
1 INTRODUCTION

The Netherlands is a low-lying country that relies on
an extensive system of flood-defences for its exis-
tence. After a major flooding disaster in 1953 the
design and evaluation of the safety of the flood-
defences got based on prescribed exceedance fre-
quencies of the design water level in front of the
structures. At the time, this approach was a major
step forward from the existing practice.

After application of this approach for almost half
a century, the existing design and evaluation practice
is deemed too limited for application into the far fu-
ture for the following reasons:
• The definition of the safety level is independent

of the economic and demographic developments
in the protected areas;

• The technique for calculation of failure prob-
abilities has undergone considerable develop-
ment, particularly in the field of structural engi-
neering.

Current research into risk-based design of flood-
defences aims both at a critical evaluation of the
definition of risk in flood-prone areas and at the
technical implementation of risk-based design meth-
ods for flood defences. The paper will provide an
overview of risk definitions applicable to flooding
problems. It will be shown that existing Dutch
regulation shows several shortcomings with respect
to the quantification of risk. A combined optimisa-
tion of economic consequences and life-quality is
proposed to deal with death risk and monetary risk
issues in a systematic and transparent way.

2 EXISTING RISK DEFINITIONS IN DUTCH
LEGISLATION

The existing flood defence systems protect half of
the Netherlands against flooding (see figure 1).
Therefore, half of the Netherlands can be considered
a flood-prone area. The possible damage in case of
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Figure 1: The flood defence system in the Netherlands (Flood
Defence act, 1995)



flooding in these areas shows that the risk has multi-
dimensional attributes, namely:
• Casualties;
• Loss of economic value;
• (Irreversible) loss of land area;
• Loss of historically valuable objects;
• Loss of nature and ecological values.

Ideally, one should take into account all possible
components of damage in deciding on the acceptable
safety level of an area. With this viewpoint, Dutch
legislation has been reviewed to examine the risk
concepts used. Two regulatory documents are par-
ticularly important:
• Major Hazards Decree (1992), published by the

Ministry of Housing, Spatial Planning and Envi-
ronment;

• Flood Defence Act (1995), published by the
Ministry of Transport, Public Works and Water
Management.

The first defines the external safety bounds around
hazardous objects like LPG-stations, whereas the
second defines the safety requirements for flood
protection.

The current safety standard for flood defences
(expressed as an exceedance frequency of the design
water level) is based on an analysis of the risk in
1956, but has not been modified since. The safety
standard for LPG-stations is based on numbers of
casualties only, without any consideration of eco-
nomic consequences. Thus, both existing definitions
of acceptable risk appear to be insufficient, since the
multi-dimensionality of risk is not dealt with.

3 ECONOMIC OPTIMISATION OF FLOOD
DEFENCES

In economic optimisation, the investment in the
protecting measures is explicitly weighed against the
remaining economic risk. The first to apply this con-
cept to flood defence systems was van Dantzig
(1956). The work of van Dantzig contributed to the
development of the Dutch flood de-fence policy that
was developed in the 1950's. The economic optimal
safety level was found by minimisation of the life-
cycle costs of the flood defence system as a function
of the design water level:
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Where:
I0: Initial investment (mobilisation costs);
I(hw): Investment as a function of design water

level;
T: Planning period (years);
Pflood(hw): Flooding probability as a function of de-

sign water level;

S: Monetary damage in case of flooding;
r: Interest rate;
i: Inflation;
re: Rate of economic growth.

In van Dantzig's analysis, the flooding probability
is set equal to the exceedance probability of the de-
sign water level. At the time, it was already under-
stood that the design water level did not fully cap-
ture the complexity of the hydraulic loads on a flood
defence system. Therefore, the Delta Committee
(1960) defined the cost-minimising design water
level according to van Dantzig's analysis as the "dis-
aster level". The design water level was chosen as
the water level with an exceedance probability one
order of magnitude higher than the disaster level.
The committee stated that "under design conditions,
the stability of the water defence structure should be
guaranteed".

In structural engineering, methods for the calcu-
lation of reliabilities started being developed from
the 1960's (for instance Turkstra, 1962). These
methods are able to deal with multiple random vari-
ables and multiple failure modes within one calcula-
tion and thus form the tools that were lacking at the
time of van Dantzig's analysis. Reliability methods
gradually got adopted in the design of flood de-
fences from the 1970's. Recently, Voortman and
Vrijling (2001) developed a method to apply eco-
nomic optimisation to large-scale flood-defence
systems, including a full reliability calculation of the
flood defence structures in the system. Conceptually,
the life-cycle costs for a flood defence system are
written as:
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Where:
x: Vector of random input variables de-

scribing load and resistance;
p: Vector of design variables;
I(p): Investment as a function of design vari-

ables.
Pflood(x,p): Flooding probability as a function of de-

sign variables and boundary conditions.

The vector p comprises a large number of design
variables, describing geometry, mean densities and
mean strength of building materials etc. The func-
tion Pflood(x,p) comprises a full reliability analysis of
the flood defence system.

4 THE LIFE QUALITY METHOD APPLIED TO
FLOOD DEFENCES

Economic optimisation includes only economic di-
mensions of risk. Therefore, it is very often deemed



insufficient for responsible decision-making on
flood protection. Nathwani et al (1997) proposed a
compound indicator, including economic benefits
and life expectancy. The general form of this so-
called life quality index (LQI) is:

( )wwegLQI −= 1 (3)

Where:
g: Personal income;
e: Life expectancy;
w:Model parameter.

The parameter w is derived by analysing statistics on
the amount of time spent working. See Nathwani et
al (1997) for details. The life quality index can be
combined with the aforementioned concept of eco-
nomic optimisation, by writing both personal income
and life expectancy as a function of the flooding
probability Pflood. Since the decision to build or rein-
force a flood defence structure influences the safety
over several years, account has to be taken of the
capitalisation of the life quality index. The cash-flow
in a year where no investment is made in terms of
personal income, capitalised to the year where the
decision is made (t=0), is given as:
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Where:
N: Population at the beginning of the plan period;
B0: Yearly turn-over when no flooding occurs;
rp: Growth rate of population;
g0: Personal income at time t=0.

Integration over the plan period and including the
investment at the beginning of the plan period pro-
vides the life-cycle personal income:
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Where:

DF: Discount factor (see below);
I(Pflood): Investment as a function of flooding prob-

ability;

The discount factor is defined as:
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The life expectancy can be derived as a function of
the flooding probability by considering death statis-
tics of society. The lifetime distribution of the
population can be found by analogy to time-
dependent failure of components, according to:
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Where r(t) denote the age-dependent death rate.

The life expectancy at birth is found straight-forward
by integration of the lifetime probability density
function:

( )∫
∞

=

⋅=
0

0 d
t

T ttfte (8)

Flooding risk adds a death probability to the natural
death rate. The yearly added probability of dying
due to flooding can be expressed as:

flooddfloodfloodd PPP |; ⋅= (9)

Where Pd|flood denotes the death probability condi-
tional on the occurrence of a flood.

The life expectancy under flooding risk can now
be calculated by replacing the age-dependent death-
rate r(t) in equation (7) by:

( ) ( ) flooddflood PPtrtr |0 ⋅+= (10)

Where r0(t) denotes the age-dependent death rate
without considerations of flooding risk.

Note that expression (10) implicitly assumes that
the added death probability is age-independent. The
analysis above can be used to derive the influence of
the decision on the life expectancy in every year of
the lifetime of the decision:

( ) ( )flooddfloodflood PPeePe |0 ,∆+= (11)

Where:
e0: Life expectancy at birth without flooding;
∆e: Change in life expectancy.

The total effect on the life expectancy over the plan
period is found by integration over the planning pe-
riod of expression (11). When future life expectan-
cies are not discounted, this leads easily to:

( ) TeTPE floodlife 0, = (12)

The lifetime personal income and the lifetime life
expectancy are combined by using the definition of
the life quality index according to (3):

( ) ( ) ( ) w
floodlife

w
floodlifefloodlife TPETPGTPLQI −= 1,,, (13)

This model will be denoted the Extended Life Qual-
ity Index (ELQI) in the remainder of this paper. The
ELQI can be used to support decision-making con-
cerning flood protection.



5 APPLICATION: LAND RECLAMATION IN
THE NORTH SEA

5.1 Case description

The ELQI derived in the previous section is applied
to a fictitious land reclamation project, situated in
the North Sea near the port of Rotterdam. The ter-
rain is assumed to have a triangular shape. The north
shore is protected by a sea dike with a length of
3400 m (fig. 2). The west shore is protected by a
dune with a length of 7700 m. The total area is 1125
ha. The ELQI will be used to derive a set of decision
criteria for the safety level of the area:
• Minimum safety level, defined as the safety level

that provides the same value of the life quality

index as was present before;
• Benefit maximising safety level, defined as the

safety level where expected benefits are maxi-
mised, regardless of the effects on life expec-
tancy;

• Cost minimising safety level, defined as the
safety level where lifetime costs are minimised,
regardless of the effects on life expectancy and
benefits;

• Life quality maximising safety level, defined as
the safety level that maximises the value of the
ELQI;

5.2 Analysis of construction costs and life
expectancy

In order to apply the ELQI model, some prepara-
tory work is needed to find the investment, the life-
time costs, the lifetime benefits and the life expec-
tancy as a function of the flooding probability. The
results derived by Voortman and Vrijling (2001) will
be used for the economic parameters. The life ex-
pectancy will be derived based on Dutch death sta-
tistics.

Within the flood defence system, two main com-
ponents are distinguished, namely the dike section
and the dune section. Failure of the components is
described by one failure mode per component only.
The fault tree for the top event "flooding of the area"
is given in figure 3.

Figure 2: Overview of case study area

Flooding of the area

O R

Excessive overtopping
of dike section leading
to breach of the dike

Excessive dune
erosion leading to
breach of the dune

Figure 3: Fault tree of Rijnvlakte 1

Table 1: overview of basic variables

Variable Distr. type Shift Scale Shape Used in

Water level W 2.4m 0.19m 0.85 Dune and dike

Model uncertainty wave height N 0.0m 0.6m - Dune and dike

Wave steepness N 3.8% 0.59% - Dune and dike

Model factor overtopping breaking waves N 1 0.106 - Dike

Model factor overtopping non-breaking waves N 1 0.134 - Dike

Median grain size dune sand N 0.255mm 0.015mm - Dune

Influence factor storm duration N 0 0.1 - Dune

Height of gust bump N 0.4m 0.1m - Dune

Model uncertainty dune erosion N 0 1.0 - Dune



Storms in the North Sea cause considerable wave
loading on the water retaining structures. Further-
more, in a shallow sea like the North See, the wind
causes a considerable increase of the water level as
well. Since the loading variables have a common
cause, there is a strong dependence between the
loading variables that has to be accounted for in the
reliability calculations. More de-tails are given in
Repko et al (2000) and Voortman et al (2001). Table
1 provides an overview of all basic variables used in
the analysis.
The flood defence components show a number of
design variables. For the analysis of the flooding
safety on area level it is convenient to perform in-
vestment minimisation on component level for a
range of prescribed failure probabilities. Thus, the
investment in every component can be written as a
function of its failure probability, as shown by
Voortman and Vrijling (2001). For both compo-
nents, the investment can be approximated by a
quadratic function of the log of the failure prob-
ability.

The components of the flood defence system can
be considered a system of dependent failure modes.
System reliability analysis (Hohenbichler and
Rackwitz, 1983) combined with investment minimi-
sation for a range of prescribed flooding probabili-
ties leads to the minimum investment as a function
of the flooding probability of the area. This invest-
ment function reflects the properties of the underly-
ing component investment functions in the sense that
it can again be approximated by a quadratic func-
tion, this time of the log of the flooding probability
of the area (see figure 4).

The change in life expectancy as a function of
flooding probability was established in section 4.
The analysis described there has been performed for

death statistics of Dutch society (CBS, 2000). Figure
5 shows the result and an approximating function,
described by:

( ) popflooddfloodflood PPPe γγ |
5.310, −=∆ (14)

Where γpop denotes the percentage of the total popu-
lation living in the area. The horizontal axis in figure
5 denotes the unconditional death probability, given
by Eqn. (5):

flooddfloodfloodd PPP |; = (15)

The approximation is accurate for death prob-
abilities lower than 10-3 per year, which is well in
the range of application.

5.3 Decision making on the safety level of the area

Now that the investment and the life expectancy are
know as a function of flooding probability, the
analysis of appropriate safety levels can be per-
formed. Once the optimal safety level has been de-
fined, back-analysis leads to the optimal probability
of failure for every individual section and its corre-
sponding geometry. Since this last step is not essen-
tial for the method, it will not be described in this
paper.

The extended life quality model was given in
section 4 as:
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w
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The four decision criteria described in section 5.1
can all be derived from the general model. In the
following, it will be assumed that the planning pe-
riod T is not part of the decision.
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Figure 4: Investment as a function of flooding probability
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The minimum safety level is found by finding the
root of the following function:
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The other three decision criteria can be established
by considering the derivative of the extended life
quality model to the safety level of the area:
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Where p replaces Pflood for readability.

Under the condition that the second derivative is
negative, a maximum of the LQI model can be
found by finding the root of the first derivative. The
benefit maximising safety level is found from the
general model when the derivative of the life ex-
pectancy to the safety level equals zero. In that case,
the root of the derivative is found by finding the root
of the lifetime benefit to the safety level, so that the
model reduces to an economic cost-benefit ap-
proach.

When not only the derivative of the life expec-
tancy, but also the expected benefits are set to zero,
the root of the first derivative represents the cost
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Figure 6: Decision criteria for flooding safety, four cases



minimising safety level, which is primarily histori-
cally important because of the comparison with the
analysis of van Dantzig (1956).

Finally, when the full model is taken into ac-
count, the life quality maximising safety level is
found. Since in the case study the existing LQI-value
is not a function of the decision variable, this safety
level also maximises the difference between the ex-
isting LQI-value and the new value.

5.4 Results of the analysis

The safety levels resulting from the analysis of the
extended LQI-model will be shown as a function of
the value of the reclaimed area. The yearly turn-over
in the area will be modelled as a function of the
monetary value of the area by:

SB prodγ=0 (19)

In a normal economy, γprod equals the interest rate. In
a sensitivity analysis, γprod and γpop will be varied.
Table 2 provides an overview of the input for the
four cases considered.

Table 2: overview of cases

Case γprod γpop

1 5.5% 10%

2 5.5% 1%

3 5.5% 100%

4 0% 10%

In all cases, the other parameters are set to fixed val-
ues:
T: 100 years;
r: 5.5%
re: 2%;
i: 2%;
rp: 0%
Pd|flood: 0.01

The conditional probability of dying in case of a
flood is not varied. Inspection of equation (15)
shows that the conditional dying probability has the
same influence as γpop.

An overview of the results for the four cases is
shown in figure 6. Note that in this case study bene-
fit maximising is the same as cost minimising. In all
cases, the minimum safety level converges to the
LQI-maximising safety level as the monetary value
of the area approaches zero. In those cases, the ELQI
provides a safety standard that reduces the increase
of death risk to a reasonable level. The actual level is
inverse proportional to the population of the area.
Increasing the population by one order of magnitude
lowers the maximum flooding probability according
to the ELQI-model by one order of magnitude.

The pure economic approaches provide very low
safety standards for cases where the economic value

of the area is low. The other extreme is where the
value of the area gets very high. In all cases, the
ELQI-criterion then coincides with the benefit-
maximising criterion. The minimum safety level is
very low, due to the fact that the original life quality
is obtained by the very high turn-over in the area.

The LQI-maximising safety level provides a lower
bound on the safety level for the full range of
monetary values of the area in all cases considered.
An upper bound is provided by the minimum safety
level in areas of little economic importance and by
the benefit maximising safety level in areas with
high economic importance. In special cases, the
bounds may coincide.

6 DISCUSSION AND CONCLUSIONS

In this paper, the concepts of economic optimisation
and life quality were combined to provide a tool for
the definition of safety levels of flood-prone areas.
The results appear to reflect rational decision mak-
ing rather well, in the sense that the safety level is
dependent on the number of people at risk and the
economic importance of the area.

In Multiple Attribute Utility Theory (MAUT), gen-
erally a distinction is made in states of nature and
their probability of occurrence. Such a distinction is
not achievable in the life quality approach. so that
extension with other attributes than economy and
life expectancy may be difficult. Nevertheless, the
extended life quality approach as presented in this
paper is a first step towards a multiple attribute ap-
proach to flooding risk.

The results of the optimisation depend strongly on
the quality of the underlying information. In this pa-
per, sacrifices were made regarding:
• Level of detail in the reliability analysis of flood

defence components;
• Level of detail in the calculation of life risk in

case of flooding.
Both simplifications do not touch the general con-
cept outlined here. Voortman and Vrijling (2001)
have shown how economic optimisation of flood de-
fence systems may be performed on any desired
level of detail. Furthermore, considerable progress is
made towards a more detailed calculation of risk in
flood-prone areas. See Voortman and Jak (2001) for
an overview. The life quality approach is an excel-
lent framework in which such tools may be inte-
grated to provide an overall decision-support tool for
flooding safety.
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