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Introduction

The Italian historical heritage is exposed to significant environmental risks. One of them is the
seismic risk. The different seismic hazards of the Italian territory require the study of vulnerability
assessment methodologies, which can be of a rapid nature and applied at different scales: from
the building, to the aggregate, to the municipality. The aim of such methods is not to provide an
exhaustive classification of the actual structural deficiencies of each building studied, but rather
to point out the more or less serious criticalities within a historical heritage at the territorial level,
and can therefore become a useful tool for establishing priorities and methods for more targeted
intervention and protection.

With this in mind, two different survey methodologies were developed, which can be considered
complementary, whose application to masonry residential buildings seems to be able to produce
vulnerability pictures at different scales. The data required for the application of these method-
ologies are data available in national and municipal databases, in particular from the DPC-Reluis-
Cartis database. The methodologies were tested in different hazard contexts: at urban scale, at
building type scale and at building scale.

The proposed methodologies concern: the creation of a map of the historical centre, provided by
the municipality, with an indication of the seismic vulnerability class of the buildings (low, me-
dium and high), obtained from the data of the Reluis-CARTIS protocol (Zuccaro et al. 2023), and
the construction of fragility curves describing the probability of reaching and exceeding a certain
threshold of loss of performance when the local seismic stress varies.

The inverse application of the CARTIS protocol to the seismic vulnerability assessment of his-
torical centres

The approach presented here is a proposal for the reverse use of the collected data reported in
the protocol for the survey of historic heritage through a template called “CARTIS-Typological-
structural characterization of urban districts”, coordinated by the National Consortium of Seismic
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Engineering Laboratories — ReLUIS - within the framework of the Italian ReLUIS 2014/2018 pro-
ject. Data are then recorded in a dedicated Database, providing a dataset on ordinary buildings
and widespread historic construction at a national level.

In order to avoid the loss of the data collected building by building and their location, to fill in the
Cartis form and to create the aggregated data to be inserted in the final Cartis form and database
web application, another use of the different records is suggested. Taking into account some
selected checkboxes in Cartis to which a simple numerical weight is attributed both positive and
negative (such as State of Conservation, percentage of openings in the ground floor, irregularity
of plan and high, buildings aggregates with blocks not belonging to the same typology, etc.), some
results can be reported in the available cartography, providing the local government with a timely
list of residential buildings or building aggregates that appear vulnerable to seismic risk. Those
buildings can be marked with a simple colored graphic representation (red, yellow, green), listing
them with three levels of risk, in order of priority or urgency for a thorough inspection to be made
by local technicians or professionals to verify the potential vulnerability (Fig.1). The selected vul-
nerability elements do not necessarily have to be the same for all historic centers in order to
create an absolute method valid for all historic centres, but since we only have to compare resi-
dential buildings in the same town, these elements may be reduced or increased depending on
the local characteristics of the masonry building typologies.
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Fig. 1 —Historic center of Paullo (Ml): example of expeditious seismic vulnerability attribution to of masonry residen-
tial buildings, using records collected for the CARTIS form applied to the masonry building typology showed in the
two pictures.

Fragility curves

The construction of fragility curves has been used for several years in the seismic field to predict
the behavior of different building typologies as the expected acceleration varies. Their construc-
tion is usually based on the results obtained from structural modeling capable of providing a large
number of samples. When dealing with historical centers and existing buildings, such modeling
is complex and requires rather long processing times; therefore, it does not seem suitable for a
rapid and large-scale application.

In order to build a flexible and easy-to-use tool, the construction of fragility curves was conceived
as a tool for evaluating the loss of performance of a building subjected to seismic action, meas-
uring this loss as the decrease in the safety factor, SF (Borri et al. 2015) characteristic of the
building. The evaluation of the safety factor, SF, requires geometric knowledge of the building,
obtainable from: the plans and elevations of the building itself; the quality of the masonry, de-
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ducible with a quick investigation of the masonry to which to associate the mechanical charac-
teristics proposed in the NTC2018; the orographic and typological characteristics of the soil; the
local seismicity of the urban area involved into analysis.

The safety factor, SF, referred to is the safety factor proposed in Borri et al. (2015), is expressed
as a function of Global Safety Factor (SFG) and Static Safety Factor (SFS). These two factors can
be obtained, as mentioned, from data already available in local and national databases, and pro-
vide a global response to the building's capabilities. A further safety factor, indicated as local
safety factor (SFL), requires more in-depth knowledge of the individual building and is calculated
for different parts of the building. It highlights localized behavioral deficiencies, indicating more
precisely the points that require urgent interventions. For performance loss analyses, the safety
factor assumed is the lowest of the safety factors evaluated.

Always with a view to developing a rapid method for predicting the level of performance loss of
existing structures, it was considered appropriate to evaluate the global behaviour (SFG and SFS),
leaving the evaluation of local behaviour (SFL) to subsequent investigations, should the global
picture show severity.

The deterministic method proposed by Borri et al. (2015) was implemented with the probabilistic
approach of the construction of fragility curves that allowed to describe the loss of performance
as the expected seismic acceleration varies. This allows to extend the results obtained for a cer-
tain building typology to other regional areas with comparable seismicity.

In case of seismic response, the safety factor, SF, which is always lower between the two param-
eters SFG and SFS, is the global safety factor SFG; therefore, the safety factor SFG is assumed as
a random variable in the construction of fragility curves (Angjeliu et al. 2023; Cardani & Gara-
vaglia, 2024).

The association of fragility curves with a method of seismic vulnerability assessment for existing
masonry buildings (Benedetti and Petrini 1984; Meroni et al. 2002) has allowed us to formulate
hypotheses on the construction of possible risk matrices that can be translated into risk maps at
the level of the historic center or at the municipal level.

Application of the methodology

In constructing the fragility curves, the procedure adopted was to identify a homogeneous sam-
ple of buildings located in a given orographic area with known geological and seismic character-
istics; then choose a series of PGAs characteristic of the seismic area and the corresponding spec-
tral amplification factor FO; then proceed with the processing of the seismic response in terms of
safety factor (SF) as the value of PGA expected for the area varies.

Once percentage performance loss thresholds were established, fragility curves were then con-
structed describing the probability of exceeding a given threshold when the expected PGA varied
(Fig. 1b). Then, assuming the entire sample of buildings, it was possible to construct the same
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fragility curves for the entire sample; curves which become representative, in probabilistic terms,
of the behavior of a certain building typology as the expected PGA varies (Fig. 2b). The results
summarizing the behavior of a given building typology can be extended to regional seismic con-
texts with comparable seismicity.

To complete the analysis of the seismic behavior of the analysed buildings, the vulnerability index
was constructed for each of them and a damage-acceleration relationship was constructed
(Benedetti and Petrini 1984; Meroni et al. 2002). The construction of the vulnerability index is
also based on the definition of parameters that can be deduced from available databases or from
visual investigations of the building as a whole (Benedetti and Petrini 1984; Meroni et al. 2002)
(Fig. 2c and d)
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Fig. 2 — Example of application of the proposed method: a) Building-by-building fragility curves; b) Fragility curves
for the building typology; c) Building-by-building acceleration-damage ratio; d) Average acceleration-damage ratio
for the building typology.

Risk Matrices

The classification of buildings into risk classes occurs through the construction of risk matrices
that relate the possible damage to the detected hazard, both parameters can be measured in
different ways. The proposed risk matrix is constructed by taking as parameters the vulnerability
index and the loss of performance measured as loss of the SFG factor as PGA varies (Fig. 3a).

To give an example, let's assume a building in Desio (MB) el (fig.2a) (whose fragility curve relating
to a 20% loss of performance is shown in Figure 3b), has an v.i.=23.20 representative of a me-
dium-low level of vulnerability (Figs.2c and 3c). From the fragility curve it is clear that the loss of
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performance can be reached for a PGA between 0.08 and 0.11; from the damage-acceleration
function in figure 3c, for an v.i=23.20 and a PGA between 0.8 and 0.11 the expected damage
could be estimated between 20 and 30%, therefore for PGAs included in this range, the building
could be classified in a medium-low risk category (Fig.3a). If we assume instead the probability
of losing 60% of the SFG safety factor, then our building goes from a medium-low risk class to a
medium-high risk class, but for higher accelerations (PGA between 0.2 and 0.24).

Vulnerability inde: V.IL V.IL V.IL VI Probability of damage
Loss of SF¢ | 0-20 20.1-40 | 40.1-60 | 60.1-80 low
Loss >20% medium low
Loss >40% medium
Loss >60% medium high
Loss >80% high
a)
ol RTINS MREE S B oo o
0.80 ThH, 20% ,] ’ , ,’ 0.80 ///
[ ® ExFC30%
g 00 ThEE 30% ! ' 70
E 0.60 o ExrCao% [ , %O.GO v
2 030 F—Tnrcaow i | E 0.50 P
E 040 o Er(50% , ’ 2 0.40
0 030 == 7 0.30
E ThFC50% / ‘ # ’ I oo /
I -l i B ' ~
/. 010 ——V[=2320
0.00 . 00— - 0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 035 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
PGA(g) b) PGA (g)

Fig. 3 —a) Risk matrices built for different levels of performance loss measured in SFG and for different values of the
vulnerability index. b) Fragility curve relating to a 20% loss of performance of building el and c) average acceleration-
damage ratio of building el.

Conclusions

The methods presented offer a concrete possibility of implementation for local administrations.
They are not only a tool for dialogue between the different actors involved in the process of
deciding 'where, how and when' to intervene in the more vulnerable parts of the territory, but
the process of securing them must be reasonably sequential.

Knowing the most critical areas to investigate on a urban scale is already an important step in the
difficult decision-making process.
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