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ABSTRACT
When carrying out seismic loss assessment of an infrastructure network within a certain region, the
characterization of the fragility of bridges, which represent nodes of the network, is one of the most
important aspects. The fragility assessment largely depends on the characterization of the seismic
demand that such structures face and, for this reason, a proper intensity measure (IM) is necessary.
Many different IMs have been proposed over the years and recent studies have proposed new
approaches based on different parameters or on the coupling of previously tested IMs on an individual
fashion (vector-based IMs). These studies have however been focused only on building structures
whereas the available literature on analysis of IMs for bridges has considered a limited number of
structural configurations. Indeed, both the seismic response of bridges and the corresponding fragility
are strongly dictated by the structural configuration, material properties and seismic excitation
intensity, which in turn will significantly influence the performance of the IM under analysis. In order
to take into account such variability and to overcome the aforementioned limitations of the current
state-of-the-art, the study presented herein considered optimized numerical simulation techniques,
through the Latin Hypercube sampling method, for the generation of a population of reinforced
concrete bridges. Such case study was used to assess the correlation between a considerable amount of
traditional and innovative IMs and the nonlinear structural response of bridges, estimated through
nonlinear dynamic analysis using a selected set of suitable ground motion records as input excitation.
The capability of predicting the seismic response of the structure using distinct IMs has been
extensively scrutinized and compared for the population of generated bridges, in terms of practicality,
efficiency and proficiency. An optimal IM has been sought calculating the Pearson Moment
Correlation Coefficient (PMCC). The comparative study outlined the Fajfar Index, peak ground
velocity and root mean square velocity as the most promising intensity measures. Typically employed
IMs (peak ground and spectral accelerations) performed reasonably well. On the other hand, using
vector-based intensity measures did not significantly improve the results in terms of efficiency,
practicality and proficiency.

INTRODUCTION
As far as bridges are concerned, during the last decades, the earthquake engineering community has
mostly paid attention to the improvement of the procedures for the assessment of single structures
however when an extreme event, such as an earthquake, occurs structures of a vast area can be
damaged, with important consequences on the economy of the interested region. Indeed, in the recent
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years researchers focused their attention on strategic infrastructure, such as bridges, which can be seen
as nodes of a transportation network (Broglio et al., 2013) in the framework of a probabilistic seismic
demand model (PSDM).
The importance of the possible damage of such infrastructure elements to the economic and
social contest led to the need for a better evaluation of the seismic risk they are posed at in a more
integrated probabilistic prospective, which includes uncertainties in both seismic hazard and structural
response. From such perspective, one of the tools that allow coupling Probabilistic Seismic Hazard
Analysis (PSHA) and nonlinear structural analyses, thus the characterization of demand and structural
response, is the so-called Probabilistic Seismic Demand Models (PSDM) (Shome et al., 1998), which
is based on the probability of reaching a certain limit state (defined in terms of a specific engineering
demand parameter), conditioned to a given intensity measure. Defining a proper intensity measure is
thus essential to reduce the uncertainties associated with PSDMs while catering for more accurate
fragility estimates.
The importance of the selection of proper IMs has been recognized many decades ago (Housner,
1954) and parameters such as peak ground acceleration (PGA), peak ground velocity (PGV) and Arias
Intensity (Arias, 1970) were initially proposed and, in some cases, preferred to others for the
availability of national seismic hazard curves in terms of these parameters. Recent studies have
recognized in the elastic spectral acceleration of the first mode of vibration of the structure, Sa(T1),
one of the most efficient intensity measures in predicting structural response. Nevertheless, despite the
advantage of having the majority of the hazard curves in terms of peak ground acceleration and
spectral acceleration at the fundamental period, further research for enhanced IMs has continued to
take place.
In order to overcome the drawback of considering elastic parameters that do not account for
lengthening of period when structures experience inelastic range, Cordova et al. (2004) proposed a
ratio of spectral accelerations, in which either fundamental first mode period or longer periods that
represent the inelastic damaged structures are considered. In this field, the work of Vamvatsikos and
Cornell (2005) came up with the advantage of obtaining more reliable results with the use of a reduced
number of records by developing scalar and vector intensity measures in the contest of incremental
dynamic analysis (IDA) through the investigation of the elastic spectral shape of individual records.
Tothong and Luco (2007), at a later stage, recognized that for structures whose behaviour is dominated
by the first mode period the use of inelastic spectral displacement can be preferred to elastic spectral
acceleration and the vector IM of Sa and epsilon (ɛ). On the other hand, when higher-mode
contributions are relevant, a vector intensity measure made up of spectral acceleration and response
spectral values at different mode periods is more appropriate than the inelastic spectral displacement
alone. Rajeev et al. (2008) considered a vector-valued intensity measure consisting of spectral
acceleration at two different periods for seismic risk assessment of structures: the first component was
the first structural period, whereas the second was assigned for reducing the dispersion in estimating
the seismic risk. Baker and Cornell (2012) proposed a vector-valued intensity measure consisting of
spectral acceleration and epsilon, defined as the measured difference between spectral acceleration of
a record and the mean of a ground motion prediction equation at a given period. Bojórquez et al.
(2012) compared seismic fragility of steel frames subjected to narrow-band motions from soft-soils of
Mexico City through a set of vector-valued ground motion intensity measures constituted by two
components, in which the first was the spectral acceleration at the first mode of the structure whilst the
second was selected among peak and integral parameters for representing the potential cumulative
damage due to the shaking. Such study demonstrated that vector-based intensity measures that include
spectral shape information are the most suitable for seismic fragility definition but, at the same time,
their work suggests that a recently proposed parameter (Np) (Bojórquez and Iervolino, 2001), when
coupled with spectral acceleration, appears independent of the type of considered seismic response
measure. The capability of the most frequently adopted intensity measures in predicting seismic
response of base-isolated buildings was investigated in Mollaioli et al. (2013) considering two sets of
IMs: non-structure specific IMs that can be directly derived from ground motion time histories and
structure-specific IMs related to structural periods, through response spectra information. Zhai et al.
(2013) selected as measures for describing ground motion the damage potential of sixteen most
commonly used IMs along with vector valued IM of PGV and Sa for low- and mid-rise reinforced
concrete structures.
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The aforementioned studies have been focused on buildings whereas, for what concerns bridges,
less investigation has been carried out, typically considering only a few configurations, except for the
work by Padgett et al. (2008), in which highway bridge portfolios were analysed and by Broglio et al.
(2013) that compared the performance of different intensity measures within a methodology of
infrastructure network risk assessment.
This study seeks to overcome such state-of-art limitations by using 100 different, yet
statistically correlated, bridge structures, to compare both scalar- (structural-specific or not) and
vector-IMs. A total of twenty scalar and three vector-IMs were analysed. The variability of
geometrical and material properties was included in the study by randomly generating one hundred
bridge configurations, divided in four bridge period classes, using the Latin Hypercube Sampling
scheme. Nonlinear dynamic analyses were then performed with the fibre-element computer program
OpenSees, using a set of thirty ground motion records, scaled according to the Conditional Spectrum
method (Jayaram et al., 2011), for seven different intensity levels with the purpose of including
ground motion variability. Structural response was characterized by means of five engineering demand
parameters, which were also tested, expressed in terms of displacements or ductility. The quality of the
correlation between the response estimates and the traditional or innovative intensity measures was
assessed in terms of efficiency, practicality and proficiency through regression analyses in the
transformed space (Padgett et al., 2008). Pearson Product Moment Correlation Coefficients were then
extracted for investigating the robustness of the assumed predictive model.

CASE STUDY AND MODELLING PARAMETERS
The selected case study is made up of a hundred reinforced concrete bridges randomly generated using
the Latin Hypercube sampling method, also known as “sampling without replacement” (Iman et al.,
1980) technique, procedure chosen for the main advantage of reducing computational time demanding
and previously validated for the estimate of nonlinear response of bridges in the work of Monteiro
(2011).
All bridges, nominally identical, but statistically different, represent typical Italian bridges,
assumed as part of the road network located of the Italian Central Region, Molise, characterized by
significant seismic hazard.
In order to consider the geometrical and material variability, the corresponding properties for
typical Italian bridges, as illustrated in Fig.1, were statistically characterized. Information regarding
construction year, pier height, total bridge length, span length, number of spans, superstructure area,
main pier section sizes, compressive strength, reinforcement tensile strength and Young modulus were
summarized through statistical distributions, using chi-square goodness-of-fit test or KolmogorovSmirnov test satisfaction. Normal, lognormal, gamma, exponential and Weibull distributions were fit
and the parameters assigned to each variable are summarized in Table.1.

Figure 1. Typical bridge of the population generated

Table 1. Statistical distribution properties
Parameter

Distribution

Distribution parameters

Pier height [m]

Lognormal

Mean (log): 1.95; std: 0.828

Total length of bridges

Lognormal

Mean (log): 5.10; std: 1.145

Span length [m]

Normal

Mean: 31.18; std: 11.527

Section Diameter

Normal

Mean: 2.19; std: 0.969

Reinforcement yield strength [N/mm ]

Normal

Mean: 504.40; std: 157.84

Longitudinal reinforcement ratio

Lognormal

Mean:0.663; std: 0.623

Transversal reinforcement ratio

Lognormal

Mean (log): 2.03; std:0.415

Reinforcement Young Modulus [GPa]

Normal

Mean: 203.82; std: 19.426

2

Concrete compressive strength [MPa]

Normal

Mean: 40.0; std: 7.44

Superstructure width

Lognormal

Mean: 2.49; std: 0.256

Number of spans

1.5+0.03*(Total length)

Each bridge was modelled in OpenSees, which enabled the settlement of an automatized
procedure, controlled by an external script capable of generating and updating model files for each
bridge. The deck was modelled as a continuous elastic element, located right at the pier top, with
geometrical properties referred to its centre of mass, connected to the piers through rigid link
elements. Given that the piers are the main elements of the bridge that will run into inelastic
deformation, fibre sections were used for capturing the nonlinear behaviour at the sectional level. At
the element level, circular solid piers were modelled using a single force-based element with seven
integration points, which are expected to guarantee sufficient accuracy in the response at global and
local level. Geometrical nonlinearities were included, selecting appropriate geometrical transformation
settings and lumped masses were assigned to the deck gravity centroids in correspondence with the
location of the piers.
With respect to material modelling, Kent-Scott-Park model with zero tensile strength was
assigned for representing concrete behaviour, accounting for confinement factor in case of concrete
cores, evaluated for each bridge component through equations proposed by Mander et al. [1988], since
neither Kent-Park’s model nor the modified one provided information about the confining effects of
spiral hoops. The concrete Young Modulus was evaluated according to Eq.(1). A bilinear model was
assumed for steel, with no isotropic hardening. On the other hand, kinematic hardening was
considered through the ratio between post-yield tangent and initial elastic tangent, i.e. strain-hardening
ratio, equal to. 0.002.

E = 5700 f pc

(1)

The connection between the piers and the deck is assured by shear keys that were modelled with
zero length elements and equal-degree-of-freedom connections. As far as abutments were concerned, a
simplified model made up of high stiffness springs with bilinear response along horizontal directions
and fully restrained at the ground was employed.

HAZARD CHARACTERIZATION AND GROUND MOTION RECORDS
The considered bridge population scenario referred to central regions of Italy thus, in order to carry
out a proper selection of records, the hazard of the area surrounding the target city of Campobasso
(Molise region) was characterized.
Openquake (2012) was used to compute the regional hazard, through the definition of the
configuration of the seismic source zones based on the Italian zonation (ZS9) and also adopted by the
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Istituto Nazionale di Geofisica e Vulcanologia (INGV) (Meletti et al, 2008). Only the relevant seismic
source zones, indicated in Table.2, were considered for the seismic hazard definition of the target city
of Campobasso. Activity rates, b-values and minimum and maximum magnitude (surface wave
magnitude) are indicated.

Figure 2. Italian seismic zonation (ZS9) and bridges whose properties were statistically characterized

Table 2. Parameters of the considered seismogenic zones
Zone

Events/year

b

Mmin

Mmax

918

0.217

923

0.645

-0.840

4.3

6.4

-0.802

4.3
4.3
4.3
4.3
4.3

7.3

924

0.192

-0.945

925

0.071

-0.508

927

0.362

-0.557

928

0.054

-1.056

7.0
7.0
7.3
5.8

A ground motion prediction equation suitable for Europe and for events of magnitude between 5
and 7.6 and distances up to 100 km was adopted (Akkar and Bommer, 2010). Hazard curves and
disaggregation results conditioned at the spectral acceleration at the periods of vibration 0.2s, 0.3s,
0.75s and 1s were processed. Moments and distances for each intensity level were extracted in order to
derive disaggregation information conditioned to Sa(T1) and for seven levels of intensity, from 0.2 to
1.4g with intensity step of 0.2 g. Thirty records were selected for each class of fundamental period and
each intensity level, properly scaled according to the Conditional Spectrum method.

NONLINEAR ANALYSIS AND ENGINEERING DEMAND PARAMETERS (EDPs)
Before running nonlinear dynamic analyses, an eigenvalue analysis of each of the one hundred bridges
was performed in order to properly select the ground motion record set corresponding to the first
transversal period of vibration, according to the procedure described in the previous section. The
histogram in Fig.3 illustrates the first transversal mode period observed across the one hundred bridges
that were analysed.

Figure 3. First mode transversal periods of population of bridges randomly generated

Nonlinear dynamic analyses were then carried out with the selected records as input in the
transverse direction, assumed as the critical one. In terms of damping, an amount of 2%, proportional
to the initial stiffness, was assumed. By post-processing the nonlinear dynamic analysis the estimates
for the selected engineering demand parameters (EDP), defined in Table.3, were extracted.
Table 3. Engineering Demand Parameters (EDPs) considered
EDP
EDP01
EDP02
EDP03
EDP04
EDP05

Description the EDP
Equivalent SDOF maximum displacement
Maximum mean top displacement
Maximum displacement
Maximum column ductility
Maximum displacement of the shortest pier at the deck level

The tested EDPs were selected with the goal to represent bridge response as independently as
possible from a specific structural configuration. The difficulty in defining a proper reference location
within a bridge is well known (Pinho et al., 2009) and it is expected that this study will also provide a
(modest) contribution to such discussion.

SELECTION OF SEISMIC INTENSITY MEASURES (IMs) AND PREDICTIVE
MODELS
A total of twenty intensity measures (IM), listed in Table.4, corresponding to the most common
parameters that can be extracted directly from ground motion time series (e. g. PGA, PGV, PGD, etc.)
and quantities obtained from response spectra (e.g. spectral acceleration) or by its integration over
specific period ranges, such as Spectrum intensity (Housner, 1952), were considered for this
comparative study. Additionally, intensity measures proposed in recent studies were also included as
they take into account relevant issues, such as spectral shape, that traditional IMs are not able to
consider.
The predicted capabilities of each EDP were firstly investigated through ordinary least squares
and robust linear regression analysis of the logarithm of each pair (EDP, IM). The possibility of
working on the transformed space of EDPs and IMs was enabled by the assumption of the validity of
the power model of Eq.(2), for describing the relationship between median structural demand, EDP,
and the IM considered through the regression coefficients a and b (Cornell et al., 2002).

EDP = aIM b

6
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Table 4. Intensity measures (IMs) considered
IM
IM
IM01
td
IM02
Iv
IM03
NC
IM04
PGA
IM05
PGV
IM06
PGD
IM07
aRMS
IM08
vRMS
IM09
dRMS
IM10
Sa
IM11
Ia
IM12
CAV
IM13
absBrDur
IM14
relBrDur
IM15
relSigDur
IM16
SI
IM17*
Tm
IM18*
ID
IM19*
R1_1.5T1
IM20*
Np
IM21**
[Sa,PGV]
IM22**
[Iv,PGA]
IM23**
[RT1_1.5T1,Np]
* Vector-valued intensity measure
** Vector of intensity measures

Description the IM
Ground motion duration (Trifunac and Brady [1975])
Fajfar Index (Fajfar et al.[1990])
Number of cycles
Peak ground acceleration
Peak ground velocity
Peak ground displacement
Root mean square acceleration
Root mean square velocity
Root mean square displacement
Spectral acceleration
Arias intensity
Cumulative absolute velocity
Absolute bracket duration
Relative bracket duration
Relative significant duration
Spectrum intensity
Mean Period of ground motion (Kumar et al. [2011]))
(Bojorquez and Iervolino [2012])
Coefficient proposed by Vamvatsikos et al [2005]
Index proposed by Bojorquez and Iervolino [2001]
Vector made up of spectral acceleration and Peak ground velocity
Vector made up of Fajfar Index and Peak ground acceleration
Vector made up of IM19* and IM20*

Logarithmic space deals with the linear model described by Eq.(3), which was considered as
optimal for the data available and for the objectives of the present study. Indeed, different fitting
models might have been tested however they would entail a more difficult interpretation of results.
This assumption was further legitimized by the fact that, at both individual bridge and global levels, a
linear correlation trend was predominantly found.

ln(EDP) = b ln(IM ) + ln(a)

(3)

The effect of using vector-based IMs, coupling traditional intensity measures, to predict
different EDPs was also investigated by performing multivariate linear regression analyses, always in
the transformed space, according to Eq.(4) and Eq.(5).

ln(EDP) = b1 ln(IM1 ) + b2 ln(IM 2 ) + ln a

(4)

EDP = aIM1b1 IM 2b2

(5)

The comparison between results obtained applying univariate and multivariate regression
analyses may be assumed as reasonable given that, in the second approach, when the two IMs are
identical, regression coefficients degenerate into the first approach. Examples of regression analyses
results at bridge and bridge population (global) levels are depicted in Fig.4.

Figure 4. Examples of univariate and multivariate regression analyses carried out at bridge level (top) and bridge
portfolio level (bottom)

RESULTS
The strategy to identify an optimal intensity measure implied the evaluation and comparison of IM
properties in terms of efficiency, practicality and proficiency (Padgett et al., 2008).
Efficiency
Intensity measure (IM) efficiency is represented by the dispersion around the relationship between the
IM and the estimated demand, obtained from nonlinear dynamic analyses, typically indicated by βD|IM
and defined according to Eq.(6).

β D|IM ≅

∑ (ln(d ) − ln(aIM
i

N −2

b

)) 2

(5)

In other words, having less dispersion is equivalent to saying that the better the regression model fits
the data, the closer the coefficient of determination, R2, is to one. The trend exhibited by R2 is
complementary to βD|IM hence only the average of the coefficient of determination, across the entire set
of bridges, for each pair (EDP, IM) are shown in Fig.5, from which the most efficient IMs may be
identified. Mean R2 values were calculated averaging the coefficient of determination derived for each
bridge, rather than calculating the corresponding correlation parameter for the pairs (IM, EDP) all
together, for which a slight overestimation of R2 was observed. In agreement, for each mean R2 a
standard deviation was also computed and plotted in Fig.5. From a bridge population point of view,
the most efficient intensity measures appear to be Fajfar Index (Iv), peak ground velocity (PGV) and
spectral acceleration (Sa). Nevertheless, a good level of efficiency was also reached by Arias intensity
(Ia). Efficiency levels are improved for maximum mean top displacement (EDP02), maximum
displacement (EDP03) and maximum displacement in correspondence of the shortest pier at the deck
level (EDP05).
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Figure 5. Average R2 for the correlation between each intensity measure and engineering demand parameter

The effect of considering vectors made up of pairs of IMs was analyzed using IMs with low to
median coefficients of correlation among each other. The correlation matrix was derived for the
twenty considered IMs, including all ground motion record sets. Higher values of correlation
coefficient of two vector components indicate that coupling them would not lead to a performance
improvement therefore three pairs with low correlation values were selected for studying the effect on
the average R2 of correlation between the correspondent IM and the different EDPs. Fig.6 plots the
best performing IMs, identified in Fig.5, together with three vector-IMs.

Figure 6. Comparison of average R2 for selected value- and vector-IMs.

The results in Fig.6 show that the efficiency of the IMs is slightly improved (around 10%) by
the consideration of an additional parameter. In fact, dispersion around the fit correlation is only
slightly reduced, i.e. the efficiency level is slightly improved and the smaller dispersion of the two
coupled IMs prevails.
Practicality
For what concerns practicality, such indicator is based on the direct correlation between the IM and
the EDP and is quantifiable through b values of the predictive models. The closer b is to one, the more
practical is the corresponding IM. When b is in the range of 0.8 and 1.2, the correspondent IM can be
considered practical (Broglio et al., 2013) and less practical or non-practical in the other cases. Fig.7
illustrates b values obtained from ordinary least squares regression for each pair IM-EDP. The most
practical IMs, in terms of EDP02 and EDP05, which were the most correlated EDPs, were Fajfar
Index (Iv), peak ground velocity (PGV) and peak ground acceleration (PGA). The practicality
differences in terms of EDP are less relevant.

Figure 7. Average level of practicality (b values) of the selected IMs from ordinary least squares.

Proficiency
A parameter that includes both efficiency and practicality is called proficiency (ζ) and can be
estimated using Eq.(6).

ζ =

β D| IM
b

(6)

A good level of proficiency is given by a low value of ζ, as close as possible to β D|IM (Broglio
et al., 2013). Comparing the results obtained for the considered population of bridges, the IMs
exhibiting the best levels of proficiency are Fajfar Index (Iv), peak ground velocity (PGV), followed
by root mean square velocity (vRMS) and spectral acceleration (Sa).
Pearson Product-Moment Correlation Coefficient
Finally, the Pearson Product-Moment Correlation Coefficient (PMCC) has also been used to assess the
quality of the tested IMs. PMCC describes how robust the correlation between structural demand and
the considered IM is, through the ratio between the covariance of the two random variables and the
product of their standard deviations, as in Eq.(7).

PMCC =

cov( X , Y )

σ XσY

(7)

Fig.8 summarizes the outcome of the evaluation of the robustness of linear relationships between
EDPs and IMs and confirms the trend of the previously drawn observations: the values closest to one
(stronger correlation) were obtained for Fajfar Index (Iv), peak ground velocity (PGV) and spectral
acceleration (Sa).

Figure 8. Average values of Pearson Product-Moment Correlation Coefficient

CONCLUSIONS
The main goal of the presented work was to study and compare the predictive capabilities of
traditional and advanced intensity measures (IM) for the response of reinforced concrete bridges. To
accomplish such objective, an extensive comparison, not addressed in previous research, of twenty
IMs, together with three vector-IMs,was carried out. Furthermore, the investigation was extended to a
relevant number of structural configurations (100), randomly generated with the Latin Hypercube
Sampling method to address different aspects of uncertainty and to represent a bridge network within a
certain region. The generation of the bridge population was based on statistical characterization of
Italian bridges of the Molise region. To assess the performance of the different IMs, thirty different
ground motion records were selected for each of seven different intensity levels, using the Conditional
Spectrum method, compatibly with the seismic hazard of the considered region. Five engineering
demand parameters (EDP) were evaluated by means of nonlinear dynamic structural analyses. The
features of the correlation between the possible combinations of each IM and EDP were assessed in
terms of efficiency, practicality, proficiency and Pearson Product Moment Correlation Coefficient.
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The results have shown that is it possible to find a good correlation between a proper IM and EDPs for
a population of randomly generated bridges. The optimal intensity measures were identified as the
Fajfar Index (Iv), peak ground velocity (PGV) and spectral acceleration (Sa). As far as vector-IMs,
coupling different scalar IMs, it has been seen that the improvement in terms of efficiency, practicality
and proficiency is not outstanding and may not justify the employment of vector quantities. For what
concerns typically employed IMs, such as peak ground acceleration (PGA), for which hazard data is
far more available, the performance has nevertheless been acceptable. The final choice of the intensity
measure to use will thus rely on personal judgment as well as the balance between enhanced
performance and available data.
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