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A B S T R A C T

A wide stock of reinforced concrete (RC) gyms and sports halls was built in Italy from 1960s through 1990s with 
similar architectural characteristics, among which the two-level partition of façades, displaying continuous 
masonry infills full in contact with the frame structure on the lower level, and glazed ribbon windows on the 
upper level. A school gym built in 1976, well representative of this stock of edifices, is examined herein with the 
aim of assessing its seismic performance in current state and proposing a supplemental damping-based retrofit 
solution capable of providing adequate protection both to the structure and the non-structural elements. The 
assessment study is carried out via non-linear dynamic analysis, by modelling infills by means of equivalent 
diagonal struts, and RC members by plastic hinges. The response of the ribbon windows, not expressly simulated 
in the analysis, is checked in terms of relevant inter-level drift. The results show a significant inelastic response of 
the infill panels and the RC columns, and very high drifts on the glazed level, resulting in full collapse conditions 
of the ribbon windows, under a Basic Design Earthquake (BDE)-scaled seismic action. Consequently, a retrofit 
hypothesis is conceived, based on the installation of a dissipative bracing system incorporating pressurized fluid- 
viscous devices on the glazed level, and conventional braces on the infilled level. The location of the system 
implies no architectural intrusion in the interiors or interruption in the usage of the building. The analyses in 
post-intervention conditions highlight a remarkable response reduction both in terms of drifts and stress states, 
consistently with the target design objectives. This allows reaching a safe response of structural elements and 
ribbon windows, and an elastic response of infills, up to the BDE.

1. Introduction

Gym buildings with reinforced concrete (RC) frame structure were 
designed in Italy from 1960s through 1990s with a recurring architec-
tural scheme, characterized by continuous masonry infills full in contact 
with the frame structure in the lower portion of the façades, to guarantee 
interior privacy, and stick-built ribbon windows on the upper portion, in 
order to provide natural lighting and aeration. These characteristics, 
which are found in gyms and sports halls, workshops, warehouses, 
archive storage facilities and manufacturing plants built in the period 
mentioned above, concur to determine a considerable seismic vulnera-
bility of this wide stock of buildings, especially for the ones designed in 
1960s-70s, before modern Seismic Standards were released. Like for 
other building types belonging to the same period, this is a consequence 
of poor strength and ductility of RC members, as compared to current 
performance criteria [1–6], and damageability of masonry infills inter-
acting with the frame structure during response to seismic action 
[7–13]. But the highest vulnerability of buildings with continuous 

glazed levels is due to the sudden change in lateral stiffness determined 
by the presence of infills on the lower façade level only. Indeed, this 
causes an interlevel drift concentration in the glazed façade portions 
capable of inducing severe damage, and possible collapse [14–20], even 
under moderate earthquakes.

In view of this, a seismic assessment and retrofit study on an Italian 
school gym dating to the mid 1970s, well representative of the charac-
teristics of the above-mentioned class of buildings, is presented herein. 
The time-history finite element analyses supporting the assessment and 
retrofit design steps are carried out by expressly modelling infills, by 
means of equivalent diagonal struts, and checking the response of ribbon 
windows in terms of relevant inter-level drift. Lumped Takeda-type and 
fiber plastic hinges are adopted to simulate the response of beams and 
columns, respectively. The results highlight a remarkable inelastic de-
mand on infill panels and RC columns, as well as a drift demand on the 
ribbon windows capable of causing their collapse, under a seismic action 
scaled at the Basic Design Earthquake (BDE) level.

Based on this response, a retrofit intervention based on the 
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installation of a dissipative bracing system is proposed, along the same 
retrofit line followed in a recent research work [21], where hysteretic 
dampers are adopted for the seismic protection of both top glazed and 
bottom masonry levels of a representative warehouse building. The 
bracing system designed for the gym building examined here in-
corporates pressurized fluid-viscous (PFV) dampers on the glazed level. 
This choice is related to the very high specific damping capacity of PFV 
dampers [22], as well as to their activation capacity from the early 
seismic response stages [13,23]. This allows avoiding integrative 
strengthening measures on the structural members, thus limiting the 
architectural intrusion and the global cost of the interventions, as 
highlighted by a variety of applications of dissipative systems incorpo-
rating PFV dampers to several different types of structures and in-
frastructures [23–26]. At the same time, conventional non-dissipative 
braces are installed on the infilled level in view of the notably lower drift 
demand induced on it by the presence of the masonry panels. This 
intervention allows reaching a nearly elastic response of all columns and 
beams, as well as reducing drift demand on infills and windows below 
the Immediate Occupancy (IO) and Life Safety (LS)-related limits, 
respectively.

The following sections offer a description of the case study building, 
a synthesis of the analyses in current and retrofitted conditions, and 
details about the sizing process and the technical installation of the 
protection system.

2. Case study building

The case study school gym was built in 1976 in a medium-to-high 
Italian seismic zone. Its structural design was carried out by referring 
to the 1971 edition of the Italian Technical Standards [27] and related 
implementing Decree [28], and the 1975 edition of the Seismic Stan-
dards [29]. Consistently with the latter, a horizontal force equal to 0.07 
times the sum of gravitational loads (including 33 % of live loads) was 
applied at the roof level in the equivalent seismic static analysis of the 
frame structure, for both main directions in plan. On the other hand, no 
specific ductility-related sizing criteria and details were adopted for RC 
members, since they were not expressly defined in [29].

External and internal views of the building are displayed in Fig. 1. 
Drawings of one of its identical side façades and structural plan, 
including X and Y axes in plan of the reference Cartesian system assumed 
in the structural analyses, are shown in Fig. 2. As highlighted by this 
figure, the plan is rectangular, with sides of 24.75 m in longitudinal 
direction, parallel to X, and 12.6 m in transversal direction, parallel to Y. 
The roof top and the side façades are 7.45 m and 5.8 m high, respec-
tively. The structure is constituted by 8 identical transversal RC frames 
of two columns each, numbered C1-C2 through C15-C16 in the plan in 
Fig. 2, placed at a mutual distance of 3.5 m. The cross sections of beams 
and columns and relevant reinforcement details, redrawn from the 
original design documentation, are illustrated in Fig. 3. Columns have a 
mutual rectangular section with 250 mm long sides along X and 300 mm 
along Y. The primary (sloping) roof beams have a rectangular section 
250 mm wide and 300 mm high, whereas the secondary (longitudinal) 
beams have 250 × 200 mm×mm section. In longitudinal direction the 
columns are connected by two continuous rectangular beams, situated 
on top and at a height of 3.15 m (measured on the bottom beam face), 
with dimensions of 350 × 400 mm×mm and 350 × 300 mm×mm, 
respectively. The structure of the sloping roof floor and the horizontal 
under-roof floor is constituted by RC slabs, 200 mm (roof) and 125 mm 
(under-roof) thick, respectively. The foundation consists of RC cubic 
footings, with sides of 900 mm for the four corner columns, and 700 mm 
for the remaining columns. The footings are connected by RC rectan-
gular curb beams sized 350 × 300 mm×mm, both in X and Y. The 
ground floor is constituted by a 150 mm thick RC slab cast over the 
underlying crawl space. The mechanical properties of the structural 
materials derived from the design documentation and the final struc-
tural test reports are as follows: mean cubic compressive strength of 
concrete equal to 35 MPa; yield stress and limit stress of steel equal to 
380 MPa and 532 MPa, respectively.

All infills are made of a double layer of 120 mm-thick solid bricks. 
The stick-built ribbon windows are made of aluminium frames and 
annealed glass, and consist of seven panels along both side façades, as 
determined by the sequence of eight RC columns. Each panel is sub-
divided into six single tilt windows by aluminium profiles; the perimeter 
profiles are connected to the lateral sides of the second level columns, 
the lower side of the top longitudinal beams and the upper side of the 
intermediate longitudinal beams.

According to the current Italian Technical Standards [30] and rele-
vant Instructions [31], based on the information drawn from the original 
design documentation, the intermediate “LC2″ knowledge level was 
achieved for this structure. Consistently, value 1.2 was assumed as 
“confidence factor”, FC, i.e. the additional knowledge level-related 
safety coefficient to be introduced in stress state and displacement 
related checks.

3. Seismic assessment analysis in current state

3.1. Finite element model of RC members and infills

The seismic assessment study of the building was carried out, via 
time-history analysis, by means of the finite element model of the 
structure displayed in Fig. 4, generated with SAP2000NL calculus 

Fig. 1. External and internal views of case study building.
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program [32]. Frame-type elements were assumed for columns and 
beams, and shell elements for the roof and under-roof floor slabs. In 
order to explore the non-linear response of the structure, lumped plastic 
hinges were incorporated at the end sections of beams, governed by a 
Takeda-type hysteretic relationship, and fiber-type plastic hin-
ges—composed of concrete-type and steel-type fibers—at the end sec-
tions of columns. Concerning the fiber hinges, which take into account 
the interaction between axial force and biaxial bending moment, a 

Mander-type backbone curve associated with a Takeda-type hysteretic 
model was assigned to the concrete fibers, and a strain hardening 
elasto-plastic backbone curve with hysteretic kinematic behaviour was 
assigned to the steel fibers. Like for other commercial finite element 
structural programs, these hysteretic models are automatically gener-
ated in SAP2000NL by introducing the above-mentioned values of the 
mean cubic compressive strength of concrete, and the yield stress and 
limit stress of steel.

Fig. 2. Side façade and structural plan of case study building (dimensions in millimeters).

Fig. 3. Column and beam cross sections (dimensions in millimeters).

S. Sorace et al.                                                                                                                                                                                                                                  Structures 68 (2024) 107184 

3 



Infills were simulated by means of pairs of equivalent crossed 
compression-only resisting diagonal struts, whose cross section was 
determined by means of the well-established criteria by Stafford Smith 
[33] and Bertholdi et al. [34]. The computed axial response of the struts 
was converted into the lateral force (Hp) – drift (Dp) response of the 
panels by basic trigonometric relations. A trilinear Hp – Dp backbone 
curve was defined in a recent study by the authors’ research group [13]
to describe the non-linear response of the panels. This curve was sub-
divided into nine segments, scanned by means of eight Dp performance 
limit values, calibrated on the response of infills and partitions made 
of—or including at least a layer of—hollowed bricks. By reassessing the 
curve for the solid brick-type infills characterizing this case study, the 
number of segments is reduced to five, displayed by different colours in 
Fig. 5. In the graph, the backbone curve is traced out in terms of 
normalized lateral force, Hpr, i.e. the ratio of Hp to the peak panel force, 
Hp,max, and normalized drift, Dpr, i.e. the ratio of Dp to the panel height 
hp. Hp,max is computed by referring to the minimum stress value asso-
ciated with the achievement of one of the four possible failure mecha-
nisms of the panel, as defined by the classical relations of Bertholdi et al. 
[34], recapitulated in [13]. The first response branch (B1, drawn in 
green) corresponds to a non-cracked elastic behaviour of the panel, 
whose upper limit can be approximately fixed at a Dpr value of 0.05 % 
[13,35,36]. The corresponding Hpr value, which represents the cracking 
lateral force of the panel, is put as equal to 0.4 [13,37–39]. A first set of 
diffused hairline fissures starts at the end of B1, causing a loss in lateral 
stiffness and the start of the cracked response stage. The second segment, 
named B2 (yellow), is characterized by a growing occurrence of plaster 
cracks, and the beginning of in-depth cracking effects. The drift ratio 
threshold can be located at a value of 0.33 %, which is assumed by 
several Seismic Standards as the limit identifying the Operational (OP) 
performance level for frame buildings in the presence of interacting 
masonry infills and partitions (named Dpr,OP in the following). Branch B3 
(orange) identifies the response stage where the lateral sides of the panel 

start to detach from the adjacent columns, and the upper side from the 
top beams, in addition to further cracking. The drift ratio limit of this 
branch, coinciding with the attainment of the peak response force (Hpr =

1), is fixed at 0.5 %, i.e. the value established by most Seismic Standards 
as the threshold of the Immediate Occupancy performance level (named 
Dpr,IO in the following). The negative slope of the subsequent softening 
branch can be measured by an angle of about 30◦ [13,36,38–40]. The 
first descending segment, B4 (violet), corresponds to the development of 
damage effects related to the prevailing possible failure mechanism of 
the panel, with appreciable cracking throughout bricks, local crushing 
and spalling, as well as sliding in mortar joints. The transition to the 
second softening branch (B5, red) can be located at a drift ratio of about 
0.66 % [13,38–40]. The B5 segment defines a range of severe-to-very 
severe—and irreparable—damage of panels. The end of B5 segment is 
fixed at Dpr = 1 %; beyond this limit, full in plane damage of panels 
normally occurs, causing their contribution to the lateral stiffness and 
strength of an infilled frame building to be nearly annulled. Moreover, 
since this condition can cause dangers to people’s safety, Dpr = 1 % can 
be technically assumed to coincide with the attainment of the Life Safety 
non-structural performance level. Thus, named Dpr,LS the LS-related 
limit, this is fixed at 1 % in the performance assessment study. The 
hysteretic behaviour of panels is reproduced by means of a multilinear 
no-tension pivot-type rule included in SAP2000NL library, as detailed in 
[13].

The response of the stick-built ribbon windows was assessed by 
referring to the recommendations of several international Standards, 
Recommendations and Guidelines about their drift limitations for the IO 
and LS performance levels [41–45]. These limitations are aimed at 
preventing: appreciable damage to glazed panels (diffused unsightly 
cracking and localized corner glass crushing) and aluminium frames 
(covers detachment from mullion and transom profiles, rubber gasket 
dislodging, rotations of transom-to-mullion connections)—IO; and fail-
ure of windows due to the plasticization of aluminium frames, severe 
distortion of transom-to-mullion connections, breaking of glass panels 
and their fall-out—LS. By merging the normative indications according 
to the evaluation criteria proposed in [16–20], all expressed in terms of 
window drift ratio, Dwr, i.e. the ratio of window drift, Dw, to window 
height, hw, substantially converging indications were found about the IO 
and LS-related limits, named Dwr,IO and Dwr,LS. In particular, the 
following values resulted from the above-mentioned literature: Dwr,IO 
= 0.5 %, Dwr,LS = 1 %, which were assumed as reference values in this 
study.

The time-history analyses in current state were carried out for the 
Serviceability Design Earthquake (SDE, with 63 % probability of being 
exceeded over the reference time period, VR), and the Basic Design 
Earthquake (BDE, with 10 %/VR probability) hazard levels assumed by 
the Italian Standards. The performance in retrofitted conditions was 

Fig. 4. Finite element model of the structure.
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Fig. 5. Normalized backbone curve assumed in the analysis of infills.
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examined also at the Maximum Considered Earthquake (MCE, with 5 %/ 
VR probability), to check the peak displacements of the dampers against 
their available piston stroke at this maximum normative seismic level, as 
required by the same Standards. The VR period was fixed at 75 years, 
obtained by multiplying the nominal structural life VN of 50 years by a 
coefficient of use Cu equal to 1.5, corresponding to the use of the 

building as a school gym. A set of seven groups of two accelerograms 
each was applied as input to the time-history analyses. The artificial 
ground motions were generated from the elastic pseudo-acceleration 
response spectra at linear viscous damping ratio of 0.05 assumed by 
[30] for the municipality where the building is located, drawn in Fig. 6. 
In the figure, the median spectra of the seven plus seven generated 
ground motions are also plotted. For each group of accelerograms, one 
of it was applied in X direction, and one in Y.

3.2. Results of the analyses

A preliminary modal analysis of the structure highlights a first 
translational mode along X, with vibration period of 0.364 s and effec-
tive modal mass (EMM) equal to 94.9 %; a first translational mode along 
Y, with period of 0.24 s and EMM of 95.9 %; and a first rotational mode 
around the vertical axis Z, with period of 0.157 s and EMM of 73.5 %. A 
second rotational mode, with period of 0.134 s and EMM of 21.2 %, 
activates a summed EMM of 94.7 % around Z, that is, nearly coinciding 
with the first-mode EMMs in X and Y.

The results of the time-history analyses at the SDE show that: (a) all 
structural members are in safe conditions; (b) maximum Dpr values equal 
to 0.06 % are reached for the infills belonging to the side façades, cor-
responding to the beginning of the B2 segment of the backbone curve, 
and 0.24 % for the terminal façades, i.e. above the middle of B2; (c) for 

SDE

MCE

BDE

Fig. 6. Normative pseudo-acceleration response spectra and median spectra for 
the seven plus seven generated accelerograms.

Local axis 1 Local axis 2 BDE BDE 

Fig. 7. Response cycles of the top plastic fiber hinge of column C1, around its two local axes, obtained from the most demanding BDE-scaled group of input 
accelerograms.

Fig. 8. Response cycles of a longitudinal and a transversal infill panel obtained from the most demanding SDE and BDE-scaled groups of input accelerograms, 
corresponding post-quake states according to the chromatic scale of the backbone curve, and reference Dpr,OP, Dpr,IO and Dpr,LS limits.
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the glazed level, peak Dwr values equal to 0.88 % are computed, beyond 
the Dwr,IO threshold and slightly lower than Dwr,LS. The BDE-related 
performance evaluation highlights that all second level columns are in 
unsafe conditions, with very similar maximum demand/capacity ratios 
(due to the regularity and symmetry of the building in plan and eleva-
tion), equal to 1.59 in combined axial force/biaxial flexure, and 1.55 in 
shear. Unsafe stress states are evaluated for the top beams too, with 1.2 
demand/capacity ratios in flexure, and 1.09 in shear. Concerning the 
response of infills, peak Dpr values of 0.09 % (early B2 segment portion) 
are observed for the side façade panels, and 0.79 % (B5), for the terminal 
façade ones. For windows, maximum Dwr values of 2.95 % are achieved, 
corresponding to full collapse conditions.

By way of example of the results at the BDE, the bending moment- 
rotation response cycles of the top plastic fiber hinge of column C1 
around local axes 1 (parallel to Y) and 2 (parallel to X) are plotted in 
Fig. 7, and the Hp – Dpr response cycles of the infills situated on the C1-C2 
and C1-C3 alignments in Fig. 8, for the most demanding of the seven 
groups of input accelerograms. The Hp – Dpr cycles for the same panels at 
the SDE are visualized in Fig. 8 too. Furthermore, Fig. 9 shows the 
magnified deformed shape of the finite element model along X, which 
highlights a remarkable drift demand concentration on the upper level 
of the structure, caused by the stiffening action of infills on the lower 
level. This underlines the crucial impact of the latter on the seismic 

response of the structure and resulting performance evaluations.
The energy response time-histories of the building, plotted in Fig. 10, 

show 23 %—SDE and 45 %—BDE contributions of the energy dissipated 
by the hysteretic response of RC members and infills to the total input 
energy. From the comprehensive viewpoint of energy balance too, this 
confirms the non-negligible (SDE) and severe (BDE) seismic demand 
evaluated in terms of drifts and stress states.

4. Seismic retrofit design

The data drawn from the assessment study in current conditions, 
essentially influenced by the sudden lateral stiffness reduction in passing 
from the infilled to the glazed level of façades, prompt to adopt a sup-
plemental damping-based retrofit solution, instead of conventional 
ones, like RC member wrapping by FRP fabrics or jacketing, the incor-
poration of traditional non-dissipative braces or RC shear walls, etc. As 
mentioned in the Introduction, the adopted strategy consists in the 
installation of inverse-chevron shaped braces equipped with PFV spring- 
dampers on the upper level of the frame structure. This choice is aimed 
at substantially reducing, at this level, both the drift demand on the 
ribbon windows—causing their severe damage at the SDE and collapse 
at the BDE—and the significant plastic demand on the RC members at 
the BDE. In view of the relatively low drift demand on the infills, the 

Fig. 9. Magnified deformed shapes of the finite element model in X and Y direction.

Fig. 10. Energy time-histories obtained from the most demanding SDE and BDE-scaled groups of input accelerograms.

Fig. 11. Installation scheme of the dissipative bracing system and detail of a connection to the RC structure.
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dissipaters are not mounted on the first level of the bracing system, 
where it is completed by traditional inverse-chevron shaped struts. 
These provide the required continuity to the system up to the founda-
tions, while at the same time they maintain the appearance of the upper 
level struts. Drawings illustrating the installation details of the system 
are presented in Figs. 11–13, according to the general mounting scheme 
adopted in several early [24,25] through recent [13,26] applications of 
this technology by the authors. As shown in these figures, the connection 
plates of trusses and dampers are welded to continuous steel plates, 
anchored to the bottom and top faces of the RC beams by vertical steel 
connectors inserted in injected drillings. Trusses and dampers are bolted 
on site to relevant plates. Thin traces are made in the infills so as to align 
the centerlines of trusses with the middle plane of the masonry panels 
(Fig. 13). The installation works can be completely carried out outside 
the building, causing no downtime or interior architectural intrusion.

The mechanical behaviour of the PFV devices, whose working 
principle is based on the flow of a pressurized highly viscous fluid 
through a thin annular space between piston head and tank casing, is 
characterized by the following damping, Fd, and elastic, Fe, force com-
ponents [22,46]: 

Fd(t) = csgn[ẋ(t)]|ẋ(t)|γ (1) 

Fne(t) = k2x(t)+
(k1 − k2)x(t)

[

1 +

⃒
⃒
⃒
⃒
k1x(t)

F0

⃒
⃒
⃒
⃒

5
]1/5 (2) 

where: t = time variable; c = damping coefficient; sgn(⋅) = signum 
function; ẋ(t)= velocity; |⋅| absolute value; γ = fractional exponent, 
ranging from 0.1 to 0.2 [22]; F0 = static pre-load; k1, k2 = stiffness of the 
response branches situated below and beyond F0; and x(t) =

displacement.
The protection system was sized by referring to the BDE hazard level, 

using the energy-based criterion proposed in [47], governed by the 
following relation: 

ED,αDC,max = 4(αDC,max − 1)Vb,maxIDd (3) 

where: ED,αDC,max = energy dissipation capacity in maximum seismic 
response conditions tentatively assigned to the protective system, 
expressed as a function of the maximum demand/capacity ratio (in 
terms of stress states or drifts) obtained from the assessment analysis in 
current state, αDC,max; Vb,max = maximum base shear calculated in cur-
rent state; IDd = maximum inter-storey drift tentatively assumed in the 
retrofit design, coinciding with the inter-level design drift for the case 
study structure. By referring to (3), the sizing process was carried out by 
targeting a reduction factor 3 on the BDE-induced upper level drifts 
(which provide the most unfavorable demand/capacity ratio), so as to 
constrain the computed maximum Dwr value of 2.95 % below the above- 
mentioned Dwr,LS = 1 % limit. Hence, αDC,max = 3 was assumed. 
Consistently, IDd was fixed at 1 % of the upper inter-level net height, i.e. 
IDd = 19.5 mm. Based on the Vb,max value derived from the time-history 
analysis in current conditions, equal to 631 kN, the estimated energy 
dissipation capacity to be assigned to the protective system resulted to 
be as follows: ED,αDC,max = 101 kJ.

By assuming the system be installed in the first two and last two 
spans of each side façade, that is, in C1-C3, C3-C5, C11-C13, C13-C15, 
C2-C4, C4-C6, C12-C14 and C14-C16 alignments in plan, the total 
number of spring-dampers to be incorporated in the dissipative braces, 
nt, is equal to 16. By dividing ED,αDC,max by nt, the energy dissipation 
capacity for the maximum response cycle of each device, EDs, results as 
follows: EDs = 6.3 kJ. The spring-damper type with the nearest nominal 
energy dissipation capacity, En, to EDs has the following mechanical 
properties, drawn from the manufacturer’s catalogue [48]: En = 7 kJ; 
stroke smax = ± 40 mm; damping coefficient c = 9.9 kN⋅(s/mm)γ, with 

Fig. 12. Installation detail of a PFV damper pair.

Fig. 13. Installation details of braces.

Fig. 14. Finite element model of the structure incorporating the dissipative 
bracing system.
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γ = 0.15; F0 = 90 kN; maximum response force Fmax = 150 kN; and k2 
= 1.74 kN/mm. A view of the finite element model of the structure 
incorporating the protective system is shown in Fig. 14.

The dissipative bracing technology adopted herein causes the lateral 
stiffness of the retrofitted structure to increase slightly, due to the in- 
series dampers-to-trusses connection, and the low stiffness of the PFV 
dissipaters [24]. In the case study building, where the dampers are 
installed on the upper level only and the lower level braces are of a 

conventional type, the stiffening effects of the latter are nonetheless 
small, because of the considerable horizontal stiffness contribution by 
the masonry panels to the infilled level. This is reflected on the modal 
response in retrofitted configuration, showing very slight variations of 
period (from 0.364 s to 0.356 s) and EMM (from 94.9 % to 96.2 %) of 
the first translational mode along X, and practically no change on the 
first translational mode along Y (0.238 s, 96.4 %, instead of 0.24 s, 
95.9 %). Period and EMM of the first rotational mode are slightly more 

BDE MCE 

Fig. 15. Response cycles of the spring-damper pair highlighted in Fig. 14 obtained from the most demanding BDE and MCE-scaled groups of input accelerograms.

Local axis 1 Local axis 2BDE BDE

Fig. 16. Response cycles of the top plastic fiber hinge of column C1, around its two local axes, obtained from the most demanding BDE-scaled group of input 
accelerograms in retrofitted conditions.

Fig. 17. Response cycles of a longitudinal and a transversal infill panel obtained from the most demanding SDE and BDE-scaled groups of input accelerograms, 
corresponding post-quake states according to the chromatic scale of the backbone curve, and reference Dpr,OP, Dpr,IO and Dpr,LS limits, in retrofitted conditions.
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affected, passing from 0.157 s, 73.5 % to 0.143 s, 84.6 %.
According to the Italian Standards, a first performance check was 

carried out on the maximum response displacements of the spring- 
dampers at the MCE, which resulted no greater than 32.5 mm, i.e. 
below the available smax stroke of ± 40 mm. This is visualized by the 
response cycles of the pair of devices highlighted by an ellipse in Fig. 14, 
demonstratively plotted in Fig. 15 for the most demanding group of 
MCE-scaled input motions. The peak damper displacement at the BDE is 
equal to 18.1 mm.

The post-intervention performance evaluation at the BDE yielded the 
following results: maximum Dwr values of 0.94 % (corresponding to a 
drift of 18.4 mm, consistent with the peak damper displacement of 
18.1 mm), i.e. below the Dwr,LS = 1 % limit, with a 3.14 reduction on the 
2.95 % value in current state, which satisfactorily matches the αDC,max 
= 3 factor targeted in the sizing stage; maximum demand/capacity ra-
tios for the second level columns equal to 1.03 in combined axial force/ 
biaxial flexure, and 0.97 in shear, corresponding to 1.54 and 1.59 re-
ductions, respectively; maximum demand/capacity ratios of 0.77 
(flexure) and 0.68 (shear) for the top beams, with 1.56 and 1.6 de-
creases; peak base shear Vb,max = 402 kN, with 1.57 reduction; peak Dpr 
values of 0.47 % for the terminal façades, falling in the B3 backbone 
curve segment, with a 1.68 decrease. As regards the SDE-related 
response, a Dwr drop from 0.88 % to 0.19 % (B2 segment) is obtained. 
By way of example of these results, the graphs in Figs. 7 and 8 are 
duplicated in Figs. 16 and 17 for retrofitted conditions. As highlighted 
by the moment-rotation cycles around local axis 1 in Fig. 16, a minimal 
residual plastic demand remains at the BDE for the second level C1 
column (and similarly, for the remaining columns on this level), 
consistently with the above-mentioned maximum 1.03 value found for 
the corresponding demand/capacity ratio. However, this minimal re-
sidual plastic activity, consisting of one narrow cycle for the most 
demanding among the seven groups of input motions, does not prompt 
either the implementation of an integrative local strengthening inter-
vention on second level columns or the installation of PFV dampers with 

higher dissipation capacity. Fig. 17 shows the transition to the first 
response branch both for longitudinal and transversal panels, at the SDE, 
and to the first branch (longitudinal) and the third one (transversal), at 
the BDE. A direct comparison in terms of maximum building drift ratios 
in current and retrofitted conditions at the SDE and BDE is visualized in 
Fig. 18.

Axial force increases by no more than 10 % in the columns belonging 
to the vertical alignments where the dissipative bracing system is 
installed, due to the low stiffening effects of the latter. Consequently, no 
interventions are needed on these columns to improve their axial 
strength, as well as on relevant footings.

The post-intervention energy response time-histories, plotted in 
Fig. 19, point out contributions of the dissipative bracing system to the 
total input energy equal to about 68 % at the SDE, and 66 % at the BDE. 
The residual hysteretic response of columns and infills provides contri-
butions of 1 % and 3 %, respectively. This confirms, also in terms of 
energy balance, the satisfactory seismic protection performance of the 
system.

5. Conclusions

The seismic assessment analyses carried out on the case study gym 
building confirmed a considerable vulnerability both of structural 
members and non-structural elements of the stock of edifices with 
similar characteristics built in the 1960s-1990s (including also sports 
halls, workshops, warehouses, archive storage facilities and 
manufacturing plants). This is a consequence of their special architec-
tural layout, characterized by a RC frame structure infilled by masonry 
panels on the lower level of the side façades, and ribbon windows on the 
upper level. Indeed, this results in a seismic demand concentration on 
the glazed level capable of inducing severe damage, and even collapse, 
of windows, and notably higher stress states in columns, as compared to 
buildings where façades feature not sudden infill discontinuity.

The analyses in current conditions at the SDE highlighted a totally 

Fig. 18. Maximum drift ratio profiles of the building in current and retrofitted conditions.

BDE Input

Modal 
Damping

Hysteretic

FV-Dissipated

SDE

Input

Modal 
Damping

FV-Dissipated

Fig. 19. Energy time-histories obtained from the most demanding SDE and BDE-scaled groups of input accelerograms in retrofitted conditions.
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elastic response of the frame structure, and a substantially undamaged 
response of the infills; at the same time, peak normalized drifts of 0.88 % 
were found on the glazed level, i.e. neatly beyond the IO threshold for 
glazed curtain walls, and slightly below relevant LS limit.

The BDE-related performance evaluation pointed out unsafe condi-
tions for the second level columns, with maximum demand/capacity 
ratios of 1.59 in combined axial force/biaxial flexure, as also stressed by 
the wide response cycles of their plastic fiber hinges, and 1.55 in shear; 
and for the top beams, with demand/capacity ratios of 1.2 in flexure, 
and 1.09 in shear. The normalized drifts of infills reached values of 
0.79 % for the terminal façades, corresponding to severely damaged 
conditions (last branch of the backbone curve assumed to assess the 
response of masonry panels). The high normalized drifts computed for 
windows, equal to 2.95 %, bear evidence to their full collapse 
conditions.

The retrofit intervention proposed herein was aimed at concen-
trating the damping action of the dissipative bracing system on the 
glazed level, so as to substantially reduce its remarkable vulnerability in 
current state. The PFV dampers selected, pre-sized by assuming a 
reduction factor 3 for the glazed level drifts at the BDE, allowed reaching 
this target value nearly exactly, shifting normalized drifts to 0.94 %, 
below relevant LS-related limit.

The effects of the protective system were notably beneficial also for 
columns, whose drops in the stress states allowed successfully passing 
relevant shear checks and nearly meeting the biaxial flexure ones, as 
well as for the infills.

Concerning the latter, thanks to the global damping action produced 
by PFV devices, significant drift reductions were obtained also for the 
panels belonging to the front façades, oriented in orthogonal direction to 
the plane of installation of the dissipative braces, reducing their 
response below the IO drift limit of 0.5 %.

These objectives are achieved with small-sized devices and no inte-
rior architectural intrusion or interruption of building usage. This 
advanced retrofit solution also offers the advantage of fast installation 
times and pleasing appearance, prompting its future application to 
buildings with similar architectural and structural characteristics to the 
case study ones.
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