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Analysis of damage mechanisms of fortified heritage and proactive
information tools to prevent seismic risk

Elena Zanazzi*
Department of Engineering and Architecture, University of Parma, Parma, Italy

ABSTRACT: The recent Italian seismic events have highlighted the high seismic vulnerability
of a very common and distinctive architectural type: fortified architectures. This research project,
in partnership with Regional Agency for the Reconstruction —2012 Earthquake, focuses on the
analysis of 21 castles damaged by 2012 Emilia earthquake.This article shows a first analysis of the
large amount of data, produced after the seismic events of May 20th and 29th 2012, about the
fortified architectures. The data are reorganized according to two levels: building level and terri-
torial level. The first part of the article is focused on the analysis of typical damage mechanisms of
fortresses, including the critical aspects of the application of the inventory sheet (form B-Palace)
to the castle typology. The second part illustrates a GIS database, designed with a predictive
approach. Indeed, this geodatabase is not only a passive storage system, but, uploading the shake-
maps, it can become a tool for seismic risk prediction and damage prevention.

Keywords: Damage mechanisms, Emilia earthquake, fortified architecture, GI, proactive
geodatabase

1 INTRODUCTION

In Italy, the experience of past earthquakes has highlighted not only the vulnerability of archi-
tectural heritage, but also the critical aspects of tools for the prediction of their seismic behavior.
Indeed, the standard modeling procedures for ordinary buildings cannot be used for complex
masonry structures, which characterized the majority of Italian historical heritage, such as
churches, palaces and last but not least fortified architectures. This article focuses on the ana-
lysis of 21 Emilian castles damaged by the seismic events of May 20th and 29th, 2012 (Figure 1).
In order to forecast the real vulnerabilities of this typology, it is necessary to take a step back
and adopt an empirical approach, linked to the observation of damage. Indeed, it has been
widely recognized that each masonry building typology is associated with specific recurrent
damages (Blasi, 2013). However, there are typologies that are more studied than others.

The 1976 Friuli earthquake, for example, provided the occasion for the first systematic
study of the effects of a seismic event on specific masonry structures, such as churches
(Doglioni et al., 1994). Then these studies were implemented by the Linee Guida (Guidelines,
2008), which include specific inventory sheets for churches (form A) and palaces (form B),
with the abacuses of damage mechanisms. The inventory sheets divide churches and palaces
into specific macro- elements and associate each of these to one or more damage mechanisms.

Therefore, the 2012 Emilia earthquake can become an opportunity to study the mechanism
of other historical masonry structures, which are vulnerable to the earthquakes. In this regard,
in 2018, a program of Emilia Romagna Region has funded three PhD researches, in collabor-
ation with the Agenzia Regionale per la Ricostruzione — Sisma 2012 (Regional Agency for the
Reconstruction — 2012 Earthquake), for the analysis of three architectural types, until today
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great absents in the Italian technical laws, although they are widely spread: theaters, cemeteries
and fortified architectures. These typologies get damaged by typical and recurring mechanisms.
It would be necessary to define a specific tool for the damage survey of these typologies.

N

LEGEND:
® DAMAGED CASTLES
© CastLes OF Evmia RoMAGNA REGION
O AREA AFFECTED BY 2012 EARTHQUAKE

Figure 1. Localization of Emilia Romagna fortresses (in gray) and of the 21 damaged case studies (in red).

The fortresses, widely spread in Emilia Romagna Region, were affected, and extensively dam-
aged, by the earthquake of 2012 and by the more modest of 2008. These events, especially the
most recent, have prompted analysis of the effects of the earthquake on such historical structures,
for example Cattari et al. (2014) and Coisson et al. (2016), where it is pointed out that today,
unfortunately, there is not an Italian national list of these assets and their state of conservation.
Furthermore, in this regard it would be very useful to design proactive software to identify the
vulnerability of architectural heritage on a territorial scale (Lenticchia et al., 2017). In compliance
with the tools currently used by the government of Emilia Romagna Region, this research project
takes advantages of the use of GIS (Geographic Information System), in order to highlight the
main vulnerabilities and weaknesses of each building analyzed and to prevent the seismic risk.

2 THE HISTORICAL EVOLUTION OF THE FORTIFIED ARCHITECTURES IN
EMILIA: CONSTRUCTIVE FEATURES AND VULNERABILITIES

The Emilia Romagna Region is characterized by the presence of more than 300 fortified archi-
tectures on its territory (Web-1). Indeed, the division and the political instability of the Emilia
Romagna Region, which lasted until the end of the 15th century, had contributed to the wide
spread of fortresses (Perogalli, 1972). The term fortified architecture actually includes a very
wide variety of buildings, such as castles, fortresses, citadels, fortified villages and other con-
structions (Perogalli et al., 1979; Cassi Ramelli, 1964; Caciagli, 1979). This research project
focuses on the analysis of 21 fortified architectures damaged by the 2012 earthquake
(Figure 1). The case studies were selected thanks to the results of the queries of the WebGis of
the Emilia Romagna Region (Web-1) and in order to identify a homogeneous set of case stud-
ies, with common and comparable characteristics:

2.1  The materials

The above fortified architectures, built or renovated under the impulse of an imminent
danger, are characterized by the use of local materials, cheap and easy to find (Aceto, 1995;
Tosco, 2003). Therefore, in Po valley the masonries are mostly made of bricks and lime
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mortar (Balestracci, 1989; Mantovani, 2003). After the analysis of the documentation depos-
ited in the archives of the Soprintendenza Archeologia, Belle Arti e Paesaggio per la citta metro-
politana di Bologna e le province di Modena, Ferrara e Reggio Emilia (Cultural Heritage
Department for the metropolitan city of Bologna and the provinces of Modena, Ferrara and
Reggio Emilia), it emerges that these structures have usually a core walls made of reused
bricks and poor lime mortar. For this reason, the leaves are not well connected and often they
are completely independent. This circumstance represents a first condition of seismic vulner-
ability of the fortresses and it is the main cause of the delamination of the cladding.

2.2 The historical period

These case studies are included in a temporal range from the 11th century to the 15th century,
in this historical period it is possible to include the historical parabola of Emilian fortified
architecture (Perogalli, 1972), except in cases of massive restorations between the 19th and
20th centuries, due to gothic revival.

2.3 The plan

During the 14th century the plans of the castles in Emilia, especially those located in the Po valley,
take a more defined and regular geometric shapes, usually square or rectangular, with square
towers at corners and an inner courtyard, accessible through an entrance tower. However, the
regular plan will only become the rule in the second half of the 15th century (Perogalli, 1972).

2.4 Typical elements

In a fortified complex, it is possible to easily distinguish primary characterizing elements
(tower, curtain wall, palatium) and secondary ones (merlons, corbels, and other protruding
elements). Each element corresponds to one or more damage mechanisms. However, these
elements are the result of subsequent changes and improvements, due to a close dialogue
between defense and offense, where the first follows and has to constantly adapt to the techno-
logical evolution of the second, in order to avoid the inadequacy of the fortress and its subse-
quent neglect (Cassi Ramelli, 1964). This stratification of different non-coeval structures,
within the fortified complex, has certainly represented a second condition of seismic vulner-
ability. In detail, the two essential elements of the fortifications, until the 10th century, are:
the curtain walls, the first ancestral defense, which consists essentially of a continuous fence,
and the tower, with the function of sighting. Later the towers began to be built adherent to
the walls and the space inside the walls was populated, in a spontaneous and unorganized
way, by permanent buildings. The fortified architectures, characterized by a single compact
building, are generally of 13th century and especially of 14th century. The Emilian castles of
the late Middle Ages (in the late 13th and in the late 14th century) are of three main types: the
castle in height (not common), the castle with a central tower, like the fortress of Reggiolo,
and the one with angular towers, for example the Castle of Ferrara (Perogalli, 1972). In the
provinces of Parma and Modena, in the first half of the 15th century, these buildings began to
be equipped with protruding elements, such as corbels, for the pouncing defense. In
the second half of the 15th century, the invention of artillery led to a thickening of the walls,
in order to absorb the shots. However, at the end of 15th century, the development of warfare
techniques will make the Emilian fortifications obsolete. Therefore, the castles take on
a residential function, and, in several cases, are transformed into villas (Perogalli, 1972).

This diachronic evolution is one of the causes of poorly connection of the structures, and
this condition has generated disastrous phenomena of hammering (tower-curtain wall), or of
the presence of buildings adherent to pre-existing structures, for example this condition has
caused widespread phenomena of slipping of the beams of the floors of the palatium adherent
to curtain walls. Moreover,the considerable differences in height, between the towers and the
other buildings, and the position of the towers (at corner, incorporated, protruding or iso-
lated) are certainly elements of further vulnerability.
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3 LEARN FROM THE 2012 EMILIA EARTHQUAKE

3.1 Damage inventory sheets

In the post-earthquake emergency, the surveys of listed properties, in the areas affected by the
earthquake, were immediately started. In Italy, the census of the damages on the listed assets
currently uses only two inventory sheets for two specific architectural types: form A, for the
churches, and form B, for the Palaces (Papa et al., 2011). These damage inventory sheets are
the result of a continuous evolution and integration, after every earthquake. In particular, the
form A comes from the studies of Doglioni (1994), carried out through direct observation of
the damages of the 1976 Friuli earthquake on churches. In 2001, the form A included only 18
damage mechanisms, increased to 28 in 2006. After theon-the-ground implementation of the
inventory sheets form A, it appeared that it was necessary to integrate the damage survey
tools with another specific form for palaces. Thus, the inventory sheet form B was born. Then
it was applied, for example, in the 2002 Molise earthquake.

3.2 Damage inventory sheets: Weaknesses

However for the prompt survey of damages to listed assets, which do not belong to the two
aforementioned architectural typologies, the forms A or B are still applied. After the 2012 seis-
mic events, the form B — Palaces were used for the census of damages of fortified architectures.
Therefore, the first critical aspects arise. Indeed, if some damage mechanisms of fortified
buildings are similar to the mechanisms of the abacus of the inventory sheet B - Palaces, it is
also true that fortified architectures are characterized by further typical elements (massive
towers, curtain walls, battlements, corbels, walls. . .), whose seismic behaviors are not in the
existing inventory sheets. In this regard, the analysis of the inventory sheets, drawn up in
2012, shows that, on several occasions, the surveyor has used the voice “other” to describe the
mechanisms absent in the inventory sheet, but typical and recurrent in the castles: overturning
of the battlements and torsion of the towers (Figure 2). Moreover, in several cases, in the
same inventory sheet, the damage to the merlons has been recorded simultaneously in two dif-
ferent sections: B19 (damage to structural elements) and B20 (damage to non-structural elem-
ents). In some cases there are also transcription errors and forgetfulness. For this reason it is
hoped that, in the future, these tools will be digitized, in order to guide the surveyor in the
compilation and to speed up the procedure.

CASE STUDIES M1 M2 M3 M4 M5 M6 M7 M8 M9 MI0 M1l MI12 M13 M14 M15 M16 M17 M18 M19 M20 M21 M22 M23
Fortress of Pieve di Cento 3
Galeazza Pepoli Castle 5 4 5.5 s IHAEN 5(4|5]|4]|4 5
£ [Manzoli Castle 3 2 [ 1 2 2 4 3 2
3 [Bentivoghio Castle 2 12 2 [ 2
Fortress of Minerbio 3 2 2 2 2 1 1 2
La Giovannina Castle 4433 5 3 3 | 4
Castle of Ferrara 3 bl 3 |2 (2 |4 2 211 |3 NS 2 4
 [Lambertini Castle & 3134 2 3 3 |2 5 1|
£ [Fortress in Stellata of Bondeno 3 A ENE allels
= |Fortress of Cento 2 4 2
Castle in Santa Bianca of Bondeno 4 4 2 11 2
Fortress of S. Felice sul Panaro 4 Bl 3 | 2| 3 |4 3 ol 4 SNIEERIESH 1 3 |2
(Campori Castle in Soliera 1 % T 3 2 4 212 [
§ |Pico Castle in Mirandola 4[4 44|33 4453 g 44 54
£ [Pio Castle in Carpi 2 3 3| 4 2 2|2 Su[NSNINE 3 28 3 2 | 4
Fortress of Finale Emilia il 3 |E2N(N2 8T 4 3 4 1 5
Carrobbio Castle in Massa Finalese 2 20 |2 3 4 gl 3 | 3 4 3 |'4
% Fortress of Reggiolo 3 414 5|5 4 |5 |5 5
& |castle of 5. Martino 5 [ 1 2n[2n e 2 S| 2 | e |
§ [Guidott Castle in Fabbrico 1 2a 3 2|2
& |Gonzaga Fortress in Novellara 1 i T [
Legend of damage mechanisms:
M1 overturnig of the walls M10 slippage of the beam from the sup- M16 damage to roofing shingles,
M2 vertical flexural mechanisms, ports, M17 overturning of wall in the garret area
M3 horizontal flexural mechanisms, M11 local collapse of the floors, and of gable wall,
M4 overturning of the corner, M12 damage to the vault due to move- M18 damage of protruding elements,
M5 shear cracks of fagade (bearing wall), ments of the supporting elements, M19 local collapse due to construction ir-
M6 shear cracks of fagade (lintel), M13 damage to the vault due to strain  regularities,
M7 shear cracks of internal walls, strength, M20 damage due to irregural shape,
MS sliding of floor, M14 damage to stairs, M21 added buildings,
M9 damage to loggias and porches, M15 damage to roof frame, M22 foundation settlement, M23 other.

Figure 2. Damage levels from the inventory sheets form B draw up in 2012.
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3.3 Typical damage mechanisms of fortified architectures

Therefore, starting from the analysis of the literature (Cattari et al., 2014; Coisson et al., 2016,
2017; Ferretti et al., 2018) and from the observation of real damages of Emilian castles,
through reports and photographic documentation, found at the above mentioned Soprinten-
denza, it was possible to census, in an organized way, the recurrent damage mechanisms for
the typical elements of the Emilian fortified architecture, defining for each mechanism
a damage level scale from 0, no damage, to 5, collapse. An overview of some of the most sig-
nificant mechanisms is shown in Figure 3.

In view of these considerations, it seems therefore useful to implement the tools available
today. In particular, one of the aims of this research project is to define a possible proposal
for a specific damage inventory sheet for fortified architecture.

4 A PROACTIVE GEODATABASE FOR EMILIAN FORTRESSES

Essential key to the elaboration of this study is the use of GIS (Geographic Information
System), which is not only a passive storage system of large amounts of data, but also
a proactive tool to define the vulnerabilities on a territorial scale and to forecast and prevent
seismic risk. In particular, ArcGIS Pro, a ESRI software, is the software in use. The geo-
graphic reference system used fot the geodatabase designed is WGS84 UTM32. In order to
transform the experience of the 2012 earthquake on cultural heritage into an opportunity for
prevention, it is necessary to start from the analysis of the large amount of documents pro-
duced after the 2012 seismic events. Indeed, the study started analyzing the digital data, pro-
vided by the Segretariato Regionale (Regional Secretariat), in shapefile format. The attribute
tables of these shapefiles and the related physical models were implemented with further infor-
mation obtained from the inventory sheets, but mainly from the documentation deposited in
the archives of the aforementioned Soprintendenza. Indeed, as it is easy to imagine, the stored
documentation is more detailed and it should not incur in errors and forgetfulness, typical of

DAMAGE MECHANISM LEVEL 3 LEVEL 4 LEVEL 5

Novellara Castle

Base of the tower: bending
and compressive cracks  Reggiolo Castle San Felice Castle Lambertini Castle

Figure 3a. Some of most significant damage mechanisms (Lenticchia et al., 2017) and the photos of the
three most severe damage levels.
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Figure 3b. Continued.

the prompt survey. However, as mentioned above, the project of this database is not only
aimed at the systematic and organized storage of the data found. Indeed, a GIS database,
being a query software, gives also the possibility to easily compare data of any kind (numerical
or textual), even from a predictive point of view. For example, from the preliminary analysis
of the data it emerges that free-standing merlons tend to overturning out of plane more fre-
quently than merlons supporting a roof, while the latter tend to be damaged by shear cracks.
This example shows that it is possible to identify in advance the main vulnerabilities of the
listed assets and potentially prevent and avoid the damages. Moreover, in a second phase,
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shakemaps have been uploaded in the geodatabase. Shakemaps are a graphic representation
of the soil motion (in terms of acceleration, velocity, or displacement). Shakemaps are created
in real time by INGV, downloadable as shapefile from INGV web site (Web-3), and finally
easily uploaded in the GIS. Thus, for each damaged castle, it has been possible to associate
the damage levels to each mechanisms described above and to compare them with the max-
imum values of PGA, PGV, PSA, suffered during the 2012 seismic swarm (Figure 4), in order
to understand which of the three values has a better correlation with each damage mechanism.
In particular, 9 shakemaps of the events, with magnitude IM > 5, have been overlapped
thanks to the GIS software, in order to find the maximum values. Finally, this phase of
analysis and data collection will be fundamental for the elaboration of vulnerability curves for
each mechanism, useful to prevent the seismic damages.

DAMAGELEVELS: 1.@ 2.@ 3.0 4@ 5@ NAO

Figure 4. By way of illustration, the figure shows the damage levels for the mechanism of “shear craks”
of merlons, with the shakemaps in terms of a. PSA, b. PGA, c. PGV.

5 CONCLUSIONS

Fortified architectures are a very widespread architectural typology in Emilia Romagna and in
the whole national territory. This article has focused on the analysis on seismic damages of forti-
fied architectures in Emilia Romagna, which have proved to be highly vulnerable to earth-
quakes, due to some of their typical characteristics: diachronic evolution of the buildings, not
well-connected structures, constructive and geometric features. Thus, because of their recurrent
vulnerabilities and, at the same time, because they are so widespread, it is necessary to define an
ad hoc damage inventory sheet for fortified architectures. In this way, it will be possible to facili-
tate the prompt survey, without losing precious information in this first emergency phase.

However, at the same time, it is necessary today, in peacetime, to work to define tools that fore-
cast the vulnerabilities of protected assets on a territorial scale. This type of analysis at a territorial
scale takes large advantage of the use of GIS and could be replicated also for other seismic events;
in order to act before the expected damage happens. In this regard, the designed geodatabase can
be considered a predictive tool for the analysis and forecast of the seismic risk of the architectural
heritage. Indeed, thanks to seismic hazard maps, uploaded in GIS software, it is possible to iden-
tify the structural elements which are mostly in danger, known their expected seismic action. In
addition, it would be possible to do a list of the most urgent interventions and to plan
a preventive maintenance program, avoiding operating always in an emergency phase.
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