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Probabilistic mapping and sensitivity assessment of dam-break flood hazard
Carmine Rizzo, Andrea Maranzoni and Marco D’Oria

Department of Engineering and Architecture, University of Parma, Parma, Italy

ABSTRACT
Quantitative assessment of dam-break flood hazard is central in dam emergency action planning and is 
typically performed deterministically. In structural failure of concrete or masonry dams the collapse is assumed 
to be total and instantaneous, with the reservoir level at the spillway crest level. A probabilistic method is here 
proposed based on a set of dam-break scenarios characterized by different breach widths and reservoir levels 
in order to provide an appraisal of uncertainties in flood hazard indicators. Each scenario is attributed a 
weight, defined as a conditional probability given a dam-break event. Probabilistic flood hazard and inunda
tion maps are produced for the case study of the hypothetical collapse of the Mignano dam (River Arda, 
northern Italy), and a sampling-based global sensitivity analysis is performed. Dam-break flooding was 
simulated using a two-dimensional hydrodynamic model on a high-resolution mesh. The probabilistic 
maps inherently provide quantitative information on the uncertainty of dam-break flood hazard.
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1 Introduction

Dams provide many benefits given the many possible uses of the 
retained water. However, the storage of large volumes of water 
poses a serious risk to the safety of the population, environment, 
properties and infrastructures located downstream. Indeed, 
large areas, sometimes with high exposure, can be flooded 
with catastrophic consequences due to the uncontrolled release 
of water resulting from an accident, or the partial or total 
collapse of a dam. Dam safety and dam-break flood hazard 
assessment have become widespread and topical issues given 
the increasing number of dams built to cope with the rapid 
growth in global water demand (Saxena and Sharma 2004, Zarfl 
et al. 2015). Although a dam-break event is quite rare (Hinks et 
al. 2015), the non-negligible number of historical dam disasters 
documented (e.g. International Commission on Large Dams 
1995, Zhang et al. 2016, Aureli et al. 2021) indicates that this 
catastrophic event cannot be excluded.

Dam-break inundation studies are essential for flood risk 
management, emergency response planning and preparedness, 
and development of flood mitigation measures to minimize 
loss of life and property damage (Rodrigues et al. 2002, Viseu 
and Betâmio de Almeida 2009, Albano et al. 2019). 
Accordingly, dam safety guidelines and technical regulations 
adopted by several governments and national agencies require 
dam owners to perform dam-break analyses to prepare emer
gency action plans (EAPs) and provide dam hazard potential 
classifications (e.g. Australian National Committee on Large 
Dams 2012, Federal Emergency Management Agency 2013, 
Directive of the Italian Prime Minister 08.07.2014 2014, New 
Zealand Society on Large Dams 2015, Indian Central Water 
Commission 2018).

A key step in evaluating the potential consequences of a 
hypothetical dam-break event is flood hazard and inundation 
zone mapping, which consists in identifying the expected inun
dation extent and representing the spatial variability of relevant 
flooding intensity variables (e.g. Department for Environment, 
Food and Rural Affairs 2006, Qi and Altinakar 2012, New 
Zealand Society on Large Dams 2015, Abdulrahman et al. 
2022). To this end, the event-based approach is usually adopted 
in current engineering practice because of its simplicity.

The event-based approach is a deterministic method based 
on a single or very few credible dam-break scenarios charac
terized by fixed breach parameters (breach size, breaching 
time, etc.) and hydrological conditions (reservoir level and 
inflow conditions) for all possible failure mechanisms. The 
values of the breach parameters often derive from expert 
judgement or empirical models estimated from historical 
data (Wahl 2004, Froehlich 2008, Ahmadisharaf et al. 2016). 
Focusing on concrete and masonry dams, the prescribed dam- 
break scenarios typically are the most catastrophic ones 
(resulting in conservative inundation maps), characterized by 
a total and instantaneous collapse of the dam with the reservoir 
level at either the spillway crest level under normal (“sunny 
day”) inflow conditions, or the maximum storage/dam crest 
level under flood (“rainy day”) inflow conditions (e.g. Federal 
Emergency Management Agency 2013, New Zealand Society 
on Large Dams 2015).

However, the evaluation of uncertainties from different 
sources is crucial in flood risk assessment analyses (Teng et 
al. 2017, Beven et al. 2018, Bates 2022), including dam-breaks 
(Qi and Altinakar 2012), to orient future planning efforts. 
Uncertainties in initial hydrological conditions, breach and 
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inundation model structure and parameters, and topographic 
data ought to be considered to quantify how uncertainty pro
pagates via the inundation hydrodynamic model and to calcu
late uncertainty ranges for the output flood hazard parameters 
(Ahmadisharaf et al. 2013, Dewals et al. 2014, Tsai et al. 2019, 
Willis et al. 2019, Abdedou et al. 2020, Bellos et al. 2020, 
Kalinina et al. 2020). Probabilistic methods are useful for this 
purpose because they provide quantitative information 
about result uncertainty by considering a variety of pre
selected scenarios with associated weights (Mazzoleni et al. 
2014) or probabilities (D’Oria et al. 2019), or scenarios 
obtained by randomly sampling the relevant input para
meters according to their empirical or hypothesized prob
ability distributions (e.g. Domeneghetti et al. 2013). The 
latter approach, based on the Monte Carlo method, is 
currently widely used in dam-break studies (Tsai et al. 
2019, Abdedou et al. 2020, El Bilali et al. 2022, Sarchani 
and Koutroulis 2022). The statistical analysis of the hydro
dynamic model results yields probabilistic flood inundation 
and hazard maps, currently a standard in hazard analyses 
of riverine flooding (Smemoe et al. 2007, Jung and 
Merwade 2012, Beven et al. 2015) or levee breach-induced 
flooding (Vorogushyn et al. 2010, Domeneghetti et al. 
2013, Mazzoleni et al. 2014, Ahmadisharaf et al. 2018, 
D’Oria et al. 2019, Maranzoni et al. 2022), but much less 
in the context of dam-break flooding analyses.

In this paper, the method of preselecting scenarios and 
evaluating associated probabilities is extended to probabilistic 
dam-break flood inundation and hazard mapping, with a focus 
on the structural failure of concrete or masonry dams. This 
failure mode usually occurs with the collapse of the entire 
structure or a portion of it in a very short time (US Army 
Corps of Engineers 2014, New Zealand Society on Large Dams 
2015, Indian Central Water Commission 2018). Preselected 
dam-break scenarios are characterized by different reservoir 
levels (and, consequently, stored water volumes) and breach 
widths. A scenario probability is a conditional probability, 
defined as the possibility that, in the event of a dam-break, it 
will occur with the initial conditions and breach parameters of 
that specific scenario. Reservoir level and breach size are 
expected to be the most relevant factors influencing the breach 
outflow hydrograph (Wahl 2004).

Closely related to uncertainty assessment, sensitivity 
analysis aims to quantify the influence of selected relevant 
input parameters on the variability of output quantities 
(Norton 2015, Pianosi et al. 2016). It can be a tool of 
interest to managers, planners, and stakeholders for flood 
risk management, as well as to model users and developers 
for uncertainty reduction of flood inundation models (Hall 
et al. 2005, Pappenberger et al. 2006, 2008, Bellos et al. 
2020). The sensitivity analysis can add insights into the 
features of dam-break flooding, allowing: (1) the recogni
tion of the most influential input parameters in determin
ing changes in the output variables; (2) the identification of 
the intervals of the input factors where the outputs are 
more sensitive; and (3) the delimitation of the areas 
where the flood hazard is most sensitive to each relevant 
input. This paper shows how sensitivity maps can provide 
this useful information.

Probabilistic dam-break flood hazard assessment and sam
pling-based global sensitivity analysis are performed here for 
the case study of the hypothetical collapse of the Mignano 
dam, a concrete gravity dam located on the upper reach of 
the River Arda in northern Italy.

2 Case study

The Mignano dam is a concrete gravity structure with a curved 
planimetric profile built between 1926 and 1933, mainly for irriga
tion purposes. It is 51 m high (from the natural thalweg of the 
watercourse at the downstream face of the dam) and 341 m long at 
the crest (at the elevation of 342 m a.s.l.). The reservoir capacity is 
approximately 15 million m3 at the maximum storage level of 
340.5 m a.s.l. (Italian Association of the Electricity Distribution 
Companies 1953). The catchment area at the dam site is 87 km2, 
and the estimated 1000-year return period flood peak is 800 m3/s. 
A frontal uncontrolled overflow structure ensures the safe passage 
of this design flood. The spillway is divided into eight 10.5 m long 
stretches with the crest at 337.8 m a.s.l.

The collapse of the Mignano dam would have catastrophic 
consequences in the valley and floodplain downstream. Indeed, 
many natural and historical sites are present downstream of the 
dam, as well as agricultural and manufacturing activities. 
Moreover, urban areas (Lugagnano Val d’Arda and 
Castell’Arquato in the central/lower portion of the Arda 
Valley, and Fiorenzuola d’Arda in the floodplain) and transport 
infrastructures (a railway and a highway of supra-regional and 
national importance, respectively) are at risk of flooding (Fig. 1). 

The dam-break flood would be confined laterally by the 
sides of the valley along the mountain stretch of the River 

Figure 1. Location and aerial view of the study area; highlighted are the River 
Arda (tributary of the River Po), the main urban areas (A: Lugagnano Val d’Arda; B: 
Castell’Arquato; and C: Fiorenzuola d’Arda) and transport infrastructures, and the 
computational domain. Bottom right inset: historical view of the Mignano dam 
and reservoir (from Italian Association of the Electricity Distribution Companies 
1953).
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Arda. After spreading in the floodplain, the flooding wave 
would be limited downstream by the right-side levee of the 
River Po.

3 Probabilistic method and application

3.1 Flood hazard classification

Various hazard level classifications are currently adopted in 
flood hazard studies by national regulatory agencies and 
researchers (Maranzoni et al. 2023). They are based on flood 
hazard indicators (quantifying flooding intensity) and some
times on the return period of the flood event. Classifications 
based on flooding intensity only can be used in dam-break 
flood analyses (e.g. Ahmadisharaf et al. 2013, Álvarez et al. 
2017, Patra et al. 2019).

Common flood hazard indicators are the flood inundation 
depth (Quiroga et al. 2016, Ongdas et al. 2020), the flow 
velocity (Kreibich et al. 2009), the flooding arrival time, the 
duration of the flooding, the rate of water depth rise (Merz et 
al. 2007), the product of flow velocity and inundation depth 
(considered a good indicator of human stability in flood situa
tions; Abt et al. 1989), and the total force (defined as the sum of 
pressure force and momentum; Aureli et al. 2008).

The flood hazard classification suggested for people by the 
UK Department for Environment, Food and Rural Affairs 
(2006) is used in this work due to its wide application in 
flood risk management (e.g. van Alphen and Passchier 2007, 
D’Oria et al. 2019, Willis et al. 2019). It is based on the flood 
hazard index:  

HR ¼ h � vþ 0:5ð Þ þ DF (1) 

where h is the flood depth (in m), v is the magnitude of the 
flow velocity (in m/s), and DF is a debris factor. In the absence 
of debris (DF = 0), flood hazard for people is categorized into 
four hazard levels as shown in Table 1 (Wade et al. 2005, 
Department for Environment, Food and Rural Affairs 2006).

3.2 Hydrodynamic model

The dam-break flooding was simulated by a hydrodynamic 
model parallelized on graphics processing units (GPUs) that 
solves the conservative form of the two-dimensional shallow 
water equations on Block Uniform Quadtree (BUQ) multi- 
resolution structured grids using an explicit second-order 
accurate Godunov-type finite volume scheme (Vacondio et 
al. 2014, 2017).

Thanks to the BUQ grid, the spatial resolution can be 
increased locally where a more detailed topographic descrip
tion is needed (such as in urban areas or near topographic 
singularities). Starting from a 2 m × 2 m Cartesian mesh based 

on lidar data, a BUQ grid was obtained with cell size progres
sively increasing from 2 m to 16 m by a factor of 2. The 
smallest cells were used to describe the course of the river. 
Areas near the main transport infrastructures were discretized 
with computational cells of slightly greater size (4 m). A lower 
resolution (cell sizes of 8 and 16 m) was used in the highest 
part of the valley sides and large flat areas of the floodplain.

Friction losses were evaluated via the classic Manning for
mula by selecting the values of the Manning roughness coeffi
cient on the basis of expert knowledge and experimental 
evidence (Chow 1959). Three homogeneous zones were defined: 
the watercourse, the hillslopes of the valley together with the 
floodplain, and the urban areas together with the main extra- 
urban roads. Values of the Manning coefficient ranging from 
0.033 to 0.083 m–1/3s were adopted along the watercourse, 
depending on the river conditions. The value of 0.05 m–1/3s 
was used on the sides of the valley and in the floodplain. The 
Manning coefficient was reduced to 0.02 m–1/3s in the urban 
areas and along the main roads.

The propagation of the dam-break wave was simulated for a 
physical time of 4 h from the instantaneous collapse of the dam 
since the dam-break wave attenuates considerably after this 
time. The computational time of a simulation run was approxi
mately 20 h on average on a K40 Tesla GPU.

3.3 Probabilistic flood hazard mapping

3.3.1 Dam-break scenarios
Dam-break flood hazard studies require the definition of cred
ible dam-break scenarios by specifying initial hydrological 
conditions and breach characteristics.

Regarding the initial conditions, guidelines and technical 
rules adopted by national agencies worldwide suggest consid
ering two failure modes: the “sunny day” failure and the “rainy 
day” failure (e.g. Federal Emergency Management Agency 
2013, New Zealand Society on Large Dams 2015, Indian 
Central Water Commission 2018). However, only the “sunny 
day” failure is usually considered in deterministic analyses of 
dam-break floods due to the structural failure of concrete and 
masonry dams. Indeed, the collapse of such dams is assumed 
not to be induced by hydrological events (e.g. Circular from 
the Italian Prime Minister 13.12.1995, n. DSTN/2/22806 1995). 
Accordingly, in the “sunny day” failure the reservoir is 
assumed to be full at the spillway crest level, and both inflow 
into the reservoir and streamflow conditions in the down
stream watercourse are neglected. Moreover, dam-break con
sequences may be more serious in “sunny day” rather than in 
“rainy day” conditions due to the potential higher exposure of 
threatened communities (New Zealand Society on Large Dams 
2015).

Table 1. Flood hazard classification (for people, in the absence of debris) according to the UK Department for Environment, Food and Rural Affairs (2006).

Hazard index range Hazard level Hazard class, HC Description

HR = 0 Residual 0 No danger: no flood zone
0 < HR < 0.75 Low 1 Caution: flood zone with shallow flowing water or deep standing water
0.75 ≤ HR < 1.25 Moderate 2 Danger for some people: flood zone with deep or fast-flowing water
1.25 ≤ HR < 2.5 Significant 3 Danger for most people: flood zone with deep, fast-flowing water
HR ≥ 2.5 Extreme 4 Extreme danger for all people: flood zone with deep, fast-flowing water
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Regarding dam breach mechanisms and characteristics, 
historical events indicate that concrete arch and gravity dams 
fail very quickly, thus inducing more severe flooding than 
embankment dams with comparable height and reservoir 
capacity (Zhang et al. 2016). Therefore, it is common practice 
to assume a very rapid (on the order of a few minutes) or even 
instantaneous collapse of a concrete dam (MacDonald and 
Langridge-Monopolis 1984, International Commission on 
Large Dams 1998). Accordingly, the failure time can be con
fidently considered a deterministic parameter. Moreover, 
again based on historical records, concrete arch dams tend to 
fail completely, while concrete gravity dams tend to break 
partially, with the loss of one or several of the highest monolith 
sections (Federal Emergency Management Agency 2013, 
Zhang et al. 2016). In the latter case, the breach width is 
assumed to be at least 30% of the dam crest length, depending 
on the expected dam performance and potential failure 
mechanisms (Circular from the Italian Prime Minister 
13.12.1995, n. DSTN/2/22806 1995, Veale and Davison 2013, 
New Zealand Society on Large Dams 2015). However, the dam 

collapse is usually assumed to be total for precautionary rea
sons. The breach sides are typically vertical (US Army Corps of 
Engineers 2014, New Zealand Society on Large Dams 2015, 
Indian Central Water Commission 2018), hence the side slopes 
of the breach can be treated as deterministic parameters. 
Erosion of the foundations and valley sides is usually 
neglected. Accordingly, breach depth and width do not exceed 
dam height and length, respectively.

For the reasons above only the reservoir level (which fixes 
the water volume stored behind the dam) and the breach 
width are considered uncertain in this paper. The space of 
the uncertain input parameters is discretized by dividing the 
variability range of the input parameters into classes, and 
the upper value of each class is assumed to represent the 
class in the definition of the dam-break scenarios. A set of 
dam-break scenarios Si,j can then be defined by combining 
NH reservoir levels (Hi, i = 0, . . ., NH � 1) with NL breach 
widths (Lj, j = 0, . . ., NL � 1) (Fig. 2(a)). Index i increases 
with decreasing levels. Higher j values correspond to narrow 
breaches. 

Figure 2. (a) Definition of the dam-break scenarios in the space of the input parameters (reservoir level H and breach width L). (b) Empirical frequency histogram 
obtained from the analysis of databases concerning historical dam-break events of concrete and masonry dams (four uniform dimensionless breach width classes are 
considered). (c) Cumulative frequency function of daily water levels measured in the Mignano reservoir from 1934 to 2019.
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Five reservoir levels (NH = 5) and four breach widths (NL = 4) 
were considered in the case study of the Mignano dam (Table 2). 
The levels selected include the maximum reservoir level, the 
spillway crest level, and the first civil protection alert level 
associated with the passage of a flood. The breach width range 
was divided into four uniform intervals, having upper values of 
L0 ¼ �L, L1 ¼ 3�L=4, L2 ¼ �L=2, and L3 ¼ �L=4, where �L is the 
dam crest length. Accordingly, scenarios Si,0 are total collapse 
scenarios, and S1,0 is the “sunny day” total failure scenario, 
which is taken as a reference since it is usually considered in 
deterministic dam-break flood hazard analyses.

3.3.2 Scenario probabilities
Probability Pi,j associated with the (i; j) scenario is defined as 
the conditional probability that, given dam-break event B, it 
will occur according to scenario Si,j that is  

Pi;j ¼ PðSi;j BÞ ¼ P½ Hiþ1 � H � Hið Þ \ Ljþ1 � L � Lj
� ��

�
�
�B�

(2) 

Accordingly, the sum of the scenario probabilities is 1.
Assuming that breach width and reservoir level are inde

pendent parameters, the joint probability rule for independent 
events ensures that  

P Hiþ1 � H � Hið Þ \ Ljþ1 � L � Lj
� �

Bj
� �

¼ P Hiþ1 � H � Hið Þ Bj½ � � P Ljþ1 � L � Lj
� �

Bj
� � (3) 

The conditional probability P½ Ljþ1 � L � Lj
� �

jB� that, 
given the dam-break event, it will occur with a breach width 
in the range from Lj+1 to Lj (regardless of the water level in the 
reservoir), was calculated from historical dam-break data (Fig. 
2(b)). Various databases available in the literature were con
sulted (Bartholomew 1989, Douglas et al. 1999, Foster et al. 
2000, Vogel et al. 2004, Zhang et al. 2009, 2016, Veale and 
Davison 2013), focusing on 40 well-documented failures of 
concrete and masonry dams.

The conditional probability P½ Hiþ1 � H � Hið ÞjB�, i.e. 
the probability that the reservoir level is within the 
range [Hiþ1;Hi] (regardless of the breach width) given 
the dam-break event, could not be calculated as an 
empirical relative frequency due to the substantial lack 
of historical data concerning the reservoir water level at 
the time of the dam-break. However, the joint probability 
rule for dependent events yields  

P½ Hiþ1 � H � Hið Þ \B ¼ P½ Hiþ1 � H � Hið ÞjB� � P Bð Þ� (4) 

where P Hiþ1 � H � Hið Þ \ B½ � is the joint probability that a 
dam-break occurs and the water level falls into the range 
[Hi+1, Hi], while P(B) denotes the marginal (e.g. annual) 
probability of a dam-break event. This marginal probability 
depends on both failure mechanism and dam type, and can be 
assessed according to various methodologies (e.g. Baecher et 
al. 1980, Fell et al. 2000, Hinks et al. 2015). Similarly, the 
same joint probability can be expressed as  

P Hiþ1 � H � Hið Þ \ B½ � ¼ ò
Hi

Hiþ1
p Hð ÞPðBjHÞdH (5) 

where p(H) is the marginal probability density function of 
water level H, and P(B|H) is the conditional probability of 
the dam-break event for a given loading water level H. This 
conditional probability can be provided by fragility functions, 
which are used in various engineering contexts to describe the 
reliability of a defence structure for a selected failure mechan
ism (e.g. Hall et al. 2003, Dawson et al. 2005). Such functions 
can also be obtained for dams (e.g. Ellingwood and Tekie 2001, 
Hariri-Ardebili and Saouma 2016). The comparison of 
Equations (4) and (5) yields  

P½ Hiþ1 � H � Hið ÞjB� ¼
1

P Bð Þ
ò
Hi

Hiþ1
p Hð ÞPðBjHÞdH (6) 

If the occurrence of a dam-break event does not depend on 
the water level behind the dam (as, for example, in the case of 
an act of sabotage or terrorist attack or a catastrophic earth
quake of exceptional intensity), P(B|H) equals P(B). Hence, 
Equation (6) reduces to  

P½ Hiþ1 � H � Hið ÞjB� ¼ ò
Hi

Hiþ1
p Hð ÞdH ¼ P Hiþ1 � H � Hið Þ

(7) 

where P Hiþ1 � H � Hið Þ is the unconditional (e.g. annual) 
probability that the reservoir level falls within the range 
[Hi+1, Hi]. In the case study the dam failure was assumed to 
be independent of the reservoir level, for simplicity. 
Accordingly, P½ Hiþ1 � H � Hið ÞjB� was obtained from the 
empirical cumulative frequency function of the reservoir 
water levels (Fig. 2(c)). Predictions of forecast models can 
be used when hydrometric data are unavailable (for example, 
for planned dams).

Table 3 reports the probabilities calculated according to 
Equation (2) for the dam-break scenarios considered in the 
Mignano case study.

Table 2. Dam-break scenarios for the Mignano dam case study.

Combination

Breach width

L0 = 340.4 m L1 = 243.0 m L2 = 169.2 m L3 = 82.5 m

Water level in the reservoir H0 = 340.5 m a.s.l. 
(full reservoir level)

S0,0 S0,1 S0,2 S0,3

H1 = 337.8 m a.s.l. 
(spillway crest level)

S1,0 S1,1 S1,2 S1,3

H2 = 336.5 m a.s.l. 
(first civil protection alert level)

S2,0 S2,1 S2,2 S2,3

H3 = 330 m a.s.l. S3,0 S3,1 S3,2 S3,3

H4 = 320 m a.s.l. S4,0 S4,1 S4,2 S4,3

Note. The breach width values refer to the breaches reproduced in the numerical model and provide the linear distance between the dam remnants on the two sides of 
the valley.
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3.3.3 Probabilistic inundation extent map
The probabilistic inundation extent map displays the spatial dis
tribution of the probability of inundation in the event of a dam- 
break, thereby inherently providing information on the uncer
tainty in flood inundation extent (e.g. Smemoe et al. 2007, 
Vorogushyn et al. 2010, Beven et al. 2015, D’Oria et al. 2019).

This map originates from the combination of the inunda
tion probability maps of all dam-break scenarios. For each 
(i; j) scenario, the inundation probability map assigns the 
following variable to each location (x; y) in the study area:  

Ai;j x; yð Þ ¼
0 if HRi;j x; yð Þ ¼ 0

Pi;j if HRi;j x; yð Þ > 0

�

(8) 

The probabilistic inundation extent map is then obtained by 
summing the Ai,j contributions over the dam-break scenarios 
at each location:  

Pin x; yð Þ ¼
XNH � 1

i¼0

XNL� 1

j¼0
Ai;j x; yð Þ (9) 

with Pin being the inundation probability. The areas flooded with 
a given probability in the event of a dam-break can easily be 
identified on this map (Fig. 3(a)). In particular, the areas where 
the inundation probability is equal to 1 will surely be flooded in 
the event of a dam-break. Conversely, the inundation probability 
is zero in the areas that can confidently be expected will never be 
flooded. 

Table 3. Probabilities of the dam-break scenarios for the Mignano dam case study.

P(Si,j|B)

Breach width

L0 = 340.4 m L1 = 243.0 m L2 = 169.2 m L3 = 82.5 m Total

Water level in the reservoir H0 = 340.5 m a.s.l. 
(full reservoir level)

0.0208 0 0.0520 0.0937 0.1665

H1 = 337.8 m a.s.l. 
(spillway crest level)

0.0082 0 0.0206 0.0371 0.0659

H2 = 336.5 m a.s.l. 
(first civil protection alert level)

0.0299 0 0.0747 0.1343 0.2389

H3 = 330 m a.s.l. 0.0257 0 0.0643 0.1158 0.2058
H4 = 320 m a.s.l. 0.0404 0 0.1009 0.1816 0.3229

Total 0.1250 0 0.3125 0.5625 1

Figure 3. (a) Probabilistic inundation extent map. (b) Flooded areas for the reference scenario (S1,0) superimposed on the envelope of the inundation extent of all 
scenarios.
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Figure 3(a) shows that the dam-break flow resulting from a 
hypothetical failure of the Mignano dam would most likely 
sweep the Arda Valley and the areas adjacent to the water
course in the floodplain. The region flooded in all scenarios 
(Pin = 1) is 20.8% of the total inundation extent. In the flood
plain the inundation probability decreases towards the edges of 
the flooded area, where only the most severe scenarios lead to 
flooding. Figure 3(b) compares the total inundation extent 
obtained with the probabilistic method (i.e. the envelope of 
the inundation extents of all scenarios) with that of reference 
scenario S1,0 (for the same simulation time). The envelope 
inundation zone is slightly larger than the flooded area of the 
reference scenario because the probabilistic method includes a 
more severe scenario (S0,0) than the reference one.

3.3.4 Probabilistic flood hazard maps
The results of uncertainty analyses of flood hazard can be 
presented through maps showing the spatial distribution of 
the likelihood of selected flood hazard classes (D’Oria et al. 
2019, Maranzoni et al. 2022). The probability that, in the event 
of a dam-break, the kth hazard class (with k = 0, 1, . . ., 4, 
according to the classification shown in Table 1) occurs at 
location (x; y) is  

PHC¼k x; yð Þ ¼
XNH � 1

i¼0

XNL� 1

j¼0
Ci;jjHC¼k x; yð Þ (10) 

where  

Ci;jjHC¼k x; yð Þ ¼
0 if HCi;j x; yð Þ � k

Pi;j if HCi;j x; yð Þ ¼ k

�

(11) 

and HCi,j is the hazard class predicted locally in the (i; j) 
scenario.

Figure 4 shows the probabilistic flood hazard level 
maps for the case study considered. The highest (extreme) 
flood hazard occurs with high probability along the Arda 
Valley and the watercourse in the floodplain (Fig. 4(a)). 
Significant or moderate flood hazard occurs with high 
probability mainly along the embankments of the infra
structures, which act as barriers to the flow (Fig. 4(b) and 
(c)). Low hazard mainly occurs in the alluvial fan and 
downstream floodplain and, with low probability, near the 
boundaries of the flooded area along the valley (Fig. 4(d)). 
It is worth noting that a given location can fall into 
different flood hazard classes with different probabilities 
(which must sum to 1, including the probability of the 
residual hazard level). 

An effective way of summarizing the probabilistic flood 
hazard information providing a general inference about an 
“expected” flood hazard is to build a probabilistic weight- 
averaged flood hazard map (e.g. Di Baldassarre et al. 2009, 
Mazzoleni et al. 2014). For each location, this map provides the 
weighted average μHR of the HR values calculated for each 
dam-break scenario, with the weights being the corresponding 
scenario probabilities:  

μHR x; yð Þ ¼
XNH � 1

i¼0

XNL� 1

j¼0
Pi;jHRi;j x; yð Þ (12) 

The spatial distribution of the probability-averaged flood 
hazard for the Mignano dam-break case study is shown in Fig. 
5(a). Applying the flood hazard classification of the UK 
Department for Environment, Food and Rural Affairs (2006) 
to μHR, four hours after the dam failure, 68.5% of the total 
flooded area (approximately 58 km2) falls into the low hazard 
class, 8.3% into the moderate hazard class, 7.5% into the 
significant hazard class, and 15.7% into the extreme hazard 
class. The main urban areas are subject to extreme or signifi
cant average flood hazard. 

The uncertainty in the local “expected” flood hazard can be 
expressed by a measure of the dispersion of HR (e.g. Chow et 
al. 1988). A relative coefficient of variation (ranging between 0 
and 1) is used in this paper (e.g. Martin and Gray 1971):  

rCV x; yð Þ ¼
σHR x; yð Þ

μHR x; yð Þ

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NHNL � 1
p (13) 

where NH � NL is the total number of dam-break scenarios 
considered, and σHR is the standard deviation of HR calculated 
as  

σHR x; yð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XNH � 1

i¼0

XNL� 1

j¼0
Pi;j½HRi;j x; yð Þ � μHR x; yð Þ�

2
r

(14) 

Figure 5(b) shows the map of rCV for the case study analysed. 
Flood hazard uncertainty increases when moving from the 
river towards the boundaries of the flooded area and as the 
inundation probability decreases. The flood hazard prediction 
is affected by relatively low uncertainty in the main urban 
areas.

The comparison in Fig. 6 shows that the “expected” flood 
hazard level map and the hazard level map for the reference 
scenario return the same flood hazard class for a large portion 
(67.4%) of the flooded area. The absolute difference is less than 
or equal to 1 in most of the flooded area. Where the two flood 
hazard level predictions are different, the “expected” hazard 
level predicted through the probabilistic method is higher than 
the one calculated through the deterministic method in 36.8% 
of cases; the opposite occurs in 63.2% of cases. 

3.3.5 Probabilistic arrival time maps
The flood hazard classification reported in Table 1 
(Department for Environment, Food and Rural Affairs 2006) 
does not include the flood arrival time as a relevant variable. 
However, although dam-break floods are typically very rapid, 
the wave arrival time is of primary interest for early warning 
and evacuation plans, and hence is often considered in dam- 
break flooding studies (e.g. El Bilali et al. 2022, Sarchani and 
Koutroulis 2022). Thus, the flood arrival time is here consid
ered an additional hazard parameter.

The probabilistic map of the “expected” flood arrival time 
(Fig. 7(a)) illustrates the spatial distribution of the probability- 
averaged dam-break wave arrival time, which is calculated as  

μTarr
x; yð Þ ¼

PNH � 1
i¼0

PNL � 1
j¼0

Ai;j x;yð Þ

Pin x;yð Þ
Tarri;j x; yð Þ if Pin x; yð Þ > 0

þ1 if Pin x; yð Þ ¼ 0

(

(15) 
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where Tarr denotes the flood arrival time, Ai,j is defined as 
in Equation (8), and the normalized weights Ai,j/Pin (ran
ging from 0 to 1 and summing to 1) are computed con
sidering only the (i; j) scenarios that induce flooding in the 
(x; y) location. The probability-averaged arrival time tends 
to infinity in the areas never reached by flooding (where 
the inundation probability is zero). Uncertainty in the 
predicted flood arrival time is represented by the map of 
the standard deviation of the arrival time (Fig. 7(b)), which 
is defined as  

σTarr x; yð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XNH � 1

i¼0

XNL � 1

j¼0

Ai;j x; yð Þ

Pin x; yð Þ
½Tarri;j x; yð Þ � μTarr

x; yð Þ�
2

s

(16) 

Figure 7 shows that the whole valley is swept by the dam- 
break wave in approximately 30 min with very low uncertainty. 
The standard deviation of the arrival time is higher in the 
floodplain than in the valley; in the floodplain it tends to 
increase when moving towards the boundaries of the flooded 

Figure 4. Probabilistic flood hazard maps for the four hazard levels defined in the Department for Environment, Food and Rural Affairs (2006) classification: (a) extreme 
(HC = 4); (b) significant (HC = 3); (c) moderate (HC = 2); (d) low (HC = 1). The grey shading indicates the predicted inundation zone. In each location, the probability of 
the residual flood hazard level (HC = 0) is the complement to 1 of the total probability of the four levels.
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area. However, low uncertainty in the arrival time occurs in 
border areas along the long-term flooding directions. These 
areas are reached by flooding only in the most catastrophic 
scenarios for the simulation time considered.

Table 4 compares the flood hazard levels and arrival times 
predicted through the probabilistic method with the ones calcu
lated through the deterministic method for the main urban areas.

4 Sensitivity analysis

Pseudo-local (in multiple specified intervals of the input fac
tors) and global (over the entire variability space of the input 
factors) sensitivity analyses were performed using the same set 
of dam-break scenarios as in the probabilistic uncertainty 
analysis. One input factor was varied at a time (reservoir 
level or breach width). The peak breach outflow, the maximum 
inundation extent, and the spatial distributions of the flood 
hazard index and dam-break wave arrival time were consid
ered relevant model outputs.

The dimensionless sensitivity of a scalar output variable Y 
to the kth input factor Xk (k = 1, . . ., K) over the mth interval 
IXk;m (for fixed values of the other K � 1 input factors) can be 
approximated by finite differences as (e.g. Norton 2015, 
Pianosi et al. 2016):  

sY
Xk

IXk;m
� �

¼
ΔYm

ΔXk;m

Xk;m

Ym
(17) 

where ΔYm is the change in Y resulting from the variation 
ΔXk;m ¼ Xk;m � Xk;mþ1 of the Xk-input factor within the 
IXk;m-interval, and Xk,m/Ym is a scaling factor calculated at a 
reference point belonging to the interval (e.g. the upper value). 
The dimensionless form of the sensitivity index allows com
paring the sensitivity of output variables having different phy
sical dimensions.

Based on the discretization of the two-dimensional (K = 2) 
input variability space according to the dam-break scenar
ios defined in Table 2, the variations of the reservoir level 
ΔHi ¼ Hi � Hiþ1 i ¼ 0; . . . ;NH� 1 ¼ 4ð Þ and of the breach 
width ΔLj ¼ Lj � Ljþ1 j ¼ 0; . . . ;NL� 1 ¼ 3ð Þ were used to 
calculate the pseudo-local sensitivities. In the assessment 
of sensitivity to the reservoir level, the scaling factor was 
calculated by using the level above the thalweg of the 
watercourse at the downstream face of the dam.

According to the Elementary Effect Test (EET) method 
(Morris 1991, Pianosi et al. 2016), the global sensitivity of 
output Y to the kth input factor over the entire input 
variability space is defined as the arithmetic average of 
the individual pseudo-local sensitivities to the same input 
factor, that is  

Figure 5. Probabilistic flood hazard maps: (a) probability-weighted average of flood hazard index HR (colours refer to the four hazard levels defined by the Department 
for Environment, Food and Rural Affairs 2006); (b) relative coefficient of variation rCV of the flood hazard index, which provides a measure of the uncertainty in the 
average flood hazard estimation. Stars indicate the main urban areas potentially exposed to flooding.
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SY
Xk
¼

1
N

X

n
sY

Xk;n (18) 

where n = 1, . . ., N is a counter of the elementary effects, and N 
is their total number. The standard deviation of the sample of 
elementary effects provides concise information on the degree 
of interaction of the kth input factor with the other ones in 
influencing the sensitivity of the selected output.

4.1 Sensitivity of dam breach peak outflow

The main outcome of breaching models used in dam-break 
flood analyses is the breach outflow hydrograph and, in 
particular, its peak value (e.g. Tsai et al. 2019, Sarchani and 
Koutroulis 2022). Both are strongly influenced by the 
initial reservoir level and breach size, as well as by the 
bathymetry of the reservoir.

According to Equation (17), the pseudo-local elementary 
sensitivity effects of reservoir level H and breach size L on peak 
outflow Qp are, respectively,  

sQp
H i;jð Þ ¼

Qp i;jð Þ � Qp iþ1;jð Þ

Hi � Hiþ1

hi

Qp i;jð Þ

for i ¼ 0; . . . ;NH � 2 and j ¼ 0; . . . ;NL � 1
(19) 

and  

sQp
L i;jð Þ ¼

Qp i;jð Þ � Qp i;jþ1ð Þ

Lj � Ljþ1

Lj

Qp i;jð Þ

for i ¼ 0; . . . ;NH � 1 and j ¼ 0; . . . ;NL � 2
(20) 

where indexes i and j refer to the sub-division of the H- and L- 
ranges into intervals (i.e. the selected dam-break scenarios), 
and h denotes the initial reservoir level above the thalweg of 
the watercourse at the downstream face of the dam.

Table 5 reports the dimensionless values of the peak outflows 
(adimensionalized by the value of reference scenario S1,0) for the 
dam-break scenarios considered in the Mignano case study. The 
pseudo-local sensitivities calculated according to Equations (19) 
and (20) are reported in Tables 6 and 7. The positive values of the 
elementary effects indicate that the peak outflow increases with 
both the initial reservoir level and the breach size, as expected. The 
pseudo-local sensitivity of the peak outflow to the reservoir level is 
greater for higher water levels and tends to decline as the breach 
width decreases. On the other hand, the pseudo-local sensitivity of 
the peak outflow to the breach size is significantly greater for 
narrower breaches and increases with the reservoir level.

According to Equation (18), the global sensitivities of the peak 
outflow to the reservoir level and breach width are, respectively,  

SQp
H ¼

1
NH � 1ð ÞNL

XNH � 2

i¼0

XNL� 1

j¼0
sQp

H i;jð Þ ¼ 2:4137 (21a) 

and  

SQp
L ¼

1
NH NL � 1ð Þ

XNH � 1

i¼0

XNL� 2

j¼0
sQp

L i;jð Þ ¼ 0:2054 (21b) 

Accordingly, the peak outflow is much more sensitive to the 
reservoir level than to the breach size. The sample standard 
deviations calculated for the two sets of elementary effects (con
cerning sensitivities to the reservoir level and the breach width) are 

σSQp
H
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

NH � 1ð ÞNL � 1

XNH � 2

i¼0

XNL� 1

j¼0
ðsQp

H i;jð Þ � SQp
H Þ

2

s

¼ 0:2299 ð22aÞ

and 

σSQp
L
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

NH NL � 1ð Þ � 1

XNH � 1

i¼0

XNL� 2

j¼0
ðsQp

L i;jð Þ � SQp
L Þ

2

s

¼ 0:1668: ð22bÞ

These low values indicate that reservoir level and breach size 
have a low degree of interaction in influencing the variability 
of the breach peak outflow.

4.2 Sensitivity of flood inundation extent

One of the flooding characteristics of most interest in dam-break 
flood hazard analyses is the maximum inundation extent in the 

Figure 6. Difference between flood hazard levels derived from the probability- 
averaged flood hazard index map and hazard levels calculated for the reference 
scenario (S1,0).
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downstream flood-prone area. The breach scenario parameters 
also influence this integral inundation quantity.

Table 8 shows the dimensionless extents of the flooded area for 
the scenarios considered in the Mignano dam-break case study 
calculated for a four-hour simulation time. The flooding extents 
are nondimensionalized by that of the S1,0 reference scenario.

The pseudo-local elementary sensitivity effects of reservoir 
level and breach size on the flooded area extent, Af, were 
calculated through Equations (19) and (20), respectively, 
where Af replaces Qp. The values reported in Tables 9 and 10 
show that the pseudo-local sensitivity of the flooded area extent 
to the reservoir level is higher for lower water levels, regardless 

Figure 7. Probabilistic flood arrival time maps: (a) probability-weighted average of the dam-break wave arrival time; (b) standard deviation of the arrival time.

Table 4. Flood hazard levels and arrival times for three urban areas (A, B and C in Fig. 1): 
comparison of the predictions by the probabilistic and deterministic methods. E[HC] indicates 
the “expected” hazard class obtained from the probability-weighted average of the flood 
hazard index HR.

Location E[HC] HCS1;0 μTarr 
(min) Tarr S1;0 

(min)

A 4 4 11.5 9.7
B 4 4 28.9 23.7
C 2 3 78.0 73.3

Table 5. Dimensionless peak outflows for the dam-break scenarios of the Mignano dam case study.

Qp=Qp S1;0ð Þ

Breach width

L0 = 340.4 m L1 = 243.0 m L2 = 169.2 m L3 = 82.5 m

Water level in the reservoir H0 = 340.5 m a.s.l. 
(full reservoir level)

1.171 1.115 1.059 0.779

H1 = 337.8 m a.s.l. 
(spillway crest level)

1.000 0.961 0.909 0.690

H2 = 336.5 m a.s.l. 
(first civil protection alert level)

0.922 0.890 0.844 0.647

H3 = 330 m a.s.l. 0.580 0.577 0.558 0.451
H4 = 320 m a.s.l. 0.237 0.237 0.235 0.215

Note. The peak outflow of the S1,0 reference scenario is estimated at approximately 32.3 × 103 m3/s by hydrodynamic modelling.
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of the breach size, whereas the flooded area extent is almost 
insensitive to the breach size over the entire input variability 
space.

The global sensitivity indexes are SAf
H = 2.2730 and 

SAf
L = 0.00320, and the sample standard deviations are 

σ
S

Af
H

= 0.1201 and σ
S

Af
L

= 0.00372. Hence, the extent of the 

flooded area generally increases with both initial reservoir 
level and breach size, and is much more sensitive to the 

former. The interaction between the two input parameters 
has a negligible impact on the variability of the flooded 
area extent.

4.3 Flood hazard index sensitivity map

Based on the numerical results of each dam-break scenario, 
pseudo-local sensitivities of the flood hazard index to the 

Table 6. Pseudo-local sensitivities of the peak outflow to the reservoir level for the Mignano dam-break case study.

sQp

H

Breach width

L0 = 340.4 m L1 = 243.0 m L2 = 169.2 m L3 = 82.5 m

Water level range H0 – H1 = 2.7 m h0 = 49.5 m 2.6794 2.5337 2.5957 2.0939
H1 – H2 = 1.3 m h1 = 46.8 m 2.8008 2.6648 2.5484 2.2436
H2 – H3 = 6.5 m h2 = 45.5 m 2.5988 2.4654 2.3771 2.1184
H3 – H4 = 10 m h3 = 39.0 m 2.3037 2.2950 2.2565 2.0447

Note. h denotes the reservoir level above the thalweg at the downstream face of the dam.

Table 7. Pseudo-local sensitivities of the peak outflow to the breach width for the Mignano dam-break case study.

sQp

L

Breach width range

L0 – L1 = 97.4 m L1 – L2 = 73.8 m L2 – L3 = 86.7 m

Water level in the reservoir H0 = 340.5 m a.s.l. 
(full reservoir level)

0.1661 0.1682 0.5148

H1 = 337.8 m a.s.l. 
(spillway crest level)

0.1352 0.1805 0.4690

H2 = 336.5 m a.s.l. 
(first civil protection alert level)

0.1214 0.1696 0.4555

H3 = 330 m a.s.l. 0.0191 0.1088 0.3717
H4 = 320 m a.s.l. 0.0002 0.0324 0.1681

Table 8. Dimensionless flooding extent for the dam-break scenarios of the Mignano dam case study.

Af=Af S1;0ð Þ

Breach width

L0 = 340.4 m L1 = 243.0 m L2 = 169.2 m L3 = 82.5 m

Water level in the reservoir H0 = 340.5 m a.s.l. 
(full reservoir level)

1.13441 1.13429 1.13388 1.12752

H1 = 337.8 m a.s.l. 
(spillway crest level)

1.00000 1.00000 0.99930 0.99520

H2 = 336.5 m a.s.l. 
(first civil protection alert level)

0.93978 0.93972 0.93900 0.93455

H3 = 330 m a.s.l. 0.63166 0.63163 0.63114 0.62893
H4 = 320 m a.s.l. 0.23389 0.23389 0.23386 0.23348

Note. The extent of the flooded area in the S1,0 reference scenario is estimated at approximately 51.1 km2 by hydrodynamic modelling.

Table 9. Pseudo-local sensitivities of the extent of the flooded areas to the reservoir level for the Mignano dam-break case study.

sAf
H

Breach width

L0 = 340.4 m L1 = 243.0 m L2 = 169.2 m L3 = 82.5 m

Water level range H0 – H1 = 2.7 m h0 = 49.5 m 2.1722 2.1695 2.1760 2.1514
H1 – H2 = 1.3 m h1 = 46.8 m 2.1678 2.1724 2.1722 2.1940
H2 – H3 = 6.5 m h2 = 45.5 m 2.2950 2.2950 2.2950 2.2892
H3 – H4 = 10 m h3 = 39.0 m 2.4559 2.4559 2.4549 2.4522

Note. h denotes the reservoir level above the thalweg at the downstream face of the dam.

Table 10. Pseudo-local sensitivities of the extent of the flooded areas to the breach width for the Mignano dam-break case study.

sAf
L

Breach width range

L0 – L1 = 97.4 m L1 – L2 = 73.8 m L2 – L3 = 86.7 m

Water level in the reservoir H0 = 340.5 m a.s.l. 
(full reservoir level)

0.00036 0.00121 0.01095

H1 = 337.8 m a.s.l. 
(spillway crest level)

0 0.00252 0.00800

H2 = 336.5 m a.s.l. 
(first civil protection alert level)

0.00026 0.00250 0.00925

H3 = 330 m a.s.l. 0.00021 0.00252 0.00686
H4 = 320 m a.s.l. 0.00003 0.00044 0.00311
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reservoir level and breach width (sHR
H and sHR

L , respectively) 
were calculated in each computational cell according to 
Equation (17), thus providing a spatially-distributed sensitivity 
assessment. Global sensitivity indexes SHR

H and SHR
L were then 

calculated at each location according to Equation (18).
Figure 8 shows the map of the global sensitivity SHR

H of the 
flood hazard index to the reservoir level (Fig. 8(a)), along with 
the σSHR

H 
map representing the degree of interaction of the 

reservoir level and breach width on the variability of the 
flood hazard index with respect to the reservoir level (Fig. 8 
(b)). Global sensitivity values are positive everywhere, which 
indicates that the local flood hazard increases with the reser
voir level (Fig. 8(a)). SHR

H values are lower near the river and 
increase when moving towards the boundaries of the flooded 
area. The values of σSHR

H 
show similar behaviour (Fig. 8(b)). 

Similarly, Fig. 9 shows the absolute global sensitivity of the 
flood hazard index to the breach width SHR

L (Fig. 9(a)), along 
with the standard deviation σSHR

L 
map (Fig. 9(b)) for the case 

study of the Mignano dam-break. A comparison of Fig. 8(a) 
with Fig. 9(a) reveals that flood hazard is generally more sensi
tive to the reservoir level than to the breach width. Some mar
ginal zones of the flooded area in the floodplain and along the 
valley just downstream of the dam present slightly negative SHR

L 
values (Fig. 9(a)), which indicates a moderate tendency of the 

flood hazard index to increase as the breach width decreases. In 
general, global sensitivity SHR

L decreases along the valley. The 
map of standard deviation σSHR

L 
(Fig. 9(b)) shows a negligible 

influence of the reservoir level on the flood hazard sensitivities 
to the breach width in the case study considered. 

4.4 Flood arrival time sensitivity map

A sensitivity analysis was also performed on the dam-break 
wave arrival time to obtain the maps of the global sensitivity of 
this flood hazard quantity to the reservoir level (Fig. 10) and 
breach width (Fig. 11). 

The negative sensitivities in Fig. 10(a) indicate that the 
flood arrival time decreases as the reservoir level increases. 
Indeed, the higher the reservoir level at the time of dam failure, 
the faster the dam-break wave arrives. Similarly, Fig. 11(a) 
shows that the flood arrival time decreases as the breach 
width increases. Moreover, the absolute global sensitivity of 
the flood arrival time to the breach size decreases along the 
valley. In general, the global sensitivity of the flood arrival time 
to the reservoir level is much higher than the sensitivity to the 
breach size throughout the flooded area, demonstrating that 
the reservoir level affects the speed of the dam-break wave 
more than the breach size does in the case study considered.

Figure 8. (a) Map showing the global sensitivity of the flood hazard index to the reservoir level (SHR
H ). (b) Degree of interaction of the reservoir level and breach width on 

the variability of the flood hazard index with respect to the reservoir level (σSHR
H

).
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Fig. 10(b) shows that the influence of the breach width on 
the variability of the flood arrival time with respect to the 
reservoir level becomes more significant when moving towards 
the lateral zones of the flooded area. Fig. 11(b) shows that the 
degree of interaction of the two input factors on the variability 
of the flood arrival time with respect to the breach width is 
relatively low, except on the sides of the stretch of the Arda 
Valley just downstream of the dam.

5 Discussion

The probabilistic approach based on a set of preselected dam- 
break scenarios with associated a priori probabilistic “weights” 
(defined as conditional probabilities) allows for an overall reduc
tion in the computational effort compared to the methods based 
on Monte Carlo sampling. Flood inundation modelling can then 
be performed through physically-based hydrodynamic models 
(Bates 2022) rather than computationally faster but less accurate, 
simplified or surrogate models (Kalinina et al. 2020). In addition, a 
high-resolution computational grid can be used to provide a 
small-scale evaluation of the flood hazard and accurately resolve 
topographic variations, such as natural or artificial levees, infra
structures, and obstacles, which potentially constrain flooding. 
However, the number of dam-break scenarios and their distribu
tion in the variability space of the input scenario parameters 

should be adequately chosen so that the probability distribution 
functions of the input parameters are discretized with sufficient 
accuracy. The results of both uncertainty and sensitivity analyses 
can be sensitive to the number of preselected dam-break scenarios. 
Hence, the convergence of the method deserves to be explored in 
future research, along with the trade-off between model accuracy/ 
convergence and computational efficiency.

A critical assumption of the method (and a potential limita
tion) is that the reservoir level and breach width are indepen
dent random variables. Stochastic independence of these 
breach parameters is reasonable for structural concrete dam 
failures induced by exceptional events (such as catastrophic 
earthquakes or terroristic attacks) or related to inadequate 
structural design, poor construction or maintenance, or gra
dual degradation. It is difficult to empirically verify the poten
tial correlation between reservoir level and breach width since 
data on the reservoir level at the time of failure is often lacking 
for historical dam-break events, especially for concrete or 
masonry dams (Zhang et al. 2016, Aureli et al. 2021). 
Instead, some empirical equations for estimating the average 
breach width as a function of the water depth behind the dam 
have been presented in the literature for embankment dam 
failures (Wahl 2004, Froehlich 2008). The scarcity of initial 
reservoir level data for historical dam-breaks also hinders the 
evaluation of the conditional probability that the reservoir 
level falls into a given interval in the event of a dam-break. 

Figure 9. (a) Map showing the global sensitivity of the flood hazard index to the breach width SHR
L

� �
: (b) Degree of interaction of the reservoir level and breach width on 

the variability of the flood hazard index with respect to the breach width (σSHR
L

).
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To overcome this limitation, the concept of the fragility func
tion can be exploited to obtain a probabilistic description of 
the structure’s reliability.

According to Domeneghetti et al. (2013, p. 3128), “a fair 
presentation of the results of any analysis should also quan
tify and illustrate the associated uncertainty, and this can be 
accomplished only in a probabilistic framework”. 
Probabilistic flood inundation maps effectively communi
cate to users and decision makers the confidence that they 
can have in flood hazard predictions given the uncertainties 
involved (Di Baldassarre et al. 2010). Indeed, they poten
tially provide information about the probability of flooding 
or the probability of occurrence of given flood hazard 
classes in the flood-prone area, or about the uncertainty 
associated with the local “expected” probability-weighted 
average estimate. This additional probabilistic information 
aids decision making by supporting better informed and 
more robust and efficient decisions (Poortvliet et al. 2019), 
and identification of priorities in emergency planning and 
dam-break flood risk management and mitigation 
(Domeneghetti et al. 2013).

A challenging issue of probabilistic methods is their valida
tion, i.e. the quantitative assessment of model accuracy in the 
probabilistic framework, also in light of the use of results in 
flood risk management applications (Environment Agency 

2012). However, validation opportunities are limited since 
dam-break events are rare and observation data of historical 
dam-break flooding sparse (Aureli et al. 2021).

In inundation hydrodynamic models, typically based on 
depth-averaged shallow water equations, the roughness coeffi
cient (e.g. the Manning coefficient) is the only model para
meter requiring calibration (Bates 2022). However, the 
calibration of this coefficient remains a problem due to the 
natural spatial variation in terrain roughness and the lack of 
data on real dam-break flooding. In hypothetical dam-break 
studies, empirical flood data are rarely available for roughness 
calibration in potentially flooded areas. In addition, 
hydrometric stations present along the watercourse probably 
never recorded flood levels comparable to those reachable 
during a dam-break event. Hence, the roughness coefficient 
is usually set from expert judgement and land cover and land 
use data (e.g. Bornschein 2018, Kalinina et al. 2020, El Bilali 
et al. 2022), or from empirical relationships (e.g. Papaioannou 
et al. 2017). A sensitivity analysis on the roughness coefficient 
assumed to be uniformly distributed in the flood-prone area is 
often performed in real-field dam-break flooding studies to 
assess the uncertainty introduced by roughness in flood inun
dation mapping (e.g. Álvarez et al. 2017, Pilotti et al. 2020, 
Sarchani and Koutroulis 2022). For example, Aureli et al. 
(2008) performed a sensitivity analysis for the case study of 

Figure 10. (a) Map showing the global sensitivity of the flood arrival time to the reservoir level STarr
H

� �
: (b) Degree of interaction of the reservoir level and breach width 

on the variability of the flood arrival time with respect to the reservoir level (σSTarr
H

).
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the Mignano dam-break, assuming only two homogeneous 
roughness zones.

The outcomes of the sensitivity analysis are sensitivity 
maps showing the spatial variability of the global sensitivity 
of selected output flood hazard variables to the input sce
nario parameters. Therefore, the input parameters can be 
ordered according to their relative influence on the variabil
ity of the output variables, and the areas where this influence 
is greatest can be identified. For the case study considered, 
the peak breach outflow and the flooded area extent are 
influenced more by the reservoir level than the breach size, 
with a very small interaction between these input para
meters. This result confirms the assumption of their stochas
tic independence. The flood hazard index is more sensitive 
to a variation in reservoir level than a variation in breach 
width. This latter factor plays a role in influencing the flood 
hazard index only in marginal zones of the flooded area. The 
breach size weakly affects the dam-break wave arrival time.

6 Conclusions

Dam-break flood hazard analyses regarding the hypothetical 
failure of a concrete or masonry dam are typically conducted 
deterministically on the basis of a single catastrophic 

scenario (total and instantaneous failure in the “sunny 
day” condition). However, this approach cannot provide 
information about the uncertainty associated with the char
acteristics of the flood wave propagating downstream and 
the resulting flood hazard, or about the sensitivity of the 
flood hazard variables to the relevant input parameters char
acterizing the dam-break scenarios (mainly the reservoir 
level and the breach width).

A higher level of assessment can be obtained through a 
probabilistic method based on a set of potential dam-break 
scenarios having reasonably different likelihoods of occur
rence, thereby inherently taking into account the relevant 
sources of uncertainty. Such methods are widely used to assess 
flood hazard due to levee breaches in order to include uncer
tainties due to breach location and timing, breach shape and 
development, flood conditions, etc.

Probabilistic flood hazard assessment was extended in this 
paper to dam-break floods to produce probabilistic maps 
based on a set of preselected dam-break scenarios character
ized by different reservoir levels and breach widths. The 
scenario probabilities were considered conditional to the 
fact that the dam-break event occurred. The potentialities of 
the method were demonstrated for the case study of the 
hypothetical collapse of the Mignano dam (River Arda, 
northern Italy).

Figure 11. (a) Map showing the global sensitivity of the flood arrival time to the breach width SHR
L

� �
: (b) Degree of interaction of the reservoir level and breach width on 

the variability of the flood arrival time with respect to the breach width (σSTarr
L

).
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The main outputs of the probabilistic method are: 

(1) the probabilistic map of the flood inundation extent, 
which provides the maximum extent of the flooded 
area along with the spatial distribution of the inunda
tion probability in the event of a dam failure;

(2) probabilistic hazard level maps, which provide the 
spatial distribution of the conditional probability of 
occurrence of given flood hazard classes (defined 
according to a selected flood hazard classification);

(3) the “expected” probability-averaged flood hazard index 
map, coupled with the map of the associated relative 
coefficient of variation as a dimensionless measure of 
uncertainty in flood hazard estimation;

(4) the “expected” probability-weighted dam-break wave 
arrival time map, coupled with the map of its standard 
deviation as a measure of the associated uncertainty.

Probabilistic dam-break flood hazard maps are more informa
tive than conventional deterministic ones since they provide 
holistic and comprehensive information on both the flood hazard 
and associated uncertainty, thereby facilitating the identification 
of priorities for intervention in emergency and hazard mitigation 
planning. Accordingly, the highest priority should be assigned to 
areas where the most severe flood hazard occurs with the lowest 
uncertainty.

However, the probabilistic method proposed in this paper 
necessitates preselection of a set of dam-break scenarios, each 
of which requires a numerical flooding simulation. This 
potentially implies high computational costs, especially if 
physically-based models are used on high-resolution grids 
to ensure an extremely accurate spatial description of the 
flooding. The number of dam-break scenarios should guar
antee an effective discretization of the variability space of the 
input parameters and provide confidence in model conver
gence. Moreover, the definition of the scenario (conditional) 
probabilities requires a detailed analysis of the potential fail
ure causes in order to yield a probabilistic description of the 
dam’s reliability (e.g. through fragility functions) and to 
check the validity of the simplifying basic assumptions 
(mainly concerning the stochastic interaction between the 
scenario parameters).

Maps showing the sensitivity of relevant flood hazard vari
ables to influential input parameters can be produced on the 
basis of the same set of dam-break scenarios.

In future research, the authors will study the model con
vergence and extend the probabilistic method to flood risk 
assessment, including exposure and vulnerability.
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