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ABSTRACT

Earthquakes induce dynamic stresses in structures, and past seismic events have demonstrated that existing heritage buildings are highly
vulnerable. This vulnerability applies to both reinforced-concrete and masonry buildings, which are concentrated in historic centres
throughout Italy. Significant variations in construction account for the inadequacy of existing structures to withstand seismic actions,
such as the materials used and the construction details, which can be neglected in building practices. This work focuses on the analysis
of heritage buildings through an inventory using the Caratterizzazione TIpologica Strutturale (CARTIS) form developed by the Seismic
Engineering University Laboratories Network in conjunction with the Civil Protection Department. On knowing a building framework,
structural health monitoring (SHM) systems can be applied on the town compartments (TCs) that are prone to the highest vulnerabilities.
A priority criticalities scale can be devised starting from the building inventory by identifying the TCs through the CARTIS-based data.
This approach can be used to determine a safety threshold obtained via structural parametrical analysis using commercial software
(VEMNnI) with different building typologies. The next stage consists of the implementation of appropriate SHM to provide important
information regarding the structural integrity of the buildings. The proposed methodology is outlined in this paper with reference to the
suggested SHM system.
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narrowing of the investigation framework is important for
1. INTRODUCTION optimising the analytical effectiveness 0, [5]. This paper presents
a preliminary study aimed at defining a methodology for coupling
the recent trends in building inventory procedures with those of
structural monitoring. In the last few decades, various attempts
have been made to formulate refined collecting models. At the
regional scale, the census data provides the main source for a
classification of building vulnerability. Meanwhile, the data
sources provided by interview-based or building-by-building
surveys allows for an in-depth examination, despite the

Seismic-damage prevention is one of the main goals of
researchers in the management of historical heritage buildings.
However, an appropriate appraisal of the building’s heritage
requires the definition of the building’s characteristics for
examination, especially in terms of (i) the construction type (i.e.
reinforced concrete [RC] or masonry), (ii) the intended use (i.e.
residential or specialised), and (iii) the state of conservation (i.e.
good or neglected) [1]-[3].

The first step in obtaining a building inventory is to ensure
the survey measure is focused on non-specialist buildings. The

significant difficulty in accessing the relevant information [6].
From the collaboration between the Seismic Engineering
University Laboratories Network (ReLUIS) and the Civil
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Protection Department (DPC) emerged the Caratterigzazione
Tlpologica  Strutturale (CARTIS) tool. This is a territorial
knowledge tool based on the concept of buildings with specific
structural feature typologies and presents an approach that is
remarkably adaptable to the diversity of buildings throughout
Italy, where each city is the result of an historic evolution leading
to the current situation.

The use of speedy and efficient approaches allows for the
individuation of the critical town compartments (TCs) that
indicate the major structural safety issues. Real-time damage
identification systems can help to mitigate seismic risk. Here, the
aim is to act exclusively on the most vulnerable buildings with
minimal intervention in order to optimise both the technical and
the economic resources, which can be achieved by using
structural health monitoring (SHM) systems combined with the
internet of things (IoT) paradigm [7]-[14].

This work presents a preliminary study aimed at defining an
integrated methodology for inventory, monitoring, transmission,
and data management. The remainder of the paper is organised
as follows. Sections 2—4 outline the CARTIS approach and the
theoretical formulation of seismic vulnerability as well as the
equivalent frame model. Section 5 then introduces and explains
the monitoring systems related to historical building construction
before section 6 presents the preliminary study based on the
application of CARTIS, with the parametric numerical modelling
and the SHM system presented. The conclusions are then drawn
in section 7.

2. BUILDING INVENTORY USING THE CARTIS APPROACH

Defining homogeneous territorial zones, namely, the TCs, is
the first step of the CARTIS methodology [15]. These zones
group buildings of the same age and construction technique. The
data collection is carried out by filling out forms subdivided into
different levels: a first-level single form for the city (Figure 1);
second-level forms, one for each TC individuated in the local
territory (Figure 2); and third-level forms, one for each building
type (BT) within each TC (Figure 3).

Figures 1, 2 and 3 show the application of the various levels
of CARTIS to a small town located in the central part of the
Calabria Region, Fuscaldo, identifying two different TCs in its
historical compartment and the most ubiquitous masonry

building types.
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Figure 1. First-level CARTIS approach.
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Figure 2. Second-level CARTIS approach. Identification of TCs.

Qualified technicians (professionals and researchers) conduct
the survey campaign both in terms of building-by-building
surveys and through interviewing local experts operating in the
sector with an in-depth knowledge of the territory.

In third-level surveying, the classification of the building
typologies of each compartment is carried out by identifying the
macro-classes of the buildings, that is, RC or masonry (labelled
as CAR and MUR, respectively, on the forms). Other
determining factors that contribute to defining the typologies
include slab-type, the number of floors, and the number
(percentage) of openings. However, it is worth noting that there
can be multiple masonry typologies. In RC buildings, the
appropriate building details correspond to the date of
construction (e.g. class of concrete strength, diametet/spacing of
strips, percentage of rebars in the beams and pillars). Meanwhile,
for masonty buildings, a more marked variability tends to exist
with the same type of material due to the texture and the cross
sections, the presence of courses and diatons, and the type of
corner connection and thin-bed joint, etc. [16], [17].
Furthermore, these buildings are generally geometrically irregular
in terms of both plan and elevation. Cleatly, the role of the data
collector is fundamental and is highly related to their ability to
access information.
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Figure 3. Third-level CARTIS approach. Identification of the characteristics of
the existing buildings in the various TCs.
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While the collected data may appear to be accumulated, they
can still be used to define vulnerability models on different scales.
Another aspect of the potential of CARTIS is the web
application (available at https://cartis.plinivs.it), where all the
data manually gathered through the forms are introduced and are
accessible to the scientific community. The web application
guides the data entry procedure, reducing the chances of human
error that can affect the collection. Moreover, specific ‘query’
commands allow the data to be queried. As such, the same
information can be subjectively assessed to define and calibrate
new refined models of seismic vulnerability [17], [18].

3. SEISMIC VULNERABILITY

Nowadays, various approaches are employed to estimate the
seismic vulnerability of buildings [19]. However, the strategy
employed must establish a priori (i) the differentials that
contribute to defining the seismic reactions of a typological class,
(ii) the damage scale, and (iii) the extent to which these classified
buildings are vulnerable to a determined level of seismic intensity
[20]. Therefore, researchers have attempted to standardise the
vulnerability concept to ensure analogous investigations [21].

In this framework, the damage probability matrix (DPM) is
one of the main tools employed [22]. This relates to the
probability that a determined damage level £ occurs for a seismic
event of a certain intensity,

I: pgyy =P D=AIl | M

taking into account a specified building class. For each I value,
which represents the vulnerability index of each building, the
distribution of damage d presents a mean value of

d (1) =5 >(Pui k) @)

whete the term 1/5 is related to the five damage degtees (D£)
foreseen by this type of approach. According to the adopted
model, specific curves known as vulnerability curves (Figure 4),
which plot the damage distribution 4 vs. intensity I, can be drawn.

When several damage grades of Dk are taken into account,
the curves become fragility curves (Figure 5), which are regularly
developed on the basis of a lognormal distribution of 4 values
[23].

Seismic fragility is identified in terms of the chance that the
seismic capacity related to a ground-motion parameter (peak
ground acceleration [PGA]) A of a structure is below a threshold
a of that PGA [24], [25].

pr(2)=P{A<a|PGA=a} 3)

B Q 10

Figure 4. Example of a vulnerability curve.

P{d=D,|1]

Figure 5. Example of a fragility curve.

The PGA seismic capacity .4 of a structure is often expressed
as a function of three variables:

A=A, &6, Q)

where A, is the median PGA seismic capacity, €y is the epistemic
uncertainty of A4 due to a lack of knowledge and is a random
variable representing uncertainty, and ¢z is linked to the concept
of aleatory uncertainty and is a random variable representing the
inherent randomness of .4 [26]. The two random variables are
taken to be lognormally distributed with unit average values and
with logarithmic standard deviations of fu and fr, respectively
[27]. In accordance with Eq. 4 and the assumption that eg and eU
are lognormally distributed, the seismic fragility curve, which
identifies the probability of failure given a PGA threshold « at a
confidence level of Q = ¢, is expressed as follows in accordance
with [28]:

pF<a>q)=P{A<d|PGA=ﬂ’Q=q}:

a 4
In [Amj"'ﬁuq) (9) 5)
=0
Br

where @ represents the standard normal distribution function.
The confidence levels O are often taken as vatious discrete
values, such as 5 %, 50 %, or 95 %. Generally, this equation
identifies a family of seismic fragility curves for various levels of
confidence, as shown in Figure 6 [29].

It is possible to obtain a high confidence of low probability of
failure (HCLPF) seismic capacity in terms of a selected PGA by
solving Eq. 5 with a 5 % probability of failure and a 95 %
confidence level. The subsequent analysis will lead to the
formulation of Eq. 6:

Cricipr = Aye OPh) ©)

Here, the median capacity Am, as well as the associated
randomness fr and uncertainty Sy, become the principal values
to calculate to obtain the seismic fragility curves and the HCLPF
seismic capacity of a given structure [30].

The safety factor, F, which is an intermediate random
variable, is used to calculate the A, fr, and fu. Here, F describes
the extent to which the PGA seismic capacity A is above the
reference earthquake level in terms of the same PGA quantity
ARefand is defined as follows:
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Figure 6. Fragility curve based on the formulation proposed using Eq. 5 [29].
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Meanwhile, the physical meaning of F is the ratio of actual
seismic capacity of the structure analysed to the actual response
(demand) of the same in terms of the reference earthquake
chosen for the analysis.

It is clear that the vulnerability studies carried out using these
approaches lead to a comprehensive overview of the most critical
building classes. Generally, higher mean damage is experienced
by the more vulnerable building classes than by the less
vulnerable classes. Attention should be paid to these buildings
when setting up systems for monitoring the structural safety in
real time.

However, past earthquake data have revealed that a given
building class may perform better in the case of weaker seismic
events than in the case of stronger events. Thus, it could prove
difficult to compare different building classes in terms of
vulnerability.

4. THEORETICAL FORMULATION OF EQUIVALENT FRAME
MODEL

The seismic analysis of masonty structures is conducted using
software based on equivalent frame or macro-element models
[31], [32]. In these approaches, the walls are subdivided into the
vertical elements — the piers — and the horizontal elements — the
spandrels interconnected by rigid nodes [33], [34]. As such, the
structural response is brought back to the constitutive laws of
these elements.

Generally speaking, in modelling and analysis techniques, the
contribution of the spandrels is neglected and, even at the
regulatory level, their effectiveness is often subordinated to the
presence of tie-rods or RC bond-beams. Thus, in assessing the
safety of existing buildings, this approach leads to a large number
of them being labelled as ‘unsafe’. It is clear that this outcome is
not plausible, and that the hypothesis adopted is too burdensome
since the possible contribution of the spandrels is not considered

[35], [36].

Figure 7. Equivalent frame idealisation [35].

Figure 8. Damage that occurs in piers during a seismic event.

Certain modelling strategies for masonry structures are based
on the identification of the macroscopic structural elements.
These are defined in terms of finite elements (FEs) — membranes
[37]-[39] or frame solids [40], [41] — from a geometric and
kinematic point of view, or in terms of generalised internal forces
from a static point of view [34]. The latter models are aimed at a
substantial reduction of the computational burden, as they are
based on a discrete modelling in which the basic element is
designed to model a given masonry panel. According to a more
simplified approach, the basic macro-elements can represent
complete piets and/or spandrels. This reduces the computational
burden and decreases the degrees of freedom (DOF) of the
structural system.

The so-called frame models are the most commonly used
macro-models and are based on a discretisation of the walls using
the macro-elements. Here, the walls are regarded in terms of an
idealised frame, in which rigid nodes connect the deformable
elements (Figure 7) [35]. Meanwhile, the piers are the elements
that discharge the loads to the ground, and their failure causes
the collapse of the wall, while, in contrast, the spandrels — which
are vertically aligned with the openings — influence the behaviour
of the wall in relation to the degree of coupling with the piers
without directly causing the collapse.

This idealisation derives from the observation of the damage
caused by an earthquake in relation to the concentration of
diagonal cracks in these elements and the absence of cracking or
damage mechanisms in the rigid nodes (Figure 8). In fact, it is
assumed that in the rigid nodes, the strains remain in the elastic
field, which can result in their contribution being neglected in the
evaluation of the seismic behaviour of the building [42], [43].

In the new Italian Technical Standard (NTC 2018), the
spandrels are considered as 90 ° rotated piers. However, due to
the anisotropy of the material, the behaviour between the piers
and the spandrels will be different, depending on whether the
direction of the applied forces is orthogonal (piers) or parallel
(spandrels) to the layout of the mortar bedding joints.

The Italian NT'C 2018 assigns a resistance to damage value
for the spandrels only in the presence of tensile-strength
elements capable of generating a compressive stress. The
bending strength of these structural elements tends to be related
to the formation of the diagonal strut mechanism that guarantees
the coupling with the piers. However, even in the absence of
additional elements, the masonry will tend to have a considerable
resistance to bending stress due to the friction force between the
blocks, especially with spandrels charactetised by small
dimensions.

To obtain moderate values of the axial load acting on the
spandrels and the related buckling strength, Eq. 8 was employed
following modification of the formulation used for the piers (Eq.
7):
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where N is the compression load applied to the piers, 7 is the
thickness of the masonty element, 4 and 4 are the base and the
height, respectively, of the pier or spandrel, 4 is the cross section
of the element and is equal to /-4 f;is the design compressive
strength of the masonry, /i, is the design horizontal compressive
strength of the masonry, P is the compressive horizontal load
applied to the spandrel, and £ is an imposed coefficient less than
or equal to 0.85.

In the case of the presence of tie-rods or RC bond-beams in
the structure, the value of the buckling is calculated using Eq. 9:

H,h H,
M, = 1= ®
2 0.85- fbd -h-1

where H,is the minimum value of the tensile stress between
reinforcement element (tie-rod or RC bond-beam) and 0.4 47 ;..

The strength and stiffness of the piers and spandrels are
determined by the relative failure criteria, while the node element
is considered infinitely rigid and resistant.

The great advantage of this method lies in the possibility of
reproducing the non-linear behaviour of the wall panels. The
piers and the spandrels are modelled through two-dimensional
finite macro-elements that are representative of wall panels, with
two nodes and three DOF per node (ux, #z, roty).

The remaining wall portions are therefore considered as rigid
nodes, as identified in the wall plane by two points (x, z), to which
the macro-elements are connected, with the latter transmitting
the forces to each node along the three DOF. This approach
requires a limited number of DOF with a reasonable
computational burden, allowing for the analysis of complex
models of unrestored masonty structures obtained by assembling
the walls and horizontal elements.

In this approach, the loads are only applied to the nodes,
meaning the element is not loaded along its own axis. In the
constitutive laws, the initial elastic branch is directly determined
by the shear and the bending stiffness, calculated on the basis of
the geometric and mechanical properties of the masonry wall, as
summarised in the stiffness matrix Ke [29], [38]:

[ 12Ep __G6Ejp  12E]p _ GEp ]
P (1+y) Pa+y) Py P(1+y)
0 EA 0 0 _EA 0
b b
__GE]n 0 EJn(4+y)  6Ep 0 Eln2-y)

2 2
X - PF+y) b(l+y)  B+y) b (1+y) (10)
LI B 6EJn 12E]n 6EJn
P (1+y) Pa+y) P+ P(1+y)
0 EA 0 0 _EA 0
b b
__OEm . EfnCty)  GEn Eln4+y)
| B+y) b(l+y)  B+y) b (1+y) |

whete ¢ is the coefficient calculated as 7.2:ER2/(GF), E and G
are the elastic and shear modulus, respectively, 4 and J are the
cross-section area and the moment of inertia of the panel,
respectively, / and 4 are the length and height of the panel,
respectively, and 7 is the stiffness reduction coefficient [44], [45].

The employment of the equivalent frame model for the
analysis of masontry structures allows for the identification of the
possibility of schematising as well as buildings with one-
dimensional elements. To calculate the stresses, it is simply
necessary to solve the structural scheme of the frame (as is
performed, for example, for RC structures).

Since masonry walls are configured as two-dimensional
elements, in which two dimensions (width and length) are
preponderant compared to the third (thickness), the
simplifications of the Bernoulli model cannot be applied. In fact,
this model is applied to the beam elements, i.e. a one-dimensional
element for which two dimensions are negligible with respect to
the longitudinal development.

The stiffness of the elements is schematised according to
Timoshenko’s theory, which takes into account the bending and
shear component of the strain [45]:

B 1
s (1.2~/yj
- + -
12E1 GA
The behaviour of the spandrels strongly influences the overall
response. In fact, in the case of tensile-strength elements, the
coupling between the piers is ensured while the rotational

behaviour of the piers occurs in the absence of tensile-strength
elements [46], [47].

)

5. MONITORING SYSTEM FOR HISTORICAL BUILDINGS

Through the application of the CARTIS approach, an historic
city centre can be classified, ensuring the individuation of the
building compartments that could be most damaged when
subjected to seismic action. Given this, monitoring these
compartments through the application of preventive SHM
systems becomes an interesting pursuit.

Here, the modification of structural behaviour associated with
the local dissimilarities in structural rigidity, which are generally
the result of seismic events or dynamic loads, is achieved through
monitoring the dynamic actions and assessing the dynamic
parameters [48].

Vibration-based SHM systems are highly attractive since they
can provide reliable dynamic parameter estimates from in-service
response data. Generally, automated operational modal analysis
(OMA) techniques incorporating a small number of sensors
provide these results [49]-[51].

Forecasting the degradation of the physical and chemical
properties of the masonry — the main raw material used in
historic buildings — is affected by the sensitivity of the SHM
sensor [52], [53].

In the near future, the new technologies will attempt to
resolve the aforementioned problem by adopting the simulation
of intelligent data processing by associating SHMs with the IoT
paradigm [54], [55]. At present, the events that cause great
damage to the engineering structures are studied through the
transformation of models that simulate their behaviour. This is
because the attendant processes are often dynamic and tend to
change over time. If the dynamics of the source events are greater
than those in the real world, their description will prove to be
difficult [50].
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6. PRELIMINARY STUDY

The CARTIS methodology was set up in relation to a case
study to define a preliminary research. Here, the main objective
was to implement an SHM system to be used on the most
vulnerable building classes, individuated using the CARTIS
approach. The methodology is viable only for residential
buildings, those that are the most ubiquitous throughout the
region and that have possessed the same properties over time.
Specialised buildings, such as aristocratic palaces, religious
buildings, and other historic buildings, require specific acumen
developed using alternative methodologies [59]-[62]. This work
aims to assess the subjection to seismic risk of an urban centre
in the Calabria region, southern Italy, namely, Mendicino.
Specifically, the study area is the ‘old town’, which is widely held
to be the most vulnerable TC of the town. After analysing the
building inventory and thereby identifying the TC through the
CARTIS-based data, a study based on the pushover approach
[63] applied to the most common BT of the T'C was carried out.
The seismic safety indexes of the patterns identified were
elaborated by varying the geometric and structural parameters
[36] using VEMnl calculation software. As such, a qualitative
interpretation of the urban fabric was carried out, supplying a
classification of the most suitable strengthening for each BT
configuration.

With regard to the monitoring system, a possible preliminary
SHM system for observing the building sectors in real time is
proposed in this paper, which consists of a cyber part and a
physical part. Within this context, the quality of analytical or
numerical models, the adoption of a specific algorithm and the
attendant parameters, and the accuracy of the sensor
measurements are all potential sources of error and uncertainty

[64].
6.1. CARTIS-based methodology for a case study

The case study in question relates to the municipality of
Mendicino, which is in close proximity to the provincial capital
of Cosenza. While the territory under investigation is extensive
(35.7 km?), the built-up area includes the ‘old town’ and
‘expansion area’ TCs (Figure 9), while further subdivisions into
smaller TCs are possible. However, this work is aimed at
individuating a prevalent BT within the old town (Figure 10) so
as to carry out relevant studies on the seismic susceptibility of
these buildings and the possible reinforcement measures. Thus,
the focus is on the second and third levels of the CARTIS forms.

The old town T'C was the only compartment in the area until
1954. Masonry BT are the principal type in this TC and are

Expansion Area TC

_ [ o1d Town TC
%
5

Figure 9. The TCs of the municipality of Mendicino.

Figure 10. Old town TC.

classified in terms of three types according to the formal and
construction properties. Nonetheless, there are examples of RC
buildings that were not taken into account during the survey
campaign performed with the aid of the second-level forms. In
typological terms, the terraced house is the most ubiquitous BT
in the area, formed by the primary unit known as a ‘tower-house’,
as illustrated in Figure 11.

For the definition of the structural behaviour of the BTs,
three actual buildings (square plan, rectangular plan, and irregular
plan) located at three different points of the old town TC were
considered. In brief, the most common properties of the tower-
house covering all typologies are as follows:

* an average storey height of 2.50 m;

* two- to three-storey structures with elevations mainly

built in the mid-twentieth century;

* a ground floor, largely semi-underground, with a height
lower than that of the intermediate levels. The intended
use has changed from a workshop or a shelter for animals
to a residential area;

* atop floor with a further reduction in height (in m);

* wide openings compared with the size of the masonry
panels.

Figure 11. Typological example of the tower-houses in Mendicino.

ACTA IMEKO | www.imeko.org

March 2021 | Volume 10 | Number 1 | 62



Other applicable parameters, in addition to the shape of the
plan, are as follows:
* the thickness of the masonry (= 0.60 m) throughout the
entire height;
*  the masonry type, from the weaker rubble masonry to the
stronger masonty blocks;
* the different ground floor heights, ranging from 2.30 m
to 2.80 m;
* the type of slab: wooden slab (lightweight) or steel I-beam
with hollow flat blocks (stiffer).
According to the pushover approach established by the Italian
Structural Codes [65], [66], the seismic safety of a building is
defined by the following:

1

This index represents the ratio of capacity displacements
identified in the control point (#ma, generally situated on the
centroid of the attic floor) to seismic demand (éax). In this paper,
the aim is to identify the safety indexes by varying the percentage
of openings (from 9 % to 20 %) and the mechanical parameters
of the structure. Here, < 1 is the non-reliability condition.

6.2. Parametric analysis

Parametric seismic analysis was carried out using the VEMnl
software based on the schematisation of buildings using the
equivalent frame method. The structures considered are all the
tower-house type and differ in terms of plan (square, rectangular,
and irregular). In addition, typological evolutions were identified
for each typology based on the number of storeys, which ranged
from two to three. Table 1 and Figure 12 show the evolution of
the basic elements and the eight variants analysed, which were
distinguished according to ground floor height 4, the raw
material (rubble stone or ashlars), and the type of slab (wood or
rigid). The thickness of the masonry was set at a constant 0.60 m.

Analyses were conducted for each type of plan, for each of
the eight variants, for all two-storey buildings and, subsequently,
for all three-storey buildings by varying the percentage of
openings in the structure.

The ultimate aim was to identify the safety index (I5) for each
individual variant of the model. For masonry buildings, the
analysis using NTC 2018 must be conducted for 16 seismic load
configurations, eight along the x axis and eight along the y axis,

BO

Table 1. Characteristics of the eight models.

Masonry Slab
tni1n h:\in Z:::Le Ashlars Wood Rigid
A 0.60 2.50 X X
B 0.60 2.50 X X
C 0.60 2.50 X X
D 0.60 2.50 X X
E 0.60 2.30 X X
F 0.60 2.30 X X
G 0.60 2.80 X X
H 0.60 2.80 X X

proportional to the masses and heights, and another eight with
consideration of a possible rotation of the action along the two
main axes.

For simplicity, only the values obtained for the configuration
of the seismic analysis proportional to the masses along the
positive x direction are reported.

The numerical analysis led to the identification of 72 safety
indices, for each typology of seismic load combination,
calculated for the eight configurations of the two-storey square
plan by varying the percentage of openings in the wall in a range
of approximately 10 %—20 %. This was subsequently performed
for each type and for each load combination. The results of the
first load combination are presented in Table 2 and Figure 13.
Similar results are obtained for: three storey square plane, two
storey rectangular plane, three storey rectangular plane, two
storey irregular plane and three storey irregular plane. The results
are presented in the Table 3 - Table 7 and Figure 14-Figure 18,
respectively

1.20

110
h,=2,30 180] 3

0,80

1,20

hy=2,40
2,00 1

5,00 (x 5,00)

Figure 12. The parametric analysis was carried out starting from elementary cells A0 and BO, which together identified the different BTs present in the
Mendicino area. The figure also shows a scheme of the square-shaped BT elevations and the attendant model in the VEMnI software.
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Table 2. Safety index values for two-storey square plan.

% A B c D E F G H
10.0 3.38 3.32 7.55 5.00 4.79 3.56 2.47 2.01
11.3 3.23 3.17 7.54 4.85 4.68 3.41 2.34 1.98
12.6 3.33 3.28 8.07 5.02 4.46 3.28 2.25 1.93
13.8 331 3.24 5.14 3.58 4.44 2.03 2.22 1.84
15.1 3.34 3.27 5.17 3.57 4.30 3.01 2.20 1.86
16.2 1.84 1.81 3.02 2.25 2.93 2.24 1.53 1.28
18.4 1.74 1.72 2.12 191 1.99 1.76 1.50 1.35
19.2 1.72 1.70 2.10 1.89 1.92 1.70 1.44 1.32
20.2 1.65 1.64 2.04 1.84 1.92 1.71 1.45 1.32

Table 3. Safety index values for three-storey square plan.

% A B (o D E F G H
8.3 1.59 1.47 2.66 2.12 1.98 1.63 1.42 1.98
9.8 1.29 1.18 1.76 1.55 1.56 1.35 1.28 1.56
11.5 1.22 1.10 1.66 1.46 1.40 1.24 1.04 1.40
12,5 1.24 1.13 1.72 1.50 1.40 1.24 1.04 1.40
14.0 1.68 1.51 2.21 1.95 1.84 1.65 1.40 1.84
15.3 1.69 1.51 2.23 1.96 1.87 1.67 1.40 1.87
17.0 1.45 1.27 1.78 1.65 1.76 1.57 0.88 1.76
18.2 1.00 0.91 1.69 1.53 1.57 1.12 0.98 1.57
19.5 1.05 0.97 1.31 1.22 1.92 1.71 1.45 1.32

Table 4. Safety index values for two-storey rectangular plan.

% A B C D E F G H
9.0 2.69 2.19 5.18 3.89 3.50 2.71 2.01 1.78
10.1 2.52 2.02 4.95 3.65 3.30 2.53 1.92 1.72
11.8 2.55 2.05 5.34 3.86 3.21 2.46 1.87 1.69
13.2 2.53 1.95 4.39 3.19 3.20 2.30 191 1.67
14.3 2.54 1.97 4.33 3.15 3.17 2.29 1.92 1.68
15.5 2.36 1.84 3.97 2.92 2.39 1.64 1.19 1.09
17.1 1.42 1.25 2.25 1.97 1.84 1.41 1.43 1.31
18.7 1.69 1.53 2.15 1.97 1.87 1.65 1.41 1.29
20.0 1.65 1.49 2.08 1.88 1.85 1.65 1.42 1.30

Table 5. Safety index values for three-storey rectangular plan.

% A B (o D E F G H
8.3 1.38 1.28 1.68 1.49 1.56 1.39 1.22 1.12
10.1 1.27 1.16 1.75 1.58 1.44 1.30 1.12 1.03
114 1.08 0.98 1.40 1.27 1.22 1.08 0.95 0.87
12.3 1.07 0.98 1.41 1.26 1.20 1.08 0.95 0.87
14.0 1.46 1.33 1.86 1.68 1.66 1.49 1.27 1.16
15.5 1.43 1.30 1.81 1.64 1.60 1.44 1.24 1.14
16.8 0.93 0.82 1.50 1.39 1.43 0.99 0.75 0.70
18.1 1.03 0.95 1.28 1.18 1.19 1.09 0.91 0.84
19.3 1.01 0.93 1.26 1.16 1.15 1.04 0.89 0.83

—A ——B
c D
—F —F

11 13 15 17 19 21
% openings

Figure 13. Square Plan — two-storey: /s vs. % openings.
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A ——B C D
E F G H

10 12 14 16 18 20
% openings

Figure 14. Square Plan — three-storey: /s vs. % openings.
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Figure 15. Rectangular Plan — two-storey: /s vs. % openings.
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Figure 16. Rectangular Plan —three-storey: /s vs. % openings.
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Table 6. Safety index values for two-storey irregular plan.

— A B C

% A B (o D E F G H E F G H
7.2 2.39 2.02 3.92 3.21 3.67 3.00 1.67 1.57 4

9.1 2.20 1.86 3.49 2.86 3.36 2.75 1.58 1.47
10.1 2.18 1.83 3.45 2.83 3.23 2.69 1.59 1.47 o 3
11.5 2.23 1.83 3.65 2.90 3.45 2.75 1.53 1.41
13.0 2.34 1.87 3.86 2.69 2.78 2.30 1.57 1.45 2 P
14.2 2.00 1.72 3.14 2.55 2.70 2.23 1.50 1.40 1 E
15.4 1.52 1.39 2.00 1.70 1.77 1.57 1.27 1.19 7 9 11 13 15 17 19
17.3 1.47 1.34 1.87 1.64 1.74 1.53 1.26 1.17 % openings
19.0 1.46 135 1.86 1.63 175 1.54 1.24 L1 Figure 17. Irregular Plan — two-storey: /s vs. % openings.

Table 7. Safety index values for two-storey irregular plan. 1,7 S B C D

% A B (o D E F G H 15 E F G H
8.1 1.25 1.15 1.59 1.47 1.40 1.28 1.15 1.11 13 Q

9.3 1.45 1.09 1.49 1.37 1.37 1.25 1.04 0.99
10.1 1.18 1.07 1.47 1.37 1.30 1.19 1.08 0.99 %) Li
11.4 1.14 1.03 1.37 1.30 1.24 1.14 0.93 1.00 0,9
13.1 111 1.00 1.33 1.25 1.18 1.09 1.07 0.96 0,7
14.0 1.12 1.01 1.33 1.26 1.20 1.10 1.02 0.95 05
154 109 098 1.32 1.22 1.21 1.11 0.95 0.88 8 10 12 14 16 18
17.0 1.02 0.95 1.23 1.17 1.15 1.09 1.21 1.13 % openings
18.4 1.00 0.94 1.19 1.14 1.11 1.05 0.59 0.56

Figure 18. Irregular Plan — two-storey: /s vs. % openings.

6.3. Physical part

A possible solution to the SHM physical part [67] involves a
wited sensor network characterised by two types of piezoelectric
accelerometer sensor (Integrated Electronic Piezoelectric—
IEPE): a KS48C-MMF with a voltage sensitivity of 1 V/g and a
measurement range of * 6 g, and a KB12VD-MMF with a
voltage sensitivity of 10 V/g and a measurement range of + 0.6
g. The data recorded with the sensors are acquired via a gateway
to be sent to a remote control and service room [68], [69], where
they will be analysed and compared to the results obtained via
the finite elements model (FEM) in order to obtain the value of
the control point displacement (%)

6.4. Cyber part

Nowadays, natural computing is employed to automate the
monitoring processes so as to reduce human error. Here, the
possible sources of error are identified via a sensitivity analysis of
the parameters used in the dynamic models. Meanwhile, nature-
inspired algorithms are adopted to ensure convergent solutions
to the problems in a local context, with specific attention paid to
the suitability of the solutions to constraints problems, such as
optimal sensor placement (OSP) and model-based damage
identification (DI). Specifically, when the DI strategies are used,
it is possible to assess specific damage parameters from
alterations in the elastic-mechanical properties of the structural
system by solving the inverse problem of the system analysed
[70]-[73].

Vibration-based methods allow for the initial individuation of
damage by means of dynamic property measurements. These
methods relate to the changes in the mass, damping, and rigidity

of the system, determined through the analysis of natural
frequencies using accelerometers [74]-[75].

7. CONCLUSIONS

The pushover analyses conducted in relation to various
configurations of two- and three-storey BTs returned some
important results. First, the safety index always demonstrated
values more significant than 1 in the case of two-storey buildings,
while the reliability condition was rarely not satisfied with the
three-storey buildings. An index reduction was also noted with
the buildings with a regular plan compared to those with an
irregular plan. As could be expected, the performance decay was
due to the weaker mechanical properties of the calculation
model, such as the type of masonry and the flexural strength of
the floors. The increase in the storey height, as well as the
percentage of openings in the main facade, led to adverse effects
on the seismic safety. However, the index tended toward
analogous values regardless of the structural properties of the
model.

Specifically, the wvulnerability elements were ordered as
follows: the number of floors — the storey height — the
stiffness of the slabs — the percentage of openings (with a focus
on their vertical misalignment) — the plan shape. This is shown
in Figure 19-Figure 22, where all configurations characterised by
a non-verified safety index Is are presented, the analysis of which
led to defining the scale of possible vulnerability. Therefore, the
proposed SHM system could be applied to buildings that present
the above-defined elements according to the vulnerability
ranking (Figure 23). The identification of the buildings most
exposed to seismic risk using the CARTIS approach will lead to
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Figure 19. Distribution of non-verified Is for two-storey rectangular plan
model for each seismic load distribution.
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Figure 20. Distribution of non-verified Is for three-storey rectangular plan
model for each seismic load distribution.
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Figure 21. Distribution of non-verified Is for two-storey irregular plan model
for each seismic load distribution.
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Figure 22. Distribution of non-verified Is for three-storey irregular plan model
for each seismic load distribution.
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Figure 23. Vulnerability ranking of various structural elements.

a reduction in both costs and computational burden. The
buildings identified would be monitored via SHM after
calculating the maximum displacement demand (4,..) for each.
The dynamic solicitations recorded by the system would
subsequently be sent in real time to a control room in order to
identify whether the Is is less than or greater than the unit,
carrying out a highly accurate analysis via FEM.
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