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Abstract

The assessment of seismic performance of existing buildings has traditionally focused on
structural safety and damage limitation, often neglecting the explicit quantification of the
associated economic consequences. In recent years, performance-based earthquake engi-
neering (PBEE) frameworks have enabled a direct link between structural response and
probabilistic loss estimation, allowing economic metrics to be integrated into seismic risk
evaluation. Among these, the Expected Annual Loss (EAL) represents a comprehensive
indicator that accounts for seismic hazard, structural vulnerability, and exposure over the
building’s lifetime. This study presents a performance-based seismic loss assessment of
an existing reinforced concrete building, adopting EAL as a global metric for seismic per-
formance evaluation. The case study concerns an existing hospital building designed pri-
marily for gravity loads and representative of a large portion of the Italian building stock.
A detailed nonlinear numerical model is developed using OpenSees ver. 3.8.0, incorpo-
rating shear-critical behavior through nonlinear link elements. Structural performance is
evaluated through modal analysis, pushover analysis, and nonlinear time-history anal-
yses using a set of ground motions selected and scaled according to intensity-based crite-
ria. Seismic losses are estimated following the FEMA P-58 methodology, implemented
through the PACT software ver. 3.1.2, integrating structural response demands, compo-
nent fragility functions, collapse probability, and seismic hazard curves. Probabilistic loss
curves are derived, and the EAL is computed as a synthetic indicator of economic seismic
performance. The results highlight the effectiveness of EAL in capturing the combined
effects of seismic hazard and structural vulnerability, demonstrating its potential as a ro-
bust decision-support metric for seismic risk mitigation, retrofit prioritization, and insur-
ance-related applications for existing buildings.

Keywords: existing buildings; performance-based earthquake engineering; seismic risk
evaluation; Expected Annual Loss (EAL); reinforced concrete building; FEMA P-58

1. Introduction

Natural hazards continue to pose a major threat to societies worldwide, generating
substantial human and economic losses each year. Among them, earthquakes represent
one of the most severe sources of risk due to their destructive potential and wide-ranging
consequences on the built environment. At the global scale, seismic risk translates into
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significant economic burdens, often quantified as a percentage of the gross domestic prod-
uct (GDP) [1-5], affecting both developed and developing countries [6-8]. Europe is not
exempt from this condition, and within the European context, Italy stands out as one of
the most seismically exposed countries, ranking among the highest in terms of potential
economic losses relative to national wealth [9-13].

Seismic events can lead to catastrophic scenarios characterized by casualties, disrup-
tion of essential services, and extensive damage to residential and strategic assets. Histor-
ically, a significant portion of the economic losses has been compensated through public
funding mechanisms, while the role of private insurance systems has remained relatively
limited [14-16]. This imbalance exposes national economies to considerable financial pres-
sure and highlights the need for more resilient and sustainable risk-sharing strategies, in-
cluding a broader adoption of insurance-based solutions specifically designed to address
natural hazards [17-19].

The magnitude of seismic risk is further emphasized when considering the exposure
of the building stock. For instance, in Italy alone, millions of residential units are located
in areas classified as medium to high seismic hazard, representing a total asset value of
several trillion euros [11,20-23]. This risk is amplified by the strong concentration of
household wealth in real estate and by the high percentage of homeownership, which
makes families particularly vulnerable to seismic losses. Despite this, insurance penetra-
tion for natural hazards remains extremely low, covering only a marginal fraction of the
building stock [23-25]. Similar trends, although with regional differences, can also be ob-
served in other European countries, reinforcing the need for improved risk quantification
and management tools at both national and international levels.

Post-earthquake reconnaissance studies [26] have repeatedly highlighted recurring
patterns of structural damage across different seismic events [27,28]. These observations
reveal significant vulnerabilities affecting a wide range of construction typologies, includ-
ing reinforced concrete buildings [27,29-31], precast systems [27,32-34], lightweight con-
crete structures with infill panels [35-37], and steel frameworks [27,38—40]. Such deficien-
cies are largely associated with the fact that a substantial portion of the existing building
stock was designed according to outdated seismic provisions [41,42], which did not incor-
porate modern performance-based criteria. As a result, many structures exhibit inade-
quate seismic behavior when subjected to current hazard levels.

Recent earthquakes have also shown that even moderate seismic events can produce
non-negligible damage, not only to structural components but also to non-structural ele-
ments [43-46]. The associated repair costs required to restore pre-event conditions can
represent a significant share of the total reconstruction cost and, in some cases, may even
become economically unsustainable, particularly in regions characterized by moderate-
to-high seismicity. These findings have progressively shifted the focus of seismic engi-
neering from a life-safety-oriented perspective toward a broader evaluation framework
that explicitly considers economic consequences and functionality losses [47-52]. Within
this context, the present study focuses on the seismic performance assessment of an exist-
ing reinforced concrete building constructed in the 1970s, representative of a large portion
of the European building stock designed primarily for gravity loads [27]. The selected case
study is a hospital facility, thus characterized by strategic importance and the need to
ensure post-earthquake functionality. The building exhibits construction details, material
properties, and design assumptions that differ significantly from those adopted in modern
practice, reflecting the substantial evolution of seismic design codes over the past decades
[27,41,42,53].

The analysis is conducted within the framework of Performance-Based Earthquake
Engineering (PBEE), as formalized in the FEMA P-58 [54,55] methodology developed by
the Federal Emergency Management Agency in collaboration with the Pacific Earthquake

https://doi.org/10.3390/buildings16132529


https://doi.org/10.3390/buildings16132529

Buildings 2026, 16, 2529

3 of 31

Engineering Research (PEER) Center and other research institutions. This approach pro-
vides a probabilistic framework that integrates seismic hazard, structural response, and
damage assessment, ultimately leading to quantitative estimates of performance in terms
of economic losses [50,55-57]. The methodology relies on the definition of fragility func-
tions for both structural [58] and non-structural components [59], as well as on the evalu-
ation of repair costs, downtime, and potential casualties associated with different damage
states.

The implementation of the PBEE methodology in this study is carried out using the
PACT ver. 3.1.2 (Performance Assessment Calculation Tool) software [60-62], which ena-
bles a comprehensive loss assessment by combining structural analysis results with prob-
abilistic models of damage and consequence. The building model incorporates infor-
mation on geometry, construction costs, and occupancy patterns, together with engineer-
ing demand parameters derived from nonlinear analyses.

The primary objective of this research is to identify and evaluate a synthetic perfor-
mance indicator capable of quantifying the expected economic losses associated with seis-
mic events over time. In this regard, the Expected Annual Loss (EAL) is adopted as a
global metric, as it explicitly accounts for both the seismic hazard and the vulnerability of
the structure, providing a direct measure of the average yearly economic impact [63,64].
The use of EAL allows for a more comprehensive and decision-oriented assessment of
seismic performance, providing a quantitative economic metric that may support future
risk-informed decision-making and retrofit evaluation processes.

2. Structural Description and Numerical Model

The case study building examined in this research belongs to a larger hospital com-
plex composed of several structurally distinct blocks (Figure 1a—Policlinico of Modena,
city of Modena, Italy). Owing to the presence of structural joints between adjacent units,
the seismic assessment could be limited to a single building (Block A) without explicitly
considering the interaction with the surrounding parts of the complex. According to the
current urban planning classification, the area is designated for healthcare and hospital
facilities, while the specific block investigated in this study is intended for inpatient use.
This aspect is also relevant for the subsequent economic assessment, since the building
function affects the estimation of replacement and repair costs.

(a) Global view. (b) Block A.

Figure 1. (a) Overview of the hospital complex, highlighting the different structural blocks; (b) view

of the analyzed building (Block A), selected for the seismic and loss assessment.
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Although the selected case study is located in Italy, the investigated structural typol-
ogy is representative of a much broader class of existing reinforced concrete buildings
constructed before the widespread adoption of modern seismic design principles. Similar
gravity-load-designed buildings can be found throughout Southern Europe, the Mediter-
ranean region, and many seismic areas worldwide. Consequently, the significance of the
present study extends beyond the specific case considered, providing insights into the
expected seismic losses and long-term economic consequences associated with a large
stock of vulnerable existing buildings.

The structure consists of a reinforced concrete moment-resisting frame system (Fig-
ure 1b) with a total height of 33.8 m, including 27.0 m above ground and 6.8 m below
ground. The plan layout, shown in Figure 2a, remains essentially constant along the build-
ing height and refers to a ten-level configuration. From a structural standpoint, the build-
ing is composed of four main frames parallel to the x-direction, spaced in the transverse
y-direction by 4.90 m, 2.95 m, and 6.55 m, respectively. These frames are mainly connected
by perimeter (secondary) beams, with the exception of one specific beam element high-
lighted in Figure 2a (in yellow color).

In elevation, the building comprises eight above-ground stories and two basement
levels. For the purposes of the structural model developed in this study, the eight above-
ground stories were explicitly considered as the primary seismic-resisting portion of the
structure (Figure 2b). The typical interstory height is 3.40 m, except for the ground floor,
where it is equal to 3.20 m. The vertical resisting system is made of columns with cross-
sections increasing toward the foundation level, consistently with gravity load demand
and tributary area. More specifically, the column dimensions vary from a minimum cross-
section of 0.40 m x 0.40 m at the upper stories, where 41 columns are present at the seventh
floor, up to a maximum cross-section of 0.55 m x 0.55 m at the foundation level. All col-
umns are characterized by a concrete cover of 20 mm and transverse reinforcement con-
sisting of two-legged stirrups with diameter 6 mm spaced at 25 cm. The beam system also
varies depending on the position in plan, although the beam arrangement is repeated
story by story. Internal beams have a cross-section of 1.20 m x 0.30 m, whereas perimeter
beams, arranged in an edge configuration, exhibit cross-sections equal to 0.30 m x 0.60 m,
0.50 m x 0.40 m, and 0.40 m x 0.60 m.
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(a) Plan view. (b) Numerical Opensees fiber model.

Figure 2. (a) Plan view of the analyzed building (Block A), showing the structural layout and frame
distribution; (b) three-dimensional OpenSees numerical model based on fiber-section elements used

for nonlinear analysis.

Once the main geometric and mechanical features of the building had been identified
from the original design drawings, a numerical model was developed in OpenSees [65]
(Figure 2b). The analytical model was initially constructed using the classical distributed-
plasticity fiber-section formulation originally proposed by Spacone et al. in [66] and
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widely adopted in nonlinear seismic analysis of reinforced concrete frame structures (sec-
tion Fiber as Opensees command). This modeling strategy is well established for capturing
flexural nonlinearities and the spread of plasticity along beams and columns. However,
for existing reinforced concrete buildings designed prior to modern seismic provisions
[27], shear behavior may become a critical issue [67,68], especially in elements with inad-
equate transverse reinforcement and limited ductility capacity. In such cases, a flexure-
dominated fiber model alone may not be sufficient to represent the actual response, as it
can underestimate brittle or semi-brittle shear-related damage mechanisms [69-71]. For
this reason, the original OpenSees model [65,66] was enhanced in order to improve the
representation of the shear response at the ends of beams and columns. Rather than as-
suming full continuity of the elastic frame element at its extremities, a concentrated non-
linear shear link was introduced through a zero-length (ZeroLength as Opensees Com-
mand) element associated with an appropriate constitutive law (UniaxialMaterial Pinch-
ing4 as Opensees command). This modeling approach made it possible to decouple the
flexural response of the member from its local shear behavior and to explicitly simulate
the progressive degradation of shear resistance. The final modeling layout is shown sche-
matically in Figure 2b related to the homemade shear improvement of the originally im-
plemented in Opensees fiber model.

The nonlinear shear springs were implemented in OpenSees through the Uniaxial-
Material Pinching4 command. Starting from the basic hysteretic formulation permitted by
this material model (Figure 3a), an idealized constitutive relationship made of three linear
branches was defined, as illustrated in Figure 3b. The first branch represents the initial
elastic response, governed by the initial shear stiffness K;,, which controls the slope of the
ascending branch and is required to determine the displacement corresponding to the
maximum shear strength, denoted as ePd3. This quantity can be evaluated as the ratio
between the maximum shear force V., and the initial stiffness. The initial stiffness was
computed by considering only the shear contribution, according to:

o G A
in H

M

where G is the shear modulus, 4; is the area of the considered structural member, and
H is the corresponding column height or beam span length, depending on the element
under examination. The same parameter was also used to define the residual stiffness,
assumed equal to:

Kies = 0.8+ Ky (2)

The maximum shear strength was evaluated according to the shear resistance
V.es model proposed by Sezen and Moehle in [72], which was calibrated on a broad exper-
imental database [37,67,68] and explicitly accounts for the key parameters governing the
shear capacity of lightly detailed reinforced concrete elements [37,73]. These include the
dimensions of the member cross-section, the shear span, the concrete strength, the amount
of transverse reinforcement, and the axial load acting on the element. According to this
approach, the nominal shear strength is expressed as the sum of the concrete and trans-
verse reinforcement contributions:

o=V +V ®)

As far as the concrete contribution V, is concerned, the adopted formulation is based
on the assumption that diagonal tension governs the onset of shear cracking [74]. The in-
itiation of the first inclined cracks is associated with the attainment of the principal tensile
stress capacity under a plane stress condition in the x —y plane. The principal tensile
stress g; can be written as:
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(4)

where o, and o, are the normal stresses along the x and y directions, respectively,
while 7 is the shear stress acting on the corresponding faces. Within this framework, the
concrete shear contribution is linked to the tensile strength of concrete and to the stress
state developing within the member prior to diagonal cracking, whereas the steel contri-
bution V; is associated with the action of transverse reinforcement crossing the inclined
crack pattern. For reinforced concrete columns with poor transverse detailing, the con-
finement effect provided by stirrups can be considered negligible. Under this assumption,
the stress component g, may be neglected, whereas the normal stress in the longitudinal
direction o, of the member can be expressed as —Ail where P is the axial load and 4, is

the gross cross-sectional area of the column. By further assuming that diagonal cracking
initiates when the principal tensile stress o; reaches the tensile strength of concrete, taken
as fo = O.SJE (the concrete compressive strength in [MPa]), Equation (4) can be rear-
ranged to explicitly derive the shear stress 7 corresponding to crack initiation. This al-
lows the concrete contribution to shear resistance to be related to the axial stress level and
to the tensile capacity of the material, providing a rational estimate of the onset of diagonal
tension failure:

in [MPa] )
Load 4 Vo4
(ePd3,ePf3)
epaz,erfs - Kres
/ | Vmax N
[ erdrerfny | ) \
/ |(ePd4,epr4) Vres |
_g"f Kin
> / >
Displacement Displacement
|
\ yd }
\ /S \/
| v
(@) (b)

Figure 3. (a) Reference hysteretic response of the Pinching4 material model implemented in Open-
Sees; (b) idealized trilinear constitutive law adopted for modeling the shear behavior of beam-col-

umn elements.

Let a denote the distance between the critical section, where the maximum bending
moment develops, and the inflection point of the member, while d represents the dis-
tance between the extreme compression fiber of the section and the centroid of the tensile
longitudinal reinforcement. According to the model proposed in the ASCE-ACI Commit-
tee 426 Report [75], the shear strength should be evaluated as a function of the inverse
shear—span ratio %, with the recommended applicability range limited to 2 « g K 4.

Moreover, by assuming that only an effective area equal to 0.8-A4; contributes to the
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shear-transfer mechanism, the concrete contribution to the nominal shear strength (mov-
ing from Equation (5)), V. can be expressed as:

0.5./f/ P
V.= VI 1+ 0
a/d 0.5\/f! - A,

84, in [MPa] 6)

This formulation highlights the influence of both the axial compression level and the
shear-span ratio on the concrete shear capacity, consistently with the experimental evi-
dence on lightly reinforced existing reinforced concrete members.

With regard to the contribution of transverse reinforcement, the adopted approach
follows the formulation provided in ACI 318-2002 [76], according to which the shear re-
sistance offered by stirrups can be expressed as:

s

@)

N

where A,, is the area of transverse reinforcement within spacing s, f, is the yield
strength of the stirrups, and d is the effective depth of the section. The coefficient «,
which accounts for the inclination of shear cracks and the effectiveness of the transverse
reinforcement, is taken equal to unity, consistently with both the ACI provisions [76] and
the assumptions adopted in this study.

By combining the contributions of concrete (Equation (6)) and transverse reinforce-
ment (Equation (7)), the nominal shear strength of the member (Equation (3)) can be ex-
pressed as:

_Aufyd  05F
= + .
s a/d

8)

This formulation enables a comprehensive evaluation of the shear capacity, account-
ing for both the material resistance and the structural detailing of the member. In the con-
text of existing reinforced concrete buildings, where transverse reinforcement is often in-
sufficient and poorly detailed, the contribution of V; may be limited, making the accurate
estimation of V. and its degradation particularly critical for capturing the onset of brittle
shear mechanisms. Furthermore, the maximum shear strength V,,,, is required to define
the residual shear capacity, assumed equal to Vs = 0.2 - V,,,,. This parameter represents
the post-peak shear resistance of the element and is used to capture the strength degrada-
tion associated with damage progression under cyclic loading.

The introduction of the shear links (Equation (8) and Figures 2b and 3) required sub-
stantial modifications to the original finite element model. In particular, the procedure
culminated in the implementation of zero-length elements connecting duplicated nodes
at the member ends so that the nonlinear spring could be placed between the original
structural node and the node associated with the beam—column element. This strategy
allowed the local shear deformability and degradation to be concentrated at the critical
sections while preserving the global flexural behavior of the frame members. In this way,
the numerical model became more suitable for capturing the expected response of existing
gravity-load-designed reinforced concrete buildings, in which local brittle mechanisms
may significantly influence the global seismic performance.

Overall, the adopted modeling approach provides a refined yet computationally
manageable representation of the structure, capable of reproducing both distributed flex-
ural nonlinearities and localized shear-sensitive response. This aspect is particularly im-
portant for the subsequent performance-based assessment, since the reliability of the esti-
mated engineering demand parameters strongly depends on the ability of the numerical
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model to represent the actual damage mechanisms governing the seismic behavior of the
building.

The adopted numerical strategy is based on modeling approaches that have been ex-
tensively employed and validated in the scientific literature for the seismic assessment of
reinforced concrete frame structures. In particular, the distributed-plasticity fiber formu-
lation implemented in OpenSees has been widely recognized as an effective tool for sim-
ulating the nonlinear flexural behavior of reinforced concrete members, including stiffness
degradation, strength deterioration, and plastic hinge spread. The reliability of this for-
mulation has been demonstrated through numerous analytical and experimental bench-
mark studies available in the literature.

Particular attention was devoted to the representation of shear-sensitive mecha-
nisms, which are known to play a critical role in gravity-load-designed reinforced concrete
buildings constructed before the introduction of modern seismic provisions. For this rea-
son, the conventional fiber model was complemented by nonlinear shear springs cali-
brated according to the shear strength model proposed by Sezen and Moehle, which was
developed from an extensive experimental database of existing reinforced concrete col-
umns. The introduction of these concentrated nonlinear elements allows the numerical
model to reproduce the premature degradation and brittle failure mechanisms frequently
observed in older reinforced concrete structures.

Furthermore, the consistency between the modal properties obtained from the nu-
merical model, the expected dynamic characteristics of buildings belonging to the same
structural typology, and the observed response during nonlinear static and dynamic anal-
yses provides additional confidence in the capability of the model to realistically represent
the global and local seismic behavior of the investigated structure. Consequently, the
adopted modeling strategy was considered sufficiently robust for the purposes of perfor-
mance-based seismic assessment and probabilistic loss estimation carried out in this
study.

3. Structural Analyses

Following the definition and implementation of the numerical model described in
the previous section, a comprehensive set of structural analyses was carried out to simu-
late the response of the building under both static and dynamic loading conditions. The
adopted analysis framework is consistent with the requirements of PBEE [60,77,78], where
structural response parameters are used as input for subsequent damage and loss assess-
ment. The analytical procedure was organized in a progressive manner. First, linear
modal analysis was performed to characterize the dynamic properties of the structure,
including natural periods, mode shapes, and participating mass ratios. Subsequently,
nonlinear static (pushover) analyses were conducted to investigate the global capacity and
to identify the dominant failure mechanisms under increasing lateral loads. Finally, non-
linear time-history analyses were carried out by subjecting the structure to a set of ground
motion records applied at the base, allowing for a more realistic representation of the seis-
mic response under different intensity levels.

In particular, the dynamic analyses were performed using four sets of accelerograms
characterized by increasing seismic intensity, selected and scaled according to an inten-
sity-based approach consistent with the adopted PBEE framework [60,77,78]. This strat-
egy enables the evaluation of structural response across a range of seismic demand levels,
from moderate to severe events, thus providing the necessary input for probabilistic loss
estimation.

The primary objective of this analysis phase is to determine the Engineering Demand
Parameters (EDPs) required for the subsequent loss assessment carried out using the
FEMA PACT [54,55]. Among these, the interstory drift ratio represents the key parameter,
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as it is directly related to both structural and non-structural damage. Additional response
quantities, such as floor accelerations, are also considered where relevant.

The results obtained from the different analyses are therefore used to establish a con-
sistent link between seismic intensity measures and structural response, forming the basis
for the derivation of fragility functions and the estimation of economic losses. The follow-
ing subsections describe in detail the modal analysis (Section 3.1), the nonlinear static
analysis (Section 3.2), and the nonlinear dynamic time-history analyses (Section 3.3).

3.1. Modal Analysis

Modal analysis was performed as a preliminary step to characterize the dynamic be-
havior of the structure and to identify its fundamental vibration properties. For a complex
reinforced concrete building such as the one investigated in this study, modal analysis
plays a key role in predicting the natural periods of vibration and the associated mode
shapes. These parameters are essential for understanding the global dynamic response of
the structure when subjected to seismic excitation. The analysis was carried out using the
developed OpenSees numerical model [65], assuming linear elastic behavior. The result-
ing natural periods and modal properties are summarized in Table 1. These results pro-
vide a first insight into the dynamic characteristics of the building and serve as a reference
for both the nonlinear static and dynamic analyses described in the following sections.

Table 1. Natural periods and corresponding frequencies of the first three vibration modes obtained

from the modal analysis of the building.

Mode Period [Sec] Frequency [Hz]
1 2.283 0.438
2 1.337 0.748
3 1.273 0.785

To better interpret the structural response, the eigenvectors corresponding to the
dominant modes were extracted with reference to a master node, identified at the level of
a central column of the structure. This approach allows for a clear representation of the
global deformation patterns and facilitates the identification of the governing modes in
each principal direction. The results indicate that the predominant flexural behavior in the
two main horizontal directions is associated with the first and third modes of vibration.
In particular, the first mode (Figure 4) is characterized by a translational response primar-
ily along one principal direction (e.g., y-direction), while the third mode (Figure 5) gov-
erns the flexural response in the orthogonal direction (x-direction). Conversely, the second
mode is mainly torsional, involving rotation of the structure around its vertical axis with
limited contribution to the global translational response.

These findings highlight a non-negligible coupling between translational and tor-
sional behavior, which is typical of existing buildings with irregular stiffness and mass
distribution. The identification of the dominant modes is particularly relevant for the sub-
sequent analyses, as it supports the selection of appropriate lateral load patterns for push-
over analysis and contributes to the interpretation of dynamic response under seismic ex-
citation.

https://doi.org/10.3390/buildings16132529
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First mode
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Figure 4. (a) Storey-wise displacement profile in the y-direction associated with the first vibration
mode; (b) graphical representation of the first mode shape, showing the predominant flexural be-

havior along the y-direction.

Third mode
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(a) (b)
Figure 5. (a) Storey-wise displacement profile in the x-direction associated with the third vibration

mode; (b) graphical representation of the third mode shape, showing the predominant flexural be-

havior along the x-direction.

3.2. Pushover Analysis

The nonlinear static (pushover) analysis was performed to evaluate the global capac-
ity of the structure and to identify the main failure mechanisms under increasing lateral
loads. This procedure consists of an incremental and iterative solution of the nonlinear
equilibrium equations, typically based on the Newton—-Raphson algorithm, applied to a
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Shear [kN]
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3000
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structural model subjected to monotonically increasing horizontal forces. Although sim-
plified, pushover analysis provides a useful approximation of the structural response un-
der seismic actions, with significantly reduced computational effort compared to nonlin-
ear time-history analysis. Moreover, it does not require the definition of input ground
motion records and allows for a straightforward interpretation of results, since displace-
ments and inelastic deformations can be directly related to damage.

The applied load patterns consist of lateral force distributions that are progressively
scaled during the analysis through an automatically updated load factor until structural
collapse or a predefined displacement limit is reached. According to the Italian seismic
code (NTC 2018) [79] and European code [80], at least two categories of load distributions
should be considered: a primary distribution (Group 1) and a secondary distribution
(Group 2). The Group 1 distribution can be defined either as proportional to the equivalent
static forces or to the fundamental mode shape, provided that the participating mass ratio
of the fundamental mode exceeds 75%. Group 2 distributions may include uniform, adap-
tive, or multimodal load patterns, the latter typically involving a combination of several
significant vibration modes. In this study, two pushover analyses were carried out by
adopting only the Group 1 load pattern, defined as proportional to the modal shape gov-
erning each principal direction. Specifically, in the x-direction (Figure 6a), the lateral load
distribution was derived from the third mode of vibration, while in the y-direction (Fig-
ure 6b) it was based on the first mode, consistently with the modal analysis results pre-
sented in Section 3.1. This choice reflects the dominant flexural behavior observed in the
corresponding directions and ensures a more realistic representation of the expected de-
formation pattern.

1400
1200
1000
800
600
400
200

Shear [kN]

0.02 0.04 0.06 0 0.02 0.04 0.06 0.08

Displacement [m] Displacement [m]

(a) Pushover in x-direction. (b) Pushover in y-direction.

Figure 6. (a) Pushover capacity curve in the x-direction obtained using a lateral load distribution pro-
portional to the third vibration mode; (b) pushover capacity curve in the y-direction obtained using a

lateral load distribution proportional to the first vibration mode.

The analyses were conducted to estimate the horizontal capacity of the structure and
to investigate its nonlinear response prior to collapse. The resulting capacity curves (Figure
6) indicate that the structural response is strongly influenced by shear-sensitive behavior. In
particular, the structure is unable to fully develop its theoretical shear capacity due to the
progressive failure of the shear links introduced in the numerical model (Section 2). The
accumulation of local shear failures leads to numerical convergence issues, ultimately inter-
rupting the analysis before a global collapse mechanism can be reached. This behavior high-
lights the critical role of shear mechanisms in existing reinforced concrete buildings de-
signed for gravity loads, where insufficient transverse reinforcement and poor detailing
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may lead to premature brittle failures. The same trend was also observed in several nonlin-
ear dynamic analyses, confirming that local shear degradation significantly affects the
global seismic performance of the structure. These findings underline the importance of in-
corporating refined shear modeling in the numerical analysis, especially when the results
are intended for performance-based loss assessment.

It should be emphasized that the influence of shear degradation is not necessarily re-
flected by a sudden reduction in the global lateral capacity. Owing to the redundancy of the
structural system, local shear failures may be partially compensated by force redistribution
among adjacent members. Nevertheless, the progressive deterioration of the shear links sig-
nificantly affects stiffness degradation, displacement demand, and numerical convergence,
particularly under increasing seismic intensity. Similar observations have been reported in
[81], who highlighted the importance of accounting for shear-sensitive mechanisms in the
estimation of both structural capacity and seismic demand.

3.3. Time History Analysis

Among the available analysis procedures, nonlinear dynamic time-history analysis
represents the most comprehensive approach, as it allows for a direct simulation of the
structural response under realistic seismic input. However, it is also the most computation-
ally demanding and complex method, requiring the selection and scaling of appropriate
ground motion records as well as the definition of a refined nonlinear structural model. In
the present study, nonlinear time-history analyses were performed by applying to the struc-
ture four sets of accelerograms, defined consistently with the InfraNAT project [82] frame-
work, and characterized by different levels of seismic intensity associated with increasing
probabilities of exceedance, as summarized in Table 2. Each set consists of 60 individual
records, including 30 accelerograms applied along the principal X-direction of the building
and 30 along the Y-direction. The corresponding response spectra for each intensity level
are shown in Figure 7, highlighting the variation in seismic demand with increasing return
periods.

Table 2. Definition of the four ground motion sets adopted in the nonlinear time-history analyses,

expressed in terms of probability of exceedance in 50 years and corresponding seismic intensity levels.

- Return Period [Years] Probability of Exceedance

1 98 40% in 50 years
2 224 20% in 50 years
3 475 10% in 50 years
4 975 5% in 50 years

Spectral acceleration (g)

— target

=== target+2+*sigma
—-=- target-2#sigma
— mean recorded

10714

Spectral acceleration (g)

1072 ¢ — target

——- target+2*sigma
=== target-2*sigma
—— mean recorded

107!

T
107! 10°
Period (s)

period (s)

(a) 98 years.

(b) 224 years.

https://doi.org/10.3390/buildings16132529


https://doi.org/10.3390/buildings16132529

Buildings 2026, 16, 2529

13 of 31

10° 1=

10714

Spectral acceleration (g)

— target

——- target+2+sigma
=== target-2*sigma
— mean recorded

10727

Spectral acceleration (g)

— target
—-- target+2*sigma
10721 --- target-2*sigma
— mean recorded

107!

| | T
100 1071 10°
Period (s)

Period (s)

(c) 475 years.

(d) 975 years.

Figure 7. Mean and dispersion of the acceleration response spectra of the selected ground motion sets
for the four seismic intensity levels considered, defined according to different probabilities of exceed-
ance: (a) 98 years; (b) 224 years; (c) 475 years; (d) 975 years.

A total of 120 pairs of bidirectional ground motions were considered, corresponding to
30 pairs for each of the four intensity levels. These analyses provided a statistically robust
dataset of structural responses, enabling the evaluation of demand parameters across a wide
range of seismic scenarios. For each intensity level, the maximum interstory drift ratio (IDR)
profiles were computed, representing the primary Engineering Demand Parameter (EDP)
adopted in this study. The IDR is widely recognized as one of the most effective indicators
of structural and non-structural damage [27,45,83], as it directly correlates with damage in
beam-—column joints, columns, beams, and infill panels. The focus on interstory drift is con-
sistent with the objectives of the present research, which aims to estimate the economic
losses associated with earthquake-induced damage. Indeed, both structural and non-struc-
tural components contribute significantly to the total repair cost, and their damage states
can be effectively related to drift-based fragility functions within the PBEE framework. In
addition to IDR, floor acceleration responses were also evaluated, as they are particularly
relevant for the assessment of acceleration-sensitive non-structural components and equip-
ment [36,43]. The reliability of nonlinear dynamic analyses strongly depends on the repre-
sentativeness of the selected ground-motion records and their consistency with the seismic
hazard characteristics of the site. Recent studies have highlighted the importance of adopt-
ing record-selection procedures capable of ensuring both spectral compatibility and an ad-
equate representation of record-to-record variability, particularly in the context of multi-
directional seismic analyses [84]. In the present study, the adopted record sets were selected
within the broader InfraNAT framework and grouped according to four hazard-consistent
intensity levels, allowing the variability of structural response and loss estimates to be cap-
tured through a large number of nonlinear dynamic simulations.

The main results of the nonlinear dynamic analyses are summarized in Figure 8. In
particular, Figure 8a,b present the maximum interstory drift ratios in the X- and Y-direc-
tions, respectively, while Figure 8c,d show the corresponding floor accelerations in the two
principal directions. These results provide a comprehensive description of the structural de-
mand and constitute the fundamental input for the derivation of fragility functions and the
evaluation of economic losses through the FEMA PACT methodology [54,55].
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Figure 8. (a,b) Maximum interstory drift ratio (IDR) envelopes along the building height in the X- and
Y-directions, respectively; (c,d) floor acceleration envelopes in the X- and Y-directions, derived from

nonlinear time-history analyses.

4. PBEE/PACT Modeling and Loss Assessment

The estimation of seismic-induced economic losses was carried out within the frame-
work of PBEE [77,78] through the implementation of the Performance Assessment Calcula-
tion Tool (PACT) developed in the context of the FEMA P-58 methodology [54,55]. PACT is
a computational platform that performs probabilistic loss calculations by integrating seismic
hazard, structural response, damage models, and consequence functions. Within this frame-
work, structural analysis results are translated into quantitative performance metrics, ex-
pressed in terms of economic losses, repair times, and potential casualties. The first step in
the PACT implementation consists of defining the main characteristics of the building, as
described in Section 2. These include geometric properties, structural typology, number of
stories, and general construction features. Such information is necessary to correctly repre-
sent the building within the PBEE framework and to associate it with appropriate fragility
functions for both structural and non-structural components.

Unlike conventional seismic assessment procedures, which are primarily focused on
verifying structural safety through force- or displacement-based acceptance criteria, the
FEMA P-58 methodology allows the consequences of earthquake damage to be quantified
in probabilistic and economic terms. The framework is based on the Performance-Based
Earthquake Engineering (PBEE) philosophy developed by PEER, in which seismic hazard,
structural response, damage occurrence, and economic consequences are linked through a
sequence of probabilistic models. Within this framework, the nonlinear analyses described
in Section 3 provide the Engineering Demand Parameters (EDPs), primarily represented by

https://doi.org/10.3390/buildings16132529


https://doi.org/10.3390/buildings16132529

Buildings 2026, 16, 2529

15 of 31

interstory drift ratios. These quantities are subsequently combined with component fragility
functions to estimate the probability of reaching different damage states. The damage states
are then associated with consequence functions describing repair actions and repair costs.
Finally, the resulting losses are integrated with the site-specific seismic hazard curve to ob-
tain time-based risk metrics, including the Expected Annual Loss (EAL). The adoption of
FEMA P-58 is particularly advantageous for existing buildings because it enables structural
performance to be expressed in terms that are directly understandable by owners, stake-
holders, insurance companies, and public administrations. Rather than simply stating
whether a building satisfies a prescribed safety requirement, the methodology quantifies
the expected economic consequences associated with earthquake damage and therefore pro-
vides a rational basis for risk-informed decision-making and retrofit prioritization.

A fundamental input parameter is the core and shell replacement cost, which repre-
sents the best estimate of the cost required to replace the building’s primary structural and
architectural components. This value includes the cost of demolition, debris removal, and
reconstruction of all core and shell elements, such as structural frames, floors, facades, stair-
cases, elevators, and essential mechanical and electrical systems. Given the hospital function
of the building, the cost estimation was performed by distinguishing between two main
functional categories: healthcare-related areas (including wards, operating rooms, intensive
care units, and medical services) and non-healthcare areas (such as circulation spaces, tech-
nical rooms, and general services). Based on values reported in the scientific literature
[85,86], unit construction costs were assumed equal to approximately 2000 €/m? for
healthcare areas and 1800 €/m? for non-healthcare areas. Considering a typical floor area of
approximately 494 m?, for the building under consideration (Section 2) the total construction
cost of the building (core and shell) was estimated at about 8 million euros. This value does
not include centralized technological systems serving the hospital complex (e.g., heating
and cooling plants, medical gas systems, electrical substations, water treatment facilities),
nor additional costs such as taxes, technical fees, administrative expenses, and contingen-
cies. Since hospitals operate as interconnected systems and rely on shared infrastructure, it
was assumed that these technological systems contribute an additional 20% to the building
cost. This leads to an estimated value of approximately 2 million euros, resulting in a total
replacement cost rounded to 10 million euros for the purposes of the analysis.

Another essential component of the PBEE framework is the definition of the population
model, which is required to estimate potential casualties and to properly account for occu-
pancy-dependent losses. In this study, the distribution of occupants was defined as a func-
tion of the time of day. A baseline occupancy of approximately 2 persons per 93 m? was
assumed over the entire day, representing patients and minimal staff presence. During
working hours, an additional occupancy of approximately 3 persons per 93 m? was consid-
ered, corresponding to medical and support personnel, resulting in a peak occupancy of 5
persons per 93 m2. The adopted occupancy profile is illustrated in Figure 9.

5 ssecsssee
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Figure 9. Occupancy model adopted for the loss assessment, showing the variation in occupant density
within the building as a function of time, with baseline and peak conditions representative of hospital

usage.
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Following the definition of the general building characteristics, a key step in the PBEE
framework consists of quantifying the type, quantity, vulnerability, and spatial distribution
of damageable components within the structure. This is achieved through the adoption of
component-based fragility and consequence models, which relate structural response pa-
rameters to probabilistic damage and loss outcomes. In the present study, fragility and loss
data were derived from literature sources representative of reinforced concrete buildings
constructed prior to the 1970s, i.e., before the introduction of modern seismic design provi-
sions [56]. These buildings are typically characterized by gravity-load design, low-strength
concrete, and inadequate detailing of reinforcement, making them particularly vulnerable
to seismic actions.

Three main Fragility Groups (FGs) were considered to represent the structural compo-
nents governing the seismic response of pre-1970 RC frame buildings:

e  External beam-column joints (EW]s);
e Internal beam—column joints (IW]s);
e  Weak ductile columns (DWCs).

For each fragility group, a set of discrete Damage States (DSs) was defined to describe
the progression of damage under increasing seismic demand. The damage states are asso-
ciated with both local material degradation and global structural response indicators. In
particular, three primary damage states were considered:

e DSI (slight damage): characterized by the onset of localized cracking in concrete and
initial yielding of longitudinal reinforcement, typically associated with residual crack
widths smaller than approximately 1-1.5 mm;

e DS2 (moderate damage): associated with the propagation and widening of cracks, in-
cluding initial concrete fragmentation, with crack widths generally ranging between 3
mm and 5 mm;

e  DS3 (severe damage): corresponding to significant concrete spalling, exposure of lon-
gitudinal and transverse reinforcement, and degradation of structural capacity, typi-
cally involving 20-30% of the component surface.

A further damage condition (DS4) can be associated with incipient or near-collapse be-
havior, representing the ultimate limit state of the component.

The fragility functions were calibrated based on experimental datasets selected from
[56], referring to test specimens representative of typical 1970s RC construction. Within the
PBEE framework, the EDP adopted to describe damage evolution is the IDR consistently
with the results obtained from nonlinear dynamic analyses (Section 3.3). The IDR is partic-
ularly suitable for capturing both structural and non-structural damage in frame systems.
The experimental database compiled in [56] includes cyclic tests performed on reinforced
concrete beam—column joints and columns representative of existing gravity-load-designed
buildings constructed before the introduction of modern seismic design provisions. The se-
lected specimens are characterized by low-strength concrete, inadequate transverse rein-
forcement, and detailing practices commonly adopted in reinforced concrete buildings built
before the 1970s. Based on the observed damage progression during testing, the authors
identified statistically significant relationships between interstory drift ratio (IDR) and the
probability of exceeding predefined damage states. Lognormal fragility functions were sub-
sequently calibrated for each fragility group by evaluating the median drift capacity and the
associated dispersion corresponding to the occurrence of each damage state. Since the in-
vestigated hospital building belongs to the same construction period and structural typol-
ogy, these fragility relationships were considered representative and were therefore
adopted in the present study.
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The parameters defining the fragility functions for each component group are reported
in Table 3, while the corresponding fragility curves are shown in Figure 10. These curves
express the probability of exceeding a given damage state as a function of the imposed IDR.

Table 3. Statistical parameters of the fragility functions (median drift capacity and logarithmic stand-
ard deviation) for each damage state (DS1-DS3) and component group (EWJ], IWJ, DWC).

Fragility Function Parameters

Fgr%)l:;y Damage State Median IDR Dispersion
(%) By Br B
DS1 0.55 0.23 0.35 0.4
EWJ DS2 1.5 0.25 0.3 0.4
DS3 2.75 0.26 0.3 0.4
DS1 0.65 0.24 0.3 0.4
W] DS2 1.75 0.14 0.3 0.35
DS3 3 0.07 0.3 0.3
DS1 0.75 0.07 0.35 0.4
DWC DS2 1.75 0.1 0.3 0.35
DS3 3 0.12 0.3 0.35

In Table 3 the parameter f5, represents the record-to-record variability observed in
the experimental data from which the fragility parameters are derived. The parameter S,
accounts for the uncertainty associated with the extent to which the experimental tests
accurately represent real installation and loading conditions of components within an ac-
tual building, as well as the uncertainty related to the limited size of the available dataset
in capturing the full variability of the response. The total dispersion, f3, is then evaluated
as the square root of the sum of squares (SRSS) of the two aforementioned parameters.

Following the definition of fragility functions, the next step within the PBEE frame-
work is the characterization of loss functions. The economic losses associated with the
repair of damaged reinforced concrete components can be expressed through probabilis-
tic loss models, which relate each damage state to a corresponding repair cost. Loss func-
tions are defined as probabilistic estimates of the costs associated with repair or replace-
ment actions required for individual structural components once a specific damage state
is reached. In other words, they provide the probability distribution of economic loss con-
ditioned on the occurrence of a given damage state. This approach allows for a direct link-
age between structural damage and its economic consequences. In the present study, each
damage state was uniquely associated with a predefined set of repair interventions re-
quired to restore the structural component to its pre-earthquake (essentially undamaged)
condition. These interventions include, depending on the severity of damage, operations
such as crack injection, localized strengthening, partial replacement of damaged elements,
or full component substitution.

In a subsequent step, unit repair costs were estimated for each intervention (see Table
4), based on available data from the literature and on cost analyses of representative pre-
1970 reinforced concrete frame buildings [56,87]. From these values, normalized repair
cost ratios were derived, enabling a consistent comparison across different component
types and damage states.

It should be noted that the adopted repair costs are not directly derived from the
explicit quantification of individual damage manifestations obtained from the numerical
model. Rather, the nonlinear fiber-based analyses provide the Engineering Demand Pa-
rameters (EDPs), expressed in terms of interstory drift ratios, which are subsequently used
to evaluate the probability of occurrence of predefined damage states through the adopted
fragility functions. Each damage state is then associated with a specific repair strategy and
corresponding repair cost. Consequently, the total expected repair cost is obtained
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through the combination of structural response, fragility assessment, and component loss
functions within the PBEE framework.
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Figure 10. Fragility curves expressing the probability of exceeding different damage states (DS1-
DS3) as a function of interstory drift ratio (IDR) for: (a) external beam-column joints (EW]Js); (b)
internal beam—column joints (IW]s); (c) weak ductile columns (DWCs).

The repair-cost distributions shown in Figure 11 were obtained by combining the
unit repair costs listed in Table 4 with the corresponding quantities of repair work associ-
ated with each component group and damage state. In this context, the term “quantity”
refers to the amount of repair intervention required for each action, expressed according
to the unit reported in Table 4, such as treated surface area, injected crack length, or num-
ber of replaced reinforcement bars. For each damage state, the cost of each repair action
was calculated as the product of the unit cost and the corresponding quantity. The sum of
these contributions provided the total repair cost for the considered component group.
The values reported in Figure 11 were then normalized with respect to the total repair cost
of the corresponding damage state, so that the figure represents relative cost contributions
rather than absolute repair costs.

Table 4. Repair actions and corresponding unit costs adopted for each damage state (DS1-DS3),

used to derive normalized loss functions for reinforced concrete components.

Unit Cost
Damage State Repair Action Unit [E/IUni(;]S
Cleaning of the area adjacent to cracks m? 6.61
DS1 ; L
. . Preparation for crack injection m? 27.01
(Light cracking) P
Epoxy resin injection m 156.00
DS2 Removal of deteriorated concrete and crack cleaning m? 6.61
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(Severe cracking) Preparation of cracks/surfaces for injection/repair m? 27.01
Epoxy resin injection m 156.00
Repair of deteriorated concrete using mortar m? 88.35
Removal of deteriorated concrete and crack cleaning m? 6.61
Surface preparation to ensure proper bonding between new and existing 2 2701
DS3 concrete ]
(spalling, concrete crushing, re- Epoxy resin injection m 156.00
bars buckling) Replacement of deformed reinforcement bars cad 50.00
Replacement of damaged concrete using rheoplastic concrete or high-perfor- o2 109.26
mance mortar )
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Figure 11. Normalized repair-cost contributions for the considered structural component groups—
external beam—column joints (EW]s), internal beam~-column joints (IWJs), and weak ductile columns

(DWCs)—obtained by combining unit repair costs and repair quantities for each damage state (DS1-
DS3).

The distribution of repair costs among the considered fragility groups, external beam—
column joints (EW]s), internal joints (IW]s), and weak ductile columns (DWCs), is illustrated
in Figure 11 for each damage state. As expected, repair costs increase with the severity and
extent of damage, moving from DS1 to DS3. However, the relative contribution of individ-
ual components remains bounded, with repair costs not exceeding approximately 16% of
the total at DS1 and about 30% at DS3. The most significant cost contributions are associated
with repair/replacement activities and safety-related operations, which together account for
approximately 50% of the total repair cost, regardless of the damage state considered. These
findings highlight the importance of both direct intervention costs and ancillary operations

(e.g., temporary stabilization, safety measures) in the overall economic impact of seismic
damage.
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It is important to distinguish between the component fragility functions used for re-
pairable damage assessment and the collapse fragility function used for global loss estima-
tion. The fragility functions reported in Table 3 and Figure 10 are EDP-based relationships,
expressed as a function of interstory drift ratio. They are used to estimate the probability of
exceeding different damage states for each structural component group and therefore con-
trol the repair costs associated with non-collapse realizations. Conversely, the collapse fra-
gility function shown in Figure 12a is an IM-based relationship, expressed as a function of
the selected seismic intensity measure. It describes the probability of global collapse of the
building and is used to account for collapse-related consequences, typically associated with
replacement-level losses. Therefore, Figure 12a is not directly derived from the component
fragility functions in Figure 10, but it complements them within the FEMA P-58/PACT
framework.

To complete the PBEE framework, two additional components are required: the col-
lapse fragility function and the seismic hazard function. A collapse fragility function is in-
troduced to quantify the probability of global structural failure, which is directly associated
with severe damage scenarios, including potential injuries and fatalities within the collapse
area. The collapse fragility function (Figure 12a) expresses the probability of building col-
lapse as a function of seismic intensity, taking into account one or more relevant vibration
modes (Section 3.1) and incorporating the results of both nonlinear static (Section 3.2) and
nonlinear dynamic analyses (Section 3.3). This function represents a fundamental element
of the PBEE framework, as it links the structural response to extreme damage states and
enables the estimation of collapse-related consequences. The final step prior to the evalua-
tion of results is the definition of the seismic hazard curve. This curve describes the proba-
bility of exceeding a given level of ground motion intensity at a specific site within a defined
time interval. In other words, seismic hazard analysis provides the relationship between
seismic intensity measures and their corresponding probabilities of exceedance over a ref-
erence period. In the present study, the seismic hazard was expressed in terms of an inten-
sity measure based on the average spectral acceleration, consistently with the approach
adopted in the nonlinear dynamic analyses (Section 3.3). This allowed for the construction
of the hazard curve shown in Figure 12b, which establishes the probabilistic occurrence of
different intensity levels and serves as a key input for the computation of expected losses.

The combination of fragility functions, loss functions, and seismic hazard representa-
tion enables the full implementation of the PBEE methodology, ultimately leading to the
estimation of the EAL presented in the following section.

1.0

0.012

0.8 0.01

0.6 0.008

MAFE

0.006
0.4

¢ Fraction of analyses

causing collapse
—Fitted fragility function

Probability of collapse

0.004

0.2
0.002

0.0 T T
0 0.5 1

1.5 0 05 1 1.5 2
AvgSA [g] AvgSA [g]

(a) (b)

Figure 12. (a) Collapse fragility function expressing the probability of global structural collapse as a
function of seismic intensity; (b) seismic hazard curve at the site in terms of mean annual frequency

of exceedance (MAFE) of the selected intensity measure (AvgSA).
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5. Results and Expected Annual Loss Assessment

The results presented in this section are structured to support the needs of decision-
makers, who may require the comparison of different design or retrofit strategies in terms
of seismic performance. This is particularly relevant both for the design of new buildings
and for cost-benefit analyses aimed at evaluating the effectiveness of structural strength-
ening or retrofitting interventions. Such forward-looking economic scenarios are of in-
creasing interest for financial institutions and insurance companies, as they enable a quan-
titative assessment of seismic risk. The analysis is first conducted in an intensity-based
framework, where the expected losses associated with both structural and non-structural
components are computed for each considered seismic intensity level. These results are
subsequently combined with the seismic hazard curve of the site, allowing the transition
to a time-based representation of losses. In this way, economic losses can be expressed as
a function of the return period associated with each seismic event. The ultimate objective
is to translate the seismic risk of the building into the EAL, which represents the average
annual economic loss associated with the seismic exposure and vulnerability of the struc-
ture. Based on the information obtained from nonlinear dynamic analyses (in terms of
IDR), together with the adopted fragility functions, loss functions, seismic hazard curve,
and collapse fragility function, it is possible to evaluate the probabilistic distribution of
losses for each intensity level.

Figure 13 illustrates the distribution of repair costs obtained for each seismic intensity
level. It can be observed that, as the intensity of the seismic input increases, the number
of simulations leading to collapse progressively increases, consistently with the results
obtained from nonlinear time-history analyses. For the realizations not resulting in col-
lapse, it is possible to quantify the contribution of individual structural components,
namely, external beam—column joints (EW]Js), internal joints (IW]s), and weak ductile col-
umns (DWCs), as well as non-structural components, such as external and internal parti-
tion systems, to the total repair cost. Considering, for example, Figure 13a, which reports
500 realizations ordered in ascending cost, the repair cost corresponding to a 50% proba-
bility of non-exceedance can be identified as the value associated with the median reali-
zation (i.e., the 250th). In this case, the total repair cost (TRC —Total Repair Cost) is ap-
proximately equal to 1,514,285.71 €. The same information can be more clearly interpreted
in Figure 14, where the discrete realizations are transformed into a continuous curve rep-
resenting the probability that the total repair cost does not exceed a given economic loss
level (EL—Economic Loss).
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Figure 13. Distribution of total repair costs (TRC) obtained from Monte Carlo simulations for each
seismic intensity level, including both collapse and non-collapse realizations; the progressive in-
crease in collapse occurrences with increasing intensity is highlighted. Total repair cost for return
periods of 98 (a), 224 (b), 475 (c), and 975 years (d) derived from 500 realizations sorted in ascending
order (Monte Carlo simulations). The realizations are statistically independent Monte Carlo samples

and should therefore be interpreted as possible outcomes of the same seismic intensity level.
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Figure 14. Probabilistic loss curve expressing the probability of non-exceedance of the total repair

cost (TRC) as a function of economic loss (EL), derived from the ensemble of simulated realizations.

To better highlight the actual economic losses obtained, Figure 15a presents the his-
tograms of repair costs corresponding to a 50% probability of non-exceedance for each
selected intensity level along the horizontal axis. It can be observed that, for seismic events
associated with return periods greater than 224 years, the expected loss approaches the
total replacement cost, as the probability of structural collapse becomes dominant. For
lower intensity levels, corresponding to return periods of 98 and 224 years, the median
repair costs (i.e., at 50% probability of non-exceedance) are equal to 1,514,285 € and
4,966,666 €, respectively, corresponding to 15.14% and 49.66% of the total replacement
cost. Both values remain below the threshold of 60% of the replacement cost. Beyond this
threshold (approximately 6 million euros), as shown in Figure 15b, the total repair cost is
assumed equal to the replacement cost of the building. As a consequence, the non-exceed-
ance curve exhibits a plateau, reflecting the dominance of collapse scenarios. In particular,
the structure exhibits a very low probability of non-exceedance (approximately 3%) at the
highest intensity level (corresponding to a 5% probability of exceedance in 50 years), due
to the high number of realizations leading to collapse. Conversely, for seismic events with
return periods of 98, 224, and 475 years, the probabilities of non-exceedance of the maxi-
mum loss threshold are approximately 79.8%, 53.2%, and 19.2%, respectively.

A further decomposition of the results based on component fragility groups is pre-
sented in Figure 15¢, highlighting the different contributions of each component type to
the total repair cost. The reported percentages are referred to the total repair costs shown
in Figure 15a, and therefore correspond to a 50% probability of non-exceedance.

Overall, the results indicate a relatively consistent contribution of most components
across intensity levels, with the notable exception of external beam—column joints. In par-
ticular, when moving from the first intensity level (98 years) to the second (224 years), the
economic contribution of external joints decreases, as higher damage states are progres-
sively reached in external walls and, consequently, in columns, which begin to dominate
the repair costs.
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Figure 15. (a) Histograms of total repair cost (TRC) for the considered seismic intensity levels, cor-
responding to a 50% probability of non-exceedance; (b) probability of non-exceedance curves of
total repair cost (TRC) as a function of economic loss (EL), highlighting the saturation at the replace-
ment cost threshold; (c) normalized contribution of different structural component fragility groups
(EW]J, IW], DWC) to the total repair cost at 50% probability of non-exceedance.

The ultimate objective of the analysis is to express the seismic risk of the building
through the EAL, which represents the average annual economic loss associated with the
seismic exposure and vulnerability of the structure. The probability of exceedance is com-
bined with the corresponding mean annual frequency of occurrence, derived from the
seismic hazard curve for each intensity interval. The resulting relationship is illustrated in
Figure 16, where the area under the curve represents the Expected Annual Loss. This
quantity provides an estimate of the mean economic loss that is expected to be incurred
annually over the building’s lifetime. The figure also highlights the relative contribution
of each seismic intensity level to the overall loss. The computed value of the EAL is equal
to 68,979.92 €, corresponding to approximately 0.7% of the total replacement cost of the
building. This translates into an average annual repair cost of about 18 €/m2. The primary
purpose of a time-based economic assessment through the EAL metric is twofold. On one
hand, it provides a valuable tool for insurance companies, supporting the definition of
premiums for policies covering natural hazards. On the other hand, it offers a quantitative
basis for cost-benefit analyses, enabling the comparison of different retrofit or strength-
ening strategies aimed at improving the seismic performance of the building. The ob-
tained EAL corresponds to approximately 0.7% of the building replacement cost and falls
within the range reported in previous PBEE studies on existing reinforced concrete build-
ings located in moderate-to-high seismicity regions. Although the value may appear lim-
ited when expressed on an annual basis, it represents the long-term economic conse-
quences of seismic risk and therefore provides a meaningful indicator for decision-mak-
ers. In particular, the EAL can be directly used to compare alternative retrofit strategies,
evaluate the economic efficiency of seismic strengthening interventions, and support in-
surance pricing schemes. For strategic facilities such as hospitals, where post-earthquake
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functionality is essential, the EAL should be interpreted as a lower-bound estimate of the
overall seismic impact, since indirect losses related to downtime and service interruption
are not included in the present study.

Repair Cost (Annualized Total: 68979.9195)
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Figure 16. Cumulative distribution of the EAL for each seismic intensity level.

The results presented in Figures 13-16 provide a comprehensive picture of the eco-
nomic consequences associated with the seismic vulnerability of the investigated build-
ing. While Figures 13 and 14 describe the probabilistic distribution of repair costs for each
seismic intensity level, Figures 15 and 16 allow these results to be interpreted from a
broader risk perspective. As expected, the repair costs increase significantly with increas-
ing seismic intensity. For moderate seismic events (98- and 224-year return periods), the
dominant contribution to the losses is associated with repairable structural and non-struc-
tural damage. In these cases, the median repair costs remain below the replacement
threshold, indicating that the building is expected to remain economically repairable de-
spite experiencing significant damage.

For higher seismic intensities, the probability of collapse progressively increases and
becomes the dominant contributor to the overall losses. Consequently, the total repair cost
tends to approach the replacement cost of the building, reflecting the transition from re-
pair-controlled scenarios to collapse-controlled scenarios. This trend is particularly evi-
dent for return periods of 475 and 975 years, where collapse-related consequences govern
a significant fraction of the simulated realizations.

The component-level breakdown shown in Figure 15c¢ further highlights that the con-
tribution of the different fragility groups varies with increasing seismic intensity. At lower
intensity levels, repair costs are distributed among the various structural and non-struc-
tural components, whereas at higher intensity levels the contribution of the most vulner-
able components becomes increasingly significant. This confirms the importance of accu-
rately characterizing both structural and non-structural fragilities within a PBEE frame-
work.
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Finally, Figure 16 integrates the intensity-based results with the site-specific seismic
hazard information and converts them into a time-based metric represented by the Ex-
pected Annual Loss (EAL). Unlike the repair costs associated with a single seismic sce-
nario, the EAL accounts for both the probability of occurrence of seismic events and the
associated economic consequences. Therefore, it provides a synthetic measure of the long-
term seismic risk of the building. The obtained value of 68,979.92 € per year, correspond-
ing to approximately 0.7% of the replacement cost, demonstrates how relatively infre-
quent but potentially severe seismic events can generate a measurable long-term eco-
nomic burden over the service life of the structure.

From an engineering perspective, these results confirm that EAL can be interpreted
as a global performance indicator capable of combining seismic hazard, structural vulner-
ability, collapse probability, and economic consequences into a single metric. Such infor-
mation may support future risk-informed decisions concerning seismic retrofit prioritiza-
tion, resilience assessment, insurance applications, and long-term asset management strat-
egies.

6. Conclusions

This study presented a comprehensive performance-based seismic loss assessment
of an existing reinforced concrete hospital building, representative of a large portion of
the European building stock designed prior to modern seismic provisions. The adopted
methodology integrates nonlinear structural analysis, component-based fragility and loss
modeling, and site-specific seismic hazard characterization within the PBEE framework,
ultimately leading to the evaluation of the EAL.

The results highlight that the seismic performance of the investigated structure is
strongly influenced by shear-sensitive mechanisms, particularly at the level of beam-col-
umn joints and poorly confined columns. The nonlinear analyses demonstrated that local
brittle failures can limit the global capacity of the structure and significantly affect its re-
sponse, even at moderate intensity levels. This behavior was consistently observed in both
pushover and nonlinear dynamic analyses, confirming the importance of accurately mod-
eling shear-related degradation in existing buildings.

From an economic perspective, the study showed that repair costs increase rapidly
with seismic intensity and tend to saturate at the replacement cost threshold when col-
lapse becomes the governing condition. The probabilistic loss assessment revealed that,
for moderate return periods, repair costs remain below critical thresholds, while for
higher intensity levels the probability of collapse dominates the loss distribution.

The computed EAL value, equal to approximately 0.7% of the total replacement cost,
provides a synthetic yet comprehensive indicator of the seismic risk associated with the
building. This metric proves particularly effective in translating complex structural be-
havior into a quantitative economic measure, enabling a direct comparison between dif-
ferent design strategies or retrofit ones.

From a quantitative perspective, the results showed that the median repair costs cor-
responding to return periods of 98 and 224 years are approximately 1.51 M€ and 4.97 ME€,
respectively, corresponding to about 15% and 50% of the building replacement cost. For
higher intensity levels, collapse progressively becomes the governing loss mechanism,
causing the expected losses to approach the replacement cost threshold. The resulting Ex-
pected Annual Loss (EAL) was estimated as 68,979.92 €, corresponding to approximately
0.7% of the total replacement cost and an average annual repair cost of about 18 €/m?2.
These values provide a quantitative measure of the long-term economic consequences as-
sociated with the seismic vulnerability of the investigated building.

The proposed approach offers significant potential applications in risk-informed de-
cision-making, including cost-benefit analyses of seismic retrofitting interventions and
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the definition of insurance premiums for natural hazard coverage. In particular, the EAL
metric allows stakeholders to move from a purely safety-based perspective toward an in-
tegrated evaluation that accounts for both structural performance and economic conse-
quences.

Future developments of this research may include the extension of the methodology
to a broader range of building typologies, the incorporation of more detailed non-struc-
tural component modeling, and the use of larger ground motion datasets representative
of different seismic regions. Additionally, the integration of indirect losses, such as down-
time and loss of functionality, especially relevant for strategic buildings such as hospitals,
would further enhance the robustness and applicability of the proposed framework. Fur-
thermore, the adopted classification represents a simplified but commonly used approach
for replacement cost estimation within performance-based loss assessments. Although
more detailed room-by-room cost classifications are available in some national databases,
the selected level of aggregation was considered adequate for the objectives and available
information of the present study. Furthermore, future developments may benefit from the
integration of Artificial Intelligence (AI) techniques with PBEE-based frameworks, ena-
bling more efficient fragility assessment, surrogate modeling of structural response, rapid
loss estimation, and risk-informed decision-making for large portfolios of existing build-
ings and critical infrastructures.

Some limitations of the present study should also be acknowledged. The nonlinear
analyses were performed considering only the horizontal components of seismic excita-
tion, consistently with the primary objective of evaluating the dominant sources of seismic
demand affecting the investigated building. However, recent earthquake events have
highlighted the potential importance of vertical ground-motion components, particularly
for acceleration-sensitive non-structural elements, equipment, beam-column joints, and
gravity-load-resisting members. Future research should therefore investigate the influ-
ence of vertical seismic excitation within the proposed PBEE framework and evaluate its
effects on damage occurrence, economic losses, and Expected Annual Loss estimates for
strategic facilities such as hospitals.
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