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Abstract: This work aims to provide an effective structural solution, minimizing the discomfort
during the works’ execution, for how to retrofit the Day-Hospital building of the National Cancer
Institute “G. Pascale Foundation” in Naples. The structural vulnerability has been preliminarily
evaluated for this scope, using linear static and dynamic analyses according to code provisions.
The performance index in terms of peak ground acceleration (PGA), both for the life safety (SLV)
limit state and the operational (SLO) limit state, has been evaluated. A seismic assessment has been
performed by finite element (FE) analyses using the SAP2000 computer program, post-processor
VIS15 and plugin SPF. Two main solutions have been proposed to improve the structural performance
of the existing building. The first one is based on increasing the thickness of the existing reinforced
concrete (RC) cores. The second solution is characterized by strengthening the RC cores using steel
plates, steel strips and angles. A comparison of the proposed interventions is provided herein from
the technological and financial standpoints.

Keywords: existing buildings; seismic vulnerability; RC walls; retrofitting; steel plates; linear dynamic
analysis

1. Introduction

Most of the Italian public building heritage was built without seismic assessments in
areas affected by a significant seismic hazard. This creates issues today and is particularly
important where the building stock is antiquated. Consequently, the seismic assessment
of existing buildings represents a topic of paramount importance, especially in the case of
strategic structures [1]. In recent years, many research works were aimed at defining the
fragility curves of existing school buildings in order to set an order of priority for structural
retrofitting [2–5].

Most of these buildings were built from reinforced concrete (RC) and designed in
the 1950–70s without seismic considerations. The most common structural technique
adopted for Italian RC buildings is a spatial frame with masonry-infilled walls along the
external perimeter. The internal beams usually run in only one direction. Since such
constructions were designed following non-seismic provisions, they are often vulnerable to
horizontal loading [6]. In the last two decades, specific seismic rules have been introduced
for the design of buildings following seismic codes: OPCM 3274 [7], NTC2008 [8] with
its application commentary [9], NTC2018 [10] with its application commentary [11] and
EN1998-3 [12]. In particular, structures are currently designed to achieve two main goals.
The first requires that structures remain in the elastic range under seismic actions, with a
return period comparable with the life cycle of the structure. The second is based on the
consideration that to resist destructive earthquakes without totally or partially collapsing,
structures must possess high deformation resources over their elastic limit [6]. To that
end, fundamental principles of capacity design (CD) [13–16] are applied. In particular, the
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dissipative parts of a building are designed according to the first principle of CD, i.e., as
determined by structural analysis, while the non-dissipative zones are designed according
to the second principle of CD, i.e., considering the movements of the dissipative parts
in their ultimate conditions. It is clear to see that the previous considerations can easily
be applied to the design of new buildings. Conversely, the retrofit of existing structures
is more complicated than the design of new buildings. First, it is necessary to define
the vulnerability level, to identify the structural criticalities. Subsequently, retrofitting
interventions should be selected to mitigate the seismic risk and achieve a good compromise
in terms of structural safety, cost and ease of execution.

The logical process can be organized into four steps:

• Step 1: Collection of historical information and geometrical and structural characteri-
zation of the building under investigation.

• Step 2: Definition of mechanical properties characterizing the existing materials using
destructive and non-destructive on-site tests.

• Step 3: Evaluation of safety level according to different limit states using linear and/or
non-linear analyses.

• Step 4: Definition of the structural interventions needed to produce the most advanta-
geous economic and structural solution.

Particular attention should be focused on public and strategic buildings whose func-
tionality is fundamental in a seismic emergency. After the occurrence of a school collapse
in central Italy in 2003, an Ordinance of the Presidency of the Ministers’ Council [7] gave
five years maximum to evaluate the seismic vulnerability of the main public buildings
(hospitals, schools, bridges, police stations, etc.). However, that timescale was extended
several times and the seismic vulnerability of many strategic structures has not yet been
evaluated. Among all the strategic buildings, special attention should be paid to hospitals,
whose functionality in post-earthquake management is of primary importance. For such
buildings, structural retrofitting interventions should be designed to ensure the continuous
operation of medical activities.

The present article sets out the results of a vulnerability assessment and offers sug-
gestions for retrofitting interventions of the cancer institute “G. Pascale Foundation” in
Naples. Recently, the seismic vulnerability of the whole institute has been investigated by
AIRES Engineering, with the supervision of the Department of Architecture and Indus-
trial Design of Vanvitelli University [17]. A previous study highlighted the high seismic
vulnerability of the buildings belonging to the institute. In this work, a re-assessment of
the seismic vulnerability of the “Day-Hospital Building” is presented, identifying possible
structural interventions for its seismic upgrade. The aim when developing these was to
identify structural interventions that minimize the disruption of medical activities and
ensure their continuity.

Starting from the information collected in [17], vulnerability indices were evaluated
using linear dynamic analyses, and structural retrofitting solutions were developed to
mitigate the seismic risk with different performance levels. All interventions are aimed at
increasing the resistance of the cores’ walls, which constitute the seismic-resistant system
of the structure. To identify the best solution among those proposed, a comparative
analysis was performed considering the seismic performance levels, the sustainability of
the structural interventions, the ease of their implementation and, finally, their cost.

2. Previous Research Activities

Pushover analyses for the main buildings of the institute “G. Pascale Foundation”
in Naples have already been performed to accurately evaluate the seismic vulnerability,
as presented in [17]. The medical complex is composed of five buildings: the “Scientific
Building” (SB), the “Hospitalization Building” (HB), the “Day-Hospital Building” (DB), the
“Administrative Building (AB) and the “Nun Building” (NB). (SB was not included in the
seismic assessment.) A general plan of the institute is depicted in Figure 1.
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Figure 1. General plan of the institute “G. Pascale Foundation” (a) with its satellite view (b).

The first building to be constructed was the SB building in 1934. In the same period,
a portion of the NB building was likely also erected. The HB building consists of several
structural units, built between 1960 and 1980. Finally, the AB and DB buildings were
developed between 1977 and 1982.

From a structural point of view, the HB and AB buildings are built of reinforced
concrete. The NB building is composed of two different units made of masonry and
reinforced concrete, while the Day-Hospital Building is characterized by RC cores connected
to a steel structure withstanding gravitational loads alone.

The seismic vulnerability has been evaluated [17] by pushover analyses adopting
the so-called N2 method implemented by Fajfar [18,19]. Performance indices have been
provided in terms of both peak ground acceleration (PGA) and the return period (TR). The
first was obtained as the ratio between demand and capacity, evaluated using the ADRS
(Acceleration Displacement Response Spectra) plan. The second was evaluated as:

IR(TR) =

(
TR

Tref.

)a
(1)

where TR is the return period concerning the attainment of a given limit state (capacity of
the structure), Tref. is the return period related to the exceedance probability typically con-
sidered for the seismic action associated with the limit state, and the exponent a represents
a coefficient defined by a statistical analysis of the national hazard curves, which, in this
case, can be assumed to equal 0.41, as suggested in [20].

The main results obtained in [17] for the DB building are shown in Table 1. The
first column is the building label. The second column reports the considered limit state
(LS): operational limit state (SLO), damage limit state (SLD) and life safe limit state (SLV).
The third column indicates the governing collapse mechanism, which, for the examined
building, is the inter-story drift (D) or the shear failure of the walls (SF_w), depending on
the limit state. The fourth and fifth columns show the peak ground acceleration (PGA) and
return period (TR), respectively. Finally, the sixth and seventh columns indicate the seismic
performance indices in terms of PGA and TR, respectively.

Table 1. Seismic performance indices for the DB building.

Building LS Criterion PGA [g] TR [Year] IR(PGA) [%] IR(TR) [%]

DB
SLO D 0.093 55 95.20 96.40
SLD D 0.136 115 106.60 105.50
SLV SF_w 0.044 20 15.20 20.50
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3. The Day-Hospital Building
3.1. Structural Description

In this work, the attention is focused on the Day-Hospital Building (DB). Figure 2
shows some photos of the building. The building has a symmetrical plan. The inter-story
height is 4.60 m for the first story and 3.60 m for all the others. The building has a seven-
story, steel, gravity-load-resisting structure integrated with reinforced concrete cores acting
as a seismic-resistant system. The steel part of the building is made of beams (IPE 240 and
HEA 260) connected to columns (HEB 260) by beam-to-column joints designed to transmit
the shear forces alone. The main structural elements are reported in Figure 3, where the left
half of the carpentry plan is shown, and the red lines identify the RC cores. Connections
are characterized by welded plates and M16 bolts (Figure 4a).
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The building decks are composed of steel trapezoidal sheet running in the transverse
direction, with a concrete topping of 50 mm thickness. The thickness of the trapezoidal
sheet is 0.80 mm for spans up to 2.40 m and 1.20 mm for larger spans. The building
deck is stiffened by a horizontal diaphragm constituting a bracing system made of steel
angle sections (L40 × 40 × 4) (Figure 4b). The seismic-resistant part of the structure is
composed of nine RC cores (serving as staircases and elevator cases) symmetrically located.
On the left side, they are labeled T1 + T2, T3, T4, T6, while on the right side, the labels
of the specular cores are the same but with an apostrophe (T1′ + T2′, T3′, T4′, T6′). T5
indicates the central RC core. The thickness of the concrete walls for all cores is 260 mm. In
Figure 3, the extreme cores T1 + T2 (T1′ + T2′) have rebars with a diameter of 16 mm in
the longitudinal direction, with 25 cm spacing (∅16/25). Meanwhile, the diameter of the
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other cores’ longitudinal rebars is 14 mm (∅14/25). In the transverse direction, in all the RC
cores, the rebars acting as stirrups have a diameter of 8 mm, with 25 cm spacing (∅8/25).
The rest of the platforms of the staircases were built as simple RC slabs, while the flat roof
is a typical RC slab with lightning hollow blocks. The foundation systems are deep, built
on bored piles with a diameter of 0.50 m and variable lengths. The depth of the concrete
plinths is 1.20 m. The internal plinths are isolated, while the external plinths are connected
by RC beams, supporting the external cladding, which is made of masonry-infilled blocks
of 40 cm thickness. The foundation plan is shown in Figure 5.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 5 of 25 
 

    

(a) (b) 

Figure 4. Construction details: bolted connections between columns and beams (a); horizontal 
concentrically bracing system (b). 

The building decks are composed of steel trapezoidal sheet running in the transverse 
direction, with a concrete topping of 50 mm thickness. The thickness of the trapezoidal 
sheet is 0.80 mm for spans up to 2.40 m and 1.20 mm for larger spans. The building deck 
is stiffened by a horizontal diaphragm constituting a bracing system made of steel angle 
sections (L40 × 40 × 4) (Figure 4b). The seismic-resistant part of the structure is composed 
of nine RC cores (serving as staircases and elevator cases) symmetrically located. On the 
left side, they are labeled T1 + T2, T3, T4, T6, while on the right side, the labels of the 
specular cores are the same but with an apostrophe (T1′ + T2′, T3′, T4′, T6′). T5 indicates 
the central RC core. The thickness of the concrete walls for all cores is 260 mm. In Figure 
3, the extreme cores T1 + T2 (T1′ + T2′) have rebars with a diameter of 16 mm in the 
longitudinal direction, with 25 cm spacing (∅16/25). Meanwhile, the diameter of the other 
cores’ longitudinal rebars is 14 mm (∅14/25). In the transverse direction, in all the RC cores, 
the rebars acting as stirrups have a diameter of 8 mm, with 25 cm spacing (∅8/25). The rest 
of the platforms of the staircases were built as simple RC slabs, while the flat roof is a 
typical RC slab with lightning hollow blocks. The foundation systems are deep, built on 
bored piles with a diameter of 0.50 m and variable lengths. The depth of the concrete 
plinths is 1.20 m. The internal plinths are isolated, while the external plinths are connected 
by RC beams, supporting the external cladding, which is made of masonry-infilled blocks 
of 40 cm thickness. The foundation plan is shown in Figure 5. 

 
Figure 5. Foundation plan of the Day-Hospital Building. 

3.2. Material Properties 
Regarding the mechanical characterization of materials, reference is made to the 

investigation already performed by AIRES Engineering [17]. In particular, we refer to the 
company’s compressive tests of cylindrical concrete samples, tensile tests of reinforcement 
steel bars and steel structural members and Vickers hardness tests of steel bolts (More 
details are given in [17]). Original documents concerning the design, testing of materials 
during execution and the results of in situ tests (both destructive and non-destructive) 
have maximized our knowledge (LC3) according to Section C8.5.4 of Circular n.7 of 

Figure 4. Construction details: bolted connections between columns and beams (a); horizontal
concentrically bracing system (b).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 5 of 25 
 

    

(a) (b) 

Figure 4. Construction details: bolted connections between columns and beams (a); horizontal 
concentrically bracing system (b). 

The building decks are composed of steel trapezoidal sheet running in the transverse 
direction, with a concrete topping of 50 mm thickness. The thickness of the trapezoidal 
sheet is 0.80 mm for spans up to 2.40 m and 1.20 mm for larger spans. The building deck 
is stiffened by a horizontal diaphragm constituting a bracing system made of steel angle 
sections (L40 × 40 × 4) (Figure 4b). The seismic-resistant part of the structure is composed 
of nine RC cores (serving as staircases and elevator cases) symmetrically located. On the 
left side, they are labeled T1 + T2, T3, T4, T6, while on the right side, the labels of the 
specular cores are the same but with an apostrophe (T1′ + T2′, T3′, T4′, T6′). T5 indicates 
the central RC core. The thickness of the concrete walls for all cores is 260 mm. In Figure 
3, the extreme cores T1 + T2 (T1′ + T2′) have rebars with a diameter of 16 mm in the 
longitudinal direction, with 25 cm spacing (∅16/25). Meanwhile, the diameter of the other 
cores’ longitudinal rebars is 14 mm (∅14/25). In the transverse direction, in all the RC cores, 
the rebars acting as stirrups have a diameter of 8 mm, with 25 cm spacing (∅8/25). The rest 
of the platforms of the staircases were built as simple RC slabs, while the flat roof is a 
typical RC slab with lightning hollow blocks. The foundation systems are deep, built on 
bored piles with a diameter of 0.50 m and variable lengths. The depth of the concrete 
plinths is 1.20 m. The internal plinths are isolated, while the external plinths are connected 
by RC beams, supporting the external cladding, which is made of masonry-infilled blocks 
of 40 cm thickness. The foundation plan is shown in Figure 5. 

 
Figure 5. Foundation plan of the Day-Hospital Building. 

3.2. Material Properties 
Regarding the mechanical characterization of materials, reference is made to the 

investigation already performed by AIRES Engineering [17]. In particular, we refer to the 
company’s compressive tests of cylindrical concrete samples, tensile tests of reinforcement 
steel bars and steel structural members and Vickers hardness tests of steel bolts (More 
details are given in [17]). Original documents concerning the design, testing of materials 
during execution and the results of in situ tests (both destructive and non-destructive) 
have maximized our knowledge (LC3) according to Section C8.5.4 of Circular n.7 of 

Figure 5. Foundation plan of the Day-Hospital Building.

3.2. Material Properties

Regarding the mechanical characterization of materials, reference is made to the in-
vestigation already performed by AIRES Engineering [17]. In particular, we refer to the
company’s compressive tests of cylindrical concrete samples, tensile tests of reinforce-
ment steel bars and steel structural members and Vickers hardness tests of steel bolts
(More details are given in [17]). Original documents concerning the design, testing of
materials during execution and the results of in situ tests (both destructive and non-
destructive) have maximized our knowledge (LC3) according to Section C8.5.4 of Circular
n.7 of 21/01/2019 [10,11]. This level of knowledge allows the use of a confidence factor
FC = 1.00 [11]. Regarding the constructional steel grade, Fe37 was used, which corresponds
to S235 nowadays. However, the experimental investigation provided mean values higher
than those corresponding to the characteristic value of the Fe37 grade. In particular, the
mean value of the yield stress was fym = 327.30 MPa, while the mean value of the ultimate
stress was ftm = 451.50 MPa. These values were used in structural verification. Concerning
the bolts, the experimental tests provided resistance values higher than the nominal ones,
which for class 8.8 correspond to yield and ultimate strength values of fyb = 640 MPa and
fub = 800 MPa, respectively. These values were also used in the structural verification.
Finally, concerning reinforced concrete cores, the compressive tests of concrete specimens
confirmed the declared class, i.e., C20/25 with the characteristic cubic strength (Rck) of
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25 MPa. Finally, FeB 32k was adopted for the rebars; however, the tensile tests provided an
average value of the yield stress of fym = 434.70 MPa. The mechanical properties of the
materials are summarized in Table 2.

Table 2. Mechanical properties of the structural elements.

Structural Elements Declared Class/Grade Experimental Results

Steel beams (HEA 260-IPE 240) Fe37 fym = 327.30 MPa; ftm = 451.50 MPa

Steel columns (HEB 260) Fe37 fym = 327.30 MPa; ftm = 451.50 MPa

Steel bolts and nuts Class 8.8 fyb = 640 MPa; fub = 800 MPa

Concrete (RC walls) C 20/25 fck = 20 MPa; Rck = 25 MPa

Steel smooth bars (RC walls) FeB 32k fym = 434.70 MPa

4. Structural Modeling
4.1. Definition of Loading Conditions

Load conditions were defined according to the Italian code [6]. Regarding the building
decks, structural dead loads (g1k) were distinguished from non-structural dead loads (g2k)
according to NTC2018 [10]. Table 3 shows the characteristic values of structural and non-
structural dead loads for the different stories and stair landings. Moreover, the weight of the
staircases was applied along the walls of the RC cores, while the load of the cladding walls
was distributed along the external perimeter (Table 4). Finally, the weight of the mechanical
systems, at the top of the RC cores, is 5.34 kN and was distributed along their walls.

Table 3. Characteristic values of structural and non-structural dead loads.

Story g1k [kN/m2] g2k [kN/m2]

Intermediate story 1.84 3.07
Roofing story 5.00 1.56
Stair landing 4.25 1.74

Table 4. Characteristic values of linearly distributed loads.

Structural Element G1k [kN/m] G2k [kN/m]

Stair elements 4.20 2.91
Infill masonry (with windows) - 6.96

Infill masonry (without windows) - 9.94

The weight of the metal members and the reinforced concrete walls are automatically
included in the structural model (g1k). The live loads (qk) are dependent on the category
of use of the various parts of the structure, and they are defined in Table 5 according to
Chapter 3 of NTC2018 [10].

Table 5. Characteristic values of live loads.

Category qk [kN/m2]

Cat. B2—Offices opened to the public 3.00
Cat. B—Staircases 4.00

Cat. C2—Waiting rooms 4.00
Cat. C3—Entrance halls 5.00

Cat. H—Roofing accessible only for maintenance and repair 0.50
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The snow load was evaluated according to the following relationship [10]:

qs = µi qsk CE Ct (2)

where qsk represents the characteristic value of the snow, which, in this case, is 0.66 kN/m2

according to the geographical position of the building. The coefficient µi is the shape
factor of the covering roof, which here is 0.80. Finally, CE and Ct are, respectively, the
exposure and thermal coefficients, both assumed to be 1.00. So, the final value of the
snow load was 0.53 kN/m2. The gravitational loads were combined according to the
fundamental load combination for the ultimate limit state verification (SLU) and in the
characteristic combination to check the serviceability limit state conditions (SLE). The loads
were amplified with the partial safety factors and the combination coefficients prescribed in
Section 2.5.3 of the current Italian provisions [6]. The seismic action was defined based on
the soil characteristics, the exceedance probability depending on the considered limit state
(PVR ), a nominal structural life (VN) of 50 years, and a coefficient related to the category of
use of the building (CU) of 2.00 because of its strategic importance.

Table 6 shows the values of the parameters defining the seismic hazard as a function
of the site and the specific limit state, according to NTC2018. TR is the return period of the
seismic event, defined as:

TR = − VR

ln
(
1− PVR

) (3)

where VR is the value of the reference life, defined as:

VR = CUVN (4)

Table 6. Main parameters of the seismic hazard based on the limit states.

Limit State PVR [%] TR [Years] ag [g] Fo[−] T*
C [s]

SLO 81% 60 0.065 2.330 0.317
SLD 63% 101 0.085 2.328 0.328
SLV 10% 949 0.210 2.433 0.340
SLC 5% 1950 0.260 2.531 0.341

The coefficient ag is the PGA at the site, F0 is the amplification factor and, finally, T∗C
is a reference value to define branches the elastic spectrum. These parameters allowed
us to determine the elastic response spectrum for each limit state, as shown in Figure 6.
According to Section 7.3.6 of NTC2018, seismic verification was performed in terms of the
resistance, for the limit states SLD and SLV, and we calculated the interstorey drift for the
operational limit state (SLO). Moreover, the seismic verifications were evaluated according
to the specific load combination reported in Section 2.5.3 of the Italian code [10].

4.2. FE Modeling

The numerical model was implemented in SAP2000 [21]. In particular, the steel
members were modeled as beam–column elements. The beams have hinged connections at
their ends; columns are continuous along their height. The walls, constituting the RC cores,
were modeled by four-node shell elements. Moreover, the building decks were considered
rigid diaphragms due to the presence of the concrete slab and the horizontal bracing
systems. Finally, when considering the foundation properties, constituted by bored piles
on a tuff bank, it was possible to assume a fully restrained condition for the building model.
Figure 7 shows a view of the FE model. Subsequently, gravitational loads were assigned
to the structure. Seismic actions were defined as response spectra along both directions
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according to the load cases. Then, the seismic combinations were defined according to the
following relationship reported in Section 2.5.3 of NTC2018 [10]:

E + G1 + G2 + ∑
j
ψ2j·Qkj (5)

where E represents the whole seismic action, including the eccentricity of 0.05 associated
with the earthquake, G1 and G2 are, respectively, the structural and nonstructural loads, Qkj
represents the live actions and, finally, ψ2j represents the partial combination coefficients.
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4.3. FE Analysis

Linear static and dynamic analyses were performed according to Section C8.5.4.2
of Circular n.7 of 21/01/2019 [11]. The results were compared with those obtained by
pushover analyses, as presented in [17]. The main vibration modes of the structure were
determined. Subsequently, the structural stresses were obtained by combining the effects of
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the different eigenmodes. To this end, either the SRSS (square root of sum of squares) [22]
or CQC (complete quadratic combination) [23] can be used. The CQC was adopted.

The total number of mode shapes considered was 12, corresponding to effective modal
masses of 98.023% and 95.754% along the x and y directions, respectively. Table 7 shows the
dynamic characteristics of the structure. For each mode shape, the effective modal masses
in both directions are reported. Furthermore, the first three mode shapes are shown in
Figure 8.

Table 7. Dynamic characteristics of the structure.

Mode T [s] MX [%] MY [%]

1 0.78 68.60 0.00
2 0.49 0.00 69.76
3 0.36 0.40 0.00
4 0.25 0.00 0.02
5 0.23 0.01 0.00
6 0.17 20.98 0.00
7 0.16 0.10 0.00
8 0.11 0.00 18.86
9 0.09 0.37 0.00
10 0.07 7.46 0.00
11 0.06 0.00 7.12
12 0.04 0.11 0.00
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5. Structural Vulnerability

In the present section, the results of the structural verification are reported for the
steel structures and RC walls. In the case of only gravitational loads, the values of the
internal actions and deformations were evaluated by linear static analysis. Conversely,
linear dynamic analyses were performed to evaluate the internal actions under seismic
actions both for life safety (SLV) and operational (SLO) limit states. Moreover, for steel
members, both an evaluation of internal actions and structural verification were carried
out by SAP2000. Conversely, for RC cores, the internal actions were evaluated by SAP2000,
while structural verification was carried out by the post-processor VIS15 [24] using the
plugin SPF (Seismic Performance Finder).

The structure was revealed to have barely any criticalities under gravitational loads.
Regarding the reinforced concrete elements, verification was carried out according to
Section 4.1.2.3 of NTC 2018 [10]. The structure does not present any structural criticality
under gravitational loads. Regarding the reinforced concrete elements, verification was
carried out according to Section 4.1.2.3 of NTC 2018 [10]. Two failure mechanisms were
revealed: (1) combined bending and axial force (FF), and (2) shear failure (SF_w). The
whole section of the RC cores was verified under combined bending and compression
action, while the shear failure was evaluated for each core wall. The numerical results in
terms of the demand-to-capacity ratio (D/C) are reported in Table 8. The work rate of the
RC cores under combined bending and axial action is shown in Figure 9a.

Table 8. Main numerical results of RC cores under vertical actions.

RC Core Story Criterion D/C

T1+T2 (T1′ + T2′)
1st FF 0.08
4th SF_w 0.13

T3 (T3′)
1st FF 0.08

5th–7th SF_w 0.15

T4 (T4′)
1st FF 0.11

2nd–4th SF_w 0.10

T5
1st FF 0.14
4th SF_w 0.18

T6 (T6′)
1st FF 0.09
2nd SF_w 0.20
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rates of the steel members under combined bending and axial force (b).

For the steel elements, structural verification was performed in terms of resistance, sta-
bility and deformation. The ultimate resistance of steel members was evaluated according
to Section 4.2.4.1 of NTC 2018 [10]. The columns (HEB 260) were verified according to the
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combined bending–compression action and the buckling resistance under an axial load (N).
The beams (IPE 240, HEA 260) were verified against flexural failure (FF) and shear failure
(SF) and based on their lateral torsional stability (LT). Moreover, for a simply supported
beam, the maximum displacement at the mid-span was computed to check the vertical
deflections, according to Section 4.2.4.2.1 of NTC 2018 [10]. The deflection limitation was
largely satisfied. Based on ULS, the main numerical results in terms of demand-to-capacity
ratio (D/C) are reported in Table 9, while the work rate of steel members is shown in
Figure 9b. When reviewing the numerical results, it is possible to conclude that, under
gravitational loads alone, there are barely any structural criticalities. Only one column of
the central portion of the first story should be strengthened, for which the value of the
demand-to-capacity ratio slightly exceeds 1.00 (1.056).

Table 9. Maximum demand-to-capacity ratios for steel members under gravitational loads.

Member Story Section Criterion Class Section D/C

Column 1st HEB260 N 1 1.056

Beams 1st

HEA260 FF 3 0.997
IPE240 FF 1 0.463

HEA260 SF 3 0.46
IPE240 SF 1 0.22

Structural verification under seismic action was performed based on the elastic re-
sponse spectra reported in Section 4.1. Seismic analyses were carried out by preliminarily
identifying ductile and brittle mechanisms. In the case of the ductile mechanisms such
as the flexural behavior of the RC cores, the design spectra were obtained by dividing
the elastic spectrum by the behavior factor q = 3.00. Conversely, in the case of brittle
mechanisms such as the shear failure of RC cores, the seismic actions were defined by
reducing the elastic spectrum by a behavior factor q = 1.50. Moreover, evaluation of
the maximum inter-story drift was carried out using q = 1.00 for the relevant spectrum.
Reference is made to Section 7.3 of NTC2018.

For the structural typology under investigation, the failure of steel members can be
considered a brittle mechanism. Therefore, for such members, a behavior factor q = 1.50
was used. However, all the safety checks concerning the columns were satisfied, and the
demand-to-capacity ratios were less severe than those occurring under the gravitational
load combinations. For these reasons, the results are not reported in the manuscript.
Figure 10 shows two significant views of the obtained results. In particular, Figure 10a
reports the demand-to-capacity ratios of the RC cores under bending and axial actions,
while Figure 10b refers to shear actions.
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The seismic performance indices (ζE) were defined according to the following
relationship:

ζE =
PGAC.LS

PGAD.LS
(6)

where PGAC.LS is the value of the peak ground acceleration corresponding to the achieve-
ment of a specific limit state (capacity), while PGAD.LS is the value of the peak ground
acceleration for the specific limit state (demand). Their numerical values are shown in
Table 10 for each considered limit state.

Table 10. Seismic performance indices.

Limit State Criterion
Demand Capacity ζE

[%]TR [Years] ag [g] TR [Years] ag[g]

SLO D 60 0.065 259 0.130 200

SLD
FF 101 0.085 236 0.139 163

SF_w 101 0.085 19 0.022 26

SLV
FF 949 0.210 200 0.118 56

SF_w 949 0.210 16 0.019 9

For the SLO limit state, the performance indices were evaluated based on the maximum
inter-story drift (D). Conversely, in the case of the SLV and SLD limit states, the performance
indices were computed for combined bending and compression actions of the RC cores
(FF) and the shear failure of each RC wall (SF_w). When reviewing the numerical results,
it can be noted that the main failure mechanisms are related to the resistance of the RC
cores, in particular, the shear behavior of the concrete walls dominates. When comparing
these results with those provided in [17], some differences can be noted. In particular,
the numerical values provided in Table 10 are lower than those presented in Table 1. The
reasons are mainly related to the different seismic analysis procedures employed to evaluate
the structural vulnerability of the building.

6. Retrofitting Interventions
6.1. General Considerations

Seismic analyses showed that the main structural criticalities are related to the concrete
cores, which could be subject to structural damage after strong earthquakes. The shear
failure of the concrete walls, constituting the RC cores, dominates. Accordingly, structural
interventions should be devoted to strengthening the RC cores or reducing the horizontal
actions absorbed by the cores through the introduction of bracing elements in the steel
frames. However, through numerical analyses, it was possible to conclude that the intro-
duction of bracing elements does not represent a convenient intervention. The reason for
this is the very high lateral stiffness of the RC cores. To decrease the seismic actions that the
cores have to withstand, it would be necessary to introduce many steel braces characterized
by heavy cross-sections. In addition, all the foundations of the original pendular system
would need to be retrofitted, corresponding to very invasive interventions. Moreover,
the need to work on all the facades would significantly disrupt medical activities. So,
structural interventions aimed at reducing the shear actions of the RC cores were neglected
for structural, architectural, functional and financial reasons.

Considering that all structural interventions should be designed to ensure the con-
tinuous operation of medical activities within the building, the proposed interventions to
retrofit the Day-Hospital Building are focused on the strengthening the reinforced concrete
cores, which can be carried out in successive steps. The goal can be achieved through two
structural interventions: (1) thickening the existing RC walls, and (2) steel jacketing the RC
cores. According to Sections 8.4.2 and 8.4.3 of NTC2018 [10], these structural interventions
were investigated for two safety levels: ζE ≥ 0.60 and ζE ≥ 1.00. In the following sections,
structural proposals are presented, highlighting construction and cost details.
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6.2. Intervention 1 (I1): Increasing the Thickness of the Concrete Walls

The first intervention consists of concrete jacketing the walls of the RC cores, as shown
in Figure 11. The external and internal thickness of the RC jacket is 10 cm. The additional
longitudinal rebars were identified as suitable to increase the flexural resistance of the
RC cores, while the horizontal bars were designed to improve the shear resistance of the
RC cores. The diameter used for the vertical and horizontal rebars is 20 mm and the
spacing ranges from 10 to 50 cm. It is important to underline that if ζE ≥ 0.60 is accepted,
the intervention involves only one side of the existing walls. Conversely, two sides are
involved if ζE ≥ 1.00 is desired. Tables 11 and 12 report the details of the rebars along
the two directions for the two levels of seismic upgrading. As an example, label ∅20/15
indicates the diameter (20 mm) and the spacing (15 cm).
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Table 11. Steel reinforcing bars for I1 intervention (ζE ≥ 1.00).

Direction Story
RC Cores

T1 + T2 (T′1 + T′2) T5 T3 (T′3) T4 (T′4) T6 (T′6)

Longitudinal
direction

1 ∅20/15 ∅20/15 ∅20/20 ∅20/20 ∅20/20
2 ∅20/15 ∅20/15 ∅20/35 ∅20/35 ∅20/35
3 ∅20/35 ∅20/50 ∅20/35 ∅20/35 ∅20/35
4 ∅20/50 ∅20/50 ∅20/35 ∅20/35 ∅20/35
5 ∅20/50 ∅20/50 ∅20/35 ∅20/35 ∅20/35
6 ∅20/50 ∅20/50 ∅20/35 ∅20/35 ∅20/35
7 ∅20/50 ∅20/50 ∅20/35 ∅20/35 ∅20/35
8 ∅20/50 ∅20/50 − − −

Transverse
direction

1 ∅20/10 ∅20/10 ∅20/15 ∅20/20 ∅20/20
2 ∅20/10 ∅20/10 ∅20/15 ∅20/35 ∅20/35
3 ∅20/10 ∅20/10 ∅20/20 ∅20/35 ∅20/35
4 ∅20/10 ∅20/15 ∅20/30 ∅20/35 ∅20/35
5 ∅20/10 ∅20/15 ∅20/35 ∅20/35 ∅20/35
6 ∅20/15 ∅20/25 ∅20/35 ∅20/35 ∅20/35
7 ∅20/25 ∅20/40 ∅20/35 ∅20/35 ∅20/35
8 ∅20/50 ∅20/50 − − −
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Table 12. Steel reinforcing bars for I1 intervention (ζE ≥ 0.60).

Direction Story
RC Cores

T1 + T2 (T′1 + T′2) T5 T3 (T′3) T4 (T′4) T6 (T′6)

Longitudinal
direction

1 ∅20/10 ∅20/10 ∅20/20 ∅20/20 ∅20/20
2 ∅20/10 ∅20/10 ∅20/35 ∅20/35 ∅20/35
3 ∅20/20 ∅20/20 ∅20/35 ∅20/35 ∅20/35
4 ∅20/35 ∅20/35 ∅20/35 ∅20/35 ∅20/35
5 ∅20/35 ∅20/35 ∅20/35 ∅20/35 ∅20/35
6 ∅20/35 ∅20/35 ∅20/35 ∅20/35 ∅20/35
7 ∅20/35 ∅20/35 ∅20/35 ∅20/35 ∅20/35
8 ∅20/35 ∅20/35 − − −

Transverse
direction

1 ∅20/10 ∅20/10 ∅20/15 ∅20/20 ∅20/20
2 ∅20/10 ∅20/10 ∅20/15 ∅20/35 ∅20/35
3 ∅20/10 ∅20/10 ∅20/20 ∅20/35 ∅20/35
4 ∅20/10 ∅20/10 ∅20/30 ∅20/35 ∅20/35
5 ∅20/10 ∅20/10 ∅20/35 ∅20/35 ∅20/35
6 ∅20/10 ∅20/15 ∅20/35 ∅20/35 ∅20/35
7 ∅20/15 ∅20/25 ∅20/35 ∅20/35 ∅20/35
8 ∅20/25 ∅20/25 − − −

The post-intervention flexural and shear resistance computed for the reinforced ele-
ments was reduced by the 10% according to Section C8.7.4.2.1 of Circular n.7 of 21 January
2019 [11].

The vulnerability analysis was performed according to the assumptions presented in
Section C8.7.4.2.1. In particular, the following design hypotheses were considered: (1) full
bond between the new and existing concrete walls; (2) the permanent loads act only on the
existing portions; and (3) the mechanical properties of the reinforced concrete are extended
to the new RC walls.

Regarding the connection between the new RC walls and the existing foundations,
an epoxy resin was adopted as an anchor between the steel bars and the concrete with
a design bond resistance (fbd.anc) of 7.95 MPa. The anchor length of the steel bars was
evaluated according to the following collapse mechanisms [25]: (1) yielding of the steel bar
(N1); (2) radial collapse of the resin (N2); and (3) pull-out mechanism of the steel bar (N3).
According to Figure 12, the following results:

N1 = πd2

4 fyd N2 = fbd.ancπdLa
N3 = πD(La − kda)fbd + 4.44fctdkda(kda + D)

(7)

where fyd is the yield stress of the rebar; d is the diameter of the rebar; fbd is the design
bond resistance between the epoxy resin and existing concrete, which is 2.33 MPa; fctd is the
design tension resistance of the existing concrete of 1.03 MPa; D is the total diameter, which
includes the steel bar and the epoxy resin; da is the maximum diameter of the concrete
aggregates; and La is the anchor length of the steel bar. Finally, k is an experimental
coefficient ranging from 1.00 to 3.00 [25]. The value of k is assumed to be 1.00 to err on
the safe side. Regarding the vulnerability analyses, the numerical results for the seismic
performance indices are reported in Section 7. They were obtained for two safety levels
and based on the life safety limit state (SLV).
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6.3. Intervention 2 (I2): Steel Jacketing

The second intervention consists of adding steel jacketing in the form of steel plates
and/or steel strips to the walls of the RC cores. This retrofitting technique is commonly
used for the strengthening of RC columns and walls. In the technical literature, there are
works in support of this retrofitting strategy [22–29]. It is interesting that previous studies
demonstrated the beneficial effects in terms of resistance and ductility compared to other
structural solutions and highlighted that the reinforcement by steel plates produces self-
centering shear walls. Another important benefit is the improvement of the load-bearing
resistance due to confinement effects, as described in [30]. The advantages of this solution
can be summarized as follows:

• Increased shear resistance.
• Increased deformation capacity.
• Increased vertical load-bearing capacity (confinement effect).

However, this retrofitting technique is usually employed to strengthen columns and
walls; to the best of the authors’ knowledge, no specific studies concerning the strength-
ening of RC cores are available. In particular, some technical problems arise when the
interaction with the structural elements constituting the stairs is considered in the case of
cores used for staircases.

In this case, the structural solution was designed for two different safety levels:
ζE ≥ 0.60 and ζE ≥ 1.00. In the first case, the intervention was characterized by the
application of steel angles to the corners and battens, while a combined solution using
continuous steel plates and steel strips was adopted in the second case. The minimum
thickness of the steel elements was determined according to the following relationship:

Vj = 0.5
2tw

s
b fyk0.9dcotϑ (8)

This formula was reported in Section C8.7.4.2.2 of Circular n.7 of 21 January 2019 [11]
and it allowed us to determine the additional shear resistance of the steel plates. ϑ represents
the angle of the shear crack in the concrete wall (45◦); d is the effective depth of the single
concrete wall; b/s is the width-to-spacing ratio of the horizontal strips (1.00 in the case
of continuous steel plates); fyk is the yield stress of the steel grade (S275); and tw is the
thickness of the steel elements. The required value for the additional resistance due to the
steel jacketing was obtained as Vj = ∆VEd, with ∆VEd being the difference between the
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shear action in the seismic condition (VEd) and the shear resistance of the original concrete
wall (VRd.w). Consequently, Equation (4) can be rearranged as:

tw = 1.11
s
b

∆VEd
fykd

(9)

In the case of continuous steel plates, the minimum thickness tw is 10 mm, while the
thickness of the horizontal strips ranges from 5 to 20 mm with 0.10 ≤ b/s ≤ 0.16. The
spacing and the diameter of the threaded bars connecting the plate elements to the RC
walls were determined to account for the buckling resistance under pure shear action. This
buckling resistance was preliminarily evaluated by a FEM model of a square plate simply
supported at the four corners and subjected to pure shear membrane forces. The minimum
value of the spacing was 250 mm, while 8.8 class threaded bars (M16 or M24, as needed)
were adopted for the steel connectors. Figure 13 shows the construction detail for the
application of the continuous steel plate to the concrete wall. For single RC cores and for
each story level, Table 13 reports information on the adopted steel plates and the horizontal
strips in the case of total retrofitting (ζE ≥ 1.00). Conversely, if a partial retrofitting is
accepted (ζE ≥ 0.60), for the cases reported in Figure 14, information on the structural
detail is given in Table 14. Vertical steel angles 260 × 260 × 10 created by welding are
located at the corners, while the vertical strips overlap the horizontal battens, connected by
means of threaded bars, as shown in Figure 15.
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Table 13. Disposition of steel plates and strips in I2 (ζE ≥ 1.00).

RC Core Story Continuous Steel Plate (tw=10 mm) Horizontal Steel Strips
(tw=10 mm;b=50 mm)

T1 + T2 (T1′ + T2′)

1 x -
2 x -
3 x -
4 x -
5 x -
6 x -
7 x -
8 - x (s = 164 mm)

T3 (T3′)

1 x -
2 - x (s = 225 mm)
3 - x (s = 257 mm)
4 - x (s = 300 mm)
5 - x (s = 360 mm)
6 - x (s = 510 mm)
7 - -

T4 (T4′)

1 x -
2 - x (s = 600 mm)
3 - x (s = 720 mm)
4 - x (s = 900 mm)
5 - x (s = 1200 mm)
6 - -
7 - -

T5

1 x -
2 x -
3 x -
4 x -
5 - x (s = 103 mm)
6 - x (s = 133 mm)
7 - x (s = 200 mm)
8 - x (s = 450 mm)

T6 (T6′)

1 x -
2 - x (s = 360 mm)
3 - x (s = 450 mm)
4 - x (s = 514 mm)
5 - x (s = 600 mm)
6 - -
7 - -
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Table 14. Disposition of the horizontal strips in I2 (ζE ≥ 0.60).

RC Core Story tw [mm] b [mm] s [mm]

Walls

1 2 3 4 5 6 7

T1 + T2 (T1′ + T2′)

1 15 10 20 10 10 10 10 65 500
2 15 10 20 20 10 20 20 65 400
3 15 15 20 10 15 5 - 65 400
4 15 15 20 5 15 5 - 60 400
5 15 15 20 5 15 5 - 50 400
6 10 10 15 5 10 - - 50 400
7 10 10 15 5 10 - - 40 500
8 5 5 5 - - - - 40 600

T3 (T3′)

1 5 10 5 - - - - 50 500
2 5 10 5 - - - - 50 600
3 5 10 5 - - - - 30 600
4 5 10 5 - - - - 30 600
5 - 5 - - - - - 30 600

T4 (T4′)
1 5 - - - - - - 50 400
2 5 - - - - - - 50 400

T5

1 10 15 10 - - - - 50 500
2 10 15 10 - - - - 40 400
3 10 15 10 - - - - 40 400
4 10 15 10 - - - - 40 400
5 5 15 5 - - - - 40 400
6 5 15 5 - - - - 50 500
7 - 5 - - - - - 50 500

T6 (T6′)
1 5 10 5 5 - - - 50 600
2 - 5 - - - - - 40 500
3 - 5 - - - - - 40 800

The increase in the concrete compression resistance due to the confinement effect was
evaluated according to the following relationship [11,30]:

fcc = fc

[
1 + 3.7

(
0.5αnαsρsfy

fc

)0.86
]

(10)

where fc is the cylindrical resistance of the concrete material, ρs is the volumetric ratio
of transverse reinforcement, fy is the yield stress of the steel confining material and αn
and αs are coefficients accounting for the efficiency of the confinement [30]. In this case,
the numerical results for seismic performance indices are summarized in Section 7 for the
life safety limit state. To transmit the shear seismic actions to the foundation, particular
attention was focused on the connection of the new structural elements to the existing
foundation. The anchor bolts, constituted by threaded bars, are subject to combined tension
and shear. Their number was determined, for each RC core, according to Section 4.2.8.1.1
of NTC2018 [10]. In particular, the spacing between the anchor bolts is 140 mm, while the
distance from the edge of the foundation plate is 50 mm. The anchor lengths were obtained
as already described in Section 6.3 for structural intervention 1. The thickness of the base
plates is 10 mm, with stiffening ribs with a depth of 120 mm. The main properties of the
anchor bolts are reported in Table 15, while the constructional detail of the base connection
to the existing foundation is shown in Figure 16.
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Table 15. Main properties of anchor bolts.

RC Core Diameter-Class Length [mm] Spacing [mm]

T1 (T’1) M24-8.8 980 140
T3 (T’3) M20-8.8 640 140
T4 (T’4) M20-8.8 640 140

T5 M24-8.8 980 140
T6 (T’6) M20-8.8 640 140
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Finally, the base sections of each RC core were verified to combined biaxial bending
moments and compression by means of the software PresFle+ [31], which allowed us to
consider different materials. The yield stress of the existing rebars was 434.70 MPa, as
reported in Section 3.2, while an equivalent resistance was considered for the anchor bolts
to account for the contemporary action of the shear force. This was determined using the
following equation:

f(eq)
ub = 1.01fub

[
1− ∆VEd

nbFv.Rd

]
(11)

where fub is the ultimate resistance of the single bolt (in this case, it is 800 MPa); nb is the
number of the anchor bolts for each RC core; Fv.Rd represents the shear resistance of the
single anchor bolt, as reported in Section 4.2.8.1 of NTC2018; and ∆VEd is the additional
shear resistance required for the core.

7. Comparison of Retrofitting Interventions

In this section, a comparison of the retrofitting interventions is provided in terms of
structural performance and financial and environmental costs. The four interventions are
labeled as follows: “I1-1” and “I1-2” in the case of increasing the thickness of concrete
walls for ζE ≥ 0.60 and ζE ≥ 1.00, respectively; “I2-1” and “I2-2” in the case of steel
jacketing the RC cores for ζE ≥ 0.60 and ζE ≥ 1.00, respectively. From the structural point
of view, the performance indices obtained by the different interventions are summarized
in Table 16. According to the dominating failure modes identified by the vulnerability
assessment presented in Section 6, attention was focused on the shear failure of the concrete
walls (SF_w) and the flexural failure of the whole RC cores (FF). For each intervention, the
performance index is provided as the minimum value between the FF criterion and SF_w
failure mode. It is evident that in all the interventions, except the last one, the dominant
collapse mechanism is always related to the shear failure of the cores’ concrete walls.
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Table 16. Seismic performance indices for each retrofitting intervention.

Intervention Limit State Criterion TR[Years] ag [g] ζE[%]

I1-1 SLV
FF 2031 0.263 127

SF_w 254 0.130 62

I2-1 SLV
FF 754 0.191 91

SF_w 231 0.126 61

I1-2 SLV
FF 2012 0.262 125

SF_w 972 0.211 100

I2-2 SLV
FF 1704 0.250 119

SF_w >2500 0.378 180

The cost estimations were based on the price list of the Campania region. The costs
for the structural design and finishes are not included. Table 17 reports a summary of the
costs for each retrofitting intervention. The costs for intervention 2 (ζE ≥ 1.00) are higher
than those for intervention 1 (ζE ≥ 0.60). The cost of intervention I2-1 is approximately
14% higher than that of I1-1, while the cost of intervention I2-2 is about 18% higher than
that of I1-2.

Table 17. Summary of the financial costs of each intervention.

I1-1 I2-1 I1-2 I2-2

Total retrofitting cost [€] 714,840 821,300 1,362,660 1,608,170
Cost per square meter

[
€/m2 ] 43.78 50.29 83.45 98.48

Regarding the environmental impact of these structural interventions, an assessment
was carried out in terms of CO2 emissions. According to the life cycle impact assessment
(LCA) [32], only the production stage (named “cradle to gate”) were considered. Three
sources of CO2 emissions were considered: raw material supply (A1), transport (A2) and
manufacturing (A3). For the production stage, the global warming potential parameter
(GWP) was derived from environmental product declarations (EPDs). This parameter
expresses the amount of CO2 emitted per ton of material. The values of the GWP parameter
considered in this work are reported in Table 18. The manufacturers that provided the
EPDs are indicated in [33–36]. The total values of CO2 emissions for each intervention
are reported in Table 18. It is interesting to observe that the interventions based on the
use of steel plates (I2-1, I2-2) provide a reduction in the CO2 emissions of about 70% more
compared to the interventions using reinforced concrete (I1-1, I1-2). Figure 17 shows
a summary of the results for our comparison of the proposed retrofitting interventions
in terms of structural performance, financial costs and environmental impact. When
comparing the interventions I1-1 and I2-1, no significant differences are expected for
CO2 emissions, whose values are very high, especially in the case of intervention I1-1.
Meanwhile, in the case of safety level ζE ≥ 1.00, intervention I1-2 is economically more
advantageous than intervention I2-2, but it is less environmentally sound.
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Table 18. Values of GWP parameter for the product stages.

Intervention Structural
Component

GWP
[t CO2/t]

W
[t]

CO2
[t] Total CO2 [t]

I1-1
Timber 1.11 [33] 39.64 43.91

562.30Concrete 0.645 [34] 731.81 472.02
Steel bars 0.527 [35] 87.87 46.31

I2-1
Steel battens and angles 1.13 [36] 96.91 109.51

114.04Anchors bars 1.13 [36] 4.01 4.53

I1-2
Timber 1.11 116.26 43.91

1050.30Concrete 0.645 1395.07 899.82
Steel Bars 0.527 126.47 66.65

I2-2
Steel plates 1.13 249.00 281.38

285.91Anchors bars 1.13 4.01 4.53
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8. Conclusions

This work was aimed at studying the seismic vulnerability and identifying the possible
retrofitting interventions for the Day-Hospital Building of the cancer institute “G. Pascale
Foundation” in Naples, which is one of the most important hospitals in South Italy. After a
brief architectural and structural description, the vulnerability of the Day-Hospital Building
was evaluated for different gravitational and seismic load combinations using static and
dynamic linear analyses, respectively.

As for most existing buildings, the verification of different gravitational load combina-
tions did not exhibit high criticality. Conversely, the seismic analyses showed important
structural criticalities. In particular, the concrete walls constituting the RC cores are subject
to a shear failure mechanism with a seismic performance index of only about 10%, thus
highlighting high vulnerability and an unacceptable seismic risk given the strategic func-
tion of the building in an emergency. Therefore, the analyses confirmed the criticalities
already pointed out in [17] and the need to identify effective intervention strategies for
the building’s retrofitting. It is worth mentioning that the main structural criticalities are
related to the shear failure of the RC walls, with a vulnerability index of 9%. This value is
about 60% lower than that calculated in [17].
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This confirms that, in this specific case, as a result of neglecting the plasticization
capacity of RC walls, the linear dynamic analysis produces more severe findings than the
non-linear static analysis.

Then, our attention was focused on the design of structural interventions to retrofit
the whole building. In this case, the construction of new RC walls or steel bracing systems
was neglected for two main reasons: (1) improvement of the stiffness would increase the
seismic actions, and (2) these structural interventions would disrupt medical activities and
affect their continuity.

Instead, we suggest structural solutions to strengthen the reinforced concrete walls of
the RC cores. Two types of intervention are proposed: (1) increasing the thickness of the
cores’ walls, and (2) strengthening the RC cores with steel jacketing. Such interventions
have been selected as the most promising in view of the need to ensure the continuity of the
medical activities during the retrofitting. Each solution has been developed according two
different safety levels, corresponding to a performance index ζE greater than or equal to
0.60 or 1.00. The structural performance and the construction details have been described
for each retrofitting intervention. Subsequently, the financial costs and the environmental
impact have been evaluated and a final comparison has been provided between the dif-
ferent solutions. Cost estimation has been performed only for the structural interventions,
neglecting the costs related to the structural design and the finishes. The environmental
impact has been evaluated in terms of CO2 emissions according to only the production
stage, i.e., “cradle to gate”. When comparing the structural solutions, it is evident that
intervention 2 (I2-1) is more convenient than intervention 1 (I1-1) for a performance index
ζE ≥ 0.60, i.e., intervention 2 (I2-1) has a smaller environmental impact value with the same
structural performance and there is little difference in terms of financial costs. Meanwhile,
in the case where ζE ≥ 1.00, corresponding to complete seismic upgrading, the choice is
more complex because the financial costs of intervention 2 (I2-2) are greater than those of
intervention 1 (I1-2) by about 18%, while the environmental costs are significantly greater
in the case of intervention 1 (I1-2). The final choice, therefore, should mainly be governed
by the possibility of minimizing the disruption to medical activities during the retrofitting
interventions and by the time required to complete the work. From these perspectives,
it seems that the use of steel is most convenient because of the well-known advantages
concerning manufacturing, assembling and construction.

In future developments, in order to optimize the structural interventions described, a
nonlinear dynamic analysis could be performed considering the geometrical and mechani-
cal non-linearities. In this way, new, innovative structural solutions could be provided by
introducing dissipative element systems to the first story.
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