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Abstract: Increasing environmental concerns are leading to measures and incentives aimed at
reducing the energy consumption of buildings, which must be accompanied by substantial mitigation
of seismic and structural risk. As for technical issues, it is important to select effective solutions
specifically for medium-size RC apartment buildings (e.g., 3–6 storeys), which is where a large share
of the Italian population lives today. To this end, it is important to compare, among other factors,
the direct and indirect costs related to alternative techniques, thus allowing stakeholders (mainly
private) and designers to select the most suitable solution for each case at hand and, finally, to
speed up the design process. In this paper, different seismic strengthening techniques are designed
and applied to a case study RC frame building that is representative of the EU building stock. An
in-depth comparison is made with the aim of showing the advantages and disadvantages of different
choices, mainly based on required costs and possible disruptions, keeping the targeted structural
performance equal. Specifically, the possibility of disruption is a key point in hastening or, more
frequently, hindering the implementation of the decision. In fact, people’s hesitation to leave their
home, as well as the difficulty and high costs involved in finding temporary apartments if many
people are involved, generally prevent such interventions from taking place. For this reason, some
state-of-the-art techniques—that have minimum impact on non-structural elements, that can be
applied only on the outside, and that can still provide an effective seismic retrofit—are examined and
critically compared in the paper through a multi-criteria decision-making method.

Keywords: seismic retrofit; reinforced concrete; apartment building; exoskeleton; steel jacketing;
seismic isolation; multi-criteria decision making

1. Introduction

In recent decades, structural engineers have paid a great deal of attention to reducing
the seismic vulnerability of buildings, developing a wide variety of seismic strengthening
techniques and approaches to interventions [1]. Increasing environmental concerns have
led to life-cycle cost assessment (LCCA) techniques that have helped in quantifying the
effects of retrofitting interventions, in terms of not only initial costs but also greenhouse
gas emissions during the service life of buildings [2]. This more comprehensive approach
to assessing the sustainability of retrofitting interventions has led to ideas for upgrading
strategies focused on reducing both earthquake losses and energy consumption [3]. This
approach must consider the large quantity of buildings in Europe that have inadequate
performance in terms of both seismic and thermal concerns and the related economic
consequences in terms of the financial resources of EU Member States. As an example, in
Italy alone, there are over 12.5 million residential buildings (mostly with masonry struc-
ture). Many of them were constructed before any seismic or energy efficiency regulations
were enforced [4]. It is worth noting that most buildings have already reached the end of
their service life, which, referring to modern codes, can be assumed to be 50 years. This
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highlights that maintenance problems can be found in older buildings, and then refurbish-
ment is needed to enhance the service life without neglecting functionality problems and
discomfort based on old approaches to the architectural conception of buildings, especially
those included in social housing.

For these reasons, the European Commission promoted a pilot project, “Integrated
techniques for the seismic strengthening and energy efficiency of existing buildings”, led
by the Joint Research Centre (JRC) [5]. The project involves the development of a strategy
for building requalification at the European level based on the state of the art regarding
traditional and novel upgrading techniques, identifying priority regions, implementing
measures, engaging stakeholders, and developing a communication strategy. As for the
identification of priority regions, the project highlights that seismic-prone regions [6]
are areas where there is generally also lower well-being of the population, and thus,
refurbishment of the building stock is most needed. This could provide further benefits
with the development of new jobs and increased employment. Therefore, the applicability
and convenience of the seismic component of an integrated (seismic–energy) intervention
is of paramount importance.

For this reason, the ReLUIS-DPC research project [7] worked on developing low-
impact techniques for the seismic strengthening of buildings that can be applied at a local
or global level, and delivered publicly available technical reports describing case studies
that applied seismic retrofit techniques combined with energy efficiency measures [8,9].
The intense research activity at the European and Italian levels has been accompanied
by measures implemented to promote the refurbishment of private buildings in Italy.
Among them, the Superbonus 110% initiative [10] is a legislative measure that provides
tax advantages to building owners who decide to adopt seismic retrofitting and energy
upgrading interventions. This tax exemption may also be assigned to a third party (e.g.,
a banking institution) in the form of a tax credit. By accessing this measure, owners can
make interventions completely for free, and this can significantly influence the choice of
technical solution adopted for seismic retrofitting. Moreover, since this measure has a fixed
deadline, it is important to use low-impact techniques that require short construction time
as much as possible.

Based on this background, many research groups developed new techniques for
seismic retrofitting using low-impact approaches [11]. For example, a local technique to
improve beam-column joints’ seismic performance in RC frame buildings is shown in [12],
while the solution proposed in [13] provides a brand-new system for the realization of
dissipative exoskeletons for seismic retrofitting of RC buildings. Regarding the promising
effectiveness of exoskeleton solutions, it is also important to highlight studies that set up
design methods [14], which are important to provide practical tools for the optimization of
design choices.

In summary, many retrofit strategies are currently available based on both traditional
and innovative materials, and commercially available to building industry professionals.
Therefore, selecting the most suitable retrofit solution for an individual building may not
be an easy task. Frequently, among different alternatives, it is difficult to identify the best
one according to a variety of factors that cannot be measured with the same units. For
these reasons, multi-criteria decision making (MCDM) methods are helpful in choosing the
most suitable solution for the particular structure at hand [15]. They allow the ranking of
alternative solutions according to a variety of criteria that can be set based on the specific
intervention problem.

In this study, the Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS) [16] MCDM method is used to rank different retrofit solutions applied to a case
study building. The TOPSIS method involves a procedure that evaluates different retrofit
solutions based on a series of criteria selected by the owner/user/manager of the building.
Once the criteria are selected, which can be either quantitative (e.g., intervention cost
or duration of work) or qualitative (e.g., architectonical impact or invasiveness), relative
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weights must be assigned to them in order to decide which are the most important. Further
details of the procedure are reported in [16].

This paper deals with the application of three seismic retrofit solutions to a four-storey
RC apartment building in order to compare them and highlight the pros and cons of
each one, as well as to decide which is the most suitable for the building. First of all, the
three techniques are described: local strengthening with a CAM system [17,18] (essentially
consisting in a steel jacketing technique in which transverse elements are made of stainless-
steel ribbons), precast exoskeleton system [19] and seismic isolation [20]. These three
retrofit options are selected in order to highlight differences among traditional solutions
based on interventions at the local level and others intended to minimise the impact of
work inside the building, thus reducing disruptions and consequent social and financial
costs as much as possible. Therefore, a building already subjected to previous studies [21] is
described, along with the seismic assessment and designed retrofit interventions according
to the selected solutions.

Finally, the seismic performance and cost evaluation is carried out for the three retrofit
solutions, also applying the mentioned MCDM method to identify the most suitable
solution for the building. The retrofit solutions are evaluated based on seven criteria: inter-
vention cost, duration of work, seismic performance, incidence of costs for the adaptation
of systems, architectonical and functional impact, invasiveness and durability. Judgments
according to these criteria are given by individuals representing the actors involved in the
decision-making process: a structural engineer, an architect, a building administrator and a
private citizen (as tenants). Applying the MCDM approach shows that the availability of
financial incentives can influence the final decision, as well as which criteria are the most
important among the selected ones.

2. Seismic Strengthening Techniques

There is a wide variety of technical options available for seismic strengthening of RC
buildings, which has even increased in recent years. In their analysis of a large database of
about 5700 buildings damaged after the 2009 L’Aquila earthquake, Di Ludovico et al. [22,23]
found that the most commonly used techniques for repairing/strengthening heavily dam-
aged RC buildings were FRP composite systems (58%), RC jacketing (23%), steel jacketing
(21%) and base isolation (11%). It is also worth noting that interventions were frequently
carried out on infill walls (20%), emphasizing the role of non-structural components in the
seismic performance of RC buildings.

Experimental and numerical studies have been devoted to developing new solutions
at either the local or global level, mostly keeping in mind the minimisation of the impact on
use. On the other hand, new solutions often require more advanced materials and/or con-
struction methods with respect to traditional ones, which may be carried out by unskilled
workers. Moreover, RC frame buildings can be strengthened by using local techniques that
can prevent fragile collapse, enhancing the global ductility and avoiding an increase in
the total base shear transferred to the foundation, thus avoiding the need for invasive and
expensive interventions.

For these reasons, three technical solutions are selected based on the level of invasive-
ness, the type of approach (local or global) and the need for intervention on the foundation.
The first one is a local strengthening technique named CAM, which involves strengthening
of both columns and beams to obtain higher strength and ductility. The second one uses
precast RC exoskeletons, which act to increase the global strength and stiffness of the
building. An exoskeleton works as a second skin made of a new RC frame that captures
part of the seismic forces from the existing structure. Finally, the third investigated retrofit
solution is the well-known base isolation, which falls within the global techniques.

The selected retrofit solutions are briefly presented and discussed in the following
sections.
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2.1. Retrofit Solution S1: Local Strengthening

The selected local strengthening solution is the active confinement of masonry (CAM)
technique, first developed for the seismic upgrading of masonry buildings. Afterwards, it
was applied to RC elements [17], exploiting its ability to provide confinement for column
elements [17,18] and work as a jacketing system. CAM involves placing steel angles along
the RC framing members’ corners wrapped with post-tensioned stainless-steel ribbons,
which applies confinement pressure to the concrete. The shear strength is also increased, as
suggested by EC8 [24].

To also obtain increased flexural strength, the angles of the framing members must be
connected to each other to provide continuity and transmission of flexure stresses [18].

It is worth noting that strengthening through CAM differs from previous steel jacket-
ing solutions due to the use of ribbons in place of steel plates to connect the angles. The
ribbons are flexible and do not need any welding, allowing faster application with respect
to traditional steel jackets. The ribbons are installed by means of a tool that provides the
required pre-stress. It is important to highlight that cement mortar beds between the steel
angles and the RC members’ corners are needed to prevent stress peaks and obtain an
effective steel-to-concrete bond. As with most local strengthening techniques, steel jack-
eting can be combined with energy retrofitting techniques such as window replacement,
heating/cooling system upgrading, roof insulation, and so on. Moreover, given the limited
increases in thickness of RC members due to steel jacketing, the technique can be combined
with an exterior insulation finishing system that is applied to the building envelope.

2.2. Retrofit Solution S2: Precast Exoskeleton

Different exoskeleton solutions, in terms of structural shape and materials, were
recently proposed [25,26]. In this study, the precast exoskeleton technique recently patented
by the authors [19] is used as the seismic strengthening solution.

It consists of fully precast RC external frames connected to the existing RC structure
to work as the main lateral load-bearing system (Figure 1). The exoskeleton is made by
assembling precast beam–column subassemblies (see detail in [19]), which are connected
to each other by bolted steel flanges that provide structural continuity.
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Figure 1. Examples of (a) RC members strengthened with CAM system, (b) rubber seismic isolator device and (c) building
provided with RC exoskeleton.

The connection between the exoskeleton and the existing structure is realized by means
of shear anchors bonded with epoxy resin, designed to resist the shear forces transferred
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from the existing structure to the exoskeleton. The design and detailing of the precast
exoskeleton are based on the performance target of the upgraded structure, which will be
either upgrading or retrofitting. In this way, the strength and stiffness of the exoskeleton
are found in order to comply with code regulations and allow the existing structure to not
exceed its seismic capacity. Afterwards, the precast joints of the exoskeleton are designed
according to the code prescription for new RC members.

This solution mostly allows dry installation (i.e., without cast-in-place elements).
Moreover, in case of damaging earthquakes, it permits the replacement of beam–column
joints. The presence of an exoskeleton allows support for new infill systems that reduce
the thermal transmittance of the building envelope, thus improving energy efficiency.
It is worth noting that this kind of strengthening solution needs a newly constructed
foundation system, which avoids increased stress on the existing foundation, although it
has an additional cost with respect to the exoskeleton’s superstructure.

Even more than local strengthening solutions, exoskeletons are suitable for combi-
nation with energy efficiency upgrading interventions. However, an improvement of
the envelope’s thermal performance can be obtained by realizing a new infill system in-
side the exoskeleton plus an eventual exterior insultation finishing system. In this case,
an integrated seismic-energy retrofitting intervention is performed, instead of a simple
combination of single energy and structural interventions.

2.3. Retrofit Solution S3: Seismic Base Isolation

Seismic base isolation, also known as base isolation [27–30], is a popular technique for
protecting structures against earthquakes. It can substantially decouple the superstructure
from its substructure, thus protecting the building from life loss or damage to non-structural
components. This technique is commonly employed for the seismic protection of new
structures, especially strategic buildings (e.g., hospitals) or transportation infrastructure
(bridges). Moreover, its use has become more common in the upgrading/retrofitting of
existing buildings [31].

Base isolation leaves the building elevation (above the isolation layer) almost un-
changed and, therefore, there is full compatibility between seismic and energy upgrading
interventions. To allow crossings through to the isolation layer, the systems’ adaptation
requires special attention. In fact, flexible connections are necessary to allow seismic
displacements.

3. Selection of Case Study and as-Built Seismic Assessment

According to the last Italian census involving both population and houses [4], the
Italian building stock amounted to about 12 million buildings. Most of them are masonry
structures (more than 7 million), and about 3.7 million are reinforced concrete. Due to
the prevalence of masonry buildings, more than half have 1–3 storeys (low-rise buildings,
according to HAZUS [32]), and were mainly built before the 1970s. After that time, RC
structural types with more storeys became prevalent [33]. In general, the Italian building
stock is lacking in seismic design. Indeed, until 1981 (when a large seismic classification
started), only about 25% of the territory was classified as seismic, and consequently, most
of the residential buildings (about 77%) were designed only for vertical loads.

In Italy, design rules can be classified according to two macro-periods, pre- and post-
1971 [34]. The former is generally characterized by low-quality concrete [35] and smooth
steel [36]. On the contrary, in the early 1970s, two fundamental laws (n. 1086, 5 November
1971 [37] and n. 64, 2 February 1974 [38]) were enforced to guarantee better construction
quality of structures, while materials with better mechanical properties were generally
adopted.

The considered case study building is a four-storey RC framed structure located in
Potenza (a town in southern Italy), dating back to the post-1971 period and designed to
withstand only vertical loads using the simulated design procedure described in [39]. The
building has a rectangular shape (Figure 2a) with total dimensions of 21.4 × 11.8 m2 for the
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X and Y directions, respectively. It has a constant inter-storey height of 3.05 m. Due to the
slab (25 cm thick) orientation, beams supporting the vertical load are present in only the X
direction, and they have five bays (only two where the staircase is present). Deep beams
are placed on the perimeter, with cross-section dimensions of 0.30 × 0.50 m2). Along the
transverse X direction, the structure has three bays covered only by the slab. Columns
have cross-section dimensions of mainly 0.30 × 0.30 m2, except for some elements of the
lower storeys, with dimensions of 0.30 × 0.40 m2. The staircase (Figure 2b) has an eccentric
position with respect to the Y direction and no eccentricity regarding the X direction. The
stairs have a knee-type beam with dimensions of 0.30 × 0.50 m2.
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The case study building was subjected to a seismic assessment, according to the Italian
seismic code [40], by means of a nonlinear static analysis (pushover) using commercial
software (Pro_Sap by 2Si [41]), and thus followed a procedure that is commonly used
by practitioners. More specifically, macro-modelling based on lumped plasticity was
adopted to describe the non-linear flexural response of each RC member. Bi-linear bending
moment–rotation relationships were defined by considering the chord rotation expres-
sions (at yielding and ultimate) reported in the commentary on the Italian seismic code
(Ministerial Circular 7/2019) and were identical to those reported in the EC8-3 European
code regulations [24], which were basically derived from the studies by Panagiotakos
and Fardis [42]. Bending moments were calculated by assuming a parabola–rectangle
relationship for concrete under compression and an elastic–perfectly plastic stress–strain
relationship for tensile steel. A step-by-step procedure also allowed us to check the status of
brittle elements by comparing shear demand and related capacity; the latter was evaluated
by taking into account cyclic shear degradation due to ductility demand according to the
model proposed by Biskinis [43].

As mentioned above, reinforcement details were already known from previous studies
in which the building design was simulated while applying the rules that have been in
force in Italy since 1971.

The material properties are as follows:

• Concrete was assumed to have mean cylinder compressive strength equal to fcm = 20 MPa,
which is in accordance with typical values for RC buildings constructed between 1971
and 1982 [35].

• Reinforcing steel was assumed to belong to deformed FeB38k class steel, with a mean
yielding stress equal to fyk = 375 MPa.

It is important to note that the Italian seismic code requires a reduction in the mean
values of material properties using the confidence factor (FC), which depends on the
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knowledge level (KL). In this case, the best KL is assumed (KL3) and consequently FC = 1.
Therefore, the assessment analysis was conducted using the mean strength values.

The assessment was conducted with respect to both the life safety limit state (SLV)
and damage limitation limit state (SLD) (Figure 3). According to the Italian seismic code,
safety indices are expressed as ratios between seismic capacity and demand; for example,
in terms of peak ground acceleration value:

ζE_SLV =
ag_SLV

PGA475y

where ag_SLV is the ground acceleration that causes the first element’s collapse and
PGA475y = 0.202 g is the peak ground acceleration for a return period TR = 475 years
(i.e., with an exceedance probability of 10% in 50 years) based on the class of use of the
specific residential building (class II, according to [40]) for the site of Potenza. The assumed
ground type and topographic category are B and T1, respectively. Indeed, the seismic
hazard is rather high, since the town of Potenza is located in seismic zone 1 (among four
zones with decreasing hazard from 1 to 4).
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attainment of limit states (LS) according to NTC2018: life safety (SLV), damage (SLD) and near collapse (NC). SLD is
attained when the maximum inter-storey drift ratio is 0.005, SLV is attained when there is three-quarter ultimate rotation in
at least one of the plastic hinges, and NC is attained when there is full ultimate rotation.

Regarding the damage limitation state:

ζE_SLD =
ag_SLD

PGA50y

where ag_SLD is the ground acceleration causing the structure to reach the deformation
limit of 0.5% (for brittle non-structural elements attached to the structure) and PGA50y is
the peak ground acceleration for a return period TR = 50 years (i.e., with an exceedance
probability of 63% in 50 years).

Performance indices with respect to SLV and SLD can be used jointly to evaluate the
average earthquake annual loss (EAL) with an index called PAM, introduced by Ministry
of Infrastructure Decree no. 65 in 2017 [44]. The PAM index allows us to obtain the seismic
classification of a building considering losses due to damage to both structural and non-
structural elements. The PAM index is used in this study to express the global seismic
performance of the building in both the as-built and post-intervention conditions. Table 1
shows the results in terms of PAM, ζE_SLV and ζE_SLD.
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Table 1. Performance indices with respect to SLV, SLD and PAM.

ζE_SLD ζE_SLV PAM

1.01 0.05 5.7%

4. Design of Retrofit Interventions

Retrofit solution S1 is intended to increase ductility by strengthening 32 beams,
44 columns and 48 beam–column joints (Figure 4a,b). This is achieved by using the
CAM system with stainless-steel ribbons that are 0.9 mm thick and 19 mm wide. Their
tensile strength is equal to ftk = 950 MPa. Elements placed at RC member corners are
60 × 60 × 6 mm L-profiles of grade S275 steel according to the Italian building code [40].
For 12 of the 32 beams, confining is performed by using one ribbon layer spaced 14 cm at
the ends (i.e., next to plastic hinges). For the other beams, 20 cm spacing is used. The 28
most stressed columns have a full-length distribution of one-layer ribbons spaced from
9 to 17 cm depending on the need for shear strengthening. The remaining columns have
30 cm spacing. On external and corner beam–column joints, six ribbons are placed along
the height, each with six layers. The total intervention cost, evaluated according to the
Basilicata Region price list for construction [45] and the price list used for repair and
reconstruction in the aftermath of the 2016–2017 Central Italy earthquake [46], is equal to
281 €/mq. The latter is evaluated while also taking into account construction site security
costs, in situ tests for the evaluation of material properties, design and assessment, and
VAT costs. The intervention cost without these ancillary expenses is equal to 231 €/mq.
The duration of work is 115 days with a team of six workers.
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The S2 retrofit solution is carried out by using four reinforced concrete external frames
(Figure 5) connected to the existing structure by means of φ16 mm shear connectors spaced
40 cm apart. The cross-sections of RC members and related reinforcement were defined to
ensure suitable reductions in the existing eccentricity on each floor between the centres of
mass and stiffness. This results in better dynamic behaviour of the structure. In this regard,
the new frame in the X direction (the one farthest from the staircase) has columns that are
rotated 90◦ with respect to the others.
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All exoskeleton columns have rectangular cross-sections of 0.4 × 0.6 m2. As for the
beams, in the longer frames only, the first and second levels have a 0.4 × 0.6 m2 section,
and the third and fourth levels have 0.4 × 0.5 m2 cross-section. Shorter frames have
0.4 × 0.7 m2 beams on the first two levels and 0.4 × 0.5 m2 on the last two. In addition,
20 mm diameter longitudinal reinforcement bars and 8 mm diameter stirrups (spaced
14 cm apart) are used for the beams. Columns have 20 mm and 16 mm longitudinal bars,
and 8 mm hoops (15 cm spacing is used).

The exoskeleton’s foundation is a rectangular beam with a 1.2 × 0.8 m2 cross-section
reinforced with 20 mm diameter bars and 8 mm diameter stirrups (12 cm spacing). The con-
crete used for all RC members is grade C28/35 and the reinforcing steel is class B450c [40].
The full intervention cost [45,46] is 218 €/mq. The cost of intervention without ancillary
expenses (as mentioned before) is 171 €/mq. However, the latter includes the cost of system
relocation during construction of the foundation beam, which is estimated as 10% of the
total. The duration of work is 61 days with a team of six workers.

The S3 retrofit solution is aimed at reducing seismic demand by means of a base
isolation system. Specifically, the isolation system, made of 16 elastomeric devices and
8 multidirectional sliders, is placed at the top of the first-storey columns. For this purpose, a
steel bracing system made of HEA140 profile trusses (grade S275 steel) is realized to stiffen
the first storey (Figure 6a). The cost of the retrofit solution [45,46] is 301 and 245 €/mq with
and without ancillary costs, respectively. These values include the expenses for system
adaptation (installation of flexible joints for all systems passing through the isolation plan
to allow relative displacement between superstructure and substructure), which amounts
to 5% of the total. The duration of work is estimated at 48 working days.

It is worth highlighting that cost of system adaptation for seismic isolation is lower
compared to exoskeletons since it requires only internal adaptation of pipes and wires cross-
ing the isolation layer. In fact, flexible connections are needed to allow relative displacement
between the superstructure and the substructure. On the contrary, when systems need to
be adapted on the building exterior to allow the construction of a new foundation (as in
the case of solution S2), service suppliers (water, gas, electricity, telephone and internet
operators) must be consulted, and this possibly causes additional delays and cost.
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5. Post-Intervention Seismic Performance

Figure 7 shows a comparison of the seismic performance of the selected retrofit solu-
tions, using the envelope of capacity curves in retrofitted and as-built condition derived
from pushover analyses. In particular, solution S1 (local strengthening) provides a si-
multaneous increase in global resistance and ductility, while S2 (exoskeleton) provides
a significant increase in global resistance, leaving the ultimate lateral displacement ca-
pacity of the building essentially unchanged. Solution S2 (seismic isolation), unlike the
previous ones, allows the building to be retrofitted by reducing the seismic demand below
the capacity of the original structure. For this reason, no capacity curve is reported, and
the isolation system design and seismic capacity assessment were carried out by linear
dynamic analysis.
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Table 2 shows the capacity demand ratio values for the selected retrofit solutions
with respect to damage limitation (ζE_SLD) and life safety (ζE_SLV). The average annual
earthquake loss is evaluated according to the Italian guidelines on seismic classification
(PAM), which take into account seismic performance related to the two limit states. While
life safety performance is rather similar among the selected alternatives, with ζE_SLV slightly
above the required value for retrofit (ζE_SLV = 1.0), the damage limitation is very different,
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being just sufficient for S1 (ζE_SLD = 1.01), and largely redundant for S3 and especially
for S2 (ζE_SLD = 1.30 and ζE_SLD = 2.62, respectively). The combination of risk indices is
reflected in PAM values, which are more favourable for S2, in which lower earthquake
annual loss is expected.

Table 2. Performance indices for the three retrofit solutions.

ζE_SLD ζE_SLV PAM

S1: Local
strengthening 1.01 1.08 0.77%

S2: Exoskeleton 2.62 1.04 0.60%

S3: Base isolation 1.30 1.00 0.98%

6. Multi-Criteria Comparison

The selection of the optimal retrofit strategy is carried out through a multi-criteria
decision-making process. The used method is TOPSIS [16], which involves a procedure
based on the following steps: (i) seismic assessment of the as-built structure, (ii) selection
and definition of retrofit solutions, (iii) design and assessment of post-intervention condi-
tion related to the different retrofit options, (iv) selection of criteria to evaluate alternatives,
(v) relative weighting of the criteria, (vi) evaluation of the alternatives, (vii) application of
the chosen MCDM method to rank the alternatives and identify the most suitable retrofit
solution and (viii) sensitivity analysis to investigate the stability of the solution with respect
to the weights of the criteria.

Steps (i) to (iii) were shown in the previous sections. The remaining steps are shown
in the following sections.

6.1. Selection of Evaluation Criteria

The evaluation criteria can be either quantitative or qualitative depending on whether
they can be measured or not. Seven criteria were selected to evaluate the three retrofit
solutions (Table 3), among which four are quantitative (C1–C4) and three are qualitative
(C5–C7). Beside the intervention cost (C1) and the work duration (C2), it is important to
evaluate the seismic performance (C3) in order to compare different options and the cost
of eventually adapting the systems (C4), which is related to additional invasiveness and
disruption. This latter is evaluated as the percentage with respect to the total intervention
cost. It is a cost share related to interventions that may cause additional delays and dis-
ruption as it requires third party actions (e.g., relocation of water, gas, electricity supplies).
Among the qualitative criteria, it is important to evaluate the architectonic and functional
impact (C5) in order to determine the extent to which the aesthetics of the building and
its usability are impacted by the intervention. Invasiveness (C6) is mainly related to the
need for work inside the building that forces tenants to abandon their dwellings for a
certain period, with consequent social and economic disadvantages. The durability (C7) of
a certain alternative is related to how much maintenance is needed for newly installed or
retrofitted components during their service life.

Table 3. Evaluation criteria.

Type Code Description Unit

quantitative

C1 Intervention cost €/mq
C2 Work duration Days
C3 Seismic performance PAM
C4 Cost incidence for system adaptation %

qualitative
C5 Architectonic and functional impact Parametric
C6 Invasiveness and disruption Parametric
C7 Durability Parametric
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6.2. Comparison of Criteria

It is worth noting that each of the selected criteria needs to be weighted with respect
to the others in order to set their relative importance in the full evaluation of different
retrofit solutions. This is achieved by using the method proposed by Saaty [47], which is
based on pairwise comparisons of criteria and the analysis of eigenvalues. Considering
two criteria, Cj and Ck (j, k = 1, 2, . . . , 7), the relative importance of Cj with respect to Ck
must be defined according to different linguistic definitions, reported in Table 4, which are
then converted into numerical values.

Table 4. Scale of relative importance (Saaty [47]).

Definition Intensity of Importance

Equal importance 1
Moderate importance of Cj compared to Ck 3

Essential or strong importance 5
Demonstrated importance 7

Extreme importance 9
Intermediate values 2, 4, 6, 8

Reciprocal of above
When criterion j compared to k yields one of

the above results, comparison of k to j will give
its reciprocal

By comparing criteria according to the mentioned method on a pairwise basis, a series
of ajk values that populate an n × n matrix (A) is obtained, where n is the number of
selected criteria. Values on the matrix diagonal are always 1, since ajj derives from the
comparison of Cj with itself. Moreover, it is always the case that ajk = 1/akj.

Comparing criteria for weighting is not an easy task, since it can be influenced by
the subjective evaluation of the decision-maker. In case of private buildings, the final
decision makers are the tenants, who are often the owners, according to the widespread
Italian custom of buying a home. It is true, of course, that choices of tenants are affected
by counselling from building administrators, engineers in charge of the structural design
(eventually complemented by an energy efficiency upgrade), and architects in charge of
resolving architectural and functional issues. For these reasons, four subjects were charged
with filling the A matrix to represent an architect (Arch.), a structural engineer (Eng.),
a building administrator (Admin.) and a private citizen who could be a tenant (Ten.)
(Figure 8). All subjects were adequately educated on the TOPSIS method and, in particular,
on how to make pairwise comparisons.
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Figure 8. Decision-making chain in apartment building seismic retrofit.

In addition, external factors can influence the comparison of criteria. For example, the
existence of financial incentives, as is currently the case in Italy [10], could make it possible
to attribute a lower importance to criterion C1, related to the intervention cost, which is
completely supported by public funds in the form of tax discounts. However, this will not
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be a permanent condition, since incentives usually expire after a certain period. In case of
the presence of stores on the ground floor of the building, the work duration can assume
high importance. On the other hand, disruption due to invasive retrofit work is recognized
as one of the most significant restraints on the massive rehabilitation programme, supported
by the current Italian incentive legislation, which is aimed at economic growth to recover
from the COVID-19 crisis. Therefore, many people would identify disruption as the most
important criterion for evaluating a retrofit solution.

From the above background, different versions of matrix A were considered in this
study. Basically, the four individuals filled in two versions of the matrix, considering
either the presence or absence of financial incentives, to finally obtain eight versions of the
consequent relative weights for matrix A (Tables 5–8).

Table 5. Comparison of criteria by the architect (Arch.).

Incentives C1 C2 C3 C4 C5 C6 C7

NO

C1 1 3 1/4 6 2 1/2 4
C2 1/3 1 1/6 4 1/2 1/4 2
C3 4 6 1 9 5 2 6
C4 1/6 1/4 1/9 1 1/5 1/7 1/3
C5 1/2 2 1/5 5 1 1/2 3
C6 2 4 1/2 7 2 1 5
C7 1/4 1/2 1/6 3 1/3 1/5 1

YES

C1 1 1/2 1/6 3 1/3 1/5 1/4
C2 2 1 1/6 4 1/2 1/4 1/3
C3 6 6 1 9 5 2 4
C4 1/3 1/4 1/9 1 1/5 1/7 1/6
C5 3 2 1/5 5 1 1/2 1/2
C6 5 4 1/2 7 2 1 2
C7 4 3 1/4 6 2 1/2 1

Table 6. Comparison of criteria by the building administrator (Admin.).

Incentives C1 C2 C3 C4 C5 C6 C7

NO

C1 1 3 1 1 3 1/3 3
C2 1/3 1 1/3 1/3 1/5 1/5 1/3
C3 1 3 1 1 3 1/3 3
C4 1 3 1 1 1/3 1/5 1/3
C5 1/3 5 1/3 3 1 1/5 3
C6 3 5 3 5 5 1 5
C7 1/3 3 1/3 3 1/3 1/5 1

YES

C1 1 3 2 1 2 1/3 1/3
C2 1/3 1 1/2 1/3 1/5 1/5 1/3
C3 1/2 2 1 1 1 1/2 1
C4 1 3 1 1 1/3 1/5 1/3
C5 1/2 5 1 3 1 1/2 3
C6 3 5 2 5 2 1 3
C7 3 3 1 3 1/3 1/3 1
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Table 7. Comparison of criteria by the structural engineer (Eng.).

Incentives C1 C2 C3 C4 C5 C6 C7

NO

C1 1 2 1/3 1 6 1/2 2
C2 1/2 1 1/3 1/2 3 1/3 1/3
C3 3 3 1 2 9 2 3
C4 1 2 1/2 1 6 1/2 2
C5 1/6 1/3 1/9 1/6 1 1/7 1/5
C6 2 3 1/2 2 7 1 2
C7 1/2 3 1/3 1/2 5 1/2 1

YES

C1 1 1/4 1/9 1 1 1/7 1/6
C2 4 1 1/3 4 4 1/2 1/2
C3 9 3 1 9 9 2 2
C4 1 1/4 1/9 1 1 1/7 1/6
C5 1 1/4 1/9 1 1 1/7 1/6
C6 7 2 1/2 7 7 1 2
C7 6 2 1/2 6 6 1/2 1

Table 8. Comparison of criteria by the tenant (Ten.).

Incentives C1 C2 C3 C4 C5 C6 C7

NO

C1 1 1 1/4 1/3 1/3 1/5 1
C2 1 1 1/5 2 1/3 1/4 3
C3 4 5 1 3 3 1/3 5
C4 3 1/2 1/3 1 1/3 1/5 3
C5 3 3 1/3 3 1 1/3 4
C6 5 4 3 5 3 1 3
C7 1 1/3 1/5 1/3 1/4 1/3 1

YES

C1 1 1/5 1/7 1 1/5 1/7 1/5
C2 5 1 1/5 2 1/3 1/4 1/2
C3 7 5 1 4 4 1/3 4
C4 1 1/2 1/4 1 1/2 1/5 1/4
C5 5 3 1/4 2 1 1/5 2
C6 7 4 3 5 5 1 3
C7 5 2 1/4 4 1/2 1/3 1

Once the pairwise comparisons are carried out to determine the A matrices, a con-
sistency evaluation related to the DMs is needed. The consistency evaluation is satisfied
when, given a criterion Ci that is judged to be more important than criterion Cj by factor
aij, and a criterion Cj that is in turn judged to be more important than criterion Ck by factor
ajk, the result is that Ci is judged to be more important than Ck by factor aik = aij·ajk.

To this end, the so-called consistency index (CI) can be calculated as follows:

CI =
λmax − n

n − 1
(1)

where λmax is the maximum eigenvalue of the A matrix. CI has to be normalized by the
random consistency index (RCI), which is an average random consistency factor depending
on n (Table 9). The ratio CI/RCI is the consistency ratio (CR). Consistency control is
considered satisfactory when CR is less than 5% if n = 3, 9% if n = 4, and 10% if n > 4.

Table 9. RCI as function of n.

n 1 2 3 4 5 6 7 8 9

RCI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45
In this case, as n = 7, RCI = 1.32 has to be assumed.
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Once the consistency control is passed, the vector (W) of relative weights w1, w2, . . . ,
w7 can be determined as the principal right eigenvector. Otherwise, pairwise comparisons
must be redone to achieve the minimum required consistency.

For the case under consideration, the vectors of weights and the related CR values are
reported in Tables 10 and 11.

Table 10. Weights in the absence of incentives.

Arch. Admin. Eng. Ten. Average wi

w1 0.151 0.154 0.138 0.052 0.124
w2 0.066 0.038 0.068 0.079 0.063
w3 0.386 0.154 0.303 0.248 0.273
w4 0.024 0.077 0.146 0.079 0.081
w5 0.106 0.113 0.026 0.157 0.100
w6 0.223 0.387 0.213 0.340 0.291
w7 0.046 0.077 0.106 0.045 0.068

CR 3.3% 9.3% 2.7% 8.6%

Table 11. Weights in the presence of incentives.

Arch. Admin. Eng. Ten. Average wi

w1 0.046 0.127 0.034 0.030 0.059
w2 0.066 0.043 0.121 0.072 0.076
w3 0.386 0.110 0.349 0.264 0.277
w4 0.024 0.083 0.034 0.045 0.046
w5 0.106 0.172 0.034 0.120 0.108
w6 0.223 0.322 0.243 0.358 0.286
w7 0.151 0.143 0.186 0.110 0.147

CR 3.3% 9.1% 1.3% 9.2%

In the absence of incentives, the highest weights are attributed to criteria C1 (interven-
tion cost), C3 (seismic performance) and C6 (invasiveness), and in the presence of incentives
they are C3, C6 and C7 (durability). The presence of incentives shifts the decision-maker’s
attention from intervention cost to durability. In fact, a strengthening solution with low
durability would force tenants to face maintenance expenses in a probable future period
without incentives.

Moreover, the best consistency (lower CR values) is obtained by technicians (Eng. and
Arch.), as would be expected, while for non-technical individuals (Admin. and Ten.) CR
values are near the upper limit of 10%. Tables 10 and 11 also show columns with the average
of the four weight vectors that will be assumed in the following evaluations. It is assumed
that the final decision is influenced by all actors involved in the decision-making process.

6.3. Ranking of Retrofit Solutions

The TOPSIS method [16] is based on a concept which states that the best solution is
the one with the minimum distance from an ideal solution A* and, therefore, the maximum
distance from the “anti-ideal” solution A-. Assuming xij as the measure of the performance
of the ith solution (i = 1, 2, 3) with respect to the jth criterion (j = 1, 2, . . . , 7), all values xij
(3 × 7 = 21) are collected in decision matrix D = [xij] (Table 12).

Table 12. Decision matrix Dij without incentives.

C1 (€/mq) C2 (Days) C3 (PAM) C4 (%) C5 C6 C7

S1 281 115 0.77 0 0.094 0.797 0.385
S2 218 61 0.60 10 0.717 0.099 0.385
S3 301 48 0.98 5 0.189 0.104 0.055
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Regarding criteria C5, C6 and C7, due to their “qualitative” nature, only linguistic
judgments can be expressed. To apply the TOPSIS method, it is, therefore, essential to
convert these qualitative variables into “quantitative” ones by once again adopting the
Saaty eigenvector method [47].

Qualitative pairwise comparisons were made between the different solutions Si as
a function of the degree of compliance with the considered criterion, and the procedure
was carried out separately for C5, C6 and C7. The pairwise comparison was made by only
two individuals out of the selected four, the engineer and the architect, since it requires
technical skills in the building sector.

By adopting the linear Saaty scale (Table 4), these judgments were then converted
into numbers aij in the range 1/9–9. In this case, with reference to Table 4, the “relative
importance” aij should be interpreted as the relative measure of the degree of compliance
with the considered criterion of the alternative Si with respect to Sj. Once all values aij are in
a 3 × 3 matrix (reported in Tables 13 and 14 for each qualitative criterion), Saaty’s method
defines the elements of the main eigenvector as a quantitative measure of the performance
of each retrofit solution with respect to the qualitative criterion under consideration. The
binary comparisons in the matrices were entrusted to the expert judgment of the architect
(Table 13) and the structural engineer (Table 14). The quantitative measure of each solution
Si is reported in Table 15.

Table 13. Comparison of Si solutions for architect (Arch.) for criteria C5, C6 and C7.

Criterion S1 S2 S3

Architectonical and functional
impact

S1 1 1/5 1/2
S2 5 1 4
S3 2 1/4 1

Invasiveness and disruption
S1 1 8 6
S2 1/8 1 1
S3 1/6 1 1

Durability
S1 1 1 7
S2 1 1 7
S3 1/7 1/7 1

Table 14. Comparison of Si solutions for structural engineer (Eng.) for criteria C5, C6 and C7.

Criterion S1 S S3

Architectonical and functional
impact

S1 1 1/9 1/3
S2 9 1 5
S3 3 1/5 1

Invasiveness and disruption
S1 1 9 9
S2 1/9 1 1
S3 1/9 1 1

Durability
S1 1 1 7
S2 1 1 7
S3 1/7 1/7 1

A consistency ratio lower than 5% (acceptability threshold) indicates that there is a
good degree of consistency among the expert judgments provided by the two compilers.

Accounting for the heterogeneity of the xij D matrix coefficients, normalization is
necessary in order to obtain the R = [rij] matrix. The latter represents the normalized
decision matrix.

rij =
xij√

∑3
k=1 xkj

. (2)
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Table 15. Comparison of Si solutions in terms of performance.

Arch. Eng. Average

Architectonical
and functional

impact

w1 0.117 0.070 0.094
w2 0.683 0.751 0.717
w3 0.200 0.178 0.189
CR 2.12% 2.51%

Invasiveness
and disruption

w1 0.776 0.818 0.797
w2 0.107 0.091 0.099
w3 0.117 0.091 0.104
CR 0.79% 0.00%

Durability
w1 0.408 0.362 0.385
w2 0.408 0.362 0.385
w3 0.058 0.052 0.055
CR 0.00% 0.00%

The normalized decision matrix R = [rij] is reported in Table 16.

Table 16. Normalized decision-making matrix Rij.

C1 C2 C3 C4 C5 C6 C7

S1 0.603 0.829 0.557 0.000 0.126 0.984 0.704
S2 0.468 0.440 0.434 0.894 0.959 0.122 0.704
S3 0.646 0.346 0.708 0.447 0.253 0.129 0.101

Subsequently, all values of the ith column of the R matrix are multiplied by the weight
wi of the ith criterion (“Average wi” column in Table 10). The weighted normalized decision
matrix V = [wj rij = vij] is reported in Table 17.

Table 17. Weighted decision-making matrix Vij (absence of incentives).

C1 C2 C3 C4 C5 C6 C7

S1 0.075 0.052 0.152 0.000 0.013 0.286 0.048
S2 0.058 0.028 0.118 0.073 0.096 0.035 0.048
S3 0.080 0.022 0.193 0.036 0.025 0.037 0.007

The ideal A* and the anti-ideal A- solutions (Table 18) are obtained by putting together
the best and worst performance with respect to each of the seven criteria for the three
retrofit solutions (S1, S, S3).

Table 18. Ideal solution A* and anti-ideal solution A- (absence of incentives).

C1 C2 C3 C4 C5 C6 C7

A* 0.058 0.022 0.118 0.000 0.013 0.035 0.048
A- 0.080 0.052 0.193 0.073 0.096 0.286 0.007

Criteria from C1 to C6 can be classified as “cost” criteria, which require minimisation
of their values to improve the intervention performance with respect to them. The opposite
is true for criterion C7 (durability), which is a “benefit” type and should be maximized.
Therefore, in defining the ideal and anti-ideal solutions, it is necessary to interpret the
maximum value as the “best” performance for “benefit” type criteria and the minimum
value for “cost” type criteria.

Each real or ideal retrofit solution can be represented by a point in a seven-dimensional
space where the jth axis measures the normalized and weighted performance of the
considered alternative with respect to the generic criterion Cj. Then, the geometric distance
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di∗ of the solution Si (i = 1, 2, 3) from the ideal A*, and the distance di- of Si from the
anti-ideal A-, can be obtained with the following expression:

di∗ =

√√√√ 7

∑
j=1

(
vij − vj∗

)2 (3)

where vj* and vj- represent the jth element of the vectors of seven elements (Table 18)
constituting the alternatives A* and A-. The values of the distances di∗ and di− are shown
in Table 19. Once the distances di∗ and di− of the alternative Si (i = 1, 2, 3) are obtained
from the solutions A* and A-, respectively, the relative distance of the retrofit solution from
the ideal solution is obtained from the following ratio:

Ci∗ =
di−

di− + d∗ (4)

Table 19. Ranking of solutions without incentives.

di* di− Ci* Rank

S3 0.096 0.263 0.732 1 Base Isolation
S2 0.111 0.267 0.706 2 Exoskeleton
S1 0.255 0.125 0.329 3 Local strengthening

Ci∗ values for the three retrofit solutions are in the range [0.0–1.0]. According to the
TOPSIS method, the solution ranking is conducted according to Ci∗ values. The most
suitable is the one with maximum Ci∗. In this case, in the absence of incentives, the most
suitable solution is S3 (base isolation), with Ci∗ = 0.732 (Table 19). The exoskeleton solution
(S2) is second, and local strengthening (S1) would be the least favourable solution.

Starting from Table 16 reporting the normalized decision-making matrix Rij, the
same procedure was again applied, using the “Average wi” column in Table 11, which
was obtained considering the availability of financial incentives (Tables 20 and 21). This
allowed to obtain Table 20 reporting the weighted decision-making matrix and Table 21
reporting the ideal and anti-ideal solutions.

Table 20. Weighted decision-making matrix Vij (presence of incentives).

C1 C2 C3 C4 C5 C6 C7

S1 0.036 0.063 0.154 0.000 0.014 0.282 0.104
S2 0.028 0.033 0.120 0.041 0.103 0.035 0.104
S3 0.038 0.026 0.196 0.021 0.027 0.037 0.015

Table 21. Ideal solution A* and anti-ideal solution A- (presence of incentives).

C1 C2 C3 C4 C5 C6 C7

A* 0.028 0.026 0.120 0.000 0.014 0.035 0.104
A- 0.038 0.063 0.196 0.041 0.103 0.282 0.015

In this case, the more suitable solution (Table 22) is S2 (exoskeleton), while retrofit
solution S1 (local strengthening) is always ranked third.

Table 22. Ranking of solutions in the presence of incentives.

di* di− Ci* Rank

S2 0.099 0.275 0.735 1 Exoskeleton
S3 0.120 0.260 0.684 2 Base Isolation
S1 0.252 0.140 0.356 3 Local strengthening
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By applying the TOPSIS multi-criteria decision-making method, local strengthening
retrofit options result in less suitable solutions for the building type under consideration.
In both assumed scenarios (presence/absence of incentives), global techniques such as
exoskeleton (S2) and seismic isolation (S3) are more suitable because they are less invasive.
The possibility of intervening from the outside without having to relocate tenants has great
value and can be important in the final decision.

When external or public financial resources are available in the form of either tax
discounts or grants, decision makers shift their focus to the durability of the retrofit solution.
In this regard, the exoskeleton solution is judged to be more durable compared to base
isolation, which may involve expensive replacement of isolation devices due to effects of
aging on their constitutive materials. As shown in Table 22, Ci∗ is equal to 0.735 for S2 and
0.684 for S3, with a 7% difference.

In the opposite situation, that is, without financial incentives, the most suitable solu-
tion is base isolation. In this case, the cost of system adaptation has a negative influence
on S2 (exoskeleton), which requires a new foundation system with demanding excavation
work along the building perimeter, while the cost of the same work for S3 is lower. How-
ever, careful evaluation is required, since, as can be seen from Table 19, the difference in
Ci∗ between S3 and S2 is only 3%, and a slight increase in this parameter could invert the
ranking positions.

The results obtained in terms of ranking can be considered to be generally valid for
building types such as the one considered here, which is largely widespread in Italy and
the Mediterranean area. However, considering a different building type and varying levels
of seismic hazard (which is assumed high in this study) could lead to different results.

7. Conclusions

Within the framework of an urgent need for seismic strengthening interventions
in the residential building stock in Italy, this study compares different retrofit solutions
based on both local and global intervention strategies. After describing the design of
interventions for seismic retrofit of a case study building, to support the decision-making
process, the retrofit solutions are compared based on seven criteria that measure—either
qualitatively or quantitatively—their performance with respect to specific aspects related
to such interventions. Multi-criteria decision-making requires pairwise comparisons of
criteria to assign them relative weights. This was carried out by subjects involved at
different levels of the decision-making process in order to ensure that the final decision-
maker (owner(s)) would take a decision based on external suggestions and advice.

The three retrofit solutions (S1 (local strengthening with CAM jacketing), S2 (precast
exoskeleton) and S3 (seismic base isolation)) were compared assuming two reference
scenarios: one that is currently in force in Italy, where huge financial incentives are available
(up to 110% of the intervention cost), and one without any public grants.

Relative weights show that intervention cost (C1) and seismic performance (C3) are
judged the most important, along with invasiveness (C6), when no financial incentives are
available. The latter, in fact, often discourages tenants from undertaking a building retrofit
due to the discomfort created by the disruptive work, which often forces them to abandon
their dwelling for a period.

On the contrary, when financial incentives are available, the attention moves from
intervention cost to durability (C7), since it can avoid delayed expensive and invasive
maintenance interventions due to material degradation.

In both assumed scenarios, global techniques such as exoskeleton (S2) and seismic
isolation (S3) are more suitable than local strengthening (S1) because they are less invasive.
The possibility of intervening from the outside without having to relocate tenants has great
value and plays a major role in the final decision.

If financial incentives are available, the exoskeleton alternative is more suitable, since
ordinary maintenance can guarantee a long lifetime of the RC members that constitute the
external frames, thus satisfying the durability criterion. In the opposite case, i.e., in the
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absence of incentives, base isolation is better due to the lower cost of system adaptation
(C4). Nevertheless, a careful evaluation of such costs should always be performed, since
the difference in Ci∗ between S3 and S2 is very small and a slight increase in this parameter
for S3 could invert the ranking positions, making the exoskeleton more suitable.

In this context, taking into account the seismic strengthening target (full retrofit), local
strengthening (S1) is always the least suitable due to the invasiveness and high cost of
intervention and the need for demolition and reconstruction of non-structural components.
On the other hand, for seismic upgrading interventions, when a lower performance target
is set, local strengthening can be more appropriate because fewer structural members need
to be upgraded and it has a negligible architectonical impact.

The results obtained from the MCDM method applied in this study are relevant to
building types that are consistent with the one used as our case study, which is common in
Italy and the Mediterranean area. However, it must be highlighted that these results are
related to a specific building site (the town of Potenza) that is characterized by high seismic
hazard. For this reason, future development of this study could include a parametric
analysis based on seismic hazard variability, in order to find possible effects on rankings.
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