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Recent seismic events produced considerable socio-econorit losses. An important step
for the reduction and mitigation of seismic risk in urban a@s with a high population
density is the assessment of global vulnerability of clusted buildings. The proposed
work aims at appraising the seismic vulnerability of buildg aggregates within the
historical center of Arsita, damaged by the L'/Aquila earthgake (2009 April 6th), through
a multi-level approach deriving from the application of ddrent estimation procedures.
In particular, the seismic vulnerability quanti cation hebeen done by comparing three
distinct methods, namely the macroseismic approach accorthg to the EMS-98 scale,
the Vulnus methodology, developed by the University of Pady and the mechanical
approach derived from using the 3Muri software. The expecit® damage has been
estimated in terms of fragility curves, respectively, fole entire buildings compound
and the individual structural units located in the corner ath intermediate positions, in
order to evaluate the bene cial or detrimental aggregate ééct on the seismic behavior
of individual constructions examined.

Keywords: masonry aggregates, vulnerability assessment, mac roseismic method, Vulnus method, mechanical
method, non-linear analysis, fragility curves

INTRODUCTION

The evaluation of the seismic safety of existing masonridings is one of the most important
aspects to be contextualized in the last decades, where thereoce frequency of seismic events
is very high. The characterization of historical buildingsai very demanding task, because many
factors in uence their global seismic response. In particuém important cause of disasters is
the poor seismic performance of such constructions. In faetesal masonry buildings were
built without taking any consideration about seismic aoso This inadequacy generates a drastic
increase of the global vulnerability and, therefore, of $leésmic risk of entire urbanized sectors,
such as historical centers?(jades et al., 20).2The seismic vulnerability, for de nition, is
assumed as the propensity of buildings to su er a certain damagiua given seismic event.
The vulnerability assessment methods suggested by cutcetds are often based on a series of
prerequisites, such as strong connections among structamr@ponents, presence of rigid oors,
etc., which are di cult to be detected in old urban centeig&(luzzi et al., 2004

The existing masonry buildings in the historic centers artemfgrouped in aggregates, so that
they, in general, can mutually interact under seismic actions

This type of buildings are often erected according to a tradiil code of practice with typologies
(multi-materials masonry, multi-leaf walls) and constrigct details (poor connections among
intersecting walls, among walls and oors, and even betwegrin the thickness), which in many
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cases show behavioral de ciencies in terms of stability andf the structural analysis performed on the model of the whole
safety against seismic action8ofzi et al., 2008; Formisano, aggregate, in order to represent the real seismic behavidreof t
20173. Nevertheless, several factors exist conditioning theistructural unit placed either in the intermediate position arthe
performance, mainly depending on the interactions amondead one. Basically, the reconstruction of the pushover curve
the single structural units (SUs). Generally, the presenice of the single SU when the whole aggregate is modeled allows for
e ective connections among SUs prevents the occurrence af locestimating the in uence of other SUs on the seismic behavior o
collapse mechanisms in several cases. However, the presetimeSU under study in aggregate con guration. In fact, onoe t
of construction irregularities (e.g., walls not well-camted to  capacity curve of the whole aggregate is known, for each step
each other) and/or geometric ones (e.g., buildings with déetr  of the non-linear analysis, it is possible to evaluate sheaefor
heights) are the main causes of the activation of out-of-planand nodal displacements of the di erent SUs. Therefore, in each
collapse mechanismBérbieri et al., 2003 analysis direction, the total base shear of the aggregatesSU i
The interactions between adjacent buildings must be properlgiven by the contribution of both its walls and those of adjac
considered when studying the vulnerability of the wholeSUs, whereas, the top-displacements are estimated as those of
aggregate, since the dynamic response of a building is oftehe building centroid at the last level, whose entity resudts t
strongly in uenced by the presence of adjacent structuratain be increased or reduced with respect to that of the isolated
Generally, the capacity of the single SUs can di er signi ¢gant SU centroid, depending on the position, the latter occupies in
from the capacity of the whole aggregate, especially in casetbe building compound. In particular, the top oor centroid
exible oors. Infact, this type of construction can show cgiex  displacements are ampli ed for the heading building, where the
non-linear responses, which vary greatly from the degree af-plane torsion e ects of the aggregate are signi cantly &rg
connection between adjacent buildings. while they are reduced for the intermediate SU, where the two
There are many vulnerability factors that must be takerstructures next to those considered reduce its deformabilit
into consideration to study the seismic capacity of buildimgs (Formisano et al., 20)6
aggregate con guration. These vulnerabilities signi tgra ect As an example, the 2009 L' Aquila Earthquake showed the high
the dynamic response of the structure. In particular, it is thor vulnerability of old city centers, whose ancient masonnydings
highlighting the in-plan-distribution of the resistant eteents  were seriously damaged by disastrous e ects resulting fraen th
(walls), the presence of staggered oors and the structuraiombination of horizontal and vertical acceleratioris'Ayala
heterogeneity between adjacent buildings. Mechanical tsodeand Paganoni, 2011; Lagomarsino, 2012
were developed in dierent worksHormisano et al., 2031 Therefore, the seismic vulnerability evaluation of histafi
AGGIUNGERE ALTRILAVORI DI ALTRI AUTORI), where the buildings, with particular attention to the clustered ones,
uncertainties related to the vulnerability factors werkeiainto  represents a key issue in the eld of Seismic Engineeringnlbea
account in order to quantify the seismic response of the entir performed by means of two main approaches of hybHdpos
aggregate. From a computational point of view, the structuratt al., 200pand mechanicall(ourenco and Roque, 2006; Penna
model must be akin to what is found in reality. In this caseg th et al., 2014; Formisano, 20 &jzpe.
in uence of adjacent structural units is an intrinsic coridin of The rst approach allows for the estimation of the global
the mechanical model itself. vulnerability through quick analyses principally based on
Due to the structural continuity, the seismic behavior ofgle  vulnerability forms widely used all over Europeg(reira et al.,
buildings is strongly a ected by the interactions betweerith 2013; Brando et al., 2017; Formisano et al., 2017; Tibedi an
structural parts, connected to each other. In most casesqiite ~ Milani, 2017; Chie o et al., 2008 This methodology allows to
di cult to uniquely identify a structural unit (SU). univocally correlate the building seismic vulnerability exdly,
Anyway, the investigation of the seismic global behavior ofleriving from lling speci c survey forms, with the possible
the single building as part of the aggregate is desirabledieror expected damage_g§gomarsino and Giovinazzi, 200&vhich
to obtain a better evaluation of its seismic performance,clvhi is expressed through the mean damage grads, following
is a fundamental phase to set up e cient retro tting technige  the European Macroseismic Scale, EMS-@8u(thal, 199%.
(Formisano et al., 20)1 The peculiarity of this procedure, therefore, is to have adire
However, Formisano and Massimilla (2018proposed correlation between the cause (expected damage) and the e ect
simpli ed theoretical and re ned non-linear analyses of the (seismic event). Another congenial methodology, developed b
seismic response of structural units in aggregate conditiorthe University of Padua, is the Vulnus method, which allows
In particular, the authors proposed a procedure calibratedo estimate the seismic vulnerability of building aggregéatyg
on the results of a numerical model, used to investigate eeans of statistical-parametric analysis based on their gisteb
basic building compound representative of the constructiveollapse mechanism&i(nari etal., 201))
techniques developed in the Southern Italy. To this purpose, tw  On the other hand, the mechanical approach, which is based
basic models were considered for mechanical analysis. te ron re ned non-linear FEM analyses, is not very adaptable to the
one was related to the whole aggregate, while the second oseismic vulnerability study of urban centers constructiahse to
was the structural model of the single structural unit modedes it being highly time consuming to obtain information on até
an isolated structure. Thus, the isolated structure waspgmpad  clustered buildings interacting under earthquakes. Néhadgss,
with proper boundary elements under form of elasto-plasticsome simplied assumptions were developed to study only
links, whose non-linear behavior was calibrated on the ltssu single SUs, neglecting the modeling of adjacent construstion
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by taking into account, at the same time, their inclusion inand for individual structural units placed in the corner and
the building compound Formisano and Massimilla, 20).8 intermediate positions.
Normally, in the framework of this approach, the knowledge of

the building typology, as well as its mechanical charadiesisare
the essential starting points for the calibration of the stural THE HISTORICAL CENTER OF ARTISTA

model Calvi et al., 2006 Historical Background

Therefore, an accurate investigation plan and an adequalgrsita is an Italian town with 889 inhabitants in the provinoé
analysis methodology (non-linear static or dynamic) akow Teramo in Abruzzo. Located below the Camicia Mountain group
for calibration of the structural model based on fundaménta (eastern side of the Gran Sasso of Italy massif), it is plated i
issues, such as preliminary historical researches, intefiwe  the upper valley of the Fino river and is part of the mountain
of the constructive development during the time and evaluati community of Vomano, Fino, and Piombdéigure 1).
of general structural characteristics of the constructidn Localized about 30 km south of Teramo, its origins date back
addition, it is advisable, as proposed Bymos and Lourenco to the pre-Roman period, as evidenced by some archaeological
(2004) to make a complete diagnosis of the building by ndings, such as tombs, grave goods and various jewels,
means ofin-situ investigations or non-destructive tests ondiscovered in 1985. In addition, cinerary urns, tear vessail
materials, in order to set up a reliable numerical model fodamps, oors, Roman coins of the city of Cerbolongo, mentioned
performing careful seismic assessments and for implementingy Tito Livio and destroyed in the lower empire, were found
appropriate retro tting interventions aimed at satisfyingcsgity  (Morisi, 199§. Its current urban con guration can be traced
and reversibility requirements. Therefore, based on theseack to the late Middle Ages, at the beginning of the Renaigsanc
considerations, this paper proposes the seismic vulnerabilifyeriod. In the 18th century, Arsita was transformed into a keob
evaluation of a building aggregate located in Arsita (distr residence, keeping the aspect that still retains today, wivene s
of Teramo, Italy) aected by the 2009 LAquila seismicparts are in a serious state of abandonment.
sequence. The study performed focuses attention on the
vulnerability analysis of the case study by means of thre¥he L'Aquila Seismic Sequence
distinct procedures, in order to compare the expected seismithe Aterno valley is an area a ected by devastating earthgsiak
behavior in terms of fragility curves for the whole aggregatin the last few centuries. The seismic history of this regiersils,

Geolocalisation of Arsita
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FIGURE 1 | Geographical localization of the municipality of Arsita.
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FIGURE 2 | (A) Historical seismic events(B) distribution of epicenters recorded during the Central Itglearthquake, and(C) distribution of seismogenic source
(National Institute of Geophysics Vulcanology, 2009

of course, that of the city of LAquila. In fact, since its falation After the main shock, a seismic sequence started with
in the late 13th century, this city underwent six destruetiv. many replicas involving the epicenter area and the surrounding
earthquakes, with maximum intensity in the Mercalli-Cangan municipalities, as reported ifrigure 2B (National Institute of
Sieberg scaldycsequal to IX recorded on 1349 SeptemberGeophysics Vulcanology, 2009
9th, 1461 November 27th, and 1703 February 2nd. The 1349 The distribution of replicas highlighted the area a ected by
earthquake had several epicenter areas, with the most importathe seismic sequence very well, which extends for over 30 km
occurring in Venafro Boncio et al., 2012 in the direction North-West—South-East, parallel to the saxi
However, the most severe seismic event aecting thef the Apennine chain. The strongest replica, recorded at 7:47
Umbria-Abruzzo Apennines was that which occurred in 1,703.m. on April 7th, a ected the southernmost sector of the area,
with magnitude momentM,, D 6.7. It hit several places near the centers of San Martino d'Ocre, Fossa, and San Felice
(e.g., Poggio Picenze, San Gregorio, Sant'Eusanio Faeoned'Ocre, where small shocks were also detected in the same day.
Paganica, Bazzano, Onna, Santa Ru na, and Tempera), ingudiiThe event of April 9th having/, D 5.1 is instead north located,
Castelnuovo, which reached an intensity equal td-)j(re 2A).  along a structure of more limited extension, always parssléhe
On April 6th 2009 at 3:33 a.m., the area of L'Aquila was hit byApennine chain.
a strong earthquake, whose main shock had a Richter magnitude The extensional processes characterizing the deformation o
(M) of 5.8 and moment magnitudd,, of 6.3 Amerietal.,200Q  the Apennine crust dominate the seismo-tectonic context of

Frontiers in Built Environment | www.frontiersin.org 4 October 2019 | Volume 5 | Article 123


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Chieffo and Formisano Assessment Method for Masonry Aggregates

ARSITA

2OV AEUN -

o

FIGURE 3 | Structural identi cation of masonry AGs and SUsl(dirli et al., 2019.

the L'Aquila area and, in particular, related to the NorthsEa-  Typological and Structural

South-West extension of this mountain chain. Characterization of the Study Area

This extension, estimated by GPS measurements as ab@tnsidering the reconstruction plan of the Municipality of Atsi
3mm per year D'Agostino et al., 201)1 is accommodated by setup by the collaboration among National Agency for New
normal faults in the North-West—South-East direction, wihi  Technologies, Energy and Sustainable Economic Development
all the major seismicity of the central Apennines should be{ENEA—BoIogna), University of Naples “Federico II;” Univeysit
ascribed to. The distribution of the e ects induced by theqf Chieti “Gabriele D'Annunzio” and University of FerraraQ 2
2009 April event was characterized by both the geometry angygregates (AGs) consisting of 91 structural units (SUs)trof
orientation of the activated fault and the rupture propagationyhich are inside the perimeter area (RP perimeter), have been
depicted in Figure 2C (Galli and Naso, 20Q9 The latter jgenti ed, as reported irFigure 3(Indirli et al., 2013.
gure shows a geological section (shown in the map with a |n the study area, there are very di erent types of buildings.
blue line) between Norcia and Monte Vettore, with a 9kmTogether with historical buildings, usually made of not-seear
depth hypocentre causing an earthquake of magnitude 6.5. Thgones (often alluvial pebbles) sustaining timber oorserin
extension of the surface fault plane, according to the irtlon  are groups of constructions completely abandoned and paytiall
(dip  47) of the focal mechanism, is reasonably indicatedyined, and have been so for several decadedir(i et al.,
as the system responsible for this last seismic sequence. The1). The spatial distribution of these typologies of buildings
damage in the epicenter area is determined not only by thgame from the simple centrifugal expansion of the old town.
earthquake magnitude, but also by the propagation directionhe identi cation of the mechanical characteristics of the
and by the land geology. In particular, the greatest damage {§asonry types have been done according to the National Code
observed in the direction where faulting spreads (direttivi (\1.p. 2 February 2009, 20pthrough on-site data acquisitions
e ect of the source) are ampli ed due to the presence of “soft’(Figure 44). In general, masonry walls have a thickness of about
sediments, such as alluvial deposits and land to be returneg,g5m. Buildings develop in elevation from 2 to 3 stories.
etc. In the case of the L'Aquila earthquake, the soil rupture The inter-story height is about 3.00 to 4.00 m for the rstév
spreads from the bottom upwards (then toward the city ofand 3.00 to 3.50 m for the upper oors. Horizontal structures ar
L'Aquila) and from the North-West to the South-East, towdhe  generally made of timber elements, as reportefiigure 4B The
Valle dell'Aterno. foundations consist of a shallow wall footing, which, in fiiee,
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ARSITA

FIGURE 4 | Main masonry typology(A,B) street view of SUs within the historical centeriidirli et al., 2019.

is realized by arranging the masonry walls directly on treugd ~ denominated 8A, 8B, 8C, 8D, having di erent seismic behavior
at a depth of about 1.50 m. deriving from diverse in-plane positions they hawgure 5).

As a consequence of the seismic event that occurred, most of The case study aggregate, erected earlier than 1919, Has bot
serious damages were found in stone structures, especidhigi residential and productive destinations of use. The constiéut
higher parts of the buildings (roofs, cornices, corners,)efdso, materials are masonry stones typical of the Abruzzo region.
the lack of connections among perimeter walls orthogonal tdHorizontal structures are made of steel beams and hollow.tile
each other (corners), which did not guarantee a structuabgl Timber beams, which sustain overlying timber plank and tiles
behavior, was the cause of numerous partial collapses. are the load-bearing members of roo ng.

Regarding the morphology, the aggregate is rather regular in
SEISMIC VULNERABILITY ASSESSMENT plan, while the major discontinuities are detected in el@rat
with the presence of staggered oors and oors at dierent
The Case Study heights due to the soil slope.
The case study herein examined is a masonry aggregate @énti  In the present study, the seismic vulnerability of inspected
with the number 8 (AG.8), consisting of 4 structural unitdS, clustered buildings has been appraised by means of three diteren
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Ha _8C Corner — 8D
C

FIGURE 5 | Structural con guration of the case study masonry buildingsaggregate: (A) plan layout of the intermediate oor,(B) South-West view, and(C) positions of
SUs in the compound of buildings.

methods (macroseismic, Vulnus, and mechanical), in order tto the EMS-98 scaleGfunthal, 199% starting from their
have both a general overview of the seismic health stateeof tlvulnerability index.
building compound and a careful comparison among examined A quick seismic evaluation procedure for masonry aggregates

analysis approaches. based on a dedicate survey form has herein been used for
o determination of the vulnerability indexHormisano et al., 2011,
Macroseismic Approach 2015; Chie o and Formisano, 2019; Chie o etal., 2D19

The macroseismic approach is a reliable method for large- This new form is based on the Benedetti and Petrini's
scale seismic assessment of historical centers buildidgishw vulnerability index methodEenedetti and Petrini, 1984widely

is widely adopted at international leveFdrreira et al., 2012; used in the past as a rapid technique for a detailed screening
Azizi-Bondarabadi et al., 2016; Cavaleri et al., 2017; Atab., of the main features of individual buildings to investigaieir
2018; Formisano and Chie o, 20184t allows to determine seismic vulnerability. This method is based on a vulnergbili
the expected damage of constructions, de ned accordinfprm, consisting of 10 parameters that take into account the
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constructive and structural characteristics of isolatedldings.  Subsequentlyt, is normalized in the range [0 1], adopting the
Such a form was subsequently modi ed with minor adjustmentsotationV,, by means of the following relationship:
by the Italian Defense National Group against Earthquakes 2 3
(GNDT) for seismic vulnerability assessment of masonry Bad PS5
buildings located in historical centers. v=( - Snin - Wi)

The new form for masonry building aggregates is obtained Vi=
by adding ve supplementary parameters to the 10 basic [.Snax Wi/ -.Snin Wi/]
parameters of the original form. The introduction of these i=1
new parameters takes into account the structural or typolaigic
heterogeneity, the interaction e ects and the di erent opegin
areas among adjacent SUs when they are subjected to seis
actions. Methodologically, this kind of approach is based o
the calculation, for each SU, of a vulnerability indéy,as the
weighted sum of 15 parameters. These parameters are distdbut
into 4 classes (A, B, C, and D) with scorgspf growing intensity.
Each parameter is characterized by a weight representing
the more or less importance for vulnerability estimationath
can range from a minimum value of 0.25 to a maximum one o
1.50. The vulnerability indexy, can be calculated as the sum of
the class score individuated for each parameter multipliethey
respective weight, as shown in the following equation:

)

The application of this procedure to the selected clustered
Ika ildings has allowed to obtain the seismic vulnerability inde
o the four SUsFigure 6).

In the previous gure, it is seen that the intermediate SU (8B)
has the less vulnerability index, while the highest indextiesen
achieved by the corner SU (8C). In particular, the unit 8B sbow
a vulnerability decrease of about 30% with respect to unit 8C.
However, in order to take into account, the vulnerability bkt
Iwhole aggregate, a global average vulnerability, intended as
the average of the vulnerability indexes of individual Shiss
been estimated as equal to 0.53 with a standard deviatign (
of 0.085.

Subsequently, vulnerability curves have been derived to
NG estimate the propensity at damage of the analyzed SUs for
=" S W, ) di ereqt seism_ic intensitiesl(agomarsino and Giovinazzi, 2006

o1 More in detail, these curves can be properly de ned as the
probability P[SL|l]] that a building class reaches a certain
damage threshold “DS” at a given macroseismic intensify"“|
de ned according to the European Macroseismic Scale (EMS-
98) (Grunthal, 199%.

In particular, as mathematically expressed by Equation
(3), wvulnerability curves depend on three variables: the
vulnerability index ¥,), the hazard, expressed in terms of
macroseismic intensityl), and a ductility factorQ, ranging
from 1 to 4, which describes the ductility of typological
classes of buildings and has been assumed as equal to
2.3 Lagomarsino, 2006

Vulnerability index, [V{]

IC6.25 V|, 131

8A 8B 8C 8D pD 25 1C tanh 5 €)

Structural Unit
Finally, it is also been possible to derive vulnerability esrfor
the single SUs and for the whole aggregate, the latter using the

FIGURE 6 | Vulnerability indexes of examined SUs.

A B
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FIGURE 7 | Vulnerability curves fol(A) the individual SUs and(B) the whole building aggregate.
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FIGURE 8 | Fragility curves for(A) whole building aggregate,(B) SU 8B, and (C) SU 8C according to the macroseismic approach.

mean value of the vulnerability indeX)| mean @nd the upper macroseismic intensitylgms 98, and ground motion amax
and lower bound ranges of the vulnerability index distrilat ~ according to the law proposed l&yuagenti and Petrini (1989)
for dierent scenarios (Vmean — S; Vimean C S; Vimean —
2S; Vimean C 2s). The obtained results have been plotted
in Figure 7.

Moreover, in order to have an estimation of the expected
damage in terms of PGA, it has been possible to derivevhere the correlation coe cientsC; and C, are 0.602 and
the fragility curves Eigure 8) by a direct correlation between 7.073, respectively.

loga,,;xDC1 lemsos Co g 4)
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FIGURE 9 | Analysis of collapse mechanisms and collapse indexes deed from I; and I, factors (A,B) and ranking of the vulnerability indexes of examined SUKL).

According to the national seismic classicatiorDPCM, acceleration related to out-of-plane mechanisms of perimete
2003, the Municipality of Arsita belongs to the Zone 2, that walls and the gravity acceleration.
is a ected by strong earthquakes with an expected maximum Finally, the method allows to estimate the probability of
PGA of 0.25¢g, which has a 10% probability of being exceededaching a specic damage threshold due to the occurrence
in 50 years. The result obtained shows that the aggregaté collapse mechanisms, according to the indexes previously
position strongly a ects the global vulnerability and, théree, describedDa Porto et al., 2018
the expected damage. In particular, it is possible to see how the Referring to the examined building, the geometric
expected damage for SU 8C is more marked than those whidharacteristics of the entire building aggregate have been
should be attained in the other examined cases. appropriately de ned using the form provided by the Vulnus

method. In accordance with the prescriptions of NTC18.D.
17 January 2018, 20)18he masonry material has been classi ed

Vulnus Method as stone masonry. Therefore, adopting a knowledge level LC1
The Vulnus Method Da Porto et al., 2013 developed by with a con dence factor (FC) equal to 1.35, the mean values of
the University of Padua, is a seismic vulnerability assessmethe resistances and the average of the elastic modules kave b
approach mainly based on statistical analysis of possiblepsella adopted. In particular, it has been assumed that the compressiv
mechanisms that could be activated into masonry buildingis. | strength, f, is equal to 1.0 MPa, the characteristic tensile
a procedure to identify the collapse multiplier,, calculated by strength,f;, is equal to 0.1 MPa and the shear strengi), is
means of kinematic analysis, to ascertain whether a meshani equal to 0.018 MPa. In addition, the elastic moduleandG, are
occurs or not and, in positive case, to establish what is thequal to 870 MPa and 290 MPa, respectively.
corresponding probable damage. Subsequently, thia, I2, andlsfactors have been calculated for

This methodology, mainly used for unreinforced masonryestimating the collapse index&s, the collapse multipliers,;,
(URM) buildings, is based on the fuzzy set theory for estimatioraind the vulnerability indexes of di erent SUBigure 9).
of collapse multipliersgernardini et al., 1990and de nition of As it is seen irFigure 9A, the greatest propensity at in-plane
fragility curves Fava et al., 20)60peratively, the vulnerability damages is for SU 8B, while the SU that should su er the highest
is studied by means of three indexésand |,, which take into  out-of-plane damage is the 8C one. This circumstance denotes
account the probable in-plane and out-of-plane mechanismdjow the intermediate structural units are more in uenced by
respectively, ants, which considers the vulnerability parametersin-plane mechanisms than out-of-plane ones.
of the GNDT method and is assigned depending on the relative On the contrary, SUs in head position are more susceptible to
importance of the factors a ecting the building vulnerabjlit undergo out-of-plane collapse mechanisms, as they do not take

More in detail, for in-plane behaviod; is de ned as the prot of the con nement action induced by adjacent buildings
ratio between the in-plane shear strength of walls in the wstake These results are con rmed by the ranking of collapse multiglie
building direction and the total building weightw(), whereas achieved inFigure 9B In fact, it is worth noting that the
for the out-of-plane behaviol; is the ratio between the average minimum collapse multiplier of the SU 8B corresponds to the X
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FIGURE 10 | Fragility curves forfA) whole building aggregate,(B) SU 8B, and (C) SU 8C according to the Vulnus method.

direction ( y — x D 0.22), while for the SU 8C, this multiplieris  As it is noticed inFigure 10 the expected damage frequency
equal to 0.2 in the Y direction. Moreover, referring to the éxd for SU, 8C is greater than that detected for both the SU 8B and
13 (Figure 90), the vulnerability indexes, calculated according tothe whole building compound.
the GNDT method, are comparable with those deduced through
the macroseismic method. Mechanical Method

Finally, fragility curves Kigure 10 have been de ned as The mechanical method has been applied by means of non-
cumulative probability distributions of the damage. Thewéa linear analysis performed using the 3Muri softwaf&T.A.data
been represented by the upper (Uppdy and lower (Low srl, 201). This software is based on the equivalent frame
[V g]) bounds of the fragility domain and by a mean distribution model, assuming that the response of masonry walls with
curve (White [Vy]), which represents the most probable expectedpenings can be considered to be equivalent to that of a set
damage values for di erent seismic accelerations. of single-dimensional macro-elements (columns, beams, and
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FIGURE 11 | Numerical analysis on the building aggregate under studyA) 3D macroelement model,(B) failure mechanisms in direction X, andC,D) pushover
curves of SUs 8B and 8C.

TABLE 1 | Damage levels for mechanical fragility curves. on the basis of EN 1998-3E(rocode 8, 20Q5provisions,
which are established as allowable maximum drifts for shear
and exural collapse mechanisms the values of 0.4% and 0.8%

Damage Level

D1 071, Nodamage Of the ultimate displacementd(). The analyses have been

D2 111, Moderate performed according to the two main directions, X and Y. For

D3 0,5(1yC1y) Intensive each direction, the accidental eccentricity (positive ardative)

D4 1, Collapse has been considered. The aforementioned analyses have been

interrupted at 20% decay of the maximum shear resistance,
as suggested irormisano et al. (2013and Formisano and
nodes). The damage is concentrated into deformable columrishie o (2018b) The mechanical characteristics of used materials
and beams, while rigid nodes consist of undamaged masonfjave been taken as indicated in Section Vulnus Method. The
parts con ned between the two previously mentioned elements3D macroelement model of the case study building aggregate
The strength criteria of deformable elements have beenngiveand failure mechanisms in the X direction are presented in
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FIGURE 12 | Discretised mechanical fragility curves in the main analigsdirections for(A,B) building aggregate,(C,D) SU 8B, (E,F) SU 8C and correlation among
numerical results and observed damages for SUs 8B and 8C in dictions X(G), and Y (H).

Figures 11A,B respectively. Furthermore, in order to considerderived through an appropriate procedur&drmisano et al.,
the eect of the mutual interaction among single SUs in2016 (Figures 11C,D.

the aggregate, the pushover curves of intermediate and head This procedure allows extraction of the seismic response of
buildings in the two main directions, X and Y, have beensingle SUs from that of the whole building compound.
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Later on, discretised mechanical fragility curves have been
de ned on the basis of both damage threshol®g (with K D 1,
2, 3, and 4) recalled ifiable 1 (Lagomarsino and Cattari, 2014
and di erent punctual seismic acceleration intensities.

In the mechanical approach, the damage threshold, is
estimated as the ratio between the seismic demand displademen
(D) and the seismic capacity on€)(

Thus, referring to the SDoF system, the fragility curves of
the whole aggregate, as well as of SUs 8B and 8C, in X and Y
directions have been deriveBigure 12).

From the obtained fragility curves, it is apparent that, for
the whole building aggregate, the occurrence probability g
predetermined damage states are lesser than ones underyvent [FFIGURE 13 | Vulnerability comparison of the building compound accordig to
single SUs. As an example, for the expected PGA of 0.25 g an#e different approaches examined.
for the D4 limit state (collapse), the damage probabilities ar
equal to 60% (X direction) and 80% (Y direction) for the whole
building aggregate.

On the other hand, under the same conditions of PGA andter
limit state, the considered SUs exhibit an occurrence prdigb .~ _.

in Figure 14

of 100% in both analysis directions. . o . .
- - . . From comparison results, it is noticed that, in the case of
Finally, inFigures 12G,H the comparison among numerical aggregate condition, the mechanical procedure and the \ailnu
analysis results achieved on the aggregated SUs and othsergddred ' P

damages occurred in the study area has been presenterH?thOd provide very similar results, while the macroseismic

; . . o ... method underestimates the expected damage. In fact, fortke s
Comparing the 3Muri results in both analysis directions with - L : e .
. . - of example, in X directionKigure 14A) and similarly in Y one
damages detected in the historical center of Arsita under th, _. .
S . - . (Figure 14B), for an expected PGA of 0.25g, referring to the
occurred seismic intensityglis 98 D VI (Indirli et al., 2013, it .
. damage threshold D4-D5 (collapse), the mechanical procedure
has been observed that the formers are close to the obsemaéti . . -
IR . and Vulnus give rise to a probability of occurrence equal to
damage curve in direction X only. Moreover, if compared to . S
. - 60 and 65%, respectively, whereas the macroseismic method
the real damages detected from ihesitu survey, the numerical

damages achieved from 3Muri analysis are on the safe side %rrowdes an almost zero probability.

SU 8B only. Therefore, the 3Muri program is able to foresee the On the contrary, for single Sl.JS' _aclea_1r distinction among the
curves of analyzed methodologies is noticed.

seismic damages expected by intermediate SUs in compound in . . .
satisfactory way In fact, the most conservative approach is the mechanical one,
' which provides in X and Y directions much more restrictive
values of the occurrence probability than those related to
the other two methodologies. Particular attention must be
paid to the SU 8C, since the occurrence probability values
. . . Jelated to low damages derived from the Vulnhus and the
In the current section, the comparison of results obtaine . o . .
macroseismic procedures are very similar in the two diretio

through the applied analysis methodologies for the whole_: .
building aggregate and single SUs has been performed. Abo Ft|gures L4Efr On the contrary, for medium-high damage

the clustered buildings, the results in terms of vulnerigpihdex levels, the Vulnus procgt_dure is on the safe S'd? n predlcltlng
. . the occurrence probability values. Moreover, it is possible
have been compared to each other, in order to have a dlre?t

. . .10 note how the SU 8C is the most vulnerable at damage,
assessment of the use e ectiveness of simplest methodalogies _; o o . .
S - since the initial slopes of the fragility functions are highe
Therefore, the vulnerability indexes deriving from the

macroseismic (EMS-98) analysis and the Vulnus method havthan the ones characterizing the curves obtained from the

. o . Sther methods.
been considered as the average values deriving from theesde : o . .
. . - Finally, the Vulnus fragility curves are placed in a middle
of single SUs in order to be compared appropriately to the results - .
: . . . range between the upper limit curves (mechanical method)
obtained from the mechanical (3Muri) methodolodyigure 13. L o
. : . S and the lower limit ones (macroseismic approach) of the
The obtained comparison provides similar results between th]e?a ility domain
macroseismic method and the Vulnus one. This means that the=o"Y '
two methods have the same reliability level in predicting the
building compound seismic vulnerability. However, the su CONCLUDING REMARKS
obtained with these methods are not on the safe side if contpare
to those deriving from the 3Muri method. In fact, the mechaadic The present study has allowed to compare the seismic
analysis provides vulnerability indexes higher than theraye vulnerability of a building aggregate located in the munitifya
values of the two methodologies of 16 and 36% in X and Yf Arsita, hit by the 2009 L'Aquila earthquake, through three
directions, respectively. distinct procedures, namely the macroseismic approach, the

=

Subsequently, the comparison has been also carried out in
ms of expected damage through the fragility curves replorte

COMPARISON OF RESULTS
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FIGURE 14 | Comparison among examined vulnerability analysis methods terms of fragility curves for Aggregat€A,B), SU 8B (C,D), SU 8C (E-F).

Vulnus method and the mechanical non-linear macroelementesults obtained from the mechanical methodology. The
analysis with the 3Muri software. obtained comparison has provided similar results between

The rst comparison has been made in terms of vulnerabilitythe macroseismic method and the Vulnus one, but both
index of the whole building compound achieved by theof them have not been on the safe side if compared
three proposed procedures. The vulnerability indexes of botto those deriving from the 3Muri method. In fact, these
the macroseismic analysis and the Vulnus method havkatter values have been 16% and 36% higher than the
been considered as the average values deriving from tleverage values of the two methodologies in X and Y
single SUs indexes, in order to be compared with thealirections, respectively.
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Subsequently, the analysis of results has been also madeoinservational way. Therefore, the achieved results haversh
terms of fragility curves. In particular, fragility curves tife  the di culties in predicting safely from numerical point of @w
whole aggregate derived from analysis with 3Muri have beethe seismic vulnerability of corner buildings.
compared to those of single structural units. From achieved In conclusion, from the results obtained using the proposed
results, it is apparent that, for the whole building aggregtite, methods, it is clear that the mechanical approach gives
occurrence probability of predetermined damage states hatis bemore re ned results in terms of expected damage than the
lesser than that of single SUs. Also, it has been noticedthigat other methods examined (empirical nature), of both clustered
intermediate SU (8B) behaves better that the corner one.(8C) buildings and single SUs. On the other hand, the macroseismic

On the other hand, with reference to the comparison amongnethod is a useful tool for large-scale vulnerability analys
the inspected methodologies in terms of expected damage, af SUs of masonry aggregates, while it is not able to predict
has been obtained that, in case of aggregate condition, tliee damages su ered by historical center constructions under
mechanical procedure and the Vulnus method provide vernseismic actions. Intermediate results between those aethie
similar results, while the macroseismic method undereatea with the aforementioned analysis approaches are obtained
the seismic damage. On the contrary, for single SUs, a cleaiith the Vulnus method, which provides, if compared to the
distinction among the curves of analyzed methodologies imechanical method fragility curves, an estimation of the etgd
noticed. In fact, the most conservative approach is the meichdn damage for clustered buildings better than that achievabie f
one, which provides in X and Y directions much more restrietiv single SUs.
values of the occurrence probability than those related ® th
other two methodologies. With reference to the SU 8C, it hahATA AVAILABILITY STATEMENT
been noticed that the damage occurrence probability relé&ted
the serviceability limit state derived from the Vulnus artiet The raw data supporting the conclusions of this manuscript will
macroseismic procedures are very similar in the two analysise made available by the authors, without undue reservatmn
directions. On the contrary, for life safety and collapseitim any quali ed researcher.
states, the Vulnus procedure is on the safe side in predictieg t
occurrence probability values. AUTHOR CONTRIBUTIONS

Moreover, the SU 8C has resulted to be the construction
most vulnerable at damage, since the initial slopes of thgilityta ~ AF:  methodology and writing—review & editing. NC:
functions have been higher than those characterizing thgesi  investigation and writing—original draft preparation. NC
obtained from the other methods. Finally, the 3Muri numetica and AF: data Curation.
results have been compared with the empirical fragility curve
deriving from observed damages in the study area. From thACKNOWLEDGMENTS
comparison, it has been noticed that the 3Muri software is &ble
predict quite well the occurred damages in the longituding) ( The authors would like to acknowledge Dr. Marco Munari from
direction only. Moreover, the numerical damages predicted fothe University of Padua, who allowed the use of the Vulnus
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