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Abstract. The spatial transfer of flood damage models
among regions and countries is a challenging but unavoid-
able approach for performing flood risk assessments in data-
and model-scarce regions. In these cases, similarities and dif-
ferences between the contexts of application should be con-
sidered to obtain reliable damage estimations, and, in some
cases, the adaptation of the original model to the new con-
ditions is required. This study exemplifies a replicable pro-
cedure for the adaptation to the Belgian context of a multi-
variable, synthetic flood damage model for the residential
sector originally developed for Italy (INSYDE). The study il-
lustrates necessary amendments in model assumptions, espe-
cially regarding default input values for the hazard and build-
ing parameters and damage functions describing the modeled
damage mechanisms.

1 Introduction

With the shift from hazard control to risk mitigation poli-
cies, flood damage assessment has gained increased impor-
tance in the last few decades as a key information tool for
effective flood risk management. Indeed, knowledge of flood
damage is crucial both in the emergency (to identify priorities
of intervention and to support the compensation of damage
by private and public bodies) and in the non-emergency time
(to identify areas at higher risk and to evaluate benefits of
flood mitigation strategies).

To date, several flood damage models have been developed
by many authors for various exposed assets, with the residen-

tial sector representing the most investigated one (Merz et al.,
2010; Gerl et al., 2016). However, flood damage modeling is
still often hampered by the paucity of sufficient and high-
quality data for model calibration and/or validation. When
this occurs, the spatial transfer of models developed in dif-
ferent regions than the one under investigation could be a
choice. However, this must be done cautiously, considering
similarities and differences between the compared contexts
and, if required, by adapting the original model to the new
conditions (Cammerer et al., 2013; Saint-Geours et al., 2014;
Amadio et al., 2019; Molinari et al., 2020). In this frame-
work, the present study discusses the transferability of the
Italian model INSYDE to the Belgian context and specifi-
cally to the Walloon region.

Damage models can be distinguished into two types,
namely empirical and synthetic, depending on the approach
used for their development: empirical models are based on
loss data observed in actual flood events, while synthetic ap-
proaches use expert information on damage mechanisms col-
lected via “what-if” questions (Merz et al., 2010; Sairam et
al., 2020). The development of empirical models is currently
limited by the endemic paucity of ex post damage data, dis-
cussed above; this is especially true in Belgium where the co-
existence of a public and a private system for damage com-
pensation leads to the availability of partial and unrepresen-
tative damage data (Doppagne, 2020). Moreover, the often
implicit formulation of empirical models (“black-box mod-
els”) is usually a limiting factor for their spatial transferabil-
ity, given the possible differences in hazard and vulnerabil-
ity features characterizing the original context of derivation
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of the model and the new area of application. On the other
hand, synthetic models can be, in principle, derived in any
region, as long as sufficient expertise on damage phenomena
under investigation exists; still, their development may be a
long and challenging process, depending on the level of de-
tail reached by the model and the number of explicative vari-
ables taken into account. Indeed, flood impacts depend on the
interaction between several flood characteristics and vulnera-
bility parameters, such as water depth, flow velocity, inunda-
tion duration, floodwater contamination and sediment load,
as well as building material, construction type, and building
age and quality (Penning-Rowsell et al., 2005; Thieken et
al., 2005; Dottori et al., 2016; Mohor et al., 2020). Accord-
ingly, multi-variable models have been recently proven to in-
crease the accuracy of damage estimations compared to tra-
ditional, simple stage–damage curves (Schröter et al., 2014,
2018; Dottori et al., 2016; Wagenaar et al., 2018; Amadio et
al., 2019; Sairam et al., 2020). Moreover, modeling of dam-
age mechanisms at the base of synthetic models makes them
better suited to be transferred from one region to another, af-
ter, of course, a careful check of the comparability between
the original and the new physical and economic contexts of
implementation and, if required, a consequent adjustment of
model inputs and assumptions (Lüdtke et al., 2019; Scorzini
et al., 2021a).

INSYDE is an example of a synthetic, multi-variable flood
damage model for the residential sector, originally developed
and validated for Italy (Dottori et al., 2016; Amadio et al.,
2019; Molinari et al., 2020). Despite its complexity, the clar-
ity in the assumptions and the flexibility for the adaptation
of the input parameters and the mathematical functions de-
scribing the damage mechanisms support its transferability
to regions different from the original one.

In this paper, the steps needed for the adaptation of IN-
SYDE to the Belgian context (specifically to the Walloon re-
gion) are first discussed (Sect. 2); then, results of the adap-
tation process are presented in terms of new or adjusted in-
put variables and functions, leading to the adapted INSYDE
(INSYDE-BE) model (Sect. 3). A critical discussion of the
usability of the newly developed model and final remarks
close the paper.

2 Data and methods

2.1 INSYDE

INSYDE is a synthetic, multi-variable flood damage model,
released as an open-source R script, which estimates eco-
nomic damage for residential buildings using expert-based
mathematical functions (Dottori et al., 2016). The total dam-
age per building (D) is expressed as the sum of the costs for
repairing (or removing and replacing) the various affected
building components (Ci), which are further divided into

subcomponents (Cij ), as follows:

D =

n∑
i=1

Ci =

n∑
i=1

mi∑
j=1

Cij . (1)

The damage cost to each subcomponent Cij is expressed
as a function of the damage extension (extij ) in physical
terms (e.g., square meters of damaged pavement) multiplied
by the unitary price (upij ) of a specific activity regarding
a damaged building component (e.g., cost of pavement re-
placement per square meter) and an additional factor (rds)
depending on the modeled damage mechanism, i.e., deter-
ministic or probabilistic (probability of damage occurrence
to the considered component as a function of a certain haz-
ard characteristic intensity):

Cij = extij · upij · rds

= f (hazard and building features, unit prices). (2)

In particular, extij is a function of several (23) damage
explicative variables, related both to the hazard (6 – exter-
nal and internal water depth, flow velocity, inundation du-
ration, sediment load and presence of contaminants) and to
the characteristics of the affected building (17 – including,
among others, geometric (e.g., footprint area, internal and ex-
ternal perimeters) and qualitative features (e.g., building type
and quality, level of maintenance)). In the case of gaps in in-
put data availability (or requiring extensive data collection),
the model proposes default values for each parameter. More-
over, the model proved to be adaptable to the actual available
knowledge of the flood event and building characteristics,
with the possibility of downscaling information available at
the meso-scale (Molinari and Scorzini, 2017).

2.2 Study area – Walloon region

The Walloon region corresponds to the southern half of Bel-
gium (Fig. 1) and has a population of 3.6 million inhabitants.
It covers an area of nearly 17 000 km2 and is divided into five
provinces (Hainaut, Liège, Luxembourg, Namur and Wal-
loon Brabant), which correspond to level 2 in the European
nomenclature of territorial units for statistics (NUTS). Four
international river basins cover parts of the Walloon region:
mostly the Meuse (73 % of the territory) and Scheldt (22 %),
as well as tiny fractions of the Rhine and Seine basins. The
mean annual precipitation ranges between 700 and 1400 mm,
and snowmelt may influence flood discharges in some parts
of the Meuse Basin. As a result of historical developments,
particularly industrialization, densely urbanized areas are to
a great extent concentrated along the main rivers (Poussard
et al., 2021).

Existing flood hazard maps cover the whole region. For the
main rivers, they were generated based on two-dimensional
hydraulic modeling, combined with laser altimetry and sonar
bathymetry data. Three scenarios were considered in the
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Figure 1. Location of the case study area (Walloon region) in Belgium, with indication of the names of the provinces. The numbers on the map
on the right refer to the municipalities where field surveys were conducted: Tilff (1), Méry (2), Hony (3), Esneux (4), Comblain-la-Tour (5)
and Tubize (6).

preparation of these hazard maps: 25-year, 50-year and 100-
year floods. These computations provide water depth and
flow velocity in the main riverbed and throughout the flood-
plains, with a grid spacing ranging between 2 and 5 m (Er-
picum et al., 2010). These hydraulic data were used in sev-
eral previous studies (Bruwier et al., 2015; Detrembleur et
al., 2015; Mustafa et al., 2018).

2.3 Adaptation of INSYDE

A new methodology has been developed to adapt the IN-
SYDE model to the Walloon region. As shown in Fig. 2,
the procedure consists in two main steps. The first one aims
at analyzing the characteristics of the typical flood events
and the features of residential dwellings in the new region
to check the transferability or the need for modification of
model inputs (and related default values) and assumptions
on damage mechanisms implemented in INSYDE. Regard-
ing the hazard components, this step consists in the anal-
ysis of hydrological and hydraulic records and information
about historical flood events and of existing flood hazard and
risk maps as well as a review of past and ongoing projects
on flood damage estimation. For the characterization of the
housing stock, the analysis involves a literature review of
papers and statistical reports concerning the building spatial
structure, urban plans, or future tendency for renovation and
construction in the region of interest. The step of data collec-
tion also includes virtual and/or field surveys, aimed at ob-
taining specific information (e.g., typical features of building
interiors) not available from a standard desk-based data re-
trieval process.

Once the required information for model adaptation is col-
lected, statistical analysis of the data allows defining charac-
teristic values for both hazard and building parameters to be

set as default values in the model. The adaptation also re-
quires a change in the unit prices for the operations of re-
moval and replacement of building components considered
in the model, with values representative of the new imple-
mentation context.

The second step of model adaptation also includes the ad-
justment of the damage functions based on the results of the
previous steps to represent more accurately the flood damage
typically experienced in the implementation context. These
adjustments may include amendments in both the extension
of the damaged components (extij in Eq. 2) and the thresh-
olds for damage occurrence (i.e., fragility functions for the
various components, rds, in Eq. 2) or the creation of new spe-
cific functions.

2.4 Sensitivity analysis for the new adapted model

Once the model is adapted to the new implementation re-
gion, a sensitivity analysis is recommended to assess the in-
fluence of the various hazard and building variables on the
total damage estimation. This analysis provides valuable in-
formation for practical application of the model, by pointing
at either mandatory or (possibly) redundant input parameters
that may be set at their default values without significantly
affecting the results. For the case under investigation, the sen-
sitivity analysis was conducted by multiple damage simula-
tions in which single input variables were varied one at a time
while keeping the others constant. The results were analyzed
in terms of a sensitivity score, calculated as the ratio of the
difference 1D±i in the damage obtained for the two possible
extreme values of a variable (x+i , x−i ) to the estimated dam-
age D0 when the variable is set at its baseline (default) value
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Figure 2. Flowchart for the adaption of INSYDE.

(x0
i ) as follows:

1D±i

D0 =
D(x±i ,x0

j )−D(x0
i,,x

0
j )

D(x0
i ,x0

j )
, (3)

where x0
j denotes the other variables that are kept constant to

their default values during the tests. The results of the hazard
and building data statistics were considered for the definition
of the baseline scenarios as well as of the extreme bounds for
the tested parameters. In detail, two different sets of hazard
scenarios were identified as the baseline for the sensitivity
analysis of the hazard and buildings features, respectively.
With respect to hazard parameters, baseline scenarios were
chosen in order to gain insights into the variability in dam-
age estimations for the typical flooding events in the Walloon
region. As regards building features, baseline hazard scenar-
ios were instead defined to appreciate differences in damage
estimations that are linked to the triggering of the various
damage mechanisms implemented in the model (i.e., iden-
tifying the main threshold values for the hazard parameters
causing the occurrence of damage to specific building com-
ponents).

3 Results and discussion

3.1 Adaptation of INSYDE

An analysis of collected data was performed to identify rep-
resentative values of the model parameters for the Walloon
region and to establish relationships among them, with the
double aim of assigning default values (Table 1 for hazard
variables and Table 2 for building variables) and modifying,
if required, the damage functions to the new context of ap-
plication (Table 3). The results of this analysis are reported
hereinafter.

3.1.1 Hazard features

Water depth

The variability in water depth was assessed by considering
the 25-, 50- and 100-year return period flood hazard maps
available for 35 rivers in the Walloon region, consisting in
raster files with a spatial resolution of 5 m obtained from 2D
hydraulic modeling (Detrembleur et al., 2015; Erpicum et al.,
2010; Mustafa et al., 2018). The distributions of water depths
are shown in Fig. 3 by means of boxplots, where the rivers
have been classified according to the two main districts of the
region, the Scheldt and Meuse (Fig. 1). Median flood depths
range between 0.3 and 0.65 m in the Scheldt district, with
limited variability among the various scenarios, expect for a
100-year flood in the Scheldt River showing larger values,
with a median flood depth of 1.7 m.

For the Ourthe River, which flows in the area where the
field surveys were carried out in the province of Liège (see
Sect. 3.1.2), the median depths vary between 0.48 and 0.62 m
for the 25- and 100-year floods, respectively, with maximum
values up to 2 m. These values were confirmed by the field
surveys, where interviewed inhabitants of Tilff and Esneux
indicated observed water depths for the 1993 event, ranging
from 0.4 to 1.6 m. According to this analysis, the range of
water depths considered in INSYDE-BE was deemed not to
exceed 3 m.

Flow velocity

Flow velocity is another important factor for flood damage
estimation, especially when it reaches medium to high values
that may cause damage to secondary elements, such as doors
and windows, or to the structural components of the build-
ing. The hazard maps discussed in the previous section also
provided information on this parameter, enabling the char-
acterization of typical flow velocities for floods occurring in
the region by analyzing the empirical distributions obtained
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Table 1. Hazard parameters included in INSYDE-BE: default values, with indication of the type of adaptation required with respect to the
original model and information on the data source(s) which supported the process of adaptation. IH denotes interfloor height and GL ground
floor level (see Table 2).

Var. Description Range of values Default values Adaptation Data source

he Water depth outside the building [m] ≥ 0 [0, 5] step: 0.01 m – Computed water depth in the flooded
area, for return periods of 25, 50 and
100 years, for the 35 Walloon river
catchments

h Water depth inside the building [m] [0, IH] h= he−GL – –

v Maximum velocity of the water perpen-
dicular to the building [m s−1]

≥ 0 0.5 – Computed water velocity in the flooded
area of the Ourthe River, for discharges
of 25-, 50- and 100-year return periods

d Flood duration: persistence of water in-
side the building [hours]

> 0 34 Change in the
default value

Field surveys of past events for differ-
ent basins in the Walloon region (Uni-
versity of Liège) and/or new field sur-
veys

s Sediment load [% of water volume] [0, 1] 0.05 – Field surveys

q Water quality: presence of pollutants [–] 0 is no; 1 is yes 1 – Field surveys

Figure 3. Expected water depths for different return period floods in the two main river districts in the Walloon region: the Scheldt district (a)
and Meuse district (b).
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Table 2. Building parameters included in INSYDE-BE: default values, with indication of the type of adaptation required with respect to the
original model and information on the data source(s) which supported the process of adaptation (1 – statistical data; 2 – virtual and field
surveys; 3 – synthetic analysis; 4 – grey literature).

Var. Description Range of values Default values Adaptation Data
source

FA Footprint area [m2] > 0 110 (BT= 1)
75 (BT= 2)
75 (BT= 3)
95 (BT= 4)

Change in the default value 1, 2

IA Internal area [m2] > 0 0.9 ·FA – 2

BA Basement area [m2] ≥ 0 0.5 ·FA – 2

EP External perimeter [m] > 0 4
√

FA (BT= 1; BT= 4)
√

2FA (BT= 3 with PB= 2)
2
√

2FA (BT= 3 with PB= 1)
3
√

FA (BT= 2)

Change in the default value 3

IP Internal perimeter [m] > 0 0.64 ·FA+ 17.02 (BT= 1; BT= 4)
0.42 ·FA+ 27.29 (BT= 3)
0.56 ·FA+ 12.9 (BT= 1)

Change in the default value 2, 3

NF Number of floors [–] ≥ 1 2 – 1, 2

IH Interfloor height [m] > 0 3.5 – 2

BH Basement height [m] > 0 2.5 – 2

GL Ground floor level [m] ≥ 0 0.2 (BT= 1; BT= 2; BT= 3)
0.1 (BT= 4)

Change in the default value 2

BL Basement level [m] ≤ 0 −GL−BH− 0.3 – 2

BT Building type [–] 1 – detached
2 – semi-detached
3 – attached
4 – apartment

3 Additional building type included
and
change in the default value

1, 2, 4

BS Building structure [–] 1 – reinf. concrete
2 – masonry

2 – 1, 2, 4

FL Finishing level [–] 0.8 – low
1 – medium
1.2 – high

1 Change in the default value 2, 4

LM Level of maintenance [–] 0.9 – low
1 – medium
1.1 – high

1 Change in the default value 2, 4

YY Year of construction [–] ≥ 0 1940 Change in the default value 1, 2

PD Heating system distribution [–] 1 – centralized
2 – distributed

1 (if YY ≤ 1990)
2 (otherwise)

– 2, 4

PB Building position [–] (if BT= 3) 1 – corner
2 – center
3 – else

2 New variable included in the model 2

EFM Exterior finishing material [–] 1 – plaster
2 – stone
3 – masonry
4 – stone & bricks

3 New variable included in the model 2, 4
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Table 3. Amendments to the original damage functions needed in INSYDE-BE.

Damage components Adaptation in INSYDE-BE

Clean-up Pumping –

Waste disposal –

Cleaning –

Dehumidification Change in the fragility function depending on flood duration

Removal Flooring system New damage mechanism taking into account the different floor-
ing system characterizing the Belgian buildings

Pavement New damage mechanism taking into account the different floor-
ing system characterizing the Belgian buildings

Baseboard –

Partition walls Removed from the model

Plasterboard –

External finishing material New damage mechanism taking into account the different ex-
ternal finishing material characterizing the Belgian buildings

Internal plaster Exclusion of the contribution of the basement

Doors –

Windows Change in the fragility function depending on flood depth

Boiler Inclusion of the fragility function depending on flood depth

Non-structural Partitions replacement Removed from the model

Flooring system replacement New damage mechanism taking into account the different floor-
ing system characterizing the Belgian buildings

Plasterboard replacement –

Structural Soil consolidation –

Local repair New damage mechanism taking into account the different ex-
ternal finishing material characterizing the Belgian buildings

Pillar repair –

Finishing External finishing material replacement New damage mechanism taking into account the different ex-
ternal finishing material characterizing the Belgian buildings

Internal plaster replacement Exclusion of the contribution of the basement

External painting The original function is retained but with an additional condi-
tion depending on the external finishing material of the building

Internal painting Exclusion of the contribution of the basement

Pavement replacement New damage mechanism taking into account the different floor-
ing system characterizing the Belgian buildings

Baseboard replacement –

Windows & doors Door replacement –

Window replacement Change in the fragility function depending on flood depth

Building systems Boiler replacement Inclusion of the fragility function depending on flood depth

Radiator painting Change in the calculation of damage extension

Underfl. heating replacement Removed from the model

Electrical system replacement Change in the calculation of damage extension

Plumbing system replacement Change in the calculation of damage extension
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Figure 4. Cumulative distribution functions for the flow velocity in
the Ourthe River for different return period flood scenarios.

from the processing of the raster files. An example of the
results is reported in Fig. 4 for three flood scenarios in the
Ourthe River. While indicating small variability between the
different scenarios and a low chance of the occurrence of sig-
nificant structural damage (given the indicated low velocity
values, e.g., 90th percentile= 1.5 m s−1 (Clausen and Clark,
1990)), Fig. 4 suggests that 0.5 m s−1 (corresponding to the
median value observed in the distributions) can be consid-
ered a proper default value to be assigned to this parameter
in INSYDE- BE.

Flood duration

The characterization of the flood duration was based on
the analysis of a database developed in the framework of a
project led by the University of Liège (Petit et al., 2005),
which reports different information about past flood events
(including flood duration) gathered through field surveys and
interviews in the Walloon region. The observed durations
for all the surveyed river basins are summarized in Fig. 5,
which indicates 34 h (i.e., the average of all the reported du-
rations) as a representative default value to be assumed in
INSYDE-BE for the flood duration. These data were also
cross-checked with the information collected during the field
surveys along the Ourthe River, performed in the context of
the present study (see Sect. 3.1.2), where the interviewees
reported durations ranging between 2 and 3 d.

Sediment load and water quality

From the desk-based analysis, no useful data were found
for a clear description of the typical characteristics of the
flood events occurring in the Walloon region in terms of sed-
iment load and water quality. Consequently, the default val-
ues for these parameters were assumed based on the qual-
itative information gathered through the field surveys (see
Sect. 3.1.2). Indeed, more than 60 % of the people inter-
viewed along the Ourthe and Senne rivers described the flood
water as “dirty or muddy”. Therefore, the presence of sedi-
ments was considered necessary to be included in the model,
with a default value equal to 5 % of the water volume, as in
the original INSYDE model developed for Italy. The water
quality is instead a binary variable, referring to the possible
presence of pollutants. Also in this case, the field surveys
supported the importance of including this variable in the
model, with a default value set to 1 (i.e., presence of pol-
lutants) given that many inhabitants reported memories of
gasoline smell in the floodwater.

3.1.2 Building features

The identification of the typical main features of residen-
tial buildings in the Walloon region, was mostly obtained
from the information collected through the virtual and field
surveys, after a preliminary desk-based analysis of national
and/or regional databases, as well as of specific literature on
the characterization of the spatial structure and the hous-
ing quality in the Walloon region (Carlier et al., 2007;
Vanneste et al., 2007, 2008; Singh et al., 2013; Anfrie et
al., 2014). The virtual surveys consisted in the screening
of real estate websites in Belgium (e.g., immoweb.be and
homelog.be). The systematic analysis of building photos and
description of the property given by the agent/owner al-
lowed the collection of useful information to identify typ-
ical Belgian standards for certain ultra-micro-scale build-
ing parameters strictly required in INSYDE (e.g., typical
window size) or playing an important role in the occur-
rence of specific flood damage mechanisms (e.g., approx-
imate height of lower and middle sockets, for determin-
ing the water depth threshold for damage occurrence to
the electrical system). About 230 buildings located in ur-
ban and rural areas within the five provinces of the Wal-
loon region were surveyed, extracting all the data shown
in the repository (https://doi.org/10.17632/7ckzzz3xz5.1 –
“Summary_virtual_surveys_Wallonia”). Field surveys aimed
at corroborating the information obtained from the desk-
based analysis and the virtual surveys but, more impor-
tantly, at gaining knowledge on flood damage mechanisms,
by interviewing residents who had experienced past flood
events. A total of 32 interviews were carried out in January–
February 2020 in flood-prone areas in the provinces of Liège
(along the Ourthe River, specifically in the localities of Méry,
Hony, Tilff, Esneux and Comblain-la-Tour) and Walloon
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Figure 5. Summary of reported flood duration for past events in the river basins of the Walloon region (elaborated from data derived from
Petit et al., 2005).

Brabant (Tubize, along the river Senne), which have been af-
fected by multiple flood events over the last 30 years. The
questionnaire developed within the RISPOSTA project (Bal-
lio et al., 2018) was used to collect the information related to
the hazard and building features and to the type(s) of damage
suffered in the past floods, as well as to the mitigation mea-
sures implemented by the residents (if any). The summary
of the information collected in the field surveys is reported
in the repository (https://doi.org/10.17632/7ckzzz3xz5.1 –
“Field_surveys_Walloon_Region_2020”).

Micro-scale building features

According to the literature review and the analysis of sta-
tistical data, residential buildings in Belgium can be clas-
sified into four categories: attached houses (building joined
to other houses on one or both sides, typically constructed
along the streets), detached and semi-detached houses, and
apartments. Single-family buildings are the most common
type, while apartments represent no more than 21 % of the
total housing stock. Attached and semi-detached houses are
the most frequent categories, with a share of 27 % and 23 %
of the stock, respectively. There is also a small share of
trailer homes serving as permanent dwellings, but these tend
to disappear in line with future urban and flood risk man-
agement plans (Carlier et al., 2007; Vanneste et al., 2007,
2008; Opdebeeck and De Herde, 2014). Therefore, in con-
trast with Italy, a vast majority of the Belgian building stock
is made of single houses. Besides this classification, a dis-
tinction can also be made according to the architectonic de-
velopment of the building stock throughout the years (mai-
son modeste, maison moyenne, maison de maître, maison
appartements; Singh et al., 2013), with more than 50 % of

it built before 1945 (Vanneste et al., 2007, 2008; STATBEL,
https://census2011.be, last access: 17 May 2022), especially
for attached and semi-detached buildings, as evident from the
surveys. As in Italy, typical materials of constructions are
masonry or reinforced concrete, with the former being the
predominant type (Singh et al., 2013).

Concerning the geometric features of the buildings, the
only parameter available at the regional level is the foot-
print area, downloadable as a vector file from the geopor-
tal of the Walloon region (PICC (Projet Informatique de
Cartographie Continue) data, Service Public de Wallonie –
https://geoportail.wallonie.be/, last access: 17 May 2022).
The processing of these data allowed us to calculate the me-
dian footprint area for residential buildings in each province
(Fig. 6), with Hainaut and Liège characterized by smaller
buildings (57 and 68 m2, respectively) followed by Walloon
Brabant and Namur (around 85 m2) and with Luxembourg
being the province with larger buildings (103 m2). Figure 6
also shows the presence of residential buildings larger than
1000 m2, which, however, represent less than 0.5 % of the
total in each province; moreover, as revealed by a detailed
analysis of this sample, these cases are usually associated
with large apartment blocks, which are neither the most rep-
resentative nor the most frequent building type in Belgium.
Information on the footprint area was also retrieved from vir-
tual surveys, in particular with respect to the dimensions of a
single housing unit comprising the building. From these data,
a clear relationship between the size of the housing unit and
the building type was recognized, leading to the calculation
of a median size of a housing unit for each building category
(Fig. 7), following adopted-as-default values for the footprint
area as a function of the building type (Table 2).

https://doi.org/10.5194/nhess-22-1743-2022 Nat. Hazards Earth Syst. Sci., 22, 1743–1761, 2022

https://doi.org/10.17632/7ckzzz3xz5.1
https://census2011.be
https://geoportail.wallonie.be/


1752 A. R. Scorzini et al.: INSYDE-BE: adaptation of the INSYDE model to the Walloon region

Figure 6. Empirical cumulative distribution functions for the foot-
print area in the five provinces of the Walloon region (based on
PICC data). Median values – Brabant: 85.4 m2; Hainaut: 56.8 m2;
Liège: 67.7 m2; Luxembourg: 102.9 m2; Namur: 86.3 m2.

Figure 7. Empirical cumulative distribution functions for the foot-
print area as a function of the building type (based on data retrieved
from the surveys). Median values for each category are reported in
Table 2.

Figure 8. Building layouts implemented in the synthetic deriva-
tion of the relationship between the external perimeter and footprint
area as a function of the building type. Three different typologies
of housing units can be distinguished: (a) housing units located in
the corner of a building; (b) isolated housing buildings; (c) housing
units located in the center of a building.

Differently than in the original INSYDE model, in
INSYDE-BE the variable FA refers then to the single hous-
ing unit and not the whole building. This choice is in accor-
dance with the limitation of the original model as regards the
definition of FA highlighted by Galliani et al. (2020).

Ultra-micro-scale building features

Variables characterizing the building at the ultra-micro scale
were defined based on the information collected through the
virtual and field surveys. Hereafter, we report examples of
the attribution of default values to such variables, while all
the implemented values are summarized in Table 2.

In the surveys, it was observed that a common feature of
residential buildings in the Walloon region is to have the
ground floor elevated from the street level to a certain ex-
tent (generally a few steps). This ground floor level (GL)
was found to depend on the building type. Indeed, by ana-
lyzing the database of the virtual surveys, an average eleva-
tion of 0.29 m (and a median of 0.15 m) was found for semi-
detached and detached buildings, while slightly lower values
were detected for apartment buildings, characterized by an
average of 0.2 m (and a median of 0.10 m). For this reason,
differently from the original INSYDE model for Italy, for
the Walloon region two default values were specified, being
0.1 m for apartment buildings and 0.2 m for all other building
types.

From the data derived from the virtual surveys, it was also
possible to establish an empirical relationship between the
footprint area and the basement area; i.e., BA= n ·FA, with
observed mean values of n equal to 0.54 (and median of
0.43). This allowed us to assume the following equation as
the default value for BA: BA= 0.5 ·FA.

Synthetic or mixed empirical–synthetic approaches were
followed for the other geometric parameters of the building,
such as the external and internal perimeter. For example, a re-
lationship for the external perimeter (EP) with the footprint
area (FA) of the housing unit was synthetically derived (Ta-
ble 2), for each building type, by considering typical external
and internal layouts, as represented in Fig. 8.

Differently from the original model, the analysis led to the
necessity of distinguishing between housing units located in
the corner and in the center of attached buildings (Fig. 8), as
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they are characterized by different EP–FA relationships, and
then to the creation of a new variable identified as “build-
ing position” (PB). A combination of an empirical and syn-
thetic analysis was instead performed to derive a relation-
ship between the internal perimeter (IP) and external perime-
ter (EP). We combined empirical data on IP taken from the
virtual surveys with those generated by the application of a
synthetic approach, consisting in the creation of hypothetical
building layouts, by assuming realistic internal distributions
of the rooms, depending on building size and type. By regres-
sion analysis, it was found that IP correlated better with FA
than EP (details in the Supplement). The relationships shown
in Table 2 were implemented in the model.

Another example of an amendment to the original IN-
SYDE model is represented by the introduction of a new pa-
rameter accounting for the type of exterior finishing material
(EFM). Indeed, from the surveys it was recognized that in
Belgium the exterior of the buildings is typically mixed and
composed of two materials, one located in the lower part of
the building wall (i.e., from the ground to an average height
of 0.6 m, usually made of stone) and another one (generally
masonry) in the upper part. However, other external finishing
materials are also present and cannot be ignored within the
model, leading to four possible choices for EFM (Table 2).

3.1.3 Update of the unit prices

In order to update the unit prices corresponding to the fix-
ing of the damage to the various subcomponents identified
in INSYDE-BE, the required materials, tools or equipment
and the workforce for each restoration activity were ana-
lyzed. The main source for estimating these costs was the
Bordereau des Prix Unitaires 2020, compiled by ABEX (As-
sociation Belge des Experts) and UPA (Union royale Pro-
fessionnelle d’Architectes). The final estimation of the uni-
tary prices for each damage subcomponent considered in the
model is provided in Table S1 in the Supplement.

3.1.4 Modification of the damage functions

Based on the characterization of the typical flood events in
the region as well as of the quality and features of exposed
dwellings, all the damage functions considered in the orig-
inal INSYDE model were analyzed and their validity for
the new context was checked. When necessary, amendments
were proposed to reasonably represent the damage scenarios
in the Walloon region. This section describes some examples
of adaptation, and the whole set of damage functions imple-
mented in INSYDE-BE is reported in the Supplement and
summarized in Table 3. As in the case of the definition of the
default values, this operation was supported by the informa-
tion derived from the virtual and field surveys.

A first example is given by the damage subcomponent “de-
humidification”, which depends on the flood duration, the
perimeter and the area of the flooded floors. During the inter-

views with people who experienced flood events, it emerged
that this activity is usually performed only for moderately
long-lasting flooding. This information was then used to
modify the related fragility function, by shifting the thresh-
olds for damage occurrence, now starting at 24 h and reach-
ing a 100 % probability at 48 h.

Other components that required a substantial change were
the ones related to the flooring system due to the different
features of the typical construction types used in Italy and
in Belgium. The Italian flooring system is usually character-
ized by the presence of a screed, i.e., a concrete layer laid on
the top of the slab, over which a ceramic or parquet floor is
installed. This solution is not very common in Belgium and
is generally replaced by a wooden flooring system fixed to
wooden beams by rivets, in the case of old masonry build-
ings, or a composite or precast flooring system for newer re-
inforced concrete buildings, especially for apartment houses.
These differences clearly resulted in the need for develop-
ment of specific functions more representative of the dam-
age mechanisms (details in the Supplement). A similar pro-
cess also applied to the components related to the external
finishing material of the building, given the prevalence of
other types of materials used in the Walloon region (e.g.,
stone, masonry, mixed stone–masonry), in addition to the tra-
ditional plaster applied in Italy.

Figure 9 shows the different damage curves of INSYDE-
BE and the original Italian model, obtained for a hypothet-
ical default building with an FA of 100 m2 inundated by a
default flood event (in this exercise, flow velocity has been
set at 2 m s−1 in order to activate more damage components).
The differences in the absolute values (Fig. 9a) and shares
(Fig. 9b) result from all the changes reported in Table 3, with
the Belgian model estimating lower losses, which cannot be
totally explained by macro-economic factors (as consumer
price indices are higher in Belgium). Rather, dissimilarities
between the two models mostly depend on the differences
in exposure and vulnerability features as well as on damage
mechanisms implemented in the models for the two coun-
tries, which justifies the effort for the adaptation. In detail,
Fig. 9b explicitly reports the shares of the building compo-
nents as a proportion of the total damage computed by the
two models (darker colors refer to INSYDE-BE and lighter
ones to the original model) for water depths in the range
0.25–2.00 m.

The figure clearly indicates the significant contribution of
the damage to the finishing elements (including windows
and doors) in both cases, with a share of about 60 %, gen-
erally more marked for the Italian version of the model, es-
pecially at shallower water depths. Damage to building sys-
tems can be ranked as the second contributing factor, show-
ing a share of about 15 %–20 % and some differences be-
tween the models mainly observed for the lower and higher
water depths considered. The clean-up component exhibits a
peculiar pattern, being particularly important in INSYDE-BE
at very shallow water depths, while in the original model it
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Figure 9. (a) Examples of damage functions obtained with the original Italian model and INSYDE-BE, for a default building with an FA of
100 m2 inundated by a default flood event (but considering a flow velocity of 2 m s−1); (b) share of the different damage components as a
proportion of the total damage in INSYDE-BE (in darker colors) and in the original Italian model (in lighter colors).

is ranked only as the fourth most influential component, after
also removal activities. The weight of residual damage com-
ponents (referring mainly to non-structural elements) is ob-
served to be larger for INSYDE-BE, except for h= 2.00 m,
when the corresponding share reaches about 10 % for the
Italian model.

3.2 Sensitivity analysis

Table 4 describes the baseline hazard scenarios implemented
in the sensitivity analysis of damage to the hazard and build-
ing parameters. With respect to hazard parameters, four base-
line scenarios were identified, as representative of typical
flooding events in the Walloon region, corresponding to river-
ine floods with low velocity and long duration, characterized
by shallow or high water depths (Scenarios 1 and 3), and
flash floods with significant velocity and short duration, char-
acterized by shallow or high water depths (Scenarios 2 and
4). The reference values for the hazard parameters in the dif-
ferent scenarios were set according to the analysis of haz-
ard data carried out in the development phase of the model.
In detail, the reference values for the water depth for the
two conditions of shallow and significant inundation were
set equal to the median water depth registered for small and
large rivers (0.3 and 0.8 m), respectively; the same approach
was used to set reference duration values for fast and long-
lasting floods equal to the median value registered for all the
rivers in the Walloon region (24 h) and for large rivers (72 h),
respectively. As regards velocity, riverine floods were char-
acterized by the median value (0.5 m s−1) of the empirical
distribution identified in the analysis of the hazard maps and
flash floods by a flow velocity corresponding to the 90th per-
centile (1.5 m s−1) of the same distribution. In the four base-
line scenarios considered, the water quality was assumed to
be fair (q = 0) while the sediment load was kept constant at
the model default value (5 %).

For analyzing the influence of the hazard variables, the
simulations were performed assuming an attached masonry
building of 75 m2, with two floors and a basement, ele-
vated 0.2 m off the ground, and with a medium finishing-
and-maintenance level, as representative of a typical building
of the Walloon region (as identified with the support of data
statistics and surveys).

Eight baseline hazard scenarios were instead identified for
the sensitivity analysis of the building parameters (Scenar-
ios 5 to 12 in Table 4). The values of the hazard features
characterizing these different scenarios were selected by con-
sidering the different thresholds for these parameters causing
the occurrence of the various damage mechanisms included
in the model. Extensive vulnerability variables (e.g., foot-
print area, external perimeter and related parameters) were
not included in this analysis due to their obvious direct influ-
ence on the damage estimation. Constant parameters or those
with small variability expected in practical terms (e.g., inter-
floor and basement height) were excluded as well.

The range of variability for each parameter in the sensitiv-
ity analysis (Table 5) was estimated by considering the max-
imum and minimum values observed during the elaboration
of data statistics (Sect. 3.1).

3.2.1 Results of the sensitivity analysis for the hazard
parameters

The results of the sensitivity analysis are summarized in
Figs. 10 and 11, which show the effect (i.e., sensitivity
score, Eq. 3) on the estimated damage of the different hazard
(Fig. 10) and building (Fig. 11) parameters when they vary
from the reference value established in the baseline scenarios
(Table 4) to their respective extreme values (Table 5).

Consistently with the literature (Merz et al., 2013; Schröter
et al., 2014; Amadio et al., 2019), Fig. 10 highlights the over-
whelming importance of the water depth for damage com-
puted by INSYDE-BE, especially for shallow inundations
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Table 4. Sensitivity analysis of the model parameters: definition of the baseline scenarios for the testing of hazard and building parameters.

Test Scenario Water depth Velocity Flood duration Sediment load Water quality
[m] [m s−1] [h] [%] [–]

Sensitivity to hazard parameters 1 0.3 0.5 72

5 0
2 0.3 1.5 24
3 0.8 0.5 72
4 0.8 1.5 24

Sensitivity to building parameters 5 0.8 0.5 10

5 0

6 0.8 0.5 36
7 0.8 2.5 10
8 2.0 0.5 10
9 2.0 0.5 36

10 2.0 2.5 10
11 0.15 0.5 10
12 0.15 0.5 36

Figure 10. Sensitivity scores for the hazard parameters (Table 5)
and scenarios (Table 4). Green: negative change; yellow: positive
change.

Table 5. Sensitivity analysis of the model parameters: definition of
the baseline values (Table 4) and lower and upper bounds for the
tested parameters.

Parameter Baseline x−
i

x+
i

values

Water depth h [m] 0.3; 0.8 0.3 3.0
Flow velocity v [m s−1] 0.5; 1.5 0.2 2.0
Flood duration d [h] 24; 72 12 168
Sediment load s [%] 5 0 20
Water quality q [–] 0 0 1
Basement area BA [m2] 0.5 ·FA 0 FA
Ground floor level GL [m] 0.2 0.6 0
Building type BT [–] 3 4 2
Building structure BS [–] 2 1 2
Finishing level FL [–] 1 0.8 1.2
Level of maintenance LM [–] 1 0.9 1.1
Year of construction YY [–] 1940 2000 1910
Plant distribution PD [–] 2 2 1
External finishing material EFM [–] 1 3 1

(0.3 m, as in Scenarios 1 and 2), with sensitivity scores rang-
ing from about 200 % to 300 % and reducing by half in Sce-
narios 3 and 4, which are characterized by a higher reference
water depth (0.8 m). A similar behavior is observed also for
the flood duration, although with a comparatively smaller in-
fluence, in the range of about −35 % to +45 % for Scenar-
ios 1 and 2 and ±25 % for Scenarios 3 and 4.

For the case of sediment load and the presence of pollu-
tants, damage variations are found to be less significant, with
sensitivity scores not exceeding 10 %. Figure 10 also indi-
cates that flow velocity is not a critical parameter for the
model when assessing damage for the typical flood events
occurring in the Walloon region due to their low character-
istic flow velocities (Fig. 4), which cannot cause significant
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Figure 11. Sensitivity scores for building parameters (Table 5) and scenarios (Table 4). Green: negative change; yellow: positive change.

structural damage (i.e., a larger influence is expected instead
for higher values of the flow velocity).

This analysis emphasizes the importance of the availabil-
ity of high-quality hazard data as input for flood damage as-
sessment. From a practical perspective, local information on
the expected water depth is in general not an issue in many
countries given that this is one of the main variables dis-
played in hazard maps, as required, for example, by the Eu-
ropean Floods Directive. The same applies for the flow ve-
locity, which, however, in the present case, has been shown
to have a negligible influence on the damage estimation. The
analysis also revealed the importance of estimating the in-
undation duration, information that should be derived from
the application of any unsteady hydraulic model but that is
only seldom provided in the hazard maps (de Moel et al.,
2009). Instead, difficulties may be encountered in assigning,
e.g., in ex ante simulations, a value to the input data related
to the water quality, s and q, which can still affect damage
estimation to a certain extent (Fig. 10). This problem can
be overcome by applying the default values implemented in
INSYDE-BE.

3.2.2 Results of the sensitivity analysis for the building
parameters

The results of the sensitivity analysis for the building param-
eters (Fig. 11) reveal the significant influence of the elevation

of the building with respect to the ground (GL), especially
for shallow water depths (Scenarios 11 and 12), with sen-
sitivity scores exceeding 200 %. This is a reasonable result
given that a certain elevation of the house can avoid or re-
duce damage in the case of a low or a higher water depth.
Other important parameters are represented by the finishing
(FL) and maintenance level (LM) of the building, which in-
duce changes in the damage estimates ranging between 15 %
and 40 %. The structural type of the building (BS) has a slight
influence (sensitivity score < 15 %) on the long-lasting inun-
dation scenarios (6 and 9), implying increased damage when
BS= 2 (masonry) due to activation of the damage compo-
nents related to the removal and replacement of the flooring
system and pavement. Regarding the external finishing ma-
terial (EFM), Fig. 11 highlights an important effect of this
parameter, especially in the case of low water depth and long-
lasting floods, because it affects building components like the
external plaster removal and replacement, which are highly
sensitive to flood duration.

The basement area (BA) is mainly important in the case
of shallow inundations and, even more, when their duration
is longer, as highlighted in Scenarios 11 and 12. This re-
sult can be easily explained by considering that at low water
depths most of the damage components are not (or are only
partly) activated, and then a large share of the total damage
is caused by the components related to the basement. A sim-
ilar pattern is found for the variable that indicates the type of
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distribution of the heating system (PD) due to the assump-
tion implemented in the model regarding the location of the
boiler in the building. Indeed, for the default value (PD= 2,
i.e., distributed system), when the water depth is shallower
than 1.6 m, no damage is expected to occur to the boiler; in
the case of a centralized system (PD= 1), the boiler is in-
stead supposed to be located in the basement, which is as-
sumed to be completely flooded for any water depth, causing
then total damage for this component. The changes of more
than 50 % observed for Scenarios 11 and 12 also depend on
the assumption related to the costs for replacing the boiler,
which are considered to be higher in the case of detached or
semi-detached houses (BT= 1 or BT= 2), where the heating
system is usually overdimensioned.

Finally, some influence of the year of construction of the
building (YY) appears only for long-lasting inundation sce-
narios (6 and 9 in Fig. 11), although with a rather limited
contribution (sensitivity score < 15 %) as a result of the non-
occurrence of the damage to the flooring system component
for newer buildings.

In conclusion, excluding the obvious contribution of the
extensive geometric variables, the analysis highlighted the
importance of an accurate assessment of the vulnerability pa-
rameters, especially in the case of shallow inundations, with
GL being the most critical factor, given its influence on the
damage prediction and the practical difficulties for its proper
characterization at the building scale. The results also indi-
cated that the use of the default values implemented in the
model can be a reasonable choice in the case of lack of de-
tailed knowledge on the other input vulnerability parame-
ters; indeed, the analysis has demonstrated that this opera-
tion would certainly increase the uncertainty in the damage
estimation but only to a small extent.

3.3 Current limits to the validation of INSYDE-BE

Reliable empirical data on flood damage are essential to sup-
port the validation of flood damage models. However, such
datasets remain scarce and incomplete, particularly those
combining a large spatial coverage (e.g., regional, national)
over a long period (e.g., several decades) with a detailed res-
olution (e.g., address-level data). For the Walloon region, a
database of about 27 000 compensation claims submitted to
the Disaster Fund (a Belgian state agency) is available over
the period 1993–2019. This database contains information
on the economic damage at the building level assessed by
state-designated experts for various types of natural disas-
ters. Riverine floods correspond to about one-third of the reg-
istered events between 1993 and 2019, accounting for one-
half of the total claimed damage. Despite this large number
of loss data, the usefulness of the Disaster Fund database for
validation purposes is considered very limited due to the na-
ture of the compensation scheme adopted in the region in
the case of calamities (Doppagne, 2020; Hogge, 2020). In-
deed, for inundation events, the Regional Service of Calami-

ties can intervene only in a suppletive way, which means that
all types of damage that may be covered by an insurance con-
tract are excluded from the compensation by the state. This
supplementary character is reflected in the legislation by a
limitation in the compensable assets, which mainly include
only external parts of the building (a terrace on a concrete
screed, a garden shed on a concrete screed, fences fixed to the
ground with concrete, a retaining wall, a stone wall, etc.) and
exclude the main components modeled in INSYDE. There-
fore, the database provides only a portion of the overall flood
damage figure in the Walloon region, as corroborated by the
detailed analysis performed by Doppagne (2020). The au-
thor analyzed claim data related to the major flood events
included in the database (1993, 1995, 2002), which caused a
large portion of the total reported damage. According to the
analysis, the average flood damage per building is less than
EUR 3000, which differs by about 1 order of magnitude with
respect to the amounts observed in comparable flood events
that have occurred over Europe in the last few years (Thieken
et al., 2005; Amadio et al., 2019). Moreover, contrary to ex-
pectations, the correlation between claimed damage and wa-
ter depth at the building scale has been found to be relatively
low.

Insurance data can certainly be an alternative for valida-
tion, but access to them is currently restricted due to their pri-
vate nature. On the contrary, the recent floods that occurred
in July 2021 in Belgium (Dewals et al., 2021) could be an in-
teresting validation test case as soon as the results of ad hoc
damage surveys in the affected areas are made available.

In the meantime, the application of INSYDE-BE in com-
bination with other existing models developed for contexts
similar to the one under investigation can be considered to
support the trust level in the damage assessment (Wagenaar
et al., 2016; Figueiredo et al., 2018; Molinari et al., 2020). As
an example, we report here the estimated losses obtained for
a historical flood that occurred between late December 1993
and early January 1994 in the lower part of the Ourthe River.
For this event, a validated flood extent and 5 m resolution
raster of the water depths and flow velocities are available,
simulated with the WOLF2D model (Ernst et al., 2010; Er-
picum et al., 2010). The impacted areas included the villages
of Tilff, Méry and Esneux, involving a total of 621 residential
buildings, as extracted from the intersection of the inundated
area with PICC data (Fig. S11).

In this exercise, FLEMOps, Flemish and JRC models
(Thieken et al., 2008; Vanneuville et al., 2006; Huizinga,
2007; Huizinga et al., 2017) were selected as a comparison
means for the results obtained by INSYDE-BE. Both the Bel-
gian Flemish model (Vanneuville et al., 2006) and the JRC
model (Huizinga, 2007; Huizinga et al., 2017) use relative
meso-scale depth–damage curves for damage assessment in
different land-use classes. Therefore, in these two cases, av-
erage water depth and total built-up area within each in-
undated residential land-use zone were calculated; for each
zone, the damage factor provided by the curves was then
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Table 6. Estimated losses for the 1993–1994 flood event of the Ourthe River (values in millions of euros in 2020).

Model INSYDE-BE FLEMOps Flemish JRC

Calculated loss [million EUR] 3.1 2.3 0.6 10.1

multiplied by the total exposure value of the affected build-
ings, based on the regional averages of housing prices. For
the application of micro-scale INSYDE-BE and the German
FLEMOps (Thieken et al., 2008), water depth and flow ve-
locity at the building location were assigned by consider-
ing the average of raster cells within each building poly-
gon. For INSYDE-BE, the flood duration and the parameters
related to the sediment load and the presence of pollutants
were set as their default values. Regarding the building fea-
tures, the PICC data were used to assign the building’s foot-
print area, while other additional vulnerability parameters
were estimated using Google Street View (number of floors
(NF), ground floor level (GL), building type (BT), build-
ing structure (BS) and external finishing material (EFM))
or were based on the information from the census data of
2011 (year of construction (YY)). Regarding the housing
quality, all the buildings were assumed to have a medium
finishing level, while all other missing building characteris-
tics required in INSYDE-BE were set at their default values.
The results for the case study considered are reported in Ta-
ble 6, which shows, similarly to other exercises on damage
models’ comparison (Thieken et al., 2008; Jongman et al.,
2012; Scorzini and Frank, 2017; Molinari et al., 2020; Pa-
protny et al., 2021), differences in the simulated losses of up
to 1 order of magnitude. This high spread in the results can
be explained by the well-known heterogeneity characterizing
the shapes of the selected damage curves, especially at shal-
low water depths (i.e., below 1–1.5 m; note that, in the tested
event, median values of water depths at building locations
were about 0.3 m). An interesting observation from Table 6 is
that the most similar results were provided by INSYDE-BE
and the empirical model FLEMOps, with the last one already
proven to exhibit fair performances in validation tests also in
regions different from the original one (Dottori et al., 2016;
Molinari et al., 2020; Paprotny et al., 2021).

4 Conclusions

In this study, we presented the adaptation of the Italian IN-
SYDE model for the estimation of flood damage to residen-
tial buildings to the Belgian context. The procedure for the
adaptation, which can theoretically be replicated in any other
region and for any other synthetic model with explicit as-
sumptions, can be summarized as follows. After a prelim-
inary collection of the data for the characterization of the
new context in terms of hazard, exposure and vulnerability,
representative values for the input parameters need to be de-

fined by means of a statistical analysis or literature review.
The next step, supported by evidence retrieved from virtual
and field surveys (recommended if possible), consists in the
modification of the damage functions to represent the typical
damage mechanisms occurring in the region. The updating
of the unit prices for the removal and replacement operations
related to the damaged building components completes the
full adaptation of the model. Nonetheless, a sensitivity anal-
ysis for the adapted model may be useful to identify relevant
variables and to analyze the effect of possible uncertainty in
the input data for the damage estimation.

The study highlighted that the flexibility and the transpar-
ent methodology implemented in the INSYDE model are key
for a straightforward adaptation to other contexts.

For the newly developed INSYDE-BE, the main limitation
is currently related to its direct validation, which was not pos-
sible due to the lack of fully representative empirical data for
the Walloon region. In this case, until useful validation data
are made available, multi-model applications, such as the one
shown in this study, can be useful to support more informed
damage assessments.

Code and data availability. In order to increase the transparency
and reproducibility of the methodology, the model functions are
available for download as R open-source code, currently hosted on
Mendeley Data: https://doi.org/10.17632/7ckzzz3xz5.1 (Scorzini et
al., 2021b). Thus, users have the possibility of applying INSYDE-
BE to compute flood damage for the different building types of
interest and for any reference flood scenario. Furthermore, the
model can be fully customized as users can change the values of
model parameters and reference prices for the monetary evaluation
of damage, as well as the different damage functions themselves.
Data from the virtual and field surveys are available in the reposi-
tory as well (https://doi.org/10.17632/7ckzzz3xz5.1, Scorzini et al.,
2021b).
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