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Foreword

Levees, otherwise known as flood embankments or dikes, are a vital part of modern flood risk
management. Many of our towns and cities would be uninhabitable without them. Most countries have
many existing levees in their river and coastal systems. It is estimated that there are several hundreds of
thousands of kilometres of levees in Europe and the USA alone. The maintenance of these levees in both
normal and flood conditions is a major task for flood management authorities. Levees are maintained
and improved and new levees are built. Yet many of the techniques used do not necessarily take full
advantage of the experience developed in other countries. Only by sharing knowledge internationally

can we ensure the most efficient, effective and environmentally-sensitive work programmes.

Our national governments realised that there was the need to sponsor the production of a single
reference source on good practice in the management and design of levees, drawing on the skills found
across Europe and in the USA. The production of this new handbook is very appropriate, and is the
fruits of collaboration between the USA, France and the UK, with additional support from Ireland, the

Netherlands and Germany.

This handbook is more than a revision or combination of existing documents within participating
countries. It represents more than five years work by an international team of experts supported by
an international peer review process. The team has put together an extensive handbook on the safety
assessment, management, design and construction of levees, which incorporates all the main elements
of good practice. While the handbook is not prescriptive it is our belief that appropriate application of
the guidance in this handbook will help to underpin long-term improvements in the management and
design of levees and will help to promote conservation of natural systems in balance with the proper
protection of human life and property.

We have pleasure in presenting this handbook to everyone involved in managing levees and

commissioning new levees on which many communities across the world rely to protect them from

flooding.
N
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- //
Rt Hon Lord Smith of Finsbury Steven L. Stockton, P.E. Daniel Loudiére
Chairman of the Environment Agency Director of Civil Works Vice-Chairman of the French
Headquarters, US Army Standing Committee for Dams
Corps of Engineers and Hydraulic Works
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Introduction

1 INTRODUCTION

f

Chapter 1 introduces the handbook and presents the motivation and process that led to its development. The
chapter gives the reader an overview of its contents and explains how to use it.

The chapter flow chart shows the conceptual links between the technical chapters that follow this introduction. It is
repeated at the start of each chapter but is expanded to show more detail of the contents of that chapter. It indicates
that the handbook is split into four major parts:

fundamentals - setting out what all users need to appreciate
managing levees - focusing on what managers of existing levees need to know
toolbox - providing detailed technical information (data equations etc) for use by all users

making changes - focusing on the needs of those involved in design and construction of new or improved
levees.

w

\

>,

This flow chart shows where to find information in the chapter and how it relates to other chapters. Use

it in combination with the contents page to navigate the handbook.

2 Levees in flood 3 Functions,

risk management forms and Fundamentals

failure of levees

The International Levee Handbook

: 6 Emergency

[ e e management
and operations Managing levees
5 Levee inspection,
assessment and
risk attribution
” T 8 Physical processes
7 Site characterisation and tools for levee Toolbox
and data requirements assessment and design
[ 9 Design ] llﬂ Cunstructiun] Making changes
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Introduction

1.1

Figure 1.1

1.2

USE OF LEVEES

Levees are raised, predominantly earth, structures (also called dikes, digues or flood defence
embankments) that are not reshaped under normal conditions by the action of waves and currents,
whose primary objective is to provide protection against fluvial and coastal flood events along coasts,
rivers and artificial waterways (Figure 1.1).

Levees form part of flood defence systems that may also include flood walls, pumping stations, gates closure
structures, natural features, and other associated structures. In many instances levees have been built up
and extended over decades or sometimes centuries. Few of these were originally designed or constructed to

modern standards and records of their construction and historical performance may not exist.

Typical riverine levee (a) (courtesy USACE) and typical coastal levee (b) (courtesy STOWA)

Despite their apparent simplicity, levees can be surprisingly complex structures. They have generally
been constructed by placing locally won fill material onto alluvial flood plains (with all their inherent
natural variability). Unlike engineered structures, levees can be irregular in the standard and nature of
their construction and can deteriorate markedly over time if they are not well maintained. Furthermore,
levees are generally long linear structures that are part of an overall system. Such systems should be
considered as chains that are only as strong as the weakest link.

Evidence-based assessment, good design, effective adaptation, good inspection and routine maintenance
are vital if levees (particularly those representing the weakest parts of levee systems) are to perform well
on the occasions when they are loaded in storm or flood events. It should be noted that levees may stand
for much of their lives without being loaded to their design capacity. This can create a false sense of
security in the level of protection they will provide.

BACKGROUND TO THE HANDBOOK

Coastal and riverine flooding continues to produce devastating consequences, in both life and economic
losses, around the world. With economic growth, urbanisation and the ensuing concentration of
population and property, people are moving in increasing numbers to flood-prone areas in many
countries. Where flood protection defenses have been improved, have not been fully tested, or
experience infrequent flooding, residents become complacent and less aware of the threat of floods.

In such cases, they are hardly prepared for floods and by no means assured of proper actions to take,
consequently suffering more serious damage once a flood occurs.

Flood and storm events around the world continue to lead to critical flood defence failures resulting
in tragic losses of life and the devastation of large areas. Also, levees have been severely tested by
exceptional rainfall events. However, despite their critical importance in mitigating flood risk, interest
and investment in levees has tended to be lower than in other critical water retaining infrastructure
such as dams. In particular, in many countries, levees have lacked the legal and technical framework
necessary to promote an appropriate level of performance.
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In September 2008, organisations from six countries (France, Germany, Ireland, the Netherlands,

United Kingdom, and the United States of America) expressed a desire in principle to participate in

an international project to learn from one another’s experiences and to share the effort to produce
good practice guidance — The International Levee Handbook (ILH). That desire resulted in several
international meetings and workshops, development of a scoping report and ultimately culminating in
this handbook.

The principal objective of the handbook is to provide a comprehensive and definitive guide to good
practice in the evaluation, design, implementation, maintenance and management of levees. The
handbook is a non-prescriptive reference and should be used in conjunction with other relevant national
and international codes and manuals. It is not intended to be a prescriptive code of practice for decision
making but should be regarded as an important document in decision support and for reference in the

application of international codes and manuals. 3

The handbook has been written by a core team of experts and practitioners from the full range of

relevant disciplines drawn from the partner countries. The development of the handbook followed an

agreed set of processes that was managed by a technical editorial team, and supported by an executive

steering board drawn from national backing groups of the partner countries. Management support was

provided by CIRIA (UK) who also prepared the resulting document for final publication. The document 4
was made available to a broader international audience for review and comment during the development

process.

1.3 SCOPE

The handbook takes a risk, performance and systems based approach. Any levee will have a primary
function of flood management or coastal defence to which performance objectives or standards will
apply. All levees will also have various secondary functions, eg environmental, amenity, health and safety,
access, which can impose significant performance requirements. The handbook also follows a tiered
approach to all aspects of managing and maintaining a levee or levee system such that concepts are

applicable to levees in both urban and rural settings. 6

In drafting the handbook, the author teams considered the various management interventions that are

needed to achieve the performance requirements of the levee or levee system over its whole life cycle.

So the handbook addresses the assessment of existing riverine, coastal and estuarine flood protection

levees (possibly for new or changed performance requirements), their adaptation or replacement, their

operation and maintenance, as well as new design and removal. Consideration is also given to the

fact that management interventions range from major construction projects carried out by external 7

constructors through to routine maintenance by the involved authorities” own work force.

The handbook does not address levees constructed for purposes other than flood protection. Also,

it does not cover the design of other water retaining structures. Associated structures are addressed

because they influence the performance of a levee structure or its operation. The handbook also

recognises the importance of structures that stabilise levees by managing riverine and coastal 8
morphology such as beaches, dunes and groynes. Where necessary, reference to other management

guidance is given for such structures.

1.4 STRUCTURE OF THE HANDBOOK

The handbook contains information that is useful for both existing and newly designed levees, however
the structure of the handbook is such that existing levees are treated first followed by newly designed
levees. Details about each chapter are presented in the rest of this section. Figure 1.2 presents a high
level view of the handbook showing how each chapter contributes information to understanding a levee
system as presented by the source-pathway-receptor conceptual model.

10
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Introduction

Source Pathway/ barrier Receptor
{coastal or fluvial) |leves| [community)

2 Levees in fiood risk management
3 Functions, forms and Tailures of levees
4 Operation and maintenance
5 Leves inspection, assessment and risk attribution
6 Emergency managemant and operations.
7 Site eharacterisation and data requirements
: 8 Physical processes and tools fof levee assessment and design

9 Design
10 Construction

Figure 1.2 lllustration of chapter contents relative to the source-pathway-receptor conceptual model

14.1 Use of the handbook

The following features are designed to assist the reader in navigating the handbook:

e  diagram of general structure: Table 1.1 provides a layout of the structure and contents of the
complete handbook. It also suggests a relationship between the main phases of a typical project

° diagram of content relevance to different users: Table 1.2 presents an evaluation of the content
from different users’ perspectives to assist the reader in finding information relevant to their needs

° high-level contents list: this is given for the complete handbook at the start of the book
° detailed contents list: at the start of each chapter there is a contents list for that chapter only

° structure of each chapter: the front end of each chapter includes a detailed contents list for that
chapter, an introductory box that describes what is included in that chapter, and a flow chart to
demonstrate links with other chapters

e  where am I? each page tells the reader their current location in the handbook. The chapter
number is shown on the navigation bar running down the outer edge of right-hand pages, and the
chapter title is given on the page header

° electronic version: the complete manual is available to downlaod from CIRIA’s website:

www.ciria.org
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Table 1.1 Structure and content of the handbook

Chapters Description
Chapter 2 Sets out the context of flood risk management in which levees and levee management
Levees in flood risk should be seen, discussing the influence of environmental change. It explains roles and
% management responsibilities in flood risk and levee management and why it is important to manage
‘s‘ levees throughout their life cycle.
_,:; Introduces an overview of levee functions within a flood risk management system and the
S Chapter 3 multi-functionality of levees. It describes and illustrates the main types of forms of levees
v Function, form and and presents the main structures associated with levees. The chapter concludes with a
failure of levees discussion of the processes of levee failure and how these are connected to the forms
and functions of levees.
Chapter 4 Addresses both operational and maintenance aspects of managing existing levees,
Operation and including organisational aspects and the management of encroachments and vegetation.
maintenance Maintenance requirements are described and related to the identification and resolution
of defects arising from various deterioration and damaging mechanisms
9 Presents levee assessment-related activities and their integration. The chapter
% Chapter 5 provides a tiered approach to the assessment of levee systems including risk analysis,
w |Levee inspection, assessment and inspection. Data collection methods and related issues are described
'Eo assessment and risk including inspections, investigations and monitoring. Data management systems to
% attribution support levee management are also discussed given the importance of data availability
= and treatment for assessment activities.
Chapter 6 Sets out the principles of emergency management detailing preparedness and response
Emergency and how the management of levees relates to the wider picture. It describes the various
management and emergency intervention techniques including equipment and activities for minimising
operations levee overtopping and damage and for subsequent repair and closure of breaches.
Having described the basic principles of site characterisation for levees and their
environment, the majority of the chapter is focused on giving detailed investigation and
analysis techniques to establish the hydraulic and geotechnical boundary conditions
Chapter 7 at levees and also the condition of existing levees. It provides relevant equations and
Site characterisation techniques for assessing the hydraulic and morphological conditions. It describes
and data requirements desk study procedures, intrusive and non-intrusive techniques for sampling and field
investigation of geotechnical properties as well as relevant laboratory testing techniques
and approaches to data interpretation that are suited to levees and the ground that
3 levees are built on. The chapter also explains methods and procedures for determining
% appropriate parameters for design.
L
Provides the engineering and scientific tools for the analysis and design of existing and
Chapter 8 new levees, embracing both geotechnical and hydraulic engineering disciplines. It details
Physical processes external and internal hydraulic, geotechnical and seismic actions on levees, sets out the
and tools for levee physical processes that control the performance of levees, their protection systems, and
assessment and associated floodwalls and indicates the analytical engineering methods and techniques
design (from simple equations to numerical techniques and modelling) that best represent the
relevant mechanisms. The chapter concludes with a description of methods of assessing
levee breach and subsequent inundation.
Sets out principles of levee design, roles and responsibilities of those involved in
design and the required reports and documentation. The chapter then explains how to
determine levee layout and alignment and levee crest levels and geometry. Information
Chapter 9 on design calculations and detailing including methods of analysing failure mechanisms
2 Design according to various codes of practice are included with further details on the specifics
@ of design for seepage and internal erosion, surface protection measures and for limiting
s serviceability changes. The chapter concludes with advice on earthworks materials
:’o selection and compaction, and the design of spillways and of the levee earthworks
% around embedded/associated structures, including crest walls and pipes.
= Describes levee preparation for construction concerning organisational aspects,
Chapter 10 programming and the management of construction risk. It focuses on the specifics
Construction of earthworks including the suitability of the soils, their treatment and handling. The
stages of construction for earthworks are described for new build, adaptation, repair and
decommissioning. The incorporation of non-earthworks structures is also discussed.

The International Levee Handbook
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1.5 TARGET READERSHIP

Potential users of the handbook include planners, developers, structure owners, asset managers,
regulatory bodies engineers, risk analysts, designers, constructors, emergency planners and responders,
environmental organisations, educational institutions and the public.

The handbook is written to assist a technically competent practitioner with a broad (but not necessarily
expert) knowledge of the field of application to arrive at the best approach for a particular levee or

levee system. In this regard the handbook aims to provide information to support decision making
rather than to direct it. The handbook will also seek to provide the intelligent client (ie a client with a
technical background, but no particular specialist knowledge) with sufficient background information to
understand the main issues and general procedures likely to be followed by an experienced practitioner.

The handbook has been written to address two major viewpoints:

1 The manager of the operating authority’s physical structures who has the overall task of owning,
maintaining, upgrading, adding to and disposing of its stock of flood or coastal levees.

2 The designer who will tend to focus on the need for, design of and implementation of

improvements and new works.

In addition, the handbook provides some useful information for constructors (or other organisations) that

may be advising the manager or designer carrying out maintenance, or carrying out new construction work.

Table 1.2 Relevance of chapters for different stakeholders and users
Chapter

Stakeholder/user

Planner * * o o * o [} * *
Developer * * * ° o ° o ° *
Structure owner * * * * * ° ° o *
Asset manager * * * * * ° * * *
Regulatory body * * ° * * o o o *
Geotechnical engineer o * * * * * * * | K
Hydraulics engineer o * * * * * * * *
Risk analyst * * o * ° * * e} o
Designers * * * * o * * * *
Constructor ° * * o ° ° ° * *
Emergency planners and responders ° * * * * o o o *
Environmental organisation * * * o o o o o *
Educational institution * * * * * * * * *

Note

The relevance of material to each stakeholder or user group is indicated by the following symbols:

% | High ® | Medium-low

* | Medium-high O |Low
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2 LEVEES IN FLOOD RISK MANAGEMENT 1

Chapter 2 sets levees in the wider context of flood risk management. General principles for levee management for
use throughout the handbook are introduced.

Key outputs to other chapters
e starting point = levee management

e conceptual and risk management frameworks = all chapters

Note: The reader should revisit Chapters 2 and 3 throughout the levee life cycle for a reminder of important issues.

& >
This flow chart shows where to find information in the chapter and how it relates to other chapters. Use
it in combination with the contents page to navigate the handbook. 3
2 Levees in flood risk '
management
2.1 Managing flood risk 4
2.2 Measures and instruments for flood risk Fundamentals
management 3 Functions,
2.3 Levee management forms and

2.4 Roles and responsibilities in levee managemtany failure of levees

. 6 Emergency
[4 rﬁ.:;i?mrtzgua?lgenﬁ] Metegeiuent Managing levees
and operations

5 Levee inspection,
assessment and
risk attribution 6

8 Physical processes
7 Site characterisation and tools for levee Toolbox
and data requirements assessment and design 7
[ 9 Design ] [10 Cunstructiun] Making changes
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12

CHAPTER CONTENTS AND TARGET USERS

This chapter consists of four sections, providing an overview of the management of flood risk systems
and levees, and the basic roles and responsibilities of those organisations and individuals involved. All
users of this handbook are recommended to read Chapter 2 before continuing to subsequent chapters as
it provides an overview of key principles and concepts behind the detailed levee management and design
information contained in the remainder of the handbook. As well as introducing the subject, it helps the
reader (by suitable cross references) to identify the chapters in the handbook that are most relevant for

their requirements.

Managing flood risk

The principles of risk and flood risk management are explained in Section 2.1, setting these in the
context of the wider environment. Generic frameworks are illustrated and described for flood systems,
flood risk management processes, and flood risk identification, analysis and assessment. Causes of, and

responses to, changes in flood risk are also discussed.

Measures and instruments for flood risk management

In the context of developing flood risk management policy, Section 2.2 discusses structural and non-
structural flood risk reduction measures, financial and regulatory instruments, and formulating

portfolios of options for reducing flood risk.

Levee management

Section 2.3 explains how performance objectives and safety standards for levees are used to deliver
flood risk mitigation policy aims and objectives. A framework for the life cycle of a levee is defined. This
section also introduces approaches to levee asset management, including assessments and reviews of

levee performance and reliability, and techniques for failure analysis.

Roles and responsibilities in flood risk management

Section 2.4 discusses the roles and responsibilities of those involved in managing levees and levee
systems, including authorities, regulators, managers, designers, engineers. The importance and means
of communication of risks to the wider public and local community is also discussed along with the

importance of educating and empowering local communities.
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2.1 MANAGING FLOOD RISK 1

Flooding is a worldwide phenomenon. Over the last few decades the world has experienced a rising
number of devastating flood events. The trend in such natural disasters is increasing. Also, escalations in
both the probability and magnitude of flood hazards are expected in places as a result of climate change.
Past disasters have triggered many governments to embark on flood risk management initiatives, such

as flood control schemes (including levees), early warning systems and evacuation planning, with the

ultimate aim of defending their inhabitants from the vagaries of nature.

Although this handbook is primarily about the management of levees for flood risk reduction it

is appropriate for this chapter to place levees in the wider context of flood risk management. The

management of levees must be seen alongside a broader range of activities such as land use planning and
emergency preparedness that may help to reduce flood risk. Also, levees do not normally provide flood 3
control on their own. In any particular location on a river, estuary or coast, an individual levee segment

will work together with other levees, structures and flood risk reduction measures. This interrelationship

of structures and activities is often referred to as a flood risk management system. Sections 2.1 and 2.2

of this chapter provide this broader systems context. Sections 2.3 and 2.4 then move on to more specific

material about levee management and communication.

211 Flood management systems

2.1.1.1 Environmental context of managing flood risk

The structures and components of a flood management system including levees are constructed 5
and managed within an existing environment. Appropriate consideration of the environmental

characteristics in which levees are located is central to the satisfactory and sustainable design,

construction and/or operation of flood management systems. Such considerations include:

° ecosystems, habitats and species
° geology, ground conditions and foundations 6
° geomorphological processes and waterway navigation

° hydrology and hydraulic loading on the system

° land use, occupancy, transport, critical infrastructure, and agriculture

° availability of materials

° amenity, access and public safety 7
° land drainage and flood water storage

° the effects of seasonal climate variability and of climate change

° the effects of human development.

Conflicting interests may need to be taken into account in achieving a solution that is appropriate to the
particular location. Section 3.1 discusses these issues in further detail as they relate to levees. 8

2.1.1.2 Sources, pathways and receptors

Floods, whether small or large, may be considered to be part of the natural behaviour of rivers, lakes,

estuaries and the sea. But they may cause harm to society, and that is where the term hazard comes in. A

hazard is a physical event or human activity with the potential to result in harm to people and damage to 9
goods and property. In flood risk management, the interest is only in floods that constitute a hazard. A

hazard does not automatically lead to a harmful outcome, but identification of a hazard does mean that

there is a possibility of harm (or adverse consequences) occurring.

Floods are a complex phenomenon and consist of different sources (sea, rivers, lakes etc) of water, and

pathways through which the flood can impact various types of receptors. The complexity of flooding can 10
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Levees in flood risk management

be illustrated using the source-pathway-receptor model shown in Box 2.1. For a risk to arise (Figure 2.1)
there must be:

° a hazard that consists of a source or initiator event (ie high rainfall)
e  areceptor (eg floodplain, people and properties)

e  apathway between the source and the receptor (ie flood routes including through, over or around
flood control structures and the routes by which water spreads in the floodplain).

Box 2.1 The flooding system and the source-pathway-receptor framework

Note
STW = sewage treatment works
Figure 2.1 The flooding system (courtesy M Bramley)

{Coastal or Muvial)

il

M, HR
/' A4

14

excessive runoff,
upstream releases

Source Pathway

eg rainfall, wind, waves, »

eg overtopping,
overflow, breach, flood
plain indundation

—

Receptor

eg people, property,
environment

Figure 2.2

Source-pathway-receptor conceptual model (from Morris et al, 2007)

e sources: typically, hydraulic loadings that impinge on defences including river levels, flows, waves, tidal and surge
water levels and their associated probability of occurrence (singular or jointly) and that depend on driving factors
such as meteorology (including wind) and hydrological and hydraulic factors that determine the patterns and volume
of rainfall and runoff

e pathways and barriers: the behaviour under loading from sources of defences (depending on their nature, extent
and condition) and of floodplains (depending on topography and land use)

e receptors: the exposure and vulnerability of the people, property and environmental features that may be harmed by
a flood.

CIRIA C731




2.1.2

Box 2.2

2.1.2.1

What is flood risk management?

Given the source-pathway-receptor framework, flood risk management can be seen to be about reducing
the probability of floods of a particular severity occurring and/or reducing the magnitude of the impacts
should flooding occur. The associated definition of flood risk is given in Box 2.2.

The definition of flood risk

Flood risk is a function of the probability of both the flood occurring and of any associated breaches in the flood defence
system and the consequence within the leveed area of the undesirable outcome should a flood event occur (loss of lives,
habitat and economic losses due to damages to goods and property). So:

Risk = fn (probability, consequence)
In flood risk management this is normally simplified to:
Risk = probability x consequence

An estimate of the total flood risk will normally require some form of integration across all possible flood events, breaches
and consequences (see Section 5.2).

Figure 2.3 shows the relationship between the factors that influence flood risk and probability and consequences.

Probability Consequences

( Loads )(::D( Strength ) ( Damage ) ( Casualties )
« Water levels « Crest height + Economy * Exposure/
. Waves . Stability + Ecology/environment vulnerability
« Currents * Revetments : Ernilsstc:uad:re * :\:;mng lead
+ Frequency + Foreshore « Culture P «  Water depth
« Duration « Berm 3
Appurtenances « Water depth +  Current velocity
¢ PP s+ Current velocity « Speed of onset
+ Distance from

breach

Figure 2.3 Governing factors that influence flood risk (courtesy H A Schelfhout)

All of these factors change over time. For example:

e hydraulic loads will change as the climate changes, with perhaps higher or more erratic rainfall patterns
levees can become weaker as their structure deteriorates and materials weaken due to climatic variation
an accidental incident may damage a levee section at some point, reducing its strength

land use in the area behind a levee may change over time, such as becoming more or less occupied or developed, or
changing from agricultural land to industrial use or even residential housing.

Such changes can occur over a wide range of timescales (see Section 2.1.4).

The flood risk management process

As depicted in Figure 2.4, the process of flood risk management is about a sequence of first identifying
flood risk, then assessing the level of risk, and finally about creating policies and plans to control the risk
and to reduce it to an ‘acceptable’ level.

The International Levee Handbook 15

10



Figure 2.4

Figure 2.5

16

Identifying

Understanding Creating policies

the risk risk assessment and plans

The process of flood risk identification, assessment and control

The process of flood risk management may be characterised in more detail as successively embracing
(Figure 2.5) the following:

° risk identification: the process of recognising and recording risks

° flood risk analysis: which depends on risk identification and estimation, using current tools and
methodologies to analyse and combine the likelihood and consequences of flooding (including,
for estimates of future flood risk, allowances for future climate change, deterioration and socio-
economic change. See Section 5.2)

° flood risk assessment: which involves an evaluation of the significance of the risk, an analysis of
cost-benefit and formulation of recommendations through options appraisal

e  flood risk treatment: which involves the combined use of policy and planning instruments
(including preventative, control and mitigation) as well as decision making on all aspects of safety

with design, implementation and maintenance of structural measures.

FLOOD RISK MANAGEMENT
Decision-making \
'/' FLOOD RISK
FLOOD RISK ASSESSMENT
Decision recommendation TRE"*TMENT
; ; - Preve
(Based on options appraisal) - Control
- Mitigate
FLOOD RISK ANALYSIS |
_ (Methods| Risk Evaluation I
/ & tools) |
sk Risk |
Identification Estimation |

4+~ — — — Review & reassess— —|— — —

lllustration of an approach to flood risk management (from Bowles et al, 1999)

The process in Figure 2.5 is exemplified within the EU Floods Directive 2007, which has successive
requirements for European Union (EU) nation states to prepare preliminary flood risk assessments,
flood risk maps, and finally flood risk management plans.

Although different countries have the same overall aims for flood risk management and follow the basic
process set out in Figure 2.5, the detail of their approaches and the way they are described do vary. For
example, the Netherlands uses the ‘safety chain’ concept (shown in Box 2.3) to describe and evaluate
flood risk management policies, and to link it in with the overall approach set out in the EU Floods
Directive 2007.
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Box 2.3 A multi-layer safety approach to flood risk management in the Netherlands 1

The safety chain (EU Floods Directive 2007)

e recovery and lessons learned: returning
to normal conditions as soon as
possible and mitigating both the social
and economic impacts on the affected
population

e emergency response: developing

emergency response plans in the
Layer 2: durable spatial case of a flood including training of
arrangement and flood operational staff in event and breach
resistant buildings management

Layer 3: disaster control and
evacuation

e  preparedness: informing the population
about flood risks and what to do in the 3
event of a flood. Training operational staff

e  protection: taking measures, both
structural and non-structural, to reduce
the likelihood of floods and/or the
impact of floods in a specific location

Layer 1: prevention of floods by
reduction of probabilities and
consequences

e prevention: preventing damage caused
by floods by avoiding construction of 4
houses and industries in present and
future flood-prone areas, by adapting

Figure 2.6 future developments to the risk of
Example of a safety chain approach flooding, and by promoting appropriate
to flood risk management (from land use, agricultural and forestry
Kolen et al, 2010) practices.

2.1.2.2 Frameworks for flood risk management

An effective framework for flood risk management will provide a structure within a nation, state or
organisation in which policies, processes and procedures should reside and operate. It should include an
integrated programme that covers the entire process previously described in Section 2.1.2.1 and also has

provision for:

° the context and objectives of the organisation
° the selection of appropriate methods and techniques for flood risk assessment
° decision making on the extent and type of flood risks that are tolerable, and how unacceptable

flood risks are to be treated

° identifying and analysing appropriate environmental information and any significant

environmental impacts. 7

As part of this framework, an organisation responsible for managing flood risks should be clear about
how the flood risk management relates to its responsibilities, authorities and accountabilities and how it

integrates into its organisational processes, including:

e  the resources available to conduct the assessments and prepare and implement the management plans 8

° how the flood risk assessments, maps and management plans will be reported, reviewed, recorded

and communicated

° procedures for making the business case for resources for selected interventions to reduce risks
e  procedures for managing environmental incidents and ensuring legal compliance (eg
environmental permitting). 9

Issues of organisation and communication are discussed in more detail in Section 2.4.

2.1.2.3 The approach to decision making

Decisions in flood risk management should seek to balance the competing and complementary factors 10
that affect flood risk. Where possible, interventions should be adopted that provide the largest reduction
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in flood risk for the least societal cost (economic, environmental and social). This balancing act often
requires the use of a decision support system (DSS) that highlights different strategic alternatives,

and helps to assess their costs and benefits across a range of possible futures (or planning scenarios).
However, it must be remembered that although flood risk may be reduced by such an approach, it can
never be removed completely. The remaining, or residual, flood risk, needs to be addressed through
emergency management processes and procedures (see Section 6.1).

Flood risk management process

This section describes in more detail the flood risk management process set out in Figure 2.5.

Identifying flood risks

In the context of this handbook, flood risk (see Box 2.2) results from threats associated with the sea,
rivers, lakes and loads to flood risk mitigation structures such as levees. Such threats include:

° very high water levels (including those arising from rapid onset or flash, and long duration floods)
e  extreme wave attack
e  strong currents.

Risk identification is the process of recognising and recording the risks arising from such threats. The
purpose of risk identification is to identify what might happen or what situations might arise (often
referred to as scenarios) that might affect particular receptors. This process should identify the causes
and source(s) of the risk events, situations or circumstances that would have a material impact upon

human lives, the environment and the local economy.

The following list gives examples of some of the factors or characteristics that could be included in flood
risk identification:

° flood loading conditions (hydro-meteorological events) and their probabilities

° probability of flood inundation without a levee breach (ie loading event overflows or overtops the

levee crest)

° levee condition and its probability of failure under load (ie levee reliability)

° characteristics of the floodplain and inundation (depth, velocity, geographical extent etc)

° nature, extent and vulnerability of the receptors (human, environmental, economic) to inundation
° existing risk control mechanisms and measures, and their effectiveness (eg emergency response)

° uncertainty in data and knowledge about the above factors.

To determine these characteristics, knowledge of previous flooding incidents may be used. However, for
rare events this may not suffice and, in any case, the circumstances (eg the activities in the floodplain
area) may have changed. So, it is necessary to use appropriate predictive calculations to assess the
probabilities and magnitudes of all possible floods.

Flood risk analysis

Flood risk analysis allows all known contributory factors that make an area vulnerable to inundation to
be brought together. It also enables consistent assessment and comparison of potential interventions to
influence, control or reduce flood risk. The scope of a levee flood risk analysis should be commensurate
with the needs of the decision being informed by the process.

Risk analysis methods are scalable and can vary in their approaches between countries and in their level
of effort, detail, and certainty (accuracy). Factors that influence the selection of risk analysis techniques

and methods can be described in terms of:
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° the complexity of the problem and the methods needed to analyse it 1

° the nature and degree of uncertainty of the risk analysis based on the amount of information

available and what is required to satisfy objectives
° the extent of resources required in terms of time and level of expertise, data needs or cost

° whether the method is required to provide quantitative or qualitative output.

The overall degree of uncertainty in the analysis can be determined by combining assessments of
uncertainty in different parts of the source-pathway-receptor system. In this handbook, uncertainty is

discussed in the following contexts:

° issues in analytical tools (Sections 7.3.13 and 8.11.6)
° risk assessment (Section 5.2.2) 3

° design (Section 9.5 and 9.10) during construction (Section 10.2).

2.1.3.3 The tiered approach to flood risk analysis

A tiered approach is a risk-based approach in which, following a preliminary risk assessment, the amount

of effort put into further investigation and analysis is adjusted according to the severity of the problem

and the magnitude of the consequences of failure. As flood risk analysis can be time-consuming and 4
expensive, implementation of a tiered approach can save time and money. This tiered approach can

be used in all aspects of the source-pathway-receptor framework (Figure 2.2), with the effort used at

each stage to assess each aspect of flood risk being proportionate to its relative importance. An example

characterisation is shown in Figure 2.7.

Analysis 5

Sources | Pathways |  Receptors

r Detailed Quantitative

analysis
A 6
Seneric Quantitative Methods and
““:nall;::lsl Tools for
A Analysis

i

uualitarlivé analysis

Hierarchy of analysis detail

Figure 2.7 An example of a tiered approach to risk analysis (UK approach)

The concept of a tiered approach where the level of detail and associated effort is related to the level of

risk can be applied to all aspects of flood management, not just risk analysis.

2.1.34 Flood risk evaluation

Risk cannot be entirely eliminated. The flood risk analysis of each possible intervention will determine

residual risks, which then need to be evaluated in terms of how acceptable or tolerable they will be

to stakeholders. The risk evaluation provides an opportunity to manage levees and flood risk using

a framework that is common to all major hazards. Even though there is no one measure of what is 9
‘tolerable’, the evaluation stage does allow societal, regulatory, legal, owner and other values and

judgments to enter the management and decision making process.

This evaluation should be conducted before comparing and selecting potential measures and

instruments (Section 2.2) to reduce flood risks. Formal risk evaluation is not necessary after every

periodical risk analysis, but if conducted, it should ideally be performed by an independent team, rather 10
than the one who conducted the analysis.
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Risk analysis and how it is applied varies between countries, so it is not surprising that international
variations, and even within-country variations, are more evident in risk evaluation than in other stages
in the risk assessment process. More information on these aspects of risk evaluation can be found in
Section 5.2.11.

Changes in flood risk and associated responses

Causes of changes to flood risk

Causes of change to flood risk can either be drivers, such as climate change, or responses in the form of the
measures and/or instruments (see Section 2.2) that are used to control or mitigate flood risks. Both of
these affect the whole source-pathway-receptor flooding system and so will affect flood risk, as illustrated
in Figure 2.8.

System Descriptors

Drivers and responses changing the risk in a source-pathway-receptor flood system (Evans et al, 2008)

The resulting change in flood risk can also be viewed within a ‘probability — consequence/impact space’
as illustrated in Figure 2.9. The figure shows how example risk drivers (Box 2.4) can increase either
the probability component of flood risk, such as climate change, defence deterioration, or the land

use change. Risk drivers can also affect the impact/consequence component of risk, for example urban
development. The extent to which the impact of these various changes is taken into account in the

planning, design and management of flood management systems is generally a matter of national policy.

Figure 2.9 also shows how responses can decrease either the probability component of flood risk (eg by
defence improvements) or the impact/consequence component (eg by improved hazard warning and
preparedness). The various kinds of measures and instruments that can be used to reduce flood risk are
discussed in more detail in Section 2.2.
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Levees in flood risk management
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Figure 2.9 Flood risk expressed in a probability-consequence space, showing ways of modifying it (adapted from 5
Sayers et al, 2003)

2.1.4.2 Resulting outcome with time

Understanding the resulting influence of these flood risk drivers and responses on flood risk requires 6
assessments over a range of different scenarios, and over a long period of time. The length of time

over which changes in flood risk are evaluated is often dictated by national policy, but typically it can

be between 50 to 100 years. Once evaluated, the flood risk estimates generated from such assessments

should ideally be expressed over common timeframes. For example, in cost-benefit assessment this

integration is achieved by determining the present value of the stream of expected annual damages.

However, the prediction of future change in flood risk is inherently uncertain, and this introduces 7
uncertainty into the risk assessment and into the evaluation of corresponding intervention options.

Dealing with this uncertainty is one of the main challenges facing flood risk managers.

Chapter 7 describes methods of translating sea level rise to water levels and loadings on levees. How to
account for ground subsidence in the design of levees is described in Section 9.12.

10
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Some drivers of flood risk

Source risk drivers

Climate variability and change is a major component of source risk drivers. Net warming of the atmosphere in the past
several decades has induced many changes in the water cycle including changes in rainfall patterns and intensity, greater
frequency and extent of drought, increased atmospheric water vapour, and changes in soil moisture and runoff. Increased
land surface saturation and runoff to rivers, lakes and reservoirs results in higher river discharges, which can affect:

e levee structures and flood risk through increased water velocities and the potential for scour and erosion of the
levee soil

e the likelihood of failure due to an increased level and frequency of hydrodynamic loading

e the likelihood of overtopping due to a reduction in freeboard (the distance between the water level and the crest of
the levee).

The warming of the atmosphere and the resultant warming of the sea and widespread melting of snow and sea ice appear
to have driven sea level rise. A rise in sea level means higher loads (water levels and wave conditions) on flood defence
systems and structures. How these loads affect specific structures also depends on:

e theregion or location (coast, estuary, river or lake)

e the geometry of the foreland (with potential for a loss of the foreshore) and the hinterland

e the type of hydrodynamic loads (high water level and/or wave attack).

Relative sea level rise (which is particularly important for coastal and estuarine levees) in a particular location is also
affected by:

e isostacy: the vertical movement of the land mass, which varies across the continents (regional isostacy). Isostacy is,
itself influenced by climate change as melting of ice sheets in the polar regions is reducing loads on continental land
masses that carry them, and allowing them to rise

e subsidence: generally subsidence is caused by local soil conditions, increasing loads, or human activities such as
mining or the pumping of water from underground aquifers. Climatic influences are also evident for certain land
types and geomorphology (eg settlement by oxidation of peaty soils). However, increased wave attack can also arise
because of either increased storminess or relative sea level rise increasing water depths and allowing more severe
wave conditions to penetrate as far as coastal levees.

Pathway risk drivers

The deteriorating condition of levees and flood walls (or their components) due to various physical, chemical and
biological mechanisms changes their state and reduces their reliability. This can leave them more vulnerable to failure
under flood loading. Even defences that are rebuilt or adapted to a higher elevation can leave people vulnerable to a
higher level of flooding impact should the structure(s) overtop or fail (effective communication of flood risk is essential to
prevent occupants from forming a false sense of security when a flood defence is modified with increased height or size).

Receptor risk drivers
Land use and occupation can change over time with local and regional development such as:

e the draining of coastal lowlands for agriculture
e population movement and growth and the expansion of residential housing into flood risk areas
e spatial planning policies such as the creation of commercial and industrial enterprises in floodplains and estuaries.

In areas of high development there will often be an associated increase in supporting infrastructure, ie transport links,
schools, service industries, utilities, hospitals and retail premises.

Subsidence of the ground surface can also increase potential inundation depths during a flood, resulting in increased
harm to the people living in the flooded area and damage to goods and property.

MEASURES AND INSTRUMENTS FOR FLOOD RISK
MANAGEMENT

Physical measures and financial and regulatory instruments are the means by which either the
probability of flooding is reduced or, if inundation does occur, the impacts can be reduced (see Table

2.1). They are usually instigated and managed by flood risk management authorities.

In practice, measures and instruments are closely linked categories. It is virtually impossible to
implement any structural measure without appropriate regulatory instruments, without justification
for its implementation, and possibly without some financial compensation for those affected by it.
Regulatory and financial instruments will influence the behaviour of people as much as they influence

the requirement for structural measures.
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