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Abstract

In this paper, the seismic behaviour assessment of a masonry building aggregate, one of the
most widespread house typologies of historical centres, placed in a small burg in South Italy,
is discussed through the definition of both capacity and fragility curves.

In the first part of the work, the historical centre, where the case study is located, is intro-
duced by describing its historical evolution. Subsequently, the main architectonical and struc-
tural features of the selected aggregate are illustrated, according to the instructions of the
CARTIS Form, developed within the WP2 of the DPC — ReL UIS Italian research project.
After the knowledge phase, in the following step the evaluation of the entire structural aggre-
gate is analysed considering the incapacity to seismically analyse the single structural units
without accounting for the dynamic interactions among them under earthquake ground mo-
tion. Since the non - linear analyses underline the inadequate behaviour of the aggregate in
both seismic directions (longitudinal and transverse), a consolidating intervention, consisting
in the application of a seismic coating system, is hypothesized to improve, using an integrated
approach, both seismic and energy performances of the basic aggregate.

In the last part of the work, a comparison among results in terms of seismic safety index, in-
tended as the ratio between capacity and demand in terms of PGA, and fragility curves, be-
fore and after the intervention, is made in order to evaluate the behaviour of the aggregate
structural units after the application of the seismic coat on the heading unit.

Keywords: Clustered Buildings, Masonry Buildings, Seismic Coat, Retrofit Interventions,
Fragility Curves.
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1 INTRODUCTION

Buildings in aggregate configurations represent a huge percentage of Italian architectural
heritage, giving rise to our small and large historical centers, and nowadays embody the wit-
ness of the ancient way of construction.

Clustered buildings are the results of a slow and disorganized development occurred in the
past centuries. Generally, they are characterized by multiple adjacent structural units that, in
some cases, shared intermediate walls, while in other ones they were simply built close to pre
— existing constructions. In the latter case, since there is no connection among walls and no
“box effect”, both useful for a good behaviour of the masonry apparatus, single units are ex-
posed to the first mode mechanisms, also known as local failure mechanisms. They involve
single portions of masonry and the most widespread collapse way is the overturing phenome-
non, which in turns could regard the entire wall or its some portions. Another problem that
could affect these structures is constituted by the vertical bending due to the pushing action
deriving from the roof of the other structural cells.

Indeed, clustered buildings are composed by many structural units that could be distin-
guished by materials used for vertical masonry walls, by horizontal floors, by height and
number of storeys [1-4]. All of these above-mentioned parameters influence the behaviour of
an aggregate during an earthquake.

The high vulnerability of these structures depends on the fact that, in most of cases, they
were erected only with workers’ knowledge and experience, to resist only to gravity loads,
without any seismic design project. As a consequence, a huge architectonic and artistic cultur-
al heritage is very exposed to seismic actions, as demonstrated in numerous earthquakes hap-
pened throughout the past centuries.

Seismic events occurred in the past decades revealed a significant number of deaths in ad-
dition to several damages to structures. In order to avoid other similar catastrophic events and
to reduce the seismic vulnerability of existing buildings, it is necessary and urgent to inter-
vene as soon as possible so to guarantee the survival of our architectonical heritage [5].

The assessment and the seismic retrofit, especially with regards to clustered buildings, in
seismic areas is a very challenging issue in Engineering field. Nevertheless, the vulnerability
assessment of historical masonry structures has been investigated in literature through differ-
ent methods and focusing on different modeling approaches [6-8].

In this framework, the Italian Project DPC-ReLUIS set up, in last years, the CARTIS form
so to characterize, from typological and structural viewpoints, clustered buildings on Italian
territory.

The form is divided into four parts that start from general information, like the consistency
of the territory, and arrive to specific data, like the geometrical and structural features of the
examined buildings. The so obtained data with the CARTIS form allow to derive some im-
portant outcomes, such as the prevailing construction period, the prevalent range of covered
area, number of floors, height, etc. of a set of buildings in a selected area [9].

There are still few research concerning clustered buildings. Firstly, because it is very diffi-
cult to find information about constitutive materials, age and any seismic interventions made
over the centuries, and, secondly, for the complexity of modeling approaches through com-
puter programs able to correctly evaluate their seismic behaviour and interactions. For these
reasons, in this paper an important contribution to the study of urban aggregate, which are still
poorly researched and analysed, is provided. In particular, the interaction effects among struc-
tural cells due to seismic interventions by a novel seismic-energy coat placed on the facades
of the head unit is investigated through fragility curves.
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2 THE CASE STUDY: THE CENTRE OF CASTELPOTO

2.1 Placement and historical evolution

The object of the seismic investigation is a clustered building placed in the small historical
centre of Castelpoto, in the district of Benevento, a city in the Southern part of Italy. It is a
hillside village of medieval origins, whose placement in the Benevento outskirt is shown in
Figure 1.

Figure 1: Location of Castelpoto in the district of Benevento (Italy)

Castelpoto overlooks the valley of Calore River (see Figure 2), which contributed over the
centuries to provide a remarkably fertile soil, making the area famous for various food spe-
cialties.

Figure 2: A view of the Calore Valley

As for many historical centers, also for Castelpoto the study of its historical evolution has
been very difficult, since the village is the results of disorganized and undocumented edifica-
tions and changes occurred throughout the centuries.

However, an evolutive and quite detailed framework of the evolution of Castelpoto, with
identification of the main construction epochs, is herein provided.

Probably, the city was founded in a very ancient period: some archaeological finds suggest
that it might already exist in the Roman era. Its actual position dates back to medieval age
(year 598), when the Longobardi, a Germanic population, occupied the territory of Benevento
and its closest areas.

Castelpoto reached the peak of its glories with the domination of the Normans, after which
several important families followed each to other at the power.
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Nowadays, after many seismic events, the city of Castelpoto is developed around two main
road axes. Along the first axis, requalified or new buildings can be found. On the other side,
the most ancient and damaged buildings needing consolidating interventions are located fol-
lowing the route of the second road axis.

2.2 The clustered buildings under study

The examined structural aggregate is placed in Dietro La Torre street and it rises in a por-
tion slightly detached from the ancient medieval nucleus. It is in the area where the current
local administration wants to concentrate the economic resources in order to requalify the his-
torical centre that, thanks to the presence of the old Castle, could have a tourist destination.
Figure 3 displays the location of the case study aggregate.

Figure 3: The investigated clustered buildings.

The examined masonry aggregate is composed by seven structural units placed on slope
with different altitudes due to their position on the hill side. The seven structural cells are dis-
tinguished to each other by different materials used for vertical walls and by structural fea-
tures conditioned from local interventions performed in the past years to improve their state
after occurred earthquakes. In Figure 4 the plan configuration of the study clustered buildings
is illustrated.

. Seismic interventions (1940s) \
| Partial failure

Figure 4: The seven structural units of the inspected masonry aggregate.
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The structural units n. 2, 4 and 5 (represented in grey in Figure 4) were subjected to some
consolidating operations dates back to the 1940s. The structural unit n. 7 (highlighted in pink
in Figure 4) suffered some local collapses, while the remaining structures n. 1, 3 and 6 were
never interested by repairing interventions.

The photographic documentation on the state of decay of the whole aggregate is herein re-
ported. In particular, since all the masonry walls are not covered by plaster, it is possible to
observe, as shown in Figure 5, the erosion phenomena due to environmental agents causing
the pulverization of the mortar. In addition to the crushing of masonry walls, there are some
partial collapses in correspondence of wooden beams of intermediate floors (Figure 6) and
corrosion phenomena on steel beams within the units n. 2, 4 and 5 (Figure 7). Finally, Figure
8 points out the collapse of some parts of roofs.

Figure 5:

Figure 6: Degradation phenomena on wooden beams.
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Figure 7: Corrosion phenomena on steel beams.

Figure 8: Failures of the roofs.

3 SEISMIC BEHAVIOUR ASSESSMENT

3.1 Method

In order to evaluate the seismic behaviour of the aggregate, the 3Muri computer program
developed by the S.T.A.DATA company has been used. It is a calculation software based on
the frame by macro-elements (FME) technique, where single masonry panels are divided into
three macro-elements, namely masonry piers, spandrels and rigid nodes (achieved from inter-
section between the mentioned macro-elements and having an infinitely rigid behaviour),
which are depicted in orange, green and light blue, respectively, in Figure 9.

N108
ot

| Rigid node

Figure 9: Schematization of a masonry wall in the 3Muri software.

The current software has been utilized for the evaluation of the non - linear behaviour of
the clustered buildings. The results of the analyses are represented by the capacity curves
identified in the base shear — top displacement diagram [10 - 12].
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According to the present Italian technical code, 24 load combinations obtained from two
inertial distribution of forces have been considered to be applied to the structure as follows:

- Distribution proportional to the static forces (Group 1);

- Uniform distribution of forces, which is derived from a uniform distribution of accel-
erations over the height of the construction (Group 2) [13, 14].

3.2 Pushover Analyses

Firstly, during the modeling phase, the wall axes of the structure have been plotted import-
ing the cad file of the clustered building in the 3Muri software.

Secondly, the mechanical characteristics of structural materials have been defined consid-
ering the lowest level of knowledge (LC1) according to the current legislation due to the lim-
ited mechanical investigations carried out. Therefore, the minimum value for strength and the
average one for elastic modulus have been assumed for masonry.

Finally, the intermediate floors and the roof structure have been modelled over the mason-
ry structure. In particular, two floor typologies have been recognized: one with wooden beams
(units n. 1, 3 and 6) and another with steel beams and masonry vaults (units n. 2, 4 and 5).
The unit n. 7 does not have any intermediate horizontal floor, because it develops on one story
only.

After the three — dimensional model has been implemented, the mesh dividing each mason-
ry panel in the three already mentioned macro-elements (piers, spandrels and rigid nodes) has
been generated.

A view of the three — dimensional model and the macro-elements one of the clustered
buildings is depicted in Figure 10 and Figure 11, respectively.

Once finished the modeling phase, pushover analyses have been carried out on the building
aggregate selecting the design spectrum of the case study site based on the definition of both
the soil type (C) and the topographic category (T1).

The results of the two worst analyses referred to the structural unit n. 1 are shown in Table
1, where the seismic safety factor at Life Safety Limit State, intended as the ratio between the
capacity acceleration and the demand one, is provided for each analysis direction.

S

Figure 10: Three - dimensional model of the clustered buildings.
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Figure 11: Macro-elements model of the clustered buildings.

Analysis number Seismic direction Seismic load Eccentricity [cm] asLv
11 +X Static forces 67,76 0,267
19 +Y Static forces 173,86 0,313

Table 1: Results of the pushover analyses on the structural unit n. 1

4 CONSOLIDATION INTERVENTION

4.1 The MIL 15.s seismic coat

The results of pushover analyses on the structural unit n. 1 of the clustered building have
highlighted its high vulnerability degree towards seismic actions in both directions (X - longi-
tudinal and Y — transverse). For this reason, a consolidation intervention has been hypothe-
sized. Among the different existing seismic-energy integrated retrofitting techniques, a light
metal exoskeleton continuously connected to the external facades of the construction has been
chosen. It is an innovative and few invasive technique, that allows, at the same moment, the
improvement of both the seismic and energy performances of masonry buildings. In fact, in
addition to the metal exoskeleton acting as seismic device, the system is completed with insu-
lating panels, placed in the empty spaces among the vertical profiles, having the task to reduce
the thermal dispersions of the building.

Although seismic coats are a very modern retrofitting technique, in the recent years several
different versions have been launched on the construction market. Some of them are based on
heavy solutions made of cast-in-place reinforced concrete shear walls, while other solutions
foresee lightweight systems composed of galvanized steel or aluminium alloy profiles [15 —
19].

In the current case, the adopted solution is the MIL 15.s seismic coat, whose configuration
is illustrated in Figure 12. This coating system is produced on the basis of a precise on-site
survey of the building by laser scanner to speed up the erection phases.

The MIL 15.s system, patented in 2022 by the TM Group Srl company, uses aluminium al-
loy extruded profiles (identified with Nr. 1 and 2 in Figure 12), which are attached to the ma-
sonry walls through chemical anchors (identified with Nr. 6 in Figure 12). Sandwich panels
(indicated with Nr. 8 in Figure 12) are inserted between two subsequent vertical profiles.
These panels are connected to the aluminium columns by self-drilling screws (Nr. 7 in Figure
12). The thermal insulator (Nr. 3 in Figure 12) and the EPDM tape (Nr. 5 in Figure 12) are
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necessary to avoid any thermal dispersion between the different elements of the coating sys-
tem.

Legend

1— Base profile 4 —Thermal break spacer
2 — Closing profile 5 — EPDM tape
3 —Thermal insulator 6—7 — 8 — Fixing accessories

Figure 12: The MIL 15.s seismic coat system

4.2 Design and modelling of the seismic coat

Once the seismic coating system has been introduced and described, its dimensioning and
FEM modelling phases have been performed.

In order to implement this reinforcing system in the software used to perform the seismic
analyses, an equivalent diagonal system in correspondence of each masonry pier at every lev-
el has been foreseen.

Considering that the MIL 15.s system is composed of different modules placed on each
pier and, therefore, it is made of several sandwich panels acting as seismic devices, for model-
ling purpose it is necessary to replace the mentioned panels with an equivalent diagonal sys-
tem with a full circular cross-section. The estimation of the diagonal diameter to be inserted in
the calculation software has been obtained determining the equivalent system stiffness using
the following equation:

Keq = =K (1)

where Ki is the stiffness of each diagonal representing the sandwich panel connected to
each masonry pier.

Therefore, starting from the equivalent stiffness, it has possible to derive the area Ap, and
then, the diameter o, of the equivalent diagonal by means of the following formulation:

Keq=Ep - Ap/lp - cos’a )
where:
e E, = E;s is the elastic modulus of the material.
e |, =equivalent length, equal to b/cosa, being b the frame width, h the frame height and
a = arctg h/b (see Figure 13).
From eq. (2), the following relationship has been derived:
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Ap=Keq - Ip/ (Ep - cos?a) (3)

One calculated the bracing area, the related diameter ¢ can be found through the following
formula:

¢=4/(4-Ap)/m “4)

horizzontal
force:
H

T C
— [L—e

Figure 13: Geometrical parameters used for design phase of the seismic coat equivalent diagonal.

In Figure 14, the three-dimensional model of the clustered buildings with the seismic coat
(schematized with equivalent diagonal) installed on the structural unit n. 1 has been reported.

Figure 14: Three — dimensional model of clustered buildings with modelling of the seismic coat on the structural
unit n. 1.

The MIL 15.s seismic coat has been applied to the three free facades of the structural unit n.
1. This reinforcement choice has been done with the purpose to investigate the effects that the
coating system produce not only on the reinforced building, but also on the other six structural
cells considering that, as underlined several times, within an aggregate the behaviour of a sin-
gle structural unit is strongly influenced by the other ones during a seismic event.

In order to evaluate the influence and the effects of the seismic coat on all the other struc-
tural units, pushover analyses have been carried out monitoring the displacement of a control
node belonging to each of the cells composing the clustered buildings. Figure 15 shows the
different control nodes chosen to derive the pushover curves of different structural cells.
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Figure 15: The selected control nodes of the seven structural units

5 SEISMIC BEHAVIOUR OF THE STRUCTURAL UNIT BEFORE AND AFTER
INTERVERTION

5.1 Comparison of results

Table 2 illustrates the comparison of the results in terms of seismic safety factor asrv, de-
fined as the ratio between the capacity acceleration and the demand one, for each structural
unit before and after the consolidation intervention. In particular, for each analysis direction,
the factors a related to the two worst analyses in the two main directions of the structural cells
have been reported.

. T Before in ntion  After in ntion
Structural unit ~ Seismic direction —C O'C terventio fter interventio

USRY 0OSLV
1 X 0,267 0,323
Y 0,313 0,311
5 X 0,581 0,643
Y 0,290 0,287
3 X 0,574 0,642
Y 0,435 0,453
4 X 0,573 0,638
Y 0,359 0,340
5 X 0,619 0,452
Y 0,345 0,349
6 X 0,643 0,657
Y 0,436 0,399
7 X 0,585 0,579
Y 0,479 0,532

Table 2: Comparison of pushover results before and after the application of the seismic coat MIL 15.s

Regarding the reinforced structural unit n. 1, it is possible to highlight a light increase of
the coefficient asLv only in x direction, while in the transverse one (y) the seismic coat is not
able to increase the seismic behaviour, since the asrv remains almost stable. Conversely, there

1625



G. Longobardi and A. Formisano

is an improvement of the seismic behaviour of masonry panels after application of the MIL
15.s system, since a reduction of shear damage has been noticed, as displayed in Figure 16.

@  ® © @

Figure 16: Behaviour of masonry panels of the structural unit n. 1 before (a, ¢) and after (b, d) insertion of the
seismic coat (green: no damage; yellow: plastic shear; orange: shear failure)

Concerning the other structural cells of the building aggregate, the achieved results have
demonstrated that for the nearest units to the cell n. 1 (n. 2, 3 and 4) there are some benefits
deriving from the application of the seismic coat, especially in x direction, in terms of asrv,
while the remaining three cells (n. 5, 6 and 7) have not taken profit of the intervention, since
their seismic safety factor has decreased or remain unchanged.

5.2 Fragility curves

In addition to the results provided in terms of seismic checks, a fragility study has been
performed to provide the seismic behaviour of structural units after insertion of the MIL 15.s
system in terms of fragility curves. These curves have been obtained based on the displace-
ments achieved from the pushover analyses carried out on each structural unit.

The fragility curves can be defined through a function expressing the probability that a
specific damage level is reached or exceeded in terms of the spectral displacement Sq using
the following equation:

P(d > D_S-I-|Sd} =¢ - (1' lnS:d)
B Sa 5)
where:
e @ is the cumulative normal distribution;
e Sgand P are the median and the standard deviation of the corresponding normal dis-
tribution, respectively.

The damage thresholds have been assumed according to [21] and they have been evaluated
based on the yielding and ultimate displacements. The used damage levels and the corre-
sponding standard deviations are presented in Table 3. Figure 17 illustrates the fragility
curves before and after the intervention in x direction for all the cells of the clustered build-
ings.

Damage level Limit displacement Damage type Standard deviation Bi

D1 0,7dy Slight 0,25+0,07In(p)
D2 dy Moderate 0,20+0,18In(w)
D3 dy +0,5(du - dy) Near Collapse  0,1+0,40In(p)
D4-D5 du Collapse 0,15+0,51In(p)

Table 3: Damage levels and corresponding standard deviations
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Figure 17: Fragility curves before (left) and after (right) intervention in x direction: (a) — (b) Unit 1; (c) — (d)
Unit 2; (e) — (f) Unit 3; (g) — (h) Unit 4; (i) — (k) Unit 5; (1) — (m) Unit 6; (n) — (o) Unit 7.

From these fragility curves provided for the x direction, it is possible to evidence that for
the structural unit n.1, considering a same value of spectral displacement Sq, the probability to
attain the highest damage level is reduced when the seismic coat has been applied. The same
could be said for the structural units n. 2, 3 and 4, which have improved their performance
thanks to the placement of the MIL 15.s on the facades of the heading building.

The fragility curves displayed for structural units n. 5 and 7 have pointed out a worse be-
haviour of these structures after the consolidating operation. This is due to the fact that the
reinforcement and stiffening of the heading unit produces much more torsion effects in the
building aggregate, which are detrimental for the units far from reinforced unit.

Finally, the structural unit n. 6, occupying another heading position in the aggregate, has
reached a benefit from the consolidation intervention, since a decrease of exceeding the dam-
age probability has been observed.

Figure 18 shows the fragility curves of all structural cells in the transverse (y) direction.

1628



G. Longobardi and A. Formisano

1,00 1,00
0,80 | 0,80
7 0,60 = 0,60
g a
N e —D1
8 040 | 8 040
I Py
D2
0,20 | 0,20 D3
—D4-D5
0,00 0,00 L L h
0 0 0,5 1 1,5 2
Sy [cm] S [em]
(a) (b)
1,00 1,00 -
0,80 0,80
& 0,60 = 060 |
= 226
& o || &
— —D1
£ 0,40 B o0
D2 D2
0,20 D3 020 | D3
—D4-D5 —D4-D5
0,00 - - . 0,00 . . :
0 0,5 1 1,5 2 0 0,5 1 15 2
84 [em] Sg [em]
(© (d)
1,00
0,80 |
7 0,60 [
A ——
2 00 | — -m
D2 D2
0,20 |- D3 Ly
D4-D5 ——D4-D5
0,00 I ; : 1 1I<
0 0,5 1 1,5 2 »
8, [em] S4 [em]
(e) ()
1,00 1,00
0,80 0,80 |
3 060 ¢ E 0,60 |
: 2
g 040 | —n 8 040 | ===l
[ [
D2 D2
020 D3 020 | D3
—D4-D5 —D4-D5
0,00 : : : 0,00
0 05 1 15 2 0 0,5 1 1,5 2
Sq [em] Sq [em]

(2) (h)

1629



G. Longobardi and A. Formisano

1,00 1,00
0,80 0,80 |
;«: 0,60 =060 |
P 28
A A
% 0,40 % 040 |
0,20 0,20 |
0,00 0,00
0 0
Sq [em] Sq [em]
() (k)
1,00 1,00
0,80 | 0,80
% 0,60 7 0,60
= g
g 0,40 —Dl & —Dn
£ 0 E.mw
%) D2
020 | D3 020 | i
I —D4-D5
0,00 : - . 0,00
0 0,5 1 1,5 2
Sy [em]
1,00 1,00
0,80 0,30
Z 0.60 E 0,60
a )
A Mg
E.DAO E.qu
0,20 0,20
0,00 0,00
0
S [em] Sy [em]
(n) (0)

Figure 18: Fragility curves before (left) and after (right) intervention in y direction: (a) — (b) Unit 1; (c) — (d)
Unit 2; (e) — (f) Unit 3; (g) — (h) Unit 4; (i) — (k) Unit 5; (1) — (m) Unit 6; (n) — (o) Unit 7.

The above fragility curves have displayed that for the structural unit n. 1 the insertion of
the seismic coat has not produced a seismic benefit. The same result has been verified for the
structural unit n.2, where any improvement of the seismic behaviour after intervention has
been perceived. Contrary, the other structural units seem to have a light reduction of the prob-
ability of exceeding a specific damage level after insertion of the seismic coat.

6 CONCLUSIONS

The paper dealt with the evaluation of the seismic behaviour of a clustered building placed
in the historical center of Castelpoto, in the district of Benevento.

Once the historical evolution and the crack pattern affecting the investigated case study
building aggregate were defined and traced, in the following phases the pushover analyses,
considering all the 24 load combinations foreseen by the current standard code, were carried
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out. Since the results pointed out a weak seismic behaviour of the clustered buildings in both
analyses directions, with very low values of the seismic safety factor asLv especially for one
of the heading unit (n. 1), a consolidating intervention was hypothesized. As retrofitting tech-
nique, an innovative lightweight exoskeleton made of both aluminium alloy extruded profiles
and sandwich panels was applied to the structural unit n. 1.

After this intervention has been designed, the evaluation of its impact on both the rein-
forced unit and the other structural cells was done. This was pursued through static non - line-
ar analyses carried out before and after the intervention by monitoring the displacements of a
control node belonged, time by time, to each of the seven units. The achieved results in terms
of asLv demonstrated that the structural units nearest to the reinforced one are those positively
influenced by the presence of the seismic coat ,while for the other ones the intervention car-
ried out did not provide a benefit in terms of seismic behaviour.

Contrary, different outcomes were achieved through the fragility curves, which evidenced,
especially in the longitudinal direction (x) of the building aggregate, a general improvement
of the seismic behaviour of the major part of structural units, with a reduction of the probabil-
ity of exceeding a specific damage level. This result was in contrast with what occurred in the
transverse direction (y) of the clustered buildings, where insertion of the seismic coat gave
rise to almost unchanged damage probabilities. However, considering that the MIL 15.s coat
did not decrease significantly the seismic behaviour of the structural cells of examined aggre-
gate, the proposed combined seismic - energy retrofit system revealed to be helpful as effec-
tive retrofit technique of clustered buildings.
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