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[1] This study focuses on development and application of a new modeling approach for a
comprehensive flood hazard assessment along protected river reaches considering dike
failures. The proposed Inundation Hazard Assessment Model (IHAM) represents a hybrid
probabilistic‐deterministic model. It comprises three models that are coupled in a dynamic
way: (1) 1D unsteady hydrodynamic model for river channel and floodplain between
dikes; (2) probabilistic dike breach model which determines possible dike breach
locations, breach widths and breach outflow discharges; and (3) 2D raster‐based
inundation model for the dike‐protected floodplain areas. Due to the unsteady nature of
the 1D and 2D models and runtime coupling, the interdependence between the hydraulic
loads on dikes at various locations along the reach is explicitly considered. This ensures a
more realistic representation of the fluvial system dynamics under extreme conditions
compared to the steady approaches. The probabilistic dike breach model describes dike
failures due to three failure mechanisms: overtopping, piping and slope instability caused
by seepage flow through the dike core (micro‐instability). The 2D storage cell model
computes various flood intensity indicators such as water depth, flow velocity, and
inundation duration. IHAM is embedded in a Monte Carlo simulation in order to account
for the natural variability of the input hydrograph form and the randomness of dike
failures. Besides binary (wet/dry) inundation patterns, IHAM generates new probabilistic
flood hazard maps for each intensity indicator and the associated uncertainty bounds.
Furthermore, the novel probabilistic dike hazard maps indicate the failure probability of
dikes for each considered breach mechanism.

Citation: Vorogushyn, S., B. Merz, K.‐E. Lindenschmidt, and H. Apel (2010), A new methodology for flood hazard assessment
considering dike breaches, Water Resour. Res., 46, W08541, doi:10.1029/2009WR008475.

1. Introduction

[2] River reaches protected by dikes exhibit a high
damage potential due to high value accumulation in the
hinterland areas. While providing an efficient protection
against low magnitude flood events, dikes may fail under
the load of extreme water levels and long flood durations.
Losses arising from subsequent inundation may be dramatic
not only because of the high value concentration in the dike‐
protected floodplain, but additionally due to fast water level
rise and high flow velocities caused by rapid breach outflow
[Alkema and Middelkoop, 2005]. Hazard and risk assess-
ments for river reaches protected by dikes have not ade-
quately considered the fluvial inundation processes up to
now. Particularly, the processes of dike failures and their
influence on the hinterland inundation and flood wave
propagation lack a comprehensive view. Uncertainties in
inundation characteristics related to the dike breach pro-
cesses have not yet been reported. To fill this gap and enable

a more adequate flood hazard assessment for diked reaches,
a new modeling approach is required.
[3] Assessments of reliability of flood protection struc-

tures were often carried out using the methods of system
reliability research [Szidarovszky et al., 1975; Wood, 1977;
Centre for Civil Engineering Research and CodesTechnical
Advisory Committee on Water Defenses (CUR/TAW), 1990;
Uno et al., 1994; Lassing and Vrouwenvelder, 2003]. These
works, however, did not consider the consequences in terms
of inundation. The majority of flood impact assessment
studies considering dike failures relied on predefined breach
location(s) and breach width(s), either based on historical
information [Han et al., 1998; Hesselink et al., 2003;
Alkema and Middelkoop, 2005] or hypothetical assumptions
[Aureli and Mignosa, 2004; Niemeyer et al., 2005] in the
form of scenarios. The resulting modeling outcome does not
represent the flood hazard, since the probability of each
particular scenario is not known. A few recent works con-
sidered dike failure as a stochastic process. The flood con-
sequences in terms of subsequent inundation were treated in
a steady [Hall et al., 2003, 2005] and unsteady [Apel et al.,
2004, 2006; Di Baldassarre et al., 2009] flow analyses.
[4] Di Baldassarre et al. [2009] conducted a case study

by considering a comprehensive set of scenarios of breach
locations restricted to one location per simulation. They
treated breach development time, breach width and depth as
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uniformly distributed random variables in a Monte Carlo
simulation. The authors derived probability‐weighted hazard
maps based on weighted water depth and flow velocity. The
channel and floodplain models were, however, coupled
off‐line, which consequently precludes the consideration of
temporal breach interactions in scenarios with multiple dike
breaches.
[5] Hall et al. [2003, 2005] subdivided the flood defence

structures into discrete sections and computed the proba-
bility of any defence system state for various return periods.
The defense system state was characterized by the combi-
nation of failed and non‐failed dike sections. The proba-
bility of failure for individual sections was characterized by
fragility curves which indicate the probability of failure as a
function of load. Hall et al. [2003] applied the methodology
for the mechanism of overtopping. Dawson et al. [2005]
further applied the concept of fragility curves for the sim-
plified representation of wall instability and piping mechan-
isms for river flood defences. Following, fragility curves were
developed for shingle beach erosion, rock armor damage and
dune erosion for coastal structures [Dawson and Hall, 2006].
The approach enabled a preliminary large‐scale flood risk
assessment for the whole of England and Wales [Hall et al.,
2005]. The loading of all defence structures was assumed to
be of the same magnitude at the same time. Thus, in case of a
dike section failure, the load reduction for other sections due
to the capping effect was not considered. Therefore, the
response of different defence sections is independent from
each other.
[6] The assumption adopted by Hall et al. [2003] and

Dawson et al. [2005] might be suitable for coastal defence
structures. However, for fluvial systems, which may have a
considerable water retention potential, the capping effect on
a flow hydrograph may be significant. Indeed, Apel et al.
[2004, 2006] waived this assumption by implementing a
probabilistic dynamic flood risk assessment model with an
unsteady hydraulic routing. For a couple of dikes along the
Rhine River, the authors showed a remarkable reduction of
failure probability for the downstream dike, when an
upstream breach was simulated. Further implications of this
retention effect can be observed from the asymptotic
behavior of the flood frequency curves at the downstream
gages [Apel et al., 2009]. The approach of Apel et al. [2004,
2006] is, however, limited to only one breach mechanism:
overtopping. Merz [2006] argues that this may be justifiable
for modern well‐maintained dikes, which are less likely to
breach due to other mechanisms. But for the older, histori-
cally grown dikes without drainage, consideration of other
breach mechanisms is necessary. Otherwise the hazard may
be underestimated. Hence, there remains a gap in a sound
estimation of the flood hazard for river systems considering
all relevant dike failure mechanisms. Recently, van Mierlo
et al. [2007, 2009] presented a generic framework describ-
ing the river system behavior due to dike failure through
overtopping and piping similar to the one presented in this
paper. The authors emphasized the importance of consid-
ering multiple failures in the flood risk analysis in a case
study for a Dutch dike ring.
[7] Enormous flood damages in recent years necessitated

a comprehensive inundation risk assessment. Flood hazard
and risk maps are one of the products of such assessments
and aim at communicating inundation extent and expected
damage. Flood mapping assists in developing flood risk

management strategies that aim, among others, at raising
public awareness, regulation of urban and rural develop-
ment, maintenance of flood protection structures and plan-
ning of flood warning systems [Hall et al., 2003].The
European Directive on the assessment and management of
flood risks [European Union, 2007] requires from all EU
Member States the development of flood hazard and risk
maps as well as the design of risk management plans. For
flood risk assessment, an accurate estimation of the inun-
dation extent and flood intensity indicators, such as water
depth and flow velocity, is essential.
[8] Large‐scale national flood risk assessment and map-

ping was reported from the United Kingdom [Sayers et al.,
2002; Hall et al., 2005; Bradbrook et al., 2005]. Further
national flood mapping initiatives in European countries are
summarized by de Moel et al. [2009]. In the United States,
the hazard and risk estimation platform HAZUS‐MH was
developed over the past decade and aims at providing a
consistent methodology and nation‐wide data sets for
assessment of the natural hazards, in particular flood hazard,
and estimation of losses [Scawthorn et al., 2006a, 2006b].
[9] Comprehensive flood risk analysis requires the

investigation of uncertainties associated with flood hazard
and vulnerability to assess the uncertainty range for expected
damage [Apel et al., 2004]. Moreover, Merz et al. [2007]
suggest indicating and mapping the uncertainties as thor-
oughly as possible in order to avoid unfounded confidence in
deterministic statements among users. For flood hazard maps
this implies an indication of the confidence interval for
inundation extent and flood intensity indicators. The repre-
sentation of uncertainty is important especially for extremely
rare events. It displays the potential degree of system vari-
ability and the ability of a model to capture this range of
variation in mathematical formulation and parametrization,
when compared to observations. However, measurements
are rarely available, particularly for extreme events. Hall
and Anderson [2002] recognize this limitation and advo-
cate the use of models that clearly describe the cause‐effect
relationship in a straightforward Monte Carlo analysis,
including expert judgment on parameter distributions. The
derived band of possible system states directly represents the
uncertainty range. Especially for unrepeatable events, like
dike failures, the probability of failure can be assessed
with the help of causal models [Hall, 2003]. The credi-
bility of the modeling outcome can be assured by the
transparent and utmost comprehensive description of the
causal relationships between various modeled processes.
[10] Many previous studies often focused on the un-

certainties in inundation predictions originating from
uncertain friction parametrization of hydraulic models and
their constraining observations [e.g., Aronica et al., 2002;
Bates et al., 2004; Hunter et al., 2005; Werner et al., 2005a,
2005b]. The uncertainty in the description of dike breach
processes was rarely analyzed. The challenge in the quan-
tification of this uncertainty in terms of the variation of flood
intensity indicators is addressed in this study. Properly
visualized, it provides essential information to decision
makers for devising and implementing flood protection
measures.
[11] The objective of this paper is the development of a

new methodology for improved flood hazard assessment on
a river reach scale considering dikes and their possible
failures. The methodology implies the coupling of models
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for flood scenario generation, flood wave routing, dike
breach and inundation simulation. The distinctive feature of
the developed methodology is an unsteady analysis of a
flood wave that accounts for the dependence of the
hydraulic load on dikes at various locations along the reach.
Further, the identification of vulnerable dike sections and
generation of dike hazard maps is targeted for a range of
extreme flood events. Moreover, novel probabilistic flood
hazard maps are aimed for different flood intensity indicators
such as inundation depth, flow velocity, product of flow
velocity and depth (impulse), inundation duration with water
depth over a threshold and rate of water rise. Finally,
uncertainty in flood hazard ought to be analyzed in a Monte
Carlo simulation.
[12] The methodology was implemented and tested on a

typical reach protected by dikes on the Elbe River, Ger-
many. A study reach of ca. 91 km length was selected
between the gages Torgau (Elbe‐km 154.2) and Vockerode
(Elbe‐km 245.5) (see Figure 1). It is characterized by a
gentle river bed slope of about 0.2 per mil and wide flat
floodplains. The only large tributary joining the study reach
is Schwarze Elster. In total, 365,000 residents living in 249
towns and communities are protected by dikes on the middle
Elbe and its tributaries. In case of dike failures, the area
potentially exposed to flooding amounts to 3400 km2. The
design level of river dikes ranged between 10 and 100 years
in 2002 [Internationale Kommission zum Schutz der Elbe
(IKSE), 2003]. An extreme flood event caused by the Vb‐
weather pattern struck the Elbe catchment in August 2002.
During this flood, 104 dike breaches occurred in the German
part of the Elbe catchment, most of them on the Mulde
River. Along the study reach, five breaches (see Figure 1)

caused an inundation of 277.7 km2 that comprises about
87% of the whole inundated area caused by dike failures on
the middle Elbe.

2. Inundation Hazard Assessment Model (IHAM)

[13] The inundation hazard assessment model (IHAM) is
comprised of three main modules representing the core of
the system: an unsteady 1D hydrodynamic model for river
channel routing, a probabilistic dike breach model and a 2D
raster‐based inundation model. The modules were coupled
in a dynamic way that ensures a continuous data exchange
between them during a simulation run. The modeling system
was run in a Monte Carlo framework (referred hereafter as
the core Monte Carlo simulation) to address the uncertainty
resulting from the stochastic processes of dike breaches and
natural variability of flood generation processes expressed in
various flood waveforms. The IHAM structure is schemat-
ically illustrated in Figure 2 and consists of the modeling
system core, pre‐ and post‐processing blocks.

2.1. 1D Hydrodynamic Module

[14] For the hydrodynamic simulation of the flood wave
propagation in a river channel and floodplain between
dikes, an unsteady 1D hydrodynamic model based on the
full St.‐Venant equation was used. The EPDRiv1h model
[U.S. Army Corps of Engineers (USACE), 1995; Wilson
Engineering, 2003] was integrated into the IHAM system.
The provided FORTRAN source code was coupled to the
dike breach and 2D hydrodynamic modules to compute the
unsteady hydraulic load on dikes.

Figure 1. IHAM model application domain between gages Torgau (Elbe‐km 154.2) and Vockerode
(Elbe‐km 245.5) on the Elbe River reach downstream of Dresden (Elbe‐km 55.6).
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[15] The 1D hydrodynamic model was originally setup
and calibrated for the whole dike‐protected Elbe part from
gage Dresden (Elbe‐km 55.6) to Vockerode (see Figure 1).
Further, a study reach of was selected between the gages
Torgau and Vockerode for setup of the IHAM model. The
selection was stipulated by the availability of detailed dike
data. Cross‐sectional profiles were available every 400 to
600 m. Several profiles were extended into floodplains and
assigned elevations based on the lidar‐derived digital terrain
model of 2 m × 2 m resolution with vertical accuracy of
±0.15–0.4 m. The 1D model was run in unsteady simulation
mode to deliver predictions of discharge and water stage at
every discretized river node. The model was driven by a
flow hydrograph at the upstream end of the reach. A rating
curve was used as the outflow boundary condition. A further
boundary condition was provided by the lateral inflow
hydrograph of the tributary. Steady state initial conditions
with discharge values corresponding to the initial discharges
of the unsteady hydrographs were adopted.
2.1.1. Calibration and Validation
[16] Manual calibration of the 1D model was employed to

constrain friction parameters within a feasible range. Since
precise water level predictions are crucial for dike breach
modeling, calibration against distributed observations was

preferred over the lumped model fit to discharge series at the
downstream gage. High water marks with accuracy of about
0.05–0.2 m (root‐mean‐square error (RMSE)) [Oberstadtler
et al., 1997] and the spatial resolution ranging between 200
and 600 m were employed.
[17] The roughness coefficients were varied in the range

between 0.017 and 0.2 m−1/3 s−1 according to characteristics
of natural channels and floodplains [e.g., Chow, 1959]. The
friction coefficients were adjusted in order to achieve the
best fit between the simulated and observed water stages by
minimizing the bias and RMSE. The steady state model was
calibrated for the four flood events in 1995, 1998, 1999 and
2002, and validated for the 2003 event. Steady discharge
values and a rating curve were used as upstream and
downstream boundary conditions, respectively. The mean
absolute error (MAE) and maximum difference (MD) were
additionally computed to have a broader view on model
performance. Calibration results exhibited a rather low bias
with a maximum value of a few centimeters (Table 1). The
bias for the validation run was less than 0.01 m which
indicates almost no systematic under‐ or overprediction. The
calibration results were considered to be acceptable, since
the RMSE for both the larger magnitude events and the

Figure 2. Schematic representation of the IHAM structure.

VOROGUSHYN ET AL.: FLOOD HAZARD ASSESSMENT METHODOLOGY W08541W08541

4 of 17



validation event lie within the uncertainty range of the water
stage measurements.
2.1.2. Input Hydrograph Scenarios
[18] Previously, numerous studies used historical or

hypothetical scenarios for flood danger assessment. How-
ever, the analysis of flood hazard requires probability or
return period statements assigned to a scenario set. There-
fore, we developed synthetic event‐based hydrographs at the
gage of interest based on the extreme value statistics and
cluster analysis adopting the methodology of Apel et al.
[2004].
[19] We derived synthetic input hydrographs for the

return periods of T = 100, 200, 500, 1000 years based on the
recorded discharge series at gage Torgau from 1936 to 2003.
Flood frequency analysis was applied to the annual maxi-
mum discharge series (AMS) assuming GEV distribution
and using the L‐moments method for the parameter esti-
mation. Further, events of 30 days duration were extracted
around the annual maximum, with 10 days prior to the peak
and 20 days after. A linear base flow hydrograph was
assumed between the hydrograph ends and subtracted from
the total observed runoff. The direct runoff hydrographs
were normalized by the maximum direct runoff. The nor-
malized hydrographs were clustered using the “ward”
algorithm and squared Euclidean distances as a measure of
affinity between the cluster members. The “ward” method
computes the total variance inside the cluster by summing
up the squared Euclidean distances between the cluster
members and its centroid.
[20] For the generation of synthetic hydrographs, five

clusters were selected in order to account for the natural
variability of the flood waveform and flood volume. The
probability of cluster occurrence was calculated as the
proportion of the hydrographs within a cluster to the total
number of events. This probability was taken into account in
the core Monte Carlo sampling. Finally, mean normalized
cluster hydrographs were rescaled using the flood frequency
statistics to produce synthetic hydrographs for return periods
of T = 100, 200, 500, 1000 years.
[21] To account for the discharge contribution from the

tributary Schwarze Elster, the correlation analysis for the
maximum discharge values at gage Löben for the period
1973–2003 and corresponding AMS events at gage Torgau
was carried out. The tributary hydrographs were extracted,
normalized and clustered correspondingly to the Elbe reach
events. Peak discharges in the tributary, corresponding to
those in the main river, were generated using a regression
equation. The resulting scenario sets, comprised of the main
river and tributary hydrograph pairs, are further referred to
as 100y, 200y, 500y and 1000y.

2.2. Dike Breach Module

[22] The dike breach module represents a probabilistic
model aimed at simulating dike failures along the river
course. It models breach locations, breach development and
outflow discharge for three breachmechanisms: overtopping,
piping in dike foundation and slope micro‐instability. The
dikes in the study area were discretized into sections of
about 500 m length, as suggested by CUR/TAW [1990] and
also adopted by Hall et al. [2003] for the dike stability
analysis in England and Wales. Dike sections of this length
are assumed to be independent in terms of their response to
hydraulic load; that is, they react differently upon loading
and breach as a consequence of different mechanisms. The
dike breach model is provided with dike kilometer values
assigned to each discretized dike section. Dike kilometer
corresponds to the kilometer value of the nearest node in the
river channel.
[23] Stability of dike sections was assessed in probabi-

listic terms based on fragility curves or functions. These
functions indicate the probability of dike section failure
given the hydraulic load simulated by the 1D hydrodynamic
module. Depending on the number of load variables, the
fragility function may become multidimensional.
[24] Dike failure statistics collected in the Danube and

Elbe catchments suggested that for river dikes, over-
topping, piping and landward slope stability are the dom-
inant failure mechanisms [Nagy and Tóth, 2005; Horlacher
et al., 2005]. Gui et al. [1998] also indicated that over-
topping and piping are major failure mechanisms based on
the study of Cheng [1993], which summarizes dam failure
statistics. Vorogushyn et al. [2009] provided a comprehensive
overview of the dike failure mechanisms in the fault tree
analysis identifying the failure pathways (modes) leading to
the final consequence: the dike collapse. For development of
the fragility functions for overtopping, we adopted the
approach of Apel et al. [2004, 2006]. Based on the method-
ology of Vorogushyn et al. [2009], fragility functions were
generated for piping in dike foundation and for slope insta-
bility as a consequence of seepage flow through a dike core
(micro‐instability).
[25] Fragility functions were derived based on the reli-

ability or limit state function relating the load and resistance
of a dike to any particular sort of impact (equation (1)).

Z ¼ R� L ð1Þ

where R is resistance and L is load.
[26] A separate reliability function was formulated for

every dike failure mode. A sequence of failure modes
leading to the final dike collapse constitutes a breach
mechanism. Each load variable was discretized over a range
of likely values. The variables describing dike resistance,
i.e., geometrical and geotechnical dike parameters, were
handled as random variables considering their statistical
moments and distribution functions. Fragility functions for
each breach mechanism were developed for every dis-
cretized dike section based on dike properties surveyed in
the field, derived from the dike construction plans or liter-
ature (Table 2). The dike properties correspond to those
prior the reinforcement measures after the August 2002
flood event.
[27] The resulting probability of failure Pf is defined at

each point of the load space as a ratio between the number

Table 1. Calibration and Validation Statistics for Steady State 1D
Hydrodynamic Model Runs for the Reach Between Gages Dresden
and Vockerodea

Performance
Statistics

Flood Events

Jan 1995 Nov 1998 Mar 1999 Feb 2002 Jan 2003

BIAS −0.048 −0.004 −0.003 0.032 0.003
MAE 0.16 0.121 0.118 0.101 0.136
RMSE 0.218 0.156 0.161 0.134 0.169
MD −0.719 0.467 0.566 0.5 0.531

aThe flood events in 1995, 1998, 1999 and 2002 were used for
calibration. The model was validated for the flood event in 2003.
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of negative limit state function outcomes and total number
of Monte Carlo runs:

Pf ¼ NðZðr1; :: rn; l1; :: lnÞ � 0Þ=NðMC runsÞ ð2Þ

where uncertain dike state variables r1, ..rn represent geo-
metrical and geotechnical dike properties, l1, ..ln are load
variables, and N(·) is the number operator.
[28] In the IHAM structure, the Monte Carlo simulation

used to develop the fragility functions is referred to as the
pre‐processing Monte Carlo simulation (Figure 2).
2.2.1. Overtopping
[29] The most common dike failure mechanism, over-

topping, is incorporated into IHAM based on the technique
of Apel et al. [2004, 2006]. The reliability function for
overtopping relates the overtopping discharge qa to the
critical discharge qcrit, which represents a threshold for the
erosion of the landward slope and failure. The fragility
function resulting from Monte Carlo simulation displays the
failure probability as a function of the overtopping height he
and overtopping duration te (Figure 3).
2.2.2. Piping
[30] For the computation of fragility curves for piping the

approach of Vorogushyn et al. [2009] was used. Piping
failure is assumed if the failures due to the following failure
modes have sequentially occurred: (1) seepage flow through
the sandy dike foundation has reached the landward dike
toe, (2) rupture of the upper clay layer has occurred,
(3) critical head has been reached leading to continuous
retrogressive erosion in the dike foundation and develop-

ment of pipes, and (4) pipes have developed over the whole
width of the dike foot.
[31] Vorogushyn et al. [2009] provide a detailed deriva-

tion of the fragility functions for seepage, rupture, piping
and critical pipe development. Contrary to the previous
approaches, the fragility functions for seepage were derived
based on unsteady dike impoundment. Hence, they were
defined in the “water height–impoundment duration” space.
In order to reduce the space dimensionality the hydraulic
load was considered as the impoundment duration (D) for
three water level intervals: up to one‐third of the dike

Figure 3. Fragility function for overtopping for the exem-
plary dike section at Elbe‐km 190.45.

Table 2. Summary of Random Variables Used in the Dike Breach Component of IHAM to Derive the Fragility Curves in a Monte Carlo
Simulationa

Description Variable Unit Mean m SD s

Range

PDF ReferenceMin Max

Air‐filled porosity na ‐ 0.188 0.15m (na) 0.095 0.288 norm Kanowski [1977]
Crest height h0 m 3.54 0.991 2 5.20 norm CUR/TAW [1990]
Crest width bc m 2 0.407 1.6 2.4 norm CUR/TAW [1990]
Friction angle � deg 29.249 0.1m (�) 20.807 37.596 logn Kanowski [1977]

CUR/TAW [1990]
Hydraulic conductivity

of dike material
Kf m s−1 10−5 25m (Kf) 10−6 10−4 logn Pohl [2000]

USACE [1999]
Hydraulic conductivity

of dike foundation
Kf m s−1 3 × 10−5 25m (Kf) 3 × 10−6 3 × 10−4 logn Berry and Reid [1987]

USACE [1999]
Inner slope k ‐ 2.25 0.254 2 2.5 norm Vrijling and van Gelder [2000]
Outer slope n ‐ 2.75 0.254 2.5 3 norm Vrijling and van Gelder [2000]
Particle diameter d70 m 0.0004 0.15m (d70) 0.00006 0.0008 logn Bollrich [2000]

Vrijling and van Gelder [2000]
Saucke [2006]

Müller‐Kirchenbauer et al. [1993]
Thickness of clay layer d m 1 0.3m (d) 0 3 logn Vrijling and van Gelder [2000]
Thickness of sand layer Ds m 5 0.1m (Ds) 0 15 logn Vrijling and van Gelder [2000]
Velocity of pipe development vpd m day−1 0.158 ‐ ‐ ‐ const Weijers and Sellmeijer [1993]
Weight per volume of sand gp kN m−3 18 1.0 13 21 norm Kortenhaus and Oumeraci [2002]

Gocht [2002]
Weight per volume of clay gk kN m−3 19 0.05 17 21 norm Kortenhaus and Oumeraci [2002]

Gocht [2002]
White’s coefficient h ‐ 0.25 0.15m (h) ‐ ‐ logn Van Loon [2001]

Vrijling and van Gelder [2000]

aMean, standard deviation (SD), range of variation, probability distribution functions (norm denotes the normal distribution, logn is the lognormal
distribution) and constant values are denoted with const. Range of variation represents the assumed possible parameter interval and is used to truncate
the probability distribution function. Observed parameter values were used where available; otherwise, values based on the literature review were
employed.
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height, between one‐third and two‐thirds, and between two‐
thirds and the full dike height (h0). The fragility function
resulting from theMonte Carlo randomization of the load and
resistance parameters was represented as the probability
function in a 4D‐space: P(seepage), (D(0 − 1/3h0),D(1/3h0 −
2/3h0), D(2/3h0 − h0)). The projection of the failure prob-
ability on one of the axes yields the fragility functions
represented in a 3D space (Figure 4).
[32] An exemplary fragility curve for rupture (Figure 5) is

a function of water height related to the dike foot. The final
dike failure probability Ppfailure is expressed according to the
probability multiplication rule for dependent events:

PðpfailureÞ ¼ PðpipingÞ � PðcljpipingÞ ð3Þ

PðpipingÞ ¼ PðrsÞ � PðHcritjrsÞ ð4Þ

PðrsÞ ¼ PðseepageÞ � PðrjseepageÞ ð5Þ

where P(pfailure) is the probability of dike failure when
the critical pipe length is reached, P(cl∣piping) is the
probability of pipes reaching the critical length after ero-
sion progressed beyond the critical state, P(piping) is the
probability of progressive piping and rupture, P(Hcrit∣rs) is
the probability of reaching the critical state for piping after
rupture has occurred, P(rs) is the probability of rupture and
seepage, P(seepage) is the probability of foundation seep-
age and P(r∣seepage) is the probability of rupture given the
seepage.
2.2.3. Micro‐instability
[33] IHAM considers the landward slope failure due to

micro‐instability, which is characterized by induced slope
erosion and material relocation as a consequence of seepage
flow exiting the dike core [CUR/TAW, 1990]. The ultimate
dike failure was assumed when the dike crest is damaged by
the progressing slope erosion. The height of the phreatic
surface in the dike core controls the height at which the
slope is damaged. The phreatic surface is a function of the
impoundment water height and duration. Hence, the final
slope failure probability was expressed as a combination of

the dike core seepage probability and probability of dike
crest damage:

Pðmif Þ ¼ PðseepageÞ � PðmijseepageÞ ð6Þ

where P(mif ) is the probability of dike failure due to micro‐
instability, P(seepage) is the probability of seepage through
the dike core and P(mi∣seepage) is the probability of slope
failure affecting the dike crest after seepage flow has
developed.
[34] Analogously to the case of seepage through the dike

foundation, the fragility functions for seepage through the
dike core were developed based on the approach of
Vorogushyn et al. [2009]. The fragility functions indicate
the probability of seepage as a function of impoundment
duration with distinct water level intervals. The fragility
curve for slope micro‐instability indicates the failure prob-
ability as a function of water level at the dike.
2.2.4. Breach Development and Width
[35] Breach growth appears to be non‐linear. The growth

rate may vary dramatically. According to the experiments of
Hahn et al. [2000], it alters as much as 60‐fold depending
on the dike material, which ranged from sandy and silty to

Figure 4. Fragility functions for seepage through dike foundation for the exemplary dike section at
Elbe‐km 162.45 [Vorogushyn et al., 2009]. Projection of the probability function into the (D(0 − 1/
3h0), D(1/3h0 − 2/3h0), P) space for the impoundment duration of (a) D(2/3h0 − h0) = 0 days and (b) D(2/
3h0 − h0) = 9 days.

Figure 5. Fragility curve for rupture for the exemplary
dike section at Elbe‐km 190.45. H is the water level at the
dike.
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clayey soils. In the large‐scale embankment failure tests,
typical durations for development of the approximately 30 m
wide breaches range between 5 and 10 min for rockfill dams
to 1 h for clayey dams [IMPACT, 2001]. On the other hand,
evidence exists of a non‐gradual breach development, e.g.,
when the whole clayey dike section of 190 m was flushed
away in a few seconds [Hesselink et al., 2003].
[36] The reviewed experimental studies indicate a strong

variation of breach development rates, which makes the
modeling of breach growth a highly complex task. Over the
past four decades only moderate progress has been achieved in
sound simulation of breach development in river dikes. These
predictions remain highly uncertain [Wahl, 1998, 2001].
[37] In flood hazard assessment studies of river dikes,

several approaches were adopted to incorporate the breach
morphology. Breach width was often considered in form of
scenarios derived from past observations [Alkema and
Middelkoop, 2005; Hesselink et al., 2003]. In the absence
of field observations, physically plausible widths were
assumed [Apel et al., 2004, 2006]. In several studies, simple
empirical models were used to estimate the final breach
width. Hall et al. [2003] employed a simple linear rela-
tionship between the ultimate breach width, hydraulic load
and defence length. Dawson et al. [2005] and Dawson and
Hall [2006] related the cohesion property of the dike
material to the ultimate breach width. However, when
applied for the computation of the breach widths on the Elbe
river during the August 2002 flood, the latter approach
would considerably underestimate the breach width when
compared to the data of Gocht [2002].
[38] Therefore, there is a need for a new approach to

account for the breach width in the modeling process. In this
work, a probabilistic treatment of final dike breach width
was proposed and integrated in the IHAM modeling
approach. Dike breach records during the August 2002 flood
in the Elbe catchment [Gocht, 2002; Horlacher et al., 2005]
were used to construct an empirical breach width distribu-
tion (Figure 6). Table 3 summarizes the statistics of breach
widths for the Elbe reach, whole Elbe catchment and its two
subcatchments Mulde and Schwarze Elster.
[39] Normal, lognormal, Weibull, beta and Pearson III

distributions were examined and fitted to the observed
sample. A Kolmogorov‐Smirnov test indicated that the null‐

hypothesis cannot be rejected at 1% significance level only
in case of the lognormal distribution. The lognormal dis-
tribution with mln = 3.77 and sln = 0.86 was fitted to the
observed breach width sample (Figure 6).
[40] Breach width was sampled from the fitted distribution

during the core Monte Carlo simulation. Thus, the uncer-
tainty associated with the breach width can be accounted for
in a probabilistic framework. During the sampling procedure
lognormal distribution may generate Bw in the range [0; +∞].
In such a case, truncation was applied by skipping values of
Bw < 3 m and Bw > 500 m.
[41] The breach development rate is considered as a

deterministic variable in IHAM. It is assumed here that
uncertainty in ultimate breach width has a comparably larger
impact on flood hazard statements than the breach devel-
opment rate. The development of a breach to the ultimate
width within one hour was assumed, as was done by Apel
et al. [2004, 2006]. The adopted rate corresponds to the
experiments of Vaskinn et al. [2004] for comparable soil
types.

2.3. 2D Hydrodynamic Module

[42] Flood propagation in the dike‐protected floodplain
areas is simulated using the 2D raster‐based diffusive wave
model developed by Merz [1996]. It should be noted that
the 2D inundation simulation is carried out exclusively over
the floodplain behind dikes in case of dike breaches. The
model is driven by the outflow discharge through dike
breaches calculated in the dike breach module. The wetting
front propagation is simulated by solving the continuity

Figure 6. Empirical frequency distribution of breach width in the Elbe catchment during the August
2002 flood and fitted lognormal probability density function (mln = 3.77, sln = 0.86).

Table 3. Statistics for the Dike Breach Width Bw for the August
2002 Flood in the Elbe Catchmenta

Statistics
Elbe

Catchment
Elbe
Reach Mulde

Schwarze
Elster

Number of breaches 104 19 81 4
Mean Bw 62.88 60.53 65.06 29.5
Median Bw 44 40 50 30
Min Bw 5 10 5 18
Max Bw 340 340 300 50

aBased on data from Horlacher et al. [2005] and Gocht [2002].
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(equation (7)) and momentum (equation (8)) equations
discretized over a regular grid:

@hi;j

@t
¼ Qi�1;j

x � Qi;j
x þ Qi;j�1

y � Qi;j
y

DxDy
ð7Þ

where hi,j (m) denotes the water surface elevation at cell
(i, j), t(s) is the time step,Qx,Qy (m

3 s−1) are volumetric flow
rates between cells in x and y directions, Dx, Dy (m) are cell
dimensions (Dx = Dy for equidistant grid):

Qi;j
x ¼ h5=3flow

n

hi�1;j � hi;j

Dx

� �1=2

Dy ð8Þ

where Qx
i,j and Qy

i,j (m3 s−1) are fluxes over the cell
boundaries in x and y directions respectively, hflow (m) is
the flow depth between adjacent cells, i.e., the difference
between the maximum water surface elevation and the
maximum ground elevation, n(m1/3 s−1) denotes the
Manning’s roughness coefficient.
[43] The calculation of the preliminary average velocity

fields from the decoupled fluxes in the x and y directions
was implemented according to

�i;j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Qi;j

x

hi;jflow;x �Dx

 !2

þ Qi;j
y

hi;jflow;y �Dy

 !2
vuut ð9Þ

where ui,j (m s−1) is the flow velocity for the i, j cell.
[44] Werner and Lambert [2007] compared the depth

averaged velocities from various modeling codes on a planar
floodplain and reported marginal differences between 1D,
2D and storage cell models. The difference is expected to
increase on a floodplain with steep slopes or at locations of
rapidly varying flow, e.g., near dike breaches.
[45] The 2D storage cell model was setup for the study

area between the gages Torgau and Vockerode (Figure 1).
The basis of the topographic terrain representation was a
50 m × 50 m digital elevation model (DEM) [Bundesanstalt
fürKartographie und Geodäsie, 2007]. The DEM vertical
accuracy in the lowlands is about ±1 m, whereas it deterio-
rates in steep mountainous areas up to ±3 m.
[46] The calibration conducted with the storage cell model

using a uniform roughness value revealed that the only
available inundation extent for the flood event in 2002 is not
sufficient to constrain the friction parameter. The inundation
was strongly shaped by dike breach outflow, which is a
function of the time of breaches, development rates and final
widths that were partly unknown. Therefore, a pragmatic
approach of assigning the distributed roughness values based
on the land‐use classes was adopted. Literature values [Chow,
1959] were associated with land‐use classes based on ATKIS
(Official Topographic‐Cartographic Information System).

2.4. Coupling of Core Modeling Components

[47] The 1D hydrodynamic, dike breach and inundation
modules were interactively coupled in a dynamic way in
order to reflect the process chain of the reach scale inun-
dation. An efficient data transfer between models at runtime
was realized by the Typed Data Transfer (TDT) Library
[Linstead, 2005], which provides a series of interfaces for
platform and language independent transfer of typed data.

[48] The computations were carried out with a time step
of several seconds dictated by the 2D inundation model in
order not to jeopardize its accuracy. Using different time
stepping for different modules is possible. This, however,
did not bring any significant performance gain. Dike section
stability was examined at every time step of tdb = 1 h. tdb
was selected in a way that the change in failure probability
between two stability checks is not too large. Otherwise,
dike failures would be simulated with a considerable time
lag, introducing a distortion in the modeling results. Sta-
bility of each discretized dike section was successively
checked for the three considered breach mechanisms.
[49] Probability of dike breach was sampled from the

developed fragility functions depending on the currently
simulated load in terms of water level and duration of
overtopping and impoundment. The rules for the determi-
nation of probabilities of dependent events (equations (5)
and (6)) were embedded in the sampling procedure of fail-
ure probabilities in the core Monte Carlo simulation. The
final breach width was stochastically simulated based on the
derived PDF.
[50] The outflow discharge through the breach was

computed using the broad‐crested weir formula [Chow,
1959]. The model switches automatically between the free
and drowned weir overfall depending on the water level in
the river channel and dike‐protected floodplain areas. Out-
flow discharge was supplied as a boundary condition for the
inundation model. The water volume was evenly distributed
over the interface raster cells in the hinterland. The number
of interface cells (Nic) per breach location was computed
based on the time‐dependent breach width and pixel size:

Nic ¼

1 if BwðtÞ < Dx;
intðBwðtÞ=DxÞ if BwðtÞ � Dx and

modðBwðtÞ;DxÞ
< Dx=2;

intðBwðtÞ=DxÞ þ 1 if BwðtÞ � Dx and
modðBwðtÞ;DxÞ � Dx=2:

8>>>>>><
>>>>>>:

ð10Þ

where Bw(t) (m) is the breach width at time t.
[51] The water spread over the dike‐protected hinterland

areas was computed with the 2D storage cell model. The
coupling scheme applied in IHAM is mass conservative. As
soon as the water level in the hinterland (average water level
in the interface cells) overshoots the water level in the
corresponding 1D model node, the backwater discharge
through the developed breach was computed and supplied as
lateral inflow to the 1D channel model. The back coupling
between the inundation and channel flow models reflects the
system dynamics in case of filled hinterland areas.

3. Application of IHAM to the Elbe River Reach

[52] 3000 IHAM runs were performed for each of the four
extreme scenarios for an event period of 30 days. The re-
sulting dike failure probabilities and flood intensity indicators
were analyzed and used for the generation of probabilistic
dike breach and inundation hazard maps. It should be noted
here that the developed hydrograph scenarios do not consider
the possible wave transformation due to dike breaches
upstream of Torgau. Apel et al. [2009] showed that the
upstream breaches may have an impact on the flood fre-
quency statements. This means that the return periods of the
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used design hydrographs are likely to be higher than assumed.
Ideally, the IHAM methodology should be applied from the
point where the dike protection begins. In our case, the model
setup starting at the gage Dresden was hampered by the
limited dike data in the upstream part of the reach. Never-
theless, we considered this study appropriate to demonstrate
the developed methodology and explore the system behavior
under extreme load conditions.
[53] Results obtained from Monte Carlo simulations were

tested for convergence by analyzing the sample moments of

output variables as functions of the number of Monte Carlo
runs [Ballio and Guadagnini, 2004]. Convergence was
assumed when the moment functions of spatial model out-
put reached a stable region and showed little fluctuation
with additional number of runs.

3.1. Probabilistic Dike Hazard Maps

[54] One of the output variables of the Monte Carlo
simulation with IHAM is the breach probability associated

Figure 7. Probability of dike breaches disaggregated into 3 breach mechanisms: (a) overtopping,
(c) piping, and (e) micro‐instability for the flood scenario 100y. Difference in dike breach probability
between flood scenarios 200y and 100y disaggregated into breach mechanisms (b) overtopping, (d) piping,
and (f) micro‐instability. Legend in Figure 7b applies to Figures 7c and 7d.
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with each discretized dike section. The spatial representation
of breach probabilities, which correspond to a certain flood
return period, is referred to as dike breach hazard. Dike
breach hazard was mapped by aggregating the failure
probabilities over all breach mechanisms and presenting the
failure probabilities for each mechanism separately in dis-

aggregated mode. The latter approach was used to map the
dike breach hazard for the 100y scenario (Figures 7a, 7c,
and 7e). The high failure probability for several dike sec-
tions corresponded well with the dike stretches identified as
weak by IKSE [2001] for the Elbe dikes.
[55] The dike hazard for the 100y scenario (Figures 7a,

7c, and 7e) exhibited different spatial patterns for different
breach mechanisms. Whereas the dike sections downstream
of Wittenberg appeared to be prone to overtopping and
micro‐instability failure, the sections upstream of the
Schwarze Elster confluence exhibited a weakness toward
piping. With increasing flood magnitude (scenario 200y),
the spatial pattern of breaches did not change considerably
(Figures 7b, 7d, and 7f). The effect of more frequent breaches
in the upstream part of the reach with increasing flood
magnitude was simulated only for piping (Figure 7d). This
suggests higher sensitivity of piping to the increased load.
The reduction of piping and micro‐instability breach prob-
ability for some downstream sections was compensated by
increased overtopping frequency. Generally, with increasing
event magnitude, the effect of load relief due to upstream
breaches, leading to less frequent breaches downstream, was
not simulated. It seems that retention capacity of the
upstream part of the reach is not sufficient to considerably
reduce the load. Moreover, dikes breach more readily when

Figure 8. Relative frequency of dike breach mechanisms
responsible for dike failures in simulated scenarios 100y,
200y, 500y and 1000y.

Figure 9. Convergence assessment of the Monte Carlo simulations in terms of dike breach probability.
Difference in (% points) between (a) 1000 and 500 and (b) 3000 and 2500 random simulation subsets for
scenario 100y. Legend in Figure 9a applies to Figure 9b. Difference in (% points) between (c) 1000 and
500 and (d) 3000 and 2500 random simulation subsets for scenario 1000y. Legend in Figure 9c applies to
Figure 9d.
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flood magnitude is increased beyond the design level.
However, the consideration of the longer reach with a higher
upstream storage capacity and/or controlled detention area
flooding may reduce the downstream dike hazard.
[56] Figure 8 shows the contribution of each breach

mechanism to the total number of dike failures. Overtopping
and piping appeared to be increasingly dominant failure
mechanisms for higher magnitude floods. It is explained by
the increased peak water stages and longer durations of high
water levels at the dikes. The proportion of micro‐instability
induced failures decreased gradually. Obviously, the micro‐
instability failure frequency reacted in a less sensitive way to
the increased load than that of overtopping and piping.
Presumably, the time required to seep the dike core in case
of micro‐instability is sufficient to induce overtopping and
piping failure, which occur more frequently. However, the
relative frequency differs from the observed breach statistics
[Horlacher et al., 2005; Nagy and Tóth, 2005] suggesting a
too large share of simulated piping and micro‐instability
breach mechanisms. Therefore the computation of the fail-
ure probabilities and parametrization of the limit state
functions need to be analyzed further.
[57] The convergence of dike breach probability was

analyzed for the two flood scenarios 100y and 1000y by
inspecting the breach probability changes as a function of
the number of Monte Carlo runs. It was assumed that con-
vergence for these two extreme scenarios also implies

convergence of the 200y and 500y simulations. From the
3000 performed simulations, random subsets of 500, 1000,
1500, 2000 and 2500 runs were assembled retaining the
frequency of the hydrograph clusters in each subset. A
pairwise comparison of assembled subsets for the 100y
scenario indicated that after 1000 simulations the difference
in breach probability exhibits a considerable variation of up
to 100% points compared to the first 500 runs (Figure 9a).
However, after 2500 runs, further 500 simulations contrib-
ute to the ±3% points change of breach probability for all
dike sections (Figure 9b). A comparable convergence of the
breach probability for the higher magnitude scenario 1000y
is achieved after 1000 runs (Figure 9c). The reason for a
slower convergence of the breach probability for the lower
magnitude scenario is the stochasticity of dike breaches and
their mutual interactions. The outflow through the breach for
upstream failures has a comparably stronger reduction effect
on discharge and water stage hydrographs for the lower
magnitude 100y scenario than for the 1000y scenario.
Hence, the randomness of breach locations, time and breach
widths becomes more pronounced in terms of breach
probability variation for the 100y scenario.

3.2. Probabilistic Inundation Hazard Maps

[58] Inundation hazard is given by the spatial distribution
of flood intensity indicators associated with a certain return

Figure 10. Inundation hazard maps for the scenario 100y: (a) binary inundation pattern, (b) median of
the maximum inundation depth, and (c) 10th and (d) 90th percentile maps of the maximum inundation
depth. Legend in Figure 10b applies to Figures 10c and 10d.
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period. In this study, the concept of binary pattern maps was
additionally adopted to reflect the probability of a pixel
being wet by calculating the ratio between the number of
MC runs with flooded pixel to the total number of MC
realizations. Figure 10a demonstrates the binary inundation
pattern map for the 100y flood scenario.
[59] Probabilistic flood hazard maps were developed with

inundation depth computed by IHAM as intensity indicator.
Inundation depth is regarded as the most influential flood
intensity indicator for flood losses and is widely used as a
basis for depth‐damage functions in contemporary flood
damage models [Merz and Thieken, 2004]. The hazard
maps, displayed in Figures 10b, 10c, and 10d, indicate the
maximum simulated inundation depths for different per-
centiles. Unlike the conventional deterministic hazard maps,
the probabilistic ones display different patterns and associ-
ated probability of occurrence for a certain return period.
For example, the 10th and 90th percentile maps (Figures 10c
and 10d) report the expected water depth which will be
exceeded with 90% and 10% probability respectively. The
percentile statistics was computed for each grid cell sepa-
rately over all inundation patterns in a scenario set. Thus, the
percentile maps do not necessarily represent a single event
pattern. The percentile maps indicate the uncertainty bounds
for the maximum water depth associated with dike breach
and input hydrograph stochasticity.
[60] Analogous to the analysis of breach probability

convergence, the convergence of the 2D inundation model
results in terms of spatially distributed predictions of max-
imum inundation depth was assessed for the 100y and
1000y scenarios. Pairwise differences between the mean and
standard deviations of the generated random subsets were
computed. The mean of the maximum depth for the 1000y
scenario converged faster to comparable values of the 100y
scenario. The difference in mean depth, achieved after 3000

runs for the 100y scenario, ranged at maximum between
−0.01 and 0.05 m, whereas for the 1000y scenario, a similar
level of convergence was achieved after 2000 runs. The
reason for a faster convergence of the 1000y results com-
pared to that of the 100y is thought to be the same as for the
difference in dike breach probability convergence. The
stochasticity of dike breaches (location, time, breach width)
in combination with the hydrograph form has a higher
potential in distributing relatively smaller water volumes in
100y scenario over the plain. Thus, more MC runs are
required to account for variations in maximum inundation
depth. With the higher water volume and peak discharge in
the 1000y scenario, the constraining topography and friction
gain more importance compared to the stochasticity of dike
breaches. These findings were further supported by inspect-
ing the difference in the coefficient of variation (CV) between
the 100y and 1000y scenarios (Figure 11). The mainly pos-
itive difference indicates a lower maximum depth variability
for the 1000y scenario. A few areas facing the negative
values of CVs are partly high‐elevated or well‐protected
areas that become inundated only at high magnitude events.
However, the negative CVs over the large flat area in the
downstream part of domain suggest that despite a consid-
erable retention effect in the upstream part of the reach, the
1000y flood wave is still likely to induce dike failures
downstream. This area exhibits therefore a higher maximum
water depth variability.
[61] With increasing flood magnitude, the probability of

inundation generally increases as shown for the difference
between 200y and 100y scenarios (Figure 12a). The increase
in inundation depth with increasing flood return period
varies spatially (Figures 12b, 12c, and 12d). Particularly, the
areas on the left side upstream of Torgau and opposite to
Wittenberg tend to be more severely inundated with
increasing flood magnitude (Figure 12). Comparison of

Figure 11. Difference in spatially distributed coefficient of variation between scenarios 100y and
1000y.
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Figure 12a to Figures 12c and 12d suggests that deeper
flows are expected in those regions that become inundated
with higher probability. Again, for this test reach we have
not detected the decrease of hazard for the downstream parts
of the reach as a result of upstream failures. It seems that
upstream breaches do not bring sufficient load relief.
Additionally, the downstream dikes react sensitive to the
increase in flood magnitude beyond their design level.
[62] The spatial distribution of the median maximum flow

velocity is depicted in Figure 13a for the 100y scenario. As
expected, higher maximum velocities were generally simu-
lated closer to the breaches. Analogously, the uncertainty
bounds in terms of percentiles were computed to reflect the
variation of water velocity for each return period. For each
raster cell in the modeling domain the product of water
depth and flow velocity was computed. The resulting value,
referred to as impulse [Alkema and Middelkoop, 2005], is
considered to be an important flood intensity indicator,
especially for human instability in flood situations [Merz et
al., 2007]. The maximum impulse was derived as the
maximum product of water depth and flow velocity at every
raster cell simulated at the same time step (Figure 13b).
IHAM further computes the inundation duration for water
levels over depth thresholds of 0.2 m (Figure 13c) and 0.5 m.
Inundation duration is an important damage factor for

ecosystems and farmland [Merz et al., 2007]. Moreover, in
industrially used areas it determines, among others, the
interruption time in the production process and services and,
hence, leads to indirect economic losses. The selected
threshold values are relevant for the determination of agri-
cultural damages and were suggested for use with the
agricultural damage model developed in the MEDIS project
[GeoForschungsZentrum Potsdam, 2007]. The average rate
of water rise is considered as the relevant flood intensity
indicator for estimating the time left for flood protection and
evacuation measures. The rate of water rise in a storage cell
may vary dramatically for different points in time over the
duration of a flood event. For instance, directly after the
dike breach it can be very high, while after a certain
topographically constrained volume is filled, it may drop
significantly. Therefore, computation of an average rate of
water rise over a large time period may not be meaningful
and may represent a rather optimistic estimate. On the other
hand, the average rate of water rise determined over a short
time period may not be representative for the whole inun-
dation event. For preliminary computation, a time step of
one hour was selected. The resulting hazard map thus
indicates the median of the maximum rate of water rise
within one hour over the whole simulated event (Figure 13d).
Kok et al. [2005] (cited by De Bruijn and Klijn [2009])

Figure 12. (a) Difference in inundation probability between scenarios 200y and 100y. Difference
in maximum inundation depth between the scenarios 200y and 100y for (b) median, (c) 10th, and
(d) 90th percentiles. Legend in Figure 12b applies to Figures 12c and 12d.
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suggest that fatalities are more likely with rates of water rise
exceeding 0.5 m h−1 for the first 1.5 m depth. The maximum
rate of water rise is often used in conjunction with water
levels to determine the drowning probability.

4. Conclusions

[63] The presented IHAM approach allows, for the first
time, computation of an extended spectrum of flood inten-
sity indicators under consideration of dike failures in a
modeling framework which combines dynamic determinis-
tic and probabilistic models. It accounts for the dynamic
nature of the fluvial inundation processes that are influenced
by failures of flood defences. In IHAM, the modeling
components for channel flow, dike breaching and hinterland
inundation were dynamically coupled. Thus, the advantage
over the widely used steady state approximations of flood
extent, combined with water level interpolation techniques
or even subsequent hydraulic modeling of hinterland flow
becomes evident.
[64] The dike stability analysis due to three possible dike

breach mechanisms: overtopping, piping and slope micro‐
instability, was based on prior computed fragility functions.
These were developed using either a physically based or
empirical process formalization. In the fragility functions,
the uncertainty of parameters that influence the breaching

process was accounted for by treating them as random
variables in a Monte Carlo framework. Consideration of
various breach mechanisms in a dynamic analysis enabled
the differentiation of dike sections according to the primary
threatening failure type. Such analysis produced dike hazard
maps that may facilitate an efficient allocation of resources
for planning and implementation of dike reinforcement
measures. Moreover, during the operational flood manage-
ment, spatially distributed, failure‐type specific information
may be useful for deciding on effective protection measures
for each particular dike stretch.
[65] The probabilistic nature of the developed hazard

maps embraced the inherent uncertainty bounds expressed
by the percentile maps. This uncertainty is stipulated by the
stochasticity of dike breaches (location, time, breach width)
and their mutual interactions as well as by the uncertainty in
the input hydrograph. While deterministic maps mask the
uncertainty associated with the intensity indicators, the
probabilistic maps provide a more comprehensive view on
their spatial distribution and exceedance probabilities. Thus,
the latter should give an impetus to a more profound deci-
sion making. Although the new implementations introduce a
considerable computational burden, they bring an advantage
in terms of more detailed and comprehensive flood hazard
assessment on the river reach scale. Different intensity
indicators were computed and are known to be relevant for

Figure 13. Inundation hazard maps for scenario 100y: (a) median of the maximum flow velocity,
(b) median of the maximum impulse, (c) median of the maximum inundation duration with water depth
over 0.2 m threshold, and (d) median of the maximum rate of water rise.
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different loss types. An application of more specialized
damage functions will hopefully be facilitated with the
provided methodology.
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