VAN

B8 heritage

Article

A Proactive GIS Geo-Database for Castles Damaged by the 2012
Emilia Earthquake

Elena Zanazzi

check for

updates
Academic Editors: Michele Betti,
Giovanni Castellazzi and

Francesco Clementi

Received: 12 March 2025
Revised: 18 April 2025
Accepted: 27 April 2025
Published: 29 April 2025

Citation: Zanazzi, E. A Proactive
GIS Geo-Database for Castles
Damaged by the 2012 Emilia
Earthquake. Heritage 2025, 8, 156.
https:/ /doi.org/10.3390/
heritage8050156

Copyright: © 2025 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Engineering and Architecture, University of Parma, 43124 Parma, Italy; elena.zanazzi@unipr.it

Abstract: The 2012 Emilia earthquake highlighted the vulnerability of fortified architec-
ture. Based on the observed seismic behaviors, this research proposes a GIS geodatabase,
designed with a proactive approach, for the prediction and prevention—at a territorial
scale—of the most frequent damage mechanisms of the investigated typology. The designed
geo-database allows for the identification of possible correlations between constructive
features and the occurrence of damage, through statistical and geo-referenced analysis.
Moreover, the designed geodatabase, by enabling the comparison of the damage level
data with the seismic action of the site, through INGV (National Institute of Geophysics
and Volcanology) shakemaps, allowed the definition of experimental fragility curves, for
three of the most common damage mechanisms. By applying these functions to castles
in the province of Parma, it was possible to define future seismic risk scenarios for the
mechanisms considered, thanks to the use of the seismic hazard map. Therefore, the de-
scribed methodology could be functional to identify the most urgent and high-priority
interventions in order to optimize the management of economic resources. The final aim is
to promote the application of the concept of minimum intervention, and more in general to
preserve the architectural heritage, avoiding emergency interventions and aiming instead
to apply planned conservation strategies.

Keywords: cultural heritage; fortress; fortified architecture; 2012 Emilia earthquake; dam-
age mechanisms; masonry; GIS database; planned conservation

1. Introduction

The 2012 earthquake, which affected the territory of the Emilia-Romagna Region
(North of Italy), once again demonstrated the vulnerability of the masonry architectural
heritage and in particular of the fortified architectures. This typology includes different
historic military buildings (fortresses, castles, citadels, urban walls, towers). This paper
specifically focuses on the Emilia castles, located in the area affected by the 2012 earthquake,
as defined by [1]. These castles, constructed of masonry, are characterized by typical struc-
tures such as towers, walls, and palaces, usually arranged around a central courtyard. Due
to the significant damage that these castles suffered after the 2012 earthquake, and beyond,
numerous studies have analyzed the seismic behaviors and specific vulnerabilities of these
complexes [2-6] or even parts of them, such as the towers [7-11] or the defensive walls [12].
However, this paper focuses on the examination of the typical vulnerabilities [13]. This anal-
ysis is based on an empirical approach that subdivides the building into macro-elements.
This approach has previously been adopted in other studies for the codification of the kine-
matisms of the church typology [14,15] and subsequently for the palaces typology [16]. One
of the first studies to apply this approach to fortified architecture is [17], which observed
the presence of recurring seismic damage also for the examined typology, defining a table
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of 10 mechanisms. Subsequently, this table was validated and extended by [18], which
analyzed more than 70 castles damaged by seismic events in Italy since 1976. Thereafter,
additional studies [19], specifically focused on Emilian fortresses, further expanded and
refined this table, leading to the identification of 37 recurrent mechanisms.

Based on the collected data, it is now essential to implement tools and procedures for
seismic risk mitigation and thus for the planned conservation [20,21] of Cultural Heritage
(CH), including the use of information systems. Therefore, this paper proposes a possible
proactive methodology with the use of Geographic Information Systems (GIS). In fact, the
application of GIS in the field of CH conservation has become widespread, particularly in
databases that have cataloging and data management functions [22,23]. However, there
is still a limited number of systems—for CH—that are specifically designed to address
seismic risk management [24], and many of these are applied at the urban scale, with a
focus on historic centers, such as [25-27]. While, at the building scale, the number of GIS
databases is significantly reduced [28-30].

Specifically, the proactive methodology, which will be illustrated in this paper, pro-
poses the design of a GIS geodatabase as a possible predictive tool for the prevention of
typical and frequent seismic damage mechanisms of fortified architecture, in order to iden-
tify the most urgent and high-priority interventions and to plan a maintenance program.
The GIS geodatabase facilitates the comparison of data related to constructive features and
damage levels with the seismic action of the site, thus allowing for the definition of exper-
imental fragility curves through the use of shakemaps provided by the Italian National
Institute of Geophysics and Volcanology (INGV) [31]. These functions represent a turning
point from knowledge to prediction of the seismic damage also in the CH field [32-35]. In
fact, once these functions have been defined based on the real damage suffered, it will be
possible, through the use of seismic hazard maps [36] that provide the maximum expected
accelerations, to determine in which other areas, not yet affected by the earthquake, the
investigated mechanisms are likely to be triggered. This methodology therefore identifies
the potential vulnerabilities of specific macro-elements based on the predicted accelerations,
before damage occurs. It aims at predicting damage with the possibility of preventing it.
Through this approach, it is possible to provide targeted recommendations, on a territorial
scale, regarding the necessary consolidation interventions, prioritizing them in terms of
urgency, while optimizing costs and minimizing invasiveness, in line with the principle
of minimal intervention for the conservation of existing heritage. Thus, this methodology
could allow the replacement of the emergency restoration approach, typically adopted after
natural disasters, with a large-scale strategy of planned conservation.

In order to illustrate the workflow used to define the proposed methodology, the
paper is organized as follows. Section 2 defines the features of the examined typology
and its typical vulnerabilities. Additionally, the three most frequent damage mechanisms,
observed in the selected case studies, are illustrated. Section 3 deals with the design
of the GIS geodatabase. Section 4 discusses the main results of the statistical analysis,
which provide the basis for defining the fragility curves. Section 5 describes the proactive
methodology that allowed the definition of seismic risk scenarios for the castle typology.
The conclusions of the paper are presented in Section 6.

2. Castles of the Emilia Area

2.1. Definition of a Typology: From Constructive and Morphological Features to Vulnerabilities
This paper focuses on the study of 21 Emilian castles located in the area affected by

the 2012 earthquake (Figure 1) and constructed between the 10th and 15th centuries, i.e.,

until the advent of artillery, which marked the end of the medieval defensive systems and
introduced new shapes of military architecture [37,38]. The geographical and temporal
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boundaries, thus defined, allowed for the identification of fortified architectures sharing
common material-constructive, typological, and morphological features. Specifically, these
architectures are mainly made of brick masonry and are distinguished by three main
component assets: palaces, towers, and curtain walls. These elements, in the Emilian
castles, are typically arranged according to a quadrangular plan with a central courtyard,
with towers placed in the four corners of the complex and a gate tower. The other buildings
are arranged against the curtain walls surrounding the inner courtyard. In the investigated
area, the towers typically have a square plan. In addition, the component assets are
characterized by typical macro-elements, such as battlements, corbels, and other protruding
elements (turrets, garrets), and by the macro-elements typical of historic buildings: wooden
floors, vaults, stairs, etc. The presence of the same macro-elements is essential to perform
comparative analyses of seismic damage and thus to code typical mechanisms.

Figure 1. Map of 21 castles examined, which were damaged by the 2012 Emilia earthquake (North
Italy), and the overlapping of the shakemaps (PGA) of the two main shocks of May, 20th and 29th.

In many cases, the specific seismic vulnerability of this architectural typology can be
attributed to its distinctive morphological and constructive features. For example, one of
the most significant vulnerabilities of these fortified complexes results from their diachronic
evolution, largely due to the need to adapt their different structural elements to advance-
ments in military techniques. This led to often inadequate connections between the different
parts of the complex or between masonry leaves added over time, as well as the absence of
a masonry box behavior in the more recent structures, which are typically built adjacent to
or incorporated into the pre-existing ones. Another element of vulnerability is linked to the
inherent irregularity, both in plan and elevation, of this typology. In addition, as will be
shown in the following sections, the arrangement of the component assets within the castle
complex can result in eccentric constraints that make certain structures, depending on their
specific placements, more prone to the occurrence of particular collapse mechanisms.

2.2. Three of the Most Recurring Damage Mechanisms

These typical vulnerabilities, in turn, contributed to the onset of specific damage
mechanisms. The most frequent damages observed on the 21 castles during the 2012 earth-
quake (Table 1) were cataloged. In this case, all the castles shared similar morphological
characteristics, but also other seismic events have provided insights and comparisons
relevant to defining the typical damage of fortified architectural structures. In this regard,
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particular reference is made to the seismic events of August and October 2016 in Central
Italy [18], and of November 2019 in Albania. Another study [39] applied and adapted the
macro-element approach to the fortifications damaged by the February 2023 earthquake
in Turkey.

Table 1. The 21 fortresses damaged by the 2012 Emilia earthquake.

Name Municipality Province
Castle of Bentivoglio Bentivoglio Bologna
Galeazza Pepoli Castle Crevalcore Bologna
Castle of Manzoli Minerbio Bologna
Fortress of Minerbio Minerbio Bologna
Fortress Pieve di Cento Bologna
La Giovannina Castle San Giovanni in Persiceto Bologna
Fortress Bondeno Ferrara
Castle in S. Bianca di Bondeno Bondeno Ferrara
Fortress Cento Ferrara
Este Castle Ferrara Ferrara
Lambertini Castle Poggio Renatico Ferrara
Castle of the Pio Family Carpi Modena
Carobbio Castle Finale Emilia Modena
Este Castle Finale Emilia Modena
Pico Castle Mirandola Modena
Este Castle San Felice Modena
Campori Castle Soliera Modena
Guidotti Castle Fabbrico Reggio Emilia
Gonzaga Fortress Novellara Reggio Emilia
Castle Reggiolo Reggio Emilia
Este Castle San Martino in Rio Reggio Emilia

A detailed analysis of the 21 damaged castles revealed the particular vulnerability
of specific macro-elements, such as towers and merlons. The towers are particularly
exposed to seismic risk, due to the eccentric constraints and asymmetries typical of fortified
complexes. These characteristics often led to hammering phenomena between towers and
adjacent structures. In addition, the mechanisms that typically characterize the crack pattern
of this typology include out-of-plane and in-plane shear cracks of protruding elements,
such as turrets, corbels, and especially merlons. In fact, such elements, in addition to being
inherently vulnerable, are typically situated at elevated heights, where accelerations are
larger [40].

Given the frequency of damage, especially to towers and merlons, the research focused
on three damage mechanisms that are particularly recurring for these two elements: shear
cracks in the main body of the tower, with possible torsional effects; shear cracks in the
upper part of the tower, standing out from the fortress or walls; out of plane overturning of
merlons (Figure 2). In addition, a damage level scale was associated with each mechanism,
ranging from 0 (no damage) to 5 (macro-element collapse) as defined in [41,42].

The shear and torsion mechanism of the tower body is activated by in-plane defor-
mations of the masonry. In addition, torsional effects can occur due to the presence of
eccentric constraints at the location of curtain walls or other adjacent structures of the
fortified complex. An effective connection between the two structures, the installation of
hoops or tie-rods helps prevent the occurrence of this mechanism. On the other hand, the
inherent irregularity of the fortresses, both in plan and in elevation, the different height and
slenderness of the walls compared to the towers determine a different dynamic response
that contributes to the activation of the mechanism. Similar kinematic behavior has already
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been identified in the table of the churches (A-DC form) [43], specifically in mechanism
number 27, related to the bell tower.

Figure 2. Three damage mechanisms on which the research is focused and some significant pictures
of the three most serious levels of damage.

The shear mechanism in the freestanding part of the tower is activated by in-plane
deformations. The crack pattern typically consists of inclined cracks, which may be either
single or X-shaped, depending on the type of structural constraints. This mechanism
occurs when the tower is properly connected to the curtain wall or to other buildings of the
complex. Thus, the significant difference in stiffness between the bottom and the upper
part of the tower can produce stress concentrations and trigger damage on the freestanding
part. The presence of tie rods and hoops in the upper part of the tower contributes to the
good behavior of this macro-element. On the other hand, the presence of large openings
(even if bricked up) and the high slenderness favors the activation of the mechanism.

The out-of-plane overturning of the merlons is activated by the development of a
horizontal crack, which is typically located at the base of the element. The presence of
steel dowels between the merlons and the underlying masonry contributes to the effective
performance of this element. On the other hand, the high slenderness, the placement at
elevated heights, and the lack of an effective constraint at the top of the merlons could
facilitate the activation of the mechanism. As will be illustrated by the statistical analy-
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sis, shear phenomena are not common for free-standing merlons, while the out-of-plane
overturning damage is more frequent and often observed at moderate to severe levels (3,
4, or 5). Regarding the slenderness of the battlement, it should be noted that it evolved
alongside advancements in military techniques. In particular, the merlons, which were built
before the transition period, are thinner and therefore more fragile than the squat merlons
built after the advent of artillery. Similarly, the merlons, built with slender proportions for
aesthetic and decorative purposes, during the Gothic Revival period, are also vulnerable.

3. Materials and Methods for the Design of a Proactive GIS Geodatabase

Given the frequency of the described damage mechanisms, which can severely com-
promise the conservation of the analyzed castles, it is essential to develop suitable tools
for future seismic risk management. Specifically, the proactive methodology, presented
in this paper, makes use of GIS systems. In particular, a GIS geo-database was designed,
using ESRI’s ArcGIS Pro software (Figure 3), in order to identify the vulnerabilities and
prevent seismic damage to the fortified architecture. Indeed, the GIS environment facili-
tates the association of the information of the recurrent examined mechanisms with the
acceleration values recorded for one, or more, seismic events. These values can be obtained
from shakemaps, available as shapefiles [31]. Moreover, the proactive methodology aims to
define which mechanisms are likely to be activated in the future as a function of expected
accelerations. For this reason, the proposed methodology employs fragility curves. In
fact, these curves express the likelihood of a structure—or a macro-element—reaching or
exceeding a specific damage level as a function of seismic actions. In this study, experi-
mental fragility curves were developed using MATLAB (version number R2021b) for three
frequently observed collapse mechanisms, through the correlation between seismic acceler-
ations, recorded by shakemaps, and damage levels. When combined with Peak Ground
Acceleration (PGA) values derived from seismic hazard maps [44], these functions define
threshold values that can be used, within a GIS environment, to outline potential future
seismic risk scenarios in areas not yet impacted by an earthquake., Therefore, through this
approach, it will be possible to provide accurate guidelines, on a territorial scale, for the
definition of a priority order for the consolidation interventions, optimizing costs, and
minimizing invasiveness, in accordance with the principle of minimum intervention and
conservation of CH.

The designed database limited its investigation to the 21 castles in Emilia damaged by
the seismic events of May—June 2012. The design and management of the database were
structured in the following work phases.

3.1. Data Collection

e  From existing databases: open-source databases proved to be an important resource for
this research. In particular, the following shapefiles were acquired: cartographic bases
(maps of regional, provincial, and municipal boundaries represented by polygons),
downloaded from the ISTAT website [45]; shakemaps, with polygon geometry type,
from the INGV website [31], for events with a magnitude equal to or greater than 5
(Table 2), in terms of PGA. In addition, the Regional Secretariat provided the shapefile
of the data about CH of the Region of Emilia-Romagna, used in the WebGIS [22]
and represented by points. Then, the records of its attribute table were appropriately
selected and simplified with only the fields related to castles typology to define the
feature class Damaged_Castles.

e  From archival research: A large amount of data was acquired through examination
and study of architectural technical drawings, reports, and photographic material of
all the 21 castles damaged by the seismic events of May-June 2012. These data were
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then included in the attribute tables of the three component assets (Palace, Tower,
and Curtain walls). Specifically, data were collected on 31 palaces, 60 towers, and 15
curtain walls, associated with the 21 fortified complexes analyzed in the study.

Figure 3. A screenshot of the GIS software (ArcGIS 10.3), which shows the structure and the main
components of the geodatabase. The figure also shows the shakemaps of 20th and 29th May 2012, the
damaged castles (red points) and undamaged castles (gray points).

Table 2. Data about the 2012 seismic shocks with magnitude greater than 5, whose shakemaps have

been entered with GIS.
Date UTCTime  Local Time Latitude Longitude = Magnitude
20 May 2012 02:03:52 04:03:52 44.889 11.228 5.9
20 May 2012 02:07:31 04:07:31 44.863 11.370 51
20 May 2012 03:02:47 05:02:47 44.86 11.15 5.0
20 May 2012 13:18:02 15.18:02 44.831 11.490 51
29 May 2012 07:00:03 09:00:03 44.851 11.086 5.8
29 May 2012 08:25:51 10:25:57 44.86 10.95 5.0
29 May 2012 10:55:57 12:55:57 44.888 11.008 5.3
29 May 2012 11:00:25 13:00:25 44.879 10.947 5.2
3 June 2012 19:20:43 21:20:42 44.899 10.943 5.1

3.2. Modeling

e  Definition of the logical data model: In this geo-relational model (Figure 4), relation-
ships between feature classes are established through a common field in the attribute
table. Specifically, the Damaged_Castles feature class acts as the ‘parent’ feature class,
to which other feature classes and attribute tables are linked, with a join relationship.
More specifically, the tables Palace, Tower, and Curtain Wall are connected to the “par-
ent’ feature class via the primary entity field associated with the Heritage Department
code, thereby establishing one-to-many (1:M) relationships.
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Figure 4. Logical data model of the designed geodatabase, showing the one-to-many relationships
between the feature classes.

e  Definition of the physical data models: this model describes the implemented fields for
attribute tables. In particular, it was developed for the feature class Damaged_Castles
(Table 3) and the attribute tables of the component assets (Palace, Tower, and Walls).
The frame of reference used is the WGS84 UTM32.

Table 3. Physical data model of the feature class Damaged castles, represented as points. In the table,
the attributes are described.

Name of the Field Description Type Consistency

The primary key is an
alphanumeric code that
uniquely identifies the
listed asset. This code is
Code made up of the ISTAT Text (10)
code of the municipality,
an underscore and a
whole number
identifying the asset.

The province where the

Province listed asset is located. Text (12)
ISTAT code of the
C I Whole number
ID municipality municipality where the Number consisting of 6 diits
listed asset is located & 8IS
L The municipality where
Municipality the listed asset is located. Text (22)
Presence or absence of .
the Palace component Domain:
Palace . Text (3) -YES
asset within the
-NO
complex asset.
The number of towers
Tower within the complex asset. Number
In case of absence, enter
the number 0.
Presence or absence of Domain:
Curtain Wall the Curtain Wall Text (2) -YES
component asset within NO

the complex asset.

3.3. Implementation and Management

e Component assets attribute table: the organization of the attribute tables of the
aforementioned three component assets was carried out according to the physical
model. An alphanumeric code was assigned to each component asset. In particular,
for each macro-element, the possible damage mechanisms and the damage levels
were associated.
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e Data upload: the shapefiles and attribute tables, with the data about the component
assets, were uploaded; the feature classes were linked together, according to the
logical model.

e  Statistical analysis and main results: cross-referencing the collected data through
spatial and attributes queries and statistical analysis was performed to define new
original information, which will be described more in detail in the next paragraph.

4. Results
4.1. Vulnerability: A Statistical Approach

Once the GIS database was populated, it was possible to generate original information
through spatial (select by location) and attribute (select by attributes) queries. The spatial
queries were of significant importance in establishing a correlation between the PGA
values and the 21 castles in the exam (feature class Damaged_castles). Shakemaps are
essential for establishing this correlation. These maps, available in shapefile format on
the INGV website [31], graphically represent the distribution of ground seismic actions,
recorded by seismometers deployed throughout the region at seismic stations of both the
National Seismic Network and the National Accelerometric Network. The data collected
from these stations are then interpolated to create shakemaps for the entire area affected
by the earthquake. The reliability of these maps increases with the number and quality
of instrumental recordings made at the time of the event. For instance, following the
first strong shock on May 20th, additional temporary stations were installed across the
region to monitor aftershocks. Therefore, it can be reasonably assumed that the maps of
subsequent seismic events are more reliable [46]. From an operational point of view, it
was possible to assign a PGA value to each castle through a select-by-location operation.
This query allowed for the identification of the castles situated within specific polygons
of the shakemaps. In fact, each polygon in the shakemap corresponds to a value of PGA.
Specifically, the shakemaps of the 9 shocks with a magnitude > 5 were taken into account
(Table 2). This decision was based on the observation that, despite the occurrence of only
two significant magnitude earthquakes (on May 20th and May 29th), the 2012 seismic
swarm is distinguished by a linear displacement of individual epicenters, extending from
east to west for up to 50 km. This scenario, in addition to a significant expansion of
the earthquake area, has also resulted in certain assets, located far from the epicenters
of the two major shocks, experiencing higher acceleration values due to minor shocks,
with closer epicenters. However, in most of the cases examined, the highest accelerations
was related to the seismic events of May 20th and May 29th. The identification of the
maximum acceleration values suffered by the castles under study was crucial for the
statistical analyses, that will be subsequently illustrated. The attribute queries, on the
other hand, provided evidence of correlations between constructive morphological features
and mechanism activation. In this regard, the paper focused on the three mechanisms
illustrated in Section 2.2, related to towers and merlons.

4.1.1. Towers

As previously illustrated, the Emilian castle typology is typically characterized by
quadrangular corner towers and by a gate tower at the entrance to the complex. Instead,
isolated towers are rare. For this reason, the frequency of the above-mentioned damage
mechanisms typical of the main body and of the top of the tower was analyzed and
compared with the different types of tower positions, shown in Figure 5. For these analyses,
60 towers, from 21 damaged castles, were considered.
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Figure 5. Different positions of the towers of Emilian castles.

In particular, by analyzing the mechanism of shear crack in the main body of the
tower, it was possible to verify that the protruding towers show a severe crack pattern
(DL 5), while the corner and embedded towers mostly show medium levels of damage
(DL 3-4) (Figure 6). This is probably due to the strong asymmetric constraint at the base,
which characterizes the protruding towers and some corner towers, and which leads to
the occurrence of flexural-torsional stresses. There is also a change in stiffness at the point
where the tower becomes freestanding which can trigger damage. On the other hand, in
the cases considered, isolated towers are undamaged, probably because they can oscillate
without hammering effects with adjacent structures. However, too few isolated towers
belonging to fortified complexes have been surveyed for statistical purposes.

Figure 6. Mechanism of shear crack in the main body of the 60 examined tower in relation to
its position.

Regarding the shear mechanism in the freestanding upper part of the tower, 57 towers
are taken into account, excluding the single isolated tower and those that do not extend
beyond the adjacent structures. The least damaged towers are those that protrude from
the main structure (Figure 7). The most severely damaged ones are the corner towers and
embedded towers, probably because these towers have a better connection of the main
body to the complex than the protruding towers. In fact, if the lower part of the tower is
better connected, there could be a greater change in stiffness at the point where the tower
starts to rise, which could lead to more severe damage in the upper part. It should be noted
that isolated towers were excluded from the analysis of this mechanism, as in this case
only the portion of the tower protruding with respect to the adjacent buildings is taken
into consideration.

4.1.2. Merlons

Statistical analyses—carried out on 37 crenelated parapets—have shown that the pres-
ence or absence of a roof, i.e., a top constraint, has a significant effect on the seismic behavior
of the merlon. In fact, as can be intuitively imagined, merlons which are constrained only at
the base are more subject to out-of-plane overturning mechanisms (Figure 8a). On the other
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hand, merlons supporting a roof on top, and therefore constrained also at the top, are more
vulnerable to in-plane shear damage (Figure 8b). However, some exceptions have been
noted. In particular, the overturning of the merlons with a roof on a tower of the Castle
of Finale Emilia (Figure 9a) and of one of the curtain walls of San Felice sul Panaro Castle
(Figure 9b) is probably due to an inadequate connection between the masonry and the
elements of the roof, which therefore did not act as a constraint, or especially in the second
case—due to the thrust of the roof elements, which not only did not prevent the mechanism
from being activated but also contributed to it. Of course, there are other factors that may
worsen the crack pattern of the merlons, such as their slenderness and position in height.
On the other hand, there seems to be no significant correlation between the onset of the
damage mechanism and the shape of the merlon (guelph or ghibelline).

Figure 7. Mechanism of shear crack in the freestanding part of the tower in relation to its position.

23

100% 13 100%
—80% . 80%
2,60% 8 60%
] 10 I
5 40% < g 40% x 5
- = 3
L 4 L
0% 2 1 ! R I I I

0% = o I
0 1 2 3 4 5 0 1 2 3 4 5
Damage level . Damage Level
B With roof Without roof B With roof Without roof
(a) (b)

Figure 8. Merlons with or without a roof: (a) frequency of activation of out-of-plane overturning
mechanism; (b) frequency of activation of in-plane shear mechanism.

(a)

Figure 9. Two examples of overturning of the merlons with roof: (a) merlons of a tower of the Castle
of Finale Emilia; (b) a merlon of the curtain walls of San Felice sul Panaro Castle.
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4.2. Fragility Curves

Fragility curves have been defined for the three damage mechanisms considered.
These functions graphically represent the seismic risk and are now widely used in the
scientific field for its assessment at the territorial scale, both for ordinary buildings and for
architectural heritage [32,35,47]. It is possible to develop fragility curves numerically or
empirically. In the proposed procedure the latter has been chosen, based on the statistical
analysis of data collected on-site, for fortified architectural typology. In particular, fragility
curves were not defined for the entire complex, but only for the three mechanisms of towers
and merlons. This choice has already been made for other masonry typologies. Historical
masonry buildings tend to be damaged by local rather than global mechanisms. In fact,
within the same building, following an earthquake, some macro-elements may collapse,
whereas others may suffer no damage. Consequently, according to [34,48,49], the fragility
curves can exhibit significant variability across different mechanisms. In fact, certain
mechanisms demonstrate higher vulnerability than others, supporting a mechanism-based
approach, over the global assessment methods. The development of fragility curves for
each mechanism can therefore aid in providing more accurate risk assessments. For each
of the three mechanisms, the following graphs (Figures 10-12) show the data expressed
both in terms of numerical frequency—i.e., for each PGA range the actual number of
mechanisms activated according to the relative damage levels is shown—and in terms of
relative frequency—i.e., for each PGA range the percentage of damage levels is shown. The
graphs, based on the data about 60 towers and 37 crenelated parapets, show that as PGA
values increase, the percentages of DO and D1 damage levels (green colors) tend to decrease,
while those of the more severe D4 and D5 levels (red-orange colors) tend to increase. In
the case of the mechanism of overturning the merlons, it was necessary to merge different
damage levels in order to have a more significant amount of data.

(a) (b)

Figure 10. Shear cracks in the main body of the tower: (a) graph in terms of numerical frequency;
(b) graph in terms of relative frequency.

From the data thus processed, it was possible to define empirical fragility curves.
Specifically, the fragility curves shown below were defined according to the function (1)
with log-normal distribution, as previous studies [35] have confirmed that this is the most
appropriate one to represent the observed damage data. The specific function used is:

In(PGA) — u)

P[DS > PGA] = c1>< 5

1)

where @ is the log-normal cumulative distribution function (CDF), u is the log mean, a
parameter that can be any real number, and f3 is the standard deviation, which must be a
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positive number. In particular, the parameters p and 3 used, shown in Table 4, have been
defined using the method of maximum likelihood estimation (MLE), i.e., by maximizing
the likelihood function (2), which, already studied and published [50], is shown below:

)p?j (1-p)" " 2)

where pj is the probability of damage, nj is the number of damaged buildings and Nj is
the total number of buildings. As shown in Table 4, a different parameter u was assumed

N;
0

m
Likelihood = [ | (
=1 )

for each obtained curve, while the parametric parameter 3 was kept constant, in order to
avoid the curves crossing each other, as illustrated in [51].

(a) (b)

Figure 11. Shear cracks in the upper part of the tower: (a) graph in terms of numerical frequency;
(b) graph in terms of relative frequency.

(a) (b)

Figure 12. Out-of-plane overturning of the merlons: (a) graph in terms of numerical frequency;
(b) graph in terms of relative frequency.

The estimated fragility curves, shown simultaneously on the same graph (Figure 13),
express the probability of reaching the given damage levels, for each macro-element,
on varying the PGA values, based on the observed damage levels (points in Figure 13).
As the acceleration values increase, the probability of high damage obviously increases.
Furthermore, for each acceleration value, the probability of low-medium damage levels—2
or 3—is always greater than the probability of severe damage levels—4 or 5. For example,
at acceleration values of 0.1 g, the probability of tower collapse is very low. While merlons
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(a)

already have a 20% probability of collapse at this value, rising to 35% for minor low-medium
damage levels.

Table 4. Parameters of the logarithmic function (1).

u D2 u D3 u D4 u D5 B

Shear cracks in the main

body of the tower —-2.2129 -1.6209 —0.5140 0.1969 1.1211

Shear cracks in the upper
part of the tower

Merlons overturning —1.8788 —1.2315 1.3078

—-1.9282 —-1.2045 —0.0007 0.5249 1.0240

(b) (c)

Figure 13. Fragility curves of three typical damage mechanisms: (a) shear cracks in the main body of
the tower; (b) Shear cracks in the upper part of the tower; (c) overturning of the merlons.

The functions described above represent a preliminary achievement, but further
improvement is possible in the future through: the extension of the damage survey in order
to increase the reliability of the analyses and thus of the relative predictions; the detailed
study of the geometric-constructive features or the presence of seismic-protection elements
(e.g., tie rods, hooping etc.) that could influence the activation of the mechanism.

5. Discussion on the Proactive Application of the Results

Accurate seismic risk assessment at the territorial scale is essential for the definition of
mitigation strategies and for the management and planning of appropriate conservation
interventions for the built heritage. The main challenge is the definition of risk, which is
the product of three parameters [52]: hazard, vulnerability, and exposure. Seismic hazard
describes the frequency and the magnitude of future earthquakes in an area. Vulnerability
refers to the susceptibility of a building to be damaged by an earthquake. Exposure is
related to the assets exposed to the risk, such as loss of human lives, and economic and
cultural heritage damage.

Two of these aspects are particularly addressed by the outlined proactive methodology:
hazard and vulnerability. In particular, the methodology takes into account the expected ac-
celerations, in terms of PGA, as estimated by seismic hazard maps [36] and compares them
with the foreseen vulnerabilities. To this aim, this methodology focuses on the construction
and morphological characteristics of fortified architecture, specifically highlighting three
frequent mechanisms, described in the previous section, for which fragility curves have
been defined. Therefore, by correlating the expected accelerations of the seismic hazard
map with the acceleration values identified by the fragility curves, it is possible to highlight
the macro-elements at risk—in this case, towers and merlons—in order to intervene before
the damage occurs. In fact, vulnerability remains the only parameter on which action can be
taken, through preventive interventions, aimed at improving the seismic resistance of the
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most vulnerable macro-elements through local actions, in compliance with the principles of
minimum intervention and material conservation for the preservation of CH. In addition,
the adopted proactive methodology ensures the possibility of drawing up a list of priority
interventions in order to optimize the use of economic resources.

The proposed proactive methodology was then validated by applying it outside the
2012 seismic area, i.e., where no damage had occurred. The Province of Parma was chosen,
because the fortified architectures of this area have similar constructive and morphological
characteristics and chronology to those belonging to the 2012 seismic area. In particular, in
the province of Parma, there are 30 fortified architectures in a good state of conservation.
These assets were included in the GIS database by creating a new feature class, whose
macro-elements were cataloged in the related attribute table. Once the study cases in
Parma were geo-located, it was possible to associate them with the expected acceleration
values, expressed in PGA, derived from the seismic hazard map, adopted by the Italian
regulation [44]. Specifically, the used map reports values of peak ground acceleration (PGA)
with a 10% probability of exceedance in 50 years, based on stiff soil conditions [36,44]. The
map, available from the INGV website in Excel or text file format, contains the coordinate
data of a regular grid of points. Each point is associated with a corresponding ground
acceleration value. The text files were imported into the GIS environment, where the
relevant grid points were interpolated to generate a raster file representing the spatial
distribution of ground accelerations over the territory of the Province of Parma. This
procedure allowed the assignment of an expected acceleration value to each castle by
means of a spatial query. By applying the cumulative log-normal distribution function,
which describes the previously illustrated fragility curves, it was possible to define the
probabilities that the tree mechanisms in the exam would occur for each asset in the
Province of Parma in the event of future earthquakes.

From the analyzed data, it was possible to define the following risk scenarios. As
expected, the macro-elements at greater risk are located in the Apennine area, in the
south of the Province, where the expected accelerations are higher (Figures 14 and 15).
Specifically, the probabilities that the freestanding portion of the tower collapses (D5) or is
very heavily damaged (D4) due to shear cracks, in the Province of Parma, are significantly
low (Figure 14a). Instead, the probability of moderate damage is around 50%. However,
among the assets with the same expected accelerations, it would be reasonable to focus
future risk prevention interventions on embedded towers—which are more vulnerable to
this mechanism—such as the towers of the Gallinella and Scipione castles in Salsomaggiore
Terme and Montechiarugolo. The probabilities of heavy damage (D4-D5), due to shear
cracks with torsional effect in the main body of the tower appear instead to be more relevant
(Figure 14b). Specifically, among the assets with the same expected acceleration, it would
be recommended to give priority—for an in-depth analysis and then for an intervention if
necessary—to those with protruding towers, as they are more vulnerable to this mechanism.

The probability that the overturning mechanisms of merlons activate, in this scenario
resulted to be particularly high. For 10 out of 17 assets, the probability of this mechanism
manifesting in a moderate way (D2-D3) is around or over 50% (Figure 15a), and over 30%
in a heavy way (D4-D5) (Figure 15b). However, as illustrated in the previous paragraphs,
the likelihood of overturning for a merlon constrained at the top by the roof is rare. It is
therefore recommended to apply more urgent preventive actions on freestanding merlons.
More in detail, the order of priority for the interventions on merlons is the following: the
Castle of Tabiano in Salsomaggiore Terme, the Fortress of Castelguelfo in Noceto, the San
Vitale Fortress in Fontanellato, the Fortress of Rossi in San Secondo Parmense and the Castle
of Busseto. The results derived from the definition of a potential seismic risk scenario will
require further development in future work to incorporate the effects of local site conditions.
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Specifically, the seismic hazard map used in this study indicates that lowland areas are
generally at lower risk compared to mountainous regions. However, it does not account
for the amplification effects associated with softer soil conditions [53-55]. Nevertheless,
the proactive methodology proposed in this study offers a valuable framework, which,
when further developed through additional case studies and the integration of more precise
and reliable data, has the potential to effectively inform the implementation of targeted
strategies of planned conservation [56,57], which includes both territorial-scale interven-
tions for the prevention and the management of risks, as well as building interventions to
mitigate vulnerabilities.

@) (b)

Figure 14. Positions of the towers and scenario of the probability of occurrence—in heavy way
(D4-D5)-of the two mechanisms in exam: (a) shear cracks in the upper part of the tower; (b) shear
cracks in the main body of the tower.

(@) (b)

Figure 15. Scenario of the frequency of the overturning mechanism of merlon with or without a roof
(as highlighted by the symbols): (a) the probability of occurrence of the mechanism in a moderate
way (D2-D3) is around or over 50%; (b) and over 30% in a heavy way (D4-D5).

6. Conclusions

This research selected fortified structures as an example of the seismic vulnerability of
masonry-built heritage, which tends to be damaged through typical and local mechanisms.
In particular, the paper focused on three seismic damage mechanisms commonly observed
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after the 2012 earthquake, with the aim of defying a possible proactive methodology for
their prevention in other areas.

The implementation of this methodology, within the GIS environment, allowed for
the achievement of preliminary results. In particular, statistical and georeferenced analyses
enabled the identification of correlations between constructive features and the occurrence
of specific collapse mechanisms. Moreover, the fragility curves made it possible to establish
a quantitative correlation between the damage levels of each mechanism and the ground
acceleration (PGA), derived from shakemaps. In addition, the proactive methodology,
when applied to the area of the Province of Parma, outside the 2012 earthquake area,
allowed the identification of the vulnerabilities at a territorial scale and helped prioritize
assets for intervention based on their higher seismic risk, considering both hazard and vul-
nerability. The proposed methodology thus has the potential to optimize the management
of limited economic resources and to preserve the CH through the application of planned
conservation strategies.

The results illustrated in this paper set the basis for future developments. In particular,
the designed geo-database is suitable for further implementation and expansion. It is es-
sential that the tool can interoperate with existing regional [22] and national [30] databases,
in order to serve as an effective instrument for the optimization of heritage management
procedures, both before and after earthquakes, and for the definition of strategies and
intervention priorities for seismic risk reduction.

Furthermore, the geo-database could be expanded to include additional architectural
typologies, that present similar damage mechanisms, such as isolated towers, civic towers,
city gates, and urban walls. The addition of these typologies would increase the number of
examined cases, thereby optimizing the fragility curves that have been defined. Addition-
ally, the PGA values of the seismic hazard map must be modified according to local site
conditions, as outlined in the literature [53-55]. Such data implementation would serve
to enhance the reliability of the statistical outputs, providing a basis for more accurate
predictions regarding the onset of kinematisms. This would allow for the definition and
application of targeted preventive interventions to improve the material conservation of
architectural heritage.
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