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1 Introduction

Thisdocumenh & YSFyd a Fy FTRRAGAZ2YIf R200#SY lavi 21 &iKSa YDy tF
which consists in the creation of proof of concept muikk maps for cultural heritage (CH) at different scales and is the result
oftheworkdevelbd gA GKAY (GKS FNIYS@g2N] 2F GFal T1TdPodo a{eaidSYliaAac
G2 dzNDty G2 NBIA2YLFE YR ylLiAz2ylt aolfSaéo

Therefore, the following pages provide a short and practical methodology for understanding and replicating that teps
national scale, regional scale, urban scale and at the scale of a biosphere reserve, considering four types of rigs,landslid
floods, earthquakes and wildfireEarthquake risk and seismic risk are used with the same meaning.

It is worth noting that, since the focus of these guidelines isGe consequences on people or the environment are not
considered. This means that the risk fo€Ebuilding is only referred to thbuilding or asseper se and not to the people that
may inhabit it. Risk analyses on people are necessary and must be integrated with assess@igriuirthey are the default
kind of risk assessmeand are not dealt with in this task

The analysis begins with the definition of the risk equation, incorporating its fundamental components: hazard, vulnerability
and exposure.

The risk equation is based on the relationship: R = H x Wheie:

1 R:Risk

1 H: Hazard of the event

1 V: Vulnerability of the exposed element
1 E: Exposure (value) of the element

The hazard represents the probability thert adverse event will occur in a given location with a certain intensity. It is assessed
through historical data, geospatial models, and frequency analyses of past events. Vulnerability indicates the degregeof dama
a cultural heritage asset might sustain the event of a hazardous occurrence. It depends on structural, material, and
typological factors specific to the assets under consideration. Exposure accounts for the spatial distribution of cuitaga he
assets and their intrinsic value. This study evaluates exposure based on the cultural significance assigned to each asset.

Risk calculation requires a distinct evaluation of each element in the risk equation. The subsequent sections describe the
methodologies and datasets utilized for hazard (H), vulnerability (V), and exposure (E) across all risk types. A uniform
methodologi@l approach has been implemented for all four hazards to ensure consistencydifférent scale analysis.
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2 National scale

2 KAES tFNBSte@ dzZaASRI GKS GSNXY ayl (A efgs tbextenSionyhdidatielyanplis&l R A
between 100,000 krfand 1,000,000 ki Ideally this methodology can be used for crbssder maps, but crossing multiple
countries increases the risk of inhomogeneous maps and database which would require further data preparation with respect
to the method adopted in this proof of conceptM@n its extension, the ubiquitous dissemination of CH assets, and the detailed
spatial knowledge about different types of risk, Italy is an optimal proof of con&& for the proposed methodology.

2.1 Cultural Heritage Database

The database used in this study is provided by the Ministry of CyMirg 2025) and includes 185,708 georeferenced cultural
heritage assets. Each asset is described based on its geographic location, designation (physical description of the asse
typology (e.g., churches, palaces, bell towers, etc.), class (architectural, archealplpgik/garden), and cultural significance.
Among the 185,708 assets, only 155,076 (83.5%) have an assigned typology.

The classification based on cultural significance reveals(Eigiirel):

1 76,469 assets (41.18%) are officially recognized as cultural heritage,
1 107,630 (57.96%) have not yet undergone official verification,
1 1,544 (0.83%) are under evaluation,
1 65 (0.04%) have been declared of no cultural interest.
0.83%&04%

41.18%
57.96%

declared cultural interest

unverified cultural interest

ongoing evaluation of cultural interest
*not of cultural interest

Figurel. Distribution of the significance of CH within the database.

2.2 Typological Classification

Given that there are 393 different typologies, a matrix was adopted that combines five geometrical classes (tall,
equidimensional, small, subterranean, wide) with fixction categories of assets (defensive structures, open spaces,
infrastructure, etc.), as shown ifablel, resulting in 30 possible typological combinatiofkis classification enables a more
precise assessment of vulnerability concerning different hazards.
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Tablel. The elements at risk have been reclassified from 1A to 6E according to their geometry and category.

Tall | Equidimensiona|Small SubterranearWide
A B C D E
Buildings potentially containing valuable items 1]1A 1B 1C 1D 1E
Defensive Structures 2 | 2A 2B 2C 2D 2E
Civil buildings and artifacts 3 | 3A 3B 3C 3D 3E
Infrastructure 4 | 4A 4B 4C 4D 4E
Monuments, remains, and archaeological areas 5 | BA 5B 5C 5D 5E
Open spaces, landscapes and associated artifacts, natural monumg 6 | 6A 6B 6C 6D 6E

2.3 Hazard

2.3.1 Landslide hazard

Concerning landslide hazardatd come from the PAI project b\/SPRA (Istituto Superiore per la Protezione e la Ricerca
Ambientale) through the IdroGEO portdSPRA IdroGEO, 2028) consists of a shapefile mapping four hazard classes,

categorized based on different levels. The four classes are defined based on historical data, satellite data analysigyand in
surveys, providing a comprehensive assessment of landslide h@&igtoie?):

Low hazardP1)
Medium hazardP2)
High hazardP3)

1
1
1
1 Very high hazar@4)

Italia

Pericolosita e Indicatori di Rischio
1droGEO . - QISPRA

s3km’ 000 59.433764 A& 2611766
PN s g e

795 bkaoﬁuu £y 213360
o I Gt

Pericolosita e indicatori dirischio

Figure2. Screenshot from 1droGEO portal (ISPRA IdroGEO, 2025).

A Glshased "select by location" operation was performed to assign a hazard value to cultural heritage assets. This proces:s
identified assets located within the mapped hazard classes. Subsequently, the hazard values were assigned using thee "Calcula
Field' tool, setting the hazard value based on the selected elements for each class and assigning values ranging from 1 to
according to the corresponding hazard legigure3).
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Landslide hazard

Cultural heritage assets
o Cultural heritage assetsin cat 1
o Cultural heritage assetsin cat 2

4 &

0 100 200 300 400km o Cultural heritage assetsin cat 3

| o Cultural heritage assets in cat 4
a= A -~

Figure3. National map showing the landslide hazard for cultural heritage.

2.3.2 Flood hazard

For the flood risk, the maps used derive from the Flood Risk Management Plan (PGRA Piano di Gestione del Rischig,di Alluvior
which categorizes areas into three risk levels based on different probability scenarios:

1 High hazard (P3): Areas subject to flooding with a return period of up to 50 years
1 Medium hazard (P2): Areas subject to flooding with a return period between 100 and 200 years
1 Low hazard (P1): Areas subject to flooding with a return period exceedingZ0Dyears

This classification is based on the return period of flood events, which indicates the average interval between occufrences o
similar magnitude. Similar to the PAI dataset, which identifies areas of landslides hazard, this database was alsorotained f
ISPRA via the IdroGEO platform (ISPRA IdroGEO, 2025). It includes a detailed shapefile representing three levelsod flood haz
¢KS laaAixdayySyid 2F KIFITFNR @FtdzSa G2 SIOK OdzZf GdzNI & | aasSi
geogaphical position in relation to the designated hazard zones. The methodology follows the same approach used for
assessing landslide risk. After selecting the assets based on their spatial location within the hazard areas, they menteaassig
correspondindhazard value of 1, 2, or 3, depending on the level of flood haFagdie4).

Flood hazard

Cultural heritage assets
Cultural heritage assets in cat 1

0 100 200 300 400km ) + Cultural heritage assets i cat 2
| e —— + Cultural heritage assets in cat 3
S B Ao >

Figure4. National map showing the flood hazard for cultural heritage.



Finanziato / Ministero s .
dall'Unione europea dell'Universita i [taliadomani Qetu rn
NextGenerationEU e della Ricerca B N enza

2.3.3 Earthquakehazard

Concerning the earthquakeazardthe initial data pertains to the national mapping of ground acceleration (ag) values provided

by the Italian National Institute of Geophysics and Volcanology (IRE§. This operaccess dataset encompasses the entire
Italian territory and consists of a point shapefile with a grid of points approximately 2.5 km apart, each associated with a
corresponding ag value. The employed methodology involved creating a grid elithneceasuring 2.5 km on each side,
centering each cebn the points from the database, and subsequently rasterizing it. This process resulted in a retEdaal

map where each cell represents the ag value over an area of 5STkeaseismic hazard map at national level provided by INGV
has been replotted considering the return period associated with CH buildings. Assuming a nominal life of 50 years and ar
important class Ill, a return period of 712 years is obtained for SLV.

The classification of ag values is divided into 12 classes, specified as follows0.02%10.02€).050, 0.0510.075, 0.076
0.100, 0.1010.125, 0.1281.150, 0.1510.175, 0.176)0.200, 0.2010.225, 0.226).250, 0.2510.275, and 0.276.300. To ensure
congstency with the hazard classification of other risks, the ag values were grouped into four classes:

7 Class 10.001-0.075
7 Class 20.0760.150
71 Class 30.1510.225
71 Class 40.2260.300

Asfor the risks explained aboveaeh CHasset in the database was assigned a corresponding value from 1 to 4 based on its
spatial distribution, utilizing the "Point Sampling Tool" comman@ligenvironment, which extracts raster values at specified
point locations. This approach generated a map representing the respective hazard for each point, categorized intodeur class
consistent with landslide risk assessmérigureb).

Seismic hazard

Cultural heritage assets
* Cultural heritage assets in cat 1
© Cultural heritage assets in cat 2

St
0 100 200 300 400km * Cultural heritage assets in cat 3
e * Cultural heritage assets in cat 4

Figureb. National map showing the seismic hazard for cultural heritage

2.3.4 Wildfire hazard

Finally, concerning wildfire hazard, inre properly asusceptibilitymapping based oraster with a spatial resolution of 100
meters developed by CIMA. Tliataset classifies vegetation into four main categories: grassland/cropland, broadleaf forest,
shrubland, and needleleaf forest. Additionally, each vegetation type is further categorized into three susceptibilithighels:
medium, and low, resultingnia total of 12 classes. To maintain consistency with the classification system used for other
hazards, only the susceptibility levels (high, medium, low) were considered, reducing the number of categories to thgee. Usin
the same methodology applied for seismic hazard assessment, each cultural asset in the database was assigned a hazard va
ranging from 1 to 3 based on its spatial location within the susceptibHigure6).

10
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Fire hazard

Cultural heritage assets
© Cultural heritage assets in cat 1

Mo 100 200 300 400km b © Cultural heritage assets in cat 2
| e — ’ e Cultural heritage assets in cat 3

Figure6. National map showing the wildfire hazard for cultural heritage.

More specificallythe map is generated using a Machine Learning algorithm, specifically a Random Forest Classifie
(see Trucchia et al., 2023 for further details on the model). The Machine Learning model classifies each map ce
into two categories: either susceptible to dfire or not. The model then assigns a probability of belonging to the
fire class, as a value between 0 and 1. This value is considered indicative of the susceptibility to fire ignition anc
propagation.

Susceptibility is defined as the probability that a fire will ignite and spread in a specific area, considering
predisposing factors such as the area's topography and vegetisfien(Leuenberger et al., 2018).idtimportant

to highlight that wildfire susceptibility is driven by predisposing conditions for ignition and propagattibnot by
transient conditions linked to a specific everthus representing a static variable.

To perform the classification, the model combines past fire data with predisposing geophysical and climatic
variables. The model was trained on a gauropean scale: the geographical scope of the analysis compensates for
the limited temporal range of avaible data, allowing the algorithm to detect the key territorial characteristics that
influence fire susceptibility after ignition.

Burned areas across Europe from 2008 to 2022, sourcedtfrerBuropean Forest Fire Information SystdtiFIS
(EFFIS, 262 were used to define the class of each celtlicating whether it experienced a wildfire. Additional
geotopographic variables like slope, aspect (from MEititorRemoved Improved Terrain digital elevation model
MERIT, Yamazaki et al. 2017) and land cover from the Global Copernicus Land CqGapmiagcus, 2025yere
also included, along with climate indices from the W5E5 dataséire predisposing factors (ISIMIEQ25).

For the climatic data, some indices were aggregated agedB8 climate averages. All gégpographic and climate
variables used in the model ashown in

Table2, while Table9 displays each variable's importance in evaluating susceptibility. This figure highlights that
vegetation continuity (i.e., the variable neigh_veg) provides the highest information gain, underscoring the role of
@S3ASOHlLGA2Y RFEGE Ay dpthiitStoldifelighiion And lspyead: THE yaiable idpdeiatze was
evaluated using the Gini impurity index.

11
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Predisposing factor Variable name
Topography Elevation dem
Slope slope
North side of the slope north
South side of the slope est
Vegetation Vegetation type veg
Tree cover density TCD
Vegetation continuity neigh_veg
Climate Mean annual relative humidity RH
Mean annual temperature (43 -years average) T_average
Maximum daily temperature (43 -years average) T_max
Total annual precipitation (43 -years average) Rain
Mean annual wind speed (43  -years average) Wind
Maximum annual consecutive dry days (43 -years average) CDD
Maximum annual consecutive wet days (43 -years average) CwD

0.25

e
Y]

o
—
w

Importanza della variabile
g

b
=}
[

0.0

L @A
& )

&AL

Figure7Z.L YLI2 NI I yOS 2F SIFOK @I NAIo6ftS dzaSR o6& al OKAyS [SIN

The resulting susceptibility map (see Figura)ds expressed as a continuous value between 0 and 1, where higher values
indicate greater likelihood of fire occurrence.

This is also shown in tHégure8b, where the overall distribution of susceptibility values is compared to those observed during
wildfires in Italy from 2007 to 2023 (data source: national inventory shared by Italian Civil Protection Department to CIMA
Foundation for research purposesa clear distinction is visible between these distributions. Analyzing susceptibility values
across different fire size classdsigure8b) reveals that small fires (burned area < 1 ha) are mostly associated with low

12
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susceptibility values, while large fires (>100 ha and >1000 ha) are statistically linked to high susceptibility valaesly$isis
shows the informational value of the susceptibility map, as it enables identification of areas where territorial candidgn
promote the spread of largscale fires.

[a] [b]
Susceptibility map i all pixels
37 1 fire pixels
| Q1
1 -— Q3
i
1

! 0.839817
0.056629

Density

Wildfire class
[ A>1000ha
[ 100ha<A<1000ha
L 1 10ha<A<100ha
Ran [T 9 [ lha<A<10ha
i A<lha

0 100 200 km
—

01 02 03 04 05 06 07 08
Susceptibility

Figure8. In [a], the susceptibility map for Italy; in [b], the distribution on susceptibility values in wildfires location, compared
to the overall distribution (upper plot) and divided by wildfire extension classes (lower plot).

From the continuous susceptibility map, three classes (low, medium, high) were defined based on the 25th and 75th
percentiles. These quantiles were calculated at the national level to identify areas with lower and higher suscelpitjuitity.

9 shows the distribution of these three classes nationwide, and the percentage of each class affected by wildfig0gZ)07
Results show a strong imbalance: while the kégisceptibility class covers only 25% of the national territory, it includes 10%

of burned areas A Y RAOF GAy3 (GKA& | NBFQa KAIK FANB NR&a]l® Ly O2yiN
reduced propensity for fire spread. This confirms the value of using the susceptibility map in RISICO to highlight areas o
signifcant wildfire risk.

13
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Classes distribution Percentage affected by fires

low - 25.0% 0.3%

medium 450.0% 1.9%

high

60 40 20 0 20 40 60
[%] [%]

Figure9. Percentage of coverage of each susceptibility class at national level with respect to the percentage of each class
affected by wildfires.

2.4 Vulnerability

Each of the 30 classifications definedrablel was evaluated for each type of risk in relation to its intrinsic vulnerability. As a
result, for each clasanerability was assessed based on theetyyf risk assigning a value on a fietass scale (Low, Medium

Low, Medium, High and Very Hidipble3). This coding allowed for the attribution of a vulnerability value ranging from 1 (VL)

to 5 (VH) to each element in the databa3ée classification was based on the structural and functional characteristiese
available, assignments were made starting from scientific literature, otherwise they were based on expert judgement. To
validate suchassessmeniTable3 has been discussed at the RETURN 4ispetke meeting held in Florence on 13 November
2024 and has been presented at EGU 2025 in Vienna (Intrieri et al., 2628})s without a specified typology were excluded
from the assessment, resulting in a null value for vulnerability in those ctmaefore the study at the national scale has been
done on thel55,076 (83.5%gssets with an assigned typology

Table3. Vulnerability matrix for flood (FL), earthquake (EQ), landslide (LS), and wildfire (WF) risks assigned to each class
(ranging from 1A to 6E, seBablel). The possible vulnerability values are very low (VL), low (L), medium (M), high (H) and
very high (VH).

Tall Equidimensional Small Subterranean Wide

A B C D E

Buildings
potentially
containing
valuable items

Defensive
Structures

14
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Civil buildings
and artifacts

Infrastructure

Monuments,
remains, and
archaeological
areas

Open spaces,
landscapes and
associated
artifacts, natura
monuments

2.4.1 Landslide vulnerability

In the case of landslides, tall buildings containing valuable objects were classified as Very High vulnerability, dgttheir he
increases susceptibility to structural failure and the presence of valuable artifacts amplifies potential damage. Onthe othe
hand, lowrise open spaces were generally assigned lower landslide vulnerability values, as they are less prone to collapse an
typically contain fewer movable assets at ribig(rel0).

Landslide vulnerability

Cultural heritage assets
® Verylow
e Low

Medium

0 100 200 300 400km e o High
e ® Veryhigh
e A A

Figurel0. National map showing the landslide vulnerability of cultural heritage.

2.4.2 Flood vulnerability

Concerning floods, the vulnerability of cultural heritd§eurell) has been classified based on a taxonomy inspired by existing
works on large scale flood risk assessments (Figueiredo et al., 2020; Arrighi et al., 2023; Garrote et al., 2020) tlyat typica
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identify in cultural buildings with potential high finishing levels, decorations and artworks the highest degree of daemage, i
religious buildings and museums. Another relevant geometric aspect is the position with respect to the ground and the surface
extent that make underground objects or oséory buildings with large footprint more vulnerable than the others.

Flood vulnerability

Cultural heritage assets
® Verylow

o Low
Medium

o High

® Veryhigh

N

Figurell. National map showing the flood vulnerability of cultural heritage.

2.4.3 Earthquake vulnerability

Concerning th earthquake vulnerability, the assessment started frpreviousresearch(Lagomarsino et al., 2004)at
defines monumental buildings typology that are in part overlapping with the ones propo3ebial. These values have been
firstly normalized within O and 1 and then associated to the five vulnerability classes according to the rangesd.®Ryv (0O
mediumlow (0.20.4); medium (0.4€.6); mediumhigh (0.60.8); high (0.8L) (seeTable4).

Table4. The building typologies fronb,agomarsino et al., 200isted within the assumed vulnerability classification.

Typology Vulnerability
class
Arch bridges Medium-
low
Castes Medium-
high
Churches High
Columns Medium
Monasteries High
Mosques high
Obelisks Medium
Palaces Medium-
high
Temples Medium
Towers High
Triliths Medium
Triumphal arches Medium

The typologies for which the literature provides the vulnerability indeXeble4) have been imported in the taxonomy matrix
as shown inTable5. The remaining classes have been defined through expert judgrmabtel) to obtain the vulnerability
map Figurel?).
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Tableb. Set of the vulnerability matrix fixing the elements coming from the literature.
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Seismic vulnerability
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® Verylow
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¥ (Y 4 Medium
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Figurel2. National map showing the seismic vulnerability of cultural heritage.

2.4.4 Wildfire vulnerability

Finally, the vulnerability assessment for wildfire risk follows an expert judgement app{Balcle3). Given the distinct nature
of fire-related damages, the classification of vulnerability levels differs from those applied to other héZzigid=13).
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Wildfire vulnerability

Cultural heritage assets

Figurel3. National map showing the wildfire vulnerability of cultural heritage.

2.5 EXposure

Exposure was evaluated based on the level of cultural intendtt reference to the four classifications provided in the
database (sectior2.1): recognized as CH, not still evaluated, under evaluation, of no cultural intéssigning 1 and 0
respectively to the first and latter classes, the two remaining classes could have been assigned an intermediate vau# by def
(0.5) or a weighted value based on the probability that a CH under evaluation or to be evaluated willeril yf G KS & NB C
Fa /1¢é 2N AYy (KS a2 TSint@onlpeiiadsatsNG.04%) weteicideiBell Asénot OFfcuitiral ifterest, it was
deemed reasonable to assign an exposure value of 1 to all other assets. This approach is justified by the fact that, generall
the vast majority of assets undergoing veation are ultimately classified as culturally significant. As a result, even assets
currently under review have been assigned an exposure value of 1, in line with those alreadyzedagriulturally valuable.
Consequently, when mapped, the exposure assessment effectively encompasses the entire database of cultuff@iicassets

14). This approach is applied consistently across all four considped of risk

Exposure

(0] 100 200 300 400km Cultural heritage exposure
| e ® Cultural heritage assets
T O 4 dC T .

Figurel4. National map of the elements at risk.
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2.6 Risk

The risk assessment was conducted following the risk equation outlined in séct®pecifically, for each cultural asset, the
values of H (hazard), V (vulnerability), and E (exposure) were multiplied to obtain a comprehensive risk value. Thigggocess
carried out within a GIS environment using the Field Calculator, where the profiheise variables derived from the spatial
selection process was computed. The final output consists of a field containing the total risk value for each asset. To enhance
the representativeness and usability of the final risk assessment, wWata aggregated at the municipal scale. This was
achieved by summing the individual risk valoégvery assetvithin each municipality, using administrative boundaries as the
spatial reference. The same methodology was applied to all four considered hazards, gesmsistency in the analysis.

For the cartographic representation of the final risk values, municipalities were classified into five categories (véngthigh,
medium, low, and very low risk) in addition to a null category for areas with ndqFigkire15 and Figurel16). Notably, the
earthquake risk is ubiquitous with the exception of Sardinia region, so in continental Italy H for earthquakes is newer 0; th
reason why some municipalities have 0 risk is that they do not contain any cultural heritage, according toshy Matabase.

Landslide risk %, ) Flood risk

Landslide risk for municipalities Flood risk for municipalities
with cultural heritage assets A} with cultural heritage assets
None None
B Very low ! B Verylow
B Low B Low
Medium Medium
. Hoh 100 200 300 . High

B Very bigh e — W Very high

e e

Figurel5. National map of landslide risk (left) and flood risk (right).

Seismic risk Wildfire risk

Wildfire risk for municipalities

with cultural heritage assets
None

B Very low

B Low
Medium

B High

Il Very high

Seismic risk for municipalities
with cultural heritage assets

Figurel6. National map of seismic risk (left) and wildfire risk (right).
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Before proceeding with the description of the risk categorization, a visualization of the spatial distribution of cuksetal as
across the ltalian territory was carried out. For this purpose, a density map (heatmap) with a 10 km radius was produced, in
order to highlight clusters of cultural assets within limited areas, as shoWwigirel7a. In addition, the number of assets was
calculated for each municipality, as illustratedHigurel7b.

Cultural heritage assets
in municipalities

Cultural assets count

Cultural assets

density heatmap -5

B 5-50
50-100

Heatmap o B
3.408

" B 100- 500

0 5 B . B >500

=7 7 R

Figurel7. Heatmap of asset density calculated with a 10 km radiledt) and map of the number of assets per municipality
(right).

The images clearly show that the spatial distribution of cultural assets in Italy is not homogeneous, but rather tends to
concentrate in large cities and historically significant centers. This distribution plays a crucial role in the riskatiassifi
process, since both the density and the total number of assets significantly affect the calculation of the risk valugiiR). For
reason, the density of assets exposed to risk was calculated within each municipality, with the results representedeon a scal
from 0 to 1, defined as

£ 040D i B Q

0 ¢ o WD | Qo

This value makes it possible to highlight the proportion of assets actually exposed compared to the total.

Risk classes are defined based on the value of R, calculated as H x V x E. The classification was designed to reptasent the c
as meaningfully as possible and to ensure a balanced distribution of values across classes.

The use of logarithmic or geometric progressions as separation criteria resulted in an excessive concentration of niemicipalit
in the Very High class, thereby generating an imbalance among the different categories. To overcome this issue, nevsthreshold
were specifically defined for each phenomenon under analysis.

In the overall calculation of R, the values obtained for the four hazards showed different orders of magnitude (as described
the following sections). This disparity could lead to a disproportionate influence of certain hazards over others in ithe mult
hazard assessment. In other words, without normalization, hazards with higher absolute values would carry greater weight in
the overall classification, regardless of their relative significance.

To ensure a consistent comparison across hazards and a balanced evaluation -bfamari risk, a normalization procedure
was introduced using the following indicators:

T 4.. .0 ZpMMT
ﬂ =|v<>—
T A
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Where R represents the risk value for the municipalityaxi® the maximum R value among all municipalitiesi-Rallows
scaling values onto a common scale from 0 to 1000, whileRables the assessment of normalized risk relative to territorial
extent, highlighting potential concentrations of exposed assets in restricted areasidmalizes the R value with respect to
the total number of assets.

The class thresholds for R may vary depending on the specific distribution of the data, whereasnfandR Ry they are
uniform across all four hazard§gble6), ensuring consistency in classification. With regardhta, Rs with the nomormalized
R, the classes were defined on a chyecase basis.

Table6. Risk classes forsBm and Rup.

ClasgsRiom ClasgsRsup
Very low 0c1l Very low 0¢0,1
Low 1¢5 Low 0,1¢0,5
Medium 5¢10 Medium 0,5¢1
High 10¢ 100 High 1¢5
Very High | 100- 1000 | Very High >5

For landslide riskhe density of assets at risk within each municipality was calculated, as sh&igunel8.

Municipality cultural heritage
assets density for landslide
tisk

Assets density
0-0
0-02

. 02-04

4-06

100 200 0 400km

Figurel8. Density of assets at landslide risk calculated within municipalities.

For the classification of nenormalized R anddg, the classes shown ifiable7 were selected to best represent the data
frequency illustrated irFigurel9a, b, ¢, and d. The results are shown in Figure 4a, b, ¢, and d.

Table7. Classes for nomormalized landslide R andoRi.

ClasssRlandslide ClasgsReeni landslide
Very low 1¢10 Very low 0¢0,1
Low 10¢ 50 Low 0,1¢0,5
Medium 50¢ 100 Medium 0,5¢1
High 100¢ 500 High 1¢1,5
Very high > 500 Very high >15
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Figurel9. Frequency distribution of landslide risk values R (a)rR(b), Rup (C), @and Beni (d) with class separation.

In the Very High clagkere are35 municipalities for R, 10 fokrdrn, 1 for Rup, and 10 for Rni.
The same procedure has been applied to flood, earthquake and wildfire risks as well.

R is not normalizedvhich means that there is no maximum value for R. Depending on the type of risk, the possible range of R
values is very variable. For example, the earthquake risk has municipalities with many exposed assets. When the risk value «
each individual asses summed up to calculate the R for that municipality, the result can be as high as 50.000, while the wildfire
risk reaches as high as 5.000. Without normalization, this would produce a bias that gives a higher weight to the earthquake
risk. For this reasofiRhasnot been considered suitable for further analyses, such as msiticalculation

This issue is solved usingR that normalizes the risk values for each type of risk with respect to its maximum value so that
every risk has the same potential range (e.g. from 0 to 1).

In Rup, the extension of a municipality does not effect its risk, so that larger or smaller municipalities are not biased; however
it is still affected by the density of assets, since the risk value is obtained by summing the single risk values faegach as
therefore the total number of assets influences the finabRalue, according to the following equation:

BY Y 266N I Qoi & 660D Qi o
= . — Y — Y Wi i 'WHE i Q0 w
wi Qw wi Q wi Qw

with Y B—being the average risk value of each asset in a single municipaipis useful if the intrinsic risk

of a municipality is deemed of interest and if the density of assets has to be factored into, which puts at the samegkevel la
and small municipalities if both are relatively rich with cultural heritage.

Reeniwould be identical to Rpin the ideal hypothesis that the assets are homogenously distributed within the national territory.
On the other hand, Rniproduced maps that were very similar to the corresponding hazard and risk maps because the equation
above shows that the result would only be dependent fromte d,

22



dall'Unione europea dell’'Universita
NextGenerationEU “9&> edella Ricerca

Finanziato Ministero i

Italiadomani Q
EAMEOMAE eturn

v B'Y Y 204 QDI i Qo
£ 0GB i QoitoanBii Qoi
Since the exposure has been assumed 1 for each asset at the national level, this me#&bs.itBaty depends from V and H

that for the earthquake risk are strongly correlated, resulting in an as much correladg@dthquake mapFor this reason,
Reeni has not been considered suitable for further analyses, such as-risldtcalculation.

Normalized landslide risk for
municipalities with cultural
heritage assets

Normalized seismic risk for
municipalities with cultural
heritage assets

Landslide risk classes
None

Seismic risk classes
None

Bl Very low Bl Very low

B Low B Low
Medium Medium

B High B High

I Very high Bl Veryhigh

Normalized flood risk for
municipalities with cultural
heritage assets

Normalized wildfire risk for
municipalities with cultural
heritage assets

Flood risk classes
None

Bl Very low

I Low

Flood risk classes
None
Bl Very low
B Low
Medium Medium
8 High B High
Il Very high . > Bl Veryhigh

Figure20. Risk maps usingnkm for landslide, earthquake, flood and wildfire risks.

2.7 Multi-risk at national scale

The methodology used for multisk classification assigns an overall risk class to each municipality based on the individual risk
classes for landslides, floods, wildfires, and earthquakesw has been usethstead of using absolute risk valu@s),which
can vary greatly between hazardehe valuebave been then classified and subdivided into 5 classes (very low, low, medium,
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high, very high). This subdivision into classes is not linear but has been done using natural breaks and then adjusidgl to inc
in the highest risk class only a small number of municipalities; this subdivision can be arranged according to representation
needs(Figure2l).

Then the multirisk classification follows logical criteria that count if and how many single risks fall in a certain class. The aim is
to avoid instances where the multisk class designation might be due to a single anomalous risk value, insteadagiight
to the compresence of multiple risks. To dqg sach risk class has been attributed a value fromety(low) to 5 {ery high.

Then, the multirisk classes have been assigned according to the following classification criteria:

f £SNE KAIK X Mp
T IA3IK X MM

1 aSRAdzY % o

T [ 286 X c

T 2SNE 26 X po

This approach avoids distortions from normalizing values of different magnitudes and treats all risks equally. It alsssenhanc
comparability between municipalities and provides a more intuitive understanding of risk distribution, yielding balanced and
redlistic resultsThis map(Figure21) provides a tool for policy makers and highlights in red the municipalities that have many
assets exposed to high levels of several risks. A modified version of this map can be obtained by normalizing the sk values
the surface area or on the number of cultutaritage assets of each municipal{gs explained in the previous section) and is
shown inFigure21 (right).

i Multirisk map normalized
Multirisk map on municipality surface area
Risk classes

None
I Very low
I Low

Medium
B High
I Very high

Multirisk classes
None

B Very low

I Low
Medium

B High
Bl Very high

T ol

Figure21. Spatial map of municipalities by multhazard risk Kight).
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3 Regional scale

The Sardinia Region case study represents an intermediate scale of analysis, between the national and urban applications. Tt
focus is on a specific regional context, characterized by the unique presehagagicheritage, an ensemble of prehistoric
stone structures distributed across the island and recognized for their outstanding cultural significance.

3.1Cultural Heritage Database

The Sardinia case study is based on a dedicated cultural heritage database focusingNanagie and Nuragic monuments,
which constitute the most distinctive archaeological assets of the island. The database was designed in GIS format (vecto
shapefile)to enable systematic monitoring and risk assessmé&mp openRaccess inventories were integrated:

1 SardegnArcheologicaan official initiative cataloguing and georeferencing archaeological sites with particular
emphasis omuraghe.

f Nurnetg La rete dei Nuraghi | LI NOXAOA LI G2NB LI I GF2NY R20dzySydAiy3a |
where contributions are continually updated and reviewed by experts.

The harmonization process followed several-BaSed operations:
1. Georeferencing and integration of the two inventories, with the removal of duplicate entries.
2. Standardization of attributes into a common structure (site name, typology, chronology, geometry, materials).

3. Linking with ancillary data, including regional lithological maps from the Sardinia GeoNetwork, to assign construction
materials when direct descriptions were unavailabibese were used as a proxy for construction materials, under
the assumption that prehistoric builders relied on locally available stone resources.

4. Database formatting into a vector shapefile, enabling spatial overlay with hazard and vulnerability layers fasknulti
assessment.

The final dataset comprises 7335 monuments, spatially distributed across the island and enriched with attributes describing
typology, geometry, chronology, and (where possible) construction materials. Although the use of lithology as a proxy
introduces sore uncertainty, it provides a consistent basis for both vulnerability assessment antelongnonitoring of the
Nuragic network.Table8 shows the percentage of coverage of various types of structures, Wimlere 22 displays the
Sardinian map with the completed regional database and the associated pie chart.

Table8. Percentage of coverage of the various types of structures.

Megalithic circles 2.1%
Dolmen 1.3%
Domus de Janas 11.0%
Springs and sacred wells 4.2%
Cave 0.4%
Menhir 1.8%
Nuraghe- corridor 6.2%
Nuraghe- complex 15.1%
Nuraghe- complex mixed 0.9%
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Nuraghe- singletower 35.0%
Sanctuary 0.4%
Giants' tomb 17.0%
Nuragic Village 4.4%
Shelter 0.2%

Figure22. Completed regional database with the building typologies; pie chart.

3.2Typological tassification

The monuments included in the Sardisieale database belong to the PReiragic and Nuragic cultural phases, covering a
chronological span from the Neolithic to the Early Iron Age. Although all assets fall under the general class Monumeénss, rema
and artaeological areas (Category 5), they present a remarkable diversity in terms of function, morphology, and construction
techniques.

For analytical purposes, the classification adopted a dual approach, combining typological and geometric criteria:

1. Typological classification13 main categories were identifiedased onarchaeological literature and regional
inventories.Each typology was linked, where possible, to its chronological period

2. Geometrical classificationTo capture the structural configuration of monuments and their potential response to
hazards, each site was also assigned to a geometric class according to thadwiglth ratio of its main structure

Table9. Classification of the selected building typologies in terms of geometry and historical period.

ID Building Typology Geometry Period
51 Nuragheg corridor Equidimensional (B) | 17001350 A.C., Middle Bronze Age
5.2 Nuragheg singletower Equidimensional (B) | 15001350 B.C.
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5.3 Nuraghe- complex Equidimensional (B)

5.4 DAlIy(daQ @2Yo|Wide(E) Bronze Age

5.5 Sacred weels Subterranean (D) Bronze Age, early Iron Age

5.6 Domus de Janas Subterranean (D) 18001600 B.C., Middle Neolithic

5.7 Cave Subterranean (D) From 5th to the end of the 3rd millennium A.C.
5.8 Shelter Small (C) From 5th to the end of the 3rd millennium A.C.
5.9 Menhir Tall (A) From Neolithic to Copper Age

5.10 Dolmen Tall (A) From Neolithic to Copper Age

5.11 Megalithic circles Tall (A) Middle Neolithic

5.12 Sanctuary Wide (E)

5.13 Nuragic Village Wide (E) 1350 B.C¢ 950 B.C.

In addition, the classification incorporated information on construction materials, derived indirectly from the regional
lithological map. When monuments fell within lithological polygons of excluded classes;RytBtS) procedure was applied

to evaluateneighbouring polygons and assign the most probable litholoased onspatial proximity.This approach was
necessary because direct descriptions of materials are not systematically available in the inventories, and it assumes tha
prehistoric builders relied primarily on locally available stone resources. Although this method introducesrsmrtainty, it

ensures a consistent proxy for subsequent vulnerability and risk assessmbistsnethod, followed by grouping into maero
categories, allowed the systematic integration of construction materials into the datalbagare23), ensuring consistency

for subsequent vulnerability and risk analyses

ithological cartography
AL L, L

uuuuuuuuu
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building material [7335]
®  Carbonates [1268]
*  Granites [1507]
0 10 20km s Metamorphites [799]
-—
®  Trachytes auctorum [1501]

*  Alkaline vulcalites [2260]

Figure23. Completed regional database with the construction materials; pie chart depicting materials percentages.
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3.3 Hazard

3.3.1 Landslide Hazard

¢KS KFETFNR lylféara o6l a olFlaSR 2y GKS 2FFAOALE YI LA &2 dzNJ
Autonoma della Sardegna, 2006). In particular, the "hydrogeological® map was specifically used to indicate landslide risk
exposure(Figure240 @ ! & | LINBfAYAYI NBE &aidSLIE GKS 2FFAOALE KIFTFNR Y

an additional field that contained the corresponding official hazard class. Subsequently, the official categories wdredsimpli
providing a numeric rd unified classification divided into five classes with equivalent meanings. Following this step, a new
field value, Hwas given to each monument.

0 10 20km
-_—

Figure24. PAI official map for landslides hazard

3.3.2 FloodHazard

¢KS KFEFTFNR lylfteara o6l a olFlaSR 2y GKS 2FFAOALE Y| Régiond 2 dzNJ
ldzi2y2Yl RSt ¢ {FNRS3AYI © t Kiogédogi€o®ANJ200Fg@Ee28R As a.pteliningfyestep JBNI f C
2FFAOALE KFETIFENR YIL é6la NBalYLfSR 2y GKS Y2ydzySyidiaqQ L
corresponding official hazard class. Subsequently, the official categories were simplified, providing a nachennfiad
classification divided into five classes with equivalent meanings. Following this step, a new field valas,dien to each
monument.
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Figure25. PAI official map for hydraulic hazard.

3.3.3 Earthquake Hazard

Since Sardinia is known to be particularly stable from a seismic point ofMiglet(j et al., 2021; Gorshkov et al., 2021; Anselmi
et al., 2020, no seismic hazard map was employed, and a constant hazard valwgsapplied. A valuesH 1 was assigned

to the seismic hazard to indicate the low seismicity in Sardinia while preventing a total underestimation of the issug (witho
using class 0).

3.3.4 Wildfire Hazard

The Geoportal of the Sardinia region was used to download the wildfire hazard map, given its specificity for the Sadtinia reg
which particularly suffers from this issue (Salis et al., 2015; Cardil et al., Zi)d4)eR6). As a preliminary step, the official
KETEFNR YL a8 NB&lIYLI SR 2y (GKS Y2ydzYSyidaQ LRaradGAzyaszr 3
official hazard class. Subsequently, the official categories were simplified, providing a numdaritféed classification divided

into classes with equivalent meanings. For the wildfire hazard, the two classifications are equivalent since the official map
already employed a numeric classification. Following this step, a new field valwgdyiven to each monument.
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Figure26. Wildfire Hazard Map from Geoportal of the Sardinia Region (https://www.sardegnageoportale.it/).

3.4 Vulnerability

Vulnerability expresses the potential damage to a structure caused by a hazardous event of given intensity, rangingdfrom 0 (n
loss) to 1 (total loss). For the Sardinian case study, this concept was applied to prehistoric and Nuragic monumentsg(Neolith
Iron Age), composed of stone blocks arranged in characteristic geometries.

Two complementary mechanisms were considered:

1 Geometric vulnerability, related to the overall stability of structures, depending on h&igidth ratio and position
relative to the topographic surface. Five classes were defined: equidimensional, wide, tall, subterranean, and small.

1 Material vulnerability, determined by the resistance of stone blocks to external stresses. Mechanical resistance refers
to the capacity to remain intact without cracking or breaking; chemical resistance indicates the ability to withstand
weathering and a#ration.

The main lithologies used (granitoids, basalts, trachytes, metamorphic and carbonate rocks) were evaluated according to thes
criteria. Hazards such as floods, earthquakes, and landslides primarily affect the overall geometry, while wildfires directly
impact the physical integrity of blocks through thermal degradation.

On this basis, vulnerability values were assigned on ddixad scale (45), integrating structural geometry, block stability, and
material integrity. Level 1 corresponds to no significant effects, while level 5 indicates collapse, fragmentationspfasidck
irreversible loss of material, making recovery impossible.
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3.4.1 Landslide vulnerability

deturn

b

Landslide vulnerability was assessed by combining geometric configuration and material resistance. Geometric vulnerability
(Tablel. The elements at riskavebeenreclassifiedrom 1A to 6E according to their geometry and categafiects the

stability of structural forms: tall and slender monuments (e.g., menhirs, towers) are more prone to overturning and déferent
movements, while subterranean sites such as domus de Janas or sacred wells are less exposed. Wide and exnatlimensi
structures were classified in intermediate classes.

Material vulnerability(Table11) was derived from the unconfined compressive strength (UCS) and the Index of Susceptibility
to Instability (ISI) calculated from lithological properties. Strong volcanic rocks generally correspond to low vulnerability
whereas carbonate or poorly cementathblogies show higher susceptibility.

The two dimensions were combined into a fiexel scale (very low to very high), ensuring consistency with the Hmadtrd

framework adopted across scales.

Table10. Landslide hazard: geometric vulnerability classification of the f\eragic and Nuragic structures.

Geometric type | Archeological | Damage Level after Landslide (damage level specification) Geometric
type vulnerability
1 None (1)
(the structure is not affected by the event and is intact, in a go
state of preservation; the blocks do not undergo relative
movement)
Subterranean Sacred weels | 2 Low (2)
Domus de Jana| (structural elements may undergo relative displacements that
Wide Cave not compromise overall stability)
DAlFYydaQ
Sanctuary
Nuragic Village
Equidimensional| Corridor 3 Medium (3)
Nuraghe (structural elements can undergo displacements that challeng
Single tower the overall stability without leading to the collapse of the
Nuraghe structure)
Complex
Nuraghe
Small Rock shelter 4 High
(the structure undergoes major relative displacements that
challenge its geometric structure)
Tall Menhir 5 Very High
Dolmen (the structure undergoes major relative displacements that
Megalithic challenge its geometric structure, and the original blocks have
circles newly formed throughkgoing fractures that generate
fragmentation)
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Tablell. Relationship between the UCS values of the lithotypes present in Sardinia, their ISI value and their vulnerability to
landslide, flood and earthquake hazards.

Granitoids | Basalts a! dzOG 2 NHzY § Metamorphic Carbonate
Trachytes rocks Rocks
UCS [MPa] (Sardinian mean | 155 115 58 110 100
value)
ISI [%] 84 75 61 74 71
Material vulnerability Low (2) Medium Very High (5) High (4) High (4)
3

3.4.2 Floodvulnerability

Flood vulnerability was defined by the interaction of geometry and material sensitivity to water degrad@tibie 12).
Subterranean monuments (sacred wells, domus de Janas, caves) were assigned high vulnerability due to infiltration anc
4dz0 YSNRAAZ2Y NRAR&1&ad® 2ARS Y2ydzySyida &dzOK a DAlIydiQa G2Yoa
aboveground stuctures were generally less affected.

For landslides, floods, and earthquakes, incidental scenarios may cause the collapse or displacement of stone blocks, witl

consequent degradation from impacts. The vulnerability of blocks is therefore linked to the mechanical strength of their
lithology, and the evaluation of material vulnerability to earthquakes follows the same approach adopted for landslides

Table12. Floodhazard: geometric vulnerability classification of the RMuragic and Nuragic structures.

Geometric type | Archeological Damage Level after Landslide (damage level specification Geometric
type vulnerability
1 None (1)
(the structure is not affected by the event and is intact, in a go
state of preservation; the blocks do not undergo relative
movement)
Equidimensional| Corridor 2 Low (2)
Tall Nuraghe (structural elements may undergo relative displacements that
Single tower not compromise overall stability)
Nuraghe
Complex
Nuraghe
Menhir
Dolmen
Megalithic
circles
Wide DAlFYyGaQ 3 Medium (3)
Sanctuary (structural elements can undergo displacements that challeng
Nuragic Village | the overall stability without leading to the collapse of the
structure)
Subterranean Sacred weels 4 High
Small Domus de Jana| (the structure undergoes major relative displacements that
Cave challenge its geometric structure)
Rock shelter
5 Very High

(the structure undergoes major relative displacements that

challenge its geometric structure, and the original blocks have
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newly formed througkgoing fractures that generate
fragmentation)

3.4.3 Earthquake vulnerability

Seismic vulnerability was evaluated by linking geometric configuration to material resig®aide13). Tall structures were
considered the most vulnerable due to their unfavorable heightvidth ratio and higher susceptibility to seismic
accelerations. Equidimensional and wide monuments were placed in intermediate classes, while subterranean structures
(domus de Janas, sacred wells, caves) exhibit very low seismic vulnerability because of their embedding in the ground.

Lithological resistance was assessed with the same &leSISbased criteria adopted for landslides and floods, ensuring
comparability. Materials with low cohesion or susceptibility to cracking increase seismic vulnerability, whereas massive
volcanic roks mitigate it.

The final classification integrates geometry and materials into aléivel vulnerability score, aligned with the broader
methodological framework.

Table13. Seismic hazard: geometric vulnerability classification of the fRheragic and Nuragic structures.

Geometric type | Archeological Damage Level after Landslide (damage level specification Geometric
type vulnerability
1 None (1)
(the structure is not affected by the event and is intact, in a go
state of preservation; the blocks do not undergo relative
movement)
Subterranean Sacred weels 2 Low (2)
Domus de Jana| (structural elements may undergo relative displacements that
Cave not compromise overall stability)
Wide DAlFYyGaQ 3 Medium (3)
Small Sanctuary (structural elements can undergo displacements that challeng
Nuragic Village | the overall stability without leading to the collapse of the
Rock shelter structure)
Equidimensional| Corridor 4 High
Nuraghe (the structure undergoes major relative displacements that
Single tower challenge its geometric structure)
Nuraghe
Complex
Nuraghe
Tall Menhir 5 Very High
Dolmen (the structure undergoes major relative displacements that
Megalithic challenge its geometric structure, and the original blocks have
circles newly formed throughkgoing fractures that generate
fragmentation)

3.4.4 Wildfire vulnerability

Wildfire vulnerability was assessed by combining geometric characteristics of monuments with the thermal behavior of
construction materials. This dual perspective reflects the fact that exposure to fire is not uniform: the way a structubs,abs
resists,or dissipates heat strongly depends on both its shape and its lithological composition.
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From the geometric standpoirfTablel4), monuments were classified according to their heitgtividth ratio. Tall and slender
structures (e.g., menhirs, towers) were considered the most vulnerable, as they are subject to sharp thermal gradients and
higher risks of block detachment or collapsénam heated unevenly. Wide and equidimensional monuments present
intermediate conditions: their bulk provides some protection, but outer elements and architectural discontinuities remain
exposed. Subterranean monuments such as domus de Janas or sacraslerekssigned very low wildfire vulnerability, since

their embedding in soil and rock shields them almost completely from direct exposure.

Material vulnerability(Table15) reflects the response of lithologies to high temperatures. Volcanic rocks such as basalts or
trachytes are generally resistant, with only surface alterations under fire. In contrast, carbonates and friable sedimeksary
may undergo cracking, spalliray,loss of cohesion when subjected to prolonged heating. These processes, although localized,
can compromise structural stability and accelerate loeign decay.

The integration of geometric and lithological criteria allowed the definition of aléivel vulnerability scale, ranging from very
low (subterranean monuments in volcanic rocks) to very high (slender structures in thermally sensitive lithologies).

Table14. Wildfire hazard: geometric vulnerability classification of the PMuragic and Nuragic structures.

Geometric type | Archeological | Damage Level after Fire (damage level specification) Geometric
type vulnerability
Subterranean Sacred eels 1 None (1)

(the block material is not exposed: the structure is not change
Domus de Jana:

Cave
Wide DAlyi(iaQ 2 Low (2)
Small (the block material is exposegithe blocks are small and suffer

Sanctuary limited damage)

Nuragic Village

Shelter
Equidimensional| Corridor 3 Medium (3)
Nuraghe (the block material is exposetthe blocks are large and suffer
Single tower significant damage the structure does not lose geometric
Nuraghe integrity)
Complex
Nuraghe
Tall Menhir 4 High (4)
Dolmen (the block material is exposegthe structures are monolithic;
Megalithic the blocks are cracked and fractured into smaller pieces, and
circles structure loses geometric integrity)

- 5 Very High (5)
(the block material is exposegithe blocks are cracked and
fractured into smaller pieces, the structure loses geometric
integrity ¢ the material of the blocks is disintegrated)
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Table15. Wildfire hazard: vulnerability classification of the materials used for the construction of Rigragic and Nuragic
structures.

Material Type Damage Level after Fire (damage level specification) Material
Vulnerability
1 None (1)
(lithotype undergoes color changes but no form of degradation)
Basalts 2 Low (2)

(lithotype undergoes color changes and degradation pathologies such as ¢
fissuring (microcracking))

Granitoids 3 Medium (3)

Metamorphic (lithotype undergoes color changes and degradation pathologies such ¢
rocks fissuring and detachment of surface fragments)
Trachytes
Gl dzOG 2 N
4 High (4)
(lithotype with severe compromise of material consistency/composition)
Carbonate rocks 5 Very High (5)

(lithotype loses even material consistency, becoming totally inefficient an
unrecoverable)

3.5 Risk

The risk analysis follows the same approach for all selected hazards. For simplicity, it is reported at the beginnaigpfehis
GKATS (GKS NBadzZ GAy3 YIFHLA gAff 0SS akKz2gy Ay (GKSAN NBaLISOi
associated classes of vulnerabilities and hazard enabled the assessment of te deknputed as:
Y O 20 o0 i
Subsequently, a normalization was applied to adjust the final values to thdefreé scale, considering the minimum and
maximum possible risk valugg;, and'Yjy
Yi T
Yi O 20 o 00 kg TOVOU pTmm

At this point, the risk value was reclassified according to the criteria outlin@ael6, which divides values from 1 to 100
into 5 distinct risk classes.

Table16. Risk classification according to thel&vel scale.
0-20 2040 40-60 60-80 80-100

T2 3 4 5
U

The map reporting landslides risk values associated with eectument considereds shown inFigure27.
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Figure27. Landslides risk map.

The map reportindlood risk values associated with each considered monument is showigime28.

Figure28. Floodrisk map.

The map reporting seismic risk values associated with each considered monument is siogumaR.
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Figure29. Seismic risk map.

The map reporting wildfire risk values associated with each considered monument is shieigoris0.

Figure30. Wildfire risk map.
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3.6 Multi-risk at regional scale

The multirisk analysis for Sardinia was applied to the set ofweagic and Nuragic monuments. For each monument, the
risk values of the four hazards (landslides, floods, earthquakes, wildfires) were combined using two different procedures:

1 National method:the four risks, previously classified on a flegel scale, were summed. The resulting values, ranging
from 0 to 20, were then reclassified into five muigk classes with neaniform intervals(Tablel7). This approach
reproduces the national framework but appliemla regional extent. Results show that Sardinia tends to present lower
multi-risk values compared to other regions, partly due to the generally lower hazard (Bigrise31).

1 Regional method:instead of starting from the classified values, the continuous risk values were used. For each
monument, the four risks were normalized by the maximum among them, ensuring balanced contribution. The
normalized values were summed to obtain a total scoraMeen 0 and 4, which was then classified into five evenly
spaced classeéTable 18). Results highlighthe prevalenceof very low and low mulirisk levels, with only six
monuments in the highisk class and none in the very high cl@Sgure32). These cases correspond to tall megalithic
structures (five circles and one menhir) made of carbonate rocks and located in largsiideareas.

Tablel17. Multi -risk classification according to the National Method.
0-5 6-8 9-10 11-14 1520

1 2 3 4 5

I : v ¢+ IS

Figure31. Multi -risk map ¢ National Method.
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Table18. Multi -risk classification according to the Regional Method.
0.00.8 0.81.6 1.62.4 2432 3.24.0

1 2 3 4 5
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Figure32. Multi -risk map ¢ Regional Method.

To evaluate themulti-risk values at the municipality level, a spatial analysis was conducted to link each monument with its
respective municipalityRigure33). Themulti-risk assessment method for municipalities starts by analyzing individual risks
instead of relying on previously calculateullti-risk values for each monument. First, all the monuments are aggregated at
the municipal level, and their risk values are summed within each municipality. This total is then divided by the maximum ris
value among all municipalities, resulting in four normalizisk values that range from 0 to 1 for each municipality. filéi-

riskis calculated by summing these four normalized values, which can result in a range from O (if the risk associated with eact
hazard is zero) to 4 (if all risks are at thmaximum of 4). Finally, this continuous value is classified according to a discrete five
level scale, as outlined ifablel9.
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Figure33. Spatial analysi®f the municipalities: number of monuments (left), and density (right).

Table19. Multi-risk classification of municipalities.

0.00.8 0.81.6 1.62.4 2.43.2 3.24.0
1 2 3 4 5
L M

Figure34 displays the multrisk map at municipality level according to the National Method, along with a pie chart illustrating
the percentage of eachulti-risk class.
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Figure34. Municipalities multi-risk map.
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4 Urban scale

At the urban scale, the methodological framework requires a substantial refinement compared to national applications. The
focus shifts from a generalized representation of cultural heritage exposure to the explicit modelling of individual building

footprints, which are considered as areal features rather than points. This change in spatial representation allows for a more
accurate alignment with hazard layers and enables the use of detailegsptfic information.

The case study selected for this scale is the historic center of Florence, a UNESCO World Heritage Site since 1982. The chc
was motivated by three main factors: (i) the exceptional density and diversity of cultural heritage assets within a liegited a

(i) the availability of harmonized multiazard datasets, and (iii) the presence of complementary information on cultural value
and visitor flows. These elements make Florence an optimal context to test the adaptability of the methodology to highly
compkex urban settings.

Compared to the national scale, the urban analysis incorporates higsefution hazard models (e.g., hydraulic simulations
for floods, local inventories for landslides, builditype classification for seismic vulnerability, and propagation scenarios for
wildfires), together with assetpecific attributes such as entrance elevation, structural typology, and visitor statistics. The
integration of these datasets into a unified GIS environment provides the basis for a consistemtskalsisessment at bdihg

level, ensuring methodological continuity with the broagsrale approach while enhancing its precision and applicability for
local risk management.

4.1 Cultural Heritage Database

The cultural heritage dataset at the urban scale is composed of 41 assets located within the historic center of Florence, al
included in the UNESCO World Heritage Site since 1982. The selection of these assets was guided by the availability
consistentand comparable information across the three hazards considered in this gtiaghgslides, flood, earthquake and
wildfire ¢ thus ensuring that each building could be assessed under a-risldtperspective.

The urbanrscale dataset adopts an aerial representation. Each building is mapped as a polygon, allowing a more accurate spatic
correspondence with hazard layers and enabling the consideration of its geometric extent. This methodological refinement is
particularly relevant in dense historical fabrics such as Florence, where building footprints are highly heterogeneous dnd spatia
interactions with hazards may vary significantly even within a single block. Each record corresponds to an individugl buildin

and is described by a set of attributes covering its geographical location, architectural typology, and cultural relevance.

Specifically, the dataset includes:

1 Denomination and typology, distinguishing between religious buildings, museums, towers, and other historical
structures.

1 Landsliderelated fields, including indices from official inventories (PAIl and IFFI) and local slope stability assessments,
used to identify potential interactions between buildings and slope instabilities.

1 Floodrelated indicators, namely the expected water depth at the building site under three probabilistic scenarios
(return periods of 66, 200, and 500 years), as derived from hydraulic modelling of the Arno River. The database also
reports the elevation ofhe entrance level above the street, a key parameter in flood vulnerability assessment.

1 Seismierelated attributes referring to the classification schemes introduced by the national Guidelines for the
evaluation and reduction of seismic risk of cultural heritagéed.

1 Wildfire-related attributes, available for selected exposed sites, where local propagation scenarios were developed to
assess potential interactions between vegetation, topography and cultural assets.

9 Cultural and soci@conomic indicators, including UNESCO Outstanding Universal Value (OUV) designation, estimated
annual visitors (from official statistics or regresstmsed estimations), and inclusion in official cultural itineraries.

Among the 41 selected assets, major landmarks such as the Cathedral of Santa Maria del Fiore, the Campanile di Giotto, tt
Basilica of Santa Croce and the Uffizi Gallery are included, together with several secondary churches, palaces, and cultur
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institutions. This heterogeneity reflects both the symbolic and functional variety of the historic center of Florencelsdile
ensuring the representation of buildings with different structural and social characteristics.

4.2 Hazard

4.2.1 Landslide hazard

At the urban scale, landslide hazard was assessed through the integration of national and regional inventories, combined with
local susceptibility zoning. Each cultural heritage asset was considered as a polygonal feature, allowing the direetittverlay
hazard maps.

The procedure followed a twstep approach. First, if the footprint of a building intersected an active landslide polygon
reported in the national Inventario dei Fenomeni Franosi in Italia (IFFI), the maximum hazard level was assigned (value = 1
This rué reflects the direct evidence of ongoing instability and the consequent high probability of damage to exposed assets.

Second, for all buildings outside IFFI polygons, hazard levels were derived from the Piano di Assetto IdrogeologiciziiPAl), wh
provides a classification of landslipeone areas at municipal scale. PAI classes were converted into normalized hazard scores
according to the following weights: P1 =0.2; P2 =0.4; P3 =0.6; P4 = 0.8. This ensured comparability with other batasd indi
and consistency with the mubiazard framework adopted in the studyhe resulting map ishown inFigure35.

A =

do 025 05 075 1
e e

km

Figure35. Landslide hazard map at the urban scale.

4.2.2 Flood hazard

The hydraulic model used in this study to simulate flood propagation in the floodplain iRAR&®ersion 5.0.7. A combined
1D/2D modeling approach is employed: the flow within the river channel is calculated using a standard solver for the 1D
unsteady flav equations, while the floodplain dynamics are represented using the 2D shallow water equations (SWE). These
equations model the movement of water based on deptleraged 2D velocity and water depth, accounting for gravity and
frictional forces. The SW&presseshe conservation of mass and momentum and are solved using the-fioltene method.

Flow exchange between the river and floodplain is handled via a system of lateral weirs, with flow over the structureedomput
using the weir equation. The floodplaindscretized into a grid of cells, each incorporating kigéolution terrain data at 1

meter resolution. Buildings are treated as impermeable blocks. For each cell and cell fa8AS f€nerates detailed hydraulic
property tables (e.g., elevatiemolume and elevatiomarea relationships). Water movement is governed by the local
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scenarios are modeled, corresponding to exceedance probabilities of 1/30, 1/100, 1/200, and 1/500. For each scenario, the
hydrograph wih the greatest resulting inundation extent is selected. The output of the hazard model consists of flood depth
maps for the study area under the chosen probabilistic scenafiosse values were finally norned and attributed to the

41 assets in the dabase which werereclassified into 5 classes. The ressithown inFigure36.

A

Cultural heritage bulldings at risk
ERIN o the city of Florence

Flood hazard classes
I Buildings at risk

o 025 05 075 1
5 [ Buildings non at risk

Figure36. Flood hazard map at the urban scale

4.2.3 Earthquake hazard

At the urban scale, seismic hazard is defined based on the mapping provided by INGV and adopted at the national leve
The ag value derived from the grid has been identified according to the urban context of interest. Then, based on soil
information from nicrozonation studies, the coefficient S has been determined in accordance with NTC2018. The S
coefficient accounts for both the soil class (Ss) of the area and the topographic conditions (St). At the urban scale, fo
each CH asset, seismic hazard has bassessed by considering the specific conditions of soil stratification and
morphology moreover he calculation of the value of H was computed together witBidhsequentlythe resulting map

is shown irparagraph4.3.3 Figure41.

4.2.4 Wildfire hazard

At the urban scale, wildfire hazard was assessed through the definition of local propagation scenarios. Unlike floods or
earthquakes, fire events are highly dependent on sherin conditions such as vegetation status and meteorological variables,
which require sitespecific modelling. For this reason, the analysis was restricted to two exposed assets located on the hills
south-east of the city center: the Abbey of San Miniato al Monte and the Church of San Salvatore al Monte. These sites were
selected dugo their cultural importance and their location within a vegetated area potentially exposed to fire ignition and
spread shown inFigure37.
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Figure37. Wildfire hazard map at the urban scale

Wildfire scenarios were generated using the PROPAGATOR cellular automata model (Trucchia et al. 2020). The procedu
involved three main steps:

1.

Ignition scenario definition, based on expert judgment and the identification of areas with high ignition potential. A
worst-case ignition point was selected downslope from the exposed assets and in proximity to the main road network.

Static information preparation, including topographic data from the national DEM and vegetation data from the
Tuscany Region land cover mape@ione Toscan2019). Land cover classes were reclassified into fuel categories
following the PROPAGATOR scheme, with particular attention to coniferous vegetation (e.g., the cypress groves
surrounding San Miniato), which is highly susceptible to fire spread.

Meteorological scenarios, defined from the historical time series of a nearby weather station. Two cases were
O2yaARSNBRY | aGYAfRéE O2yRAGAZ2Y oOopniK LISNOSyGAtS 2F &
assumed prevailing norteasern winds, with wind speeds of 22 km/h and 36 km/h, and fuel moisture levels of 8%
and 6%, respectively.

For each configuration, propagation simulations were performed to estimate the probability of fire arrival, arrival tirtireeand
potential linear intensity of the flame front. To reduce uncertainty, only areas with a probability of propagation greater th
75% were considered. These outputs provide a spatially explicit characterization of wildfire hazard, which can then be
combined with the vulnerability attributes of the exposed buildings to derive risk levels.
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Figure38. Wildfire simulation, extreme weather conditions.

4.3 Vulnerability

4.3.1 Landslide vulnerability

The assessment of landslide vulnerability at the urban scale was based on a set of parameters describing the structural an
architectural characteristics of cultural heritage assets, complemented by evidence of visible damage where available. The

objectivewas to capture the susceptibility of different building types to ground deformations and slope instabilities, through
a weighted classification system.

Four categories of parameters were considered: architectural and urban configuration, foundation typology, masonry typology,
and observed damage. Each class within the categories was associated with a relative weight (from O to 1) reflecting its
contribution to overall vulnerabilityTable20 summarizes the adopted scheme.
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Figure 39. By combiningstructural attributes (configuration, foundations, masonry) with field evidence of damage, the
methodology provides a differentiated representation of how slope instability could impact the urban cultural heritage.

Table20. Parameters adopted for the assessment of landslide vulnerability of cultural heritage assets at the urban scale.

Category Classes Weight | Impact on vulnerability
Architectural and urban Tower/Bell tower 1.0 Extremely vulnerable to ground displacements d
configuration to slender geometry and high aspect ratio
Isolated building 0.8 Higher sensitivity to differential settlements ar
tilting due to lack of lateral constraints
Monumental complex 0.5 Heterogeneous structures with different respons
and material discontinuities
Row (attached) building | 0.2 Moderate vulnerability: lateral connections me
increase stability but can also lead to cascad
damage
Foundation typology Shallow foundations 1.0 Strongly affected by neasurface soil deformations
Deep foundations 0.0 Loads transferred to deeper, more stable soil lay
Masonry typology Rubble or mixed 0.8 Poor cohesion, irregular texture, highly prone to
masonry 1.0 detachment
Reinforced 0.5 Variable performance, dependent on constructi
concrete/steel frame quality and detailing
Solid brick masonry 0.4 Cohesive but fragile if poorly bonded or lacking t
Lightweight timber| 0.3¢ Flexible and adaptable, but sensitive to letegm
structure 0.4 differential deformation
Ashlar stone masonry | 0.1 Massive but coherent structure, resistant to slc

ground movements

Partial foundation 1.0 Critical instability leading to potential failure
collapse / base shift
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Observed damage (when Deformation of 0.9 Severe impairment of loadearing members
available) columns/beams
Foundation cracks (>| 0.7 Significant weakening of the base structure
cm)
Floor deformation 0.6 Evidence of settlement or uneven load distributic
Differential displacemen{ 0.5 Misalignment between walls, beams and slabs
of elements
Structural cracks (>5 mn] 0.4 Moderate indication of stress in lodakaring walls
Localized settlement 0.3 Limited effects, often not structurally critical

Figure39. Landslidevulnerability map at the urban scale.

4.3.2 Flood vulnerability

The vulnerability analysis of cultural heritage at the urban scale uses flood depth within buildings as the primary hazard
indicator. This is assessed through a statistical analysis of the inundation map within a buffer zone surrounding eagh buildi
As aresult, specific architectural featuressuch as the presence of underground floors or elevated entrances above street
levelt cannot be accounted for at this scale. The scarcity of flood vulnerability functions for cultural heritage is primarily due
to the limited availability of empirical data and relevant datasets. The degree of damage is typically assessed based on exper
judgement or in a qualitative way, without validation. Consequently, this study adopts the empirical vulnerability model
developed by B Lucia et al. (2025), which estimates the degree of tangible losst(kdn)ing from slight damage to total
destructiort based on the flood depth (MWL) measured outside the building Fsgere40, left). This model is based on data
02ttt SOGSR F2fft26Ay3a GKS Hnuuw Fi22R S@GSyid Ay LiMdaRRer al I
catchmentsThe result of the application of this model to the CH database is shio®igure40 (right).
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Figure40. Empirical flood vulnerability function for cultural heritage based of the data collected after the 2022 Marche
region flood (left) andflood vulnerability map at the urban scale (right).

4.3.3 Earthquake vulnerability

¢tKS aDdzZARSftAYySa F2NJ GKS S@ltdzZ G§A2y FyR NBRdAzOGAZ2Yy 2F &S
operational tool designed to carry out analysis and intervention on cultural heritage buildings exposed to seismic risk.

For the assessment of seismic vulnerability, the Guidelines identify three different levels of increasing completendsis: LV1)
seismic safety assessments to be carried out on a territorial scale on all protected cultural heritage assets; LV3rferasses
to be adopted in the presence of local mechanisms on limited portions of the building; LV3) for projects involving imtesventi
that affect the overall structural behavior or when an accurate assessment of the seismic safety of the buildinged.requir

At the urban scale, the analyses have involved palaces and churches throughout the city of Florence. The seismic yulnerabili
assessment was carried out following the procedure provided for the first level of assessment (LV1). This approach involve:
simpified procedures that do not require high computational effoteading to qualitative and quantitative assessments. Each
structural unit is traced back to the four models outlined in the guidelines (churches, palaces, towers, bridges), thavhich t
specfic methodologies are applied.

For churches, the assessment was carried out by completing the specific form that collects geometric, structural, camservatio
and geotechnical context information. The form requires the analysis of 28 possible local collapse mechanisms, such as macrt
element out-of-plane mechanisms, bell tower detachment, etc. For every mechanism, its potential activation and the resulting
damage are evaluated. The scores associated with these aspects contribute to the calculation of a vulnerability index, from
which thesafety index (IS) is derived, ranging from 0 (maximum vulnerability) to 1 (maximum safety).

In the case of palaces, the SIVARS system, developithyas used. It is based on the compilation of a form that collects
geometric, structural, conservation, and geotechnical context information, adapted to the specific typology of these wilding
the presence of elements (such as internal courtyards, leggeults) is considered in the vulnerability assessment. In this case
too, a vulnerability index is calculated, which is then transformed into a safety index. The model allows for a rapid and
comparable assessment of seismic risk, even for complex aindilated assets such as historic buildings.

The final V parameter was calculated combined with the H value, as previously mentioned. The final result, applied to the CF
database is showin Figure4l.
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Figure41 Combined seismic Vulnerability and Hazard map at the urban scale

4.3.4 Wildfire vulnerability

To calculate wildfire vulnerabilityve built upon thetemplate used by CAL FIRB25)usedfor building damage assessment
under a worstcase scenari@gnd weadapted it to four fuel type classes:

Grasslands and cropland8.1(nearly negligible expected damage

Deciduous forests0.2 ©@% maximum expected damadew- to mediuntintensity surface fires
Scrublands, shrub9.5(25% maximum expected damagainor damage)

CGoniferous forests1 (potentially crown fires50% maximum expected damageajor damage]

These categories are based on the CORINE Land Cover 2018 (Level IV) for the Italian territablg@&ér classification).

Some urbarrelated CORINE classes were included in the "herbaceous vegetation and cultivable land" class for precautionary
reasons, also accounting for sparse vegetation. Overlaying the vegetation map with the susceptibility magaalleiher
exclusion of these areas (if susceptibility is zero) or inclusion (if sparse vegetation results izexansnsceptibility); such

areas are typically categorized as leusceptibility fuel classes.

Additionally, agricultural and pastoral landscapes (orchards, rice fields, pastures, etc.) were included in the "herbateous a
cultivable" class. Mixed forests of conifers and broadleaves were classified under "conifers" as-easerstenario, since
conifers tend to support higlintensity wildfires.

Table21. Division of CORINE classes on vegetation classes used for fuel mapping.

CORINE class | Description
Grasslands / croplands
112 Discontinuous urban fabric
121 Industrial, commercial, and public/private service areas
131 Mineral extraction sites
133 Construction sites
132 Dump sites
122 Road and rail networks, engineering works, technical infrastructure
1211 Industrial, artisanal, commercial settlements
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123 Port areas
124 Airports
142 Sports and leisure facilities
2111 Non-irrigated arable landT intensive crops
242 Complex cultivation patterns
243 Areas with significant natural spaces within agricultural land
222 Orchards
231 Meadows and alternated pasturelands
241 Temporary crops associated with permanent crops
212 Irrigated arable land
224 Permanent crops
211 Non-irrigated arable land
221 Vineyards
223 Olive groves
213 Rice fields
2112 Extensive crops
321 Natural pastures and grasslands
331 Beaches, dunes, and sand
332 Bare rocks, cliffs, outcrops
3211 Dry calcareous grasslands
3212 Dry siliceous grasslands
333 Areas with sparse vegetation
335 Glaciers and permanent snow
411 Inland marshes
412 Peat bogs
422 Salt pans
421 Saline marshes
522 Estuaries
511 Rivers, canals, waterways
521 Lagoons
Broadleaves
3111 Holm oak forests
2241 Poplar groves
3112 Deciduous oak forests
3116 Hygrophilous species forests
3117 Exotic broadleaf forests
311 Broadleaf forests
3113 Mesophilous broadleaf forests
3114 Chestnut forests
3115 Beech forests
3131 Mixed forests dominated by broadleaf species
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Shrubs
324 Forest-shrub transition zones
244 Agroforestry areas
323 Sclerophyllous vegetation
334 Burned areas
3241 Shrublands with significant tall shrub and tree presence
3232 Garrigue
322 Maquis
322 Heathlands and shrublands
Conifers
3123 White and red fir forests
3132 Mixed forests dominated by conifers
312 Conifer forests
3121 Mediterranean pine and cypress forests
3122 Black pine, laricio, Scots pine, Bosnian pine forests
3124 Larch and Swiss pine forests
3125 Exotic conifer forests
313 Mixed conifer and broadleaf forests

Figure42 showsthe distribution of these four vegetation classes across Italy and their respective percentages of burned areas
(200cH nHo 0 F2ft26Ay3a GKS alyYS YSGK2R dzaSR F2NJ 4dzaOSLIi A0 A
represented total ara, while shrubs and conifers are the most affected by wildfires.

Classes distribution Percentage affected by fires
grasslands/croplands { 65.4% 4 2.9%
broadleaves - 20.7% 1 2.6%
shrubs A 7.9% 4  9.0%
conifers - 6.0% o 3.3%
80 GIO 4I0 ZIO 0 2I0 4b 6|0 80
[%] [%]

Figured2. Percentage of coverage of each vegetation clasthatnational level with respect to the percentage of each class
affected by wildfires.

The CH dtabase was subsequently overlaid on the vegetation map, and the vulnerability classes were calculated. The result is
shown inFigure43.
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Figure43. Wildfire vulnerability map at the urban scale

4.4 EXposure

The exposure component of risk was represented through a Cultural Value (CV) Index, designed to quantify-thits@dio
importance of each asset the historic center oflorence. CV integrates both quantitative and qualitative indicators in order
to capture the multiple dimensions of cultural significance that determine the potential impact of hazardous events.

The index is structured around five parametéfable22): annual visitors (V), as a proxy for social and economic relevance;
average review score (R), reflecting public perception; institutional classification (C), meaning the level of formalia@esigna
(international, national, or local); typological relevan€T), which identifies architectural, artistic, or historical value; and
inclusion in official itineraries (I), expressing visibility within cultural routds five parameters are combined through a
weighted linear aggregation, following established methodologies for composite indicator construction. The CV index is
calculated as:

0w 0w 0Y 06 VY 0O
where the weights are:

0 0 0 0 0 ¢mb

All variables were normalized on ac[j scale and aggregated through a linear model with equal weights, ensuring
transparency and comparability.

Missing values for visitor numbers were estimated through a regression rttwatdinkedofficial visitor statistics with Google
review countsin line withrecent approaches to exposuneodelling in cultural risk frameworK#&rrighi et al., 202R A subset
of 30 cultural buildings was selected for which both of the following were available:

1 Total number of Google reviews
1 Verified annual visitor statisticé(C 205b).

A linear model was calibrated to estimate visitor numbers using online reviews as the explanatory variable. The model takes
the form:

® | Z7YE OI@L QQ i

53



Finanziato g Ministero . A
dall'Unione europea dell’Universita l [taliadomani Qetu rn
NextGenerationEU : e della Ricerca B N enza

The model achieved a high explanatory power (R2 = 0.81), ensuring consistent coverage while maintaining methodologica
robustness.Thecomplete dataset, including the individual parameter values for each of the 41 surveyed buildings together
with the final coefficient of variation (CV), is presentediial{le23).

Parameters C and T are derived from official national heritage registries and institutional cataloguing systems, specifically
Vincoli in RetdMiC, 2025¢ and Catalogo Generale dei Beni CultufdGCD, 2026}0 process administrative and typological

data. Parameter C assesses the stratggicernance relevance of the asset by croesferencing ownership data and protection
constraints retrieved from official databases. Within higlofile sites, a value of.Q identifies major international attractions

that meet specific World Heritage List (OUV) critedi®, indicates stateor ministrymanaged assets, and 0.3 represents the
remaining heritage of local or ecclesiastical significance. Parameter T evaluates the density of artistic content ane:¢he deg

of accessibility, assigning 1.0 to complexes housirsplabe masterpieces or museum collections, 0.5 to architectural assets

of high quality or those with minor artistic content primarily related to liturgical functions, and 0.1 to purely functional
private buildings lacking accessible collections andedas the public.

To further explore the structure of cultural values, a multivariate analysigp@dermed. Principal Component Analysis (PCA)
showed that the first three components account for over 90% of total variance, highlighting strong correlations between
institutional classification and visitation, as well as between typological relevancmelndion in itineraries. A subsequent k
meansclustering Figure44) identified distinct groups of assets, ranging from internationally recognized landmarks with high
visitation to marginal buildingwith limited accessibility or visibility.

Table22. CV index components and normalization

ID Parametr Estimation method Normalization/Scale
\% Annual visitors | Official data (year 2024), or | Loghormalization
linearregression based on - " .
total number of online V = log(V+1)/log(¥*+1)
reviews
R Average eview | Averageof user ratings Min-Max scaling
score (Google Reviewscale t5).
C Institutional Qualitative categorization Fixed values: 1.0 = International relevance (Q0¥)
classification based on formal designation | = national/statelevel 0.3 = local/regional
significance
T Typological Assessment of architectural, | Fixed values: 1/0.5/0.1 depending on cultural
relevance artistic, and historical features
content.
I Inclusion in Presence irtultural routes Binary: 1 = included = not included
official promoted by public
itineraries institutions (e.g., italia.it)
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Figure44. K-means clustering (k = 4) of cultural assets in PCA sp@tssters reflect distinct value profiles based on the five
sociocultural parameters. Red vectors show variable contributions to PC1 and PC2

Quster analysigFigure44) identified four groups of cultural assets:
1. Cluster 1 (blue): mjor landmarks with high institutional status, visitor flows and cultural visibility.
2. Cluster 2 (orange)esondary religious sites with limited visibility and lower recognition.
3. Cluster 3 (green): med-profile assets with significant content but heterogeneous institutional designation.
4. Cluster 4 (magenta): anginal assets with low accessibility and limited cultural relevance.

The results demonstrate that the CV index is a robustfratapturing both symbolic and economic aspects of cultural heritage
valueand thusfor defining the exposure parameter in multazard risk assessment

Table23. List of the 41 surveyed buildings with the valuesedchparameter and the corresponding finalultural value(CV)

Name \Y R C T | cv
Campanile di Giotto 1,0 1,0 1 0,5 1 0,9
Basilica di Santa Croce 0,9 1,0 1 1 1 1,0
Galleria degli Uffizi 1,0 1,0 1 1 1 1,0
Basilica di San Lorenzo 0,9 1,0 1 1 1 1,0
Chiesa S. Maria Maddalena De' Pazzi 0,7 0,9 0,3 1 1 0,7
Galleria dell'Accademia 1,0 1,0 1 1 1 1,0
Chiesa di Santa Maria Novella 0,9 1,0 1 1 1 1,0
I Syl O02t2 RA {IyldQl LRftft2yAl 0,6 1,0 0,6 1 1 0,8
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Museo di Orsanmichele 0,8 1,0 0,6 1 1 0,8
Chiesa di Santa Trinita 0,7 1,0 0,3 1 1 0,7
Basilica di San Marco 0,6 1,0 0,3 1 1 0,7
Biblioteca marucelliana 0,6 1,0 0,6 1 1 0,8
Cattedrale di Santa Maria del Fiore 1,0 1,0 1 1 1 1,0
Chiesa di San Salvatore a Ognissanti 0,5 1,0 0,3 1 1 0,7
Chiesa di S. Jacopo Soprarno 0,6 1,0 0,3 0,5 0 0,4
Chiesa di Santa Felicita 0,7 1,0 0,3 1 0 0,5
Chiesa di S. Frediano in Cestello 0,6 0,9 0,3 0,5 0 0,4
Chiesa dei Santi Michele e Gaetano 0,7 1,0 0,3 0,5 0 0,4
Chiesa di San Giuseppe 0,6 0,9 0,3 0,5 0 0,4
Chiesa di Sant'/Ambrogio 0,7 0,9 0,3 0,5 0 0,4
Chiesa di Santo Spirito 0,8 1,0 1 1 1 1,0
Chiesa S. Maria del Carmine 0,7 0,9 0,3 1 1 0,7
Chiesa di S. Paolino 0,6 0,9 0,3 0,5 0 0,4
Soprintendenza archivistica per la Toscana (palazzo Neroni) 0,6 0,0 0,6 0,1 0 0,3
Chiesa di San Firenze 0,6 1,0 0,3 0,5 0 0,4
Chiesa S. Margherita in S. Maria De' Ricci 0,6 0,9 0,3 0,5 0 0,4
Compagnia di San Niccolo del Ceppo 0,6 1,0 0,3 0,1 0 0,3
Chiesa di San Simone e Giuda 0,6 1,0 0,3 0,5 0 0,4
Chiesa di Santa Maria Maggiore 0,7 1,0 0,3 0,5 0 0,4
Chiesa di S. Michele Visdomini 0,6 0,9 0,3 0,5 0 0,4
Chiesa dei SS. Apostdli. Biagio 0,7 1,0 0,3 0,5 1 0,6
Chiesa di San Remigio 0,6 1,0 0,3 0,5 0 0,4
Chiesa di S. Lucia sul Prato 0,6 1,0 0,3 0,5 0 0,4
Chiesa di Sant'Egidio in S. Maria Nuova 0,6 1,0 0,3 0,5 0 0,4
Basilica della Santissima Annunziata 0,7 1,0 1 1 1 1,0
Chiesa di San Giovannino agli Scolopi 0,6 1,0 0,3 0,5 0 0,4
Biblioteca Palagio di Parte Guelfa 0,6 1,0 0,6 0,5 0 0,5
Chiesa della Badia Fiorentina 0,7 1,0 0,3 1 1 0,7
Palazzo Cocchi 0,6 0,0 0,3 0,1 0 0,1
San Miniato al Monte 0,8 1,0 1 0,5 1 0,9
San Salvatore 0,7 1,0 0,3 0,5 0 0,4
4.5 Risk

Contrarily to the national scale, hazard, vulnerability and exposure calculated for the urban scale were all in the
range O1. This simplifies the calculation of the risk, since no further normalization is neceBsargfore the risk
has been calculated as the multiplication of the three paramefieesn Figure45to Figure48).
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Figure46. Flood risk map at the urban scale.
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Figure47. Earthquake risk map at the urban scale.

Figure48. Wildfire risk map at the urban scale.

4.6 Multi-risk at urban scale

The multirisk has been calculated by summing up the risk valuds$ {6r every single type of risk (landslide, flood,
earthquake, wildfire). Threfore, theresulttheoretically ranges from 0 to 4, but since in the Florence Po@thg-
riskvalues are generally low, thdassiftation has been donesing natural breaks maximize the differencesn

fact, differently from the national scalewhere the resolution is the single municipality, at the urban scale the
resolution is the single cultural heritagasset (in our PoC corresponding to a buildittgy implies that it is very

hard for a building to have an extension wide enough to be affected by all four the types of risk considered. In the
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