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Abstract
Designing a structure to resist earthquakes by targeting an explicit failure risk has been a 
key research topic over the past two decades. In this article, a risk-targeted design approach 
is developed for circular reinforced concrete bridge piers, based on a probabilistic opti-
mization procedure aimed at minimising the design resisting moment at the pier base. In 
order to reduce the computational effort, a surrogate model is developed to describe the 
influence of two key design parameter (i.e., the pier diameter and the longitudinal rein-
forcement ratio) on the structural behaviour and performance. The proposed approach 
is applied in a case study for Italy for target mean annual frequencies of failure selected 
according to European codes using a probabilistic seismic hazard assessment for average 
spectral acceleration across a wide range of structural periods. The variation in the design 
parameters across Italy is considerable because of the large variation in seismic hazard. It 
is found that in areas of low seismic hazard the level of seismic design required is near the 
minimum allowed by Eurocode 8 in terms of reinforcement ratio. In areas of the highest 
seismic hazard much higher reinforcement ratios and pier diameters are required to meet 
the risk targets. If both pier diameter and longitudinal reinforcement ratios are considered 
as design parameters then the optimisation procedure may mean adjacent sites have signifi-
cant different pairs of these parameters as the target can be reached in multiple ways. This 
problem can be solved by fixing one parameter and optimising the other.
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1 Introduction

The majority of seismic design codes used worldwide rely on force-based methods, where 
the earthquake action used for sizing the structural components of a system is expressed 
in the form of a Uniform Hazard Spectrum (UHS) (Gkimprixis et al. 2020; Shahnazaryan 
and O’Reilly 2021; Baltzopoulos et  al. 2021). This provides, for a given location and a 
pre-defined return period TR, the seismic demand, expressed in terms of spectral accelera-
tion at different structural periods. The choice to design a structure in accordance with a 
“uniform” level of seismic demand relies on the assumption that such a procedure would 
lead to the same annual probability of failure (i.e. collapse) wherever the building is 
located (Gkimprixis et al. 2020; Silva et al. 2015). Various limit state conditions have to 
be considered, corresponding to UHS for different TR values (e.g. 475 years for the ulti-
mate limit state, which is the “benchmark” limit state in Eurocode 8 (CEN (2004a, b) EN 
1998-1:2004)).

Following the development of modern performance-based earthquake engineering, 
the research community has focused on understanding whether such a design approach is 
able to ensure a sufficient and uniform level of structural safety against earthquake actions 
for different structures located at various sites. Many studies have shown that this objec-
tive was not achievable following a uniform hazard design framework (e.g. Cornell and 
Krawinkler 2000; Ellingwood 2008; Dall′ Asta et al.2016; Tubaldi et al. 2012). A recent 
Italian study within the RINTC Project (Iervolino et al. 2018) aimed at computing for some 
representative building archetypes and a series of sites across Italy the “implicit risk” char-
acterizing code-compliant buildings. This study showed a strong hazard-dependency of the 
seismic safety of code-compliant buildings (Pacifico et al. 2022).

Over the past decade, risk-targeted seismic design emerged as one of the most promising 
approaches for designing structures with controlled seismic risk and/or loss levels. Various 
risk-targeted design methods have been developed and applied to solve a wide range of 
design problems (see e.g. Vamvatsikos and Aschheim 2016; Franchin et al. 2018; Žižmond 
and Dolšek 2019; Vamvatsikos et al. 2020; Barbato and Tubaldi 2013; Altieri et al. 2018; 
Dall’Asta et al. 2018; O’Reilly et al. 2022; Sinković et al. 2016; Rojas et al. 2011; Costa 
et al. 2010). Following the work of Luco et al. (2007), the principle of “risk-targeting” has 
been embedded in the development of design maps, which are currently used in US design 
codes (e.g. National Academies of Sciences, Engineering, and Medicine 2020; ASCE/SEI 
7-10 2013). As discussed by Fajfar (2018), the risk-targeting paradigm and concepts of 
risk-targeted maps and behaviour factors (Žižmond and Dolšek 2019; Gkimprixis et  al. 
2019) are expected to form the basis of future design codes for many countries (Doug-
las and Gkimprixis 2018; Douglas and Ulrich 2013; Vanzi et al. 2015; Allen et al. 2015; 
Talebi et al. 2021).

While most of the studies and codes listed above focus on the design of buildings, risk-
targeted bridge design is a less explored topic. In fact, only a few studies have proposed 
risk-targeting design methods for these structures. Wang et al. (2014) proposed a method 
to design reinforced concrete (RC) bridge columns to achieve a uniform risk of failure. 
The authors proposed a multi-parameter probabilistic seismic demand model to be further 
used in a uniform risk framework that was specifically developed, by identifying an appro-
priate target ductility, for the design of RC columns. The relationship between the failure 
probability of typical RC columns and ductility factors was analysed to define a method to 
identify the target ductility factor based on an acceptable failure probability for RC bridges 
located in different US regions. Zakeri and Zareian (2017) also developed a framework 
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based on full Monte Carlo probabilistic simulation within Probabilistic-Based Seismic 
Assessment (PBSA) while considering the correlation between demands in different com-
ponents, to estimate bridge repair-cost ratios at various levels of column drift ratio. Based 
on this framework, these authors implemented Monte Carlo simulations and Bayesian 
updating to perform an extensive parametric analysis to estimate probabilities of collapse 
and the probabilities of exceeding a repair-cost ratio for various design-parameter configu-
rations. These authors also find that column ductility demand µd, is not a reliable factor for 
risk-based design of bridges due to the high level of uncertainty in deriving µd. This finding 
is in contrast to those of Wang et al. (2014). More recently, Dang (2021) developed a direct 
risk-based seismic design approach for bridges based on incremental dynamic analysis, fra-
gility and risk assessment, and life cycle cost analysis indicators, which are used as design 
input parameters to control the downtime due to the damage of key components such as 
rubber bearings.

Deb et  al. (2022b) proposed a method for risk-targeted performance-based seismic 
design of bridge piers for Californian Ordinary Standard Bridges to facilitate risk-informed 
design and decision making. The proposed formulation has the advantage of finding a first 
physically realizable design point in the primary parameter space. This design point can be 
further refined by setting other bridge design variables to meet the requirements of capac-
ity design, code-based minimum ductility capacity, minimum reinforcement, and/or other 
external restrictions and requirements, i.e. within a risk-targeted perspective. In a compan-
ion work, the same authors expanded the previously developed formulation to account for 
the aleatory uncertainty associated with the choice of finite element (FE) model param-
eters, and the epistemic uncertainty related to the use of finite datasets to estimate the 
parameters of the probability distributions characterizing the FE model and LS fragilities 
(Deb et al. 2022a). Lian et al. (2022) proposed the concept of seismic importance adjust-
ment factor as a way to adjust the bridge seismic importance factor in seismic design codes, 
based on the evaluation of direct (i.e. repair costs) and indirect (i.e. increased travel time) 
losses. Hence, the seismic importance adjustment factor ensures the accomplishment of the 
target requirements in terms of seismic risk.

Additionally, the implementation of a rigorous and straightforward risk-targeted seismic 
design procedure helps achieve resilience of bridges against multiple hazards. A growing 
interest in Multi-Hazard Design (MHD) that accounts for cascading effects has been also 
developed in recent years, with studies dealing with the interaction between different haz-
ards (Nikellis et al. 2019; Zaghi et al. 2016; Petrini et al. 2020) showing how the right bal-
ance between opposing design strategies can be found by adopting a “uniform-risk” strat-
egy amongst different hazards.

The present study proposes a risk-targeted method for the seismic design of bridges. In 
particular, the proposed procedure addresses the design problem for RC piers in multi-span 
bridges. The only variables considered as free design parameters are the pier diameter and 
the longitudinal reinforcement ratio, which are the most important parameters that con-
trol the performance of a bridge pier designed according to capacity design principles. In 
order to reduce the computational effort, a metamodel is built to describe the changes in 
the bridge dynamic behaviour and seismic fragility with these two design parameters. The 
optimal values of the design parameters are found as the solution of a simplified reliabil-
ity-based optimization problem aimed at minimising the pier resisting moment, without 
the need to resort to complex and time-consuming optimization strategies. The methodol-
ogy is applied in various locations across Italy to illustrate the variations in the optimal 
risk-based design properties of bridges across regions with varying seismic hazard and 
soil conditions, and the impact of the choice of the target risk level on the design results. 
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The proposed procedure efficiently includes the seismic hazard at the construction site by 
developing a map for the design parameters for bridge piers required to obtain uniform risk 
over the territory. The present study is therefore the first attempt to deal with risk-targeting 
of bridge piers in Italy.

The rest of the paper is organised as follows. Section  2 illustrates the risk-targeted 
design procedure for bridge piers together with some design choices in the application of 
the procedure, Sect. 3 illustrates the case study and the results of the parametric study car-
ried out to evaluate the fragility curves for different combinations of design parameters. 
Section 4 illustrates the application of the risk-targeted design procedure to selected sites 
characterised by different seismicity. In Sect. 5, risk-targeted design maps are developed 
for Italy, considering different design choices in terms of free design parameters, target risk 
levels, and soil type. In the final section, conclusions and future studies are outlined.

2  Risk‑targeting design procedure

The next two sub-sections present the direct and inverse reliability problems correspond-
ing to the assessment of the bridge risk and the design of the bridge properties that satisfy 
a predefined performance level. Similar to Wang et al. (2014) and Deb et al. (2022b), the 
risk-targeted design problem for a single bridge pier (such as that in Fig. 1) is considered. 
This simplification is introduced due to the role played by bridge piers in controlling the 
seismic behaviour of bridges and also to facilitate the illustration of the proposed risk-
based design procedure.

2.1  Direct problem

The basis of the proposed design procedure is the solution of the direct reliability problem, 
which corresponds to evaluating the probability of exceeding one (or more) limit state(s) 
of interest during the time interval of interest. For this purpose, a cloud-based approach is 

Fig. 1  Bridge model considered
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employed (Jalayer et al. 2015), where the seismic input potentially causing the limit-state 
exceedance for the considered structural system and site is synthetically described by one 
(or more) random variable IM, whose realizations are positive real values im, and by a 
set of records that describe the variability of the earthquake characteristics (e.g. frequency 
content, duration) conditional to the IM value.

A capacity/demand format is used to evaluate the limit-state exceedance probability 
given the seismic intensity. This requires computing the probability of the demand exceed-
ing the capacity conditional to the IM of the seismic input. The capacity is measured by a 
positive real-valued random variable C, whose possible realisations are denoted by c, with 
probability density function (PDF) fC(c) and cumulative density function (CDF) FC(c) . 
The demand D is also expressed as a positive real valued random variable, whose possible 
realizations are denoted by d. The conditional distribution of the demand following events 
with a seismic intensity im is described by fD|IM(d|im) . The probability of failure associ-
ated to the condition C < D conditional to IM = im, is:

where z is a dummy variable.
With regards to the recursive properties of the seismic events during the time interval of 

interest, it is assumed that an event such that IM > im can be described by a Poisson pro-
cess fully defined by the Mean Annual Frequency (MAF) vIM(im) . Under the assumptions 
that the probability distribution of the earthquake characteristics remains the same at each 
earthquake occurrence as does the probability of exceedance of the limit state, the failure 
events also follow a Poisson process and the MAF of failure can be evaluated as follows:

The probability of failure in a time interval, e.g. the design lifetime tL , can be obtained 
as:

In the following, it is assumed that the capacity is a log-normal random variable and the 
two parameters associated to this distribution, the median ĉ and the standard deviation of 
the logarithms �C , are known and independent of the seismic intensity. It is also assumed 
that the demand conditional on the seismic intensity is a log-normal random variable, with 
the parameters d̂ and �D denoting the median and standard deviation of the logarithms, 
respectively. The relationship between IM and D can be expressed as:

where � is a normally distributed random variable with zero mean and standard deviation 
βD. This model implies that only the median value varies with the intensity, while βD is a 
constant. This approximation is generally satisfactory and widely adopted in seismic reli-
ability problems, although it may lead to some inaccuracy in the performance assessment 
(e.g. Jalayer 2003; Gehl et al. 2015). The three parameters a, b and βD can be determined 
through ordinary least squares regression, once an adequate number of IM-demand samples 
are known. The relationship expressed in Eq. (4) is herein assumed, but other closed-form 

(1)P f |IM(im) = ∫ FC(z)f D|IM( z|im)dz

(2)vf = ∫
im

P f |IM(im) ⋅ ||dvIM(im)||

(3)Pf ,tL
= 1 − e−�f ⋅tL

(4)log[D|IM = im] = log
[
d̂(im)

]
+ 𝜀 = a + b ⋅ log(im) + 𝜀
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relations can be adopted, provided that they can be inverted (e.g. Romão et al. 2013). In 
this study, cloud analysis is carried out to develop the probabilistic seismic demand model 
(Jalayer 2003).

Under the above assumptions on the form of the capacity and of the demand, the con-
ditional probability of failure can be expressed in a closed form as:

and the MAF of failure can be evaluated by Eq. (2) once the MAF of im is assigned.
If more than one failure mode is likely, then a system reliability analysis could be 

carried out to evaluate the failure probability of the bridge conditional to the IM, by 
also considering the correlation between the engineering demand parameters (EDPs) 
and based on the arrangement of the failure modes (e.g. series or parallel (Jalayer et al. 
2007; Minnucci et al. 2022). The same considerations can be made in the case where 
multiple piers bridges are analysed.

2.2  Inverse problem

Let x ∈  Rn denote the vector of design parameters (e.g. pier longitudinal reinforcement 
ratio and pier diameter). The risk-targeted design of bridges is an inverse reliability 
problem that can be cast in the form of an optimization problem: find the set of optimal 
design parameters x* such that an objective function (cost function) is minimised. The 
solution must satisfy a stochastic constraint requiring that the failure probability (or the 
MAF of failure) is less or equal to a pre-fixed value, as well as other constraints on the 
values that can be assumed by x. In mathematical terms, the problem can be formalised 
as follows:

where g(�) is a cost function, depending on the design parameters, and �(�) is the set of 
constraints on the range of variation of x. In Eq. (6), the dependency of the MAF of failure 
on the design parameters x has been made explicit. The choice of a suitable cost function 
is essential for ensuring that a single design point is obtained. In fact, various combina-
tions of the design parameters ensure that vf (�) − vf ≤ 0 . Alternative formulations of the 
risk-based design problem for structures have been proposed (e.g. Franchin et  al. 2018). 
It is noteworthy that under the assumption of failures following a Poisson process, target-
ing a level of the MAF of failure vf  is equivalent to targeting a level of failure probability 
in tL years equal to (1 − e−�f ∗tL ).The optimization problem employed in this study does not 
require a complex algorithm. The problem is solved by first pre-mapping the values of cost 
function g(�) across the domain of x using different techniques (simulation and interpola-
tion, as described in the next sub-section), and then by using these gridded values to iden-
tify the optimal solution that complies with the target MAF.

(5)P f �IM(im) = Φ

⎡
⎢⎢⎢⎣

log
�
d̂(IM)∕ĉ

�
�

𝛽2
D
+ 𝛽2

C

⎤
⎥⎥⎥⎦

(6)

min
�

g(�)

subject to �(�) ≤ 0

vf (�) − v̄f ≤ 0
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2.3  Design procedure

The reliability-based design procedure for this problem consists of the following steps:

1. Select various combinations of the design parameters. These could be arranged 
to form a design of experiments matrix XE =

[
�1 … �j … �NE

]
∈ Rn×NE , where 

�j =
[
x1j x2j xnj

]T denotes the vector corresponding to the j-th combination of design 
parameters, and NE denotes the total number of design points. In the following, a two-
dimensional regular grid of possible design parameters (DPs) is considered as in Deb 
et al. (2022b). Alternatively, recourse can be made to Latin Hypercube Sampling, Sobol 
Sampling (e.g. Shekhar and Ghosh 2020; Hoang et al 2021) or alternative techniques;

2. For each combination of the DPs, the axial load value corresponding to the forces trans-
mitted by the deck under the seismic load combination and the pier geometry is evalu-
ated. This can be estimated using a linear FE model of the bridge. The design flexural 
resistance MRd of the plastic hinge section at the base of the pier is derived in accordance 
with Eurocode 8 provisions (CEN (2004a, b) EN 1998-1:2004), i.e., by considering 
appropriate safety factors for the capacity of concrete and steel. Subsequently, the trans-
verse reinforcement is designed by applying capacity design principles to ensure that the 
pier fails under bending rather than shear and by satisfying the minimum requirements 
for confinement (CEN (2004a, b) EN 1998-1:2004); the confined concrete properties in 
the plastic hinge are evaluated using the Mander model (Mander et al. 1988) (see also 
Appendix E of CEN (CEN (2004a, b) EN 1998-1:2004) and a nonlinear FE model of 
the bridge is developed;

3. Cloud analysis is performed under a set of records representative of record-to-record 
variability effects to develop a probabilistic demand model for the EDPs of interest. 
In this study, a single limit state, corresponding to the exceedance of the displacement 
ductility capacity of the bridge, is considered. This is likely to be the most critical failure 
mode in newly designed bridges, because the application of capacity design principles 
ensures that the probability of occurrence of other failure modes (e.g. shear failure) is 
negligible;

4. Thus, the monitored EDP is the displacement demand at the pier top, which must be 
compared to the displacement capacity. This can be evaluated by performing a pushover 
analysis of the pier nonlinear model;

5. The probability P f |IM
(
im, �E

)
 of exceedance of the limit state of interest conditional 

to the chosen IM and the combination of DPs in xE is evaluated. In general, both the 
demand and the capacity are functions of x. The use of a non-structure-specific IM 
is recommended to allow for comparison between fragility curves corresponding to 
different DP combinations. The only limit state we consider here is the exceedance of 
the pier displacement capacity, which is also a function of x. This is the most critical 
failure mode, with other modes, such as shear failure or bearing failure, avoided due to 
the application of capacity design principles;

6. Based on the values of the conditional failure probability evaluated in correspondence of 
the support points, a surrogate model is fitted that provides the conditional failure prob-
ability for any possible value of x without needing to perform other seismic response 
analyses. The simplest approach for developing the surrogate model is to use linear 
interpolation. More sophisticated approaches could also be employed, such as those 
proposed by other authors for developing parametrized fragility functions (e.g. Shekhar 
and Ghosh 2020; Hoang et al 2021; Dukes et al. 2018; Franchini et al. 2022);
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7. Given a site of interest, characterised by a hazard curve vIM(im) , the MAF of failure 
given x, vf (x) , can be evaluated. This quantity is required for solving the problem for-
malised in Eq. (6). Obviously, the solution of the problem depends on the expression of 
the cost function and on the failure probability target (stochastic constraint), which are 
discussed below.

2.4  Cost function

The form adopted for the optimization problem is such that the consequences of pier fail-
ure in terms of direct and indirect losses are controlled by setting a maximum value of 
the MAF of failure. Since the total bridge life cycle cost is the sum of the cost of bridge 
construction and the cost due to failure, in order to minimise this cost one could consider 
the pier cost as the cost function. In order to avoid defining costs of the materials and of the 
construction, in the application illustrated in the next section, the cost function is assumed 
to coincide with the design resisting moment at the base of the pier, MRd. This quantity is 
expected to be correlated to the bridge construction cost, as it increases with the pier diam-
eter, the amount of longitudinal reinforcement, the concrete class and other factors. Moreo-
ver, by minimising MRd the design shear (and thus the amount of transverse reinforcement) 
is also minimised and so are the forces transmitted to the foundations and to the deck.

2.5  Target failure probability

Fajfar (2018) discusses the difficulty in defining a target level of failure for structures 
because it is a reflection of personal and societal value judgements and experience in pre-
vious events. Therefore, there is no generally accepted target value. According to Euroc-
ode 0 (CEN (2002) EN 1990:2002), the minimum recommended values of the reliability 
index for a reference period of 1 year should be 4.2 for consequence class CC1 structures 
(low consequences of failure), 4.7 for CC2 class structures (moderate consequences of 
failure), and 5.2 for CC3 class structures (high consequences of failure). These corre-
spond respectively to a MAF of failure of 1.33 ×  10−5   years−1, 1.33 ×  10−6   years−1, and 
9.96 ×  10−8  years−1. However, it is not clear whether the values recommended by Eurocode 
0 should be considered for the seismic design, as the draft version of the revised Eurocode 
0 explicitly exclude these (Fajfar 2018). Appendix F of the draft version of the revised 
Eurocode 8 (Dolsˇek et  al. 2017) suggests a target of 2 ×  10−4   years−1, which according 
to Fajfar (2018) is a value comparable to the probabilities of failure estimated for build-
ings compliant with current seismic codes, also confirmed in a discussion among European 
code developers.

In Wang et al. (2014), a mean annual failure probability of 2.3 ×  10−4  years−1 was con-
sidered for the risk-based design of reinforced concrete bridge piers. This value was chosen 
because it is the median among the values suggested in different American codes or stand-
ards (e.g. AASHTO 2010) for ultimate limit state (ULS) conditions. In Deb et al. (2022b), 
different values of the target MAF of failure are associated to the various failure modes 
considered: 1/225  years−1 for concrete cover crushing, 1/1000  years−1 for longitudinal bar 
buckling, and 1/2500  years−1 for longitudinal bar fracture. In Zanini and Hofer (2019) and 
Zanini et al. (2022) a 1-year target reliability value of 4.7 at ULS has been assumed for 
structural safety checks of common reinforced concrete arch bridges.

Douglas and Gkimprixis (2018) provide a summary of assessed and target MAFs of fail-
ure from the literature. Many studies have adopted the US target value of 2 ×  10−4 without 
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much discussion, although Douglas et al. (2013) conclude that a target of 1 ×  10−5 or even 
1 ×  10−6 would be easier to justify based on risk targets from other fields such as nuclear 
safety. Using a database of collapsed RC buildings in Italy and Greece over the previous 
few decades, Douglas and Gkimprixis (2018) conclude that the observed risk of collapse 
for such structures is between 1 ×  10−6 and 1 ×  10−5. Because of the importance of road 
bridges both for life safety and their economic impact during and following earthquakes, a 
target MAF of failure of 1 ×  10−6 is adopted for the following case study. The effect of this 
choice is examined by also considering 1 ×  10−5 and 2 ×  10−4 in subsequent steps.

3  Case study description and results of parametric analyses

A two-span bridge with a continuous multi-span deck is used to illustrate the application of 
the proposed risk-based design method. The bridge is representative of a class of medium-
span bridges widely present in the European transport network (see Fig. 2). It was consid-
ered in previous studies by the same authors (e.g. Tubaldi et al 2013, 2022). The steel–con-
crete composite superstructure, designed according to Eurocode 4 (ECS) (CEN (2004a, 
b) EN 1994-1-1:2004), consists of an RC slab of width B = 12 m, made with class C35/45 
concrete (i.e., characteristic cylindrical compressive concrete strength of 35 MPa) and with 
grade B450C steel reinforcement bars (characteristic yield strength of 450 MPa), and of 
two steel girders placed 6 m apart, made of grade S355 steel (characteristic yield strength 
of 355 MPa). The distributed gravity load due to the deck’s self-weight and non-structural 
elements is 138 kN/m, corresponding to a mass per unit length md = 14.07 kg/m. The RC 
column is 5.4 m high and has a circular cross-section with diameter Dc. It is made of class 
C30/37 concrete. The deck is free to move in both the longitudinal and transverse direc-
tions at the abutments.

The three-dimensional FE model of the bridge is developed in OpenSees (2011) using 
the beam element with inelastic hinge developed by Scott and Fenves (2006) to describe 
the bottom of the pier, and linear elastic elements to describe the remaining part of the pier. 
The plastic hinge length is evaluated using the Eurocode 8 part 2 formula (CEN (2004a, b) 
EN 1998-1:2004). The geometric and material nonlinearities are accounted by means of 
the fibre-based section discretisation technique. This allows the representation of the influ-
ence of inelastic steel buckling and low cycle fatigue degradation. Degrading of stiffness 
in linear unloading/reloading is modelled according to Karsan and Jirsa (1969).The con-
crete stress–strain relationship is modelled through the Kent-Park model (Kent and Park 
1971). The reinforcement steel is modelled by the Menegotto-Pinto constitutive model 

a)

40m40m

H=5.4m

b)

1.30
1.90

1.00

0.800.250.35

12.00

3.00

1.30

3.003.003.00

unit: m

Fig. 2  a Two-span bridge profile, b transverse deck section. Source Tubaldi et al. (2013)
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(Menegotto and Pinto 1973). The following material properties were assumed as fixed in 
all the models: a mean steel yield stress of fym = 517.5  MPa, maximum deformations of 
unconfined concrete under compression εccover = 0.0035 and an ultimate steel deformation 
εsu = 0.075. The material nonlinearity was described through a uniaxial material relation-
ship for steel (tension and compression) and concrete (confined and unconfined). In this 
study, the Concrete02 model and the Steel02 model available in OpenSees (2011) were 
used: Concrete02, which is a linear tension softening material model that considers unload-
ing stiffness degradation, was used to model the unconfined concrete in the cover and the 
confined concrete in the core of the pier, whereas Steel02 was used to model the rein-
forcement bars. The bearings were represented by zero length elements with a module of 
elasticity of 210,000 MPa connected to the elastic element via a rigid link-beam (both the 
translational and rotational degrees of freedom are constrained). The deck was not mod-
elled but a vertical load was added to the column to simulate the weight of the deck. The 
elastic damping properties of the system are characterised by a Rayleigh damping model, 
with a 5% damping ratio assigned to the fundamental vibration modes in the longitudinal 
and transverse directions.

The same bridge is assumed to be located at various sites in Italy, characterised by dif-
ferent seismic hazards. A soil type A (corresponding to an time-averaged shear wave veloc-
ity up to 30 m depth of Vs,30 = 800 m/s) is considered for all the locations. Similarly to Deb 
et al. (2022b), the only DPs herein considered in the application of the risk-based design 
procedure are the pier diameter Dc and the longitudinal reinforcement ratio ρL,; thus x = [ 
Dc, ρL]. It is noteworthy that these parameters are, among the many others that could be 
considered in x, the ones that mostly affect the bridge’s seismic performance (Wang et al. 
2014; Deb et al. 2022b). These DPs are assumed to vary in a realistic range that reflects 
construction practice and satisfies code requirements. In particular, ρL can vary between 1 
and 4%, whereas Dc can vary from 1.4 to 2.2 m. In order to develop the surrogate model 
for the bridge fragility, a regular grid of values of Dc and ρL is constructed. In particular, 
the values of Dc of 1.4 m, 1.8 m, and 2.2 m and the values of ρL of 1%, 2%, 3% and 4% 
are considered. For simplicity, two-dimensional linear interpolation is used to find the val-
ues of dependent variables corresponding to intermediate values of Dc and ρL. The various 
functions that are interpolated exhibit smooth and regular trends and, hence, more sophisti-
cated interpolation methods or metamodeling techniques are not necessary.

Figure 3 shows the moment–curvature relationship for the section at the base of the pier 
for the different combinations of DPs investigated. The curves have been derived using 
a fiber-based discretisation of the cross section, considering different values of the axial 
force (to account for the effect of the pier’s self-weight), as well as different levels of con-
finement, for the various values of Dc and ρL.

In all cases, the failure of the section corresponds to the crushing of the confined con-
crete, whereas the ultimate strain of the longitudinal reinforcement (assumed equal to 
0.075) is never exceeded.

Figure  4 shows how the values of the design resisting moment MRd at the pier base 
(Fig. 4a) and the transverse reinforcement ratio ρS (Fig. 4b) increase with the diameter of 
the pier and the amount of longitudinal reinforcement. It can be noted that increasing Dc 
and ρL results in an increase of MRd and thus of ρS. The increase of ρS is due to the applica-
tion of capacity design principles, with the design shear that increases with the base design 
resisting moment MRd. In general, the design resisting moment is more sensitive to Dc than 
to ρL for low Dc values. However, for high Dc values increasing ρL results in large increase 
of MRd. The transverse reinforcement ratio ρS varies between a minimum of 0.75% for low 
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Fig. 3  Moment–curvature relationships for different combinations of DPs along the longitudinal direction a 
Dc = 1.4 m. b Dc = 1.8 m c Dc = 2.2 m

Fig. 4  a Design resisting moment MRd at the pier base and b transverse reinforcement ratio ρS for different 
combinations of the DPs

Fig. 5  Fundamental vibration periods T (in seconds) along the a longitudinal and b transverse direction for 
different combinations of DPs
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values of Dc and ρL to a maximum of 1.89% for Dc = 2.2 m and ρL = 4%. The diameter of 
the hoop bar ranges from 16 to 22 mm with a spacing between the bars from 80 to 35 mm.

Figure  5 shows the variation of the fundamental vibration periods along the longitu-
dinal and transverse direction due to the variation of Dc and ρL. The longitudinal period 
is shorter than the transverse one due to the lower effective bending length. The bending 
lengths are equal to the pier height in the longitudinal direction, and the pier height plus the 
distance between the pier top and the deck centroid in the transverse one. In fact, the bear-
ings placed at the bottom of the two girders in the steel–concrete composite deck result in 
transmission of bending moments from the deck to the pier under the transverse earthquake 
component. Both these periods reduce by increasing Dc and ρL as the structure becomes 
stiffer. In general, it can be observed that the quantities shown in Figs.  4 and 5 exhibit 
smooth trends with the design parameters.

Table 1 reports the values of the yield displacement dy, the yield force Vy, and the ulti-
mate displacements du for twelve combinations of DPs, in the longitudinal (L) and trans-
verse (T) directions. The ultimate displacement has been identified based on a pushover 
analysis as the displacement that corresponds to the attainment of the ultimate curvature at 
the base section. The influence of higher order mode effects has been neglected in evalu-
ating du, since they are not likely to affect the displacement demand significantly. Shear 
failure of the pier is not likely to occur thanks to application of capacity design principles.

The yield and ultimate displacements decrease with increasing diameter Dc, as expected 
(see e.g. Priestley et  al. 2007). On the contrary, these quantities increase for increasing 
values of ρL. The increase of stiffness (and thus reduction of period) due to the increase of 
longitudinal reinforcement (i.e. flexural strength) is a typical feature of reinforced concrete 
sections, which is at the base of the development of direct-displacement based design crite-
ria (see e.g. Priestley et al. 2007).

Cloud analysis is performed to develop the probabilistic seismic demand models 
(PSDMs) for the various design cases. For this purpose, the same ground motion records 
employed in Tubaldi et al. (2022) is used. This consists of 221 real records (120 of which 
taken from Baker et  al. (2011)), which are representative of a wide range of conditions 
in terms of source-to-site distance (R) (from 8.71 to 126.9 km), soil characteristics (the 
time-average shear wave velocity in the top 30 m spans from 203 to 2016 m/s) and moment 
magnitude  (Mw) (from 5.3 to 7.9). These records are not specific to any particular local site 
condition. The vertical component of the input is not considered.

Table 1  Values of yield displacement dy, yield force Vy, and ultimate displacements du in longitudinal (L) 
and transverse (T) directions for different combinations of DPs

ρL Dc = 1.4 m Dc = 1.8 m Dc = 2.2 m

1% 2% 3% 4% 1% 2% 3% 4% 1% 2% 3% 4%

dy,L [m] 0.036 0.039 0.041 0.043 0.027 0.030 0.032 0.033 0.022 0.024 0.026 0.027
du,L [m] 0.167 0.164 0.175 0.191 0.141 0.155 0.166 0.171 0.138 0.149 0.163 0.168
Vy,L [kN] 1520 2230 2950 3690 2780 4440 6080 7680 4710 7920 11,100 14,100
dy,T [m] 0.065 0.069 0.073 0.077 0.048 0.054 0.057 0.059 0.039 0.044 0.047 0.049
du,T [m] 0.283 0.278 0.296 0.324 0.239 0.262 0.281 0.290 0.233 0.252 0.275 0.283
Vy,T [kN] 1140 1670 2210 2760 2080 3320 4550 5750 3530 5930 8280 10,600
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Figure  6 shows the hysteretic response of the pier to a bi-directional ground-motion 
record, in terms of base shear-top displacement along the two principal directions of the 
bridge, for two different combinations of the design parameters. The top displacement is 
the displacement of the deck centroid, which coincides with the pier top displacement only 
in the case of longitudinal response. First of all, it can be observed that the response in the 
longitudinal direction is stiffer than in the transverse one. This is because the deck girders 
rest on two bearings, such that the effective length of flexure is larger for the transverse 
direction than for the longitudinal one. Moreover, the pier with higher longitudinal rein-
forcement is stiffer and stronger than the other one. This is also expected, given the higher 
bending moment capacity of the base section. Increasing the pier diameter while keep-
ing the same amount of reinforcement ratio is also expected to increase the stiffness and 
strength of the system.

The maximum top displacements umax,L and umax,T along the longitudinal and transverse 
direction are considered to develop the PSDM and to evaluate the bridge performance. 
The intensity measure considered is RotD50Saavg, which is obtained as follows: first, the 
RotD50 (Boore 2010) of the pseudo-acceleration response spectrum for the 221 records 
(two horizontal components) is computed, for a series of periods in the range between 0.1 s 
and 2.5 s, and for a 5% damping ratio. Then, the geometric mean of these is evaluated to 
obtain the RotD50Saavg. It is noteworthy that the proposed IM is not structure-specific.

Figure  7 shows the sample values of the maximum top displacement versus RotD-
50Saavg in the log–log plane corresponding to the DP combinations of [1.4, 1%] and [2.2, 
4%] along the longitudinal and transverse directions. In the same figures, the median of the 
fitted PSDMs is also plotted. It can be observed that log(umax) follows a linear trend with 
the log(RotD50Saavg) for each combination of DPs. Nevertheless, some scatter is observed, 
particularly for high values of ρL. The displacement ductility achieved from the considered 
GMs ranges between 4.2 and 6.2 along the longitudinal direction and between 4.0 and 5.9 
along the transverse direction. Table 2 reports the PSDM parameters along with the log-
normal standard deviation of the regression models, βD. The low values of βD reveal a sat-
isfactory fit of the PSDM to the data. Since the logs of the maximum displacements along 
the two directions exhibit a negligible correlation and they are assumed to jointly follow a 
bivariate normal distribution, they can be treated independently.

Fig. 6  Base shear-top displacement response along the two principal directions of the bridge for Dc = 1.8 m, 
and a ρL = 1% and b ρL = 4%



4936 Bulletin of Earthquake Engineering (2023) 21:4923–4950

1 3

Figure 8 reports the fragility curves for the various combinations of DPs. These have 
been constructed by evaluating, for each value of RotD50Saavg, the probability of the pier 
displacement demand along each of the two directions exceeding the corresponding dis-
placement capacity (reported in Table 1). Equation (5) has been used to compute this prob-
ability. It is noteworthy that the capacity limits have been evaluated based on a pushover 
analysis, and no account is made of damage accumulation phenomena in the performance 
assessment, as e.g. done in Turchetti et  al. (2023) with the use of the Ang-Park dam-
age index. It can be observed that both the diameter and the longitudinal reinforcement 
ratio significantly affect the bridge fragility. Overall, increasing Dc is more effective than 
increasing ρL in reducing the bridge fragility. However, increasing the reinforcement ratio 
has a more significant effect in terms of reduction of fragility for large pier diameters than 
for low ones. These trends reflect the trend of variation of the resisting moment with Dc 
and ρL (see Fig. 4). Table 2 reports also the values of the median fragility capacity, RotD-
50Saavg,50%, defined as the value of RotD50Saavg corresponding to a probability of failure 
of 50%.

Fig. 7  Sample values and median model in terms of maximum top displacement for a Dc = 1.4  m and 
ρL = 1% in the longitudinal direction, b Dc = 1.4 m and ρL = 1% in the transverse direction, c Dc = 2.2 m and 
ρL = 4% in the longitudinal direction, d Dc = 2.2 m and ρL = 4% in transverse direction



4937Bulletin of Earthquake Engineering (2023) 21:4923–4950 

1 3

Ta
bl

e 
2 

 P
ar

am
et

er
s o

f t
he

 re
gr

es
si

on
 m

od
el

s a
nd

 v
al

ue
s o

f l
og

no
rm

al
 st

an
da

rd
 d

ev
ia

tio
n 

β D

D
c =

 1.
4 

m
D

c =
 1.

8 
m

D
c =

 2.
2 

m

ρ L
1%

2%
3%

4%
1%

2%
3%

4%
1%

2%
3%

4%

Lo
ng

lo
g(

a)
−

 3.
78

−
 3.

89
−

 4.
00

−
 4.

07
−

 4.
11

−
 4.

29
−

 4.
41

−
 4.

52
−

 4.
53

−
 4.

80
−

 4.
74

−
 5.

16
b

1.
13

1.
10

1.
07

1.
04

1.
09

0.
98

0.
90

0.
85

1.
00

0.
89

0.
76

0.
76

β D
0.

42
0.

41
0.

40
0.

41
0.

43
0.

46
0.

48
0.

50
0.

50
0.

53
0.

50
0.

56
Tr

an
sv

lo
g(

a)
−

 3.
54

−
 3.

62
−

 3.
68

−
 3.

76
−

 3.
91

−
 4.

04
−

 4.
12

−
 4.

20
−

 4.
21

−
 4.

40
−

 4.
24

−
 4.

60
b

1.
14

1.
12

1.
10

1.
10

1.
16

1.
09

1.
03

1.
00

1.
08

0.
99

0.
84

0.
84

β D
0.

30
0.

30
0.

31
0.

31
0.

33
0.

36
03

6
0.

37
0.

38
0.

39
0.

40
0.

45
Ro

tD
50

Sa
av

g,
50

%

4.
01

4.
46

5.
22

6.
25

4.
89

6.
85

9.
19

11
.2

3
7.

29
11

.7
8

–
–



4938 Bulletin of Earthquake Engineering (2023) 21:4923–4950

1 3

4  Results of the risk‑targeting design approach for selected sites

Probabilistic seismic hazard assessment (PSHA) is carried out on a regular grid spaced by 
0.05° for Italy. The same grid is used by the Italian National Institute of Geophysics and 
Volcanology (INGV) for developing hazard maps. The hazard curves for each site have 
been built using the software REASSESS V2.0 (Chioccarelli et al. 2019), using the ground 
motion prediction equation proposed by Lanzano et  al. (2019) for RotD50Sa. The seis-
mogenic source model is the one proposed by Meletti et al. (2008) with parameters taken 
from Barani et al. (2009). The interval of interest of the selected IM values ranges between 
 10−5 g and + 2 g, where g denotes acceleration due to gravity. The condition of “Soil Type 
A” (bedrock, i.e. vs30 ≥ 800 m/s) has been considered.

Figure 9a shows hazard curves in terms of MAF of exceedance of different values 
of RotD50Saavg for three Italian cities: Milan (latitude 45.472N; longitude 9.177E), 
Naples (latitude 40.852N; longitude 14.268E), and L’Aquila (latitude 42.350N; longi-
tude 13.400E). The three sites are exposed to roughly low-, mid-, and high-seismic haz-
ard and have been considered in RINTC project to compare the risk levels across the 
country of various structures designed according to the Italian seismic codes (Tubaldi 

Fig. 8  Fragility curves for different combinations of DPs a Dc = 1.4 m b Dc = 1.8 m c Dc = 2.2 m

Fig. 9  a Comparison of hazard curves in terms of IM = RotD50Saavg for three different sites in Italy; b com-
parisons of risks for ρL = 1%, Dc = 1.4 m in green and ρL = 4%, Dc = 2.2 m in grey
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et al. 2012). Figure 9b compares the MAFs of bridge pier failure corresponding to the 
minimum values of DPs (ρL = 1%, Dc = 1.4 m, in green), and to the maximum values of 
DPs (ρL = 4%, Dc = 2.2 m, in grey) for the three considered sites. The MAF of failure for 
L’Aquila is very high for the minimum values of DPs, and it reduces by three orders of 
magnitude if the maximum values of DPs are considered; likewise, the MAF for Naples 
reduces from 6 ×  10−6 to 4 ×  10−9. The MAF of failure for Milan is very low even for the 
minimum DPs, and it reduces by almost four orders of magnitude by considering the 
maximum values of DPs.

Figure 10a shows the mean annual frequency of pier failure for different combina-
tions of DPs for the bridge located in L’Aquila. The optimal DP satisfying the stochas-
tic constraint of a MAF of failure equal or less than  10−6 is also plotted in the figure 
and denoted by a star. Specifically, the star denotes a MAF of failure equal to 6 ×  10−7.
The combinations of DPs have been evaluated by assuming discrete values for Dc and 
ρL, with an interval of 0.1 m for Dc, and of 0.005 for ρL. These intervals can be easily 
refined as there is no need to perform any further analysis. It can be observed that only 
one DP combination satisfies the required stochastic constraint in L’Aquila, which cor-
responds to a value of the resisting moment MRd, plotted in Fig.  4a (and replotted in 
Fig.  10b for convenience). Thus, it is possible to identify a point that minimises MRd 
(cost function) while satisfying the stochastic constraint. In the case of the bridge pier 
located in L’Aquila, the optimum DP corresponds to Dc = 2.2  m and ρL = 0.04 and a 
value of MRd of 49,330 kNm. Regarding the choice of the target MAF of failure equal or 
less than  10–6, this value is close to the value of 1.33 ×  10–6 that corresponds to conse-
quence class CC2. Other values of the target MAF of failure are also considered in the 
next section.

Figure 11 shows the same results already shown in Fig. 10, but considering the bridge 
located in Naples rather than in L’Aquila. As expected, compared to L’Aquila there are 
more combinations of design parameters that satisfy the constraint on the acceptable 
risk of failure. Among these, the one that minimises the resisting moment corresponds 
to Dc = 1.4 m and ρL = 3.5%. The identification of this point is straightforward, and does 
not require a complex optimisation algorithm but simply finding the combination that 
minimises MRd among the various pairs that satisfy the stochastic constraint. It is note-
worthy that at mid-and high-seismic hazard sites, like Naples and L’Aquila, it is not 

Fig. 10  a MAF of pier collapse for a bridge site in L’Aquila and b corresponding values of the resisting 
moment MRd (unit kNm) for different combinations of DPs. The optimal design point is marked by a star
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possible to achieve the target of  10−6 with the minimum reinforcement ratio ρL allowed 
by Eurocode 8.

Figure  12a shows the variation of the MAF of failure with the design resisting 
moment MRd for the site of L’Aquila. It can be observed that there is a strong and inverse 
correlation between these two quantities. A similar trend is observed for other sites. The 
case of Naples is illustrated in Fig. 12b.

5  Risk‑based design maps for Italy

The proposed risk-based design procedure is applied to design the bridge pier across the 
whole of Italy, considering a target MAF of failure of  10−6. The purpose of this analysis 
it to show how the designs would change across areas of different seismic hazard, and to 

Fig. 11  a MAF of pier collapse and b corresponding values of the resisting moment MRd (unit kNm) for 
different combinations of DPs for a bridge site in Naples. The design parameters satisfying the stochastic 
constraint are marked with a circle, the optimal design point is marked by a star

Fig. 12  Variation of the MAF of collapse vs. design resisting moment MRd obtained for various DP combi-
nations for a bridge site in a L’Aquila and b Naples. The dashed red line indicates the target MAF of failure 
of  10−6 and the optimal design point is marked by a star. Note that the y-scale is different in the two plots
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evaluate differences between the regional distribution of the bridge design parameters and 
the regional distribution of seismic hazard.

Figure  13 shows the variation of RotD50Saavg across Italy for return periods of 
100 years, 475 years, and 2 475 years, corresponding respectively to 39%, 10%, and 2% 
probabilities of exceedance in 50 years. The intensity distribution across Italy is quite simi-
lar for the various return periods. However, for lower return periods higher intensities are 
observed in central Italy compared to southern Italy, whereas for the higher return period 
southern Italy shows intensities closer to those in central Italy. This is the effect of the dif-
ferent shape of the hazard curves for different locations, as already observed in Fig. 9a.

Figure 14 shows the variation of minimum resisting moment MRd at the base of the pier 
across Italy, corresponding to the optimal design point. In large parts of Italy the minimum 
value of MRd, corresponding to ρL = 1%, Dc = 1.4 m, is sufficient to satisfy the constraint 
and achieve risk levels less than  10–6. In these regions, the values of RotD50Saavg for a 
return period of 475 years are less than about 0.1 m/s2. In general, the contour plots of MRd 
follow a similar trend of RotD50Saavg, i.e., higher MRd values are required at sites of higher 
seismicity. The peak values of MRd, above 40 000 kNm, occur in parts of southern Italy, 
along the Apennine belt, and in the north-east, as expected.

Figure 15a and b show a map of the optimal values of the pier diameter Dc and of the 
longitudinal reinforcement ratio ρL. In regions with lowest seismicity, the optimal DPs 
coincide with the minimum values of Dc and ρL, whereas in the regions with highest 
seismicity, they coincide with the maximum ones, as expected. Non-smooth changes of 

Fig. 13  Variation of RotD50Saavg across Italy (unit m/s.2) for return periods of 100 (a), 475 (b) and 
2475 years (c)

Fig. 14  Variation across Italy of 
the minimum resisting moment 
MRd at the base of the pier
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Fig. 15  Variation across Italy of the optimal pier diameter Dc (unit m) (a) and of the optimal ρL (expressed 
in terms of percentage) (b)

Fig. 16  Comparison of hazard 
curves in terms of IM = RotD-
50Saavg for the cities of Nocera 
Umbra and Pioraco

Fig. 17  Design resisting moment MRd at the pier base (in kNm) for different combinations of DPs for a 
bridge site in a Nocera Umbra and in b Pioraco. The optimal design point is marked by a star
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optimal DP values can be observed across adjacent regions that are characterised by quite 
similar levels of hazard. This is because high values of Dc and low values of ρL yield simi-
lar risk levels to low values of Dc and higher values of ρL. For example, Nocera Umbra (lat-
itude 43.114N; longitude 12.788E) and Pioraco (latitude 43.181N; longitude 12.974E) are 
two towns located closed to each other and with similar hazard levels (Fig. 16). Neverthe-
less, the optimal values of DPs are Dc = 2.2 m and ρL = 2% for the bridge in Nocera Umbra, 
and Dc = 1.8 m and ρL = 4% for the bridge in Pioraco, as shown in Fig. 17.

Obviously, a smoother variation of the optimal pier properties can be obtained if 
a single design parameter is considered, by keeping the other one fixed. Figure  18a 
shows the optimal values of ρL obtained considering a fixed diameter Dc of 2.2  m. 
In this case, ρL exhibits a smooth variation across the country. It is found that while 
ρL = 4% is necessary only in the high-hazard regions, it is sufficient to consider the 
minimum percentage of ρL in most of Italy.

The effect of the choice of the target risk level on the design parameters is evalu-
ated by applying the proposed design procedure for a target MAF of failure of  10−5 and 
2 ×  10−4. The results obtained considering a MAF of  10−5 for a fixed value of the pier 
diameter Dc = 2.2 m are shown in Fig. 18b. As expected, increasing the target risk level 
from  10−6 to  10−5 results in a significant reduction of the longitudinal reinforcement 
ratio across Italy. In this case, in many regions of Italy the minimum reinforcement 
amount according to Eurocode 8 is sufficient, and in the regions with high hazard the 
maximum value of ρL required is 3%.

The application of a MAF of failure of 2 ×  10−4 is presented in Fig. 19. In this case, 
as shown in Fig. 19a, the highest value of the MRd is around 12,000 kNm, correspond-
ing to a longitudinal reinforcement ratio ρL of 4% and Dc = 1,4 m. The minimum Dc is 
sufficient all over Italy while it is necessary to increase the amount of ρL in the south-
ern regions with highest seismic hazard (Fig. 19b).

To provide insight into the effect of soil class on the application of the risk-tar-
geting design procedure, the seismic hazard is assessed at the three sites previously 
considered (Milan, Naples and L’Aquila) for the soil types B, C and D. The new hazard 

Fig. 18  Variation of the optimal ρL (expressed in terms of percentage) across Italy for Dc = 2.2 m obtained 
considering a target MAF of failure of  10−6 (a) and  10−5 (b)
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curves are obtained using the software REASSESS V2.1 (Chioccarelli et  al. 2019) 
and using the same ground motion prediction equation adopted for soil type A. Fig-
ure  20 shows the new hazard curves for the three cities computed for soil B, C and 
D respectively whilst Table  3 reports the corresponding risk levels for two different 
combinations of design parameters. It can be observed that the increase of risk is high-
est for Milan and lowest for L’Aquila. Furthermore, the MAF of failure for the case of 
L’Aquila is above  10−6 even for the case of ρL = 4%, Dc = 2.2 m and it is above  10−5 if 
soil D is considered. Thus, the soil type can have a considerable impact on the results 
of the risk-targeting design procedure.

Fig. 19  Variation across Italy of the MRd at the base of the pier (a) and of the optimal ρL (expressed in terms 
of percentage) obtained considering a target MAF of failure of 2 ×  10−4

Fig. 20  Comparison of hazard 
curves in terms of IM = RotD-
50Saavg for three different sites 
in Italy assuming different soil 
classes



4945Bulletin of Earthquake Engineering (2023) 21:4923–4950 

1 3

Ta
bl

e 
3 

 R
is

ks
 c

om
pu

te
d 

fo
r M

ila
n,

 N
ap

le
s a

nd
 L

’A
qu

ila
 fo

r t
w

o 
co

m
bi

na
tio

ns
 o

f D
Ps

 ([
1.

4,
 1

%
] a

nd
 [2

.2
, 4

%
])

 a
nd

 fo
r d

iff
er

en
t s

oi
l c

la
ss

es

M
ila

n
N

ap
le

s
L’

A
qu

ila

D
c =

 1.
4 

m
 ρ

L =
 1%

D
c =

 2.
2 

m
 ρ

L =
 4%

D
c =

 1.
4 

m
 ρ

L =
 1%

D
c =

 2.
2 

m
 ρ

L =
 4%

D
c =

 1.
4 

m
 ρ

L =
 1%

D
c =

 2.
2 

m
 ρ

L =
 4%

So
il 

B
4.

75
e-

10
2.

36
e-

13
1.

39
e-

05
1.

36
e-

08
6.

26
e-

04
1.

96
e-

06
So

il 
C

1.
18

e-
08

7.
79

e-
12

9.
50

e-
05

1.
19

e-
07

1.
81

e-
03

8.
59

e-
06

So
il 

D
1.

25
e-

07
9.

47
e-

11
3.

67
e-

04
6.

17
e-

07
3.

77
e-

03
2.

35
e-

05



4946 Bulletin of Earthquake Engineering (2023) 21:4923–4950

1 3

6  Conclusions

This article illustrates a risk-targeting design procedure for bridge piers. The procedure 
identifies the optimal values of the pier diameter and longitudinal reinforcement ratio that 
minimise the resisting moment at the pier base while satisfying the stochastic constraint 
on the MAF of failure due to the exceedance of the pier displacement ductility capacity. 
The proposed procedure is based on the solution of a series of direct reliability problems 
where the pier seismic fragility is evaluated for different combinations of the design param-
eters, and using linear interpolation, which is justified by smooth variation of the interpo-
lated quantities (e.g. fragility, risk, resisting moment of the base section) with the design 
parameters. The application of the proposed design procedure is illustrated by considering 
a two-span continuous bridge representative of medium-size bridges found widely in the 
European transport network. The bridge is assumed to be located in various sites in Italy, 
characterised by very different seismicity levels. Based on the obtained results, the follow-
ing main conclusions can be drawn:

• The design resisting moment at the base of the pier exhibits a significant inverse cor-
relation with the target MAF of failure and can be used to define the objective (cost) 
function to be minimised, as its value also affects the design of the transverse rein-
forcement of the pier, the design of the foundations, as well as the forces transmitted 
to the superstructure;

• Targeting values of the mean annual frequency of failure lower than  10−6  years−1 in 
regions of high seismicity requires design parameters (e.g. pier diameter) that are 
out of the investigated range, which represent realistic values for bridges in Italy 
that comply with the Eurocode 8 requirements (e.g. on the maximum and minimum 
value of the longitudinal reinforcement ratio);

• A large variation of the optimal design parameters is observed across Italy, as a 
result of significant variations in the seismic hazard.

• In large parts of Italy, the minimum longitudinal reinforcement according to Euroc-
ode 8 is sufficient to guarantee a target mean annual frequency of failure below 
 10−5   years−1. This latter value is significantly lower than the one considered in the 
US for risk-targeting, i.e. 2.3 ×  10−4  years−1.

• If both the pier diameter and the longitudinal reinforcement ratio are assumed as 
design parameters, non-smooth variations of the optimal values across adjacent sites 
could be obtained. This issue can be avoided by considering only a single design 
parameter and fixing the other.

• The site classification can influence the design results, especially in regions of high 
seismicity. Design maps should be built for different soil types to better estimate the 
effect of the site classification.

Future studies are required to evaluate the risk implicit to the design of bridge piers 
according to current seismic codes and to compare these results to the application of the 
proposed risk-based procedure. The proposed procedure can be extended to consider 
more design parameters than the ones considered here, as well as other possible failure 
modes related to different bridge components (e.g. bearings and abutments). It can also 
be applied to the risk-based design of other bridge types, including isolated bridges.
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