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The present study aims to analyze a stock of highway bridges of the Italian motorway network for the deter-
mination of analytical fragility curves, based on nonlinear modal pushover analyses. Fragility curves represent a
valid and reliable tool for seismic risk evaluation and allow to correlate the probability of damage exceedance to
the earthquake intensity, here represented through the peak ground acceleration. Fragility curves are funda-
mental in bridge management software to evaluate possible intervention scenarios and to schedule maintenance
or retrofitting works by optimizing the economic resources. The obtained results showed a recurrent failure
sequence: for increasing values of the peak ground acceleration, a shear failure of the pier is detected at first,
followed by the bending failure of the base section of the pier and the unseating of the deck. Furthermore, the
behavior in the transverse direction of the bridge results more critical, especially for long viaducts. The fragility
curves were also compared with the ones presented in the scientific literature by other researchers for different
bridge stocks. The curves result in agreement with the ones determined by other researchers with nonlinear static
analyses, while they result conservative with respect to those determined with nonlinear time history analyses.

1. Introduction

The safety level of a structure against the expected earthquake can be
determined with a seismic vulnerability analysis, which can be inter-
preted as a comparison between the bearing capacity of the structure
and the seismic demand of the site. In the last decades, more and more
attention has been devoted to the seismic problem by the scientific
community [1,2]. Earthquakes happen without clear notice and could
not be forecasted, resulting in inconveniences and unpredictability.
However, the earthquakes happened in the past allowed the study of this
phenomenon giving the possibility to cumulate knowledge on the sub-
ject and strategies to limit the undesired effects [3].

A lot of Italian structures are close to the end of their service life and
requires extensive maintenance, repairing or retrofitting works [4,5]. A
large part of this stock of structures is represented by bridges, viaducts,
overpasses or underpasses of the national highway network. Although
they were designed for a long service life [6], these structures are
commonly subjected to damages due to increased amount of traffic
[6-8], augmented traffic loads [9,10], severe environmental conditions
[11,12], and accidental actions [13,14] that could significantly reduce
their performances. In recent years, the Italian Civil Protection agency
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asked to the highway management companies to produce the results of
nonlinear seismic assessments of each asset in their portfolios for
emergency planning and prioritization of the maintenance works
[15-17].

With this in mind, the present work is focused on the seismic
vulnerability analysis of a stock of reinforced concrete (RC) viaducts of
the northern Italy, managed by a highway authority. Analytical fragility
curves have been determined for a stock of 1182 RC viaducts by
correlating the probability of damage exceedance with the earthquake
intensity, as measured by the peak ground acceleration (PGA). The
curves were defined on the basis of the results of seismic safety assess-
ments obtained from non-linear modal pushover analyses carried out at
the request of the Italian Civil Protection agency.

Differently from many other works, here the fragility curves are not
related to individual viaducts but to a portfolio of bridges, one of the
largest studied in literature (see also Section 5), considering, globally or
in subgroups, the variability of the configurations of the structures.

The obtained fragility curves are useful for large-scale application, at
the level of the infrastructure network. Indeed, they represent a
powerful tool for highways authorities in their bridge management
strategies for the following reasons: (i) they allow the quantification of

Received 17 January 2025; Received in revised form 22 May 2025; Accepted 4 June 2025

Available online 8 June 2025

2352-0124/© 2025 The Authors. Published by Elsevier Ltd on behalf of Institution of Structural Engineers. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0001-5935-5103
https://orcid.org/0000-0001-5935-5103
https://orcid.org/0009-0002-2339-9950
https://orcid.org/0009-0002-2339-9950
mailto:manuela.scamardo@polimi.it
www.sciencedirect.com/science/journal/23520124
https://www.elsevier.com/locate/structures
https://doi.org/10.1016/j.istruc.2025.109374
https://doi.org/10.1016/j.istruc.2025.109374
http://creativecommons.org/licenses/by/4.0/

P. Crespi et al.

400
350
300
250
200
150

100 |
50
0 |IIIII|III-----_ = o -
0

250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000

N

Total lenght [m]

(@)

Structures 78 (2025) 109374

500

450

400

350

300

250

200

150

100 II

50

0 IIIII---_._ s = s =

0 10 20 30 40 50 60 70 80 90 100

Number of spans [-]

(b)

Fig. 1. Length of the bridge (a) and number of spans (b) distribution.

the overall risk associated with the bridge infrastructure, identifying
likely failure types and vulnerable bridges; (ii) they allow to optimize
the maintenance and inspection programs, with the consequent priori-
tization of the interventions on bridges that contribute most signifi-
cantly to the overall risk, and a more efficient allocation of economic
resources; (iii) they can guide long-term infrastructure investment de-
cisions, ensuring that new bridge designs and replacements incorporate
measures to reduce fragility and enhance resilience against identified
hazards.

2. Database description

A total of 1182 RC bridges have been analyzed in this study, corre-
sponding to about 90 % of the stock of viaducts hold by a company in
charge of managing their continuous monitoring and maintenance. Each
bridge of the stock is identified with an acronym (ID code). The results of
the seismic vulnerability assessment of the bridges have been stored in a
database controlled by the company (hereafter referred to as the SIOS
database).

For each bridge considered in this work, the following data have
been extracted from the company database: ID code of the bridge, type
of structure, number of spans, total length of the bridge, peak ground
acceleration (PGAp) value of the site prescribed by the design code [4],
maximum peak ground acceleration values bearable by the structure
(PGA() against three failure modes (i.e., bending failure of a pier, shear
failure of a pier, unseating of the deck) for both the longitudinal and
transverse direction of the bridge, return period (Tgp) of the earthquake
prescribed by the design code, maximum return periods of the earth-
quake leading to the failure of the structure (Tgc) for the three consid-
ered failure modes, and the risk indices (RI) of the structure expressed as
a function of both PGA and Ty for both the principal directions of the
bridge (longitudinal and transverse). The procedure followed for the
determination of the capacity of the bridge (PGAc, Trc) and the risk
indices are described in Section 3.1.

From the collected data, it results that the number of spans of the
bridge’s database ranges between 1 and 87, while the length of the
bridges ranges between 7 m and 2672 m, with the distribution described
in Fig. 1.

In Fig. 1a, the total lengths of bridges are grouped in classes of 50 m
each. The class with the highest number of bridges (392) is the one with
a total length between 50 and 99 m, which represents 33 % of all
bridges. The 15 % (176) is between 7 m (minimum value) and 49 m,
while the 10 % (117) falls between 100 m and 149 m. In general, the
majority of the bridge lengths is below 500 m, while the maximum
bridge length is 2672 m.

In Fig. 1b, the numbers of spans are grouped in classes of 2 spans
each. The class with the highest number of bridges (466) is the one with
a number of spans between 3 and 4, which represents 39 % of all

bridges. The 12 % (143) is between 5 and 6, while the 10 % (116) falls
between 7 and 8. It is important to highlight the presence in the SIOS
database of 112 short bridges (9 %), with only one span. In general, most
of the bridges have a number of spans below 20, while the rest is un-
evenly distributed among the other classes, with a maximum value of 87
spans for the longest bridge. In the following, specific fragility curves
will be developed for the whole stock of bridges and for three different
ranges of length and number of spans of the bridges. This represents the
simplest way of grouping the structures by filtering the bridge database,
according to the peculiarity of the SIOS database. However, other ways
of grouping viaducts could be considered in the future (e.g. structure
type, pier cross-section, span configuration, bearing type).

3. Definition of the fragility curves

Fragility curves describe the probability of a structure to reach or
exceed a specific damage state (DS) under earthquake excitation. They
establish a relationship between a measure of the intensity of the seismic
action IM and the probability of the structure of being damaged beyond
a specific level of damage DSi. Several options are available for the
measure of IM as, for instance, peak ground acceleration, peak ground
velocity, root mean square velocity, spectral acceleration at the natural
period of the bridge [18,19]. In this study, the PGA has been chosen as
intensity measure to make possible the comparison with other works
previously presented in the scientific literature [20-31]. As damage
level, the significant damage limit state [32] or life safety limit state [4]
are considered.

Analytically, by assuming a lognormal cumulative distribution
function [33], this statement can be expressed as follows:

InIM — ”DS\IM)

7 @

P(DS > DS|IM) = c1>(

where @ represents the standard normal cumulative distribution func-
tion, pups|m is the lognormal mean of the DS conditioned on IM, and p is
the lognormal standard deviation of DS|IM.

The lognormal distribution is commonly adopted in seismic vulner-
ability studies because: (i) it fits well the distribution of structural failure
data [34-36], (ii) it has zero probability density below zero IM, and (iii)
it is fully characterized by the first and second moments of the
distribution.

Fragility curves can be obtained in different ways: (i) from expert
opinion (expert judgement fragility curves), (ii) from statistical pro-
cessing of post-earthquake survey data (empirical fragility curves), or
(iii) from analytical or numerical evaluations (analytical fragility
curves).

In the present work, analytical fragility curves will be determined for
a stock of existing bridges by defining the lognormal cumulative dis-
tribution function F(PGA) as:
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where xp, is the median value of the damage state (DSx) capacity,
expressed in terms of acceleration, and B is the logarithmic standard
deviation [37,38].

The required parameters of the lognormal curve are obtained as
follows [34]:

n= % iZN;lnPGAi 3)

Xm = € ()]

p= JNL ENJ (InPGA; — p)? (5)
=

where PGA,; is the median IM leading to the reaching of the damage state
DSy and N is the number of considered bridges.

3.1. Seismic vulnerability assessment procedure

For the evaluation of the seismic vulnerability, all the 1182 RC
highway bridges of the considered stock have been modeled in the finite
element (FE) software Midas Civil (Fig. 2) to perform nonlinear static
analyses (NLSA) and obtain their capacity curves. NLSA allows the
modelling of the nonlinear behavior of the structural members and the
determination of the capacity of the structure in a simple and fairly rapid
way. Although the use of nonlinear time history analysis could have
provided more detailed results, its computational cost is too high for
such a large number of bridges. The structures have been modeled using
beam elements and elastic/rigid links (Fig. 3). The bending and shear
nonlinear behavior of piers and bearings has been modeled with proper
plastic hinges as described in detail in [39,40]. The obtained results (e.

g., capacity curves, stresses, displacements) have been imported into a
custom software specifically written in Matlab (called MPA_CISE),
which automatically performs the modal pushover analyses (MPA)
[41-44] in order to find the performance point (PP) of the structure (i.e.,
the intersection between the capacity and demand curves, according to
the capacity spectrum method [3,45], following the procedure described
in ATC-40 [46]) for each significant vibration mode, and [4,15] for the
two main directions (longitudinal X and transverse Y). The PP gives the
response of the structure subjected to the expected seismic event.

For each modelled viaduct, the MPA_CISE software performs a great
number of iterations in order to find the PP of the structure by inter-
secting each capacity curve with a progressively increasing design
spectrum (controlled by increasing the PGA), obtaining as a result the
PGA associated to the considered damage state (i.e., when a failure of a
member happens for the first time), in this case assumed as the signifi-
cant damage limit state [32] or life safety limit state [4]. Following the
modal pushover analysis approach [41,42], this process implies the
consideration of all the significant vibration mode shapes of the bridge
(at least the ones with a participant mass greater than 2 %) and the
combination of the results with the complete quadratic combination
(CQCQ) or the square root of the sum of the squares (SRSS) combination
rules, for the two principal directions of the viaduct (i.e., longitudinal
and transverse). At the end of this iterative procedure, the capacity of
the structure is known in terms of maximum PGA¢ bearable by the
structure, and this result can be compared with the corresponding PGAp
prescribed by the code for the considered site. The ratio between the two
PGAs represents the so-called risk index (RI = PGA¢/PGAp) as defined
by the Italian design code [4,15]. The limit safety condition of the
structure is defined by RI equal to 1 and the lower is RI, the higher is the
probability of collapse of the structure. Further details about the FE
modelling of bridges, implementation of the procedure, and validation
of the results can be found in [39,40,47].

The modal pushover analyses results obtained for each structure are
saved automatically by the MPA_CISE software in text files and stored in
the SIOS database, hosted by the company in charge of managing the
network of the considered highway bridges.

These results are then used as input in the FC_Gen (Fragility Curves
Generator) Matlab software, specifically developed by the authors to
determine and plot the fragility curves of the bridges stock. This code
reads and extrapolates the previously evaluated critical PGA¢ of the
bridges and determines the corresponding fragility curve, by grouping
the results with respect to the failure mode (bending, shear, and
unseating), loading direction (longitudinal or transverse), and number
of considered bridges (e.g., whole stock, bridges pertaining to different
highway authorities, length of the bridge). Therefore, the obtained
fragility curves should be interpreted as bridge class fragility curves and
not as individual bridge fragility curves. Furthermore, having used the
smoothed response spectrum prescribed by the code in the modal
pushover analyses, the record-to-record variability is not accounted.

It should be also highlighted that the considered fragility curves were
obtained from the results of vulnerability analyses performed on the
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Fig. 4. — Fragility curves of the whole SIOS database.
Table 1
— Parameters of the fragility curves of the whole SIOS database.
X Y
Verification Xm [g] B Xm [g] B
Unseating 0.8081 0.6069 0.9572 0.6720
Bending 0.4822 0.7735 0.3948 0.7226
Shear 0.1666 0.8997 0.1415 0.8735
Table 2 -

Parameters of the fragility curves for total length grouping in longitudinal (X)
direction.

Short Medium Long
Verification Xm [g] i Xm [g] p Xm [g] i
Unseating 0.7226 0.5763 0.7641 0.5401 0.8900 0.6496
Bending 0.7986 0.8389 0.4089 0.6751 0.3991 0.6546
Shear 0.2480 1.1159 0.1366 0.7721 0.1503 0.7545
Table 3 -

Parameters of the fragility curves for total length grouping in transverse (Y)
direction.

Short Medium Long
Verification Xm [g] i Xm [g] B Xm [8] B
Unseating 0.9302 0.7093 0.9560 0.6039 0.9725 0.6952
Bending 0.3732 0.8844 0.4366 0.7194 0.3821 0.6045
Shear 0.1131 0.9424 0.1604 0.8953 0.1487 0.7920

initial bridge configuration, disregarding the influence of the damage
evolution over time caused by factors such as ageing, corrosion, traffic
loads and maintenance activities on the performance of the bridges. As
demonstrated by other works on the subject [5,11,40], it has been
shown that, as expected, corrosion leads to an increase in the vulnera-
bility of bridges (i.e. increase of exceeding probability for a certain PGA)
as well as an increase in the corresponding standard deviation.
Conversely, the implementation of potential upgrading interventions on
the bridges of the aforementioned stock during scheduled maintenance
activities follow in opposite effects. Presently, the availability of these
results is restricted to a modest subset of bridge structures [48].
Consequently, the incorporation of these results into fragility curves
remains a subject of ongoing evaluation.

3.2. Fragility curves of the whole bridges stock

Following the presented procedure, the fragility curves related to all
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Fig. 5. — Classification of the bridges for (a) total length in m and (b) number
of spans.

the bridges of the SIOS database have been obtained (Fig. 4) with regard
to the three most important failure modes, i.e., bending or shear failure
of the piers, and unseating failure of the deck, for both the longitudinal
(X, solid lines) and transverse (Y, dashed lines) direction. The main
parameters of the different fragility curves are listed in Table 1. It is
evident that the shear failure is associated to lower PGA values, meaning
that shear is the most probable failure mode considering both directions.
This can be justified by the fact that most of the viaducts present in the
database were built in the ‘70 s, when the code prescriptions on the
shear reinforcement of piers were very poor. The high value of standard
deviation indicates a great variation of the PGA¢ related to the shear
failure, in contrast to the high slope of the curve, which is due to a low
median value.

The sequence (from shear failure to unseating failure) and shape of
the obtained curves are quite common, showing that the bending failure
mode, associated to the exceeding of the ultimate bending moment at
the base of the pier, usually is activated after the shear failure mode and
way before the unseating one.

The different fragility curves reflect the different structural behavior
of the structure along the two principal directions, depending on the
geometry of the bridge. Generally, the behavior in the transverse di-
rection is weaker, except in the case of unseating. This is related to the
typical geometry of the pier cap that is generally characterized by a
larger dimension in the transverse direction.

4. Granular fragility curves: bridge length and number of spans

With the aim to better understand the influence of certain charac-
teristics of the bridge on the fragility curves, the considered bridge
portfolio has been subdivided in sub-groups with respect to the total
length (Fig. 5a) and the number of spans (Fig. 5b) of the bridges. The
main information that comes out is that the majority of bridges have less
than 3 spans (see also Fig. 1b). The bridges have been grouped in 3
categories to develop the macro-scale fragility curves:

— Short bridge: length between 1 m and 60 m (392) or number of spans
between 1 and 3 (552);

— Medium bridge: length between 61 m and 160 m (317) or number of
spans between 4 and 10 (430);

— Long bridge: length greater than 160 m (473) or number of spans
greater than 10 (200).

The ranges of length and span were defined to guarantee an adequate
number of bridges in all the groups, avoiding situations with few bridges
in a group. Other grouping criteria of the structures can be considered,
but this is out of the scope of the present work. In the following, the
fragility curves for the different groups of bridges (short, medium, long)
will be reported, according to the total length-based classification. The
fragility curves obtained grouping the bridges on the basis of the number
of spans are omitted because they show trends similar to the total length

ones.
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4.1. Bridge length-based fragility curves for the longitudinal direction

Fig. 6 shows the fragility curves of the considered highway bridges,
grouped for the total length, in the longitudinal direction. The curves
related to the short bridges (continuous lines) for the shear and bending
failure modes are characterized by significantly higher mean PGA with
respect to the corresponding cases of medium and long bridges. This
difference is probably caused by the presence of a significant number of
single-span bridges (112) in the short bridge group. For these kinds of
bridges, only the unseating safety verifications could be performed

Table 4 -
Available studies on fragility curves of bridges.

Structures 78 (2025) 109374

because of the lack of piers in the structure. By removing the single-span
bridges from the group of the short bridges, the trend of the short bridges
fragility curves turns out to be similar to the corresponding one obtained
considering the whole database of bridges.

The fragility curves related to the medium and long bridges, for both
shear and bending failure, are very close to each other, while they are
quite far in case of unseating failure. The higher vulnerability is asso-
ciated to the shear failure.

4.2. Bridge length-based fragility curves for the transverse direction

Fig. 7 shows the fragility curves of the bridges, classified for the three
ranges of the total length, in the transverse direction. The trend of the
curves is similar to the one observed for the case of the whole stock. In
this case, the differences among the three groups are less evident with
respect to the case of the longitudinal direction. Particularly, the three
curves related to the shear failure are very close or tend to overlap with
each other. For the case of bending failure, the mean PGA is almost
similar for the three groups of bridges, but the long bridges group is
characterized by a lower logarithmic standard deviation, resulting in a
different shape of the corresponding curve. The lowest median value is
always related to the short bridges group, and the shear failure is the
leading verification in the transverse direction.

5. Comparison with fragility curves from literature

The availability of modal pushover results for the described database
allowed to evaluate the fragility curves of a large stock of Italian high-
way bridges and to make some considerations about their seismic
vulnerability. Nevertheless, a comparison with similar results obtained
on other stocks of bridges by other researchers could be useful to better
understand the quality of the obtained results. Table 4 collects some
references from other authors, which propose, for different RC bridge
databases, the seismic vulnerability fragility curves obtained with
different methodologies. The works are grouped with respect to the
analysis method adopted to obtain the fragility curves. Some general
characteristics about the bridges considered in each specific stock are
also reported.

In the following sections, the comparison between the fragility
curves obtained for the SIOS database and the literature ones is pre-
sented, considering the adopted different analysis methods.

5.1. Vulnerability analyses with NLTHA method

The first group of considered research papers adopts the non-linear
time history analysis (NLTHA) for the assessment of the structures.
The main characteristics of the stock of bridges analyzed in each work
are briefly recalled in the following.

Choi et al. [20] studied a stock of bridges located in the central and
southeastern United States, with different structural schemes. The 95 %

Research paper Site Analysis type Seismic input Bridge typology Number of spans Number of bridges*
Choi et al. (2004) [20] USA NLTHA Accelerograms (100) MSC+MSSS 3 20
Nielson et al. (2007) [21] USA NLTHA Accelerograms (96) MSC-+MSSS+SS 3 78319
Banerjee et al. (2008) [22] California NLTHA Accelerograms (60) MSC 5,10, 12 3
Jeon et al. (2015) [23] California NLTHA Accelerograms (114) MSC 2 1
Zhang et al. (2009) [24] Mendocino, California NLTHA Accelerograms (250) MSC 4 1
Alipour et al. (2011) [25] Los Angeles, California NLTHA Accelerograms (60) MSC 2,3 6
Avsar et al. (2011) [26] Turkey NLTHA Accelerograms (25) MSC > 52
Borzi et al. (2015) [27] Italy IRHA Response spectrum MSC+MSSS <5 9
Moschonas et al. (2009) [28] Greece NLSA Response spectrum MSC 212 62
Perdomo et al. (2022) [29] Italy NLSA Response spectrum MSC 8,9,13,31 4
Cardone et al. (2011) [30] Campania, Italy IACSM Response spectrum MSSS >2 5
Miano et al. (2016) [31] Campania, Italy JACSM Response spectrum MSSS >2 5

*The number refers only to the bridges considered for the comparison.
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Fig. 8. — Comparison between the fragility curves of the SIOS stock and the ones from NLTHA literature.

of the database is represented by multi-span continuous (MSC) bridges,
multi-span simply supported (MSSS) bridges, and single span (SS)
bridges. For the comparison with the SIOS stock of highway bridges,
only MSC and MSSS bridges will be considered. Nonlinear finite element
models were created to generate the fragility curves by using about one
hundred accelerograms. Four different damage levels were analyzed
using the software HAZUS 97. The fragility curves were developed first
for the bridge structural components and later combined to obtain the
global fragility curves. For the comparison, only the fragility curves
obtained for the extensive damage will be considered.

Nielson et al. [21] also considered a database of bridges located in
the central and southeastern United States. More than 100000 bridges,
classified in nine different classes, were analyzed. The classes that will
be considered for the comparison are: MSSS bridges with concrete
girder, MSSS bridges with concrete box girder, MSC bridges, and SS
bridges. Three-dimensional numerical models were developed and
analyzed through non-linear dynamic analysis by using about one
hundred accelerograms. The fragility curves were obtained establishing
a relationship between the PGA and the probability of exceedance for
four different damage states, according to the definition given by the
FEMA-356 [3]. For the comparison, only the fragility curves for exten-
sive damage will be considered.

Banerjee et al. [22] developed analytical fragility curves for three
representative RC bridges with the following characteristics: (i) 5 spans
bridge with 4 round section piers, one expansion joint, and a 3-cell
concrete box girder deck, (ii) 12 spans bridge with 11 oblong col-
umns, one expansion joint, and a 4-cell concrete box girder deck, (iii) 10
spans bridge with 9 rectangular section columns of different heights, 4
expansion joints, and a 5-cell concrete box girder deck. 2D nonlinear
analyses were performed using 60 earthquake time histories developed
for a FEMA/SAC project, subdivided into 3 groups with different
exceeding probabilities. The structural response was measured in terms
of rotational ductility and shear force at column ends. Four different
damage states were considered as defined by HAZUS 99 [49], but only
the extensive damage state will be considered for the comparison.

Jeon et al. [23] proposed the study of a two span single frame con-
crete box girder highway bridge built in California in 1967. The spans
show different lengths, with a 6 m high pier. The research was focused
on the study of the shear behavior of the pier. Four different models were
developed for the same geometry by changing the input ground motions
(e.g., longitudinal, transverse or vertical) and the pier behavior model
(e.g., bending, bending-+shear). Only two models will be considered for
the comparison: a pier shear model under constant axial load (gravity
load) with longitudinal and transverse ground motions (named SC-LT),

and a pier shear model under multiple levels of axial load with ground
motions in all the three orthogonal directions (named SC-LTV). A total of
114 ground motions were used for the non-linear time history analyses,
measuring the demand in terms of maximum pier drift (in percentage).
The damage states to develop the fragility curves were defined accord-
ing to previous study. For the comparison with the fragility curves of the
SIOS database, only the extensive damage state will be considered.

Zhang et al. [24] selected a typical highway bridge, built in Cali-
fornia before 1971, to derive the fragility curves. The structure is a
four-span continuous concrete box girder bridge with monolithic abut-
ments and piers having different heights (from 7.6 m to 9.6 m). The
bridge was studied in the as-built configuration and in the retrofitted
configuration, using different seismic isolation devices, developing both
2D and 3D finite element models. For the comparison, only the results
obtained from the simplified 2D model of the as-built configuration (i.e.,
without isolation devices) will be considered. The fragility curves were
derived using the Probabilistic Seismic Demand Analysis (PSDA) and the
Incremental Dynamic Analysis (IDA). The PSDA uses unscaled earth-
quake ground motions to obtain a correlation between the engineering
demand parameters (i.e., section curvature of the pier) and the ground
motion intensity measures (PGA). In the IDA approach, all the accel-
erograms are scaled to selected intensity levels associated to prescribed
seismic hazard levels, and the non-linear time history analyses are
performed for each different hazard level. For comparison, only the
fragility curves obtained from the simplified 2D model for the extensive
damage state will be considered.

Alipour et al. [25] studied the life-cycle performance and cost of RC
highway bridges subjected to earthquake ground motions while they are
continuously exposed to corrosion. Several bridge models with different
structural characteristics were developed to evaluate the influence of the
corrosion process on the structural capacity and seismic performance of
bridges. The fragility curves were developed for different ages of the
bridges, by properly updating the properties of RC members at each
stage. 18 box girder bridges with two or three spans, different column
properties (height and cross-section), and various span lengths (short,
medium or long) were modeled. For a fair comparison, only the curves
related to undamaged bridges will be extracted, considering bridges
with two and three spans, with 10 m high piers (medium height), and all
the span length options. A set of 60 earthquake ground motions was
considered to generate the fragility curves, and the pier curvature
ductility (i.e., the ratio between the maximum pier curvature recorded
from the nonlinear time-history analysis and the pier yield curvature
obtained from moment-curvature analysis) is assumed as the damage
intensity measure. For the comparison, only the fragility curves related
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Table 5 -
NLTHA fragility curves parameters.

Reference Structure Xm [g] B

Choi et al. [20] MSSS 0.770 0.420
Choi et al. [20] MSC 2.010 0.570
Nielson et al. [21] MSC 0.750 0.700
Nielson et al. [21] MSSS 0.830 0.650
Nielson et al. [21] MSSS concrete box girder 1.190 0.750
Nielson et al. [21] SS 2.620 0.900
Banerjee et al. [22] Bridge 1 0.700 1.000
Banerjee et al. [22] Bridge 2 0.670 1.000
Banerjee et al. [22] Bridge 3 0.670 1.000
Jeon et al. [23] SC-LT 1.550 0.750
Jeon et al. [23] SV-LTV 1.290 0.730
Zhang et al. [24] 2D model PSDA 0.550 0.910
Zhang et al. [24] 2D model IDA 0.480 0.370
Alipour et al. [25] Short span, 2 spans 2.460 0.600
Alipour et al. [25] Medium span, 2 spans 1.640 0.600
Alipour et al. [25] Long span, 2 spans 1.480 0.600
Alipour et al. [25] Short span, 3 spans 2.200 0.600
Alipour et al. [25] Medium span, 3 spans 1.420 0.600
Alipour et al. [25] Long span, 3 spans 1.480 0.600
Avsar et al. [26] MS-MC-SL30 0.693 0.280
Avsar et al. [26] MS-MC-SG30 0.583 0.350
Avsar et al. [26] MS-SC-SL30 0.577 0.400
Avsar et al. [26] MS-SC-SG30 0.482 0.360

to the extensive damage state will be considered.

Avsar et al. [26] developed analytical fragility curves for a group of
52 RC highway bridges built after the 1990s in Turkey. The inventory
includes multi-span (MSSS) composite structures with prestressed con-
crete girders and continuous cast-in-place RC decks. The bridges were
grouped into 4 main classes, supposing a similar seismic behavior for the
bridges of the same class. The classification was based on the available
data from past earthquake reports and previous studies to define the
bridges primary structural attributes (i.e., number of spans, number of
piers, and skew angle). Comprehensive 3D finite element models of the
bridges were subjected to nonlinear time history analyses. A set of 25
accelerograms recorded in Turkey and in other regions having similar
faulting mechanisms and seismic potential were used to generate the
fragility curves. The curvature of the pier and of the cap beam was
assumed as the damage intensity measure, as well as the shear in the pier
and the displacement of the deck. The lognormal distribution fragility
curves were developed for several seismic intensity measures (i.e., PGA,
peak ground velocity, acceleration spectrum intensity). The fragility
curves considered for the comparison with the ones of the SIOS database
are those having the PGA as IM and referred to the extensive damage
state.

5.2. Comparative graph and remarks about NLTHA fragility curves

Fig. 8 shows the comparison between the 23 fragility curves
extracted from the presented references which adopted the NLTHA
method and the six fragility curves of the whole stock of bridges of the
SIOS database. The main parameters of each fragility curve are listed in
Table 5.

It could be observed that the shape of the fragility curves and their
respective main parameters are influenced by several aspects.

The first element to be considered is the size of the bridge inventory.
The fragility curves that consider only a single typical bridge ([20,211)
show lower coefficients of variation with respect to other curves which
refer to bigger inventories (e.g., [23] which considers 78319 bridges).
Moreover, sometimes, it is difficult to consider them as representative of
an entire bridge category. The strong point of the SIOS fragility curves
with respect to the other ones is that they are obtained using a huge
inventory of existing bridges, individually analyzed (only reference [21]
has a bigger stock).

The structural typology of the bridge is another crucial element. Most
of the studies deal with MSC bridges and only some of them also
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consider MSSS bridges. In the work presented by Choi et al. [20], the
results for these two typologies can be compared, highlighting that the
MSC typology turns out to be the less vulnerable, thanks to the conti-
nuity of the deck structure. A different conclusion can be made by
observing the fragility curves proposed by Nielson et al. [21]. In
particular, the fragility curves related to MSSS and MSC concrete box
girder bridges are very close between them and with the SIOS database
curves associated to the unseating failure. It is also interesting to notice
that the fragility curve proposed in [21] and related to SS bridge shows a
lower vulnerability. In this configuration, where the deck is supported
only by the abutments, it should be expected that the [21] SS bridge
fragility curve will be close to the fragility curve associated to the
unseating failure of SIOS database. Instead, this is not the case, probably
because the SS bridges represent only the 9 % of the bridge analyzed
stock, and also because the coefficient of variation obtained by Nielson
et al. [21] is quite higher than the one reported in Section 3.2 (0.9 vs
0.607).

The fragility curves for two or three spans’ bridges proposed by
Alipour et al. result to be shifted to the right with respect to the six
curves of the SIOS database. This could be due to the limited dimensions
of the structures and to the reduced number of piers, following in a
better seismic performance.

The methodology to derive the analytical fragility function may also
influence the resulting fragility curves as proved by the work of Zhang
et al. [24]. Indeed, the curve related to the IDA method is associated to a
more conservative configuration (with lower coefficient of variation)
with respect to the one obtained with the PSDA method. Moreover, both
these two curves fall within the range of the fragility curves determined
in this work.

Generally, the fragility curves obtained for the SIOS bridge stock are
close to the others available in the literature, with the ones related to the
shear and bending failure modes placed on the left side of the bundle of
curves taken from the literature references. It is important to underline
that the fragility curves available in literature do not distinguish be-
tween the different failure modes, showing only the most restrictive one.

To better understand the differences between the proposed fragility
curves and those reported in the literature, it should be noted that the
fragility curves of the SIOS database are obtained by modal pushover
analysis following the procedure described in ATC-40. Therefore, the
mean value of the failure PGA is somewhat on the safe side due to the
overestimation of the equivalent damping coefficient implied by the use
of the ATC-40 method in the pushover analysis [50]. Another source of
difference between the proposed fragility curves and those in the liter-
ature is related to the lack of record-to-record variability implied by the
use of NLSA with smoothed spectrum, which results in an underesti-
mation of the lognormal standard deviation. However, the underesti-
mation of the standard deviation related to the lack of record-to-record
variability is partially compensated by the large variability of the real
configurations considered related to the high sample size in the
database.

Overall, the results show the effectiveness of the nonlinear static
analysis (NLSA) which allows to obtain reliable results with lower
computational effort with respect to the NLTHA, staying on the safe side.

5.3. Vulnerability analyses with IRHA method

The Inelastic Response History Analysis (IRHA) method was adopted
by Borzi et al. [27] to evaluate specific fragility curves on an Italian
bridge stock, within the framework of a Civil Protection sponsored
project. The database included 485 bridges, whose most common
characteristics were: less than five spans, single piers with height
ranging between 10 m and 20 m, box girder cross section, and simply
supported decks with elastomeric bearings. The aim of the work was to
map the bridge seismic risk at national level, giving real-time dam-
age-probability scenario.

The fragility curves were evaluated by Borzi et al. [27] for nine
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Fig. 9. — Comparison between the fragility curves of the SIOS stock and the ones from Borzi et al. [27].

Table 6 -
Parameters of the fragility curves by Borzi et al. [27].
Bridge ID Xm [g] B
15 0.670 0.440
127 1.530 1.470
128 1.750 1.430
296 0.790 0.690
310 0.360 0.520
321 0.700 0.750
343 2.410 1.620
376 1.020 0.940
377 0.180 0.770
Table 7 -
NLSA fragility curves parameters.

Reference Bridge ID Xm [8] B

Moschonas et al. [28] 122Y 0.281 0.650

Moschonas et al. [28] 232Y 0.686 0.650

Moschonas et al. [28] 332Y 0.983 0.600

Perdomo et al. [29] 13 1.515 0.400

Perdomo et al. [29] 14 0.824 0.400

Perdomo et al. [29] 17 0.286 0.600

Perdomo et al. [29] 28 0.529 0.300

increasing values of PGA, with a mean return period of exceedance (Tgr)
ranging from 30 to 2475 years, as required by the Italian Standard [4].
For each intensity level, a number of artificial spectrum-compatible
ground motions were generated, and, for these motions, the IRHA pro-
vided the demand values D on each bridge component. These values
were then compared to the corresponding capacity values C of each
element, depending on the considered damage state. The
demand-to-capacity ratio Y=D/C was then used to measure the global
structural performance. Furthermore, the values of Y calculated for each
damage state were then used to develop a lognormal distribution in
order to estimate the exceeding probability of the unit value of Y,
associated to the failure onset.

A total of 180 IRHA analyses were performed for each bridge (ten
artificial motions, for nine PGA values, for two different modeling as-
sumptions on the bearings). For the comparison with the SIOS bridge
stock, only the fragility curves related to the damage state closest to the
extensive damage state were considered. Although the definition of
damage states is slightly different for the two stocks of bridges, the
comparison seemed interesting because the two databases belong to the
same infrastructural system (i.e., [talian RC highway viaducts). Finally,

within the stock of 485 bridges, nine bridges were selected as repre-
sentative of the most common typology (simply supported multi-span
decks, single-stem hollow section piers, piers height between 5 m and
30 m, and rubber bearings), and the corresponding fragility curves re-
ported in [27].

5.3.1. Comparative graph and remarks about IRHA fragility curves

Fig. 9 shows the comparison between the fragility curves obtained
for the whole SIOS stock and the ones provided by Borzi et al. [27]
following the IRHA approach. The main parameters of each fragility
curve are listed in Table 6.

Before discussing the comparison between the fragility curves, it
should be underlined that their shapes are strongly affected by several
characteristics of the analyzed bridges or the homogeneity of the group
of considered structures. In fact, Fig. 9 clearly shows that, even if the
nine selected bridges analyzed in [27] are quite similar, their fragility
curves are very different. It is also evident that the shear failure fragility
curves (in both longitudinal and transverse directions) of the whole SIOS
database are almost coincident with the one of bridge 377 and very close
to the one related to the bridge 310, which corresponds to the longest
bridges (448 m and 425 m, respectively) with the highest number of
spans (13 and 12, respectively). This could be explained because, as
presented in Section 2, the whole SIOS database mainly collects long
bridges. Fragility curves of bridges 15, 321, and 376, which show an
“intermediate” number of spans and lengths (7, 6, and 9 spans; and
236 m, 211 m, and 305 m, respectively), come right after. The other
curves (bridges 127, 128, 296, and 343) are more similar to the fragility
curves of the whole SIOS database related to the unseating failure,
probably because these bridges are the ones with the lower length and
span number, showing a higher seismic resistance (i.e., high median
values) together with a high dispersion of the results (i.e., high standard
deviation).

Generally, it is evident that the results of the most critical failure
mode (first shear failure of a pier) related to the whole stock of SIOS
bridges are located on the left side of the plot, confirming the conser-
vative approach of the pushover analyses with respect to the dynamic
ones (like the IRHA method).

5.4. Vulnerability analyses with NLSA method

The group of research papers considered in this section adopts the
nonlinear static analysis (NLSA), i.e. the same approach adopted to
develop the fragility curves of the SIOS database.

Moschonas et al. [28] developed the fragility curves for the most
common Greek highway bridge typologies. In particular, the research
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Fig. 10. — Comparison between the fragility curves of the SIOS stock and the ones from NLSA literature.

was focused on the bridges located on the Egnatia Odos highway, in the
northern part of Greece. The bridges were grouped according to the
main characteristics affecting the seismic behavior: type of pier, type of
deck, and type of piers-to-deck connection, obtaining a total of 11
groups. The methodology proposed by Moschonas et al. is based on the
pushover analysis of the bridges, according to the capacity spectrum
method, and is similar to the one adopted in HAZUS [49]. The bridges
were classified into two main categories according to their seismic en-
ergy dissipation mechanism: (i) column/framed pier bridges, with
yielding piers, and (ii) wall type pier bridges, with elastic piers and
nonlinear bearing devices. The damage states were defined according to
Basoz et al. [51], using damage parameters. For the comparison with the
SIOS database results, only the fragility curves related to the extensive
damage state were considered. The demand parameter is measured
through the maximum displacement of the bridge, according to the
nonlinear behavior of piers/bearings, as a function of the PGA.

Perdomo et al. [29] studied the accuracy and suitability of NLSA
procedures for the development of analytical fragility curves for seismic
risk assessment of large portfolios of RC bridges with single or multiple
piers. Several approaches were used to develop the curves (e.g., modal
pushover analysis, capacity spectrum method, etc.), but only the results
obtained from the modal pushover analysis were considered in the
following for comparison with SIOS database curves, for the sake of
homogeneity. The portfolio includes 50 RC Italian bridges with
single-stem piers, grouped in “classical” (C) and “non-classical” (NC)
bridges, based on the participating mass of the first vibration mode. The
C bridges show a dominant first (fundamental) vibration mode, in which
all piers move in the same direction, while the NC bridges are always
higher-mode sensitive. The damage states were defined according to the
criteria proposed by HAZUS [49] and the pier displacement ductility
was adopted as demand parameter. For the comparison with the SIOS
fragility curves, only 4 configurations over 50 were considered, 2
belonging to the C bridges (i.e., bridges 4 and 17) and 2 belonging to the
NC bridges (i.e., bridges 13 and 28), limiting the comparison to the
extensive damage state. The IM is assumed as the spectral acceleration at
the fundamental period S,(T1), which is different from the IM adopted in
the other discussed works (i.e., the PGA). For this reason, a conversion
was made to make possible the comparison of the curves. Given that all
the analyzed bridges were in Italy, the Italian lithostatic map based on
the soil type classes of the EC8 [32] elastic response spectrum was used
for the S,(T1)-PGA conversion.

5.4.1. Comparative graph and remarks about NLSA fragility curves
The comparison between the fragility curves of the SIOS portfolio
and the ones obtained by other authors with the NLSA approach

(Fig. 10) considers only the behavior in the transverse direction of the
bridge, according to the literature available data. The SIOS curves fit
well inside the bundle of the other fragility curves, proving the reli-
ability of the proposed approach. The fragility curve related to the shear
still remains the most vulnerable one, followed by the curve associated
with the bridge 122Y (4 spans, simply-supported box girder deck,
180 m, single-stem pier with circular section) and bridge 17 (same
column type and similar length of 122Y). The bridge 232Y is less
vulnerable than the previous two, even though it is also a simply-
supported bridge with single column. Bridge 28 is the longest one
(852.5 m with 31 spans) and for this reason its fragility curve is located
among the most vulnerable ones, even if its high steep is associated with
a very low standard deviation, which makes the curve cross the SIOS
curve related to the bending failure. It is interesting to notice the simi-
larity between the curve of bridge 332Y and the SIOS fragility curve
related to the unseating failure, which is probably due to the fact that the
majority of the bridges of the SIOS portfolio have 3 spans as bridge
332Y.

As a final comment, it should be emphasized that the SIOS portfolio
fragility curves are related to a large stock of bridges (thus including
very different bridge geometries), whereas the curves proposed in the
literature for NLSA are single bridge fragility curves. This makes the
comparison difficult as the logarithmic standard deviation is very
different due to the large difference in the variability of the bridge ge-
ometry. Nevertheless, the SIOS database fragility curves are on the safe
side with respect to those proposed in the literature.

5.5. Performance-based adaptive analyses with JACSM-DAP method

The main aim of the Inverse Adaptive Capacity Spectrum Method
(IACSM) is the evaluation of the earthquake intensity level (e.g., PGA)
corresponding to pre-established damage states of the structure,
identified by given performance points on the capacity curve of the
bridge. Consequently, since the inelastic deformed shape of the bridge
related to each damage state is known from the beginning of the anal-
ysis, the equivalent damping ratio of the bridge can be directly estimated
by properly combining the damping contributions of each member of
the bridge. Contrary to the direct approach, IACSM is not iterative and
does not require the bilinearization of the capacity curve of the equiv-
alent single degree of freedom (SDOF) model of the bridge.

Instead of using the conventional force-based methods, the capacity
curves of the bridge may be evaluated with the Displacement Adaptive
Pushover (DAP) analysis to better estimate the deformed shape and the
distribution of the internal actions in the structural elements. The
seismic vulnerability is then evaluated for a number of Performance
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Table 8 -

IACSM-DAP fragility curves parameters.
Reference Bridge ID Xm [g] B
Cardone et al. [30] & Miano et al. [31] Lauretta 0.500 0.570
Cardone et al. [30] & Miano et al. [31] Ceraso 0.420 0.600
Cardone et al. [30] & Miano et al. [31] Castello 0.820 0.640
Cardone et al. [30] & Miano et al. [31] San Gennaro 0.700 0.610
Cardone et al. [30] & Miano et al. [31] Carapelle 0.680 0.610

Levels (PL), each one associated with a number of damage states of the
critical members of the bridge, identified by a series of points on the DAP
curve.

Cardone et al. introduced the IACSM-DAP approach in [30] to
determine the fragility curves (and the risk index) of an Italian highway
bridge portfolio. The different PLs associated to the different DSs were
first defined. From the finite element model, the capacity curves of the
equivalent SDOF models were determined. Lastly, after the evaluation of
the equivalent viscous damping, the seismic demand (PGA) associated to
each damage state was determined and used to derive the lognormal
fragility curves, which gives the exceedance probability of the consid-
ered damage state as a function of the PGA of the expected ground
motion.

A set of 9 bridges located on the Italian A16 highway were analyzed,
considering the most representative configurations (multi-span bridges,
with simply supported decks and mean span of 33 m). All the bridges
were built between 1969 and 1971 without seismic provisions and in
moderate/high seismicity regions. For this reason, the results show a
high vulnerability for these structures. Subsequently, Miano et al. [31]
presented other similar evaluations for the same bridge portfolio, used
to extrapolate the fragility curve main parameters reported in the
following (Table 8).

5.5.1. Comparative graph and remarks about IACSM-DAP fragility curves

Fig. 11 shows the comparison between the SIOS database fragility
curves and the ones obtained with the IACSM-DAP approach, particu-
larly for the five bridges Lauretta, Cesaro, Castello, San Gennaro, and
Carapelle. It is remarkable the similarity of these fragility curves, with
the five bridges falling within the bundle of SIOS database. It should be
noticed that the SIOS portfolio collects a huge number of bridges, while
the IACSM-DAP considers only five bridges, so the comparison may not
be equilibrated. The most vulnerable structures are Ceraso and Lauretta,
whose main common characteristics are the pier type (i.e., single-stem
pier) and the number of spans (5). These curves intersect the SIOS
curve of the bending failure, probably because they have a similar PGA
mean value with a low standard deviation. Carapelle and San Gennaro
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bridges show similar curves; the first one has 5 spans while the second 3,
and both of them are supported by wall piers. This type of pier often
shows a higher resistance with respect to the single-stem pier, turning
out to a less fragility for this kind of bridges. The less vulnerable curve is
the one of the Castello bridge, which have only 2 spans and a single wall
pier. The curve results quite similar to the SIOS curve associated to the
unseating failure, being the 2 spans structure less sensible to flexural and
shear failures.

6. Conclusions

The aim of this study was to evaluate the seismic vulnerability of a
portfolio (1182 bridges) of Italian highway RC viaducts. All the avail-
able data (pictures, original drawings, and documents) have been used
to accurately model each bridge of the considered portfolio, imple-
menting detailed 3D finite element models to be used in the structural
analyses for the shear, bending and unseating limit state verifications.
This is a strong point compared to other studies available in scientific
literature, which are usually based on a smaller number of structures or
parametric geometries of the bridges.

For each modelled bridge, nonlinear static analyses were performed.
Considering the number of bridges to be analyzed (more than one
thousand), this method allowed to save a lot of computational time with
respect to the more accurate nonlinear dynamic approach. An ad-hoc
developed software (MPA_CISE) was used to perform the modal push-
over analyses, determining the performance point and the correspond-
ing failure PGA against all the considered failure modes, for each
modelled bridge. The PGA was used as intensity measure of the seismic
action, which was then associated to the probability of exceeding of the
extensive damage limit state. The obtained results were used to generate
the fragility curves in the two main directions of the bridges (longitu-
dinal and transverse), for the three considered failure modes, using
another specifically developed software (FC_Gen). Therefore, the ob-
tained fragility curves are referred not to individual bridges but to a
bridge class that accounts for the different bridge geometries, structural
types, and material properties. Due to the assumption of a smoothed
response spectrum in the modal pushover analyses, the record-to-record
variability was not considered.

The fragility curves showed that shear failure of the pier is the first
failure mechanism activated, followed by the bending failure of the pier,
and, with significantly higher values of PGA, by the unseating of the
deck.

The whole SIOS database of bridges was then divided into subgroups
based on the total length of the bridge and the number of spans. For each
subgroup of bridges, the fragility curves were determined and, also in
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Fig. 11. — Comparison between the fragility curves of the SIOS stock and the ones from IACSM-DAP literature.
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this case, it was found that, for low values of PGA, the probability of
collapse for shear failure of the pier is quite high. Moreover, looking at
the median values of the fragility curves for shear failure, it comes out
that, in the longitudinal direction, the “short” bridges are the least
vulnerable while the “medium” ones are the most vulnerable. In the
transverse direction, the short bridges are characterized by the lowest
median value of PGA.

In order to validate the adopted approach and the obtained results, a
comparison was made with fragility curves collected from the scientific
literature. Several studies on bridges with similar characteristics were
considered and classified on the basis of the analysis method adopted to
obtain the fragility curves. The comparison showed that the SIOS
fragility curves were close to those available in the literature and
sometimes placed within the bundle of fragility curves reported by other
researchers. Nevertheless, it should be highlighted that, in some cases,
the differences between the hypotheses made in the considered ap-
proaches made the comparison not always simple.

The obtained fragility curves could be implemented by the highway
authority in the bridge management software to evaluate possible
intervention scenarios and schedule the proper maintenance retrofitting
works to improve the infrastructural network performance.

Future developments of the research could include different group-
ings of the bridges and the study of the influence of corrosion and
maintenance interventions on the fragility curves.
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