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ABSTRACT

Inadequate detailing in precast buildings designed under previous codes has proven to be a key factor in the
seismic vulnerability of Italy's industrial heritage. Advances in structural assessment and refined hazard mapping
have led to strategies now embedded in design guidelines; however, their actual probabilistic performance re-
mains an open issue. This paper investigates the probabilistic seismic vulnerability of four single-story precast RC
buildings constructed between the 1960s and 1990s, each emblematic of its decade, in a high seismic hazard area
designed according to the codes of the time and retrofitted according to the current Italian code. A rigorous
validation of standard code-compliant retrofit strategies is proposed, using a fully probabilistic framework that
incorporates non-linear pushover analysis, multi-stripe analyses, and fragility derivation methods, which are
typically not used in practical code-based design verification. For each case, the effectiveness of the designed
retrofit measures is assessed through advanced analyses at two performance levels: usability preventing damage
(UPD) and global collapse (GC). Results show that highly invasive global retrofit solutions achieve safety targets
consistent with current code requirements for Global Collapse. Furthermore, all proposed interventions sub-
stantially reduce the mean annual failure rate for the UPD limit state, keeping retrofitted archetypes within safety
margins. Overall, the study provides a concise quantitative benchmark for assessing the effectiveness of current
retrofit standards for precast industrial buildings on a probabilistic basis, tailored to specific typologies from
different decades.

1. Introduction

has highlighted the major challenge of optimally retrofitting the existing
industrial building stock [11]. In this context, several retrofit in-

Precast industrial buildings in Southern Europe, designed according
to older codes, are often characterised by critically poor detailing and,
consequently, inadequate structural performance. This is mainly due to
limited prior knowledge of seismic hazard and design, as observed in
post-earthquake surveys [1-5]. Advanced analyses of the seismic
behaviour of existing industrial precast buildings have confirmed these
issues, although they refer to very different structural typologies of
precast industrial structures, each with specific problems arising from
their historical evolution [6-10]. This pronounced seismic vulnerability
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terventions have been investigated, including innovative solutions such
as the installation of dissipative devices in beam-to-column joints, both
rotational [12-15] and translational [16,17], the insertion of dampers
within stiffening braces [15,18,19], between the flexible frame structure
and the stiffer cladding panels [20], or at the base of columns [21].
However, the aforementioned studies address the efficiency of individ-
ual retrofitting techniques and do not provide information on their
combined use, which is typically required to significantly improve the
seismic performance of precast industrial buildings. Furthermore, the
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Fig. 1. Building EE1 - frontal and side view. (Units: m).

wide variety of precast industrial building typologies means that some
techniques are only suitable or applicable to a limited portion of the
existing stock. As a result, there is currently a lack of probabilistic data
necessary for risk analyses regarding the efficiency of retrofitting in-
terventions for large stocks of precast industrial buildings, which hin-
ders the planning activities of governmental bodies.

To provide an additional, up-to-date contribution to this critical
field, this paper presents part of the results obtained within the ReLUIS
project 2022/2024, funded by the Italian Department of Civil Protec-
tion. The project addresses the evaluation of the effectiveness of retro-
fitting measures on existing structures designed according to previous
Italian building codes from the 1960s to the 1990s. Previous research
within the RINTC-Implicit Seismic Risk of Code-conforming Structures
project, part of the ReLUIS programme, focused on assessing the prob-
abilistic seismic vulnerability of single-storey precast industrial RC
buildings designed according to the current Italian building code
[22-26] or previous codes from the 1960s to the 1990s [27-30]. This
work builds on a previous study of the seismic risk of as-built precast
buildings [31] by investigating the effectiveness of retrofitting strategies
on the same case studies. The methodology adopted in the RiNTC
framework has also inspired seismic fragility assessments of several
structural typologies, including residential buildings [32-36], bridges
and overpasses [37], industrial steel structures [38], and benchmarking
of real buildings in recent earthquakes [39]. This work examines four
precast RC single-storey existing industrial buildings and aims to bridge
the gap between (a) simulated code-based seismic retrofit design and (b)
performance-based, fully probabilistic seismic fragility and risk assess-
ment. While most recent studies either investigate innovative retrofit
techniques on new and existing structures or develop comprehensive
performance-based assessments on single case studies, this study offers a
systematic evaluation of traditional retrofit techniques applied to a
range of archetypes broad enough to represent most precast RC struc-
tural assemblies constructed in Italy between the 1960s and 1990s.

The selection of benchmark buildings is based on key structural
features such as geometry, original design code, connection layout, pe-
ripheral cladding, and diaphragm configuration. Retrofit strategies are
developed according to the simplified numerical procedures allowed by
the current Italian design code for existing buildings. The Performance-
Based Earthquake Engineering (PBEE) framework is then used to
explicitly quantify the improvement in seismic risk mitigation provided
by the designed interventions. Statistical fitting methods are subse-
quently employed to estimate seismic fragility curves and annual failure
rates for both as-is and retrofitted buildings, using non-linear numerical
modelling and structural analysis tools, such as nonlinear static and
multi-stripe time-history dynamic analyses. This dual approach enables
a consistent evaluation of the effectiveness of conventional code-
compliant retrofit solutions under record-to-record variability and
multiple failure modes (UPD and GC), and highlights the influence of
connection detailing, cladding-to-structure interaction, and diaphragm
behaviour on retrofit efficiency. Section 2 briefly reviews established
but relevant insights on current code-based seismic assessment in Italy.
Section 3 describes the geometric features and construction details of
each case study building and presents the results of the code-based
seismic assessment. Section 4 proposes code-compliant retrofit strate-
gies tailored to each building and thoroughly discusses practical impli-
cations for their design and implementation. Section 5 presents a
detailed modelling strategy for advanced seismic assessment using
nonlinear static pushover analysis and nonlinear time-history Multi-

Stripe Analysis (MSA). Section 6 addresses risk estimates for fragility
curves and failure rates, providing comparisons and comments on the
previous results of the as-built assessment of the non-retrofitted struc-
tures in terms of two performance levels: Usability Preventing Damage
(UPD) and Global Collapse (GC).

2. Highlights on code-conforming seismic assessment and
retrofit design

The Italian standard NTC 2018 [40,41] formally establishes general
criteria for the safety assessment of existing structures, as well as for the
design, execution, and proof-load testing of retrofitting measures to
improve structural and seismic performance. In particular, the safety
assessment and design of interventions should consider the state of
knowledge at the time of construction, including the possible detection
of design and construction flaws, signs of damage caused by service-
ability or exceptional actions, and significant deterioration compared to
the original condition. Structural models are then created based on the
level of detail in the available historical documentation and the results
of on-site investigations regarding geometry and detailing, mechanical
properties of materials and soils, and permanent loading conditions.

Despite the tools available in the Italian standard for seismic retrofit
design, the current code does not provide uniform risk-based methods as
presented in this paper. To realistically simulate the design process, the
retrofit measures in the case study are designed according to the
guidelines of the Italian code for modelling structural systems and
seismic actions, as well as the analysis tools for seismic demand
assessment. Structural models should be three-dimensional and should
adequately represent the actual spatial distribution of mass, stiffness,
and resistance. Seismic actions are usually site-specific response spectra
and limit states adapted to the ductility class of the building. Equivalent
static forces or correspondingly selected ground motion time histories
are used less frequently. The assessment of seismic demand is generally
performed using linear analysis methods, although special limitations
apply to geometric nonlinearities that depend on the drift capacity of
vertical structural elements. A seismic demand assessment that includes
mechanical nonlinearities is also permitted and can be adopted by the
designer to better represent the available dissipative resources of the
components, especially when seismic protection devices are used.

In the following subsections, each building is briefly described by its
structural typology and construction period. The results of the seismic
assessment are then discussed using a code-based as-built approach,
highlighting structural deficiencies based on insufficient safety indices,
{g in relation to NTC 2018 standards [40,41].

3. Case study buildings

The most important geometric features of the case study buildings
have already been presented in Bosio et al. [31]. In this paper, the same
naming convention (EE1, EE2, EE3, EE4) as in the previous study is
maintained. The following sections summarise the main historical and
geometric characteristics of the studied buildings, all located in L’Aquila
on Type C soils according to the Eurocode 8 classification (EN
1998-1:2004 [42]).

Building EE1 (Fig. 1) reflects the design criteria of the late 1960s and
early 1970s in L’Aquila. It has a rectangular floor plan measuring
20 x 54 m? with ten single-span portal frames. The 6 m high square
columns are set into concrete-filled socket foundations. The main beams,
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Fig. 3. Building EE3 - frontal view and plan view with infill walls arrangement. (Units: m).

1.60 2.50 2.50 1.00
| B B E—
o N O R N \}vf‘ —;\\ {:_r_\
g1 ] W
| D
g L]
0.60 0.60 . 070 . 070
N 19.40 NI o 2430 '
a) b)
t
20
|| e min
R N
100

¢)

Fig. 4. Building EE4 - (a) section view parallel to the wing-shaped roof elements (transverse direction), (b) section view parallel to the H-beams (longitudinal
direction), and (c) plan view. (Units: m).

with a 10 % inclined double slope and a 20 m span, have a T-section at Building EE2 (Fig. 2) dates from the second half of the 1980s and has
the ends and an I-section with varying heights and thicknesses along the a floor plan of 20 x 42 m? with a clear height of 7 m beneath the beams.
entire span. The connections between the columns and beams include The structural frame consists of 16 precast columns arranged in a regular
small-diameter (¢ 10 mm) steel dowels. The roof consists of prestressed 6 x 20 m? grid. The double-tapered main beams are connected to the
double-T elements rigidly connected to the main beams. The outer walls columns by reinforced concrete forks, with friction connections along
are brickwork with 1.5 m high ribbon windows. the X-axis, whereas the secondary roof elements are double-tee beams.
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Table 1

Synoptic table for the case study structural features.
Building EE1 EE2 EE3 EE4
Construction period 1960-1970s 1980s 1970s 1990-2000s

CNR-UNI 10012/1967 [44] D.M. 30/05/1974 [45]
D.M. 03/03/1975 [46]

Reference design code

Structural features Roof concrete topping
Infill masonry cladding

Weak dowel connections

D.M. 19/06/1984 [47]
CNR-10025/1984 [48]

CNR-UNI 10012/1967 [44]
D.M. 30/05/1974 [45]
D.M. 0303/1975 [46]
Roof concrete topping
Infill masonry cladding
Friction connections

Flexible diaphragm
External panels
Weak dowel connections

D.M. 09/01/1996 [49]

Flexible diaphragm
External panels
Panel-bearing columns

Weak slab dowels
Relevant P-Delta effect

The closure consists of precast reinforced concrete panels, with ribbon
windows placed between the third and fourth horizontal panel rows.

Building EE3 (Fig. 3) is inspired by an industrial building erected in
Naples in 1973 and has been redesigned for the case of L’Aquila. It
features a rectangular floor plan measuring 45 x 24 m?, with ten RC
trusses spanning the transverse direction. Prefabricated square columns
divide the short side into four bays, each 6 m long. Independent socket
foundations support the columns. Along the Z-axis, there are nine spans
of 5m each, supporting secondary beams shaped to allow water
drainage. The roof comprises pre-stressed double-tee panels attached to
the main beams with a 5 cm-thick composite deck. The outer walls are
symmetrically distributed along the perimeter (red spans in Fig. 3) and
consist of 25 cm-thick unreinforced masonry. Principal beams are sim-
ply supported on column heads through the interposition of a single
layer of neoprene pad.

Building EE4 (Fig. 4) was built in the late 1990s and represents a
modern, large-span precast industrial building with five bays and three
naves. The main frames along the Z-axis comprise 11 m-high columns
and H-beams, while the roof consists of wing-shaped elements [43] with
vaulted or shed closures. The horizontal cladding panels extend around
the entire perimeter, with window bands located between the upper and
lower panels. Additional supporting columns, structurally independent
of the main frames, support the horizontal panels.

Table 1 summarises the main characteristics of each case study in
terms of construction time, the Italian code used as a reference for the
simulated design that defines the as-built condition, and the relevant
highlights of the structural typologies studied.

The selected case-study buildings are intended to represent a broad
range of single-storey precast industrial structures commonly found in
Southern Europe [50], spanning different construction decades, struc-
tural layouts, connection details, and diaphragm configurations, all of
which are known to significantly influence seismic performance.
Although other typologies, such as multi-bay buildings with irregular
layouts or structures designed according to post-2000 Italian codes, are
not explicitly considered, the chosen cases capture the most recurrent
characteristics of the existing building stock.

4. Code-based seismic assessment and retrofit design

The seismic capacity of existing buildings is assessed by comparing it
with the requirements for new buildings using the safety index {g. This
index is defined as the ratio of the actual seismic intensity, typically

Table 2
Safety levels (g for each building and investigated failure mode (values lower
than 1.00 in bold).

Building EE1 EE2 EE3 EE4
Beam-to-column connection 0.06 1.04 0.02 0.63
Roof-to-beam connection >>1 0.92 >>1 0.16
Masonry cladding strut 1.56 - 1.42 -
Panel-to-column connection - 0.16 - ~ 0.00
Column (bending) 0.36 0.53 4.87 0.62
Column (shear) 0.20 1.10 2.10 >>1

expressed as peak ground acceleration (PGA), that a structure can
withstand for a given limit state, to the seismic design action specified
for new, code-compliant buildings on the same site. As-built structural
safety is evaluated with respect to the Life Safety Limit State, consid-
ering a seismic reference intensity corresponding to a PGA with a return
period of Tn = 475 years. In this study, the safety index {g. is calculated
for each type of potentially vulnerable structural element and connec-
tion, as typically done by a professional engineer. The {g. values are
determined through response spectrum analysis, assuming a behaviour
factor of 1.5 (non-dissipative). Three-dimensional elastic models are
developed using Midas Gen [51] for EE1 and EE2, SAP2000 [52] for
EE3, and Straus?7 [48] for EE4. A full state of knowledge is assumed for
all buildings, resulting in unit confidence factors for the mechanical
properties of the materials. For the structural capacity assessment, the
flexural and shear resistances are evaluated based on code-compliant
approaches, while the connection strengths depend on the structural
typologies investigated. Finally, the conceptual design for the adopted
retrofit strategies is presented, and a code-compliant evaluation is per-
formed to numerically validate the proposed solutions.

In building EE1, dowel-based connections are modelled as pinned
connections, and the potential occurrence of joint sliding is checked a
posteriori based on the analysis results. The safety index ((g) is assessed
for columns and beam-to-column connections. Column evaluation
covers both shear and bending mechanisms. The collapse mechanism
related to roof-to-beam connections is disregarded, as roof elements are
rigidly fastened to the main beams. The minimum value is attained
along the y-direction for dowel failure (i.e. {g = 0.06), mainly due to the
small dowel diameter (¢ 10 mm). The shear resistance of the dowel is
evaluated using the formulation proposed by CNR 10025/1984 [48], as
the Italian code does not provide guidance in this respect.

For building EE2, the safety level in as-built conditions is evaluated
with reference to the columns, as well as the roof-to-beam, horizontal
panel-to-column, and vertical panel-to-beam connections. Regarding the
collapse mechanism, the same considerations apply as for building EE1.
Widespread deficiencies are found in the connections between cladding
panels and the main structural element, with {g equal to 0.16 and 0.41
for vertical and horizontal panels, respectively. Further deficiencies are
observed in the connections between the roof element and the beams, as
well as in the columns (for bending), with (g equal to 0.92 and 0.53,
respectively.

For building EE3, the safety indices (g are evaluated for the columns,
beam-to-column connections, and infill walls. The frictional connections
between neoprene and concrete are checked based on the resulting
horizontal forces, using Coulomb friction with a coefficient calibrated
according to Magliulo et al. [53]. The infill shear strength is assessed
using the method proposed by Decanini et al. [54], considering the
maximum strength of the infill wall under four possible failure modes:
diagonal tension, sliding shear along the horizontal joints, crushing in
the corners in contact with the frame, and diagonal compression. The
only structural deficiency identified is in the friction joints, which
exhibit very low values of the safety index (g.

The seismic assessment of building EE4 included columns, beam-to-
column connections, roof-to-beam connections, and panel-to-structure
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connections. Columns and beam-to-column connections have a vulner-
ability index (g of just over 0.60, while the vulnerabilities associated
with the roof-to-beam and panel-to-structure connections are signifi-
cantly higher. For the panel-to-structure connections, it is assumed that

the use of fixed strap connections with very limited in-plane displace-
ment capacity results in complete vulnerability. This is due to their
incorrect design, which does not allow structural decoupling between
the panel and the structure and neglects in-plane seismic actions [55].
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Fig. 6. Building EE2 — schematic details of (a) vertical panel-to-column connection, (b) horizontal panel-to-column connection, (c) roof-to-beam connection, (d)
column jacketing scheme and vertical end panel replacement. Note: The reported dimensions are in mm; S275 steel and 8.8 grade bolts were adopted.

M20
320
,1 00 Panel
Front view
Roof element
Beam
c)
New panel
1
z

d)



L. Capacci et al.

a)

M27

-l

©)

b)

Engineering Structures 353 (2026) 122347

4 layer unidirectional
FRP sheets (b=100)

Steel plate S355 220x240x25

3 layer unidirectional
FRP sheets (b=100)

d)

Fig. 7. Building EE3 — design of beam-to-column connections: (a,b) corner columns, (c,d) lateral columns. Note: The reported dimensions are in mm; 10.9 grade

dowels were adopted.

Table 2 presents the minimum values of the safety indices for all collapse
mechanisms investigated. All scenarios examined result in high seismic
vulnerability.

4.1. Design of seismic retrofit interventions

The Italian standard classifies interventions on existing buildings
into three categories: (1) repairs or local interventions affecting indi-
vidual structural elements without significantly altering overall struc-
tural performance; (2) improvement interventions that increase pre-
existing structural safety without necessarily achieving the safety
levels required for new buildings; and (3) full code-conforming in-
terventions that aim to increase structural safety to meet the standards
required for new buildings. The case studies presented in this paper
examine various retrofit measures that ultimately upgrade the buildings
analysed. In these cases, the retrofitting provides full code compliance to
ensure a safety index of (g > 1.0.

4.1.1. Building EE1

The retrofit measure, which involves RC jacketing of the columns
and local beam-to-column joint strengthening with steel profiles, is
shown in Fig. 5. Concrete class Rpx 350 [kg/cm?] is assigned to the
columns from the 1970s. The jacketing of the columns is designed with
C28/35 class concrete, in accordance with current Italian seismic reg-
ulations, which recommend a limited difference in concrete class be-
tween new and existing material. Sixteen ¢ 22 mm longitudinal
reinforcement bars in B450C grade steel are designed following a linear
dynamic analysis with the model used in the assessment. The resulting
1 % reinforcement ratio also corresponds to the minimum ratio pre-
scribed by NTC 2018 [40,41]. The transverse reinforcement consists of ¢
10 mm stirrups with a spacing of 160 mm in the lower part (hy =4.5m
high, next to the infills) and 70 mm in the upper, squat part (hp = 1.5 m
high, next to the ribbon windows) of the column. The connection be-
tween the new and existing elements is improved by U-shaped steel
profiles anchored in the existing element. Implementing the column
jacketing also requires (1) removal of the infill sections adjacent to the
columns to a width of 50 cm, (2) their replacement after the intervention
with the same type of brick, and (3) replacement of the ribbon window

along the entire perimeter of the building. The jacketing is combined
with UPN300 steel profiles at the main joints between the beams and
columns, in accordance with current practice, and with through-holes
for ¢ 24 mm steel pins that allow relative rotation while preventing
the joints from sliding. The profiles are attached to the columns by eight
¢ 20 mm post-installed fasteners arranged in four rows. The use of
spacers is also necessary, especially for a jacketed column, which has an
enlarged cross-section. Regarding socket foundations, jacketing of col-
umns requires not only their enlargement but also their strengthening,
as the increase in the overall stiffness of the building leads to larger
actions at the base of the column. However, this work did not focus on
evaluating the seismic safety of the foundation, and it is assumed that
the columns are rigidly fixed to the ground.

4.1.2. Building EE2

The retrofit of building EE2 involves a combination of local in-
terventions on (1) the connections between cladding panels and the
structure, (2) the connections between the roof and beams, and (3) the
columns. The retrofit of the facade panels involves placing four steel
brackets (two at the bottom and two slotted at the top) between each
horizontal panel and the column (Fig. 6b, d), and two slotted steel
brackets between each vertical panel and the beam, as shown in Fig. 6a.
The two steel brackets at the bottom of the horizontal cladding panels
are designed to support the entire weight of the panels, while the
brackets at the top of the panels (vertical and horizontal) counteract
panel tilting and accommodate the required in-plane displacements
(6.4cm and 16.0 cm for the horizontal and vertical directions,
respectively).

The second local intervention involves preventing the loss of support
of the roof elements on the beams by retrofitting the roof-beam con-
nections. New connectors are used, consisting of an L-shaped steel
profile with stiffeners, mounted on the front part of the beam and fixed
to each roof element (Fig. 6¢). The capacity design for each failure
mechanism is determined according to building codes: (1) the beam side
is designed to prevent bolt failure in tension and plate punching, while
(2) the roof element side is designed to prevent bolt failure in shear and
bearing. The final geometry of the connection is defined so that its load-
bearing capacity is governed by the bearing failure of the roof element
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connection (with a resistance force of 61.1 kN), allowing ductile failure
by milling the steel plate on the roof element side around the bolt hole.

The third and final retrofit measure involves concrete jacketing of
the columns (Fig. 6e). Although the deficiency identified in the reference
building relates to flexural failure of the column, flexural strengthening
can result in shear failure. After flexural strengthening, the safety index
for shear strength falls below 1. Therefore, the jacketing extends over
the entire height of the column. In addition, technical limitations
requiring complete removal of the cladding panels restrict the applica-
tion of jacketing to all four sides of the columns. Consequently, the three
free inner sides are partially sheathed. However, the four corner clad-
ding panels on the facade must be removed and replaced with special
corner cladding. In this case, the final layout consists of a 10 cm-thick
jacket with a 3 cm concrete cover, ten ¢ 14 mm additional longitudi-
nal reinforcement bars, and ¢ 8 mm stirrups at 20 cm spacing.

4.1.3. Building EE3

The feasibility of various interventions on the main connections
between beams and columns is examined. All proposed retrofitting
techniques use bolted connections for steel plates and/or angles between
the additional device and the structural elements (both column and
beam). Among these, the three-hinged arch device, in either its tradi-
tional or dissipative configuration [55-57], can effectively reduce the
seismic vulnerability of dry connections under horizontal forces. In
particular, applying the device in the longitudinal direction of the
building (Z-axis) represents a new approach to the system that has not
been investigated before. However, premature failure may occur with
any solution if the concrete cover for the bolted connections is very
small. Therefore, the only possible solution is to insert a single dowel
that passes through the beam and is anchored in the column, as shown in
Fig. 7a,c for corner and side columns, respectively. The engagement is
designed in accordance with NTC 2018 [40,41], considering the low
ductility class (CD “B”). According to the code, the horizontal design
force is determined as the maximum value between the response spec-
trum analysis and the plastic shear (corresponding to the maximum
flexural capacity), multiplied by the appropriate capacity design coef-
ficient that accounts for overstrength, here ygq = 1.2 for precast rein-
forced concrete structures with fixed base columns and hinged
horizontal elements.

As the Italian code does not specify the shear strength of the anchor,
this is assessed using the empirical formulations from CNR 10025/1984
[58], which take into account ductile (global) failure of the dowel
connection, i.e. yielding of the dowel and crushing of the surrounding
concrete. Steel class 10.9 is selected for the dowels. Although this so-
lution provides a greater concrete cover for the dowel compared to the
other techniques investigated, it still results in a brittle failure of the

connection. This verification is consistent with the experimental evi-
dence of Vintzeleou and Tassios [59], which shows that ductile failure is
the predominant failure mode when the concrete cover exceeds
6-7 times the dowel diameter, while brittle splitting failure is expected
at lower concrete covers. The latter scenario occurs for corner columns
(1) on the beam side (both X- and Z-axes) and (2) on the column side
(X-axis only). This failure mode also occurs for lateral supports on the
beam side (Z-axis only).

In these cases, additional measures are taken to restrain the concrete
and prevent spalling of the dowel cover, allowing ductile failure to
develop. Such interventions include CFRP sheathing and pre-loaded
steel plates. To ensure ductile behaviour of the connection until fail-
ure, the load-bearing capacity is designed with consideration of the
shear strength of the dowel. It is noteworthy that the strength calcula-
tions neglect the FRP perforated strips due to the pre-loaded plate
anchorage. Fig. 7b, d show the final configuration of the retrofitted
connections for the corner and side columns, respectively.

4.1.4. Building EE4

The results of the previously summarised survey clearly indicate that
retrofitting interventions should primarily target the panel-to-structure
and roof-to-beam connections. Once these vulnerabilities have been
addressed through localised strengthening techniques, the columns and
beam-to-column connections must also be strengthened to bring the
building into full compliance with current seismic codes. It is important
to note that retrofitting the column requires actual strengthening rather
than merely improving its ductility, as the failure mode in the non-
retrofitted configuration is ductile. As an alternative to column jacket-
ing, for building EE4 the installation of dissipative connections is
considered to improve the overall performance of the structure by
providing additional damping, stiffness, or both. Before this, the effec-
tiveness of dissipative connections [60] and dissipative braces [61] is
investigated. Both solutions must be carefully designed, especially
considering the absence of a rigid roof diaphragm [61-64]. To design
this intervention, the classical response spectrum method based on dy-
namic elastic modal analysis would not properly account for the
nonlinear effect of most energy dissipators. Therefore, a non-linear static
method is used, as provided for in NTC 2018 [40,41] and based on the
Capacity Spectrum Method (CSM) [65].

The results of the CSM procedure indicate that the columns do not
actually require strengthening with such an advanced computational
method. This outcome may be explained by the refined calculation
approach of the CSM, which accounts for the mechanical and geomet-
rical nonlinearities of the system, including the damping effect caused
by the hysteresis of the columns. It should also be noted that the dissi-
pation provided in the CSM remains entirely within the elastic
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Table 3
Synoptic table on design of seismic retrofit interventions for the case study
buildings.

Building EE1 EE2 EE3 EE4

Column RC RC Not used Not used
retrofit jacketing jacketing

Beam-to- Steel Bolted Dowel bar Steel fasteners
column profiles steel with steel
connections angles profiles and

FRP sheets

Roof-to-beam Not used Steel Not used Steel fasteners
connections profiles

Panel-to- Not used Bolted Not used Sliding fasteners
column steel on panel-support
connections angles columns and

frame columns

Retrofit Response Response Response Capacity
design spectrum spectrum spectrum spectrum
method

behaviour range of the columns, as the performance points identified are
all below the yielding drift. The measures shown in Fig. 8 are imple-
mented. Metallic sliding connections are added to the existing connec-
tions by subsequently installing small-diameter mechanical fasteners
[66] to effectively decouple the motion of the panels and the structure
[67]. It is assumed that these joints are added to the existing ones
without cutting them, at a point very close to the original connection.
The issue of lateral vibrations of the independent panel support column
is addressed by installing horizontal braces made of H-sections bolted to
the tops of the columns along the facade direction, and by connecting
the tops of the independent columns to the edge element (either beam or
roof, depending on the facade orientation) with steel elements to pre-
vent differential out-of-plane movements. The dowel connections be-
tween the roof and beam are strengthened by the post-installation of
strong, rigid angle sections bolted together with mechanical fasteners.

4.2. Practical implications of seismic retrofit interventions

Table 3 summarises the main features of each building in terms of
building features, assessment of as-built conditions, and design of
retrofit interventions. The selection and related design of the proposed
retrofit strategies did not merely focus on code compliance for relevant
failure modes listed in Table 2. Numerous practical requirements have
been considered for the realistic and practical feasibility, including:

e the overall compatibility with typical construction techniques for
precast buildings (e.g., structures with monolithic columns and pin-
ended beams).
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e the use of traditional and widely adopted techniques in current
practice in Italy (for example, modern dissipative devices have been
excluded).

o the control of direct and indirect costs (e.g. upfront monetary ex-
penses, specialised manpower, and business interruption).

e invasiveness and constructability (e.g., the possibility of dry instal-
lation without mortar).

e long-term maintenance and post-event repair (e.g., feasibility of
close-up inspections and replacement after damage).

Column RC jacketing in EE1 and EE2 was considered the most effi-
cient solution to comply with the required standards for bending seismic
capacity. However, the effectiveness of this approach comes at a high
cost, not only in terms of manpower and expenditure, but also in con-
struction time, which is likely to lead to prolonged business interruption
due to invasive temporary scaffolding and site operations. Furthermore,
the stiffening effect induced by RC jacketing may have a cascading
impact on the seismic demand of the foundation system, which may
necessitate strengthening that is often impracticable. For these reasons,
RC jacketing was not applied in EE4, and code-compliant safety was
achieved through connection strengthening and advanced analysis via
CSM. Regarding the long-term vulnerability of RC jacketing to ageing
and other hazardous events (such as fire) over the structure’s lifetime,
limited maintenance is typically required except in aggressive environ-
ments that may initiate corrosion or other deterioration processes [68].
In the context of life-cycle seismic hazard and mainshock-aftershock
sequences, cumulative seismic damage to jacketed columns may not be
locally restored, impairing the efficiency and usability of the retrofit
system.

Local interventions to beam-to-column, roof-to-beam, and panel-to-
structure connections were widely adopted in all buildings to improve
diaphragm effects and prevent cladding failure. Mechanical, dissipative,
and sliding devices investigated in all buildings can be easily installed
with low upfront costs, and operations can be carried out overnight.
Interference with ongoing industrial activities is generally minimal,
especially for strengthening operations on accessible roofs. Despite the
affordability of the adopted local strengthening interventions, the re-
sidual seismic risk of the structural assembly may remain significant if
they are not combined with interventions aimed at increasing the ca-
pacity of the structural members in the main frames. Furthermore, pe-
riodic inspections and preventive maintenance to mitigate
environmental hazards are strictly required to extend the service life of
existing buildings' metallic devices (for all buildings) and FRP sheets (in
EE3).

Although beyond the scope of this paper, dissipative retrofit devices
merit special mention as the most viable among innovative alternatives
to traditional approaches. These devices include friction rotation
dampers installed at beam-to-column connections and dissipative
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Fig. 9. Relevant parametric hysteretic models for as-is and retrofitted buildings: (a) Modified IMK Deterioration Model with Peak-Oriented Hysteretic Response, (b)

Elastic-Perfectly Plastic Gap material, (c) and Hysteretic material.
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bracing systems serving as sacrificial elements. Further insight into the
combined use of these retrofit strategies for existing industrial buildings
can be found in [69]. In addition to improving the global ductility and
strength of the building, dissipation-based retrofit strategies have
proved to be more sustainable solutions compared to traditional ones.
This is due to the localisation of damage within the newly installed
dissipative devices, minimising waste production and the consumption
of replacement materials [15].

5. Numerical modelling for non-linear structural analysis

This section presents advanced numerical models used for the
seismic risk assessment of the investigated buildings, both before and
after retrofit interventions. The following subsections outline the
modelling assumptions and provide specific details on the incorporation
of retrofit interventions into the numerical models.

5.1. General modelling assumptions

For all the buildings investigated, three-dimensional nonlinear nu-
merical models are developed using the OpenSees software [70]. Col-
umns and diaphragm members (i.e., beams and roof elements) are
modelled as elastic elements, accounting for their equivalent
cross-sections. The columns are assumed to be fixed at the base due to
the rigid restraint provided by the socket foundation. The nonlinear
response is characterised by a lumped plasticity approach, with a zer-
oLength element at the column base.

Fig. 9 illustrates the generalised stress-strain relationships adopted in
the numerical modelling of the analysed buildings. Envelope curves are
shown with thick lines, while hysteretic behaviour is indicated with thin
lines. The moment-rotation monotonic backbone and hysteretic
response are assigned using the Modified Ibarra-Medina-Krawinkler
(IMK) Deterioration Model with Peak-Oriented Hysteretic Response
material [71], as presented in Fig. 9a. This also includes the additional
plastic hinges introduced in EE1 on the columns at a height of 4.5 m,
simulating the flexural behaviour of squat columns adjacent to ribbon
windows. The selected OpenSees uniaxial material is characterised by
assuming the moment-chord rotation relationship by Fischinger et al.
[72], which considers a trilinear backbone with secant-to-yielding initial
stiffness, a hardening branch before softening, and zero residual
strength. For the monotonic response, evaluations are performed ac-
cording to the studies by Fardis and Biskinis [73] and Haselton et al.
[74], while for the cyclic behaviour, the degradation parameter A by
Ibarra et al. [71] is adopted. This modelling strategy has been widely
used for precast RC buildings and validated in the literature [23,25,75].
Diaphragm dowel connections are modelled using equivalent nonlinear
zeroLength elements with empirically calibrated IMK force-deformation
relationships, where the yield and ultimate strengths of connections are
calculated based on mean material resistances in accordance with ISO
20987:2019 [76]. Fig. 9b then shows the bilinear with initial gap
(ElasticPPGap) force-deformation model adopted for the retrofit of
panel-to-structure and roof-to-beam connections in EE2.

Finally, Fig. 9c¢ shows the constitutive force-deformation hysteretic
model of post-installed mechanical fasteners used for retrofitted dia-
phragm connections in EE4. Additional modelling assumptions for the
roof diaphragm, panel cladding, and other elements related to the
retrofit interventions are discussed separately for each building. For
further details on the as-is building modelling assumptions, see Bosio
et al. [31].

5.2. Modelling of retrofit interventions

For the retrofit interventions, advanced modelling techniques are
applied to each building to accurately represent the proposed upgrades.
For building EE1, the steel profiles designed to allow relative rotations
between beams and columns while preventing joint sliding along both
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Table 4
Building EE1 - plastic hinge parameters of the column.
Model & Ko [kNm/ M, 9, 9pe 9
Element rad] [KNm] [rad] [rad] [rad]
As-is 1.94E + 04 216.80 0.0204 0.1 0.1316
Both hinges
Retrofitted 6.07E + 04 914.54 0.0293 0.1 0.1438
Base hinges
Retrofitted 6.07E + 04 914.54 0.0620 0.1 0.1764
Squat column
hinges
Table 5

Building EE2 — modelling features of the new connections: gap, elastic stiffness k
and yielding strength F,.

Connection dggp [m] k [kN/m] Fy [kN]

Bottom panel-column 0.000 25,000 36.6

Top panel-column 0.064 36,600 36.6

Panel-beam 0.160 25,000 42.7

Roof element-to-beam - 2712 61.1
Table 6

Building EE2 — plastic hinge parameters the column. (Note: the yy and zz axes
refer to Fig. 6d).

Direction Ko [kNm/ M, 9, Opc Sy

P
rad] [kNm] [rad] [rad] [rad]

As-is 4.31E + 04 262.70 0.017 0.043 0.08
Both
hinges

Retrofitted 3.0E + 04 353.88 0.036 0.054 0.102
-y)

Retrofitted 2.34E + 04 317.60 0.039 0.060 0.113
(z-2)

principal directions are modelled as cylindrical hinges. Specifically,
rotations are restricted around the axis of the main beams up to a certain
torsional moment value. To capture this behaviour, a rigid-plastic model
is implemented using a multi-linear material with steep initial stiffness
and moment capacity derived from a plastic collapse analysis on an
equivalent beam cross-section. The new concrete jacket extends to the
cross-section core in accordance with current code provisions, as the
concrete class is similar to the existing material. This results in improved
mechanical properties for both the elastic member and the two plastic
hinges, located at the base and at a height of 4.5 m. The latter hinges
have different backbone curves, numerically calibrated for the columns,
due to varying levels of confinement in the upper and lower squat parts
of the column. This is clarified by the mechanical parameters in Table 4,
where the two plastic hinges (base and squat column) display identical
cyclic behaviour in the original model (first row of the table) and
different behaviour in the retrofitted model (second and third rows of
the table) [69]. In both Table 4 and the subsequent Table 6, the listed
parameters are the elastic stiffness (Kp), yielding moment (M),
pre-capping rotation (8,), post-capping rotation (dp), and ultimate
rotation (9,).

For building EE2, the retrofit interventions on the connections be-
tween precast elements are modelled by adding new zeroLength elements
in parallel to the existing ones to simulate the behaviour of the con-
nections. Column concrete jacketing is incorporated by updating the
plastic hinge at the base of the column and the geometric properties
based on the new cross-section. The parameters used in the modelling of
the new connections and for the jacketed columns are provided in
Table 5 and Table 6, respectively. In addition, the exterior cladding is
explicitly modelled. For the transverse facades, vertical precast panels
are considered, anchored to the ground and connected to the main
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Table 7

Building EE4 - backbone curve points for axial and shear force-deformation laws
of single fasteners in terms of elastic limit {d;F}., capping point {d;F}, and ul-
timate point {d;F},.

Direction  d, [mm] F, [kN] d. [mm] F, [kN] dy, [m] F, [kN]

Axial 1.0 23.0 10.0 70.5 22.0 0.0

Shear 5.6 54.5 12.0 60.5 13.0 0.0
Table 8

Building EE4 — series-parallel arrangements of fasteners in roof-to-beam, beam-
to-column, and roof-to-column connections. Clusters are combined in parallel
(|]) and in series (+) for axial (A) and shear (S) constitutive laws.

Connection X-axis Z-axis
Roof-to-beam (NP @SS+ E]S)
Beam-to-column SIS SIIs|s

Roof-to-column SIS+ E6|IS S8 +@llAa

beams via mechanical devices. In the longitudinal direction, three rows
of horizontal panels are provided, connected to the columns via me-
chanical devices. The upper and lower connections of the precast panels
are modelled differently. The lower connection, consisting of a bolt
seated in a special seat, supports the panel. The upper connections be-
tween the panels and the structure are modelled by inserting several
hysteretic models in parallel.

For building EE3, the modelling of the strengthened connections is
simplified, as it involves a hinge constraint at the beam-to-column
connections to prevent relative displacements between the elements.
Non-linear friction elements are replaced by perfect hinge constraints
using the equalDOF OpenSees command. This simplified approach is
supported by the findings of Magliulo et al. [28], who showed that more
refined modelling for dowel connections does not improve the accuracy
of collapse condition assessments.

Finally, for EE4, the sliding connections are modelled using a pair of
FlatSliderBearing elements linking the cladding-to-frame assembly.
These elements incorporate Coulomb friction (z = 0.22 based on Dal
Lago and Lamperti Tornaghi [66]) and elastic shear springs in the
out-of-plane direction with stiffness kspeqr = 250 kN/m. Axial restraints
are perfectly rigid, whilst torsional and bending rotations are free.
Non-linear springs are applied in parallel with those simulating the
behaviour of the existing connections. When the cladding panel con-
nections reach their maximum displacement, the MinMax material
command simulates the failure of the connection. Afterward, the panels
lose two degrees of restraint. If another connection on the same panel
reaches its maximum displacement and the MinMax material is activated
again, the panel collapses due to lack of restraints. Other retrofit solu-
tions involve the installation of stiff metallic brackets between the
structural members of the frame structure using post-installed me-
chanical fasteners. These brackets are assumed to be very stiff, and the
deformability of the joint is modelled based on the fasteners only.
Non-linear springs are defined in parallel and/or in series based on the
configuration of the connections, with non-linear force-displacement
laws calibrated from original experimental tests conducted in both axial
and shear directions with respect to the diameter 16 mm-fasteners
installed in concrete with similar class to the investigated structure.
Table 7 shows the constitutive parameters of the force-deformation laws
adopted for axial and shear behaviour of a single fastener based on the
Hysteretic model previously presented in Fig. 9c. Table 8 groups the
clusters of shear and axial springs for each roof-to-beam, beam-to--
column, and roof-to-column connection along X- and Z-axis. Spring
clusters are annotated combining the following operators: parallel (||),
series (+), axial (A), shear (S).
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6. Performance-based seismic assessment
6.1. Pushover analysis

The first comparison between the original and the retrofitted struc-
tures is carried out using non-linear static analyses (pushover) in both
principal directions. The results are summarised in Fig. 10 for all four
case study buildings in terms of lateral strength ratio (i.e. base shear
normalised by the total mass of the roof) versus roof displacement. The
main finding from the normalisation is that buildings EE1 and EE3
exhibit maximum lateral strength ratios greater than one, while ratios
for EE2 and EE4 remain consistently below one. The primary difference
between these buildings is the presence of infill walls. This difference
was also evident in the non-normalised version of the pushover curves.

In building EE1 (Fig. 10a), the masonry infills provide high initial
stiffness, particularly in the longitudinal direction (Z). In the original,
unretrofitted model, non-linearities occur at low lateral displacements
due to the formation of plastic hinges. In the transverse direction (X),
plastic hinges form at the base of the columns. In both directions, flex-
ural hinges develop in the columns at the location of the ribbon glazing
system, a phenomenon commonly known as the “squat column” effect.
In the original model, after dowel collapse in the joints, there is also a
loss of support in both directions, with the pushover curve becoming
flat. In the retrofitted model, the introduction of pinned connections
affects the base shear resistance, especially in the longitudinal direction.
Concrete jacketing significantly increases not only the shear capacity,
but also the initial stiffness and global ductility. In the transverse di-
rection, the formation of plastic hinges is preceded by the failure of the
compressed struts in the wall infills.

A different behaviour is observed in Building EE2 (Fig. 10b), where
the cladding panels connected to the main elements increase the overall
structural stiffness, although their effectiveness is lower than that of
masonry infills. The failure of the roof-beam connection is the governing
collapse mechanism in the longitudinal direction, while reaching the
flexural capacity of the column base determines the global failure mode
in the transverse direction. The elastic range extends to the activation of
the roof-to-beam mechanical connections once the frictional forces are
overcome. The onset of non-linearity corresponds to yielding at the
column base. Performance improvements are also significant in terms of
displacement ductility (especially along the X-axis) and shear capacity
(especially along the Z-axis).

The pushover curves of building EE3 (Fig. 10c) display an initial stiff
elastic phase resulting from interaction with the masonry infills, while
the non-linearities are governed by friction. Although the original design
of the building accounts for seismic actions, the calculated horizontal
design forces at the connections are lower than the frictional resistance
of the connection. Therefore, mechanical restraints required by the
1970s regulations are unnecessary. Additionally, the rigid roof dia-
phragm causes simultaneous in-plane sliding of all principal beams in
the event of incipient collapse of the beam-to-column connections. In the
retrofitted configuration, the slope of the initial stage increases due to
the greater shear stiffness of the dowel connections compared to the
neoprene pads in the friction-based supports. A sharp increase in lateral
load capacity is observed in both directions. All infill walls reach
maximum strength at the same displacement demand, after which
softening occurs due to the reduction in cladding resistance, down to the
residual strength of the bare frame.

Building EE4 (Fig. 10d) exhibits considerable flexibility due to
deformable diaphragm effects and significant second-order effects
resulting from the slenderness of the columns. In the elastic phase, the
frame structure interacts with the external horizontal cladding panels,
but this stiffening contribution gradually diminishes as the connection
system between the panels and the frame fails sequentially. Depending
on the loading direction, the panel connections fail both in-plane and
out-of-plane. The connection of the secondary columns supporting the
panels to the main frames positively affects the ultimate shear capacity,
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Fig. 10. Normalized pushover response for original building configuration and investigated retrofit strategies, for both horizontal directions. (a) EE1, (b) EE2, (c)

EE3, and (d) EE4.

particularly in the longitudinal direction (Z). It prevents out-of-plane
collapse of the panels and enables all panel-supporting columns to
fully contribute to the building’s shear capacity until collapse begins. In
both the original and retrofitted configurations, building failure is
initiated by the collapse of the dowel connections between the roof and
the beams, followed by an immediate loss of support for the roof ele-
ments after severe connection damage and concrete spalling. However,
retrofitting the roof-to-beam dowel connections enhances both shear
strength and ductility, enabling the roof-to-beam connections to with-
stand increased diaphragm action and better utilise the rotational ca-
pacity of the main frame columns.
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6.2. Multi-stripe analysis

The ground motions and intensity levels were selected in accordance
with the RINTC project [68,77], corresponding to the different building
typologies considered in the project (i.e. masonry, RC, base-isolated, and
steel buildings). Seismic records were selected using a state-of-the-art
methodology, consistent with hazard-based spectral shapes and source
characteristics in terms of magnitude and distance, based on the con-
ditional spectrum method [78]. The method was further refined to
ensure the selected records were consistent with earthquake magnitude
and epicentre distance from hazard disaggregation [79]. The records
were obtained from the Italian accelerometric archive [80] and,



L. Capacci et al.

Table 9
Synoptic table on UPD and GC performance levels in the as-is and retrofitted
configurations.

Building EE1 EE2 EE3 EE4
UPD 0.5 % column Column Relative Column-to-
As-is drift OR yielding beam-to- panel
relative joint rotational column connection
displacement capacity OR displacement in-plane or
equal to 10 % roof-to- equal to 10 % out-of-plane
of half of the beam of the support failure
size of the connection length
column cross- yielding OR
section cladding
panels
collapse
UPD 0.5 % column Column shear base Column-to-
Retrofitted  drift yielding equal to 95 % panel
rotational of the base connection
capacity OR shear; in-plane or
roof-to- at least 50 % out-of-plane
beam of the infill failure OR
connection panels reaches  sliders peak
yielding OR their limit relative
cladding maximum displacement
panels strength;
collapse at least one
infill reaches a
50 %
degradation of
its maximum
strength
GC Post-peak Column Beam loss of Post-peak
As-is 50 % drop in ultimate support 50 % shear
base shear rotational capacity
capacity capacity column drift
column drift (associated OR beam-to-
OR with 50 % roof dowel
Beam support strength limit relative
loss loss) OR displacement
roof-to-
beam
connection
collapse
GC Post-peak Column Post-peak Post-peak
Retrofitted 50 % drop in ultimate 50 % drop in 50 % shear
base shear rotational base shear capacity
capacity capacity capacity top column drift
column drift (associated displacement; OR beam-to-
with 50 % Shear failure roof fasteners
strength of the dowel limit relative
loss) OR displacement
roof-to-
beam
connection
collapse

alternatively, from the NGAWest2 database [81]. For the specified site
of L’Aquila and for the natural vibration (first mode) period of each
building, 200 pairs of record datasets were extracted. Specifically, each
record dataset comprises 20 pairs of ground motion signals compatible
with 10 reference intensity levels, reflecting different earthquake return
periods: [10; 50; 100; 250; 500; 1'000; 2'500; 5'000; 10'000; 100'000]
years.

The seismic assessment is carried out using two performance levels:
Global Collapse (GC) and Usability Preventing Damage (UPD).
Following the multi-criteria approach of Iervolino et al. [69], appro-
priate Engineering Demand Parameters (EDPs) are selected to charac-
terise the structural performance of both as-is and retrofitted buildings.
The performance criteria for GC are based on global deformation ca-
pacity, expressed as roof drift ratios corresponding to a specified level of
strength degradation for the entire building (i.e., the post-peak drift at
50 % of the shear capacity on the pushover curve). Additional criteria
address the occurrence of local failure modes that may compromise the
overall stability of the structure under gravity and lateral loads, such as
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joint failure and beam unseating. The UPD performance criteria concern
the onset of either widespread minor damage or severe localised damage
that causes significant disruption of use. Conventional limits are also
imposed to control global deformation capacity (i.e., roof drift ratio
above 0.5 % and total base shear above 95 % of the maximum base shear
of the as-is structure).

The variability of the seismic demand for each building is entirely
attributed to record-to-record variability of the structural response, with
model uncertainties disregarded. Therefore, 20 nonlinear time history
analyses were performed using the ground motion suite for each “stripe”
associated with an intensity level. Table 9 summarises the conventional
failure modes and the EDP threshold values for UPD and GC perfor-
mance levels adopted for each case study building. The functional
meaning of the performance levels for each building is crucial to
addressing seismic risk in both as-is and retrofitted buildings. The UPD
performance level guarantees immediate occupancy and business con-
tinuity without significant damage to non-structural elements. Industrial
operations would become untenable due to yielding of diaphragm
connections (EE1 and EE3) and column base rotations (EE2), significant
stresses on infill walls (EE3), connection failure between cladding panels
and main frames (EE2 and EE4), and exceeding conventional limits for
roof displacements (EE1). In contrast, the GC performance level denotes
exhaustion of the structural system and the onset of kinematic mecha-
nisms threatening life safety. The governing failure mode depends on the
main vulnerabilities of each structural typology, including loss of sup-
port of beams (EE1 and EE3), ultimate rotational capacity of columns
(EE2), ultimate deformation and strength capacity of diaphragm dowels
and fasteners (EE2, EE3 and EE4), and conventional limits for roof dis-
placements (EE1).

Fig. 11 shows the Usability Preventing Damage (UPD) and Global
Collapse (GC) performance levels. The stacked bar charts represent the
observed failure frequency for each performance level, while the
demand-to-capacity ratios for all non-failed samples are indicated by
dotted markers. Both the bar charts and markers are filled in cyan for
UPD and magenta for GC. For each building, two separate graphs are
shown for the as-is and retrofitted configurations, on the left and right
sides respectively.

It is worth noting that the GC bars are superimposed on the UPD bars,
as the damage precedes the collapse. In building EE1 (Fig. 11a),
strengthening the beam-to-column connections and jacketing the con-
crete columns slightly affects the UPD capacity. Conversely, there is a
significant improvement in the GC performance level due to the pre-
vention of beam support loss and the considerably greater lateral
resistance of the retrofitted model compared to the original building
configuration. The reduction in seismic fragility for building EE2
(Fig. 11b) is significant for both the UPD and GC performance levels.

The UPD demand always exceeds the capacity from the 4th stripe in
the original configuration, whereas only a small number of analyses
indicate UPD failure even at the 10th and final stripe after retrofitting.
The amplification also provides a significant benefit to GC performance,
as collapse does not occur even at the last stripe. Fig. 11c illustrates the
improvement in the seismic performance of the EE3 building, particu-
larly for the UPD limit condition, by increasing the average attainment
of UPD capacity from the 3rd to the 6th stripe. It is also shown that the
retrofit measures implemented for the GC condition ensure safety for
seismic actions with a return period of 475 years, corresponding to a life
safety limit state. Finally, the retrofit measures in building EE4 can
significantly improve both performance levels investigated by
increasing the failure capacity of panel-to-column and beam-to-roof
connections. The graphs in Fig. 11d show that the average UPD and
GC capacities can be improved from the 3rd to the 6th stripe and from
the 5th to the 7th stripe, respectively.

6.3. Fragility curves and failure rates

Seismic risk is assessed for both UPD and GC performance levels
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configuration. (a) EE1, (b) EE2, (c) EE3, and (d) EE4.

using the R2R-EU software tool, developed within the PBEE paradigm by
Baraschino et al. [82]. The tool estimates structure-specific seismic
fragility from nonlinear dynamic analyses, quantifies uncertainty due to
record-to-record variability, and propagates this to broader risk metrics
such as failure rate. To achieve this, R2R-EU applies bootstrap resam-
pling, a statistical method that generates new data sets of equal size by
sampling with replacement. Regarding failure rate assessment, low-risk
values may be underestimated because the maximum return periods Tg
for site-specific hazard curves are limited to 100,000 years [75].

(d)

Fig. 11. Results of multi-stripe analysis (MSA) in terms of D/C ratios and failed analyses for UPD and GC performance targets for the as-is and retrofitted
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This limitation of the hazard curves to 107° implies that all failure
rate estimates lower than 107° should be considered unreliable. There-
fore, a lower limit of 10~° should be assigned to the failure rate estimates.
The Demand/Capacity (D/C) ratios determined by MSA are the engi-
neering demand parameters used to derive the best estimates of the
lognormal fragility curves and the mean annual failure rates. The pa-
rameters for the lognormal fragility curves and the failure rates are
preferably estimated using the maximum likelihood (ML) method [83,
84] with 500 bootstrap extractions to obtain the expected values of the
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Table 10
Estimated seismic risk parameters for all case study buildings for UPD and GC performance targets.
Building Configuration UPD GC
0 [g] [} A [1/yrs] 0 [g] p A [1/yrs]
EE1 Original 0.494 0.399 6.42 x 102 1.977 0.425 5.42 x 1074
Retrofitted 0.612 0.322 3.95 x 1072 6.179 0.445 8.11 x 107>
EE2 Original 0.043 1.114 4.67 x 1072 0.468 1.764 8.98 x 1073
Retrofitted 16.912 1.831 2.80 x 1074 - - <107°
EE3 Original 0.409 0.335 8.15x 1072 1.322 0.567 7.51 x 1074
Retrofitted 1.162 0.279 1.18 x 1073 2.887 0.887 7.22 x 1074
EE4 Original 0.036 0.362 9.64 x 102 0.129 0.457 2.10 x 1072
Retrofitted 0.187 0.372 1.14 x 103 0.227 0.289 7.84 x 1074
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Fig. 12. Fragility curves for UPD and GC performance targets for original building configuration and investigated retrofit strategies. (a) EE1, (b) EE2, (c) EE3, and

(d) EE4.

failure rates and fragility parameters.

Collapse due to numerical instability or lack of convergence in the
analysis is incorporated into the failure estimation procedure by
adjusting the failure frequency at the stripes where such failures occur.
Other statistical fitting methods, such as nonlinear least squares
regression and the normal probability paper, are also used when
convergence issues affect the maximum likelihood method. It is
important to emphasise that the fragility curves and failure rates
determined for the case study building cannot be easily generalised to
other sites. Results may vary due to site-specific hazard characteristics,
and different retrofit strategies may be preferable depending on site
conditions.

Table 10 presents the numerical values of the following seismic risk
parameters: (1) the median seismic capacity 6, (2) the logarithmic
standard deviation f, both estimated from the fragility curve fitting
procedure, and (3) the mean annual failure rate 1. Fig. 12 and Fig. 13
show the lognormal fragility curves and the mean annual failure rate of
exceedance of UPD and GC performance targets, respectively, for all
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case study buildings in the original configurations and with the retrofit
strategies investigated. The reliability of the R2R-EU computational tool
is ensured by its validation for probabilistic seismic risk assessment of
various structural typologies. In addition, the intensive nonlinear static
and dynamic analyses conducted in OpenSees provide robust results in
terms of pushover curves and D/C ratios, confirming the effectiveness of
the retrofit solutions used. The fragility parameters and failure rate es-
timates derived from D/C ratios are consistent with the previously ob-
tained results of static analyses.

A key benchmark for quantitatively interpreting the effectiveness of
retrofit interventions is provided by the target failure rates implicitly
defined by the design procedures regulated by the Italian building code
for new buildings. Both UPD and GC implicit failure rates of code-
compliant precast RC structures were numerically assessed by Iervo-
lino et al. [22] for multiple sites and soil conditions. Based on simulated
design and non-linear seismic analysis of code-compliant archetype
structures, the estimated target failure rates for RC structures at the
L’Aquila site with soil type C are approximately 6 x 103 for UPD and
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Fig. 13. Mean annual failure rates for UPD and GC performance targets for original building configuration and investigated retrofit strategies. Reference target
values at both limit states are also indicated. (a) EE1, (b) EE2, (c) EE3, and (d) EE4.

107* for GC. The UPD failure rate estimates are below the corresponding
target values for all retrofitted buildings, demonstrating that the pro-
posed retrofit strategies can effectively prevent excessive damage that
would impair the usability of the industrial facility for the reference
hazard level. However, only the buildings retrofitted with invasive in-
terventions such as column jacketing (i.e., EE1 and EE2) show failure
rates below the reference GC target.

7. Conclusions

This study examined the impact of various seismic retrofit strategies
to enhance the performance of existing precast concrete industrial
buildings designed under earlier national codes. Four case studies were
analysed, with solutions ranging from local, low-invasive retrofits to
global, highly invasive interventions. Depending on each building’s
vulnerabilities, strategies included strengthening structural connections
(beam-to-column, roof-to-beam), improving structural-to-non-structural
connections (panel-to-column), increasing column capacity through
jacketing, and installing energy dissipation devices. The retrofit solu-
tions considered were developed using code-compliant approaches to
simulate current simplified engineering design procedures. The study
adopted a Performance-Based Earthquake Engineering (PBEE) frame-
work to quantitatively validate the probabilistic reliability of these code-
compliant strategies. The effectiveness of these measures was assessed
by analysing the seismic response, deriving fragility curves, and
comparing the failure rates of the case-study buildings in both as-is and
retrofitted conditions.

The probabilistic assessment highlights a clear distinction in the
effectiveness of the investigated retrofit strategies with respect to the
Global Collapse (GC) limit state. Highly invasive global strengthening
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interventions, such as the RC jacketing adopted for EE1 and EE2, are
confirmed as the most reliable solutions, achieving the code-implied
target failure rate. In contrast, for EE3 and EE4, local, less invasive
strategies led to significant reductions in seismic risk but did not meet
the same probabilistic threshold. This confirms that code-compliant
retrofit measures cannot always guarantee the highest expected reli-
ability against collapse. For the UPD limit state, all interventions were
uniformly effective, reducing the annual failure rates below the target
values for all archetypes and confirming the positive influence of
structural enhancement on the performance of non-structural compo-
nents. These results highlight the engineering trade-off that inherently
exists between safety and practicability: global interventions provide the
highest long-term reliability but involve greater costs and construction
impact, while local ones offer better feasibility and limited operational
disruption at the expense of a higher residual probabilistic risk of
collapse. Overall, this dual approach supports the validation of modern
codes and provides a crucial data-driven framework for risk-informed
decision-making regarding the structural retrofitting of existing pre-
cast industrial facilities.
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