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Abstract
The estimation of flood losses is crucial for the quantitative estimation of risk and the cost–benefit analysis of risk mitiga-
tion and prevention measures. Flood losses are usually estimated by means of vulnerability functions, which are often 
developed in a synthetic way by experts, since loss datasets collected after events are sparse or lacking and mostly refer 
to slow riverine inundations. Simple univariable empirical vulnerability functions are recognized as a more valuable tool 
with respect to synthetic curves developed for different contexts. The aim of this work is to derive empirical vulnerability 
functions for a flash flood event which occurred in Livorno (Italy) in September 2017, based on the hydrologic–hydraulic 
reconstruction of the flood and observed losses to residential properties. The hydrologic processes are reproduced with 
a distributed hydrologic model, and the flood propagation is simulated with a full 2D model. Many open GIS data are 
used and combined with virtual on-site inspection in the study area to analyze building exposure. Different regression 
curves are tested to fit the data and obtain damage curves. The results show (i) a poor correlation between relative or 
absolute losses and flow velocity, (ii) a low correlation between relative losses and water depth, thus confirming the exist-
ing literature. More significant correlation is found between absolute losses and water depths. The curves here derived 
provide a first attempt to develop damage functions for flash flood in Italy, which could be applied in similar urban and 
morphologic contexts.
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1 Introduction

Overall economic losses caused by natural disasters are 
increasing worldwide. Hydrologic disasters (i.e., floods, 
rainstorms, etc.) are the most frequent events, causing 
significant damages and affecting large portions of the 
population. The IPCC and the scientific community sug-
gest that frequency and magnitude of flood events are 
going to increase due to climate change [1]. Moreover, 
socioeconomic development is expected to increase expo-
sure to those events [2].

Vulnerability is a key component of flood risk and is 
commonly defined as the potential of being harmed by 
the flood [3]. Vulnerability is often represented in terms 
of stage–damage functions, also called damage functions 

in the literature, which are associated with a flood param-
eter, commonly water depth, a relative amount of loss or 
an absolute monetary loss. Vulnerability functions are 
often developed based on expert judgment [4–6], and 
sometimes they are derived from observed losses [7–9]. 
Recently also some physical laboratory models have been 
developed to better investigate the key damage mecha-
nisms [10, 11]. Vulnerability functions have been devel-
oped for transportation systems [12], agriculture [13] and 
buildings. Most of the literature focused on residential 
buildings damaged by riverine flooding [14], and there are 
few examples of empirical vulnerability analysis for flash 
flood or debris flows [15, 16]. Laudan et al. [16] adopted 
a random forest approach to determine the importance 
of contributing variables, e.g., flood depth, flow direction, 
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year of construction, and correlated six qualitative damage 
grades to inundation depths. Fuchs et al. [15] focused on 
the relationship between debris flow intensity and relative 
vulnerability in a mountainous catchment. Thus, empirical 
flash flood vulnerability functions allowing for monetary 
damage estimation in urban areas, like the one presented 
in the study, are lacking.

Other inundation parameters are also used in the lit-
erature to better define vulnerability such as flow velocity, 
presence of contamination, flood duration, etc., and they 
are usually based on large dataset and learning algorithms 
[7, 8]. However, several uncertainties affect simulated inun-
dation parameters which might alter the estimated losses 
[17, 18].

Moreover, common building parameters used for the 
vulnerability assessment of residential buildings are sur-
face area, number of floors, presence of cellar/basement. 
These are usually retrieved based on digital cartographic 
information or on-site inspection.

Frequently, the lack of data on losses induces experts 
to define synthetic stage–damage functions with poor 
validation. That is why there is a general agreement in 
the scientific community that damage data should be 
systematically collected and interpreted in order to bet-
ter assess ex ante potential losses [19]. Transferability of 
vulnerability functions is also debated since building fea-
tures and typologies change significantly from country to 
country (or regions) [20]. Recent studies concluded that 
even simple stage–damage curves based on local data are 
more accurate than literature models derived in different 
contexts [7].

In September 2017, the city of Livorno, in the Tyrrhenian 
coast of central Italy, was hit by an exceptional short pre-
cipitation event characterized by very high rainfall inten-
sity (> 100mmh−1) that persisted on a small portion of ter-
ritory causing huge rainfall accumulations (> 260 mm) [21]. 
The consequences were not only economic damages to 
structures and infrastructures, but eight people lost their 
lives. After the event, loss data have been collected by the 
regional civil protection office in order to start claiming 
procedures.

The objective of this manuscript is to determine a 
vulnerability function for residential buildings based on 
observed losses and on the reconstructed inundation, 
which can be used in similar regional contexts. The flash 
flood event is reconstructed using the recorded precipita-
tion as input data. A fully distributed hydrologic model 
and a 2D hydraulic model are adopted to transform the 
observed precipitation into a flood map, which is validated 
against observed inundation extent. The digital cartogra-
phy is used to identify residential buildings, their char-
acteristics and their monetary exposure. With respect to 
other studies in the literature which focus on slow riverine 

floods, this work focuses on a number of observed losses 
related to a flash flood and offers insights on damage 
mechanisms rarely observed and studied [16].

The study is structured into three components:

• First, a simulated flood depth map is obtained based on 
the hydrologic model fed with recorded event precipi-
tation and the high-resolution hydraulic model which 
also accounts for the storage basins constructed in the 
catchment.

• Second, exposure data (surface area, building type, 
market value) have been analyzed at single-building 
scale in a GIS environment and observed losses have 
been georeferenced.

• Third, absolute and relative vulnerability curves have 
been drawn versus flood depth, velocity and flow 
magnitude to evaluate their role in flash flood. Several 
regression models have been tested also including 
uncertainty/errors in simulated water depth.

2  Study area

The study area is located on the coast of Tuscany (central 
Italy) in the municipality of Livorno (Fig. 1, panel b). The 
Rio Maggiore creek flowing from right to left with refer-
ence to Fig. 1 is analyzed. The creek crosses hilly, mildly 
steep terrain (about 300 m.a.s.l. in the upper catchment) 
and then reaches the coastal floodplain where the city of 
Livorno is located. The catchment area is 8 km2 and the 
stream length is 12 km. In September 2017, the precipita-
tion event hit many small catchments in the area with the 
major losses caused by the inundations of Rio Maggiore 
and Ardenza. The inundated area recorded by regional 
offices is about 1.15 km2, and the population affected is 
about 4000. There were four fatalities in just one property 
in Rio Maggiore catchment and four fatalities in Ardenza 
catchment. Authorities collected 302 compensation forms 
filled by the affected citizens in the area (Fig. 2, panels a, c), 
which have been later georeferenced by the civil protec-
tion offices. Compensations refer to damages to structures 
(e.g., foundations, retaining walls, interior flooring, plaster-
ing, etc.).

The geographic data and the observed variables used 
or simulated in the study are summarized in Table 1. They 
are classified based on the workflow in hydrologic, hydrau-
lic and exposure/vulnerability data, and they are all down-
load-free except for the observed losses and inundated 
areas provided by regional offices.
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3  Method

This work combines several models and observations to 
extract vulnerability curves for residential buildings. The 
hydraulic variable of the vulnerability curve is the flood 
depth, which is obtained by simulating the transformation 
of precipitation into river discharge (hydrologic model) 
and the propagation of the discharge in the territory 
(hydraulic model). The degree of vulnerability is estimated 
in both relative and absolute terms; thus, the estimation of 
exposure is required. The method is summarized in Fig. 2.

3.1  Hydrologic and hydraulic model

The precipitation data recorded during the flood event 
by the regional hydrologic service have been used as 
input of the hydrologic model [21]. The rainfall–runoff 
simulation has been carried out using MOBIDIC (MOd-
ello di Bilancio Idrologico DIstribuito e Continuo), a fully 
distributed, raster-based hydrologic balance model 
[22–24]. MOBIDIC simulates the water balance in a series 
of reservoirs (gravitational storage Wg, capillary storage 
Wc, groundwater storage H, surface storage Ws and the 
river system) and fluxes between them (precipitation P, 

Fig. 1  Rio Maggiore area with location of observed damages and observed inundated area (a), position of Livorno in the Northern Mediter-
ranean region (b), detail of observed damages (c)

Fig. 2  Diagram of the methodology of the study
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infiltration Inf, adsorption Ad, percolation Pc, surface runoff 
R, interflow Qd, groundwater discharge Qg) [22–24]. Once 
the surface runoff (Qd plus R) and baseflow are calculated, 
three different methods can be used for river routing, 
i.e., the lag method, the linear reservoir method and the 
Muskingum–Cunge method. For further details on the 
equations and assumptions, consult the references [22, 
24]. Besides rainfall data, the most relevant input data 
to the model are the river network, the digital terrain 
model (10 m resolution) and the regional soil map (scale 
1:250,000) (see Table 1). The initial soil moisture state has 
been assumed equal to 80% of saturation to be compared 
with previous analyses.

The hydraulic model adopted to simulate the propaga-
tion of the event in the floodplain area is HEC-RAS v5.0.7. 
This version allows to compute with 2D diffusive approxi-
mation or full momentum equation the motion of the fluid 
over a structured/unstructured computational mesh with 
steady or unsteady flows. The capabilities of the software 
are fully described in the reference manual [25].

For reproducing the Livorno flood, both the river 
and the floodplain have been resolved with the 2D full 
momentum equations. The mesh has been defined over 
a 3 km2 area with maximum cell size of 5 m and minimum 
cell size of 0.5 m inside the river bed using GIS breaklines 

constraints. The terrain elevation associated with the mesh 
cells is obtained by a LiDAR-derived, 1-m-resolution DTM 
where buildings have been represented as waterproof 
block by manually assigning a high elevation to their 
footprint.

The inflow hydrographs of the main channel and of 
the tributaries obtained in the hydrologic simulation 
have been assigned as upstream boundary conditions. 
The simulated hydrograph of Rio Maggiore has been vali-
dated against the recorded hydrograph. The downstream 
boundary condition is a rating curve at the entrance of 
a 700-m-long culvert obtained by previous 1D hydraulic 
models carried out for the design of the retention basins. 
At the downstream boundary, a normal depth condition 
has been imposed (Fig. 3). Four storage areas with fixed 
elevation weirs have been also connected to the river to 
simulate their retention effect.

The manning roughness has been assigned based on 
the second level of land use (CORINE Land Cover). For 
urbanized areas, the Manning’s value has been set to 0.01 
(asphalt); for pastures and agricultural lands, set to 0.04; 
for woods, set to 0.06; and for the channel, set to 0.035 
[26]. These values have been calibrated in their significant 
range, to obtain the best representation of the inundation 
extent.

Table 1  Data observed and simulated for the hazard, exposure and vulnerability analysis

Analysis Data Observed Simulated Exter-
nal 
Source

Description and source

Hydrologic model DTM 10 × 10 m x Digital Terrain Model (depicted), Regione Toscana
Precipitation (mm) x Event precipitation available from pluviometric 

station, Regione Toscana hydrologic service
Pedology x 1:25,000 soil cartography, Regione Toscana
River discharge  (m3/s) x Distributed hydrologic model MOBIDIC

Hydraulic model Inundated area x Post-event survey, Regione Toscana
DTM 1x1 m x LiDAR-derived Digital Terrain Model, Regione 

Toscana
Roughness (s/m0.33) x Assumed from land use cartography, CORINE 

Land Cover
Hydraulic works geometry x Projects of hydraulic works, Municipality of 

Livorno
Maximum water depth (m) x Full 2D hydrodynamic model
Maximum flow velocity (m/s) x Full 2D hydrodynamic model

Exposure and 
vulnerability 
model

Monetary damage to properties (€) x Official claims, Civil Protection Regione Toscana
Building use (-) x Classified based on virtual Google Street View 

inspection
Number of floors (-) x Classified based on virtual Google Street View 

inspection
Presence of cellar (-) x Classified based on virtual Google Street View 

inspection
Building value (€/m2) x Market prices, Agenzia del Territorio
Building area  (m2) x 1:2000 cartography, Regione Toscana
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In the computational settings of the simulation, an 
adjustable time step based on a maximum Courant num-
ber of 0.6 has been selected to ensure the stability.

3.2  Exposure model and vulnerability estimation

A first metric of exposure is the surface area of the build-
ings affected by the flood A  (m2). This is retrieved by the 
shapefile of the regional 1:2000 cartography. Other nec-
essary information is the number of floors and the pres-
ence of an underground cellar or basement. The number 
of floors f and the presence of cellar are not available as 
attributes. Thus, a virtual on-site inspection has been car-
ried out using Google Street View and the presence of an 
underground floor has been added as a building feature 
attribute in QGIS. Similarly, also the building use has been 
classified and assigned as a new shapefile attribute. This is 
especially important for dual-use buildings, i.e., those with 
commercial activity in the ground floor and residences 
above, which are not classified in the official cartography.

The monetary exposure of the building Eb is obtained 
by multiplying the surface area of the ground floor of resi-
dential buildings Ab for the official market values Vm [27] 
at the time of the inundation (Eq. 1). For buildings with 
underground story, the value of the basement has been 
added. When the basement is used as a garage or cellar, 
the market value has been considered one-fourth of the 
residential value.

where f is the number of affected floors (mainly ground 
floor and basement where present) and Vm is one-fourth 
of its value for underground floors.

The observed losses have been aggregated at the single 
building Lb; that is, all the ith damages of the properties 
(i.e., different owners from 1 to n) that occurred in a build-
ing have been summed up and associated as an attribute 
of the building feature.

This operation is necessary because the prevailing prop-
erty types are small condominiums and the area of the 
single damaged property was not available. The relative 
loss D% is obtained by dividing the observed aggregated 
damage Lb by the market value of the affected floors.

The absolute loss per unit surface D€ is obtained by 
dividing the observed aggregated damage Lb by the sur-
face of the building Ab.

The results of the hydraulic models are also aggregated 
to each affected building. Based on raster zonal statistics, 

(1)Eb =

f
∑

i=1

Vm ⋅ Ab

(2)Lb =

n
∑

i=1

Li

(3)D% =
Lb

Eb

⋅ 100

Fig. 3  Hydraulic model boundary conditions set in HEC-RAS
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each affected building is assigned a mean, maximum, min-
imum and standard deviation of water depth and veloc-
ity extracted from the raster maps of the event temporal 
maxima.

The buildings have now attributes associated with the 
hydraulic parameters and loss parameters. The first vulner-
ability curve is obtained by plotting mean water depth and 
relative loss D%. The second vulnerability curve is obtained 
by plotting mean water depth and absolute loss per unit 
area D€.

4  Results and discussion

4.1  Inundation map

The very intense rainfall event simulated in MOBIDIC 
created a sharp hydrograph in the Rio Maggiore with 
a duration of 6  h and a peak of 141  m3/s which was 
estimated to be 1.3-1.4 times larger than the 200-year-
return-period design hydrograph in its urban reach 
[21]. The result of the 2D hydraulic simulation in terms 
of maximum water depth is shown in Fig. 4. In the urban 
downstream area, flood depths are mostly equal to or 
lower than 1 m. Higher flood depths of about 3 m are 

observed in the four designed storage areas. The simu-
lated depths are coherent with the recorded inundated 
area except in a couple of zones. Upstream (right side of 
Fig. 4), the inundated area is underestimated because 
during the event, the low-span bridges in that area 
were obstructed by wood debris and the numerical 
model does not account for this behavior. In the sub-
urban area (center of Fig. 4), the model overestimated 
the flood depths. This has been interpreted with the dif-
ficulties of the DTM altimetry in capturing the complex 
systems of infrastructures: the highway, (pink line in the 
north–south direction) and the railway (almost parallel 
to the highway) with their embankments and crossings. 
However, in that area, there are not buildings (and con-
sequently claims); thus, it does not affect the empirical 
vulnerability curve. A slight overestimation of inundated 
area with respect to the observation can be seen down-
stream (lower left of Fig. 4). However, according to the 
claims (compare Fig. 1, panel c), also an area outside the 
official zonation has been affected.

Georeferenced images taken in the aftermath of the 
flash flood in the downstream urban area have been used 
to validate flood depths with differences in the order of 
0.10–0.20 m, compatible with the morphological uncer-
tainties in dense urban areas.

Fig. 4  Simulated flood depth map. The blue and orange lines show the inundation area recorded in the aftermath of the event and the 
simulation domain, respectively



Vol.:(0123456789)

SN Applied Sciences           (2020) 2:904  | https://doi.org/10.1007/s42452-020-2696-1 Research Article

Figure 5 shows the simulated flood magnitude, i.e., 
the product of water depth and velocity. The magnitude 
is equal to or larger than one for most of the inundated 
area since flow velocities were of the order of 4–5 m/s in 
the channel and 1–2 m/s in the flood plain, especially in 
the inundated area near the culverted reach. This poses 
people’s safety under serious threat since pedestrians and 
vehicles can be easily swept away in this condition [28, 29]. 
However, the event took place at late night and fortunately 
there were not people walking or driving in the area.

4.2  Exposure and vulnerability analysis

The classification of exposed buildings carried out by a vir-
tual inspection with Google Street View allowed to classify 
one thousand buildings in the observed flooded area; 719 
items are residential buildings, 20 are dual-use buildings 
with commercial activities on the ground floor and 125 
are commercial buildings. Figure 6 shows the results of 
the exposure analysis for the downstream part of Rio Mag-
giore catchment where it flows in the culvert. The build-
ing use was used to calculate monetary exposure of the 
buildings based on market values (Eq. 1). Only residential 
buildings were considered for the vulnerability curves.

With the same approach, the presence of an under-
ground floor was detected. Figure 7 shows for the same 
area the information related to underground floors. 
Twenty-one buildings have an underground floor used 
as a residence, and seven have an underground garage. 
The range of residential market values in the area is 
1600–1950 €/m2 and 1950–2250 €/m2 for the inner and 
coastal areas (Fig. 6), respectively.

The 302 compensation claims for residential proper-
ties were selected. The claims aggregated to single build-
ing became 93 observation points to build the empirical 
vulnerability curves. The analysis has not been carried out 
on buildings without residential use (i.e., offices, shops, 
warehouses) since only 59 claims were available in the 
observed inundated area.

Water depth was assigned to each building based on 
the raster statistics of a 3 m buffer around the building. 
Figure 8 shows the scatter plot of relative damage vs the 
water depth. The standard deviation of water depth is 
represented with error bars. This information shows the 
uncertainty introduced by calculating a single average 
value of water depth per building. For large structures in 
fact, there might be a significant difference in the water 
depth at different sides of the construction.

Fig. 5  Simulated flow magnitude (water depth multiplied by velocity)
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Error bars on the vertical axes show the range of rela-
tive loss due to the variability of market values used for 
exposure assessment. The points are very sparse, and no 
clear correlation between water depth and damage is 
observed as in other cases in the literature [7].

Three types of least-square regression curves have 
been tested: linear, second-order polynomial and 
power. Table 2 shows the equations of the three regres-
sion curves, the determination coefficient and the root-
mean-square error (RMSE). The performances of the 
three curves are comparable in terms of RMSE and  R2; 
the second-order polynomial has the highest  R2. The 
square-root regression damage model developed by 
Carisi et al. [7] for the Secchia River flood has also been 
tested since it represents the geographically closest 
example of empirical vulnerability curve. Nevertheless, 
buildings and inundation characteristics are different.

The scatter plot of absolute damage per unit surface 
vs the water depth has been derived and not reported 
here for brevity. Also in this case, the regression curves 
are not able to fully explain the variability of the 
observed losses, although higher determination coef-
ficients are obtained (Table 3). No significant correlation 
has been found with a power law, which is omitted from 
Table 3.

The correlation of relative and absolute losses with flow 
velocity and magnitude is even lower than with water 
depths (R2 < 0.1); thus, these curves are not shown for the 
sake of brevity. 

A more simplified empirical damage model is obtained 
by binning water depth values into classes and calculating 
the median damage in each bin [7]. The median damage 
is associated to the mean water depth of the bin. The pro-
cess is limited to 1.5 m since only a couple of data exceed 
this water depth (Table 4). The obtained determination 
coefficients and RMSE are comparable to the linear law of 
Table 2 (R2 = 0.19, RMSE = 24.7%).

Average damages aggregated to single affected resi-
dential building in the study area are of the order of 40,500 
€ for simulated water depths between 0.15 and 1.5 m. This 
corresponds to an average absolute damage of 270 €/m2. 
Single-owner claims are of the order of 18,000 € on aver-
age and are clustered in two groups. The 30% of the claims 
are of the order of 1000 € and might indicate moderate 
losses to garages or condominium common parts.

Relative damage is about 12% on average with a 
standard variation of 22%. The dispersion of relative 
and absolute loss data with a consequent lower corre-
lation with flood parameters can be due to the uncer-
tainties of the hydrologic–hydraulic model and to the 

Fig. 6  Classification of the building use in the most downstream section of Rio Maggiore basin
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errors introduced in aggregation a single mean water 
depth value to each building. However, other case stud-
ies in the literature in different urban and flood contexts 
show that the correlation among observed losses and 
flood depth is very low also when the inundation depth 
is measured [30]. Other reasons for poor correlation are 

a consequence of several other local factors such as (i) 
the adoption of individual mitigation actions (also invol-
untary), (ii) the low trust in the reimbursement by the 
institution and preferences for the black market, (iii) par-
tial request of damages (e.g., only boiler instead of the 
whole room where the boiler is located), (iv) different 

Fig. 7  Classification of the buildings based on the presence of underground floors in the most downstream section of Rio Maggiore basin

Fig. 8  Empirical relative stage–damage curve

Table 2  Regression curves, determination coefficient and RMSE for 
the relative damage curve

Regression curve Equation R2 RMSE (%)

Second-order polynomial D% = 4.02∙H2 + 17.33∙H 0.22 20.22
Linear D% = 24.3∙H 0.19 20.3
Power D% = 21∙H0.5 0.11 21.5
Carisi et al. [7] D% = 11.3∙H0.5 0.01 25.6

Table 3  Regression curves, determination coefficient and RMSE for 
the absolute damage curve

Regression curve Equation R2 RMSE (€/m2)

Second-order polyno-
mial

D€ = 523.8∙H2 + 0.64∙H 0.37 478.5

Linear D€ = 711.2∙H 0.49 431.0
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willingness to invest in a complete renovation (not all 
owners can afford the costs), etc. [31].

Other flood parameters, e.g., flood duration or pres-
ence of contamination, might have a role in flood con-
sequences, but still, in other case studies the correla-
tion among these parameters was found low. Moreover, 
multivariable models can only be effectively developed 
and applied if sufficient and detailed data are available 
[7]. The main explicative variables that determine flood 
losses are usually water depth and building area.

Flow velocity, which could have been significant for a 
flash flood event, still does not appear to be correlated 
with flood damages [7, 32]. This is probably due to the 
uncertainties of both the hydraulic model and the loss 
data, which are particularly significant in urban areas 
where building and linear infrastructure affect the flow 
propagation and are difficult to describe. More quantita-
tive measurements to improve the validation of hydrau-
lic simulation could be helpful in having a better repre-
sentation of the flood propagation in those areas with 
limited crowd-sourced information.

As in other Italian cases [7, 31], the number of official 
claims is lower than the actual number of affected prop-
erties. Only approximately one-seventh of the exposed 
buildings based on the inundation model have associ-
ated claims. This means that some claims were not justi-
fied by invoices (i.e., black market) or owners preferred 
not the ask for a compensation of the flood losses (e.g., 
private insurance).

The aggregation of flood losses and water depths to 
census polygons instead of single building could be a 
way to smooth local differences and provide a mesoscale 
vulnerability function [31]. However, this would require 
a larger amount of data to obtain a significant number 
of empirical points.

The reconstruction with the same method of the 
inundation of the other catchments affected (Ardenza 
and other minor streams) could be used to (i) validate 
the model with an independent dataset, (ii) increase the 
sample of observations which might improve the quality 
of the vulnerability curve at single building and also (iii) 
offer the chance to test the aggregation at the census 
polygon scale.

5  Conclusions

The study focused on the development of an empirical 
vulnerability curve for residential buildings based on 
the reconstruction of a flash flood event and observed 
damage losses. The study area is the catchment of Rio 
Maggiore, Livorno, located in the coastal area of Tuscany 
(Italy).

Observed losses (about 300 records) were provided by 
the Regional Agency for Civil Protection. The flash flood 
event was reconstructed based on a distributed hydro-
logic model and a full 2D hydraulic model to obtain a 
flood depth map. Monetary exposure of residential 
buildings was estimated based on the building footprint 
and the market values.

A relative vulnerability curve was created by asso-
ciating simulated water depths and relative losses. 
The curves showed a low correlation (R2 ≈ 0.2 and 
RMSE ≈ 20%) between losses and flood parameters as 
observed in other case studies in the literature [7, 30] but 
the best regression was obtained with a second-order 
polynomial function [15].

A monetary vulnerability curve was created by associat-
ing simulated water depths and absolute losses per unit 
surface. The curve showed a better correlation (R2 ≈ 0.4 
and RMSE ≈ 450 €/m2) with good regressions obtained by 
linear and second-order polynomial functions. A simple 
empirical curve obtained by a binning procedure was also 
generated with comparable performances. The curves 
provide the first attempt to derive empirical vulnerabil-
ity functions for flash flooding in the Italian context and 
could be adopted for similar urban (i.e., multistory build-
ings, some with basement) and morphological contexts 
(semi-dense urban area, mild slopes).

Although the event had the characteristics of a flash 
flood, no significant correlation was found between losses 
(both relative and absolute) and flow velocity or magni-
tude. Still the physical damage mechanisms depending 
on several inundation parameters need to be clarified by 
further research, and the results of this work should be 
compared with other datasets when becoming available.

An extension of the work to the other catchment 
affected by the flash flood event could help in increasing 
the significance of the sample and obtaining different 
vulnerability curves. Locally identified empirical mod-
els in fact have been proven to be more effective than 
transferred models in both relative and absolute damage 
estimation. Moreover, empirical univariable models still 
represent a good compromise in the absence of exten-
sive and accurate loss data and could provide a viable 
support at regional/local level for risk assessment and 
cost–benefit analysis of mitigation measures [33].

Table 4  Empirical damage 
curve obtained by the binning 
procedure

Water depth (m) Relative 
damage 
(%)

0.25 10
0.75 15
1.25 30
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