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Abstract: In this article an overview is given of methods available in literature to estimate the loss 
of life caused by floods. The methods are described and applied to a case study to study their 
applicability for flood hazard determination in the Netherlands. Besides, a framework for the 
further research on loss of life modelling in the Netherlands is presented.  
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1. INTRODUCTION 

Large parts of the Netherlands lie below sea level and are threatened by river floods. 
Without the protection of dunes, dikes and hydraulic structures more than half of the 
country would be almost permanently flooded. In 1993 and 1995 extremely high river 
discharges occurred, which made large scale evacuations necessary. Other more recent 
disasters, such as the crash of the El Al Boeing in Amsterdam in 1993 and the explosion 
of the fire works storage in Enschede in 2000, have lead to increasing awareness of risks 
that face society and it’s citizens. In the future climate change and the accompanying sea 
level rise and higher river discharges will lead to an increase of flood hazards that face the 
Netherlands. Due to these developments a research program is started by the Road and 
Hydraulic Engineering Division, part of the Ministry of Transport, Public Works and 
Water Management to study the impacts of floods. Aim of this research is to gain more 
insight in the flood hazards that face the Netherlands and to form a basis for the future 
societal debates concerning flood protection. Part of this research program is an extensive 
study on loss of life modelling (in Fig.1).  
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If considered on a global scale floods pose a big threat to people all over the world. In 
the year 2000 the death toll for floods was about 6000, making floods one of the most 
severe types of the natural disasters. 

Although loss of life is seen as one of the major consequences of floods, a limited 
number of methods are available to estimate the number of fatalities in case of flooding. 
This article presents an overview of methods developed for the estimation of loss of life 
and studies their applicability for determination of flood hazards in the Netherlands. The 
results of this study form the basis for the further research on fatality modelling for sea 
and river floods in the Netherlands. The final aim of the research program is to develop a 
method to predict the number of fatalities for floods in the Netherlands, taking into 
account the characteristics of the flood and the effect of an evacuation before or during 
the flood. The finally developed method can be used to determine the flood risks in the 
Netherlands and will be an important tool in assessing the safety benefits and the 
effectiveness of risk reducing measures. 

This paper is structured in the following way. An overview of methods and studies is 
given in section 2. Some of the described methods are applied in a case study to estimate 
the number of fatalities for an existing flood prone area in the Netherlands in section 3.  
Section 4 summarizes the results. Based on these conclusions a proposal for the 
framework of a fatality model and a description of the further research activities is given 
in section 5.  
 
2. OVERVIEW OF LOSS OF LIFE MODELS 

The number of fatalities caused by a flood is determined by a large number of 
characteristics, which can be divided into two groups (Waarts, 1992):   

 Hydraulic characteristics of the flood: water depth, rate of rising, stream velocities, 
wind, temperature.   

 Area characteristics: Factors which describe the typical characteristics of the area 
and the inhabitants: population (density), land use, systems for warning and 
emergency assistance.  

Problems in modelling loss of life caused to floods include: the lack of insight in the 
causes of drowning and the interdependency between the variables. Most methods will 
therefore limit themselves by considering a few of the characteristics mentioned above in 
estimating loss of life. In the text below the results of an extensive study of literature on 
loss of life models for floods are summarized. For every method a brief description is 
given of the methodology, the hydraulic and area characteristics taken into account, and 
the field of application (for example dam-break or river flood).  

By Waarts (1992) two relations between the water depth and mortality are derived from 
data from the 1953 flood, in which a storm surge on the North Sea inundated a large part 
of the South West of the Netherlands and caused 1800 deaths. 

3 1.16.
1 0.665.10 . h

h e−∂ =  

3 1.27
2 0.4 10 h

h e− ⋅∂ = ⋅ ⋅  
where: 
δh,i mortality: fraction of the inhabitants of the area drowned (i=1,2) 
h water depth (metres) 
Mortality rises rather quickly for water depths above 5 metres. This effect can be 

explained by the fact that most houses will be completely flooded above these depths. A 
limitation of this method is that the relations only based on data from one event, the 1953 
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flood. It can be questioned whether the circumstances during that flood and the 
characteristics of the area during that time still represent the current situation in the 
Netherlands. For example building strength and warning systems may have undergone 
many changes since 1953.  

In the current “Standard method for predicting damage and casualties as a Result of 
Floods ”(HKV, 2000) loss of life due to a river of coastal flood in the Netherlands is 
modelled by the following relation:  

0fng =                             For h < 3m or v < 0.3 m/hr 

    1fng =                              For h > 6.25m and v > 2 m/hr 

( (8.5 exp(0.6 6) 0.15, 0),1) ( (8.5 exp(1.2 4.3) 0.15, 0),1)f MIN MAX h MIN MAX vng = ⋅ ⋅ − − ⋅ ⋅ ⋅ − −

where: 
fng mortality (probability of drowning) 
v rate of rising of the water (metres / hour) 
The function is based on the analysis of Waarts of the 1953 flood, the derivation of the 

effect of the rate of rising of the water is given in (van Manen, 1994). The mortality as a 
function of h and w is shown in Fig. 2.  
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Fig. 2   mortality (fng) as a function of water depth and rate of rising (HKV, 2000) 
 

The method includes the same limitations as the functions of Waarts. Moreover the 
outcomes of the calculations, i.e. number of fatalities, are influenced to a large degree by 
the value chosen for the rate of rising of the water.  

Based on observations of the 1953 floods in the Netherlands a model is developed by 
TNO (Vrouwenvelder, 1997) for sea and river floods. The model takes into account three 
causes of drowning: the collapsing of buildings nearby the dike breach, the collapsing of 
buildings caused by wave attack, and other causes of drowning.  
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It is observed that houses are washed away due to high stream velocities nearby 
breaches. The fraction of people that drown due to this effect is modelled by:  b bP f⋅
where: 

Pb probability of dike breach nearby a residential area 
fb the fraction of houses at dike breach that is washed away due to high stream 

velocities (it is assumed that the area destroyed has a surface of the quadrate of 
the width of the breach)  

The number of fatalities caused by collapsed buildings due to wave attack can be 
modelled with the relation derived by (Waarts, 1992), which is based on an analysis of the 
structural strength of buildings: 

ss fP ⋅   and   rdf s ⋅⋅⋅= − 8.1310α

where: 
Ps probability of storm (1 for a coastal flood, 0.05 for a river flood)  
fs probability of collapsing of a building given a storm 
α material factor  
d flood water depth in metres 
r shelter factor, for a further explanation see (Vrouwenvelder,  1997) 
The loss of life  due to other causes is modelled by the relation (fng) as is included in the 

standard method. The total number of fatalities can be found by analysing every segment 
of the area for the three causes of drowning and by summing up the results: 

( ) iN f P f P f fngd b b s s= + ⋅ + ⋅ ⋅ −∑ (1 )Ne  

where: 
Nd number of fatalities for a certain flood 
fe fraction of the people evacuated 
Ni number of inhabitants for a segment of the area i 
No further description of the evacuation factor is given in the report, while this might 

have a significant effect of the total loss of life.  
For determination of loss of life for sea and river floods in the Netherlands another 

method is proposed in (Jonkman, 2001). The first function of Waarts is used to determine 
probability of drowning as a function of the water depth for a given flood pattern: Pd|i(h). 
Also proposed is a relation to take into account the effects of high stream velocities on 
buildings and humans. The function is based on the results of tests aimed to predict 
human instability in flood flows conducted by Abt et al (1992). Critical velocities as 
found in these tests seem to correspond quite well with critical velocities for buildings as 
reported in (Waarts, 1992). Therefore the following function is assumed to represent 
mortality both for people in- and outside buildings due to high stream velocities: 

| ( ) ( | )d i cr N
uP u P u u i µ
σ
−= > = Φ 

 

  With   µ = 1.8 m/s      and      σ = 0.48 m/s 

where: 
u  stream velocity (m/s) 
Pd|i(u) probability of drowning as a function of u, given flood i 
P(u>ucr|i) probability that stream velocity u is larger than the critical stream 

velocity (ucr), in which people drown given flood i 
ΦN(x) normal distribution of variable x 

Also a simplified model for evacuation is introduced. The probability of a successful 
evacuation or flight is assumed to be a function of the time available for evacuation.   
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where: 
t  time available for evacuation (hours) 
20  constant (hours) 
Pe|i(t) probability of a successful evacuation as a function of evacuation time 

for a given flood pattern i 
P(t>tcr|b) probability that t is larger than the critical evacuation time (tcr) given 

flood pattern i 
Evacuation time, water depth and stream velocity will all be a function of the location 

inside the area. It is also assumed that drowning through water depth and stream velocity 
are disjunct events. The probability of drowning in a flood i given an evacuation can be 
written as: 

| , | | |( , ) (1 ( ( , ))) ( ( ( , ) ( , )))d i evac e i d i d iP x y P t x y P u x y P h x y= − ⋅ +    | , ( , ) 1d i evacP x y ≤

 
 
 

0.05 ( , ) ( ( ( , ) ( , ))))| |
t x ye P u x y P hd i d i

− ⋅= ⋅ + x y

By Brown and Graham (1988) a function is proposed to estimate loss of life for dam 
breaks as a function of the time available for evacuation: 
   0.5 P  for w < 0.25 hrs 
 L =  P0.6  for 0.25 hrs < w < 1.5 hrs 
   0.0002 P for w > 1.5 hrs 
where: 

L loss of life 
P population at risk  
w warning time (hours) 
The procedure is derived from the analysis of 24 major dam failures and flash floods. 

The formulas show severe discontinuities. For example for P = 10.000 the loss of life 
jumps from  251 to 5000 at w = 0.25 hrs, and then jumps from 2 to 251 at w = 1.5 hrs.   

DeKay and McClelland (1993) distinguished “high lethality” floods, for example in 
canyons, and “low lethality” floods, for example on a flood plain. The following relations, 
again a function of population and evacuation time, have been proposed.  

    for “high lethality” 1)012.4838.3(513.0 )207.51( −−+= wePPL
1822.0513.0 )207.51( −+= wePPL                   for “low lethality” 

In both functions loss of life decreases very quickly when warning time is increased.  
By Graham (1999) a framework for estimation of loss of life due to dam failures is 

presented. Recommended fatality rates are provided based on the flood severity, the 
amount of warning and the understanding of the population of the flood severity. 
Quantitative criteria for flood severity criteria are given in the form of water depth and the 
depth – velocity product. Three categories of warning time are distinguished: no warning, 
some warning (15 – 60 minutes) and adequate warning (> 60 minutes). The understanding 
of the flood is determined by the fact whether warning is received and understood by the 
population at risk. The recommended fatality rates, based on the classification in the three 
categories of 40 historical dam breaks, are shown in the Table 1. 
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A similar method, following the principles of Graham, is developed in the Rescdam 
project (Reiter, 2001). The approach of Graham is supplemented with factors considering 
the vulnerability of the area and its population. Also an extra factor for the warning 
efficiency and the effect of rescue actions is taken into account.    

The models mentioned above approach the problem of determining loss of life on a 
macro-level. Most of the relations obtained are based on statistical analyses of data from 
historical floods. In literature another type of methods can be found which considers the 
problem on a more detailed level and focuses on the mechanisms of drowning.  

 
Table 1  Fatality rates derived for dam breaks as a function of flood severity, amount  

of warning and understanding of the flood severity (Graham, 1999) 
Fatality Rate 

(Fraction of people at risk expected to die) Flood Severity Warning Time 
(minutes) 

Flood Severity 
Understanding Suggested Suggested Range 

no warning not applicable 0.75 0.30 to 1.00 
vague 15 to 60 precise 
vague 

HIGH 

more than 60 precise 

Use the values shown above and apply to the number of 
people who remain in the dam failure floodplain after 
warnings are issued. No guidance is provided on how 
many people will remain in the floodplain. 

no warning not applicable 0.15 0.03 to 0.35 
vague 0.04 0.01 to 0.08 15 to 60 precise 0.02 0.005 to 0.04 
vague 0.03 0.005 to 0.06 

MBDIUM 

more than 60 precise 0.01 0.002 to 0.02 
no warning not applicable 0.01 0.0 to 0.02 

vague 0.007 0.0 to 0.015 15 to 60 precise 0.002 0.0 to 0.004 
vague 0.0003 0.0 to 0.0006 

LOW 

more than 60 precise 0.0002 0.0 to 0.0004 
 
A very detailed study in which many causes of drowning are considered is undertaken 

by the Utah State University Institute for Dam Safety Risk Management (McClelland, 
1999). In this study the basic variables for a flood are identified and their value for 
empirical prediction of loss of life is analysed with data from a large number of floods. 
The understandings and results from this study are intended to provide a foundation for an 
improved life-loss estimation model.  

The specific problem of instability of people in flood flows is studied by Abt et al 
(1989). A series of human subjects were placed in a flume and tested to determine the 
velocity and depth of flow which caused instability. A relationship has been derived to 
estimate the product number (P.N.) of water depth and velocity, at which a human subject 
becomes unstable as a function of the height and weight of the subject:  

20.022.(2.2 / 25.4) 1.09. . 0.0929 G LP N e + + =    

where: 
P.N. product number of stream velocity and waterdepth (m2/s) 
G weight of the person (kg) 
L length of the person in (m) 
By Lind and Hartford (2000) theoretical relations for the stability of three mechanical 

models, representing the human body, in flood flows are derived. Due to similarities in 
the three functions the following empirical function for the stability of persons in flood 
flows is proposed, which is calibrated with the results of the tests by Abt et al:   
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0( , , , ) 0Z K G h u K G h u= − ⋅  

where: 
Z(K0,W,h,u) Stability failure function 
K0  Constant with an average value of 0.10 kg-1/2 m2 sec-1 and a variation 

coefficient of 0.18, for derivation see (Lind, 2000) 
By Green (2000) hazard criteria for loss of life due to the combination of stream 

velocities and water depth are given for people wading through water, cars in flows and 
buildings in streaming water. Similar, but more qualitative, relations for the judgement of 
human stability as a function of water depth and velocity are given by U.S. Bureau of 
Reclamation (1988).  

British Columbia Hydro (Hartford, 1997) has developed a procedure for the estimation 
of loss of life due to dam failures. The algorithm takes into account the hydraulic 
characteristics of the flood, the presence of people in the inundated area and the 
effectiveness of evacuation. Calculations result in different values for loss of life for 
different times of the year, week and day. The assumptions in the model are mainly based 
on experts judgement and are to a limited extent supported by research results. A more 
advanced version of the model, expanded with two dimensional flood modeling and more 
extended drowning mechanisms, is described by Assaf and Hartford (2001). Drowning 
can occur in three different states of presence: when the building in which a person stays 
is destroyed, when a person walking outside is overwhelmed by the water, or when a 
person fleeing in a vehicle is overwhelmed by the water.  
 
3. CASE STUDY: APPLICATION OF METHODS 

To study the applicability of the described models for the specific situation in the 
Netherlands a case study has been performed. For a selected flood of an area in the 
Netherlands loss of life calculations have been made with the models. The studied area, 
"Betuwe, Tieler- en Culemborger Waarden" (BTCW), is situated in the eastern part of the 
Netherlands and measures about 80 by 25 kilometres. The polder is inhabited by 
approximately 360.000 persons and has an estimated economic value of about 40 billion 
Euros. It is threatened by river floods, in the north by the Lek river and in the south by the 
Waal river. Dikes that surround the whole polder (or dike-ring as it is called in the 
Netherlands) achieve protection against high water. A two dimensional flood simulation 
has been made for a dike breach near the city of Nijmegen. The following output of this 
simulation is used: the maximum water depth, the maximum stream velocity, the time 
after breach that the water reaches a certain location. However, due to the nature of the 
various models and the available flood data it was not possible to determine loss of life 
with all of the models described above. In table 2 the results of the calculations are 
shown. 

The models developed for dike breaks in the Netherlands (waterdepth relations h1 and 
h2, Standard method and the model of Jonkman) give outcomes of the same magnitude. 
This can be explained by the fact that these models are calibrated with (the same) data of 
the 1953 flood in the Netherlands. The models developed for dam break (Graham, Brown 
& Graham) give relatively low values of loss of life due to the large evacuation time 
available. Application of two of the stability relations (Abt et al, Lind and Hartford) for 
people in flood flows results in high number of fatalities, when it is assumed that all 
inhabitants are present outside in the flood flow. Although unrealistic, the fact that most 
people will be inside their houses during the flood  is not taken into account. The 
differences in outcomes between the three groups of models (Dutch dike break models, 
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dam break models and stability functions) are very large. A further interpretation is given 
in the next section. 
 

Table 2  Loss of life calculations for a flood of the Betuwe Tieler- en Culemborger 
Waardenwith various models 
Model Loss of life fraction of population 

H1 (Waarts, 1992) 23.792 6.6% 
H2 (Waarts, 1992) 23.861 6.6% 
Standard method 5236 1.5% 
Jonkman 2074 0.6% 
Graham 720 – 7200 0.2% - 2.0% 
Brown & Graham 72 0.02% 
Abt et al 36.461 10.1% 
Lind and Hartford 87.564  24.3% 

 
4. CONCLUSIONS 

The modelling of loss of life caused by floods is a complex problem. Our understanding 
of the matter is still limited: many factors influence loss of life and the insight in these 
factors, the underlying processes and causes of drowning is still lacking. Furthermore 
little suitable data is available from historical floods for calibration of developed relations. 
In this article an overview is given of models that are used for the determination of loss of 
life caused by floods. The models studied can be classified into two types, empirical and 
physical models.   

Empirical models are based on a statistical analysis of historical information. From 
historical flood records relations can be derived between the characteristics of the flood 
and the fraction of the people at risk that will lose life. Physical models are based on the 
analysis of the physical processes during a flood (for example instability of people in a 
flood flow and the structural strength of buildings) or the simulation of behaviour during 
a flood (for example evacuation simulation). Also models are found which combine 
elements from both methods. An example is the method proposed by TNO, consisting of 
an empirical part: a statistical function of loss of life and a physical part: the modelling of 
collapsing of buildings with relations.  

Depending on the flood type and type of area different variables will be most 
significant in predicting loss of life. Three fields of application can be distinguished. In 
the Netherlands some models are developed to predict loss of life for sea and river floods. 
These methods are calibrated with data from the 1953 flood in the Netherlands. In the 
USA and Canada some relations for assessing loss of life for dam breaks are developed, 
in which the most important variable is the time available for evacuation. These relations 
are based on analysis of historical dam breaks (Brown, deKay, Rescdam) or provide a 
simulation of the relevant processes (BC Hydro). Also some relations for predicting 
human stability in flood flows, based on tests in flumes, have been found. In table 3 an 
overview is given of the models described in this paper, their field of application, the 
hydraulic characteristics which are taken into account, and their type (physical or 
empirical). 

In order to study the applicability of the models for flood fatality calculations in the 
Netherlands some of the methods have been applied in a case study to estimate loss of life 
for the flood of an existing area in the Netherlands. The differences in outcomes between 
the three groups of models (Dutch dike break models, dam break models and stability 
functions) are very large and can be explained by the fact that for different fields of 
application different flood characteristics will be relevant in determining loss of life. This 
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is the reason why models developed for dam break cannot directly be applied for a dike 
break in the Netherlands and vice versa. 

Finally it can be concluded that the studied models are not a sufficient basis for a 
reliable estimation of loss of life caused by floods in the Netherlands. A very important 
factor which is missing in some of the currently used models and has to be taken into 
account in loss of life modelling is an evacuation. Also insight in the causes of drowning 
and the empirical relation with flood characteristics is not sufficient. Following these 
conclusions a framework for the development of  a loss of life model for the situation in 
the Netherlands is suggested in the next section.   

 
Table 3 Overview of the models and their main characteristics and type 

(emp = empirical, phys= physical) 
  Flood characteristics   

Model field of  
application 

Water-
depth 

Stream-
velocity

Rate of 
rising

Evacuation 
time 

Type 

Waterdepth relations by 
Waarts, H1 and H2 

NL: dike break +    Emp 

Standardmethod NL: dike break +  +  Emp 
TNO NL: dike break + + + (+) Emp / phys 
Jonkman NL: dike break + + + + Emp / phys 
Brown & Graham dam-break    + Emp 
DeKay & McClelland  dam-break    + Emp 
Graham dam-break (+) (+)  + Emp 
Rescdam, Reiter  dam-break (+) (+)  + Emp 
Abt, Witler, Taylor general + +   phys 
Lind, Hartford general + +   phys 
Green, FHRC general + +   phys 
BC Hydro  dam-break +   + phys 
BC Hydro Life Safety Model dam-break + + + + phys 
Poldevac NL: dike break    + phys 
 
5. SUGGESTED APPROACH FOR LOSS OF LIFE MODELLING 

In this final section the framework for the research program on loss of life in the 
Netherlands is given, as it will be executed by the Road and Hydraulic Engineering 
Division. Firstly general data from about 1300 floods, as included in the CRED 
International disaster database (The database is maintained by the Centre for the Research 
on the Epidemiology of Disasters, http://www.cred.be/emdat/intro.html), is analysed. It is 
investigated whether differences in mortality (fraction of the inhabitants that does not 
survive a flood) for different types of floods (for example flash flood or coastal flood) and 
different regions can be found. Results of this analysis will be presented in a future paper. 
However, the results of the database analysis are not suitable for a more detailed 
estimation of loss of life. Therefore a framework for further studies is developed based on 
the conclusions of section 4.  In the assessment of loss of life two relations have to be 
considered. One relation to take into account the effect of evacuation, describing the 
presence of the inhabitants as a function of time after flooding (evacuation relation), and 
one relation which combines hydraulic characteristics and the presence of inhabitants in 
order to determine loss of life (drowning relation). The two relations are shown Fig. 3.  
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