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Abstract

The post-earthquake reconstruction process of historical centers discloses several issues due to the complexity of the built heritage,
typically consisting of Building Aggregates (BA). These are characterized by structures deriving from progressive volume increases
that, due to partially effective connections, can interact under seismic actions. Therefore, the repair and reconstruction work after
seismic event, the conservation of the architectural values and the improvement of seismic and energy performances must rely on
a deeper knowledge of the BA seismic behavior and on an unitary design approach. This paper presents an analysis of the damage
caused by the 2009 earthquake to the buildings of the historical centers in the Abruzzo Region, with particular interest to the BA
considered as a single structural block. A new perspective of the damage on structural and non-structural components, detected by
means of the AeDES form, a first level survey form for post-earthquake damage and usability assessment, is proposed. The data
related to the building damage are converted into an equivalent global building damage associated to the BA using conversion
metrics found in the literature. Finally, some considerations are provided to evaluate the global building damage, necessary to the
development of a comprehensive damage state.
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1. Introduction

In Italy, after the seismic events that hit the Abruzzo Region in 2009, an extensive and detailed set of data about
the reconstruction have been collected, cataloged and made available to the scientific community. Thanks to the
contribution of institutional partners involved in the damage census activity and in the subsequent reconstruction
phases, a large database was prepared including also data about methods and costs associated with the repairing
interventions. The damage data are stored according to section 4 of the AeDES form (Baggio et al., 2014).The aim of
the form is to quickly detect the typological characteristics, the damage and compliance with the safety standard of
buildings in the emergency phase following the earthquake. The AeDES form refers to a single building, defined as a
homogeneous structural unit and distinguishable from adjacent buildings in relation to the architectural typology,
different height, age of construction, etc. In particular, for masonry buildings the structural unit can be identified by
the presence of vertical bearing walls extending for the entire height of the structure. The identification of the damage
grade and extension observed during the survey is related to structural and non-structural components and stored in
section 4 of the AeDES form. Although this form does not represent a tool for assessing seismic safety, it allows for
storing information relating to the damage extent of: i) vertical structures; ii) horizontal structures; iii) stairs; iv) roof
and v) infill/ partitions. The severity of the damage, in addition to the case of null damage (DO0), is grouped into three
levels, defined in (Baggio et al., 2014).

For buildings located outside the historical centers and restored during the first phase of the reconstruction, the
damage data derives directly from section 4 of the AeDES forms filled in during the emergency phase surveys of the
post-earthquake (Dolce et al, 2009). For buildings located inside historical centers (municipalities of L’ Aquila and
minor cities of the seismic crater) a parametric procedure was adopted starting from 2013 providing for the possibility
of acquiring information that describes the damage of individual structural and non-structural components of the
buildings. This information is acquired using a table that perfectly replicates the aforementioned section 4 of the
AeDES form. The information on the damage contained in the parametric forms, acquired both during the emergency
phase and intervention designing phases, were validated by dedicated offices. During the reconstruction intervention
it is possible to re-quantify the damage suffered by the buildings thanks to specific procedures provided by the
parametric form, necessary to obtain the reconstruction funds. For the municipality of L’Aquila, the procedure
provides for the possibility of redefining both the identification of the building and the result of compliance with the
safety standard attributed in the emergency phase; for the smaller municipalities of the most affected area (so-called
“crater”), the outcome can be redefined only if it was not correctly attributed in the emergency phase (e.g., the presence
of multiple conflicting outcomes for the same building, or outcome D - building to be reviewed).

In the first part of this paper, in order to provide a critical review of the BA damage, comparisons between the
damage suffered by the masonry buildings located in and outside historical centers are provided. In the second part of
the paper, preliminary assessments are proposed to define a damage state of BA.

2. Damage characteristics of the case study

The analyses presented below show a sample of 1.865 masonry buildings located inside the historical centers (IHC)
of the city of L'Aquila, 1.247 buildings outside the historical centers (OHC) of the city of L'Aquila and 3.382 buildings
located inside the historical centers of the 56 municipalities of the so-called seismic crater, that is the set of
municipalities in which a macroseismic intensity greater than 6 was recorded. These buildings are a sub-sample of the
buildings analyzed in the "Libro bianco sulla ricostruzione privata dei centri storici nei comuni colpiti dal sisma
dell’ Abruzzo del 6 aprile 2009" [Di Ludovico et al, 2022].

Table 1. Detail of the masonry buildings analyzed, grouped by the building usability rating.

Usability rating n. of buildings inside n. of buildings outside n. of buildings inside the historical
the historical centers of L’Aquila  the historical centers of L’ Aquila centers of the crater
A 130 - 599
BC 221 768 567
E 1.514 479 2.216

Total 1.865 1.247 3.382
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The graphs in Fig. 1 illustrate the percentage distribution of the damage severity detected for each structural
component for the three groups of buildings described in Table 1.

In all groups of buildings analyzed, vertical structures are the most damaged structural component while stairs are
the less damaged. With reference to the city of L’Aquila, one can note that the structural components of the buildings
located OHC have a lower damage level than the structural components of the buildings in the historical centers. The
buildings of the crater historical centers are dispersed over a much larger area than those of the L’ Aquila historical
centers, from which a greater dispersion of the damage level also derives.
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Fig. 1. Percentage distribution of the building damage in the sample for each structural component: OHC of L'Aquila (a), IHC of L'Aquila (b) and
THC of the municipalities of the crater (c).

To better characterize the buildings included in the three groups, the graph in Fig. 2 shows the percentage
distribution of the construction age (i.e., IHC of L’Aquila city, OHC of L’Aquila city and IHC of the smaller
municipalities of the crater). The city of L’Aquila has a medieval historical center and there are approximately 60
minor centers located near the city built between the 12 and 19" centuries. On the contrary, the buildings of the group
OHC were built in more recent times; in particular, about 90% of the buildings in the sample considered were built
after 1919. It is worth noticing that with the Regio Decreto Legge of 23 October 1924, n. 2089, particular technical
standards were issued for the seismic areas affected by earthquakes that occurred after 1908. These regulations were
therefore adopted in the L'Aquila province due to the Avezzano earthquake of 1915. The cited standards contained a
series of prescriptions for buildings to be built or repaired after an earthquake event. There were also requirements
about the masonry quality, the minimum thickness of the walls, the wall-to-wall distance, the presence of architraves.
In addition, there were limits to the number of floors for new buildings, and it was specified that the floors and roofs
should not be thrusting. Thanks to the aforementioned standard and subsequent updates, in the Province of L'Aquila
the masonry buildings built starting from the 1920s have a series of anti-seismic devices mostly absent in the buildings
previously built. This observation could justify (net of the epicentral distance and the ground amplification), the less
damage to the individual structural components found for buildings located in the suburbs compared to those located
in the historical centers of the city.
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Fig. 2. Construction age of the buildings inside and outside of the historical centers of L’Aquila, and of the historical centers of the Crater.
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3. Global building damage

The damage levels reported in the AeDES form are defined on the basis of the European macroseismic scale, EMS-
98 [Grunthal 1998], although with some differences. Meanwhile the AeDES form defines three levels of damage (D1,
D2-D3, D4-DS) whose extent over the building is quantified, in addition to the zero damage (DO0), the EMS-98 define
five level of global damage: negligible damage or mild (DS1), moderate damage (DS2), substantial or severe damage
(DS3), very severe damage (DS4) and collapse (DS5). In addition, while the damage data from the AeDES form are
divided in five components, the EMS-98 refers to the entire building.

Over the years, several metrics have been adopted to convert individual components damage into global building
damage [Dolce et al, 2001; Di Pasquale and Goretti, 2001; Goretti and Di Pasquale, 2004; Rota et al, 2008; Dolce and
Goretti 2015; Del Gaudio et al, 2019; Dolce et al, 2019]. Here, the procedures proposed in [Rota et al, 2008]
(hereinafter ROTA) and [Dolce et al, 2019] (hereinafter DOLCE) have been adopted to convert the damage of
individual components into global building damage. The procedure proposed in [Rota et al, 2008] to define the global
damage of the building takes into account the maximum damage between that recorded to the components of the
vertical structures (VS), of the horizontal structures (HS) and of the roofs (R); the choice of the maximum damage as
a criterion is corroborated by the observation that the maximum damage is usually the main factor influencing the
assessment of the building's usability. The three levels of damage and the related extensions, defined applying the
AeDES form, are converted into global damage according to the metric reported in [Rota et al, 2008].

The metric reported in [Dolce et al, 2019] takes into account only the severity of damage and relevant extent to

vertical structures.
For buildings located in the city of L'Aquila, the damage state was calculated with both aforementioned metrics in
order to detect differences in the global damage between buildings located outside and inside the historical center.
Fig. 3 (a) shows the distribution of the DOLCE damage state, while Fig. 3 (b) shows the distribution of the ROTA
damage state.
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Fig. 3. Damage state DOLCE (a) and ROTA (b), for buildings located inside (IHC) and outside (OHC) the historical centers of L'Aquila.
4. Building aggregates

In order to understand the differences between OHC and IHC in the damage level of structures it is important to
take into account also the relation with the surrounding buildings. Architectural complex consisting of buildings
connected by joints which can interact under seismic action, even if they are not homogeneous from a constructive
and structural point of view, are defined as Building Aggregates. The analyses shown in this paragraph refer to the
building aggregates located in the historical centers of the municipality of L'Aquila. The buildings of the historical
center of the city differ from the buildings of the hamlets’ historical centers in construction type and age.

The graph in Fig. 4 shows the distribution of the construction age for all the buildings located inside the historical
centers of the municipality of L'Aquila (a) and for the buildings located only in the city historical center (b), grouped
by position within the BA. It is worth noticing that the internal buildings of the aggregates were generally built before
those positioned at the edge or at the corner; the buildings located in the city historical center are generally older than
those in the entire sample.
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Fig. 4. Construction age of the buildings in the historical centers of the municipality of L'Aquila (a) and in the city historical center (b).

To get the reconstruction grants via the parametric procedure one must provide the building vulnerability level
divided into low, V1, medium, V2, and high, V3. These levels, for the municipality of L’Aquila, are based on
vulnerability indicators reported in Table 2

Table 2. Vulnerability indicators of the parametric procedure adopted in the municipality of L’Aquila

Indicator
1 Masonry quality 4 Spacing between load-bearing walls 7 Floors with offset in elevation
2 Connections among masonry 5 Vulnerability of the roofs 8 Connections between structural and
components non-structural elements
3 Vertical irregularity 6 Vulnerability of the horizontal structures 9 Aggregate position / Irregular

morphology

Fig. 5 shows the correlation between the vulnerability class of buildings located in the historical centers of the city
of L'Aquila (a — Dolce and c - Rota) and for buildings located in the main historical center (b — Dolce and d - Rota).
The graphs show that in the city historical center there are more buildings with high vulnerability V3, compared to the
entire city sample, but the distribution of damage, for each level of vulnerability, is comparable (Level V1 includes a
few buildings). The number of buildings in each category has been shown at the top of the diagrams.
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Fig. 5. Distribution of the vulnerability of the buildings in the historical centers of the municipality of L’ Aquila (a — Dolce and ¢ - Rota) and of
the city historical center (b — Dolce and d - Rota).

The vulnerability of a masonry building is strongly influenced by its construction type. The parametric procedure
allows to detect the masonry quality of each building according to the masonry types indicated in table C8A.2.1 of
the circular dated 02 February 2009 n. 617 /C.S.LL.PP. For each building it is possible to define more wall types and
their extension. To simplify the following analysis, three classes of masonry quality have been defined as in Table 3.

Table 3. Masonry quality classes
Masonry type and percentage extension in building Masonry quality
Rubble stone, without strengthening >30% Poor
Masany type.s 3,4,5,6,7,10,12b of C.8A.2.1. Te.ible, with and Good
without reinforcements, with overall extension > 60%
Others Average
The graphs in Fig. 6 show the correlation between the masonry quality and the level of damage of the buildings
located in the historical centers of the municipality of L’ Aquila (a — Dolce and ¢ - Rota) and of the buildings located
in the city historical center (b — Dolce and d - Rota). It is evident that as the wall quality increases, the level of damage
to the building decreases. In the entire sample of the municipality of L'Aquila 55% of the buildings have a poor wall
quality, 40% an average wall quality and only 5% a good wall quality. In the city historical center, the percentage of
buildings with poor masonry quality grows to 60%; this distribution is consistent with the construction age distribution
of the buildings.
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Fig. 6. Distribution of the masonry quality of the buildings in the historical centers of the municipality of L’ Aquila (a — Dolce and ¢ - Rota) and
of the city historical center (b — Dolce and d - Rota)
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The graphs in Fig. 7 illustrate the distribution of the damage level in relation to the position of the building inside the
BA. On the left (a) the distribution of the DOLCE damage state is reported as a function of the position of the building
inside the aggregate; on the right (b) aggregates are grouped based on the position of the most damaged building in
the BA. The analysis shows that the aggregates in which the internal buildings are the most damaged unit are about
13.7% of the total. For most of the aggregates, edge buildings are found to be the most damaged (about 32%), followed
by the corner buildings (21.9%). In about 28.7% of the aggregates, the maximum damage unit is widespread between
several buildings of _tzlr;le agS%regastD?.
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Fig. 7. Damage distribution according to the DOLCE metric, in relation to the position of the building in the aggregate (a) and distribution of the
aggregates in relation to the position of the building with greater damage (b).

Fig. 8 shows the same distribution as in Fig. 7 using the ROTA metric: also, in this case corner and edge buildings
results more damaged than the internal ones. However, in this case, more aggregates include buildings damaged in
more than one placement in the BA. Therefore, in can be observed that with both metrics corner and edge buildings
are more vulnerable than the internal buildings.
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Fig. 8. Damage distribution according to the ROTA metric, in relation to the position of the building in the aggregate (a) and distribution of the
aggregates in relation to the position of the building with greater damage (b).

5. Conclusions

The data collected by the Government Institutions involved in the 2009 post-earthquake reconstruction provides
an important database suitable to understand the behavior of buildings undergoing seismic actions. In this paper, some
analyses regarding the damage suffered by the buildings located in the historical centers of the city of L’ Aquila and
in the municipalities of the seismic crater have been described. The results show that the behavior of buildings located
IHC is different from the behavior of buildings located OHC, which are often built in more recent times. The paper
compares the damage between the masonry buildings in the hamlets of the “crater” and those located in the historical
center of the city of L'Aquila. The results highlight that, for building aggregates, edge and corner buildings are more



Antonio Mannella et al. / Procedia Structural Integrity 44 (2023) 1792—1799 1799

vulnerable than the internal ones. Future works will focus on the definition of a global building aggregate damage
state.
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