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This paper presents a comprehensive numerical investigation into the seismic fragility of circular reinforced
concrete bridge piers, which represent a widely adopted structural typology due to their structural isotropy and
hydraulic efficiency. Despite their prevalence, there is a lack of tailored fragility functions that systematically
account for the specific geometric and mechanical parameters governing their seismic response. To address this
gap, a parametric study was conducted on a wide range of pier configurations, varying the height-to-diameter
ratio, the normalized axial load, the longitudinal reinforcement ratio, and the transverse reinforcement volu-
metric ratio. Nonlinear time-history analyses were performed using multiple stripe analysis to derive fragility
curves for five distinct damage states, ranging from initial yielding to collapse, including both ductile and brittle
failure mechanisms. The role of the parameters on the seismic response is studied by systematically addressing
the sensitivity of fragility parameters to the investigated input variables. Furthermore, simplified prediction tools
are proposed, including multivariate regression models and artificial neural networks, to estimate fragility pa-
rameters without the need for computationally expensive nonlinear analyses. Finally, the applicability of these

tools in the framework of the post-earthquake emergency management is demonstrated.

1. Introduction

Piers play a crucial role in the seismic performance of bridges, acting
as the primary load-carrying and energy-dissipating components during
earthquake events. Evidences from past earthquakes, such as the 1971
San Fernando, 1994 Northridge, 1995 Kobe, and 1999 Chi-Chi earth-
quakes, have demonstrated that severe damage or collapse of Reinforced
Concrete (RC) bridge piers are responsible for high direct and indirect
economic losses, as a consequence of the repairing costs and the overall
disruption of transportation networks [1,2]. Consequently, accurate
assessment of the seismic vulnerability of RC piers has become a central
issue in performance-based earthquake engineering and infrastructure
resilience.

Seismic fragility analysis has emerged as an effective probabilistic
framework for quantifying the likelihood that a structural component or
system will reach or exceed predefined damage states under increasing
levels of seismic intensity [3,4]. Fragility curves can explicitly incor-
porate uncertainties related to material properties, geometry, modelling
assumptions, and seismic demand, and they form the backbone of
modern performance-based assessment methodologies such as HAZUS
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and FEMA P-58 [5]. However, among the previous ones, uncertainties
related to the seismic actions are those governing the variability of
structural response [6,7].

In the context of bridges, fragility analysis has been extensively
applied to estimate damage probabilities, support network-level loss
assessment, and guide retrofit prioritization [8,9]. Early and widely
adopted fragility functions for bridge piers were obtained from incre-
mental dynamic analysis (IDA) and probabilistic seismic demand
modelling, where nonlinear time-history analyses are used to estimate
structural responses across suites of ground motions. These methods
form the basis of many analytical fragility studies that foresee a com-
plete modelling of the bridge components and the relevant inelastic
mechanisms under increasing seismic demand, and fit statistical fragility
functions for defined limit states. However, recent research highlights
the importance of deriving component-level fragilities specifically (e.g.,
for piers, bearings, decks) [10] because system fragilities often mask the
vulnerability contributions of individual elements. For example, studies
demonstrate that the pier may govern failure for simply supported
bridges while bearings or superstructure may have a relevance in case of
multi-span bridges [11].
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With focus on component-level fragilities, the research has given
particular attention to piers. Among the various pier configurations,
circular reinforced concrete piers are widely adopted in modern bridge
construction due to their geometric symmetry, confinement efficiency,
hydraulic compatibility, and favourable ductility characteristics under
cyclic loading [2,12,13]. The circular cross-section provides uniform
stiffness and strength in all horizontal directions, while providing su-
perior hydraulic compatibility due to their smooth and symmetric ge-
ometry, which reduces flow disturbance and turbulence. This results in
more uniform flow patterns and lower head losses and scour potential
compared with non-circular pier geometries.

Circular reinforced concrete piers deserve focused investigation due
to their widespread application in bridge construction and their
favourable seismic performance characteristics. Although no official
statistics are available defining the percentage of bridges in Italy with
circular cross-section piers, it can be stated that in reinforced concrete
bridges built in the post-war period (1950s-1970s) the most common
pier shapes are circular and rectangular. A local assessment carried out
along two state roads in central Italy found that, on a bridge stock of 91
bridges, the percentage of bridges with circular piers is approximately
40% [14,15]. Another study, revealed that on a stock of 485 bridges in
Italy, the 20% is characterized by circular piers [16].

Despite these advantages, only few works, to the Authors’ knowl-
edge, concentrated on the seismic fragility of circular piers. A core
advancement in the seismic assessment of circular reinforced concrete
piers is the recent work by Miano et al. [17], which directly addresses
the development of tailored fragility curves for circular piers in simply
supported bridges. In this study, fragility curves are generated using
both the capacity spectrum method and response spectrum analysis
applied to an analytical model representative of a typical single-span RC
bridge with circular piers. A comprehensive parametric study explores
the influence of key geometric (pier diameter and height, span length)
and mechanical (concrete strength, reinforcement yield strength,
transverse reinforcement ratio) properties on seismic capacity. The au-
thors introduce a multilinear regression model that provides predictive
estimates of the median seismic performance (e.g., PGA at damage state
thresholds) as a function of these properties. Their results highlight the
relative conservatism of linear methods compared to nonlinear ap-
proaches and demonstrate how confinement provided by transverse
reinforcement affects pier fragility curves across defined damage states.
However, comprehensive dynamic nonlinear time history analyses are
not performed, and fragility parameters are only provided in terms
median capacity by performing simplified nonlinear static and response
spectrum analysis. In parallel [18-20], expand fragility analysis into the
context of deterioration due to corrosion. This study integrates a novel
computer vision algorithm to classify corrosion severity on circular
bridge piers from photographic surveys, and couples this with proba-
bilistic seismic fragility analysis. The framework quantifies the effect of
corrosion induced strength and stiffness degradation on seismic
vulnerability and risk metrics. While not limited to fragility curves in the
classical analytical sense, it extends the fragility approach to account for
condition dependent uncertainty, reflecting real world deterioration
that influences damage probabilities. Anyway, the work focuses on the
fragility of a specific bridge providing a framework which is not suitable
for addressing the fragility of bridge classes to be used for the risk
assessment at territorial scale.

Retrofit focused fragility studies, such as the investigation of RC
jacketing on circular piers, provide additional insights into how struc-
tural strengthening alters seismic vulnerability. In this context, research
on fragility curves for single column bridges retrofitted with RC jackets
demonstrates that jacketing increases base shear capacity and system-
atically reduces the probability of reaching high damage states under
seismic demand. Fragility curves are developed for multiple limit states
(e.g., slight, moderate, severe, collapse) as a function of peak ground
acceleration, showing how retrofit parameters such as jacket thickness
and additional reinforcement influence vulnerabilities. Although these
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retrofitting studies are broader than purely geometric circular piers,
they underscore the dependency of fragility behavior on intervention
strategies and offer empirical relationships that can support tailored
fragility modelling [21,22].

Overall, the literature illustrates a growing trend in seismic fragility
research toward geometry specific, condition informed, and retrofit
sensitive fragility functions. While classical fragility frameworks applied
to bridges have been widely applied to generic infrastructures, works
tailored to specific RC cross-sections, through detailed analytical
modelling and regression based predictive tools, are limited in the
literature. Considering these represent an important step in enhancing
the accuracy and applicability of fragility functions for performance
based seismic assessment and risk management of bridge infrastructure,
further studies are desirable in the future.

This paper addresses the lack of tailored fragility functions by
focusing on the seismic performance of circular RC bridge piers. Section
2 presents the research framework and the analysis methodology, which
involves the use of nonlinear time-history analyses to derive fragility
curves fitted with lognormal distributions through the maximum like-
lihood estimation method, while accounting for uncertainties in the
seismic input.

In Section 3, a comprehensive parametric study is carried out on a
wide range of pier configurations, varying the main mechanical and
geometrical properties that influence the seismic response, including the
height-to-diameter ratio, the normalized axial load, the longitudinal
reinforcement ratio, and the volumetric ratio of transverse reinforce-
ment [23]. The same section also defines the parameters adopted for the
fragility analyses, such as bridge performance levels, Engineering De-
mand Parameters (EDPs), and Intensity Measure (IM) levels.

Section 4 provides a critical discussion of the fragility results, high-
lighting the relevance of the selected parameters and identifying the
corresponding bridge classes. In addition, regression-based closed-form
expressions are derived to estimate the parameters of the lognormal
fragility curves as functions of the geometrical and mechanical charac-
teristics of the bridges. For the same purpose, a neural network model is
also developed to improve the prediction of fragility parameters.

Finally, Section 5 demonstrates the applicability of the proposed
tools through the derivation of conditional damage probability maps for
selected bridge categories based on site-specific hazard maps. These
damage maps can play a key role in post-earthquake decision-making
and emergency management. The main findings of the study are sum-
marized in the concluding section.

2. Research framework and analysis methodology

The seismic fragility of reinforced concrete, steel and steel-concrete
composite bridges is mainly dominated by failure mechanisms that
involve support devices and piers, while the deck is usually less sensitive
to seismic induced damage. Indeed, the in-plane response of the deck of
such bridges can rely on a considerably high strength of the slab trig-
gered by the significant effective depths of the cross-section and the
amount of longitudinal reinforcement ratios that are in the range of 1%-
2%. As for the support devices, it should be mentioned that since 1991
[24], in Italy the seismic design of deck restraints is performed consid-
ering a safety factor of 1.4. According to above considerations, the paper
focuses on the ductile and fragile failure mechanisms associated with the
pier response and the seismic response is assessed by assuming a
cantilever static scheme. Although its simplicity, the modelling
approach is largely adopted in practical design of bridges because it may
be assumed as representative of different structural configurations.
Indeed, the cantilever scheme with a head masse of the tributary deck is
representative of the overall longitudinal and transverse dynamics of
bridges with simply supported decks (about 77%, on a sample of 447
bridges investigated by the FABRE Consortium) [25], as well as of the
transverse dynamics of multi-span bridges (about 12%, on the same
sample), provided that piers have similar height, and dual-load path
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mechanisms involving the transverse resistance of the abutment are
excluded. In case of dual-load path systems, the adopted simple model
may be representative of the transverse response of inner piers, where
the boundary effects due to the abutment contribution can be neglected.
Finally, the approach can be also suitable for modelling the longitudinal
dynamic response of multi-span bridges if piers have similar height and
absorb the longitudinal seismic actions through dynamic restraint de-
vices (e.g. shock transmitters).

In addition, the circular cross-section represents a widely adopted
typology for bridge piers in Italy due to its structural isotropy, which
ensures a uniform seismic response regardless of the direction of the
earthquake, and hydraulic compatibility, which reduces flow resistance
and turbulence, effectively mitigating the risk of bridge scour at the
foundations. Furthermore, the use of standardized steel formwork al-
lows for a highly efficient and cost-effective construction process,
making it the preferred choice for large-scale infrastructural projects
and viaducts.

A concentrated plasticity model developed in OpenSees [26] is used
for the pier by considering a zero-length nonlinear rotational spring at
the pier base to simulate the elastic and plastic contribution to the pier
deflection due to the inelastic section (Fig. 1).

In addition, a rigid link is included above the nonlinear one,
conventionally equal to the plastic hinge length, which ensures a proper
implementation of the Takeda hysteretic law [27]. The moment-rotation
relationship is calibrated so that the pier head displacement obtained
from the concentrated plasticity model under a head lateral load
matches the one obtained by integrating a linear elastic curvature and an
equivalent distributed plastic curvature over the hinge length. The
yielding and ultimate hinge rotations are provided by the following
expressions:

M
v =g 1~ (= 1p)°] M
My ons g _M, _L

=g [R® - (h L,,)}+<¢,, EJ)LP[1 2h} )

where, h is the pier height, EJ is the cracked flexural stiffness of the
cross-section, ¢, and ¢, are the yielding and ultimate curvatures of the
base pier cross-section, 9, and 9, are the yielding and ultimate rotations
of the zero-length plastic hinge, respectively, associated to the yielding
and ultimate bending moments M, and M,, respectively. The yielding
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and ultimate curvatures usually refer to a bilinear approximation of the
bending moment-curvature curve obtained from a nonlinear cross-
sectional analysis [13]. In this work, the sectional analyses are carried
out in OpenSees by adopting a fiber cross-section modelling, dis-
tinguishing between the unconfined and confined concrete regions. The
cross-section discretization is obtained by exploiting polar symmetry
and generating 3600 and 240 fibers for confined and unconfined con-
crete regions, respectively. Concrete is modeled using the constitutive
law proposed by Popovics [28], adopting different values of compressive
strength and ultimate strain for the confined and unconfined materials,
computed using the generalized formulation proposed by Mander [12],
with reference to the coefficients suggested by Chang and Mander [29].
Rebars are modeled using the constitutive law proposed by Menegotto
and Pinto [30]. The cross-section is assigned to a zero-length element,
and the moment-curvature relationship is obtained with a displacement
controlled nonlinear analysis, by imposing an incremental relative
rotation between the two nodes of the element.

As for the global modelling, a sufficiently refined mesh (10 finite
elements) is adopted for the elastic pier section to account for the dis-
tribution of the mass and to capture minor effects due to higher modes,
which may be relevant for tall piers. Furthermore, a 5% tangent stiffness
proportional viscous damping is applied to both models [13].

The seismic fragility assessment is carried out through nonlinear
dynamic time-history analyses assuming the pier head displacement as
the EDP, and taking advantage of the Multiple Stripe Analysis (MSA)
methodology [31]. For each IM, a sufficient number of real scaled
seismic events are considered in order to obtain a sound statistical
representation of the EDP. Different performance levels for the pier are
established in terms of EDP to define Damage States (DSs) associated to
both ductile and fragile mechanisms. Finally, the Cumulative Density
Functions (CDFs), namely the fragility curves for each DS, are classically
obtained adopting a lognormal distribution whose parameters are cali-
brated through the Maximum Likelihood Estimation (MLE) method
[31]. Thus, the fragility curve for the i-th damage state (DS;) can be
expressed through

3

P(DS,|IM = im) — & (M)

p

where im is independent variable, ® is the CDF, and 6 and p are the
median value and standard deviation, respectively, of the lognormal
distribution. It is worth noting that 6 represents the value of the IM at
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Fig. 1. Scheme of numerical model of the bridge pier.
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which there is a 50% probability of exceeding the defined DS, while §,
commonly referred to as dispersion, quantifies the total uncertainty
associated with the damage prediction.

3. Definition of the parametric investigation

As recognised in the literature, the structural behavior of circular
piers is strongly influenced by parameters such as slenderness, axial
load, and reinforcement ratios. In this work, the following nondimen-
sional parameters are selected to generate a wide number of case studies
according to a parametric scheme: i) the slenderness ratio h/D, defined
as the ratio between the pier height h and diameter D; ii) the normalized
axial load v, defined as the ratio between the axial force acting on the
pier at seismic condition (directly related to the deck tributary mass) and
the maximum compressive capacity of the concrete cross-section; iii) the
longitudinal reinforcement ratio p;, expressing the percentage of total
longitudinal steel area over the gross concrete cross-section area, and iv)
the volumetric confinement ratio o, defined as the ratio between the
volume of transverse confinement reinforcement and the volume of the
confined concrete core.

Above parameters are varied in order to cover a wide range of real
bridges; in detail, upper and lower bounds are selected not only
consistently with data available in the literature [32,33], but also with
reference to recommendations and practice rules reported in the historic
Italian code [34]. Table 1 collects values assigned to the different pa-
rameters. For each parameter, three intermediate values, in addition to
the boundary ones, are defined balancing the computational cost with
the need of obtaining a dataset of statistical significance. Combination of
the parameters generates a total of 625 analysis cases, which is deemed
suitable for a statistical investigation.

Five performance levels of the piers are defined in terms of curvature
thresholds for the base cross-section, following literature [35] and code
considerations [36], with the aim of capturing the initial yielding of the
reinforcements, the nominal yielding of the cross-section, and the
collapse, associated to both ductile and fragile mechanisms. Thresholds
are associated to different Damage States (DSs) attained when specific
limits of the concrete strain €. and of the steel strain &5 are reached, as
well as when the 10% reduction of the maximum bending moment or a
shear force higher than the resisting one is observed. The performance
for the different DSs are reported in Table 2: DS1 represents the elastic
limit state; DS2 corresponds to moderate damage typically characterized
by concrete spalling, associated to the curvature corresponding to 0.4%
strain for concrete or 1.5% strain for steel, whichever occurs first [13];
DS3 denotes a significant damage associated to a conventional Life
Safety Limit state, attained for a curvature equal to 0.7 the ultimate one,
as conventionally assumed in modern seismic codes [36,37]; finally,
DS4 is representative of the collapse, occurring at a 10% reduction of the
maximum bending moment, or at a steel strain of 7.5% [37]. To account
for possible brittle mechanisms, the shear capacity of the elements is
evaluated using the approach proposed by Priestley et al. [13], which
accounts for the ductility-related degradation of the shear strength. In
detail, the shear strength is determined as the combination of three
contributions: the ductility sensitive concrete contribution, provided by
the aggregate interlock, the compression zone, and the dowel action, the
transverse reinforcement contribution, and the axial load contribution,
which is evaluated as the horizontal component of an inclined

Table 1

Variability of parameters adopted in the analyses.
h/D [-] v [%] pr [%] o [-]
3 4 0.3 0.5
4.5 6 0.6 3
6 8 0.9 6
7.5 10 1.2 9
9 12 1.5 12
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Table 2

Definition of DS and curvature limits.
Damage State Curvature [m 1] EDP
DS1 1= Py d
DS2 %2 =min (¢: & > 0.004, y: e, > 0.015) dsy
DS3 %3 =0.7x4 ds
DS4 %4 =min (¢: AM = 0.1Mpax, ¥: & > 0.075) dy
DS5 xs = (: V=Vr) ds

compression strut developed between the centers of the compression
zones at the column ends. Provided that the base bending moment can
be expressed as a function of the shear force, according to the cantilever
scheme of the pier, the comparison between the flexural capacity curve
and the shear strength allows to characterize the ductile or brittle
behavior of the pier. When brittle failure occurs before the complete
formation of a ductile mechanism, the corresponding performance limit
is identified and defined as DS5 (Fig. 2).

3.1. Fragility analyses

The fragility of each pier (of the 625 investigated) with respect to the
selected DSs was evaluated using the well-established Multiple Stripe
Analysis (MSA) methodology [31]. Consistently with the paper aim,
which focuses on the fragility of the selected structural taxonomy, the
structural capacity was decoupled from the site-specific hazard, by
defining the seismic input through a series of discrete Intensity Measure
(IM) levels, adopting the Peak Ground Acceleration (PGA) as the refer-
ence parameter [38]. For each stripe, a suite of ground motion records
was selected and scaled so that their mean PGA matches the target IM. In
addition to the PGA, the spectral shape of the ground motion records
was also explicitly considered to ensure consistency of the seismic de-
mand with the conventional code hazard in terms of frequency content
and spectral accelerations. The adopted spectral shape was defined ac-
cording to the Eurocode 8 [23] Type 1 elastic response spectrum for
Ground Type A, and the compatibility of the average spectrum of the
records set is evaluated within the range —30% and +30% of the target
spectral ordinates in the period range 0.15-2s, in which all the funda-
mental periods of the investigated bridges fall. Using a Type A spectrum
as a reference shape provides a standardized, site-independent hazard
baseline, effectively isolating the structural vulnerability from local
stratigraphic amplification effects. The dual-parameter characterization
of seismic action mitigates the risk of spectral bias, ensuring that the
scaled records overall exhibit a frequency content compatible with the
code hazard, while providing a robust statistical sampling of the

7000
Ty
6000 %
5000
E 4000 e DSI
2 oo DS2
= DS3
2000 e DS4
DS5
1000
0
0 0.005 0.010 0.015 0.020 , (1) 0.030

Fig. 2. Curvature thresholds definition in the moment-curvature diagram for
the pier base cross-section (h/D = 3, v=4%, p;=0.3%, ® = 0.5%).
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record-to-record variability, capturing the influence of different fre-
quency contents and durations on the dynamic response of the structural
class. The approach tends to mitigate the risk of overestimating or
underestimating structural damage, which could occur if the scaled re-
cords exhibited spectral ordinates significantly divergent from those
expected for the reference hazard. Integrating spectral shape consider-
ations thus enhances the sufficiency and efficiency of the chosen IM,
leading to more reliable fragility functions for the structural population.
By incrementally increasing the IM levels according to the reference
spectral shape, the evolution of the Engineering Demand Parameters
(EDP) was monitored, providing a robust statistical basis for the cali-
bration of the log-normal fragility functions.

Operatively, 16 IM values were selected, ranging from 0.08 to 0.9 g
(Fig. 3a) and, for each IM level, 20 natural spectrum-compatible accel-
erograms were selected (Fig. 3b), using the “Select & Match” software
developed by Manfredi et al. [39]. For a medium seismicity site, char-
acterized by a PGA of 0.2 g associated to a probability of exceedance of
10% in 50 years, the selected IMs cover a range of return periods from
about 30 to 35000 years. The total number of analyses performed for
each case of the parametric study is therefore 320 nonlinear dynamic
analyses, for an overall number of 200000 applications for the entire
bridge stock. Consistently with the monitored EDP, the attainment of the
DSs is expressed in terms of deck displacement d in order to identify the
selected performance levels.

4. Seismic fragility of circular r.c. piers

To provide an initial insight into the analysis results obtained for the
625 bridge piers across all 200000 applications, Fig. 4 presents the
fragility curves for two of the investigated damage states (DSs): the first
yielding of the reinforcement (DS1) and the conventional attainment of
the life-safety limit state (DS3), defined as a pier base cross-section
curvature equal to approximately 0.7 times the ultimate curvature.
Specifically, the fragility curves for DS1 and DS3 are shown in separate
rows for three selected h/D ratios (3, 6, and 9). Within each row, the
same curves reflect the variability of the remaining parameters (v, pj,
and ) and are presented across three columns. Each column, reporting
the same curves, highlights the influence of one parameter by using a
gradient color scale to describe the variation of the considered param-
eter, thereby providing a preliminary assessment of the contribution of
each parameter to pier fragility.

As for DS1, an overall fragile behavior is observed for all the h/D
ratios (high slopes of the curves) as well as a more pronounced de-
pendency of the fragility on the parameter v, which affects not only the
initial axial strain of rc and steel fibers of the cross-section but most
importantly the tributary mass of the deck and consequently the
fundamental period of the bridge. For h/D equal to 3 and 6, by
increasing v, curves move towards lower IMs while for h/D equal to 9, by
increasing v, curves move towards higher IMs and the fragility tends to
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slightly reduce. These phenomena are consistent with the expected in-
crease in structural period as v increases, and the corresponding effects
on spectral ordinates, which tend to increase for short-period structures
and decrease for long-period ones. The fragility reduction observed for
h/D =9 and for high values of v may be due to the record-to-record
variability, namely to an increase of the spectral ordinates dispersion
at the bridge fundamental period resulting from the set of records.
Fragility curves for DS1 are less affected by the longitudinal reinforce-
ment ratio variability, consistently with experimental and literature
evidences [13]. Finally, as expected, the transverse reinforcement ratio
® does not affect the pier first yielding.

The behavior with respect to DS3 is less fragile than DS1, as high-
lighted with the slope reduction of the curves, even if for h/D = 3 rela-
tively high slopes are observed by increasing v, and by reducing the
transverse reinforcement ratio ®, as a consequence of the reduced
confinement effects of concrete. Overall, fragility is sensitive to all the
parameters (v, pj, and o): for all the h/D ratios, by reducing v, fragility
curves move towards higher IMs and the slopes reduce consistently with
the well-known effects of the axial force on the ductility capacity of rc
members. This behavior is less evident for h/D =9, for which, in addi-
tion to the fragility curves shift towards higher IMs, also an increase of
the slope is observed. Furthermore, by increasing the longitudinal and
transverse reinforcement ratios p; and o, fragility functions generally
move towards higher IMs and slopes reduce, highlighting a reduction of
the DS fragility; this is particularly evident for h/D ratios equals to 3 and
6, while less pronounced for h/D =9. Indeed, for this h/D ratio, the
increment of the reinforcement ratios, in conjunction with the reduction
of the axial force ratio produces a shift of the fragilities towards higher
IMs, which is however associated to an increase of the fragility; as in the
previous case, this outcome may have an input-related nature.

Above considerations support the need for a deeper and systematic
understanding of the role of each parameter of the investigation into the
seismic fragility of the piers, with respect to the different selected per-
formances (i.e. DSs).

4.1. Role of the varying parameter on the seismic fragility

The impact of the input parameters p=[h/D v p;, o] on the
fragility functions output parameters g = [0 ] for the generic DS, is
studied using the Kernel Density Estimation (KDE) approach. Unlike
traditional frequentist approaches that rely on discrete histograms, KDE
provides a non-parametric, continuous estimation of the probability
density function (PDF), allowing for a more nuanced interpretation of
the response surface and its sensitivities. Specifically, the i-th stochastic
parameters q; is treated as a random variable derived from n indepen-
dent parametric simulations, and the KDE of its density function,
denoted as P(q;), is defined as the superposition of Gaussian kernel
functions centred at each observed data point g;x (k = 1,...,n), and the
bandwidth is selected automatically according to Scott's rule [40]:

Normalized pseudo-acceleration
25+t response spectrum

(S)/IM

15

—— Selected record spectra

Avarage spectrum of the selected
\ records

==== +30/-30% target spectrum
Target spectrum (IM=0.38g)

S, (2)

0 05 1 LS 2 2.5 3

a)

T(s) *

0 05 1 15 2 25 3 T (s) 4

Fig. 3. a) Normalized pseudo-acceleration response spectrum, b) Comparison of selected earthquake response spectra with reference hazard for IM =0.38 g.
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1 & qi — Gix By comparing the estimated densities P( g;|p; ), withi=1,2 and j =
P(q:) B k1 K ( B ) “ 1,2,3,4 it is possible to systematically address the role of the investi-
B gated parameter on the fragility curves parameters 6 and p for the
where generic DS. Fig. 5 shows the sensitivity of the response variable 6 to the
input parameters p. In detail, each row of graph refers to a specific DS,
2
4 — qie 1 1 (qrqm) while in columns the probability density functions conditioned to the
K(*—)=—=e\ " (5) different parameters are shown. Similarly, Fig. 6 shows the sensitivity of
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is the Gaussian non-negative, symmetric weighting function (kernel), B
is the smoothing parameter that scales the influence of each observation
and control the bias-variance trade-off (low values captures local fluc-
tuations, while large values yields a smoother, more generalized distri-
bution), and 1/ nB is the normalization factor ensuring that P(g;)
integrates to 1 in the domain [ — oo; o0].

f to the input parameters p. From an overall point of view, the larger the
overlap between the distributions conditioned on a parameter p;, the
lower the sensitivity of the parameters 0 and f to the specific parameter.
In addition, it is worth remembering that 6 represents the value of the IM
at which there is a 50% probability of exceeding the defined DS, while
quantifies the total uncertainty associated with the damage prediction.
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4.1.1. Effect of the slenderness ratio (h/D)

The h/D ratio has a primary role on 6 for all DSs. As for DS1, by
increasing the h/D ratio a shift of the conditional PDFs to higher modal
values is observed, as well as a change in the distributions shape. The
appearance of sharp, isolated peaks for high values of the ratio suggests
that these trigger highly localized, high-magnitude response modes,
demonstrating that the 6 value “locks” into a very specific, repeatable,
and narrow range of values. For DS2, DS3 and DS4, a clearer role of the
parameter is evident, producing a shift of the conditional PDFs to higher
values as h/D increases. Furthermore, PDFs are overall narrow and well-
separated, with a monotonic trend of the modes, suggesting a deter-
ministic relationship between 6 and h/D. In addition, high values of h/D
also trigger the arising of bimodal PDFs, probably due to effects of
different set of the remaining parameters in determining the achieve-
ment of the DS. Finally, the effect of h/D on DS5 is quite complex:

indeed, as the ratio increases, the distribution not only shift towards
higher values of 6, but also collapses in magnitude and expands in
variance. This indicates that for short piers the response is stable and
highly predictable, probably because the shear failure is governed by the
aspect ratio, while for high piers, uncertainties in the failure mecha-
nisms arise, probably triggered by combination of other set of
parameters.

Concerning B, clear trends with the slenderness ratio are only evident
for DS3 and DS4, for which, by increasing the h/D ratio, a shift of § to
higher values is observed, as well as a widening of the PDFs and a
reduction of peaks. This suggests that the effect of the parameter on f
becomes less predictable as h/D increases, as also demonstrated by the
tendency of PDFs to show bimodality for high values of the slenderness
parameter. The role of the slenderness ratio on the dispersion parameter
f for DS1, DS2 and DS5 is less clear, even if a certain overlap of the PDFs
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Fig. 6. Conditioned PDF of p (KDE estimate).

can be observed demonstrating the low sensitivity of p to h/D, excluding
the evident significant shift of the mean value of p observed for DS1 and
DS2 in case of tall piers (h/D =9).

4.1.2. Effect of normalized axial force (v)

The normalized axial force mainly acts as a scaling factor for
parameter 0: across DS1 through DS4, the increase of v induces a shift of
PDFs to lower values. This effect is more pronounced for DS2, DS3 rather
than for DS1 and DS4. In addition, high values of the ratio are also
responsible for bimodal distributions of 0, especially for DS1 and DS2,
arising as a contribution of the remining set of parameters. Apart from
minor effects (consistent with the arising of bimodal distributions), the
peak amplitudes are quite constant, as well as the PDFs width, demon-
strating that the parameter variation probably does not significantly
alter the failure mechanisms. As for DS5, by increasing v, 0 slightly
moves toward lower values while simultaneously becoming narrower

and taller; this indicates that as v increases, its effect on 6 becomes more
predictable, with a significant reduction of uncertainty for high v values.

The sensitivity of p to the normalized axial force seems to be low for
all the DSs, as demonstrated by the almost superimposed PDFs relative
to different v values.

4.1.3. Effect of longitudinal reinforcement (p;)

As for DS1, by increasing the longitudinal reinforcement, a minor
shift of the PDFs to higher values of 6 is observed, while overall pre-
serving the sharpness of peaks; this suggests that for DS1, the longitu-
dinal reinforcements scale the IM corresponding to the 50% probability
of exceeding the DS, without introducing uncertainties in the failure
modalities. This appears reasonable in view of the damage type (first
yielding of the cross-section). For DS2, the sensitivity of 0 to the longi-
tudinal reinforcement reveals instead the emergence of a secondary
mode, indicating that the parameter presents a competitive interaction
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with the remaining ones to determine the achievement of the DS. For
DS3 and DS4 instead, a less pronounced sensitivity of the response to the
longitudinal reinforcement is observed, consistently with the damage
mechanisms that, beyond the elastic field, are mainly related to the
displacement demand. For DS5, a reduction of the reinforcement led to a
reduction of the PDFs width and amplitude, while preserving the mean
value of 0; this implies that lower parameter values correlate with a loss
of predictive confidence.

Like for the previous parameter, the sensitivity of f§ to the longitu-
dinal reinforcement ratio seems to be low for all the DSs, as demon-
strated by the almost superimposed PDFs relative to different p; values.
However, for DS2, DS3 and DS4, low values of p; lead to bimodal dis-
tributions for p, revealing a significant interaction with the remaining
parameters. Overall, by increasing p;, the p values for the above DSs
became more predictable and less uncertain, as well as less sensitive to
p;- For DS5, a reduction of the reinforcement led to a reduction of the
PDFs width and amplitude, while preserving the mean value of f; this
implies that lower parameter values correlate with a loss of predictive
confidence.

4.1.4. Effect of transverse reinforcement volumetric ratio (w)

As expected, the transverse reinforcement volumetric ratio has no
influence of the mean values and confidence of 0, because of the damage
typologies, which are mainly related to the longitudinal reinforcement.
As for DS3, the amount of transverse reinforcement positively affects the
pier ductility producing a shift of the 6 mean value towards higher
values, although a slight increase of the PDFs width demonstrates an
increase of the estimation uncertainty. Finally, the parameter has a great
effect on DS5; however, the absence of curves is related to the absence of
DSS5 failure type for high values of w.

The sensitivity of § to the transverse reinforcement volumetric ratio
® is not significant for all the DSs.

4.2. Prediction tools for the seismic fragility of circular piers

Fragility curves represent a key tool for assessing the reliability and
resilience of transportation networks in seismic areas, as well as an
effective support for decision-making processes. However, their deri-
vation generally requires complex and computationally demanding an-
alyses. Consequently, in recent years there has been growing interest in
the development and use of alternative, more efficient, and simplified
models for estimating fragility curves. In the field of buildings, several
approaches have been proposed in the literature, including the use of
Machine Learning procedures, e.g. [41]. Innovative techniques have
also been widely applied in the field of bridge engineering. Mangalathu
and Jeon [42] propose an approach for classifying failure modes using
machine-learning algorithms. Stefanidou et al. [43] present an online
platform for deriving fragility curves of bridge piers and for computing
limit-state thresholds, based on closed-form relationships for different
pier typologies, both as-built and retrofitted. Finally, Wang et al. [44]
employ genetic programming to generate equations capable of esti-
mating the statistical parameters of fragility curves for both the damage
and the ultimate limit states.

Within this context, the present work proposes multiparametric
regression models and an Artificial Neural Network (ANN) based on the
large dataset of the performed applications for defining parameters of
fragility curves for circular reinforced concrete bridge piers. In detail,
the former favors the reduced computational effort and assures a direct
control on the complexity of the resulting regression formulas avoiding
overfitting issues, while the latter exploits advantages of routines based
on artificial intelligence for identifying complex pattern within the
dataset. Both methods allow the prediction of fragility curves parame-
ters for all the considered DSs.
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4.2.1. Multivariate regression analysis

For the prediction of parameters 0 and p, i.e. the median and stan-
dard deviation of the cumulative probability density functions consti-
tuting the fragility curves associated to the different DSs, a multivariate
iterative regression approach was adopted.

In order to get a formula of general validity and adequately represent
potential nonlinearities and interdependencies among the independent
variables (h/D, v, p], ®), the regression model was extended to include
second-order polynomial combinations, as well as exponential, loga-
rithmic, and hyperbolic functional forms. The contribution of each term
to the regression equation was systematically evaluated on the basis of
its statistical significance and the overall goodness of fit, as quantified by
the coefficient of determination (R?).

The analysis was initially conducted using a linear model relating the
target parameter to the independent variables, with particular attention
to both the quality of fit and the statistical relevance of the predictors.
Subsequently, nonlinear terms were introduced in a stepwise manner. At
each stage, only those terms satisfying the prescribed statistical signifi-
cance criterion were retained in the model.

Specifically, the statistical significance of the regression coefficients
was assessed using p-values. Under the null hypothesis that a given
coefficient is equal to zero (i.e., the corresponding variable has no effect
on the dependent parameter), the p-value represents the probability of
observing a coefficient at least as extreme as the estimated one. A sig-
nificance level of 5% was adopted; thus, terms with p-values below 0.05
were considered statistically significant and retained in the model, while
those exceeding this threshold were excluded.

The general form of the resulting model is as follows:

Gi(P) = ao + 1Py + @oP2 + asPs + AsPy + AsP: + asP3 + 7P + asp
+ao In(p1) + @10 In(ps3) + a11€” + a12€” + a13€” + a4p1p (6)
+ @15P1P3 + QieP1P4 + A17D2P3 + A18PaPs + A19P3P4

where §; is the predicted i-th parameter (0,p) relevant to the generic DS,
andp=[h/D v p; o |isthe vector of the independent variables.

Table 3 reports, for each parameter of interest, coefficients of
equation (6), together with the adjusted coefficient of determination Rz,
which overall quantifies the goodness of fit of the regression model.

In order to provide an overview of the goodness of fit, Figs. 7a and 8a
compare, in logarithmic scale, the data obtained from the analyses and
the corresponding values predicted by the multivariate regression
model, for each parameter (0 and ) and for each DS. Plots allow
capturing the fit quality by observing the points distribution with
respect to the plot diagonal (identity line). To support this visual
assessment, each comparison also reports the adjusted R? value and
includes an error band around the identity line, corresponding to +15%
the analysis data.

Besides the previous comparison, Figs. 7b and 8b show the per-
centage relative error ¢ obtained from:

M (j=1...625) @

where subscript i refers to the i-th parameter of the DS at hand, while j
provides the variability of the case studies. In addition, g; (pj> is the
predicted i-th fragility curve parameter for the j-th set of independent
parameters, and g; (pj) is the corresponding value obtained from the

numerical applications. Residual plots offer an additional tool for eval-
uating the adequacy of the regression calibration revealing any potential
bias or systematic error (i.e. if residuals appear randomly scattered
around zero without identifiable patterns, no unmodelled relationships
nor residual dependencies are present). When these conditions are met,
the model can be considered well calibrated and the explanatory vari-
ables adequate for describing the phenomenon without neglecting
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Table 3
Coefficients for the definition of the multivariate regression model.
Parameter Ops1 |IM Bos1 M Ops2|IM PBps2|IM Ops3 M Bps3|IM Opss [IM Posa [IM Opss|IM Boss [IM
EN 0.1508 - 0.5302 0.2536 0.7194 0.8721 0.1841 - -
a; —0.2616 —0.3811 —0.0619 —0.0473 - 0.0333 - 0.0269 - —0.5901
ag —0.0195 - —0.0474 - —0.0917 0.0085 —0.1243 —0.0220 - -
as 0.1362 0.3432 0.4078 - 0.1888 - 0.2769 - - 3.9284
ay - - - - 0.0311 0.0126 0.0467 —1.0597
as 0.0140 0.0209 0.0083 0.0062 0.0022 - - - -
ag 0.0005 - 0.0016 —0.0005 0.0028 —0.0014 0.0040 - -
a - ~0.0820 - - - - - - -
ag - - - - ~0.0012 ~0.0005 ~0.0019 - -
a0 0.6037 0.7654 - - - - -
ao - ~0.1343 - - - - -
an - - - - -
ars - —1.6E-07 - - - -
ais B . . B . . B . . 1.2E-05
aig 0.0024 0.0014 0.0038 0.0012 0.0046 0.0023 0.0070 0.0029 - -
as —0.0103 —0.0098 —0.0222 —0.0100 —0.0172 0.0101 —0.0191 -
aie - - - - —0.0009 —0.0014 —0.0012 0.1175
aiy —0.0050 —0.0230 0.0044 —0.0164 0.0074 —0.0275 0.0074 -
aig - - - - - - 0.0007 —0.0074
ajg - - - - 0.0108 0.0140 - -0.1730 -
R? 0.9722 0.9030 0.9588 0.8228 0.9463 0.9750 0.8682 0.6544 0.9028 0.2053

significant components. In this study, relative errors are shown
emphasising the percentage deviation between the regression estimates
and the actual data. Although the relative error provides information
similar to that of residuals, it may exhibit greater variability, with larger
deviations occurring for lower-valued observations. For this reason,
each plot also reports the Root Mean Square error (RMS), which quan-
tifies the dispersion of the errors in the same unit of the variable and
provides a measure of the predictive performance of the model.

(@(p) - (pj))2 (J=625)

As shown for all regressions of 0 in Fig. 7a, points align well with the
diagonal, indicating a strong model agreement, even if some outliers are
evident for DS5. Above consideration is supported by adjusted R? values,
which are overall very high, ranging from 0.87 (for DS4) to 0.97 (for
DS1). The residual plots show no discernible patterns, with points
scattered around zero, and the relative error remains mostly within the
+15% band, except for the parameter corresponding to the shear dam-
age state (DS5). In this case, both the dispersion and the RMSE increase,
which may be attributed to the smaller amount of data available for DS5
compared with the other damage states. Indeed, a reduced sample size
typically leads to less stable parameter estimates and consequently to
lower model performance and less favourable statistical indicators.

Concerning f, a less accurate regression is highlighted by graphs of
Fig. 8. For all the DSs, points are more widely scattered around the di-
agonal, indicating an average error generally exceeding 15%. The
largest deviations are observed for DS1 and especially for DS5, where
the regression model exhibits its greatest shortcomings. The relative
errors and the root mean square error shown in Fig. 8b confirm the
aforementioned conclusions.

In order to improve the estimation of the fragility curve parameters,
especially for what concern the § parameter, an approach involving the
use of the artificial intelligence was adopted, developing an Artificial
Neural Network (ANN).

1 J
efMS = 7 (8
=

4.2.2. Artificial Neural Network

With the aim of improving the prediction of fragility curves, an
artificial neural network (ANN) was developed, given its capability to
identify complex patterns and relationships even in unstructured data-
sets. ANNs consist of highly interconnected nodes, or “neurons,” orga-
nized in layers that process information by responding to external inputs
and transmitting signals between units. This process enables the

10

network to learn relationships within the data and to make predictions
for new, unseen inputs.

The neural network employed in this study is a feed-forward
network, characterized by a unidirectional flow of information from
the input layer to the output layer. For the i-th DS fragility, the ANN
architecture includes an input layer composed of 4 nodes relevant to the
parameters p, and an output layer of 1 neuron, corresponding to the
generic distribution parameter (0 and f) of the i-th DS. No hyper-
parameters are considered; inputs are transmitted to a sequence of
hidden layers, which constitute the true computational core of the
network. In these layers, each neuron combines the received inputs with
their associated weights and processes them through an activation
function. The weights are initialized and subsequently optimized during
the training phase through a backpropagation process aimed at mini-
mizing the loss function. The larger the weight associated with a given
input, the greater its influence on the neuron's output. The output
generated by each neuron in one layer becomes the input for the next,
propagating information throughout the network until it reaches the
output layer, which returns the predicted value of the target parameter.

For this work, a network with 100 hidden layers was implemented, a
choice motivated by the complexity of the phenomenon under investi-
gation and its pronounced nonlinearity, already highlighted by the
nonlinear multiparametric regression model. The hyperbolic tangent
(tanh) activation function was adopted, as it is particularly suitable for
models involving nonlinear relationships. Network training was per-
formed using the Limited memory Broyden-Fletcher-Goldfarb-Shanno
(LBFGS) optimization algorithm [45], adopting a tolerance of 1E-6, a
maximum of 20000 iterations and a constant learning rate.

To assess the performance of the ANN, graphical comparisons be-
tween the predicted and actual values of © and f are shown in Fig. 9 and
Fig. 10 for parameters 0 and f, respectively, following the same
approach used for the nonlinear multiparametric regression. Results
indicate that the neural network provides a satisfactory estimation of all
analyzed parameters: plots in Figs. 9a and 10a show good alignment
between observed and predicted data, while the residuals in Figs. 9b and
10b appear randomly scattered around zero, suggesting the absence of
bias or unmodeled relationships. Overall, the neural network proves to
be an effective tool for capturing complex relationships and inferences
that are difficult to identify using traditional statistical models, even
when enhanced with nonlinear terms. The most significant improve-
ment with respect to the nonlinear multiparametric regression approach
is observed in the estimation of the parameters associated with DS5,
where a substantial reduction in the root-mean-square error (RMSE) is
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Fig. 7. a) Correlation between actual and predicted values of 0 (multivariate regression), b) Residual plots.

achieved, indicating a marked enhancement in predictive capability
compared to the regression model.

5. Application of the proposed fragility tools for constructing
damage map

The purpose of this section is to demonstrate direct applications of
the developed tools, highlighting their relevance and applicability in the
framework of the post-earthquake emergency management. Tools pre-
sented in the previous section for fragility curves prediction are herein
used to develop exceedance probability damage maps for a specific DS of
the selected bridge taxonomy, conditioned to observed ground-motion

11

fields resulting from classical shake maps generated after the occur-
rence of seismic events. Furthermore, tools can be integrated into bridge
structural monitoring systems equipped with free-field motion sensors
providing real-time post-earthquake information on structural health in
terms of conditional exceedance probability for a specific DS which can
be visualized and managed through GIS-based mapping platforms to
support rapid decision-making and emergency response activities.
Referring to damage maps, these can be obtained by combining
fragility information with the shake maps, providing indications on the
probability of exceedance of a damage state for specific class of bridges
over the territory struck by an earthquake. It is worth noting that such
maps are not intended to explicitly represent seismic risk [46], and
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Fig. 8. a) Correlation between actual and predicted values of f (multivariate regression), b) Residual plots.

should not be interpreted as predictive tools. Rather, they are condi-
tioned on observed IM fields and are therefore unaffected by the un-
certainties associated with ground-motion prediction. As such, they can
play a crucial role in post-earthquake emergency management by sup-
porting the prioritization of structural inspections and safety assess-
ments. In addition, they can facilitate the identification of safe
transportation routes for rescue and recovery operations, thereby
contributing to a more efficient allocation of resources and a more
effective emergency response.

In this study, the maps were produced using data from the shake
maps providing grids of geographic points with associated PGAs values.
For each point in the grid, the PGA value was used as the input

12

parameter for the fragility curves. Given a specific DS (to which a spe-
cific d; is associated), damage maps can be constructed for bridge clas-
ses, where the classification can be based on the generic parameter
pi € p. To account for the effects of the remaining parameters variability
on the bridge class fragility, the conditional PDF fp(Pg>q |pi, IM) is
numerically computed (subscript ¢ refers to the c-th class of bridges
determined by the selection of parameter p;). Consequently, the vari-
ability of the damage probability within the class is addressed in a sta-
tistical manner by selecting a desired percentile o for the damage
probability

Pe,[IM=F,}(x) 9)
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Fig. 9. a) Correlation between actual and predicted values of 6 (ANN), b) Residual plots.

where Fp is the CDF of fp,.

In practice, damage maps associated with specific bridge classes
characterized by different slenderness ratios are considered. To provide
a graphical overview of the procedure, Fig. 11 shows for the bridge class
identified by h/D =9, the fragility curves obtained by considering the
overall variability of the investigated parameters as well as the PDF fp ,
conditioned to IM=1 g and IM =1.2 g. In the same figure, the percen-
tiles adopted in the sequel (84th, 50th and 16th) are also graphically
reported.

Once the exceedance probability is obtained for each point in the
grid, the data can be interpolated to identify areas of the geographic map
characterized by specific exceedance-probability intervals (iso-damage
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lines can also be obtained if necessary). In Fig. 12, an application of the
method described above is shown for a real case. The application was
developed using the shake map provided by Italian National Institute of
Geophysics and Vulcanology for the 30th October 2016 seismic event of
Mw 6.5, with epicenter near Norcia, in Central Italy. Maps are produced
for the three above mentioned percentiles (16, 50, and 84) and for three
values of the slenderness ratio (3, 6, and 9) focusing on the performance
level associated to DS3. Within each map, the probability of exceedance
of the damage state is represented using a color-gradient mesh, while
PGA values are illustrated through contour lines, also associated with a
corresponding color gradient.

From the map observation, it can be observed that the highest
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Fig. 10. a) Correlation between actual and predicted values of f (ANN), b) Residual plots.

damage probabilities are concentrated in the epicentral area of the
seismic event, where the largest PGA values were recorded. In partic-
ular, the highest probability of exceedance damage DS3 occurs for short
piers (h/D = 3), for which values between 90% and 100% are reached
for the 84th percentile, with residual values up to 40% for the 16th
percentile. The higher tendency to reach DS3 when the h/D ratio is equal
to 3 is associated with the higher acceleration to which the pier is sub-
jected; in fact, a pier characterized by a larger h/D ratio exhibits higher
natural vibration periods, which generally correspond to lower seismic
accelerations.

14

6. Conclusions

A robust computational framework for the seismic assessment of
circular reinforced concrete bridge piers has been presented in this
work, moving beyond individual case studies. The parametric study
included a wide range of pier configurations, varying the height-to-
diameter ratio, the normalized axial load, the longitudinal reinforce-
ment ratio, and the transverse reinforcement volumetric ratio.
Nonlinear time-history analyses were performed using multiple stripe
analysis to derive fragility curves for five distinct damage states, ranging
from initial yielding to collapse, including both ductile and brittle failure
mechanisms. The role of the parameters on the seismic response is
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Fig. 11. Distribution of the damage probabilities for the pier class h/D = 9.
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Fig. 12. Probability maps of the DS3 at 16th, 50th and 84th percentile, for pier classes h/D =3, 6 and 9.

studied by systematically addressing the sensitivity of fragility param-
eters to the investigated input variables.

Furthermore, generalized predictive tools for estimating the fragility
of the specific bridge taxonomy are provided, overpassing the need of
computationally expensive nonlinear analyses. The latter includes
multivariate regression models and artificial neural network algorithms
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that proven to be highly accurate in predicting the pier fragility. Finally,
the applicability of these tools is demonstrated through the generation of
damage maps for post-earthquake decision-making and emergency
management.

Besides a contribution on the understanding of the fragility sensi-
tivity to geometric and mechanical properties of bridges, the developed
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tools enable the rapid evaluation of large stocks of existing bridges by
requiring only basic geometric and mechanical data as input. By
providing a direct correlation between structural and fragility parame-
ters, these models serve as a fundamental component for seismic risk
management platforms and prioritization strategies for retrofitting in-
terventions as well as for defining IM-based alert thresholds to be used in
the field of structural health monitoring systems. Furthermore, the
integration of these fragility models into damage mapping procedures
allows for near real-time post-earthquake scenarios; as demonstrated in
the case study, maps are essential for identifying the most vulnerable
criticalities in the transportation network and optimizing rescue and
recovery logistics.

In conclusion, the research provides bridge owners and civil pro-
tection agencies with a ready-to-use toolkit for enhancing infrastructure
resilience, offering a scientifically grounded basis for both long-term
planning and emergency response.
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