfacing will only be local. However, major costs
arise due to the required cleaning of the roads and the road ditches from
sediment depositions and drifted fragments.

Within a 100 m wide current cone, Reese (2003) states a damage fac-
tor of 80 % for cleaning and repair work referring to the initial building
costs. Within a distance of 300 m or more, the damage factor is set to 10
%. Within the subsequent damage analysis a damage factor of 10 % is
applied.

5.5 Damage analysis

As already described in Chapter 4, the top event of the fault tree is de-
fined as the flooding of the hinterland. This can either take place in the
case of collapse of the structure where water enters the protected area
through a gap, or in case of wave overtopping/overflow where a large

water volume flows over the dike crest.

For determination of the damage due to inflowing water in case of dike
breach or wave overtopping, scenarios have to be defined comprising
different breach and overtopping situations. It is only by means of sce-
narios that the inundation behaviour (e.g. inundation depth, inundation
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duration) can be simulated and the assessment of the related damage
becomes feasible.

5.5.1 Criteria for definition of inundation scenarios

An investigation of the inundation behaviour begins with the definition
of scenarios comprising different inundation events. For this purpose,
four criteria are considered while defining relevant scenarios:

® the topography of the hinterland (Chapter 5.2)
e type of flood defence structure,
e the failure probability of each section (Chapter 4.5)

e spatial distribution of the risk elements in the flood-prone area (Chap-
ter 5.3).

The topography of the hinterland (sub-areas)

The topography of the hinterland is most important for simulating the
inundation behaviour. As mentioned in Chapter 5.1 the area behind Ribe
dike is characterised by flat topography. However, a topographic eleva-
tion stretches from West to East. This elevation influences the inunda-
tion process in a way which first requires the total filling of one sub-area
before the inundation spreads to the adjoining sub-area. On the other
hand, the low-lying areas surrounding Ribe river and the other water-
courses as well as the watercourses themselves will support a fast intru-
sion of flood water into the hinterland.

Based on a closer inspection of the topography behind Ribe dike, the
flood-prone area is divided into two sub-areas, a northern area and a
southern area. Figure 5-13 shows the position and size of the two sub-
areas.
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Figure 5-13: Position and size of the two sub-areas.

The division into a northern area and a southern area applies up to 2,5 m
DVR90. Thus, further extension of the inundation into the adjoining sub-
area presupposes an inundation level above 2,5 m DVR90. This way, the
location of failure (dike breach or wave overtopping) is important in rela-
tion to the delimitation of the two sub-areas.

Type of flood defence structure

A second criterion for the definition of scenarios is the type of defence
structure where a possible failure may occur. At the Ribe defence system
a failure may either occur at the Kammer sluice, at the outlets or at the
dike structure itself.

Probability of failure

When defining relevant breach and overtopping scenarios, the results of
the probabilistic calculations are considered by taking into account the
failure probabilities of each section (see Chapter 4.5).
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Spatial distribution of the risk elements in the flood-prone area

Furthermore, the spatial distribution of the risk elements is considered
in the set-up of scenarios. The location of the major portion of assets
on high ground around the low-lying delta area of Ribe river promotes
a larger safety reserve in a flood event — or explained differently: Only
major failure events at the defence system, including a certain inflow
volume, will cause severe damage in areas with more assets, e.g. in Ribe
town.

5.5.2 Input parameters of inundation scenarios

The failure scenarios must be described by a number of parameters in or-
der to simulate the inundation depth and extension:

® |eading failure mechanisms for releasing the top event (dike breach or
wave overtopping),

® highest water level and storm surge hydrograph,
e time of failure during storm surge,

e |ocation of failure,

® time-dependent development of the dike gap,

e Ribe river and the discharge at the sluice (preceding inundation due to
closed floodgates).

Leading failure mechanisms

As shown in Figure 4-6, the three failure mechanisms causing the top
event (inundation of the hinterland) are overflow, wave overtopping and
dike breaching. In Chapter 4-4, the failure probability of each failure
mechanism has been calculated for each of the six representative cross-
sections (see also Appendix D). The calculations showed the highest fail-
ure probabilities for the failure mechanism ‘wave overtopping’, assuming
a maximum permissible overtopping rate of 20 I/(sm). The permissible
overtopping rate of 20 I/(sm) is dependent on the circumstances of the
adjacent hinterland (size of polder, building density, damage potential)
and the dike stretch, where wave overtopping occurs (Kortenhaus &
Oumeraci, 2002). Within this study the acceptable overtopping rate is set
to 20 I/(sm).

As further mentioned in Chapter 4.4, wave overtopping is also the rel-
evant failure mechanism for the sluice and the outlets. However, the
volume of overtopping water over a 10 m wide sluice or over a 30 m
wide outlet is very small compared to several dike kilometres, and will
therefore not cause a major flooding event in the flood-prone area. Wave
overtopping at the sluice or at the outlets is therefore not considered
when defining relevant failure scenarios.
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The failure mechanism ‘overflow’ is neglected because of the low prob-
ability. However, the consideration of overflow in a scenario would be
comparable to the failure mechanism ‘wave overtopping'.

The third failure mechanism to be considered in the scenarios is the dike
breach itself. During a dike breach, a flow channel and a subsequent gap
develop due to erosion. The inflow volume into the hinterland strongly
depends on the size of the gap as well as on the gradient between the
inner and outer water levels. These parameters are important for the in-
undation simulation and will be further described below.

Highest water level and storm surge hydrograph

The water level during a storm surge on the seaward side is an important
parameter, not only for probabilistic calculations. The flood peak and the
water level course are furthermore relevant parameters for determining
the inflowing water volume through a gap or due to wave overtopping.
For this purpose, a standardised water level hydrograph is derived. The
standardised hydrograph is based on the five highest storm surges which
have been monitored completely at four water level gauges in the Danish
Wadden Sea from 1972 till 2002. The storm surge curves are related to
their highest water level by means of a simultaneous plot. For every 20
cm level below the flood peak, the mean retention period and its stand-
ard deviation are calculated. Table 5-6 lists the calculated values.

Level below max. water level Mean retention period St. deviation
[em] (h] (h]
0 0,03 0,11
-20 2,29 1,24
-40 3,63 2,36
-60 4,62 3,15
-80 5,46 3,69
-100 7,15 5,05
-120 9,55 6,46
-140 11,64 7,36
-160 13,92 8,28
-180 16,26 9,83
-200 19,48 11,52
-220 23,47 12,48
-240 27,32 12,52

Table 5-6:  Standardised storm surge for the Danish Wadden Sea.

Assuming a storm surge culmination at a maximum water level of 5,0 m
DVRIO0, Figure 5-14 illustrates the related water level hydrograph. For the
calculations of the inflowing water volume within the inundation simula-
tion, the standardised water level hydrograph constitutes the basis for
each scenario only distinguished by the assumed flood peak level.
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Figure 5-14: Standardised storm surge hydrograph based on a flood peak level of
5,0 m DVR9O.

Time of failure during storm surge

Furthermore, the time of failure in relation to the standardised storm
surge hydrograph has to be defined. A dike breach during a raising water
level will result in a larger inflow volume than a breach occurring after
the surge culmination during a falling water level. For reasons of simplifi-
cation, the time of failure is set in relation to the flood peak. An assumed
time of failure of e.g. -6 hours represents a failure event which occurs six
hours before the flood peak.

Location of failure (dike breach or wave overtopping)

As mentioned before, the location of a dike breach or wave overtopping
is important in the simulation of the inundation due to the flood water
extension governed by the hinterland topography. Topographical eleva-
tion will limit the spreading of the flood wave, while on the other hand
flood water is easily transported into the hinterland by means of the ex-
isting watercourses and their low-lying areas.

However, the precise position of a dike breach or a dike stretch with wave
overtopping is not known in advance. The conditions and parameters
which govern the location of a dike breach event or an overtopping event
are not known yet. In the coming years, attempts will therefore be made
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to develop approaches which will enable a more precise positioning of an
overall failure event along a flood defence system.

Within this study, the positioning of e.g. an assumed dike breach is
limited to the selection of one or more dike sections. For example, the
assumption of one dike breach within Section 6 is made. The precise po-
sition within Section 6 is, however, not known and will therefore not be
defined. The selection of relevant sections for e.g. a dike breach is mainly
governed by the calculated overall failure probabilities of each section,
see Chapter 4-5. The overall failure probabilities of the sections are also
graphically illustrated in Appendix F.

Time-dependent development of dike gap

In case of a dike breach, the time-dependent development of the gap has
to be considered. The width of the gap through which water flows into
the hinterland depends on the time-dependent gradient between outer
and inner water levels as well as the geotechnical features of the dike.

Up to now, only the method of Visser (1998) has described the time-de-
pendent breach development of a sand dike. According to Visser (1998)
five stages can be distinguished in the process of a breach at a sand dike.
The breach erosion starts with the flow of water through a small initial
breach at the top of the dike with a trapezoidal cross-section. Within the
first three stages, the flow of water increases the cross-section of the
channel on the inner slope of the dike. The slope angle of the channel
gets steeper and retrograde erosion decreases the width of the dike crest.
After the vanishing of the crest, the inflow increases which results in in-
creased erosion of the dike core. At the same time the gap width increas-
es. At the end of the third stage, the dike core in the breach is completely
washed out down to the dike base at polder level. At the fourth stage,
the breach continues to grow laterally. At the fifth stage, the breach con-
tinues to grow until the point of time where the flow velocity becomes
so small that the breach erosion stops. This point of time depends on the
gradient between the outer and inner water levels. At the time where the
inner water level reaches approximately 0,7 times the height of the outer
water level, the flow velocity through the gap will start decrease, which
results in a decreased erosion rate on the breach sides. The flow through
the breach stops when the water level in the flooded hinterland equals
the outside water level. At that time, the final breach width is reached.

The inner water level, however, depends on the storage capacity of the
flood-prone area. In order to simplify the calculation of the inflow volume
and the simulation of the inundation behaviour, two assumptions have
been made:
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e The time at the end of the third stage has been chosen as the starting
time for calculations of the breach development and the inflow vol-
ume. At that time, the vertical erosion is ended and the dike core in
the breach is completely washed out. The previous breach stages are
thus not considered in the inundation scenarios within this study.

e The model by Visser (1998) only applies to a sand dike. Models on
the growth of a gap at a clay-covered dike could not be found in the
literature. Hence, it has been necessary to apply information about a
recorded dike breach for the scenarios at the Ribe defence system.

In CUR (1990) it is stated that only a few cases have been recorded in
which the growth of the gap width as a function of time is tolerably
known. Two cases are represented in CUR (1990), of which the breach

at the lssel dike on January 8th, 1926 has been chosen as an assumed
scenario for the growth of a possible breach at Ribe dike. This scenario
has been selected due to missing data and models for a time-dependent
modelling of a dike breach at Ribe dike. By performing a curve-fitting, the
following function for the gap growth based on the recorded breach at
the lssel dike could be derived:

D=

b =67-t (Eq. 14)
where: b = gap width [m]

t =time [h]

Figure 5-15 illustrates the derived function of gap growth assumed for a
dike breach at Ribe dike based on the recorded breach at the lJssel dike in
1926.
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Figure 5-15: Assumed growth of a dike breach at Ribe dike.
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Ribe river and the discharge at the Kammer sluice

In the case of an up-coming flood event, the floodgates of the Kammer
sluice will be closed in order to prevent the intrusion of flood water into
the hinterland through the sluice. The closing of the floodgates normally
lasts until the outer water level has fallen below the river's water level.

In some situations this may last up to several days, which involves a long
interruption of the river discharge through the sluice.

Especially in combination with long precipitation events during the winter
season, the closing of the floodgates cause comprehensive backwatering
of the river discharge, which results in flooding of the adjacent low-lying
hinterland. Therefore, in some scenarios a preceding inundation due to
interruption of the river discharge is considered. The inundation volumes
caused by closed gates have been calculated based on a mean discharge
of 70 m3/s. This mean discharge value has been stated by the Ribe
County as valid for the Kammer sluice in case of long-lasting preceding
precipitation events.

5.5.3 Description of inundation scenarios

A total of seven scenarios are defined. Three scenarios affect the south-
ern sub-area of the flood-prone hinterland. Two scenarios affect the
northern sub-area and two scenarios affect the total flood-prone area.

In five scenarios inundation occurs due to one or more dike breaches,
whereas two scenarios consider wave overtopping and the failure of both
gates at the sluice respectively. Three scenarios will consider a preceding
inundation due to the closing of the sluice gates for several hours. The
seven scenarios will be further described in the following. Furthermore,
the selection of the considered dike section within each scenario is graph-
ically illustrated in Appendix F.

Scenario Sc1

Scenario Sc1 comprises one dike breach in Section 6. The section is lo-
cated directly south of the Kammer sluice which includes the flooding of
the southern sub-area (see Appendix F). Section 6 is represented by the
cross-section km 8,422. The failure probability of which has been calcu-
lated to Pf = 4,5-107>. This probability value is the second highest failure
probability within all six cross-sections. Furthermore, when considering
only the sections which border on the southern sub-area, Section 6 has
the highest failure probability.

The time of failure is assumed to be four hours before the flood peak,
which is defined to reach a level of 4,90 m DVR90. At the time of fail-
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ure the outer water level is calculated to 3,83 m DVR90 considering the

standardised storm surge hydrograph (see Chapter 5.5.2). By subtracting
the foreland height from the water level, the hydraulic fall results in 1,91
m.

Scenario Sc2

Within scenario Sc2 one dike breach is assumed in Section 2, which is
represented by the cross-section km 3,156. Section 2 has a failure proba-
bility of Pf = 3,1-1072, which is the second highest probability of all south-
ern sections (see Chapter 4.5 and Appendix F). Actually, scenario Sc2 and
scenario Sc1 are quite comparable, however, scenario Sc2 considers a
preceding closing of the gates at the Kammer sluice.

The dike breach is assumed to take place 3,5 hours before the culmina-
tion of the storm surge at an outer water level of 4,21 m DVR90. The hy-
draulic fall is only 1,64 m due to a high foreland level of 2,57 m DVR90.
Further, it is assumed that the floodgates of the sluice had to be closed
24 hours before the flood peak because of an increasing wind setup on
the seaward side of the flood defence system.

Scenario Sc3

In scenario Sc3 the inundation behaviour in the northern sub-area is
investigated. Therefore, scenario 3 comprises one dike breach within Sec-
tion 9. Section 9 has the highest failure probability of all cross-sections.

Within scenario Sc3, the standardised water level hydrograph is calcu-
lated based on a maximum water level of 4,5 m DVR90. The breach takes
place 30 minutes before the flood reaches its maximum. At that time,

the outer water level is calculated to 4,41 m DVR90, which results in a
hydraulic fall of 1,91 m.

Scenario Sc4

Scenario Sc4 investigates the effects of wave overtopping on a long dike
stretch. Dike breach failure is not considered in scenario Sc4.

Within scenario 4 wave overtopping is assumed to occur in Section 9,
which is located north of the Kammer sluice. Section 9 is represented by
the cross-section km 10,403. The failure probability for wave overtopping
has been calculated to Pf = 6,6-107 (see Table 4-7), which is the highest
probability value within all cross-sections. Wave overtopping is assumed
to occur along the whole stretch of Section 9, which comprises approxi-
mately 1.200 m. The overtopping rate is assumed to be 20 I/(sm) and the
duration of wave overtopping is set to six hours.
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Scenario Sc5

Scenario Sc5 considers three dike breaches along the defence system.
The dike breaches occur in Section 6 (cross-section km 8,422), Section
2 (cross-section km 3,156) and in Section 9 (cross-section km 10,403)
(see Appendix F). Two of the breaches affect the southern sub-area and
one dike breach affects the northern sub-area. However, the number of
breaches and the subsequent inflow volume will affect the total flood-
prone area.

The maximum water level during scenario Sc5 is assumed to reach 5,0 m
DVR90. The three dike breaches take place at different times before the
flood peak. The time of each breach is stated in Table 5-8. Due to the dif-
ferences in time as well as in foreland heights, the hydraulic fall at each
gap varies between 1,52 m and 2,22 m.

Furthermore, it is assumed that the flood gates of the Kammer sluice had
to be closed 14 hours before the flood peak. The preceding inundation
volume is calculated based on a mean discharge of 70 m3/s.

Scenario Scé

Scenario Sc6 comprises four dike breaches, two north of the sluice and
two south of the sluice. The four affected sections are represented by the
cross-sections having the four highest failure probabilities. Table 5-7 lists
the affected sections and the accompanying cross-sections.

The flood peak level is set to 5,35 m DVR90. The hydraulic fall at the dike
breaches varies between 1,16 m and 2,00 m. Furthermore, the scenario
comprises the closing of the flood gates 14 hours before the flood peak.

Scenario Sc7

Within scenario Sc7 solely the failure of the gates at the Kammer sluice is
considered. It is assumed that both gates fail 4,5 hours before flood cul-
mination. At that time, the height of the water level is 3,0 m DVR90. The
flood peak level is set to 4,0 m DVR9O.

An overview of the locations and the representative cross-sections used
within the inundation scenarios are provided in Table 5-7. All relevant
input parameters for the calculation of the inflow volume as well as their
assumed values are listed in Table 5-8.
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No. Scenario Dike section  Rep. cross-section  Failure mechanism Affected area
Sc1  Scenariol 6 8422 1 dike breach Southern sub-area
Sc2  Scenario2 2 3156 1 dike breach Southern sub-area
Sc3  Scenario3 9 10403 1 dike breach Northern sub-area
Sc4  Scenario4 9 10403 wave overtopping Northern sub-area
Sc5 Scenario5 6 8422 3 dike breaches Total area

2 3156

9 10403
Sc6  Scenario6 6 8422 4 dike breaches Total area

2 3156

9 10403

8 9400
Sc7  Scenario7 7 Sluice failure of both gates  Southern area

Table 5-7:  Overview of the locations and the representative cross-sections.
_ Time of ~ Water level at Highest Mean over-  Mean dis- Duration of
No. REp', cross” Crgst Levgl in front failure time of failure water level topping charge Qg closing ts
section height hy - of dike he t %) hu Ry max rate K. sluice K. sluice
[m DVR90]  [m DVR90] [h] [m DVR90] [mDVRI0]  [m3/sm] [m3/s] [h]
Sc1 8422 6,73 1,92 -4 3,83 4,90
Sc2 3156 6,83 2,57 3,5 4,21 4,90 70,0 24 +10
Sc3 10403 6,65 2,50 0,5 4,41 4,50
Sc4 10403 6,65 2,50 -3 0,02
Sc5 8422 6,73 1,92 -3 4,14 14+ 13
3156 6,83 2,57 -2 4,53 5,00 70,0
10403 6,65 2,50 -3,5 4,02
Sc6 8422 6,73 1,92 -6 3,92 5,35 70,0 14 + 8,5
3156 6,83 2,57 -5 4,11
10403 6,65 2,50 7,5 3,66
9400 6,68 2,63 -4,5 4,20
Sc7 Sluice 5,88 -1,30 -4,5 3,02 4,00
Table 5-8:  Input parameters and values of the inundation scenarios.

5.5.4 Calculation of inflow volume and simulation of inundation
behaviour

Before presenting the calculated inflow volume and the inundation be-
haviour within each scenario, the general approach which has been ap-
plied will be explained. A smaller deviation from the general approach ap-
plies to Scenario 4, which will be described during the subsequent result
presentation of the calculated inflow volumes of the respective scenarios.

The determination of the inflow volumes has been performed by means

of MS Excel spreadsheet calculations. Based on the assumed flood peak

level the standardised storm surge hydrograph is determined by calculat-
ing the respective water level for each time step (compare Table 5-6 and
Figure 5-14). The assumed time of failure (dike breach) represents the
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starting point for the calculation of the gap development and the inflow
volume. Based on the assumed gap growth curve and the time steps in
the storm surge hydrograph, the growth of the gap is calculated over the
time. Furthermore, the hydraulic fall is calculated for each time step after
the assumed time of failure. Having determined the gap width and the
hydraulic fall, the inflow volume is calculated for each time step by means
of equation Eq. 15:

Q=b- 2—7~g'h (Eg. 15)
where: b = width of gap
g = gravity = 9,81 m/s2

h = height of hydraulic fall

Afterwards, the inflow volume accumulated over the time steps is calcu-
lated.

Due to the counteracting behaviour of the inner and outer water levels
— the inner water level rises because of the inflow of flood water and
the outer water level decreases according to the storm surge hydrograph
- both water levels will reach the same level at a certain time. In order

to determine the time where the gradient between the outer and inner
water levels approaches zero, storage mass curves of the southern and
northern sub-areas as well as of the total flood-prone area have been
derived by calculating the storage capacity for every 0,1 m. The storage
mass curves for the southern sub-area, northern sub-area and the total
flood-prone area are illustrated in Figure 5-16.
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Figure 5-16: Storage mass curves for the southern and northern sub-areas as well
as for the total flood-prone area.
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For different values of accumulated inflow volumes, the related inner
water levels are determined by the storage mass curves. By comparing
the inner water level with the outer water level at a certain time step, the
gradient’s magnitude between both water levels is assessed. In case the
inner water level has approached about 0,7 times the height of the outer
water level, the inflow capacity starts decreasing. At the time of equal
water levels on both sides of the gap, the inflow stops and the adapted
inner water level is recorded for the subsequent determination of the
damage potential.

Inundation within scenario Sc1

The inflow volume within scenario Sc1 amounts to 27,5-108 m3. The
outer and inner water levels are balanced 10 hours after the flood peak,
which results in an overall inflow duration of 14 hours from the time of
failure. During that time, the gap width has extended to approximately
130 m. The inner water level in the southern sub-area appears to be 2,4
m DVR90.

Inundation within scenario Sc2

Within scenario Sc2, the preceding closing of the sluice gates results in

a backwatering volume of about 6,0-106 m3 before the time of failure.
About 14 hours after the flood peak (17,5 hours after the dike breach)
the outer water level has decreased below the level of the dike base with-
in the gap. The inflow therefore stops. At that time 13-10° m3 of flood
water has flown into the southern sub-area. Together with the backwater
volume of the Ribe river before the dike breach and during the flooding
the inundation volume amounts to 22,5-108 m3, which results in an in-
ner water level of 2,2 m DVR90. This inner water level is, however, lower
than the base level of the gap.

Thus, this scenario shows that in some cases the balancing of the water
levels can not be achieved during the storm surge because of a high fore-
land level, which stops the inflow into the hinterland at the time when
the outer water level has fallen below that gap level.

Inundation within scenario Sc3

Within scenario Sc3, the northern sub-area is flooded by a total inunda-
tion volume of 5,8:10° m3. The growth of the gap stops nine hours after
the time of failure comprising a width of 115 m due to balanced water
levels. The inner water level in the northern sub-area ends up at 1,8 m
DVROO.

119



COMRISK - SP 7 CHAPTER 5
/\/ Vulnerability analysis and damage potential

Inundation within scenario Sc4

Scenario Sc4 comprises the failure of wave overtopping on a dike stretch
of 1200 m. Here, the approach with two balanced water levels (inner
and outer) is not applicable. The inflow volume is mainly governed by
the duration of wave overtopping and the mean overflow rate. As earlier
described, the duration of wave overtopping is set to six hours and the
mean overflow rate is assumed to be 20 I/(sm). The total inundation vol-
ume amounts to 0,52-108 m3, which results in an inner water level of 0,7
m DVROO0.

Inundation within scenario Sc5

Within scenario Sc5, three dike breaches and the backwatering of the
discharge of Ribe river result in a total inundation volume of about
66,8-108 m3, which inundates major parts of the total flood-prone area.
The volume of backwater is calculated to 6,8-108 m3, whereas the inflow
volume through the three gaps accumulated during 16,5 hours totals
60-10® m3. The total width of all three gaps adds up to 410 m.

Inundation within scenario Scé

Scenario Sc6 comprises four dike breaches along the flood defence sys-
tem, which add up to a total width of 530 m 16 hours after the first dike
breach. During that time, a total volume of 121-10® m3 flows through
the four gaps into the hinterland. Additionally, the closing of the sluice
gates causes a backwatering volume of 5,7-108 m3. The total inundation
volume of 127-10® m3 results in an inner water level of 3,7 m DVR90,
which can be considered as a major flooding disaster in the Ribe hinter-
land.

Inundation within scenario Sc7

Within scenario Sc7, both gates at the Kammer sluice fail 4,5 hours be-
fore the flood culmination. The stretch of failure is 10 m, equal to the
width of the sluice opening. For reasons of simplification, a rough as-
sumption is made while calculating the height of the hydraulic fall: For
each time step, the hydraulic fall is calculated by subtracting the flood
level and the mean river level. The effects of two currents being directed
towards each other (discharge of the river towards the inflow of flood
water) are not considered here.

The total inundation volume is calculated to be 19,8-10® m3, which re-
sults in an inner water level of 2,7 m DVR90 affecting the southern sub-
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area. Thus, scenario Sc7 comprises an inundation behaviour quite similar
to the scenarios Sc1 and Sc2.

The results of all inundation scenarios are summarized in Table 5-9. The
second column states the time of balanced outer and inner water levels,
while the third column presents the inflow duration for each scenario.
The fourth column adds up the total length of failure. Finally, the fifth
and sixth column state the inflow volume and the resulting inner water
level for the affected area.

Total length of Duration of in-  Volume Q Inner water level
No. Time t=pi) *) : _ ) Affected area
failure at t_p,y  flowing water at tn=pi hi at t,-pi)
[h] (ml] (hl [10% m3] [m DVR90]
Sc1 +10 130 14 27,5 2,40 Southern sub-area
Sc2 +14 130 17,5 22,5 2,20 Southern sub-area
Sc3 +8,5 115 9 5,8 1,80 Northern sub-area
Sc4 -3 till +3 1200 6 0,52 0,70 Northern sub-area
Sc5 +13 410 16,5 66,8 2,80 Total area
Sc6 +8,5 530 16 127,0 3,70 Total area
Sc7 +10,5 10 15 19,8 2,10 Southern sub-area

Table 5-9:  Results of the inundation scenarios.

5.5.5 Determination of the damage within each scenario

As described in Chapter 5.2, altitude lines have been interpolated at
regular intervals of 0,5 m within the topography of the flood-prone hin-
terland. Furthermore, all elements at risk have been classed with a certain
interval (Chapter 5.3), which allows in the following the selection of
inundated risk elements within the respective inundation scenarios. Due
to the fact that some of the depth-damage functions of the elements de-
pend on the inundation depth (Chapter 5.4), the calculated inner water
levels are sorted into matching altitude intervals. All risk elements within
the intervals below the inundation interval are selected and the inunda-
tion depth is calculated by subtracting the mean altitude values of both
intervals.

For example, a risk element placed within the altitude interval of 0-0,5 m

DVR90 will be flooded by 1,5 m within scenario Sc3, where the inner wa-
ter level has been sorted into the interval of 1,5-2,0 m DVR90. Table 5-10
states the calculated inundation levels of each scenario and indicates the

sorting into the altitude intervals.
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No. Inner water level Altitude interval Mean altitude Affected area
[m DVR90] [ m DVR90] [m DVR90]

Nl 2,40 2,0-2,5 2,25 Southern sub-area
Sc2 2,20 2,0-2,5 2,25 Southern sub-area
Sc3 1,80 1,5-2,0 1,75 Northern sub-area
Sc4 0,70 0,5-1,0 0,75 Northern sub-area
Sc5 2,80 2,5-3,0 2,75 Total area

Sc6 3,70 3,5-4,0 3,75 Total area

Sc7 2,10 2,0-2,5 2,25 Southern sub-area

Table 5-10: The calculated inner water levels and the sorting into the altitude inter-

vals.

Due to the fact that the inner water level of scenarios Sc1, Sc2 and Sc7

are sorted into the same altitude interval (2,0 — 2,5 m DVR90), the three
scenarios are treated as one scenario in the following assessment of the
damage.

Table 5-11 states the final results of the calculated damage for the seven

scenarios. In contrast to the presentation of the selected risk elements in

Chapter 5.1.2, the risk elements ‘traffic system’ and ‘electric installations’
have been grouped together as ‘Infrastructure’.

Table 5-11 shows clearly the highest damage within scenario Sc6. This
is understandable due to the large extension of the inundation into the
hinterland and the large inundation depth of up to 3,25 m in low-lying
areas, which results from the four dike breaches.

For the scenarios Sc3 and Sc4, the damage is quite low. The amount of

2 million DKK (€ 268.500) is not exceeded in either scenario. Both sce-
narios are characterised by the fact that no buildings are inundated. Thus,
no damage to movable property occurs. Within the scenarios Sc1, Sc2
and Sc7, however, buildings and movable property are flooded. The total
damage for these scenarios amounts to about 19 million DKK.

Risk element Sc1/Sc2/Sc7 Sc3 Sc4 Sc5 Sc6
Buildings DKK 4.937.000 DKK 0 DKK 0 DKK  54.179.000 DKK  203.555.000
€ 662.685 € 0 € 0 € 7.272.349 € 27.322.819
Movable property DKK 4.640.000 DKK 0 DKK 0 DKK  37.538.000 DKK  146.905.000
€ 622.819 € 0 € 0 € 5.038.658 € 19.718.792
Agricultural acreages ~ DKK 2.208.000 DKK 933.000 DKK 211.000 DKK 7.098.000 DKK 9.489.000
January € 296.376 € 125235 € 28322 € 952,752 € 1.273.691
Livestock DKK 0 DKK 0 DKK 0 DKK 1.232.500 DKK 7.978.000
€ 0 € € 0 € 165.436 € 1.070.872
Infrastructure DKK 7.226.000 DKK 844.000 DKK 942.500 DKK  22.862.000 DKK  56.554.000
€ 969.933 € 113.289 € 126.510 € 3.068.725 € 7.591.141
TOTAL DKK ~ 19.011.000 DKK 1.777.000 DKK 1.153.500 DKK  122.909.500 DKK  424.481.000
€ 2551812 € 238523 € 154.832 € 16.497.919 € 56.977.315

Table 5-11: The calculated damage for all inundation scenarios.
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In the following, a closer look at the calculated damage is intended by
making a few remarks on the risk elements. An illustration of the affected
risk elements within each scenario as well as an illustration of the inunda-
tion extension are presented in Appendix G.

Buildings

Within scenarios Sc1, Sc2, Sc5, Sc6 and Sc7 buildings are flooded. The
greatest damage is seen within scenario Sc6, nearly 4 times the damage
of scenario Sc5. This leap between Sc5 and Sc6 can be explained by the
extension of the inundation into the urban areas of Ribe town. Moreover,
industrial buildings are flooded which normally have a higher property
value compared to private property.

No buildings are affected by the flooding within the scenarios Sc3 and
Sc4. On the one hand, this is due to the fact that the inundation volumes
in Sc3 and Sc4 are quite small and on the other hand the fact that no
buildings are located close to the defence system in the northern sub-
area.

Movable property

The determination of the damage to movable property is linked to the
particular property value, as already described in Chapter 5.4. Further-
more, the depth-damage functions of movable property distinguish be-
tween movable property within residential buildings (private sector) and
agricultural/industrial buildings (economic sector). Table 5-12 states the
calculated damage for both sectors.

Risk element Sc1/5¢2/Sc7 Sc5 Sc6

Movable property DKK 2.239.000 DKK 22.533.000 DKK 59.828.000
Private sector € 300.537 € 3.024.564 € 8.030.604
Movable property DKK 2.401.000 DKK 15.005.000 DKK 87.077.000
Economical sector € 322.282 € 2.014.094 € 11.688.188
Movable property DKK 4.640.000 DKK 37.538.000 DKK 146.905.000
Total € 622819 € 5.038.658 € 19.718.792

Table 5-12: The damage to movable property in the private and economic sectors.

Within Sc6 the damage to the economic sector is higher than the dam-
age within the private sector. This fact can again be explained by the
extension of the inundation into Ribe town. In general, an extension of
the inundation into the Ribe hinterland causes an increase of the damage
to buildings as well as of the damage to movable property. Inundation

of particular areas inside Ribe town may result in higher damage to eco-
nomic movable property than damage to private movable property.
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Agricultural acreage

Figure 5-17 shows the damage to crops within the seven scenarios for
the five winter months November, December, January, February and
March, where the occurrence of a storm surge is most likely. Flooding of
agricultural acreage in March will cause the worst damage, since new
sowing of crops for the coming harvest is out of the question.

[million DKK]
16
November
14 W December
W January
12
B February
10 B March
8
6
4
2

Sc1/Sc2/Sc7 Sc3 Sca Sc5 Sc6

Figure 5-17: The damage to crops due to inundation in the five winter months.

Since no statistics of the occurrence of storm surges regarding the five
winter months is available, the calculated damage values of January have
been applied to calculate the total damage of each scenario.

Livestock

Damage to livestock is only calculated within scenarios Sc5 and Sc6. Due
to the fact that livestock is geocoded by means of agricultural buildings,
the damage to livestock depends on an inundation event at a particular
agricultural building. Therefore, the inundation of some stock species
staying on meadows is not considered in the calculated damage. A small
damage of livestock is thus possible within the scenarios Sc1 — Sc4 and
Sc7, too.

Infrastructure

The calculated damage to infrastructure comprises damage to roads,
pumps and windmills. It is only within Sc5 and Sc6 that damage occurs
to pumps and windmills, adding up to 324.000 DKK (€ 43.500) and
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804.000 DKK (€ 108.000) respectively. Hence, the largest portion of the
damage can be led back to damage to or cleaning work at roads. The as-
sumed damage factor of 10 % of the road building costs (Chapter 5.4)
amount to a quite high damage value. However, the cleaning work of up
to 185 km road and roadside ditches (scenario Sc6) as well as the repair
work of scour damage under the carriageway surfacing may add up to
quite high sums.
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6. Risk assessment of the Ribe flood defence
system

As the final formal step of the risk analysis procedure, the risk assessment
links the results of the hazard analysis and the vulnerability analysis. Thus
the predicted flood risk is determined, which in some references also is
defined as the specific or statistical risk (Reese, 2003).

The objective of the risk assessment is to quantify the probability of dam-
age events in a specific area based on the results of the hazard analysis
and the vulnerability analysis. As described in Chapter 5.5, inundation
scenarios have been defined to determine the inundation behaviour (ex-
tension and depth) in the hinterland, which governs the damage within
each scenario. The inundation extension and inundation depth depend
on the inflow volume and the topography. Data about the hinterland
topography is normally available or can be generated. Concerning the
inflow volume, it depends on several principal parameters, which have
already been described in detail in Chapter 5.5.2:

e the location and number of failure events (dike breach or wave over-
topping),
® the (standardised) storm surge hydrograph,

e the time of failure or the failure water level in relation to the storm
surge hydrograph,

® time-dependent development of the dike gap.

The geographical placement of one or more failure events along the
defence systems together with the time-dependent inflow volume must
therefore be assessed in connection with a vulnerability analysis.

However, this leads to two questions:

® |s the damage determined within each scenario multiplied by the
overall flooding probability of the whole flood defence system or by
the overall failure probability of the defence system section (see Chap-
ter 4.5) where the particular scenario considers failure?

e |s the calculated flood risk of the Ribe flood defence system a single
value, or should the flood risk rather be assessed as a range of risks
depending on the applied scenarios?
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Concerning these two questions, no information could be found in the
literature. Moreover, the number of already published risk values and de-
tailed descriptions of combining the failure probability with the damage
potential are quite poor in the literature.

Therefore, considering the first question, it is decided to multiply the
damage calculated within a particular scenario by the overall flooding
probability of the whole flood defence system. By using this approach, it
is taken into account that the structure actually also could fail in a differ-
ent section than the section considered in the particular scenario.

Within this study, the different damage values depending on the sce-
narios lead to an assessment of the Ribe flood risk as a range of the flood
risk values. Scenarios comprising a small inflow volume and subsequently
little damage potential may represent a lower bound of the flood risk,
whereas the scenarios with large inflow volumes and a high inundation
depth may represent the upper bound of the flood risk.

Table 6-1 states the overall failure probability P, the damage E(D)sc and
the calculated risk values R for each inundation scenario.

Scenario Overall flooding Damage Risk
probability

Pf E(D)s¢ [DKK] E(D)sc [€] R I[DKK/year] R [€/year]
Scl 2,50E-04 19.011.000 2.552.000 4.753 638
Sc2 2,50E-04 19.011.000 2.552.000 4.753 638
Sc3 2,50E-04 1.777.000 239.000 444 60
Sc4 2,50E-04 1.153.500 155.000 288 39
Sc5 2,50E-04 122.909.500 16.498.000 30.727 4.125
Sc6 2,50E-04 424.481.000 56.977.000 106.120 14.244
Sc7 2,50E-04 19.011.000 2.552.000 4.753 638

Table 6-1:  Predicted risk of the Ribe defence system considering each inundation

scenario.

The results presented in Table 6-1 show that the statistical risk for the
Ribe defence system roughly varies between 300 DKK/year and 110.000
DKK/year. This can be seen as a quite large range which, however, de-
pends on the definition of the inundation scenarios and the assets af-
fected by the inundation. Unfortunately, other risk values from different
civil engineering disciplines could not be found in the literature in the
remaining working time available. However, a risk of 110.000 DKK/year is
considered as acceptably small. A detailed evaluation of the determined
range of risks is, however, only applicable within the procedure of a risk
evaluation, which lies beyond the scope of this study.

By comparing the risk values of the scenarios, the calculated risks within
scenarios Sc1, Sc2 and Sc7 have identical values. This may lead to the
conclusion that one dike breach affecting the southern sub-area results in
the same risk as the failure of the sluice gates. This is, however, only valid
when considering an overall flooding probability of Pf = 2,5-104, which

127



COMRISK - SP 7 CHAPTER 6
Risk assessment of the Ribe flood defence system

includes the disregard of the sluice and the three outlets. As mentioned
in Chapter 4.5, it has not been possible to finally investigate the failure
probability of the Kammer sluice due to missing models within its fault
tree. By comparing scenarios Sc1 and Sc2, the significance of a preced-
ing closing of the sluice gates can be assessed. Without considering the
backwatering of the Ribe river discharge in scenario Sc2, the total inflow
volume will amount to about 13 million m3 due to the decrease of the
outer water level below the basis of the gap. This inflow volume will
result in an inundation level of approximately 1,75 m DVR90, which evi-
dently will cause less damage in the southern sub-area and thus reduce
the risk value for scenario Sc2. However, considering a backwatering vol-
ume of 9,5 million m3, the risk within this scenario will be similar to the
risk of scenario Sc1. The parameters of foreland height and backwatering
volume in connection with sluices or outlets therefore turn out to be im-
portant parameters to be considered within a vulnerability analysis.

The calculated risk values for scenarios Sc3 and Sc4 are very low. The
small inflow volumes together with damage only to agricultural acreage
and infrastructure result in risk values below 1.000 DKK per year, which
are considered the lower bound of the range of risks.

The risk values calculated for scenarios Sc5 and Sc6 show that more se-
vere failure events (three dike breaches or more) are required for larger
damage values, which may by explained by the location of the assets in
the Ribe flood-prone area.

To sum up one may say that the risk values strongly depend on the in-
undation scenarios, how they are defined and their accompanying total
damage values. It is therefore recommended that the set-up and the reli-
ability of scenarios be further investigated within future research projects
(see also Chapter 7).
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7. Summary, conclusion and recommenda-
tions for future work

The main objective of this study has been the performance of a risk as-
sessment of a flood defence system located in the Danish part of the
Wadden Sea. As a pilot study area the Ribe flood defence system and
the accompanying flood-prone hinterland have been chosen. Based on
the literature, a conceptual framework on risk handling has been worked
out, which considers the performance of a risk assessment as a sub-proc-
ess of a risk analysis. The procedure applied within the risk analysis has
been based on the state of the art found in the literature.

The report in hand has described the procedure and the results of the risk
analysis for the Ribe flood defence system. The flood risk of the flood de-
fence system is hereby defined as the product of the flooding probability
and the subsequent consequences of flooding. The flooding probability
has been investigated within a hazard analysis, the results of which are
summarised at first. Afterwards, the vulnerability analysis comprising the
determination of the possible consequences of inundation will be sum-
marised. This summary will be followed by a short overview of the results
of the risk assessment. The summaries will be concluded by recommen-
dations concerning the particular analysis or procedure.

Additionally, the chapter will end with some general remarks and recom-
mendations on the procedures applied in the study.

Hazard analysis

The flood defence system in Ribe situated at the West Coast of Denmark
is characterised by a flat sea dike with a sand core, clay and grass cover.
The standard profile shows a 1:10 seaward slope and a crown height of
6,88 m DVR9I0. The system also comprises a sluice and three outlets. The
flood-prone hinterland expands over 95 km?2.

The calculation of the overall flooding probability has been based on six
cross-sections of the Ribe dike. Information about a total number of 80
input parameters describing geometrical, geotechnical and hydrodynamic
boundary conditions has been collected before carrying out the proba-
bilistic calculations based on the ProDeich model by Kortenhaus (2003)
(Chapter 4.4). The Kammer sluice required further information from the
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literature and additional limit state equations which were programmed
and applied (Figure 4-8). For calculation of the outlets again additional
limit state equations were derived (Figure 4-13).

Due to the fact that deterministic design procedures form the basis of the
probabilistic calculations in the ProDeich model, a deterministic calcula-
tion of the Ribe defence system was performed before calculating the
overall failure probability. The results of the deterministic calculation for
all dike sections (see Table 4-3) show that “grass erosion” failure on the
seaward slope may occur under design conditions. However, from the
context of a complete fault tree no overall failure of the sea defence sys-
tem can be observed within the deterministic calculations under design
conditions.

The deterministic calculations for the sluice and the outlets result in a very
high wave overtopping rate under design conditions. Wave overtopping
is therefore assumed to be the governing failure mechanism for the sluice
and the outlets.

The probabilistic calculations based on the fault tree analysis for the dike
sections result in a failure probability from Pf = 1-10> to Pf = 1-107® (Ta-
ble 4-7). Similar values are obtained when scenario fault trees are used
(Table 4-8), which consider the temporal dependencies of the failure
mechanisms in the fault tree. These similar values are explained by the
fact that the overall flooding probability is primarily governed by the fail-
ure probability of wave overtopping. A further analysis of the scenario
fault trees showed that the fault trees can be simplified (see Figure 4-16).
Moreover, the simplified fault trees were used to derive the key input
parameters, which were identified as the wave period T, and the water
level hyy,. The failure probability of the sluice and the outlets are in the
order of Pf = 1071 which is mainly due to the high failure probability of
wave overtopping.

To determine the overall flooding probability of the whole Ribe defence
system, a division into several sections was made. The key parameters for
the division of the dike sections were derived as the crown height and
the wave period. The sluice and the outlets were defined as separate sec-
tions. The fault tree calculations including all dike sections, the Kammer
sluice and the three outlets resulted in an overall flooding probability of
Pf=9,5-10"1. This result was considered to be much too high since it
solely depends on the failure probabilities of the sluice and the outlets
which are mainly governed by wave overtopping. The inflow volume
caused by wave overtopping will, however, be very small due to the fact
that the sluice and the outlets only represent a very limited stretch of the
whole defence system. Therefore, a second calculation ignoring the sluice
and the outlets in the fault tree resulted in an overall flooding probability
of Ps=2,5-10"%.
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Overall, the Kammer sluice and the outlets are the weak points of the
Ribe flood defence system where a large amount of wave overtopping
can be expected. This is mainly due to a large wave height in front of the
sluice and the outlets and steeper seaward slopes for the outlets. Fur-
thermore, for a number of failure mechanisms of the sluice/outlets either
no proper limit state equations are available or the amount of data is not
sufficient to describe these missing failure mechanisms. For the time be-
ing, it is therefore recommended to use the overall flooding probability
of Ps = 2,5-10"4 for further calculations. These results have to be seen as
results of this study applying probabilistic calculations to the Ribe defence
system. The results may be seen as a provisional results for the final over-
all flooding probability of the Ribe flood defence system.

To determine the final overall flooding probability, further investigations
have to be carried out, for instance:

e |nvestigation of the real wave size (wave height and period) in front
of the sluice and the outlets. Due to the large water depth in front of
the sluice and the outlets, the wave heights of incoming waves will be
less reduced in front of the sluice/outlets than in front of the dike;

e |nvestigation of the failure mechanism ‘gates not closed’, the failure
mechanisms concerning the collapse of the sluice gates as well as in-
vestigation of the fault tree for the sluice and the outlets;

e Investigation of the uncertainly of the water level hy,. The water level
hy has a significant influence on many of the failure mechanisms.
The sensitivity analysis showed (Chapter 4.3.1) that a variation of the
threshold value or the distribution function can led to deviations in
the order of several centimetres. Unfavourable combinations of differ-
ent approaches may therefore lead to a large variation of the uncer-
tainty values of the water level;

e |nvestigation of the approach of dividing a sea defence systems into
representative sections. Within the approach of dividing a sea defence
system into sections, the influence of variation of structural features
(e.g. geometry of the structure or the properties of the used material)
lengthwise has to be considered.

Vulnerability analysis

At first, the flood-prone area was delimited to enable the selection of the
elements at risk. It was decided that the delimitation of the flood-prone
area towards the remaining hinterland should consider the 5,0 m DVR90
altitude line. Within the delimited flood-prone area six risk elements of
direct, tangible damage were selected. These six risk elements comprised
buildings, movable property, agricultural acreage, livestock, electric instal-
lations and traffic system. Additionally, four risk elements (inhabitants,
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employees, vehicles, tourism) of intangible, direct/indirect damage were
considered in a descriptive form.

The request of data about the risk elements from national registers, con-
sultants and public administrations showed clear differences in the data
quality and format. This fact complicated the procedure of geocoding the
risk elements by means of a GIS software application. With respect to the
cartographic basis used in the vulnerability analysis, altitude data in a grid
net of 25x25 metres was used to generate a topographical map. The alti-
tude data was supplemented by altitude data from road surveys.

The valuation analysis showed the location of most of the risk elements
on high ground around the low-lying delta area of Ribe river. For exam-
ple, only 7 % of the property value (buildings) are located below 2,5 m
DVR90. About 45 % of the property value are placed up to 4,0 m DVR90
and about 30 % of the total property value are located between 4,5 and
5,0 m DVR90. This distribution of assets over altitude has been charac-
teristical for most of the risk elements. However, a differentiation of the
total profit of all kinds of crop over altitude showed an almost linear dis-
tribution, which differs remarkably from the other risk elements.

To determine the possible damage to the risk elements, seven scenarios
were defined comprising different breach and overtopping scenarios. By
means of these scenarios different inundation events, including inunda-
tion extension and inundation depth, were simulated and the damage
caused by the inundation events was assessed. In order to assess the
damage due to inundation, depth-damage functions were derived for risk
elements where the damage depends on the inundation depth. In case
of depth-independent damage to risk elements, damage factors were de-
rived to quantify the damage. For buildings and movable property depth-
damage functions could be derived from data about compensation pay-
ments regarding real flood damage to buildings and movable property.
This data was available at the Danish Flood Compensation Council (FCC).
The assessment of flood damage to agricultural acreage was performed
by external experts. Their assessment comprised damage factors for dif-
ferent kinds of crop and inundation periods of 5, 14 and 28 days.

Based on the seven scenarios, inflow volumes between 0,5 and 127 mil-
lion m3 were calculated. Input parameters, such as a standardised storm
surge hydrograph, the failure probability of defence system sections, the
time-dependent development of a dike gap as well as an assumed time
of failure during storm surge, were considered in the calculations of the
inflow volumes. The results showed that the flood-prone area is different-
ly inundated depending on the location and the number of failure events.
However, it has to be remarked that several assumptions had to be made
while defining the inundation scenarios. The calculated inflow volumes
have therefore to be regarded as rough estimations.
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Due to differences in inundation behaviour, damage within each scenario
varies between 1,15 and 424,5 million DKK. The scenarios Sc5 and Sc6
comprising three and four dike breaches respectively result in damage ex-
ceeding 100 million DKK (€ 13,4 million). The scenarios Sc1, Sc2 and Sc7
showed comparable inundation behaviour which resulted in the same
total damage for all three scenarios.

In general, the vulnerability analysis showed that the total damage calcu-
lated within each scenario depends on the definition of the scenarios, the
considered risk elements, the determination of the inundation behaviour

and the derived depth-damage functions. Therefore further investigations
should be carried out, for instance:

e Investigations of criteria for the definition of inundation scenarios.
Within this study the definition of inundation scenarios has been
based on several assumptions of which reliability has not been further
investigated. Therefore, generic criteria should be worked out to en-
able a more reliability-based definition of inundation scenarios;

e |nvestigations of further risk elements, which have not been consid-
ered in this study. Together with an investigation of further/new risk
elements, a standardised overview of risk elements to be considered
within a vulnerability analysis would be recommendable in order to al-
low comparability with other vulnerability analyses. Efforts should also
be put into indirect and intangible damage categories. Furthermore,

a close inspection of the different data sources (registers, consultants,
public administrations) available in Denmark would make the proce-
dure of a vulnerability analysis more efficient;

® Investigations of improvements for the determination of the inunda-
tion behaviour. Numerical modelling should be applied to simulate
the inundation velocity, the inundation depth and duration as well as
the inundation extension within a flood-prone area more accurately.
Further research also has to be dedicated to the breach process of a
clay-covered dike;

® |nvestigations of the depth-damage functions. The applied depth-
damage functions have to be further developed and verified by means
of real data. With this, the data about real flood damage and about
the subsequent compensation payments collected by the Flood Com-
pensation Council (FCC) could be very valuable.

Risk assessment

Within the risk assessment, risk values varying between 300 DKK/year
and 110.000 DKK/year were calculated. In this connection, the risk values
calculated for scenarios Sc3 and Sc4 represent the lower bound of the
range of risks for the Ribe flood defence system. On the other hand, the
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upper bound is represented by the calculated risk value considering the
damage caused in scenario Scé.

The risk assessment made it clear that the range of risk values depends
on the inundation scenarios and the damage, which was determined on
the basis of the inundation extension and depth. The determination of
these factors required, however, several assumptions, such as the location
and number of failure events, the time of failure, the water level at the
time of failure and a standardised storm surge hydrograph. The reliability
of these assumptions was not analysed within the damage analysis.

For example, the location and number of one or more dike breaches was
chosen mainly on the basis of the overall failure probabilities calculated
for the 15 sections of the defence system. These failure probabilities were
calculated by the ProDeich model based on six representative cross-sec-
tions (Kortenhaus, 2003). The division of the defence system into 15 sec-
tions was based on two key selection criteria, the wave period Ty and the
crown height hy. This simple approach of dividing a defence system into
sections has to be further developed in future, prompted by the following
objectives:

e The variation of the values of relevant input parameters along the
defence system (length effect) has to be considered. Wave attack on
the seaward slope may for example vary locally because of changing
foreland geometry, or a varying crown height due to consolidation
of different magnitude along the defence system may influence the
probability of wave overtopping.

e The variation of the input parameter along the defence system has
to be considered in the probabilistic calculations in order to obtain
a more proper overall flooding probability of the defence system. In
this connection, spatial and temporal correlations between different
defence structures (dike, sluice, foreland, etc.) within one defence sys-
tem have to be considered.

e Furthermore, an improved approach of considering the parameter
variation (length effect) will give reliability-based indications of the lo-
cation of failure (dike breach) along the defence, which will be useful
in the process of defining inundation scenarios.

General conclusions

Probabilistic considerations are increasingly being applied in actual prac-
tice, also within the field of coastal protection. The risk analysis procedure
described in this report is considered to be a starting point of reliability-
based design of flood defence systems on a feasibility level. This study
has shown that it is indeed possible to consider more stochastic param-
eters than just the water level and the wave run-up when analysing the
safety of a flood defence system. Despite the fact that many questions
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are still open and problems regarding the feasibility remain unsolved, the
risk analysis procedure applied has resulted in a considerable increase in
information about the Ribe flood defence system and the protected hin-
terland, which should improve the decision-making basis.

Considering the hazard of failure of the flood defence system, the study
has contributed to a detailed description of all possible failure mecha-
nisms at a sea dike. Furthermore, significant failure mechanisms and their
limit state equations for a sluice and an outlet have been derived. First
attempts of dividing the flood defence system into representative sections
and considerations with respect to the length effect have been made.

As part of an assessment of the consequences of failure of the defence
system, the vulnerability analysis has shown that only a small number

of all assets and the possible damage may be considered in full. For
some damage types the tangible property is difficult to assess. The selec-
tion and definition of the inundation scenarios are only possible events
marked by a chance order. The assessment of the inundation extension
and thus the dimension of the damage is only possible to a certain de-
gree of accuracy. However, to calculate the flood risk and to assess the
importance of the flood defence system as a defence structure for the
inhabitants and their assets, a vulnerability analysis is indispensable.

Finally, when considering the aforementioned conclusions and recom-
mendations, investigations regarding the setting of standards for the
performance of risk analyses in the form of e.g. standardized probabilistic
guidelines or general frameworks for the performance of vulnerability
analyses are recommended.
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