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Conservation of historical centres is a pressing need for Mediterranean

countries, that are characterized by masonry aggregates representing the

most typical construction type within cities. Masonry clustered buildings

were usually designed without seismic design criteria. Moreover, the current

seismic standard codes do not foresee a clear calculation method to predict

their non-linear behaviour. For this reason, in this paper, a wide overview on the

seismic response of masonry aggregates has been done considering analysis at

different levels, from simplified large-scale evaluations to sophisticated non-

linear analyses. In the former investigation kind, a vulnerability form

appropriately conceived for clustered buildings has been applied to different

historical centres with the aim to perform risk analysis considering both

empirical approaches and real data deriving from occurred past earthquakes.

In the second evaluation type, the macro-elements analysis method has been

examined with reference to typical clustered buildings of the Italian territory. In

particular, global assessments, performed using the 3Muri non-linear analysis

program, have been performed with the final goal to derive fragility curves of

structural units of masonry aggregates considering their plan position in the

clustered building (end of row, internal, and corner).
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Introduction

Masonry is the most widespread construction in the historical city centres of all

Mediterranean countries. Masonry building aggregates formed as a result of the evolution

and expansion of the centres of the old cities making large and complex structures. The

construction process was noted in the vertical direction, with the construction of the new

floors, and additionally, new buildings were constructed immediately next to the existing

building leading to the condition that the buildings very often shared the same walls. In

some situations, it is possible to distinguish individual units, however, these structures

cannot be analysed as separate units as their behaviour within the complex aggregate

scenario is completely different. In this respect, in order to evaluate the seismic behaviour

of such structures, it is necessary to take into account the interaction of the adjacent

buildings. The response of these complex compounds is connected to numerous factors,

like the type and degree of connection between the adjacent buildings, mechanical
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characteristics of individual structural units, position, and type of

floor systems, the connection of the floors and walls, and

connection between the walls, irregularities in plan and

height, etc. (Vicente, 2008). This is a very difficult task and

there are more unknowns than familiar features. Most of these

structures were built without any seismic provision, the current

state of the built materials is unknown, lack of drawings and

design projects, unknown construction chronology and

implemented construction technique. This results in a low

level of knowledge of these structures making the process of

analysis more difficult. The level of knowledge should determine

the methodology to be used for the assessment of the masonry

aggregate buildings exposed to seismic activity (Maio, 2013).

Most of the existing buildings forming the nuclei of the old towns

have been constructed centuries ago without taking into account

any seismic influence and this increases their vulnerability and

possibly the seismic risk.

Even though each country has its own specific features with

respect to masonry construction, type of material, and similar,

common aspects in the structural domain are identified (low rise

structures, moderate spans, and large wall thickness) (Giuffrè,

1995), even though this can be variable within a certain block. As

a result, development of complex vertical, and/or horizontal

features was inevitable, resulting in buildings of various

shapes and heights (Formisano, 2017).

Most of the old existing structures in the old urban centres

are constructed with timber flexible floors of low and insufficient

in-plane stiffness, lacking an effective connection to the bearing

wall, and lack of connection between the orthogonal walls. This

all leads to the inability to provide the structure with so-called

“box-behaviour” and seismic activity may lead to the out-of-

plane failure of perimeter walls. The “codes of practice” (Giuffrè,

1993), (Giuffrè and Carocci, 1999) developed in Italy provided

valuable information on various aspects of existing old masonry

buildings. Looking at the current codes of various Mediterranean

countries and even other European countries there is an evident

lack of procedure and methodology for the assessment of such

buildings. It is within the scientific and research community that

various methodologies and methods have developed.

Modelling and vulnerability assessment of masonry

compounds ‘‘Baixa Pombalina’’ Lisbon was done by (Ramos

and Lourenço, 2004). The complex is made of 60 blocks, with

each block having seven buildings and sharing the same gable

walls, and a detailed nonlinear time history analysis has been

conducted. The calculation showed how the ‘‘aggregate effect’’

affects the global and local behaviour of structures in the

compound. Buildings treated as a part of a compound showed

a better global behaviour once exposed to earthquake motion in

comparison to once they have been treated as isolated structures

that are more flexible. Locally, the pounding effect may cause

local damage. This conclusion has been proved after the several

earthquakes occurred in Italy (2009 L’Aquila, 2012 Emilia-

Romagna), showing an improved group response of aggregate

buildings once exposed to earthquake ground motion, even when

structural units (SU) are made of masonry of lowmaterial quality

(Formisano et al., 2010a), (Formisano et al., 2010b), (Formisano

et al., 2011), (Formisano and Topping, 2012), (Indirli et al.,

2013), (Formisano et al., 2015). The structural units assessed as

being a part of an aggregate can withstand larger displacement

demand exposed to seismic action than they would have resisted

if they have been treated as an isolated structure. The effect was

less emphasized in the intermediated units and more noticeable

in the structural units located at the ends of the rows (heading

SU). Dolce et al. (Dolce et al., 2006) compared two vulnerability

assessment methodologies used in Italy and Greece that were

applied to the buildings damaged during the 1990 Potenza

earthquake, located in Southern Italy. The study showed

similarities and differences that can be attributed to various

aspects, for further information please see (Dolce et al., 2006).

Senaldi et al. (Senaldi et al., 2010) investigated the influence of the

aggregate’s row length and flexible wooden floors on the seismic

behaviour of masonry buildings utilizing nonlinear dynamic

analyses. The effect of the aggregate interaction of the typical

construction in the Eixample district in Barcelona (Spain) was

investigated by Pujades et al. (Pujades et al., 2012), indicating that

the aggregate compounds experienced lower damage in

comparison to the damage experienced if buildings were

modelled individually. After the 2009 L’Aquila earthquake, da

Porto et al. (Da Porto et al., 2013) conducted a pilot study on the

damaged clustered buildings, by conducting a visual inspection,

in situ analysis, and investigations for the determination of the

masonry mechanical characteristics, surveying the seismic

damage and its interpretation, a simplified global assessment,

local mechanism collapse, etc. All obtained results were used for

the most adequate repair measures to be proposed and

implemented. Seismic assessment with the application of

hybrid and indirect assessment techniques was conducted by

(Maio et al., 2015) on a stone masonry building aggregate in Pio

delle Camere.

The seismic vulnerability assessment for such clustered

masonry buildings can be conducted by applying mechanical

or hybrid (Kappos et al., 2006), (Kappos, 2016) methods. The

latter is a combination of empirical data defined by the damage

statistics and analytical data obtained from inelastic analysis of

structures. Pioneer work and key thoughts were set by (Kappos

et al., 1991) during the post-earthquake damage assessment of

masonry infilled reinforced concrete (RC) frames and dual

systems after the 1978 Thessaloniki earthquake and prediction

of damage of the same buildings exposed to an earthquake of a

0.5 higher magnitude than the 1978 Thessaloniki earthquake.

The development of the hybrid method was conducted as well by

(Barbat et al., 1996). A methodology that was based on two

segments, first the on the Italian vulnerability index and secondly

on the damage survey results obtained after the earthquake

implemented through a vulnerability function. This

methodology was applied to the Example district in Barcelona

Frontiers in Built Environment frontiersin.org02

Formisano and Ademovic 10.3389/fbuil.2022.966281

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.966281


(Spain). It is a feasible methodology for the assessment of the

vulnerability of buildings on a global scale and has been

implemented in various European and non-European

countries (Ademović et al., 2020), (Ademovic et al., 2022),

(Formisano et al., 2017), (Cherif et al., 2019), (Chieffo and

Formisano, 2019), (Taibi et al., 2019), (Brando et al., 2017).

Lourenço and Roque (Lourenço and Roque, 2006) developed

a simplified mechanical method and corresponding indexes (In-

plan area ratio, Area to weight ratio, Base shear ratio) for quick

preliminary screening and decision making regarding

prioritization for further detailed analysis of historic masonry

structures and in this specific case, 58 churches were examined in

Portugal. This application is in line with the proposed large-scale

evaluation method of aggregates, where an extension of the

simplified seismic vulnerability assessment methodology

proposed by (Benedetti and Petrini, 1984), with five new

parameters considering the interaction effects among

aggregates exposed to earthquakes, was done (Formisano

et al., 2015). On the other hand, an alternative more refined

approach can be used evaluating individual buildings either

through finite element methods, “equivalent frame” methods,

etc (D’Altri et al., 2020), (De Angelis et al., 2020), (Degli et al.,

2019), (Ademović et al., 2019), (Bartoli et al., 2016), (Milani and

Valente, 2015), (Ademović et al., 2013), (Ademović, 2011),

(Rizzano and Sabatino, 2010), (Pasticier et al., 2008), (Roca

et al., 2005), (Roca et al., 2005), (Sarhosis et al., 2017),

(Giamundo et al., 2014). This approach did not find its

massive implementation, even though it has been

implemented (Formisano et al., 2015) in the vulnerability

assessment of clustered buildings. Analogously, much more

refined analyses in the non-linear dynamic field, although

providing very detailed information on the seismic behaviour

of masonry aggregate SU (Grillanda et al., 2020), are employed

only at the scientific level, but are typically unexploited by

designers, who prefer to use simpler applications like that

explained in the following section.

Large-scale seismic vulnerability
assessment

Seismic analysis of masonry building aggregates is a difficult

task for researchers and designers due to the structural

complexity of heterogeneous buildings developed in a chaotic

way over the centuries within the historical centres of European

countries.

Simple investigation methods based on quick

vulnerability forms, where the major information on the

buildings can be collected from an in-situ survey, represent

a useful technique able to provide, within a given historical

centres to be examined, a ranking of the structural units of

masonry compounds most susceptible to damage under

earthquakes.

To assess the seismic vulnerability of buildings grouped in

aggregate conditions, the appropriate vulnerability form for

aggregate structural units proposed in Table 1) (Formisano

et al., 2015), that is based on Benedetti and Petrini’s

vulnerability index method (Benedetti and Petrini, 1984), can

be used.

The proposed vulnerability form, widely recognized

internationally, has been appropriately crafted for historical

aggregate buildings by adding to the original form five new

TABLE 1 Vulnerability assessment form for buildings in aggregate (Formisano et al., 2015).

Parameters Class score, Si Weight, Wi

A B C D

1. Organization of vertical structures 0 5 20 45 1.00

2. Nature of vertical structures 0 5 25 45 0.25

3. Location of the building and type of foundation 0 5 25 45 0.75

4. Distribution of plan resisting elements 0 5 25 45 1.50

5. In-plane regularity 0 5 25 45 0.50

6. Vertical regularity 0 5 25 45 1.00

7. Type of floor 0 5 15 45 1.00

8. Roofing 0 15 25 45 0.75

9. Details 0 0 25 45 0.25

10. Physical conditions 0 5 25 45 1.00

11. Presence of adjacent building with different height −20 0 15 45 1.00

12. Position of the building in the aggregate −45 −25 −15 0 1.50

13. Number of staggered floors 0 15 25 45 0.50

14. Structural or typological heterogeneity among adjacent SU −15 −10 0 45 1.20

15. Percentage difference of opening areas among adjacent facades −20 0 25 45 1.00
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parameters, that consider the effects of mutual interaction among

SU under seismic action. In particular, the new parameters are

added to the ten basic parameters, used in the past to survey the

main structural system considered in isolated configurations.

The added parameters, extensively discussed in the literature,

are [(Chieffo and Formisano, 2019), (Mosoarca et al., 2019),

(Chieffo et al., 2020)]:

Parameter 11: Presence of adjacent buildings with different

heights. The height interaction of a building with the adjacent

ones generally negatively affects the seismic response of the

structural unit.

Parameter 12: Position of the building in the aggregate. This

parameter concerns the in-plane interaction among SUs. The

planimetric interaction with adjacent buildings concerns the

three possible positions that a building can have within an

aggregate: head in a terraced block if it has three sides; corner

if it has two free sides; closed if it has only one wall on the road.

Parameter 13: Number of staggered floors. This parameter

considers the possible presence of staggered floors between

adjacent buildings and the number of such floors, as the

presence of staggered floors in the event of an earthquake can

give rise to undisputed thrusts on the elements in common, that

leads to an increase in stress.

Parameter 14: Structural or typological heterogeneity among

adjacent SUs. This parameter accounts for the structural or

typological heterogeneity among adjacent SUs. According to the

formulation adopted, the building aggregates can be considered

homogeneous when they present the same material and the same

construction technique, that is the most favourable case.

Parameter 15: Percentage difference of opening areas among

adjacent façades. This parameter considers the possibility that

there is, between two adjacent buildings, a substantial difference

in the external appearance of the façade, and, in particular, in the

percentage of holes.

The vulnerability index, IV, is evaluated for each SU as the

weighted sum of the class selected (for each of the 15 parameters

listed in Table 1 multiplied by the respective weight (Formisano

et al., 2015). It is possible to notice how these parameters are

distributed into four decreasing vulnerability classes (A, B, C, D),

that express the influence of the single parameter on the global

vulnerability of the building. A specific score, Si, is assigned to

each parameter that increases proportionally passing from Class

A (the best) to Class D (the worst) and a weight, Wi, that is

variable from a minimum of 0.25, for the less important

parameters, up to a maximum of 1.50, for the most important

factors of the form.

Thus, the vulnerability index, IV, is evaluated by adopting the

following equation:

IV � ∑15

i�1Si × Wi (1)
Subsequently, IV can be normalized in the range [0÷1],

acquiring the notation VI, according to the following

mathematical equation:

VI � ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ IV − (∑15
i�1Smin × Wi)∣∣∣∣∑15

i�1[(Smax × Wi) − (Smin × WI)]
∣∣∣∣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (2)

to provide a simpler index to compare immediately the seismic

vulnerability of masonry compound structural units.

Consequently, once know the VI parameter, the typological

vulnerability curves of structural units are achieved to

characterize their expected damage varying the macroseismic

intensity according to the well know Eq. 3 developed by

Lagomarsino and Giovinazzi (Lagomarsino and Giovinazzi,

2006):

μD � 2.5 × [1 + tanh(IEMS−98 + 6.25 × VI − 13.1
Q

)] (3)

From the above-mentioned equation, the vulnerability curves

depend on three main factors: the normalized vulnerability index

(VI), the hazard, expressed in terms of macroseismic intensity

(IEMS-98), and a ductility factor Q, ranging from 1 to 4, and

describes the ductility of typological classes of buildings

(Lagomarsino and Giovinazzi, 2006). The mean typological

vulnerability curves of different building typological classes

can be plotted to estimate the expected level of damage under

earthquakes with different intensity levels as per Eq. 3

Several applications of the above presented procedure for

large-scale seismic vulnerability assessment of masonry

compound structural units are found in literature papers. For

the sake of example, herein the case study of Latronico, in the

district of Potenza, is presented (Chieffo et al., 2022).

After collecting the in-situ information on the buildings of a

sub-urban sector of the historical centre of Latronico, the

vulnerability form was filled out for each of them. Therefore,

using the QGIS open-source tool (QGIS Development Team,

2014), the distribution of the vulnerability indices of the

examined structural units was plotted, as depicted in Figure 1.

From the acquired vulnerability scenario, most of the

buildings surveyed (85% of the cases) are associated with a

vulnerability index between 0.4 and 0.6 (medium

vulnerability), while only 5% of the sample have a

vulnerability index enclosed in the range [0.6–0.8], that is

associated to a medium-high expected vulnerability. Contrary,

recent buildings (7% of the cases), erected after 1972, have a

medium-low vulnerability index (0.2 < VI<0.4).
Subsequently, according to the EMS-98 scale (Grünthal, 1998),

each building has been assigned to a specific vulnerability class that

essentially depends on the vertical structure typology.

Thus, as described, a “typological conversion” has been

carried out between the classes surveyed using the CARTIS

form (Zuccaro et al., 2015) with those provided by the EMS-

98 scale ranging from A (the worst) to E (the best) (Grünthal,

1998). The results were summarized in Figure 2.

The obtained results have shown that 5% of the examined

buildings belong to Class A (MUR1, irregular masonry structures
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with deformable floors) and 76% of the cases belong to Class B

(MUR2, irregular masonry buildings with semi-rigid horizontal

structures). Finally, the remaining 19% of the buildings sample

belong to Class C (squared masonry buildings with rigid

horizontal structures). Furthermore, it can be observed that

the distribution of the vulnerability is quite homogeneous

with an average index enclosed in the range (0.4–0.6) for

typological classes A, B, and C. In particular, for the

presented building classes, the estimated mean typological

vulnerability index is equal to 0.61, 0.47, and 0.43, respectively.

Later on, once the mean vulnerability index of the different

typological classes of buildings analysed was obtained, the

associated mean typological vulnerability curves were derived

according to the closed-form relationship provided in

(Lagomarsino and Giovinazzi, 2006). These curves are

represented in Figure 3 to estimate the expected level of

damage for the buildings’ stock investigated. Moreover, other

four curves (VI-σ; VI+σ; VI+2σ; VI-2σ) were plotted to identify

the upper and lower bounds of the statistical range of the

expected damage (Chieffo and Formisano, 2019).

Mechanical approach by macro-
elements analyses

There are numerous approaches to investigate numerically

the seismic behaviour of masonry aggregates. One of the most

common and used methods is the macro-elements analysis,

where masonry walls of buildings are discretised into different

parts, named macro-elements, and are represented by

deformable components (piers and spandrels) and rigid ones

(nodal panel zones). After the walls of the buildings are

schematised into macro-elements, they are transformed into

an equivalent frame to perform static non-linear analyses

according to the actual seismic code aiming at finding the

seismic safety factors of structural units, as well as at

developing their vulnerability curves, in the two major

analysis directions.

In this framework, the first Author performed a lot of

applications of this kind of analysis to different historical

aggregates within municipality centres of Italy. In the

following, an overview of some of these case studies are

presented and described.

In the historical centre of Boscoreale (district of Naples),

according to the information resumed by filling the CARTIS

form, developed in the DPC-ReLUIS research project (Zuccaro

et al., 2015), the macro-elements model (Penna et al., 2014), by

utilizing the 3Muri analysis program (S.T.A. DATA, 2022), of a

masonry building compound was implemented. The structural

units of the masonry compound are made of rough stones with

a mean thickness of about 60 cm and develop on one, two, and

three stories. They were built at the same time and share the

same boundary walls. The buildings have mixed reinforced

concrete (RC)—hollow tiles floors and roofs, that are well

connected to the walls by RC ring beams. Floors are

positioned at the same height, so that staggered floors do

not exist. Due to the absence of direct in-situ tests on

materials, their mechanical properties were assumed

according to the provisions of the actual Italian technical

code NTC 2018 (Ministerial Decree of Public Works

(NTC18), 2018) considering a limited knowledge level (LC1).

The first-floor plan layout and the 3Muri model of the masonry

aggregate are depicted in Figure 4.

Performing the seismic analyses on the whole building

aggregate in the two analysis directions (x and y), the

pushover curves of each of the three structural units (Head I,

FIGURE 1
Large-scale vulnerability analysis of a historical sector of the
municipality of Latronico.

FIGURE 2
Typological vulnerability classes derived according to the
EMS-98 scale.
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Intermediate, and Head II) were derived by considering as base

shear the sum of shears of masonry piers belonging to each

structural units, so considering the influence of adjacent walls,

and as top displacement the average values of displacement

values of the roof nodes of that SU. In particular, for walls in

common between two structural units, the shear is divided in two

equal parts between them.

The worst pushover curves in the two main analysis

directions derived from performed analysis on the three SUs

are depicted in Figure 5.

FIGURE 3
Mean typological vulnerability curves for the examined buildings sample. (A) Typology class A; (B) Typology class B; (C) Typology class C.

FIGURE 4
(A) First-floor plan layout; (B) 3Muri model of a masonry aggregate in Boscoreale (Naples, Italy).
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FIGURE 5
Pushover analysis curves in: (A) direction X; (B) direction Y for the SU of the masonry aggregate in Boscoreale.

FIGURE 6
Fragility curves of SU and building aggregate in direction X.
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The analysis results showed that the best seismic behaviour is

attained from the intermediate SU, since it profits from the

presence of the two adjacent buildings both in terms of base shear

and ultimate displacement. Contrary, due to the in-plane and in-

elevation irregularities of the whole building aggregate, torsion

rotation occurred under an earthquake, so to induce much more

damage to two head SUs. For this reason, in the weakest analysis

direction (Y), the Head II SU, developing on one specific floor

and being the more deformable SU, underwent major

displacements, whereas the Head I SU showed very few

plastic collapses.

In addition, fragility curves of all three SUs and the whole

aggregate were achieved in both analysis directions (Figure 6 and

7). From these analyses, it was shown that in the longitudinal

direction (X), there was no large difference in behaviour among

SUs, as well as between SUs and the entire aggregate. Contrary, in

the transverse direction (Y), under the same seismic

displacement, the worst behaviour is that of the Head II SU,

since it exhibited the highest collapse probabilities for different

limit states considered. Intermediate SU suffered less damage

than those of the Head II SU, but larger damage in comparison to

the Head II SU, that showed a seismic behaviour like that of the

whole aggregate.

Another case study was developed in the municipality of

Mirandola (district of Modena, Italy), that was hit by the

2012 Emilia-Romagna earthquake. Herein an “in-line” masonry

building aggregate composed of 18 SUswas investigated (Figure 8).

Buildings of themasonry compounds were built between the 1950s

and 1980s, made of solid brick walls manufactured with lime

mortar and have an average thickness between 25 and 50 cm. The

FIGURE 7
Fragility curves of SU and building aggregate in direction Y.
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number of floors is variable from 2 to 4 and their average height is

2.80 m. Horizontal structures and roofs are mainly made of timber

beams with overlying double planking.

The discretisation of the masonry aggregate in SUs is

depicted in Figure 9.

Three SUs, namely n. 1—head, n.7—intermediate on three

sides, and n.13—intermediate on two sides (Figure 10), were

analysed to show their different behaviour if they are considered

as isolated structures or when they were inserted in the building

compound. In particular, as shown in Figure 10, the “aggregate

condition”, that is attained when the building is included in the

building compound, was modelled in the 3Muri software by

modelling half of the SUs adjacent to that under investigation.

The different seismic behaviour between the isolated

buildings and aggregate ones for the three examined SUs is

illustrated in Figure 11, where fragility curves are plotted with

FIGURE 8
Identification of the aggregate case study in Mirandola (district of Modena, Italy).

FIGURE 9
Division in SU of the masonry building compound in Mirandola (district of Modena, Italy).
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dashed lines for the isolated buildings and with continuous lines

for building in the aggregate condition.

From the achieved results it appears that the difference in

behaviour between the isolated and aggregate SU is not marked

with reference to serviceability limit states (D1 and D2 damage

levels). Contrary, at the ultimate limit states (D3 and D4-D5

damage levels), it is shown that the isolated buildings suffer less

damage than the aggregate ones. This means that the aggregate

effect is detrimental for the investigated SU, as also noted by

(Zucconi et al., 2017) in the post-earthquake systematic surveys.

This unfavourable effect is more pronounced for the SU7, since

large torsion due to the irregular shape of the aggregate limit its

displacements under earthquakes.

In addition, a wide investigation was performed by

modelling all of the 18 SU of the masonry building

compound (Figure 12) to show the behavioural differences

between isolated SU and aggregate ones in terms of the

main vibration periods (Figure 13).

In Figure 13 it is noticed that, on average, for the first mode

the aggregate condition provides periods on the safe side, while

the opposite situation occurs for the second and the third modes.

Therefore, the aggregate effect in some cases provides

conservative results in terms of vibration periods, whereas in

some other cases not. For this reason, a new formulation to

estimate the main vibration period Ti of aggregate SU was

provided according to the following Eq. 4:

Ti � Ci ·H3
4 � Mi

Mtot
·H3

4 (4)
where H is the building height and Ci is a correction factor

considering the ratio between the building mass (Mi) and the

whole aggregate mass (Mtot).

The estimation of the periods of different SUs in the

aggregate condition was, therefore, calibrated based on the

previous expression, leading to the results presented in

Figure 14, that are compared to the mechanical ones obtained

from 3Muri in both analyses directions (named Mec. X and Mec.

Y in the figure). From the comparison of the results, it is noticed

that the proposed formulation gives conservative results for most

of the Examined SUs, so confirming its reliability in predicting

the dynamic behaviour of aggregate SU.

FIGURE 10
Three SU of the masonry building compound in Mirandola under numerical investigation.

FIGURE 11
Comparison of behaviour between the isolated buildings and aggregate ones.
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FIGURE 12
Modelling by 3Muri of aggregate SU of the building compound of Mirandola.
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Concluding remarks

In the paper, some simplified and numerical approaches to

predict the seismic behaviour of structural units of masonry

aggregates of historical centres were illustrated.

In the first part of the work, a large-scale assessment method

based on a survey form appropriately conceived for masonry

aggregates structural units was presented. An application of this

quick method to a sub-urban sector of the historical centre of

Latronico (district of Potenza, Italy) was done with the purpose

to define a seismic vulnerability ranking among the buildings

located in that zone. Coupling this approach with a well-known

literature closed-form relationship to estimate the building

damage under earthquakes, the seismic scenario of the

investigated area of Latronico under the most probable

earthquake predicted was developed, providing a medium

damage level for most of SU. Also, the average vulnerability

index deriving from the survey form allowed us to plot the mean

typological vulnerability curves of the different building classes of

Latronico to predict their possible damages under different

grades of seismic events.

In the second analysis phase, numerical analyses on masonry

aggregate SU by a macro-elements approach were shown. Firstly,

an in-line masonry aggregate of 3 SUs within the historical centre

of Boscoreale (district of Naples, Italy) was investigated by the

3Muri software, allowing to plot pushover and fragility curves. The

analysis results showed that the best seismic behaviour in terms of

pushover curves is attained from the intermediate SU due to the

confinement effect of the two adjacent SUs. In particular, in the

weakest transverse (Y) direction it was noticed that the two head

SUs suffered muchmore damage than the intermediate one due to

torsion movements given by the high seismic irregularities of the

whole building compound. In the same direction, the worst

behaviour in terms of fragility curves is that of the Head I SU,

since it exhibited the highest collapse probabilities for different

limit states considered. Secondly, another case study, represented

by a masonry compound of 18 SUs arranged in a line, was

inspected in the municipality of Mirandola (district of Modena,

Italy), that was hit by the 2012 Emilia-Romagna earthquake.

Herein, the different seismic behaviour between isolated

buildings and the aggregate ones was revealed for three SU

(head, constrained on two sides, and constrained on three

sides) in terms of fragility curves. From the achieved results a

slightly different behaviour among isolated and aggregate SU at the

serviceability limit states was noticed. Contrary, at the ultimate

limit states it was detected that the isolated buildings suffer much

more damage than the aggregate ones. Moreover, a wide

investigation based on macro-elements analysis was performed

for inspecting the behavioural differences between isolated SU and

aggregate ones in terms of the first three vibration periods.

A new relationship to estimate the main vibration period of

aggregate SU was developed based on a correction factor considering

the ratio between the mass of the examined building and the whole

masonry compoundmass. The results deriving from this relationship

applied to the case study SU showed that the proposed formulation

gives conservative results for most of them, so confirming its

reliability in predicting the dynamic behaviour of aggregate SU.

FIGURE 13
Longitudinal (X), transverse (Y), and torsion (θ) vibration modes of isolated and aggregate SU.

FIGURE 14
Comparison between theoretical and numerical approaches
for predicting the main vibration period of aggregate SU.
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