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Abstract

Large parts of the Netherlands lie below sea-level, and the hazard of large scale floods leading to extensive
damage and loss of life is aways present. In this paper aframework for the estimation of loss of life caused
by floods in the Netherlands is proposed. The method takes into account the effect of evacuation during the
flood and various mechanisms which lead to fatalities during a flood. The relationships between flood
characteristics and number of fatalities are based on data from the 1953 disaster, during which the south-
western part of the Netherlands was flooded, and that caused 1836 fatalities. The method is applied in two
case studies to give afirst estimate of the number of fatalities caused by ariver dike breach near Rotterdam
and failure of the coastal defence near Katwijk, both leading to aflood of the Central Holland area.
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Executive Summary

Every year, floods cause enormous damage al over the world. In the last decade of the 20™ century
floods accounted for about 12% of al deaths from natural disasters, claiming about 93,000 fatalities
(source: OFD / CRED international disaster database). In the Netherlands, the hazard of large-scale
floods leading to extensive damage and loss of life is always present, since large parts of the country lie
below searlevel. In this sub-project, part of the Delft Cluster “consequences of floods’ project, the
matter of loss of life caused by floods isinvestigated. Since it appeared from areview of international
literature that the knowledge on this subject is very limited, the problem is approached at various levels
of detail. The aims of this subproject are twofold: generating knowledge of loss of life caused by floods
by “learning” from the events during internationa floods, and, secondly, to improve the methods for
estimation of loss of life caused by floods for the specific situation in the Netherlands.

In the first part of the study statistics on loss of life in worldwide floods are analysed. Also the
occurrence of other, non-lethal health effects, isinvestigated. The second part proposes a framework for
the estimation of loss of life caused by floods in the Netherlands. Finally, specia attention is given in the
third part to the possihility of additional fatalities resulting from the flooding of industrial sites. The
main results of each of these three subprojects are summarized below

1. Loss of life caused by floods: an overview of mortality statistics for worldwide floods
Floods can have a substantial impact on public health, and indirectly lead to a decrease of socio-
economic welfare. In this report the effects of worldwide floods on human well-being are studied.

A review of international literature on flooding health effects and information from case studies was
conducted. Thisinvestigation shows that injuries, illnesses, diseases and mental health effects can occur
after flooding. Especially psychological effects can continue to last for months and even years after the
flood and are therefore an important consequence.

The main part investigates loss of life statistics for different types of floods and different regions with
general information from the OFDA / CRED international disaster database concerning a large number
of worldwide flood events. Figures are presented on mortality for worldwide floods. The results show
that the mortality associated with flood events strongly depends on the flood characteristics, such asthe
available time for evacuation and the rate of rising of the flood waters , i.e. on the flood type.

Also, causes of flood mortality have been studied with detailed information on flood fatalities for a
limited number of cases. In generadl, it can be stated that the way people respond to the exposuresis a
critica factor in the morbidity and mortality associated with such events. Especialy in European floods,
the loss of lifeisto alarge degree associated with risk-taking behaviour.

However, theinsight in health effects of floods, both morbidity and mortality, islimited. This outlines
the need for more and better quantitative data on health impacts associated with all categories of
flooding. Thisincludes centralized and systematic national reporting of deaths and injuries from floods
using a standardized methodology.

2. Consequences of floods: the development of a method to estimate the loss of life

In this part aframework for the estimation of loss of life caused by floods in the Netherlandsis
proposed. The method takes into account the effect of evacuation during the flood and various
mechanisms which lead to fatalities during aflood. The relationships between flood characteristics and
number of fatalities are based on data from the 1953 disaster, during which the south-western part of the
Netherlands was flooded, and that caused 1836 fataities. The method is applied in two case studies to
give afirst estimate of the number of fatalities caused by ariver dike breach near Rotterdam and failure
of the coastal defence near Katwijk, both leading to aflood of the Central Holland area. The results
indicate that, contrary to what is generally believed, river floods may cause more fatalities tha coastal
floods. This mainly depends on the topography and el evation of the flooded area and the period during
which inflow takes place. To further improve the method for estimation of loss of life, knowledge
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generated on drowning causes can be applied. Also the modeling of evacuation before and during the
flood requires significant improvement.

3. Casualties resulting from flooding of industrial sites

Aim of this part of the study was to get insight into the number of possible casualties that could be
expected as a con-sequence of flooding of industrial sites. First aliterature study was carried out using a
database containing more than 17000 industrial accidents. From the literature study it could be
concluded that only high-energy floods (i.e. high flow velocities) (were reported to) cause calamities
(like fire and explosions) with casualties. Floating of tanks was observed in certain cases, and in addition
to (storage) tanks, pipelines were vulnerable objects. No effects of toxic sub-stances released and
subsequently dispersed as aresult from floods are reported. Secondly, a calculation of the expected
number casualties was carried out for a simulated flooding event near the city of Krimpen aan deLek in
the Netherlands, using generally recognised principles and models applied during quantitative (saf ety)
risk assessment studies (software programme EFFECTS version 5). Only one site, where sufficient
amounts of dangerous substances were stored, was found to be located such that a significant release
could be expected. This was alocation where 86 tons of ammonia (NH3) was pre-sent. Under
unfavourable atmospheric conditions release of this volume could result in over 2000 deaths, and many
more people needing medical attention. More realistic conditions, under which a dyke breach could be
expected, could result in about 55 casualties. Although flood conditions might be such that are-lease
could occur, local (safety) measures taken significantly reduce the probability of occurrence of such a
scenario. Although the effects of chemical releases can be estimated, the likelihood of the occurrence of
such events should be investigated further in a probabilistic approach.

Concluding remarks

Finally, it can be stated that as aresult of this subproject more knowledge is generated on the main
factorsinfluencing loss of life dueto floods. The results of these studies provide someinsightsin the
potential magnitude of flood events and can aid the development of vulnerability indicators for flood
hazards. Insights gained can provide background for decision-making on the desired level of flood
protection and the application of measures to prevent flood deaths. The research on loss of life caused by,
floods will be continued in an ongoing PhD study at Delft University.

PROJECT NAME:| Flood consequences PROJECT CODE:| 02.03.03
BASEPROJECT NAME:| Flood conseguences and acceptability BASEPROJECT CODE:| 02.03
THEME NAME:| Risk of flooding THEME CODE: 02
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1 Introduction

The Delft Cluster project “ Consequences of floods” aimed at assessing alarge number of possible
flood impacts ranging from damage to infrastructure and housing, economic loss, environmental risks,
and casualties. This paper focuses on the last subject, i.e. loss of life.

Every year floods cause enormous damage all over the world. In the last decade of the 20th century
floods accounted for about 12% of al deaths from natural disasters, claiming about 93,000 fatalities
(derived from the OFDA / CRED International Disaster Database, www.cred.be). Floods may aso
lead to other health effects, and can have various physical aswell as psychological impacts (Ohl,
2000; WHO, 2002; Hajat, 2003). These health effects may also result in indirect delayed loss of life
due to stress and ilInesses. Increased levels of mortality in the year after aflood are for example
reported by Bennet (1970). Little research has been carried out on estimation of loss of life caused by
floods. An overview of the available methods is given by Jonkman et al. (2002).

This paper describes the advances in the research on this topic made in the Delft Cluster project
“Conseguences of floods’. The aim of this part of the project was to develop a method to estimate the
number of fatalities during floods in the Netherlands, taking into account the characteristics of the
flood and the effect of an evacuation before or during the flood. To fulfil this aim, the following
activities were carried out:

o Assessment of the relation between loss of life and different flooding characteristics, such as

maximum water depth, maximum flow velocities, and rate of rise (section 2);

o Estimation of the time needed for evacuation (section 3);

Development of aloss of life model in a GIS, using the knowledge on loss of life and
evacuation (section 4);

e Application of the GIS-based model to two case study areas in Central Holland (section 5).
Although an attempt has been made to assess both direct loss of life caused by drowning and indirect
loss of life due to diseases, this paper mainly focuses on the direct loss of life by drowning, i.e. during
the flood period.

2 Development of a flood-mortality function

2.1 Introduction

Loss of life during aflood can occur in many ways. For instance, people can be swept in the water
and buildings can collapse. Also indirect causes, such as flood induced heart attacks, shocks and
€lectrocution during the clean up phase can contribute to the death toll. Floods can even result in
higher mortality levelsin the years afterwards, due to an increase of stress and illnesses, see for
example (Bennet, 1970). More insight in the death causes of floods and the related circumstancesis
necessary to gain understanding and to improve the prevention of fatalities. Thisinvestigation focuses
mainly on direct deaths during the flood, amongst those who are unabl e to escape from the flooded
area. For a better understanding of loss of life caused by floods more insight isrequired in the relation
between the causes of death and the flood and area characteristics. This type of study requires
extensive (quantitative) information from historical floods. The availability of thistype of dataisin
general very limited.

In this study a more simplified approach is chosen. In a so-called flood mortality function the
probability of drowning is statistically related to the hydraulic circumstances, such as maximum water
depth, maximum flow velocities, and rate of rise of the water. The exact causes are not accounted for.
Flood mortality relationships should be preferably based on reliable data, derived from historical
floods. Therefore an investigation of available information from historical floods was carried out. So
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far, detailed data on drowning persons for the 1953 floods in the Netherlands have been retrieved
from Waarts (1992).

2.2 Development of aflood mortality function based on the 1953 flood disaster in the
Netherlands

During this flood a storm surge from the North Sea inundated large parts of the southwest of the
Netherlands. This event caused enormous damage and shock, moreover 1836 persons were killed due
to this disaster. Based on the available information on fatalities it was investigated whether arelation
between hydraulic flood characteristics and flood mortality could be found. In this case the effects of
evacuation are neglected: the disaster struck unexpectedly at night, no evacuation could be carried
out. Theloss of life can thus be directly related to the presence of persons at different locations and
the flooding circumstances.

Based on the collected data from the 1953 flood the following approach is proposed to relate flood
mortality (i.e. the fraction of inhabitantsin an areathat lose their life in the flood) to hydraulic
characterigtics of the flood. Three categories of flood deaths are distingui shed:

e Drowning persons due to rapidly rising water

e Drowning persons due to high flow velocities

o Deathsdueto other causes, such as hypothermia, heart attacks, shock, failed rescue, etc.

In the analysed data (Waarts, 1992) it has been recorded to which of these causes the fatalities per
|ocation can be attributed. The distribution of the numbers of flood deathsis shown in Table 2.1.

Cause Number of deaths Percentage
Rapidly rising water 1054 61%
High flow velocities 254 15%
Other causes 427 25%

Table 2.1 Distribution of flood deaths of the 1953 flood in the Netherlands over the categories for 1726
of the 1835 recorded flood deaths (based on Waarts, 1992)

Thetable shows that rapidly rising water levels were the main cause of death during the unexpected
1953 flood. Thisinformation on drowning categoriesis used to propose criteriafor each of these three
categories to estimate the contribution to total loss of life.

2.3 Fatalitiesdueto rapidly rising water levels

When the water rises rapidly, dangerous situations may occur. People will not be able to reach high
grounds or even to reach the higher floors of buildings. It is expected that especially the combination
of water depth and rate of rising causes the danger, since dangerous situations will especially occur in
larger water depths. The fatalities caused by rapid increase in water depth during the 1953 flood are
shown in Figure 2.1. From this figure it can be seen that mortality increases with water level. The
following function is derived:

f(h),_=9.18-10"-&"*" f(h), <1 Q)
with f(h)rise is the fraction of inhabitants killed by rapidly rising water levels and h is the water depth.

rise
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Figure 2.1 Proposed function for estimation of flood mortality for rapidly rising water

Based on the known values of the rate of water level riseit is assumed that this function should be
applied if the water rises with 1 m/hr or more. A specific problem is the extrapolation of thisfunction
for larger water depths. No datais available for water depths of more than 3.9 m. Asthe proposed
function is very steep at the upper end, extrapolation may result in unrealistic numbers of deaths. For
instance, at about awater depth of about 5.3 m, the maximum fraction of 100% deaths is reached. In
further research the elapse of this function for larger water depth is to be assessed. Now it is assumed
that the 100% value appliesto al water depths of 5.3 m or more.

2.4 Fatalitiesdueto high flow velocities

Dueto high flow velocities people can lose their stability, fall into the water and drown. Also,
buildings can collapse. Especially dangerous situations will occur near the breach (where high flow
velocities occur). Therefore it was proposed by Waarts (1992) to assume that everyone present within
an areawith aradius of twice the breach width will drown. This criterion can be worked out in more
detail using the knowledge obtained on the strength of buildings and the stability of personsin fast
flowing waters.

Tests on the stability of humansin flows have been carried out by Abt et a. (1989). In this Delft
Cluster project, a method was set up to analyse the collapse of buildings during floods (Roos, 2003).
The mechanism of collapse of wallsis considered for four types of housing: traditional buildings
(typesland 2: TB 1 & TB 2), Cast concrete (CC) and prefabrication (PF). The combinations of water
depth and flow velocity for which awall of a certain building type will collapse with 100%
probability, are shown in Figure 2.2.

Date:

June 2003

Consequences of flooding

p. 8



Delft Cluster-publication: DC1-233-7

5 ) 4
I .
4.5 A
1
4 I 1
35 | .
:E:/ 3 I ' = = = Traditional 1
=] f =—X=Traditional 2
& 25 |
= 1 = @ = Cast concrete
L 2 - N — —
g N ~ L LR Prefab
15 - . ~
1 <\ ) -~
~
05 \X\:'"" . e
0 | | 1
0 1 2 3 4 5

flow velocity (m/s)

Figure 2.3 Combination of flow velocity and water depth for which a wall of a certain type of
building stock will collapse with 100% probability, based on Roos et al (2003)

In the model developed by TNO the probability of collapse of awall can be determined as afunction
of water depth and flow velocity. In this study a simplified approach is chosen in which only the
boundaries for 100% collapse are considered for further analysis. Based Figure 2.3 loss of life due to
collapse of buildings can be estimated as follows. A constant distribution of building stock over the
different typesis assumed for the different locations (TB1: 19%, TB2: 55%, CC: 20%, PF: 1%,
others: 6%). Consequently it is assumed that this distribution equals the distribution of persons over
the building types. Now it should be considered that these figures represent the collapse of one wall, it
is assumed that in 70% of these cases the total building will collapse. It is aso assumed that the
collapse of abuilding in fastly flowing water will result in the death of all those present in the
building.

Consider as an example local flood conditions at a certain location of 1,5m water depth and 3 m/s
flow velocity. From the figure it can be derived that walls of traditional building stock types 1 and 2
will collapse. 70% of these buildings will totally collapse. Now (0,7* (0.55+0.19)=0.52) of the tota
amount of buildings collapse, and 52% of the persons can be assumed to have drowned.

A more simple criterion for the damage to buildings in flow conditionsis proposed in the Rescdam
project (Rescdam, 2000). Total damage to masonry, concrete and brick houses will occur if the
product of water depth and flow velocity exceeds the following criterion:

h-v>7m*/s and v=>2m/s 2
with v isthe flow velocity (m/s) and h isthe water depth (m).

Under the assumption that most persons remain indoor during the flood and that persons will drown
when the building collapses, a criterion for building strength is proposed to estimate the contribution
of deaths due to high flow velocities. In the case study the simple analysis of the Rescdam project is
applied. The procedure based on the model of TNO can be implemented in further case studies.

25 Deathsdueto other causes

If fatalities are not caused by rapidly rising water levels or high flow velocities, other causes may also
result in fatalities. These causes can be for example hypothermia or fatigue of persons, collapse of
building after along period of hydraulic load. Also, indirect causes of death, such as heart attacks and
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electrocution, can be relevant. For the 1953 flood the reported mortalities for other causes are shown
in Figure 2.3.
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Figure 2.3 Proposed function for flood mortality estimation due to other causes

The following function has been derived:

f(h),,. =141.10°.e**" f(h),,. <1 3
Asthese causes of death also occur in dowly increasing water depths, this function is used to estimate
the number of casualtiesin areas with an increase in water depth of lessthan 1 mv/hr.

other

3 Estimation of thetime needed for evacuation

Application of the above described relations between flooding characteristics and number of fataities
islikely to result in an overestimation of the number of fatalities as possibilities for evacuation or
escape are not accounted for. For instance, when flow velocities and water depths are large, alarge
number of inhabitants is expected to die. However, in reality the number of fatalities will differ
depending on whether these large depths and strong flows occur immediately after failure of the dike,
or several hours or days later. To estimate the percentage of the population that is able to evacuate or
escape before the flood water reaches their houses, information is needed about the time required time
for an evacuation or unorganised escape.

Evacuation has been studied in great detail in the Poldevac project (e.g. Van der Meulen and
Leenders, 2002). In this project, a detailed transport model was developed and applied to smulate
evacuation. Delays and risk for traffic jams due to the presence of cross roads and traffic lights were
accounted for. Ideally such atransport model should be available for the entire country. Only with this
type of model it is possible to produce accurate estimates of requested evacuation times and of the
time needed for people living in different locations to reach a safe place. Unfortunately this model is
not available for the case study area. Also, thistype of model requires an extensive amount of input
dataand is therefore not suitable for amore generic use for other flood prone aress.

Barendregt et al. (2002) developed a more simple conceptual method to simulate an evacuation of a
flood prone areain the Netherlands. This model mainly considers preventive evacuation before the
beginning of the flood. A preventive evacuation consists of three stages: the decision making,
initiation of the evacuation, and the evacuation itself. The time needed for each phase depends on the
availability of an evacuation plan (how well are inhabitants and local authorities prepared), the
number of people to be evacuated and the available infrastructure. An example of an evacuation
function is shown in Figure 3.1.
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Figure 3.1 Evacuation curve after Barendregt et al. (2002)

The available time for evacuation depends on the predictability of the water levelsat seaor in the
river and the failure mechanism. While extreme river discharges in the Netherlands can be predicted
up to severa days ahead, extreme sea water levels have a much shorter prediction time (6 — 10 hours).
Failure of adikeisrelatively easy to predict in case of overtopping, but is much more difficult to
foreseein case of the failure mechanism piping. In case of evacuation or escape after failure of the
dike, the available time only depends on the travel time of the flood wave to a certain location within
the flooded area. The time needed for decision making and initiaization in that case equals the time
needed to warn people and for the people to prepare themselves for departure. The time required for
evacuation depends on the capacity of the infrastructure. In the case of evacuation after failure of the
river dike thiswill mainly be the capacity of the roads as the railway system is expected to be
dysfunctional. Depending on the available time and the requested time, a certain percentage of the
inhabitants will be able to escape in time. The percentage that is not able to escape isindicated by fe
in Figure 3.1. These persons will be exposed to the flooding conditions and run arisk of drowning.
Since high rise buildings provide shelter places during aflood, it is assumed that persons present in
high rise buildings are safe and can be considered as ‘ evacuated' .

4 Development of alossof lifemodel inaGIS

To estimate the number of fatalities caused by aflood event, the relationships between flood
characteristics and fatalities and the knowledge on evacuation times need to be integrated into a so-
called loss of life model. As most information with respect to the flooding characteristics, locations of
houses and number of inhabitants varies spatially, it is preferred to develop such amodel in a
Geographic Information System (GIS).

Figure 4.1 shows the overall framework of the loss of life model. Information on the number of
inhabitants, the capacity of the available infrastructure and the time of inundation are combined in the
evacuation model to estimate the number of people that are unable to escape. This, together with
information about the water depth and flow velocitiesis used as input for the flood mortality functions
(section 2). The outcome consists of a map showing the number of fatalities at different locations
within the flooded area. GIS maps indicating the number of inhabitants were derived from the damage
and loss of life model developed by Rijkswaterstaat, DWW (Vrisou van Eck et al., 2000.
Characteristics of the flood, such as time of inundation, water depth and flow velocities are based on
hydraulic computations with the SOBEK model (Asselman and Heynert, 2003). The model was
developed in the Gl S-package PCRaster (Van Deursen, 1995).

Date:  June 2003 Consequences of flooding
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Figure 4.1 Flow chart of the loss of life model in GIS

5 Application of the Gl S-based model to the case study area in Central
Holland

5.1 Introduction

Theloss of life model was applied to the case study area ‘dijkring 14, i.e. Central Holland. The
model approach described previoudy is explained here in more detail using model input and output
maps of the case study areafor illustration. Section 5.2 describes the resultsin case of abreach in the
river dike near Rotterdam. The number of casualties caused by failure of the coastal defence system
near Katwijk is shown in Section 5.3. A more detailed analysis on the evacuation model and
importance of the evacuation route is given in Section 5.4.

5.2 Lossof lifeestimation for failure of theriver dike near Rotterdam

Inhabitants

As the case study areaincludes large cities such as Rotterdam, Amsterdam and The Hague, the total
number of people living here equals 3.6 million. Figure 5.1 shows the spatial distribution of the
inhabitants. Figure 5.1aindicates the total number of inhabitants per grid cell of 250 x 250 m2,
whereas Figure 5.1b shows the number of people living in high-rise buildings. This differentiation
was made as it determines whether or not the occupants are able to find a safe place in their homes as
the water level rises.
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Figure 5.1 Number of inhabitants per 250x250 m? grid cell: (a) total, (b) in high-rise

buildings

Flood characteristics

Flooding simulations were carried out using the 2D hydraulic SOBEK model. The simulations are
described in more detail by Asselman and Heynert (2003). The most important results of the
simulation for the Rotterdam-case are shown in Figure 5.2. Figure 5.2a shows the time of inundation

in hours after failure of the dike. The south-east part is flooded within 5 hours. It takes about 5 days or
more before places near the boundary of the flooded area are inundated. Water depths decrease from 6

m in the central part to lessthan 1 m at the boundary of the flooded area (Figure 5.2b). Maximum
flow velocities follow a similar distribution with very high values of up to 7 m/s near the dike breach,
decreasing to about 0.1 m/s at the boundaries of the inundated area (Figure 5.2c).
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Figure 5.2 Flood characteristics computed with the 2D hydraulic model: (a) time of
inundation (hours after failure of the river dike), (b) maximum water depth (m), (¢) maximum
flow velocity (nVs)

Possihilities for evacuation and escape

In this example aworst case scenario is considered. It assumed that the dike breaches unexpectedly,
without the possibility of pre-flood evacuation. Although in practice aforecast of extreme river
dischargesislikely, the considered unexpected scenario is possible and realistic, however with small
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probability. As no traffic or transport model was available for the area used in the case study, it was
assumed that the conceptua function developed by Barendregt et al. (2002) for non-organised
evacuation in atheoretical polder areaisaso valid in the case study area. The total time needed for
non-organised evacuation was taken as 50 hours. The time needed for decision making and
initialization was assumed to take about 4 hours. In the case study this time covers the time needed for
warning and getting ready for departure of the people that have to be evacuated. As thisfunction was
not based on atraffic model for the case study area, the estimated time required for evacuation is very
uncertain. Therefore, different functions were used to assess the sensitivity of the model results for
uncertainties in requested evacuation time. In total 3 functions were applied. All functions have an
initiation time of 4 hours. The total time needed for evacuation or escape, however, varies from 25 to
100 hours.

The percentage of the inhabitants that are able to evacuate or escape before the flood reaches their
houses is shown in Figure 5.3. Asisto be expected, the pattern in Figure 5.3 closely resembles that of
the time of inundation (Figure 5.24). In the south-east part hardly anybody is able to escape, whereas
closer to the boundaries of the inundated area the percentage of inhabitants that is able to evacuate

increases to 100%.
jl/ <
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Figure 5.3 Percentage of inhabitants that can evacuate or escape when the total time required
for evacuation equals 50 hours

Fatalities
The number of fatalities within the flooded areais estimated using the relationships (as described in
section 2) between fatalities and:

e water depth in areas with slow rising water levels (i.e. increase in water depth lessthan 1 m

per hour);

e water depth in areas with rapidly rising water levels (i.e. more than 1 m per hour);

o flow velocity (collapse of buildings).
It is assumed that people living in high-rise buildings are safe, regardless of the water depth that
OCCuUrs.

The estimated number of fatalities caused by either large water depths or high flow velocitiesis
shown in Figure 5.4. The results are described in more detail in Table 5.1 and 5.2.
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Figure 5.4 Estimated number of fatalities per grid cell of 250x250 n? when the required time
for evacuation is 50 hours: (a) fatalities caused by large water depths, (b) fatalities caused by

high flow velocities
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Nr. of inhabitants Estimated value
nr of inhabitants dike ring area 3.60E+06

nr of inhabitantsinundated area 942334

nr of inhabitants unable to escape 485795

nr of inhabitants unable to escape, living in high-rise buildings 40354
fatalities due to high flow velocities 5035
fatalities due to large water depths, rapid rise 66453
fatalities due to large water depths, dow rise 2154

total nr of fatalities 71800

% of inhabitants killed 7.6

Table 5.1 Estimated number of fatalities using the evacuation function based on a required time of 50 hours

required time for evacuation or escape (hours)
25 50 100 no evacuation
total nr of fatalities 71169 71800 72154 84608
% of inhabitants killed 7.6 7.6 7.7 9.0

Table 5.2 Estimated number of fatalities using different evacuation functions

It can be concluded that the criterion of high flow velocities in combination with large water depths,
strong enough for the destruction of buildings only causes deaths near the dike breach (Figure 5.4b).
The number of deaths caused by large water depthsis much larger. Also the areain which people are
killed due to large water depthsislarger (Figure 5.44). It islikely however that the number of
fatalities caused by large water depthsin areas with rapidly rising water levelsis overestimated,
because of extrapolation of the established relationship between water depth and percentage of people
killed (section 2). No people get killed near the boundaries of the flooded area. This is because almost
everybody is able to escape, but aso because water depths and flow velocities are low.

Theresultsin Table 5.2 dso indicate that evacuation during the flood does not significantly reduce the
number of fatalitiesin this case study area. Thisis because the areawhere most livesarelost is
inundated within afew hours. Escape during the flood is therefore impossible. Only evacuation
beforehand may help to reduce the number of fatalitiesin thisarea.

5.3 Lossof lifeestimation for failure of the coastal defence near Katwijk

I nhabitants
Thetotal number of peopleliving in the study area equals 3.6 million. Figure 5.1 shows the spatial
distribution of the inhabitants within the area and the number of people living in high-rise buildings.

Flood characteristics

Similar as for the dike breach near Rotterdam, flooding simulations were carried out using the 2D
hydraulic SOBEK model (see Asselman and Heynert, 2003). The most important results of this
simulation are shown in Figure 5.5. Figure 5.5a shows the time of inundation in hours after failure of
the dike. The area closest to Katwijk is flooded within 4 hours. It takes more than 2 days before places
near the boundary of the flooded area are inundated. Large water depths of more than 3 m only occur
in the “ Grote Polder” north east of The Hague and some polders north east of Leiden. In the main part
of the area water depths vary between afew decimetre and about 2 (Figure 5.5b). Maximum flow
velocities of about 1 to more than 3 m/s occur near the location of failure of the coastal defence. In the
main part of the flooded area maximum flow velocities are less than 0.5 m/s (Figure 5.5¢).
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Figure 5.5 Flood characteristics computed with the 2D hydraulic model: (a) time of
inundation (hours after failure of the river dike), (b) maximum water depth (m), (c) maximum
flow velocity (nvVs)

Possihilities for evacuation and escape

Again, an unexpectedly occurring flood is considered, without any possibilities for pre-flood
evacuation. This assumption is considered more realistic for a coastal flood, since the time available
for the prediction of storm surgesislimited, in the order of magnitude of afew hours. Similar as for
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the Rotterdam-case described in section 5.2, the total time needed for non-organised evacuation was
taken as 50 hours. A sensitivity analysis was carried out with different time periods needed for
evacuation or escape, varying from 25 to 100 hours.

The percentage of the inhabitants that are able to evacuate or escape before the flood reaches their
housesis shown in Figure 5.6. Asisto be expected, the pattern in Figure 5.6 closely resembles that of
the time of inundation (Figure 5.5a). Near Katwijk and Leiden hardly anybody is able to escape,
whereas closer to the boundaries of the inundated area the percentage of inhabitants that is able to
evacuate increases to 100%.

[ ] built-up area
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[ ]o0-10
L 10-20 A
I 20 - 40 -
I 40 - 60
60 - 80
I 80 - 100
[ ] No Data
main road
/. high way
[ ] water
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Figure 5.6 Percentage of inhabitants that can evacuate or escape when the total time required
for evacuation equals 50 hours

Fatalities
The number of fatalities within the flooded areais estimated using the relationships between fatalities
and:

e water depth in areas with slow rising water levels (i.e. increase in water depth lessthan 1 m

per hour);

e water depth in areas with rapidly rising water levels (i.e. more than 1 m per hour);

o flow velocity (collapse of buildings).
It is assumed that people living in high-rise buildings are safe, regardless of the water depth that
OCCuUrs.

The estimated number of fatalities caused by large water depths is shown in Figure 5.7. Asflow
velocities in combination with water depths are low (i.e. maximum values of about 5 m#/s), no
fatalities occur due to collapse of buildings. The results are described in more detail in Table 5.3 and
5.4. In these tables, the figures for Rotterdam are given for comparison.
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Figure 5.7 Estimated number of fatalities per grid cell of 250x250 n? when the required time
for evacuation is 50 hours. All fatalities are cause by large water depths.

Nr. of inhabitants Estimated value

Katwijk Rotterdam
nr of inhabitants dike ring area 3.60E+06 3.60E+06
nr of inhabitantsinundated area 833720 942334
nr of inhabitants unable to escape 511156 485795
nr of inhabitants unable to escape, living in high-rise buildings 22875 40354
fatalities due to high flow velocities 0 5035
fatalities due to large water depths, rapid rise 181 66453
fatalities due to large water depths, sow rise 386 2154
total nr of fatalities 567 71800
% of inhabitants killed 0.06 7.6

Table 5.3 Estimated number of fatalities using the evacuation function based on a required time of 50 hours

required time for evacuation or escape (hours)
25 50 100 no evacuation
total nr of fatalities Katwijk 512 567 592 731
total nr of fatalities Rotterdam 71169 71800 72154 84608

Table 5.4 Estimated number of fatalities using different evacuation functions

The most striking feature from Table 5.3 is the large difference in estimated number of fatalities
caused by a dike break near Rotterdam and failure of the coastal defence near Katwijk. Although the
total number of inhabitants affected by the flood and the number of inhabitants that can not be
evacuated in time are amost equal in both cases, the total number of deaths varies significantly. This
differenceis caused by differencesin hydraulic conditions. In the Rotterdam most fatalities are due to
the combination of high water depths and rise rates. The main reason for the limited numbers of
fatalities for the coastal flood isthe fact that almost nowhere rapidly rising water occurs. While the
difference in water level at the river and the surface elevation of the polders near Rotterdam was about
9 m, the difference in seawater level and ground elevation near Katwijk is only about 4 m. Also flow
velocities are lower in case of failure of the coastal defence near Katwijk because water level slopeis
much less. Furthermore, the duration of the inflow is shorter in the Katwijk-case because water levels
at the North Sea decrease due to the tides and the relatively short duration of the storm (i.e. several
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hours) in comparison with the duration of the flood wave at the Rhine (i.e. several weeks). This
resultsin a smaller total volume of stored water, a dlower rise of the water level in the inundated areas
and lower water depths. Especialy in the more densely populated areas such as Leiden and many
cities and villages around Leiden, water depths and rise rates are low. Consequently, the number of
fatalities that are to be expected in these cities and villagesis low as well.

Theresultsin Table 5.4 indicate that evacuation during the flood reduces the number of fatalitiesin
this case study area and that the effect of the total time needed for evacuation has a stronger impact on
the number of fatalities in the Katwijk-case than in the Rotterdam-case. However, according to table
5.4 theinfluence of total time available for evacuation is limited, since most fatalities will occur near
the breach (where no evacuation during the flood is possible). In both casesit is assumed that
evacuation starts after initiation of the flood. It is expected that a pre-flood evacuation will strongly
influence the number of fatalities, since in this case aso inhabitants near (potentia) breach location
can be removed. Thereforeit is recommended to analyse the effects of an evacuation hours of days
beforeinitiation of the flood in further studies.

5.4 Evacuation route

In the current model, a simple relation is assumed between the time available for evacuation and the
percentage of inhabitants that is able to escape. However, in assessing loss of life also the choice of
evacuation route and the duration of the evacuation process will be important factors. When the flood
wave washes away atraffic jam of carswith persons trying to escape, the death toll will be very high,
since persons will have no possibility to reach a safe place. The assessment of safe evacuation routes
therefore is an important aspect in disaster management planning. The problem isillustrated with the
following example taken from the Rotterdam-case:

According to the evacuation model, people living in Rotterdam-Hilligersberg can be evacuated as
more than 90 hours are available before the flood reaches this district. However, when the area around
Hilligersberg is analysed (Figure 5.8), it appears hat escape isimpossible as Hilligersberg is cut off
from the safer areas within afew hours after failure of the dike. Thisis explained in more detail in
Tables 5.5 and 5.6.
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Figure 5.8 Detailed map of time of inundation near Rotterdam Hilligersberg
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City Rotterdam-Hilligersberg
available time (hours) 60

Route A20 Gouda
distance (km) 27

driving speed (km/h) 20

driving time needed (hours) 15

time before departure (hours) 4

total time (hours) 55

risk ? very low

Table 5.5 Determination of the risk for drowning for inhabitants of the eastern part of Rotterdam Hilligersberg
based on the time of inundation

According to the modelling results, the inhabitants of Rotterdam Hilligersberg have 60 hours or more
before the flood reaches their houses. If we assume that people living in this areatry to take the A20,
alarge highway, towards Gouda, they need to travel 27 km. If we assume that the speed at the high-
way is limited because of traffic jams, the total time needed to reach Goudais about 1.5 hours. Even if
we assume that it takes 4 hours to warn the inhabitants in Rotterdam-Hilligersberg there would b
plenty of time to reach Gouda. In other words: the model results indicate a very low risk for drowning
for people living in this part of Rotterdam (Table 5.5).

However, if the time of inundation of the escape route is taken into account, a different risk estimate
isobtained (Table 5.6). The nearest bottleneck at the escape route is the road that leads to the highway
aswell asthe highway itself. The distance to the bottleneck is 1.5 km and last for about 20 km. The
available time to get passed this bottleneck is only 1 hour. Even if the inhabitants of Rotterdam-
Hilligersberg can be warned within a very short period after failure of the river dike, it isvery unlikely
that they will be able to reach Goudain time. In other words: if they try to escape they run avery high
risk for drowning.

City Rotterdam-Hilligersberg
Bottleneck road to highway, highway
Available time (hours) 1

distance to bottleneck (km) 15

total time needed (hours) >1

risk ? very large!

Table 5.6 Determination of the risk for drowning for inhabitants of the eastern part of Rotterdam Hilligersberg
based on the time of inundation of the escape route

From this example it can be concluded that a more detailed evacuation or traffic model is needed to
determine whether inhabitants are really able to escape. Also, insight is needed into the way people
react to the risk for flooding. In the case of Hilligersberg it would be better to stay indoor and find a
place at the attic instead of trying to escape by car. Good instructions to the people living in areas that
have aflood risk may significantly reduce the number of casualties. Timing of evacuation, but also
instructions on the safest roads to take are important aspects in evacuation plans.

6 Discussion & conclusions

In this paper aframework for the estimation of loss of life caused by floods in the Netherlandsis
proposed. The method takes into account the effect of evacuation during the flood and various
mechanisms which lead to fatalities during aflood. The method is based on data from the 1953
disaster, which flooded the South Western Part of the Netherlands, and caused 1835 fatdities. In a
case study the method is applied to give afirst estimate of the number fatalities caused by a dike
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breach near Rotterdam, leading to a flood of the Central Holland area. The applied method isafirst
proposal based on limited data. Hence, severa aspects should be further investigated to improve the
estimate of the model.

Loss of life model

The estimation of the number of fatalitiesis based on relations obtained from a single event, i.e. the
1953 flood. The model should be improved and updated with more recent information from
internationa floods. However, systematic data on health effects and mortality from flood events are
rare. Therefore centralized and systematic reporting of deaths and injuries from floods using
standardized methodology is strongly recommended (Hgjat, 2003). Special attention should be given
to the function that is used for the estimation of casualtiesin fast rising waters. This function resultsin
very high mortality fractions for water depths of more than 4 m, because the elapse of the function at
larger depthsis not based on observations from past floods, but on mere extrapolation of data.
Rapidly flowing waters near the breach can lead to destruction of buildings and severe loss of life. A
relatively simple criterion for this drowning mechanism was used. Implementation of more detailed
relations derived from the investigation of the collapse of buildings (Roos, 2003) is recommended.

Evacuation and warning

The evacuation model needs to be improved in two ways. First, the estimated time required for
evacuation should be based on a more redlistic transport or traffic model taking into account the
capacity of the roads and possible bottlenecks in the infrastructure that may cause serious delays.
Second, the evacuation model should be able to indicate where people that try to escape are at a
certain moment during the flood.

Case studies: Coastal versusriver floods

It is often believed that coastal floods are more severe than river floods as the supply of water is
unlimited. The inflow through dike breaches aong riversis limited by the discharge through these
rivers. Thisis not the case along coasts. However, this study shows that river floods can be much
more disastrous than coastal floods. The main causes for this remarkable outcome are the duration of
the inflow period and the water level slope (i.e. difference between sea or river water level and
elevation of the flooded land near the gap). In the Katwijk-case the relatively high elevation of the
land behind the gap, the effect of the tide and the relatively short duration of the storm all limit the
inflow. In the Rotterdam-case inflow can continue for weeks due to the longer duration of river floods
when compared with storm surges and the extremely low elevation of the polders behind the breach.
The extreme hydraulic conditions in the Rotterdam-case result in avery large number of fatalities.
River floods at other locations along the rivers Rhine and Meuse are probably much less disastrous as
the difference in elevation between river water levels and the height of the flooded land isless. Also,
the duration during which inflow of water takes place will be shorter as after several daysthe river
water levels will drop below the elevation of the floodplain. Near Rotterdam floodplains are absent so
that inflow can continue for a much longer period of time.

It also has to be noted that in both cases an unexpectedly occurring flood, without an opportunity for
pre-flood evacuation, is considered. This may be a more or less realistic assumption for the coasta
flood, where the prediction and thus warning time are small. However, prediction of aflood and
initiation of evacuation will often be possible in the case of high river discharges. The analysed river
flood case, without pre-flood evacuation, can thus be considered as a “worst case” flood. Therefore it
is recommended to analyse the effects of evacuation hours of days before initiation of the river flood
in further studies. In the further interpretation of results also the probability of occurrence of acertain
flood should be taken into account.

Conclusion

The newly devel oped method that accounts for possibilities for escape will produce more realistic
estimates for casualties than the methods that are presently being used and that do not take evacuation
and escape into account. Regardless of the improvements that can be made to thismethod it is
believed that the developed methodology is of practical relevance. Decision makers can benefit from
the evacuation model as atool in their disaster management planning. Also, the methods devel oped
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within the loss of life and evacuation research provide information on the effectiveness of various
measures on reducing the risk of fatalities.
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