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Towards risk-based flood hazard
management in the UK

P B. Sayers, |. W. Hall and |. C. Meadowcroft

Flood engineering in Britain is evolving from traditional
approaches based on design standards to the development of
risk-based decision-making, which involves taking account of a
range of loads, defence system responses and impacts of
flooding. Adopting such a ‘whole systems’ approach enables
combinations of structural and non-structural approaches to be
assessed and compared so resources can be targeted to best
effect. Building on methods and know-how already in widespread
use in river and coastal engineering, risk-analysis techniques are
now being adopted in all areas—from high-level planning based
on outline analysis to detailed designs using high-resolution
simulation models.This paper explores some of the new
techniques of this emerging approach to flood risk management.

Management of risk is a topic that
received increasing attention in the lat-
ter half of the twentieth century and is
set to be a dominant issue in the twenty-
first century. Indeed, it has been sug-
gested that risk will be the primary issue
that occupies our modern societies'—an
assertion that often seems to be borne
out in the media. Specific areas of atten-
tion that will be familiar to all civil engi-
neers are the management of health and
safety risk.>* construction risk,>® envi-
ronmental risk” and business risk.®
Moreover, because river and coastal
engineering has traditionally been less
codified than other sectors of the civil
engineering industry, risks have always
had to be addressed in a fairly explicit
way. For example, it has always been
acknowledged that however extreme the
design loading, more severe conditions
could be encountered.

This paper explores the concept of
‘risk’ and related issues such as ‘perfor-
mance’ and ‘uncertainty’ as key compo-
nents of decision making in flood
management and planning. The authors
discuss current best practice and look to
the future when risk will form a central
part of a more integrated ‘whole system’
approach to flood management.

Rislc in the flooding context

It has long been recognised that ‘risk’
is a central consideration in providing
appropriate flood defences. The
Waverley report following the devastat-
ing east coast floods of 1953 recom-
mended that flood defence standards
should reflect the land use of the pro-
tected area, noting that urban areas

could expect higher levels of protection
than sparsely populated rural areas.
Today, the term ‘flood risk’ is used in a
number of ways. A range of meanings,
derived from either common language or
the technical terminology of risk analy-
sis, are in use. These different meanings
often reflect the needs of particular deci-
sion-makers—there is no unique specific
definition for flood risk and any attempt
to develop one would inevitably satisfy
only a proportion of risk managers.
Indeed, this very adaptability of the con-
cept of risk is one of its strengths.

In all of these instances, however, risk
is thought of as a combination of the
chance of a particular event, with the
impact that the event would cause if it
occurred. Risk therefore has two com-
ponents—the chance (or probability) of
an event occurring and the impact (or
consequence) associated with that event.
Intuitively, it may be assumed that risks
with the same numerical value have
equal ‘significance’ but this is often not
the case. In some cases, the significance
of a risk can be assessed by multiplying
the probability by the consequences. In
other cases it is important to understand
the nature of the risk, distinguishing
between rare, catastrophic events and
more frequent, less severe events. For
example, risk methods adopted to sup-
port the targeting and management of
flood warning represent risk in terms of
probability and consequence, but low
probability/high consequence events are
treated very differently to high probabil-
ity/low consequence events. Other fac-
tors include how society or individuals
perceive a risk (a perception that is
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The potential exists for an integrated description of the whole flooding system
from causes to consequences, including risk management measures

influenced by many factors including,
for example, the availability and afford-
ability of insurance) and uncertainty in
the assessment.

Benefits of a risk-based approach

The benefit of a risk-based approach,
and perhaps what above all distinguish-
es it from other approaches to design or
decision making, is that it deals with
outcomes. Thus, in the context of flood-
ing it enables intervention options to be
compared on the basis of the impact
that they are expected to have on the
frequency and severity of looding in a
specified area. A risk-based approach
therefore enables informed choices to be
made based on comparison of the
expected outcomes and costs of alterna-
tive courses of action. This is distinct
from, for example, a standards-based
approach that focuses on the severity of
the load that a particular flood defence
is expected to withstand.

The focus on outcomes coincides with
the move towards performance-based
engineering that has taken hold in the
seismic engineering community in the
US® and which is increasingly recog-
nised as a model for efficient provision
of infrastructure. In performance-based
engineering, the range of demands that
may be placed on a system are explicitly
recognised and targets are set for the
performance of the system under each of
these demands. For example, in a moder-
ate earthquake the performance target
may be that structures suffer only superfi-
cial damage, whereas in a very severe
earthquake it is recognised that some
buildings will be rendered uninhabitable
but essential emergency facilities, such as
hospitals, must continue to function. This
represents a much more subtle approach
than the conventional crude engineering
classification of a system as either “failed’
or ‘not failed’, or indeed the conventional
extension to consider two performance
criteria; ‘serviceability’ and “ultimate’
limit states. This conventional engineer-
ing distinction between failure and non-
failure has, for many years, been
translated to the design of flood defences
by way of the concept of a ‘design load’,
and is almost always expressed in terms
of a return period (in years). Within this
rather simplistic engineering paradigm,

design is proceeded by

s establishing the appropriate standard
for the defence (e.g. the '100 year
return period’ river level), based on
land use of the area protected, con-
sistency and tradition

* estimating the design load, such as
the water level or wave height with
the specified return period

¢ designing (that is, determining the
primary physical characteristics such
as crest level or revetment thickness)
to withstand that load

* incorporating safety factors, such as
a freeboard allowance, based on
individual circumstances.

Over the last decade the limitations of
such an approach in delivering efficient
and sustainable flood defence solutions
have become clear and act as a barrier
to the large scale, long-term planning of
flood defence that is now desired. In
addition, there has recently been much
more emphasis on the process of
appraisal in order to make choices
between options (Fig. 1). These options
can be quite diverse and offer quite dif-

ferent approaches for managing flood
risk and, again, the simple paradigm of
‘design loads’ is rather limiting.
Consideration of loads above a design
standard encourages development of
robust designs that have appropriate lev-
els of residual strength and that do not
fail in catastrophic modes.

The challenge of flood risk
management

Modern flood risk management is
aimed at managing whole flooding sys-
tems, be they catchments or coastlines,
in an integrated way that accounts for
all of the potential interventions that
may alter flood risk. In support of this
aim, the science and technology of flood
management has made tremendous
progress in the last half century. Process-
based, parametric and statistical models
describing key elements of the flooding
system (loads, defence response, inunda-
tion and impacts) are now available and
are continuing to be developed. The
potential exists for an integrated
description of the whole lMNooding system
from causes to consequences, including
risk management measures.

Review
performance ——

Risk

idendfication

{ assessment  management | eneration

Option
appraisal .

Implementation

Obijective
setting

Value Option

Decision
making

-

. Decision process

Typical actions

Fig. 1. The cyclic option appraisal process—problems are identified, ohjectives sel, options gener-
ated and appraised, decisions made, implemented and: monitored, leading to impraved under-

standing and befter decisions. The outer oval gives an indication of issues considered at each
stage; the centre circle reflects the weighting-up of risk and value in appraising options

CIVIL ENGINEERING

37



i

SAYERS, HALL AND MEADOWCROFT
T ST N Y P s

e

38

Without appropriate decision support
tools, however, ‘flood risk managers’
understandably struggle to handle the
complexities inherent in integrated man-
agement of the flooding system and the
hazard it represents. Some of the chal-
lenges faced by modern day flood risk
managers are set out below.

Loading is naturally variable

The loads such as rainfall and marine
waves and surges on flood defence sys-
tems are not forecastable beyond, at the
most, a few days into the future. For
design purposes, loads have to be
described in statistical terms. Extreme
loads that may never have been
observed in practice form the basis for
design and risk assessment.
Extrapolating loads to these exiremes is
fundamentally uncertain, particularly
when based on limited historical data
and in a climate that may be changing.

Load and response combinations are
important

The severity of flooding is usually a
consequence of a combination of condi-
tions. So, for example, overtopping or
breach of a sea defence is usually a con-
sequence of a combination of high
waves and surge water levels, rather
than either of these two effects in isola-
tion. The severity of any resultant flood-
ing will be governed typically by the
number of defences breached or over-
topped, as well as the vulnerability of
the assets and preparedness of the peo-
ple within the floodplain. Therefore,
analysis of loads and system response is
based on an understanding of the prob-
ability of combinations of random load-
ing conditions and the system
responses.

Increasing understanding of system
behaviour has illustrated the importance
of increasingly large combinations of
variables. For example, the Easter 1998
and autumn 2000 flood events were both
a consequence of complex spatial/tempo-
ral distributions of rainfall rather than a
simple, single rainfall-runoff event.'®!
Statistical techniques are commonly used
to address joint loading and response
conditions!? and research into this area
continues.

GV L BENGINEERING

Complex and uncertain responses must
be accommodated

The response of river, coastal and
man-made defences to loading is highly
uncertain. Research into topics such as
embankment stability and overtopping
has provided engineers with some tools
for addressing specific aspects of system
response. However, experimental results
that these tools are based upon often
show that a great deal of scatter and
field verification is scarce., Whilst
research in the UK and Europe is
addressing the breaching process, predic-
tive models will always be limited by the
availability of data on the condition and
performance of defences that may have
been modified over hundreds of years.

Spatial interactions are important
River and coastal systems show a
great deal of spatial interactivity. It is
well recognised that construction of
flood defences upstream may increase
the water levels downstream in a severe
flood event. Similarly, construction of
coastal structures to trap sediment and
improve the resistance of coasts to ero-
sion and breaching in one area may

deplete beaches down-drift. These inter-
actions can be represented in system
models, but engineeting understanding
of the relevant processes, particularly
sedimentary processes over long-time
scales, is limited. Even where we have a
detailed understanding of the physical
processes, there may be fundamental
limits to our ability to predict behaviour
due to the chaotic nature of some of the
relevant processes and loading.

Flooding systems are dynamic over a
range of time-scales

River and coastal systems are subject to
change. Change may impact upon the
loads on the system, the response to loads
or the potential impacts of flooding. It
may be due to natural environmental
processes, for example, long-term geomor-
phological processes, evolution in ecosys-
tems, or intentional and unintentional
human interventions in the flooding sys-
tem. Social and economic change will
have a profound influence on the potential
impacts of flooding and the way they are
valued. All of these futures are difficult to
predict, Fig. 2 illustrates how various
changes may influence the consequences

Consequences

Capital or
maintenance warks

S

Development

Defence deterioration
Climate change

Improved hazard
warning and
preparedness

=) Represents degree of uncertainty

Probability

Fig. 2. Some factors that can change flood risk™



and/or probability of flooding, with an
indication of their associated uncertainties.

Rivers and coasts are valued in different
ways by a range of stakeholders

The aim of risk reduction is central to
the UK government’s Department for
Environment, Food and Rural Affairs
(DEFRA). Environment Agency and
DEFRA guidance on appraisal of projects
identities the economic, environmental

analysis, depending on the circum-
stances and consequences of any partic-
ular decision—is well established in risk
management. Within flood management,
this concept is being translated into a
tiered risk assessment methodology. The
remainder of this paper explores how
this range of appropriate risk assessment
methods is being used in practice.

Applying risk-based techniques to

TOWARDS RISK-BASED FLOOD HAZARD
MANAGEMENT IN THE UK
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Analysis of flood risk
involves consideration of
the whole flooding
system and
acknowledgement of the
uncertainties within

and social dimensions as relevant to deci-  flood hazard management redictions
sion making, but there are no well-estab- Analysis of flood risk involves consid- P
lished criteria for what might represent eration of the whole flooding system and
‘acceptable’ risks from fleoding.!3-15 acknowledgement of the uncertainties
within predictions. Within this process it
Risk-based approaches provide a sub-  is necessary to consider each of the
tle and adaptable framework for sup- stages that lead from the extreme climat-
porting decision makers in addressing ic conditions that initiate a flood to the
these uncertainties. The aim is not to individuals and assets in the floodplain
replace the judgement and expertise of who suffer the consequences. The disci-
decision makers by prescribing preferred  pline of this procedure provides tremen-
options, but to make sense of some of dous insight into the way flooding
the complexities and uncertainties out- occurs and how flood risk may be effi-
lined above, in appropriate ways, that ciently reduced (Figs 3 and 4). Unlike a
reflect the needs of specific decision standards-based approach, schemes can
problems. The concept of appropriate- be assessed and compared in cases
ness—finding the balance between unin-  where factors other than geometry affect
formed decision-making and paralysis by  the effectiveness of the defence—such as
Hazard identification Probability of
system response
E
&
3 Loss probability
Probability of § =
loading s =
B -F
-log [p (exeedance)] a |T\E§5;;i:?e T
gamage (ie. risk)

Fig. 3. The flood risk assessment process

model

-log [p (exeedance)]

Load (water level, wave height)
4]
N
B
Damage (£k) !

Depth-damage

e E

relation

Probabilicy

Fload depth (m)

Fig. 4. How economic flood losses are calculated using risk-based techniques
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“Fig. 5. Aerial pholograph of West Bay on the

south'coast of England, indicating low-lying
areas or ‘hasins’ at risk from flooding

flood gates, which depend on accurate,
timely flood warnings and operational
response.

Figures 5 and 6 illustrate a risk assess-
ment undertaken by HR Wallingford in
partnership with West Dorset District
Council at West Bay on the south coast
of England. The site is small, but com-

plex from the point of view of a systems
analysis. The low-lying areas at the site
have been labelled as basins 1-6 in Fig.
5. These are also the areas that are occu-
pied by people and economic assets at
risk from flooding. These basins may be
flooded by the sea and/or fluvial water
in the River Brit. Other uncertain
events, such as failure to open the sluice
gates, will modify the flooding process.
Fig. 6 provides a cause—consequence
chart, which illustrates the ways in
which flooding can occur. The arrows
denole the direction from cause to con-
sequence. Note that a cause will only
result in a given consequence if the
cause is sufficiently severe. Thus, for
example, lowering of East Beach will
only result in overtopping of the beach
and flooding if the beach lowering and
marine storm are sufficiently severe.
Figure 6 has been further subdivided
based on the commonly used
source—pathway-receptor model.” For a
‘risk’ to be present there must be a
source of the hazard (atmospheric
storms), a receptor (people and proper-
ties) and a pathway between the source
and the receptor. As shown in Fig. 6, a
particular atmospheric storm may cause
heavy rainfall and hence high fluvial
flows, surge water levels in the sea, high
waves, or any combination of the three.

Therefore, to analyse the flooding sys-
tem, a joint probability analysis of all of
the load conditions was required. This
was then combined with numerical
modelling of all of the pathways (system
responses) to generate probability distri-
butions for the depth of flooding in
basins 1-6. Flood depth was then used
in an economic analysis of the risk of
flooding.

Once a risk model had been estab-
lished, it was then possible to test and
optimise a range of potential designs
and management strategies (provided
the model could resolve their influence
on the system behaviour). Thus, it was
possible to examine the relative merits
of investing in new capital works or
improving the maintenance of existing
defences. Scenarios of future land use
could also be tested in order to inform
the planning process.

Alternative designs and management
strategies can be compared on the basis
of their cost and risk profiles. There are
many reasons for different options to
have different risk profiles, including
higher sensitivity to extreme loads as
well as different degrees of uncertainty
about future performance. Risk-based
analysis can help differentiate between
options with similar expected
benefit-cost ratios, for example. As

Receptors

Fig. 6. Cause-consequence diagram for flooding in West Bay—a probability analysis of sources was combined with numerical modelling of pathways to
generate probability distributions of flood depth in each basin

CIVIL ENGINEERING
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Integrated flood risk management is a complex endeavour, which will need to be
supported by computer-based tools

Expectation opticn A

Prabability density

Expectation option B

I 2 3

Performance indicator (Benifit-cost ratio)

Fig. 7. Risk prafiles for ditferent options—
option B has a greater expected benefit-cost

ratio than option A but is more likely to fail to-
achieve a minimum benefit cost ratio of unity

shown in Fig. 7, option B has a greater
expected benefit—cost ratio than option
A. However, given the greater spread of
uncertainty of the expected value, it is
more likely to fail to achieve a minimum
benefit—cost ratio of unity if pursued.

Development of hierarchical risk
assessment and decision making
Table 1 provides an overview of a tiered
assessment methodology being developed
in the UK. The principle is to provide con-
sistent approaches at each level but with
increasing detail of analysis and reducing
uncertainties. For each tier of analysis, the
appropriate level of detail is based on con-
sideration of the type of decision in hand
and the availability of the required data
and analysis, or its expected cost if it is not

available. Thus, if high-resolution data and
analysis are available at little or no cost,
then it is appropriate that it is used in the
high-level methodologies to reduce uncer-
tainty. Insights into the uncertainty associ-
ated with a given level of analysis can then
be obtained by comparing the results of
the analysis from progressively more
detailed levels,

The high-level method in Table 1 is
based on the minimum information that
is currently available from national
datasets (including the Environment
Agency’s new national flood and coastal
defence database). Topographical, land
use and property data are now available
at quite high resolutions on a national
basis. Information on flood defences
includes an inventory of assets, a visual
characterisation of the defence condition
and an estimate of the return period of
the flood event in which the defence is
expected to be overtopped. Based on this
limited dataset, the high-level method
aims to provide a national estimate of
flood risk that can be used to monitor
changing risk from year to year, building
on methods used in the recent assessment
of national economic assets at risk.!®!7

More site-specific decisions are
informed by progressively more detailed
analysis. At the intermediate level, a mod-
elling and decision support framework is
currently being developed for DEFRA and
the Environment Agency to support the

Table 1. The tiered risk assessment methodology being developed in the UK

Level Decisions to inform

High * national assessment of
economic risk, risk to life
or environmental risk

* prioritisation of expenditure
+ regional planning
+ planning of flood warning

P Y

Data sources

defence type

condition grades

standard of service

indicative floodplain maps
socio-economic data
(including Crdnance Survey
Address Point/Focus datasets,
aggregated agricultural and

Methodologies

+ generic probabilities of
defence failure based on
condition assessment and
crest freeboard

* assumed dependency

between defence sections

empirical methods to
determine likely flood extent

transportation datasets)

Intermediate As above plus

+ flood defence strategy
planning

+ regulation of development

*+ maintenance management

Detailed As above plus
* schemne appraisal and

optimisation

As above plus

* defence crest |evel and other
dimensions where available

* joint probability load
distributions

* floodplain topography

* detailed socin-economic data

As above plus

= all parameters required
describing defence strength  + simulation modelling of

* synthetic time series of

land use mapping

probabilities of defence

analysis

* systems reliability analysis
using joint loading
conditions

= modelling of limited
number of inundation
scenarios

simulation-based reliability
analysis of system

inundation

loading conditions

failure from reliability |

new catchment flood management plan
process.'® At the most detailed level are
high-resolution simulation models that
combine simulated time series of loads
(for example, rainfall) with high-resolu-
tion models of runoft, channel con-
veyance and floodplain inundation. Both
the intermediate and detailed level analy-
sis have recourse to high-resolution topo-
graphic data and each considers multiple
defence failure mechanisms.

A loolc to the future

The techniques and application of
flood risk assessment and management in
the UK are in the midst of a period of
significant change. This paper represents
a snapshot taken at an instant when the
direction of change has been clearly
established and some of the components
of future techniques are in place but the
full systems approach has yet to be imple-
mented in practice. At the moment,
aspects of UK practice that represent best
practice internationally, for example mul-
tivariate statistics, are being disseminated
more widely to practitioners.'?

Meanwhile, best international practice,
for example recent Dutch work on relia-
bility assessment of dyke rings,?*2! is
being identified and adapted for the par-
ticular conditions in the UK. New data
acquisition, analysis, communication and
presentation techniques are being tested
and applied. Emerging issues, such as the
impact of climatic and other long-term
change, are being assimilated into the
risk assessment framework. This work is
being conducted with the overall aim of
integrated risk assessment and continu-
ous active management of whole river
catchments and coastal flooding systems.

Integrated flood risk management is a
complex endeavour, which will need to be
supported by computer-based tools that
enable analysis of the whole system, eval-
uation of the consequences of strategic
intervention and coordination of interven-
tion activities. A flood risk management
decision support system will include

¢ aninventory of data, distributed
databases and metadata to enable
users to judge the pedigree of data

*  knowledge bases that guide decision
makers through key processes, such as
selecting risk assessment methodologies

CIVIL ENGINEERING
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s tiered risk assessment methods, from
broadly applicable high-level methods
to powerful simulation tools, which
enable a wide range of possible risk
management actions to be evaluated

» techniques lor representing uncer-
tainty in data, models and predic-
tions, and accounting for it in
decision making

» open architecture modelling support
systems that help decision makers
apply best practice methodologies

* a geographical information systems

(GIS) interface that presents risk
information to a range of decision
makers and stakeholders, including
the public, in an appropriate format.

Technology on its own will not result in
integrated flood risk management. It
needs to be accompanied by continued
evolution of existing expertise and experi-
ence. It will require organisational change
and the building of capabilities within the
flood risk management industry, and some
changed behaviours on the part of the

general public. Finally, if integrated flood
risk management is to be a product of
complementary actions of many individu-
als and organisations, then the general
understanding of the objective, process
and best practice of risk management
among those individuals and organisa-
tions will have to be enhanced. It is hoped
that this paper will contribute to that aim.
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