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ABSTRACT

In seismic areas, bridges and road infrastructures are of paramount importance to ensure prompt transportation and
emergency management during and after strong earthquakes. Fragility functions, which define the structural
damage probability under different ground shaking levels, could be very useful to assess the seismic performance
of bridges and their components. Field evidence from past earthquakes occurred worldwide indicates that local soil
conditions may affect the overall seismic performance of bridges. The paper investigates the effects of seismic site
response on the development of analytical fragility curves for reinforced-concrete bridge piers. In the first part of
the paper, a detailed literature review is illustrated to gain the current knowledge on fragility function development
in terms of computational methods, intensity measures, damage states and indexes.

For a bridge case-history, representing a quite common configuration in Italy, seismic fragility relationships were
later calculated after performing specific site response analyses, which provided the proper input ground motion at
the base of the piers. Bridge pier damage indexes were finally obtained by performing time-history analyses.

1 INTRODUCTION

In a transportation system, bridges are among
the key elements to assure network operation
during and after a strong earthquake.
Unfortunately, worldwide past earthquakes
highlighted the inner vulnerability of bridges,
with failures that caused huge human and
economic losses. Actually, many existing bridges
have been designed to resist only to gravity loads
and, if maintenance is not efficient and accurate,
the seismic risk associated to the road
infrastructure may be very high. In order to
improve life safety and reduce the economic
losses, it is important to quantify the risk itself
and define priority of intervention for its
mitigation.

Bridge damage caused by past earthquakes
was observed to span from light to collapse level
(Shinozuka and Banerjee 2005). The five most
probable failure mechanisms in girder bridges
may be summarized as: formation of plastic hinge
at the base of the pier, large relative
displacements with pounding between two
adjacent decks at expansion joints and abutments
or unseating of the deck with consequent fall,
failure of the restraints at the abutments and

expansion joints, premature shear failure in
columns, liquefaction of the surrounding soil.

Padgett and Des Roches (2006) underlined that
the abutments are other crucial components that
may be vulnerable for multi span simply or
continuous girder bridges. Therefore, the
transverse deformation in the abutment could be
chosen as a response parameter.

In recent years, fragility curves have been
proposed as a useful tool for the assessment of the
seismic risk of many types of buildings (Rossetto
and Elnashai, 2003; Kappos et al., 2006). These
relationships actually give the likelihood that a
structure will meet or exceed prefixed levels of
damage for a given intensity of the seismic
action. Fragility curves have been proposed also
for bridges (Hwang et al., 2001).

Conceptually, fragility functions can be
referred to classes of structures or to a single
structure that is considered as representative of a
given typology. In all cases, however, they can be
used for risk analysis at large scale to address the
resources for future interventions. In this paper,
the approaches proposed in literature for
developing fragility curves of bridges are firstly
recalled. With reference to a specific case-study,
emphasis is later given to the role exerted by local



soil conditions (site effects) in defining the
ground motion to be applied at the base of the
bridge pier. The selected bridge is characterized
by a pier made of two circular columns. For this
bridge type, the seismic damage is likely to occur
with plasticization at the pier base and the
damage parameter is the plastic rotation. To
develop the fragility functions of the bridge pier,
seismic site response analyses have preliminary
been carried out and the computed free-field
ground motion adopted as input signals for the
structural analyses. This procedure allows
nonlinear soil response under different shear
strain levels (induced by the earthquake) to be
taken into account. At this stage of the work,
however, the kinematic interaction occurring
between the soil and the pier foundation (pile
group) has been ignored. As well-known, the
effect of kinematic interaction between the
foundation and the surrounding soil generally
consists in reducing the motion transmitted to the
superstructure. This modification depends on
several factors, such as the frequency range of the
input motion, pile diameter and soil stiffness. In
literature, some closed-form solutions to switch
from the free-filed ground motion to the
foundation input motion are provided for very
simple soil types (homogeneous half-space or
two-layered soil). In these simplified hypotheses,
it was found that with reducing soil stiffness or
with increasing the frequency content of the
signal or pile diameter, higher difference between
the free field and the foundation input motion
might occur (Fan et al., 1991, Di Laora & de
Sanctis, 2013).

2 FRAGILITY ANALYSIS OF BRIDGES

Fragility relationships are defined as the
conditional probability that a structure will meet
or exceed a certain level of damage for a given
ground motion intensity. Fragility curves may be
developed for structural components as well as
for the structure itself as a unique system.
Component fragility curves are useful to identify
weak parts of the structure while system fragility
curves are used in seismic risk assessment.

Generally, fragility curves can be developed
using expert opinion (ATC 1985), empirical data
from past earthquakes, and analytical methods
through nonlinear dynamic analysis or quasi
static analysis. In particular, the expert-based
fragility curves, relying on the experience of a

number of experts, were developed in the
Eighties and they represent the first example of
fragility analysis. Due to the availability of
damage data collected during several past
earthquakes (Loma Pietra 1989, Northridge 1994
and Kobe 1995), expert-based fragility curves
were replaced by empirical curves developed
through statistical analysis of post-earthquake
inspections (Bas0z et al. 1998; Yamazaki et at.
1999; Shinozuka et al. 2000). The most important
limitation of the empirical curves is the lack of a
functional link with ground motion levels. To
overcome this limitation, analytical fragility
curves were developed through nonlinear
dynamic analysis or quasi-static analysis in order
to assess bridge vulnerability. It is thus possible
to perform fragility analysis for a specific region
and also for regions where there is no history of
past earthquakes. Hwang et al. (2001), Choi
(2002), and Choi et al. (2004), for instance,
generated analytical fragility curves for bridges in
Central and Southeastern America. Other
researchers, instead, investigated the seismic
fragility of typical multispan continuous and
simply supported highway bridges in New York
State (Pan 2007 and Pan et al. 2010). Ramanathan
(2012) developed fragility curves for typical
Californian bridge classes while Tavares et al.
(2012) and Billah and Alam (2013) developed
seismic fragility curves for highway bridges in
eastern and western Canada, respectively.

For the generation of fragility curves,
simplified and more detailed procedures have
been developed (Mander and Bas6z 1999, Mackie
and Stojadinovi¢ 2001, Karim and Yamazaki
2003, Gardoni et al. 2003).

Most of the studies regarding bridge fragility
curves are focused on as-built bridges. The effect
of different retrofit strategies such as carbon fibre
jacketing and viscous damper, steel jacket,
concrete jacket, Carbon Fiber Reinforced
Polymer (CFRP) jacket, has recently been
evaluated by different authors (Agrawal et al.
2012, Billah et al. 2013, Stefanidou and Kappos
2013).

During earthquakes bridges could be affected by
Soil-Structure Interaction (SSI). Actually, the
relative stiffness between the bridge piers and the
soil-foundation system could dictate such
interaction (Chaudhary et al. 2001, Gerolymos &
Gazetas, 2006, Mucciacciaro et al. 2018). By
tradition, the seismic analysis of bridges has been
performed disregarding SSI. Nowadays, it is



definitely well known that in some cases a
misleading response for bridge components and
for the overall system could be attained if SSI is
not accounted for.

In literature, a few studies contemplating SSI
in bridge models can be found (Morici et al.
2019, Gonzélez et al. 2019). Some authors
(Saadeghvaziri et al. 2000, Stefanidou 2018),
Aygiin 201, Mwafya et al. 2010) studied the SSI
effects on the bridge response using equivalent
translational and rotational springs. A full 3D
bridge-foundation system was proposed by
Elgamal et al. (2008), Zong (2015) and by
Jeremic¢ et al. (2009), who considered also layered
soil deposits.

Fragility curves accounting for SSI were
developed and discussed by Kwon and Elnashai
(2010) comparing different modelling strategies
of the abutment and of foundation system (fixed-
base assumption, structure on lumped springs
from literature solutions, lumped springs from 3D
FE analyses and Multiplatform 3D FE models).

The effect of liquefiable soils on fragility
curves of a multi-span continuous steel bridge has
been addressed by Aygin et al. (2011) and
Bowers (2007).

3 CASE STUDY: SEISMIC FRAGILITY
ANALYSIS OF A TYPICAL EUROPEAN
BRIDGE

3.1 Typical bridges in the European
Area

Kaundinya and Heimbecher (2011) collected
the different typologies of bridges existing in
Europe. They identified and categorized through
major construction specifications (e.g. length,
material, etc.) the bridges on the main highways
of the Trans European Road Network. In total, 38
different bridge types were identified as relevant
in the EU including girder bridges, integral
bridges, arch bridges, cable stayed bridges,
suspension bridges, truss bridges and others.
Based on the data mentioned above, the most
recurrent bridge type in Europe is the so-called
“girder bridge”, either simply supported or
continuous with different superstructure types.
More than 64 % of all bridges in the countries
participating to the survey are built as a single
span or continuous girder bridge. Girder bridges
are used for short (< 30 m) and medium (< 75-
100 m) span bridges. The most common material

used for bridges in Europe is reinforced and pre-
stressed concrete (86%). Moreover, most of the
bridges with short spans (<30 m) are built using
concrete as the main construction material.
Medium span bridges (30-100 m) often are
composite constructions (steel superstructure with
concrete deck/pavement) or pure steel structures.
The most recurrent spans among the European
bridges are the short ones (<30 m), reflecting the
large number of small bridges in the road
network. For this reason, in the paper a multi-
span simply supported girder bridge with pre-
stressed beams resting on framed piers has been
considered to carry out fragility analysis.

3.2 Bridge and Modelling

The geometry of the selected bridge is shown
in Figure 1. The bridge consists of 3 spans with a
length of 25 meters The deck consists of 4
prestressed concrete girders equally 3m spaced
and a slab 0.2 m thick made of cast-in-place
concrete. The girders are supported on piers
realized with two-column bents. The concrete
column bent consists of an inverted T-shape
section cap beam and two columns 9 m high with
a diameter of 1.5 m. Each column is reinforced by
23¢20 vertical bars and ¢10 spiral hoops spacing
200 mm. The column bents are supported on a
2x2 pile group (4 cast- in-place piles, 16 meters
long with a diameter of 1.25 meter). The cross
sections of the column and the cap beam are
shown in Figure 1. The material used for the
bridge pier is concrete with nominal compressive
strength foc=25 MPa and steel reinforcement with
tensile strength fyx=430MPa.
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Figure 1. Configuration of the analysed bridge

In Figure 2 it is shown the numerical model
developed to analyse the selected case study. The
deck and the prestressed concrete girder are
combined together and modeled as elastic beam



elements. Parameters that can be considered as
random variables are set to their mean values for
developing a basic bridge model as better
explained in section 4.4.

The columns of the pier are modeled as frame
elements with lumped plasticity at the ends. For
this type of bridge, plastic hinges can only form
at the ends of the columns, as pinned joints with
bearings that can accommodate rotations between
the cap beam and the girders. The nonlinearity of
the whole pier has been modelled by a moment-
curvature relationship as reported in Pan et al.
(2007). The constitutive relationship of Mander
(1988) has been assumed for the concrete in
compression neglecting the confinement effect.
An elastic-plastic behaviour has been considered
for the reinforcement steel.

Figure 2. Bridge model

The moment-curvature relationship adopted
for the pier section is shown in Figure 3. The
nonlinear behavior of the column section can be
idealized as an elastic-perfectly-plastic bilinear
model, defining the curvature at the yield point ¢y
and the ultimate curvature du.

M
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Figure 3. Moment-curvature relationship for the piers

Assuming a constant curvature over the length
of the plastic hinge (Lp), the plastic rotation can
be calculated as 6, = ¢ - L, where L,, is calculated
according the formulation suggested by the
NTC2018:

Ly = 0.1Ly + 0.17h + 0.24 220

77 (D

In eq. (1), Lv is the shear length, that is the
distance between the sections of zero and
maximum bending moments, and d,, is the
diameter of a longitudinal reinforcing bar.

A rigid-plastic moment- rotation relationship
is assumed for the plastic hinge and introduced in
the SAP2000 model.

Due to the symmetry of the structure, the
seismic analysis can be performed independently
in the two horizontal directions

3.3 Input signal selection

In seismic reliability assessment of structures,
a relationship between ground motion intensity
and structural response needs to be researched. In
other words, the goal of the structural analysis is
to estimate the response of the structure under
input motions having specified intensities so that
the conditional probability of exceeding a certain
limit state may be calculated. The structural
response is highly dependent on the set of input
signals selected for the analysis. As underlined by
Baker and Cornell (2006), the use of ground
motion records with different spectral shapes can
substantially modify the collapse capacity as
much as 70%. An appropriate selection of ground
motion recordings, hence, is a key issue in
fragility function assessment. For such an aim,
various levels of ground motions should be
considered to evaluate the probability that the
bridge will be subjected to certain damage state
within a given return period. It is worth pointing
out that the set of input signals should not only
account for the seismic hazard but also for local
soil conditions (Silva et al., 1988). As well-
known, recordings at the bedrock may strongly be
modified in frequency and amplitude by the upper
soil layers. If a bridge is not founded on rock, the
input signals should account for seismic site
effects, which are strongly dependent on soil
nonlinearity mobilized by the earthquake.

For a proper selection of the input signals to be
adopted for assessing fragility curves of bridge
piers, the following two approaches have been
hereinafter adopted:

— Approach A - Generation of Acceleration
Time Histories Based on the Design
Spectra:

In this approach a target spectrum is used to
select an appropriate set of ground motions,



which are representative of site seismicity.
Scaled natural records are matched and
compared to a target spectrum over a certain
range of periods. This range should include
the important modes of the structure,
considering also the period elongation due to
the inelastic deformation of the structure. A
period range from 0.2 to 2 times the first
period of the structure is recommended for
this purpose. A set of seven accelerograms
has been selected with the REXEL software
(lervolino et al. 2009) through a procedure
that takes into account the seismogenic
characteristics of the area and their
compatibility with the identified soil category
(Figure 4). For the case at hand, it is assumed
that the bridge is located in a medium
seismic hazard region characterized by a
peak ground acceleration of 0.3 g. Other
features of these records are: (i) moment
magnitude range: 4.3-6.3, (ii) hypocentral
distance less than 30 Km, and (iii) soil
category C according to NTC2018.

For fragility curve generation, various levels
of ground motion should be considered. In
this study, the following hazard levels were
taken into account: 0.1g, 0.2g, 0.3g, 0.4g,
0.5g, 0.6g, 0.7g and 0.8g.
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Figure 4. Set of seven spectrum-compatible accelerograms
on soil type C.

— Approach B - Generation of Acceleration
Time Histories by Site Response Analysis

The ground motion at the base of the piers
was obtained by performing specific site
response analyses through the software EERA
(Bardet et al.,, 2000). An upward seismic
wave propagation was simulated accounting
for the actual stratigraphy of the soil deposit
and nonlinear soil behaviour under cyclic

loading (i.e., shear stiffness degradation and
damping increase with the mobilized shear
strain). The bedrock depth (VVs>800 m/s) was
identified around a depth of 100 m below the
ground level. For each layer of the soil
deposit, Table 1 reports thickness, depth, unit
weight y and the shear wave velocity Vs
provided by in-situ SASW tests. As the
nonlinear soil behaviour regards, the decay of
the shear modulus G and the increase of the
damping ratio D with the shear strain, vy, were
calibrated on laboratory data provided by
Seed & Idriss (1970) for coarse-grained soils
and by Vucetic & Dobry (1991) for clays
(plasticity index P1=15%) (Figure 5).

Table 1. Main properties of the soil deposit.

Deep Thickness Soil Y Vs

[m] [m] typology  [kN/m3]  [mis]
0.5-2.5 2.0 gravel with 18 50 180
sand

2.5-5 2.5 18.50 240
5-8 3.0 18.50 275
8-12 4.0 18.50 215
12-30 18.0 sandy silt with 18.50 250
30-50 20.0 gravel 18.50 330
50-70 20.0 20.00 500
70-90 20.0 20.00 600
90-100 10.0 20.00 650
100- - Bedrock 20.00 800

Since the fragility functions are obtained by
increasing the seismic motion at the base of the
structure, this procedure requires a contextual
simulation of the nonlinear phenomena mobilized
in the soil layers. In the approach B proposed in
this study, to avoid scaling too much a unique set
of 7 accelerograms, with the counterpart of
having unrealistic seismic signals (it is advisable
not adopting scaling factors higher than 2.5),
three different sets of 7 accelerograms recorded
on rock outcrop (soil type A) have been
researched through the software REXEL v3.5,
corresponding to the following PGA values at the
site:

e 0.224g (PGA on rock outcrop for a

structure life equal to 50 years and limit
state SLV Tr=475y);



e 0.396g (PGA on rock outcrop for a
structure life equal to 100 years and limit
state SLV Tr=949 y);

e 0559 (PGA on rock outcrop for a
structure life equal to 100 years and limit
state SLC Tr=1950 y);

For seismic hazard levels corresponding to

PGA of 0.1g and 0.8g, reference was made to the
two sets of natural accelerograms found for
PGA=0.224g and PGA=0.55g, respectively. The
original signals were scaled in amplitude with a
scaling factor less than 2.5. In short, five sets of 7
accelerograms (total amount of 35 accelerograms)
were adopted for the fragility curve assessment of
the selected bridge pier.
Figure 6 shows the profile of the measured shear
wave velocity Vs (linked to the initial shear
stiffness Gmax Of the soil layer) and the numerical
values corresponding to the mobilized shear
moduli (Gmob<Gmax), Which were derived from
the linear equivalent site response analyses
(S.R.A)). In short, a single S.R.A. velocity profile
in Figure 6 corresponds to the average of 7
predictions for each accelerogram set.

Figure 7 (a-c) shows the mobilized shear
modulus and damping ratio for signals having on
rock outcrop PGA of 0.224g, 0.55g and 0.8g,
respectively. It can be observed that with
increasing the PGA of the input signals, the shear
modulus of the soil deposit is decreased up to
40% of the initial value Go while the damping
ratio is increased up to 18%. In a future stage of
the work, these modified values of soil shear
stiffness and damping ratios will be adopted to
evaluate the impedance functions at the base of
the pier to account for SSI effects on the fragility
curves.
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Figure 7. Shear modulus and damping ratio profiles
obtained by S.R.A. with the accelerogram sets having on
rock outcrop PGA of 0.224g (a) and 0.55 g (b) and 0.8g (c).
The numbers in the legend identify the seismic signal code.

4 FRAGILITY CURVES

Seismic fragility analysis of the selected
bridge was carried out by considering
uncertainties in concrete compressive strength
and reinforcement vyield strength. Probability
distributions were assumed for each parameter,
and the probability density function of each
random variable was divided into a histogram
with equal probability intervals so that the
corresponding cumulative distributions  was
graded linearly. For the concrete compressive
strength of the case at hand, a normal distribution
was assumed. The mean value of the strength is
41 MPa and standard deviation is 4.24 MPa
(COV=0.10). Conversely, for the yield strength
of reinforcing steel, a lognormal distribution was
assumed. The nominal strength is 385 MPa while
the standard deviation is 42 MPa (COV=0.11).

Probability distributions of each variable can
be divided into a number of regions of equal
areas. Assuming 5 ranges of probability
distributions for the concrete and 3 ranges for the
steel, 15 bridge models were figured out. Note
that a sample bridge model with uncertainties in
these parameters can be developed by selecting
one of the ranges for each of the random variables
randomly. Each of the fifteen bridge models are
paired with 7 ground motions to generate 105
(7x15) bridge-earthquake pairs for the structural
demand analysis.

Statistical data on structural demand
corresponding to peak ground accelerations
(PGAs) from 0.1g to 0.8 g were generated
through structural analysis of the bridge-

earthquake pairs. The capacity of the pier was
determined from the analytical model for a
particular level of damage. The pier is usually
damaged in flexure under seismic actions.
Therefore, only flexure capacity analyses of the
piers were carried out in this study.

Two different levels of pier damage (limit
states) corresponding to the two curvature
thresholds ¢y and ¢y were identified.

The fragility is defined as the conditional
probability that a certain random variable will
meet or exceed a predefined value under a given
condition as stated in equation (2).

P =PlE=1] )

where Pt is the failure probability for a specific
damage state, Sq and S¢ are the structural demand
and structural capacity, respectively. It should be
noted that equation (2) only defines value for the
probability under a certain seismic load because
the bridge demand (Sq) depends on earthquake
ground motion intensity.

Typically, the random natures of both Sq and
Sc are described by a lognormal probability
distribution. Hence, fragility Ps can be expressed
as a standard normal distribution here reported

(EqQ. 3).

In(Sqa/Sc)

Pr=¢ W 3)

where S¢ is the mean value of the structural
capacity defined for the damage state, B¢ is the
lognormal standard deviation of the structural
capacity, Sq is the mean value of seismic
structural demand in terms of a chosen ground
motion intensity parameter, in this case, PGA,
and Bd is the lognormal standard deviation of the
structural seismic demand.

Several methods may be adopted to obtain the
structural demand, such as the elastic response
spectral analysis, nonlinear static analysis and
nonlinear time history analysis. In this work,
nonlinear time history analyses were carried out
to obtain structural seismic demands for
earthquakes of different PGAs. By performing
nonlinear time-history analysis for each of the
bridge-earthquake pair, the maximum response of
the bridge pier rotations was obtained. Ratios of
structural demand and capacity (Sd/Sc) were
obtained by dividing peak structural demands by



corresponding capacities (i.e. 6/0y for the first
damage state and 6/8, for the second damage
state).

Since the PGAs of the selected accelerogram
set vary from 0.1g to 0.8 g, the ratio Sa/Sc can be
plotted as a function of PGA. As stated above, the
structural demand (Sq) and the structural capacity
(Sc) follow lognormal distribution (Shinozuka et
al., 2000; Hwang et al. 2001). It can be assumed
that In(Sd/Sc) follows a normal distribution versus
In(PGA). The relationship between In(Sq4/Sc) and
IN(PGA) can be obtained through regression
analysis of 120 data points obtained through
nonlinear time history analyses.

The fragility for a specific damage state can be
determined as:

perfezi]=1-0(9) 0() @

& &

where A and € are the mean and standard
deviation of In(S¢/Sc) obtained from the
regression analysis. The parameter A in Eq. (4) is
expressed as a function of PGA through
regression analysis. The standard deviation € is a
value obtained from the response and capacity
data. Hence, the effects of uncertainties on
capacity and demand can be evaluated
simultaneously through the statistical
characteristics of the regression parameters.

Using linear regression equations, the
parameter A, which is the mean of In(Sq¢/Sc), IS
expressed as a function of PGA:

A=A+ BIn(PGA) (5)
In Eq. (), A and B are the regression

coefficients. The standard deviation for the
regression is obtained as:

e= XL i - W/ (n-2)=S/(n-2) (6)

Where S; is the sum of squares of the residuals
with respect to the regression line for scattered
points. The coefficient r? gives an indication of
the “fit” strength of the regression equation.

In Figure 8, for instance, the linear regression
of the column rotation is plotted against PGA for
the first damage level of the bridge columns,
which corresponds to attaining of the yielding
rotation By. This result refers to the accelerogram
selection strategy corresponding to the approach
A (section 3.3).

The same procedure has been repeated for all
damage states, for the two bridge directions
(longitudinal and transversal) and for the two
approaches (A and B) related to ground motion
selection. Figure 9, finally, shows the fragility
curves obtained for the longitudinal (a) and
transversal direction (b) of the bridge.
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Regardless of the bridge direction, it could be
envisaged a strong dependence of the fragility
functions on the procedure adopted in selecting
the ground motion signals at the base of the
bridge pier for a given seismic hazard. With
reference to the collapse limit state, the approach
B seems much safer while an opposite trend
occurs for the yielding limit state. Actually, the
responses of the structure at the two limit states
get closer because is the soil in dictating the
features of the input signals at the pier base and
the amount of damping. Therefore, the ground
motion computed by specific site response
analyses provides an effect similar to a sort of
“base isolation”, which is beneficial when the
structure is in the elastic field (yielding limit
state) while it increases the ductility requirements
when the structure goes in the post-elastic field.

5 CONCLUSIONS

The paper investigated the effects of seismic
site response on the development of analytical
fragility curves for reinforced-concrete bridge
piers. After a detailed literature review on the
state-of-art about fragility function assessment, an
application was implemented for the pier of a
multi-span  simply supported girder bridge,
representing a quite common configuration in
Italy. Statistical data on structural demand
corresponding to peak rock accelerations from
0.1g to 0.8g were generated through structural
analysis of several bridge-earthquake pairs. The
capacity of the pier was determined from an
analytical model. The flexure capacity analyses of
the pier were carried out with two different limit
states, corresponding to the yielding and collapse
conditions  respectively, governed by the
rotational capacity of the pier at the base.
Regardless of the bridge direction (the static
scheme is different in longitudinal and transversal
direction), a strong dependence of the fragility
functions on the procedure adopted in selecting
the ground motion signals at the base of the
bridge pier was observed. It is worth noting that
the input signal obtained by site response
analyses makes the responses of the structure at
the two limit states closer each other. In
particular, the response at the yielding shows a
better performance while the one at the ultimate
limit state is exacerbated. This outcome suggests,
as an interesting perspective of the study, the
evaluation of seismic fragility relationships

accounting for a complete interaction between the
soil and the structure and modelling the bridge
piers on a compliant base.
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