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ABSTRACT  
In seismic countries, the managing authorities of road networks rely on risk assessment of bridges to decide retrofit 
intervention priorities on a regional scale. It is a current practice to assess seismic vulnerability in the form of 
fragility curves. The most extensively used tool currently available for the evaluation of vulnerability curves of 
large-scale systems is the Hazus methodology, which provides fragility curves for whole classes of structures, but 
shows deficiencies when applied to a community–specific database, where different typologies are represented.  
Given the large number of bridges in a regional scale road network, fragility curves have to be obtained by means 
of simplified and reliable numerical methods, time-history analyses being to date still very expensive in 
computational terms when applied in a probabilistic framework. In the last decade displacement-based (DB) 
methods have become increasingly established simplified assessment procedures. 
Present work reports on an extensive risk assessment study carried out on Northern-Italy’s Region of Veneto road 
system; the analysis focuses on one of the most typical bridge types of the network, multi-span RC bridges. 
Analytical fragility curves obtained with displacement-based approaches are proved to be sufficiently accurate. The 
curves obtained can be used as a reference for Italian and European RC multi-span concrete bridges. 
 
1 INTRODUCTION 

Appropriate seismic assessment of reinforced 
concrete bridges is an important challenge in 
economically advanced countries where the most 
of road bridges were constructed in the years 
1950s- 1970s, when many areas had not yet been 
recognised to be earthquake prone and seismic 
provisions were not enforced. 

It is a current practice to assess seismic 
vulnerability in the form of fragility curves, 
which describe the conditional probability for a 
structure of exceeding a defined level of damage 
at the different levels of intensity of seismic 
action. The most extensively used tool currently 
available for the evaluation of vulnerability 
curves of large-scale system is the Hazus 
methodology  (FEMA, 1999, 2003), which 
provides fragility curves for whole classes of 
structures. 

The Hazus model is sufficiently accurate when 
applied to a class of buildings or bridges very 
similar to those in the default system, but it shows 
deficiencies when applied to a community-
specific database, where different typologies are 
represented. Fragility functions are not calibrated 
to the Italian (and more in general, European) 
bridge typologies and construction characteristics. 
Another shortcoming is related to different 
construction methodologies for the same 
structural types supplied in the original database 
(e.g. steel grade and diameter for reinforcement 
bars in rc bridges). 

Despite these considerations, the Hazus 
framework is reliable and has been extensively 
used in recent years as a tool for Earthquake Risk 
Assessment on large scale, as there has not been a 
realistic possibility of modifying its parameters, 
for the lack of a detailed comprehensive 
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inventory of data on European (and Italian) 
structure types. 

With regard to the method of assessment of 
existing constructions, the specific interest in the 
use of simplified procedures is apparent when 
probabilistic risk analysis is carried out on a 
large-scale (e.g. on a regional infrastructure 
system). As the estimation of vulnerability 
involves a large number of structures, fragility 
curves have to be obtained by means of quick and 
reliable numerical calculations.  

2 VENETO REGION ROAD BRIDGES 
DATABASE 

2.1 Reference database 
The first component of a reliable risk 

assessment model for an infrastructure system is 
the detailed definition of the bridge inventory, 
which is fundamental for the evaluation of the 
vulnerability characteristics of the exposed 
structures. The reference database of this work is 
built on the stock of  bridges of the Veneto 
Region (N-E of Italy) road network, consisting in 
496 bridges belonging to the provincial and 
regional infrastructure systems, mostly located in 
medium-high seismicity areas (Zone 2 and 3 
according to the Italian seismic zonation map 
valid for the administrative classification of the 
country). 

In this work, a detailed statistical analysis was 
carried out on the whole bridge stock, based on 
the results of a structural survey campaign and 
the archival research conducted in years 2007-
2010. The study considered firstly the road 
network managed by Veneto Strade s.p.a. (km 
1476,8 of regional and provincial roads in the 
provinces of Venezia, Treviso, Belluno, Padova, 
Verona, Rovigo, with 347 bridges located in 
seismic zones 2, 3 and 4) and was subsequently 
extended to the network of Vi.abilità (km 1250 of 
provincial roads located in the province of 
Vicenza, with 149 bridges). 

The data gathering is based on a preliminary 
subdivision of the whole population of rc bridges 
into different sets and subsets. This classification 
is useful to establish a number of homogeneous 
classes of rc girder structures, characterized by 
similar properties in terms of structural typology, 
geometric characteristics, static behaviour, and 
finally, seismic capacity. The first two orders of 
classification were identified in macro-classes 

(with reference to deck type) and in classes (with 
reference to the static scheme adopted) as 
reported in Table 1. Some examples are shown in 
Figure 1. 
Table 1. Classification of road girder bridges stock: macro-
classes and classes 
Macro-classes	 Classes	 

1)	 girder	 

bridges,	 

single	 span	 

1.1)	 simply-supported	 bridges	 

1.2)	 integral	 bridges	 

2)	 girder	 

bridges,	 

multi-span	 

2.1)	 simply	 supported	 

2.2)	 Gerber	 bridges	 

2.3)	 continuous	 bridges	 

2.4)	 simply	 supported	 with	 

kinematic	 chain	 

2.2 Statistical data organization 
The total number of structures contained in the 

bridge inventory is 496. If we consider the 
construction material, rc and prc bridges represent 
the greatest percentage of the stock, 66.7%; girder 
bridges, arch bridges, frame structures being 
included. 

The present study focuses mainly on the 
multispan girder bridge category (Macro-class 2). 
Therefore raw data were processed and re-
organized with the aim of defining a detailed 
picture of the properties of existing rc bridges, 
with specific reference to multispan girder 
bridges, which represents 20.4% of the whole 
stock (No. 101). The final objective of the 
statistical survey, was the definition of the 
effective ranges of properties influencing the 
seismic structural capacity of the different rc 
bridge typologies. 

The statistical survey is organized on different 
levels: a first set of statistics considers the general 
features of the stock. At the beginning of the 
work, only these general data were partially 
available. Localization, deck material, number of 
spans, span length, and year of construction are 
reported in this set. 

The second set of statistics relates only the 
category of rc girder bridges, focusing on the 
geometrical and mechanical parameters that may 
influence the capacity of a structure; appropriate 
ranges for all the geometrical and mechanical 
parameters having an influence on the seismic 
response were individuated. This set of statistics 
was divided in subsets with reference to: 

 
 



 
 

(a) (b) 

(c) (d) 

(e) (f) 
Figure 1. Some examples of bridge structures of VR stock. 

1. different typological classes of bridges 
(which can differ for static scheme, deck 
properties, pier, abutment or support 
characteristics, etc.);  

2. number of spans, deck type and geometry, 
span length, pier and abutment type, pier 
cross section type, pier aspect ratio (H/D), 
pier cross section geometries, foundation 
type etc.; as an example of the kind of 
statistical information obtained, Table 2 
covers specifically the multi-span classes 
(No.101 bridges), with regard to cross 
section type of piers and Figure 2 and 
Figure 3 show diameter and aspect ratio 
values of circular piers. 

3. longitudinal reinforcement ratio, 
transverse reinforcement ratio, 
confinement parameters, normalized axial 
loads, foundation type etc. 

4. material properties, for concrete and 
reinforcement steel. On the base of 
laboratory and in-situ tests, it appeared 
that a wide range of concrete strength 
were adopted for piers (from fcm<15 MPa 
to fcm>70 Mpa) and substantially two 
types of steel reinforcement were used, 
grade Aq50 used for smooth bars, 
representative of structures built till the 
middle 1970’s, and grade Feb44k 
representative of typical deformed bars 
used in structures built in the last 35 
years. 

From this parametric study it was possible to 
calculate more precisely the limit states to be 
taken for shear and flexural behaviour (with 
reference to pre-defined levels of damage), and 
get a better calibration of the values of equivalent 
damping for the existing rc piers, to be adopted in 



 

the simplified DBA analyses. Moreover, the 
statistical survey allowed highlighting the 
effective ranges of the main pier parameters for 
multi-span bridges, in terms of geometry, 
reinforcement content, confinement parameters, 
and normalized axial load that are necessary for 
the calculation of pier capacity. As an example of 
general statistical elaboration on the database, 
Figure 2, Figure 3 and Table 3 present an in-
depth overview of cantilever (single bent) circular 
piers directly obtained from the VR database.  
Table 2. Multi-span rc girder bridges pier cross section: SR 
– Solid Rectangular; SC – Solid Circular; HS – Hollow 
Simply-connected; SM – Hollow Multi-connected 

No.	 of	 

Bridges	 
SR	 SC	 HS	 HM	 Total	 

101	 
53	 46	 1	 1	 101	 

52.5	 45.5	 1.0	 1.0	 100%	 

 
Figure 2. Circular piers geometric properties of multi-span 
rc girder bridges: Diameter [m] 

 
Figure 3. Circular piers geometric properties of multi-span 
rc girder bridges: Aspect ratio H/D [-]. 

Table 3. Effective ranges of significant parameters of the 
VR stock – Single bent circular piers. 

Parameter	 Min	 max	 Mean	 σ	 

D	 [m]	 1.9	 3.5	 2.62	 0.691	 

H	 [m]	 3.6	 10.90	 7.23	 2.21	 

H/D	 1.71	 4.95	 2.88	 1.04	 

ρl	 [%]	 0.22	 0.31	 0.24	 0.11	 

ρst	 [%]	 0.04	 0.27	 0.18	 0.12	 

λc	 1.03	 1.17	 1.10	 0.50	 

νk	 0.02	 0.16	 0.06	 0.06	 

Concrete	 35.60	 63.58	 44.34	 22.91	 

Reinf.	 Aq50-60	 FeB44K	 

steel	 

3 FRAGILITY CURVES PROCEDURE 

3.1 DBA approach to capacity evaluation of 
R.C. piers 

In the last decade displacement-based (DB) 
methods have become increasingly established 
simplified assessment procedures that use strain 
and displacement measures as structural damage 
indexes and seismic performance control 
parameters. 

From a Displacement-Based approach 
perspective, the evaluation of displacement 
capacity of reinforced concrete piers with limited 
shear resistance represents a fundamental topic, 
since so far the calibration of the methods has 
essentially concerned new ductile structures. The 
specific problems of the development of DBA 
methodologies include the prediction of possible 
collapse mechanisms due to brittle rupture of 
members, the evaluation of the influence of shear 
deformability and the inclusion of local damage 
effects caused by nodes not adequately confined. 
In this work, these specific issues of the 
Displacement-Based methodology applied to 
existing bridge structures of Veneto region road 
system are addressed. In particular, the 
calibration effort focuses on the assessment of 
pier capacity. The parametric presented in 
previous number aims at the determination of the 
effective properties of existing rc bridge piers, to 
be used in a Displacement-Based framework. 

Priestley et al (2007) proposed a DBA 
procedure that determines the equivalent elastic 
spectral displacement corresponding to the 
assessed displacement capacity and associated 
damping; the step by step procedure is described 
in the next paragraph. A graphical overview of 
DB assessment procedure, as presented in 
Priestley, (2007) is shown in Figure 4. 
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Figure 4. Overview of the DBA procedure: a) Estimate of 
inelastic displacement shape, b) Equivalent SDOF 
representation, c) Identification of seismic intensity that 
would cause limit state to develop, d) Risk estimate. 

3.1.1 DBA procedure 
1. Estimate the inelastic mechanism and the 

related displacement capacity, e.g. 
through the assessment of the global 
Force-Displacement (pushover) curve. 

2. Calculate the equivalent SDOF 
displacement Δd

cap and Δy , the effective 
height he, the effective mass me. 

∆!"#! = 𝑚!∆! !!
!!! 𝑚!∆!!

!!!

𝑚! = 𝑚!∆!!
!!! ∆!

𝐻! = 𝑚!∆!𝐻!!
!!! 𝑚!∆!!

!!!

 (1) 

where mi e Δi are the masses and 
displacements of the significant mass 
locations. 
3. Determine the displacement ductility 

capacity: 

𝜇 = ∆!"#! /∆! (2) 

4. Determine the effective damping ξA 
corresponding to µ, e.g. using the 
following formula, where the coefficient 
CS depends on the hysteresis rule: 

𝜉 = 0.05+ 𝐶!
!!!
!"

 (3) 

5. Calculate the spectral reduction factor Rξ 
corresponding to ξA, e.g. from EC8 (CEN 
2004) formula: 

𝑅! = 0.10/ 0.05+ 𝜉 !.! (4) 

6. Calculate the equivalent elastic spectral 
displacement capacity: 

∆!"#,!"= ∆!"#! /𝑅!  (5) 

7. Determine the effective assessment 
stiffness KA=F/Δcap, including P-Δ effects, 

corresponding to the displacement 
capacity (the displacement capacity 
depends on what performance level is 
chosen). 

8. Calculate the effective stiffness by the 
SDOF equation:  

𝐾! = 𝑉!/∆!"#!  (6) 

9. Calculate the effective period from the 
SDOF equation:  

𝑇! = 2π !!
!!

 (7) 

10. If a suite of elastic displacement spectra 
for different annual probabilities of 
exceedance is available, the appropriate 
spectrum can be matched to Δcap,e ; if not, 
the equivalent elastic “code” displacement 
demand Δdem,el can be read off the code 
elastic spectrum at the period Te. 

11. The capacity/demand displacement ratio 
C/D can be estimated: 

!
!
= ∆!"#,!"

∆!"#,!"
 (8) 

12. The C/D ratio can be used to determine 
the risk from a plot giving the annual 
probability of exceedance as a function of 
displacement. 

3.2 Simplified modelling of shear response of 
R.C columns 

3.2.1 Shear critical columns 
The characteristics of a large class of existing 

bridge piers make them vulnerable to shear 
failure, and they are referred to as “shear-critical” 
columns. For shear-critical columns, the 
formation of stable diagonal shear cracks has 
been suggested as a source of flexibility 
triggering the additional member displacement. 
For this type of columns, currently a linear-elastic 
force-deformation response is assumed up to 
flexural yield, and generally the assessment 
implies failure at very low displacements, with a 
too conservative approach in respect to the results 
of experimental tests (see among others Sezen 
and Mohele, 2004, Calvi et al., 2005). 
3.2.2 Column shear behaviour 

A parametrical study is subsequently 
developed for single bent and multiple bent piers 
(cantilever, walls and frame). All the main 
geometrical and material properties that can 
influence the pier capacity are considered, 
including the aspect ratio of the section, the 



 

normalized axial load, the percentage of 
longitudinal reinforcement, the level of 
confinement, the strength of concrete and steel. 
The effective ranges of the selected parameters 
are determined by the preliminary statistical 
analysis conducted on the bridges of the reference 
database (the Veneto Region bridge stock). The 
parametric study aims at the determination of the 
effective properties of existing rc bridge piers: 
pier flexural and shear capacity, collapse 
mechanisms, ultimate deformations, drift, secant-
to-yielding stiffness, and effective stiffness are 
defined and calibrated with the help of nonlinear 
static and dynamic analyses. Parametrical 
analysis are performed for a large number of pier 
configurations. 

These extensive numerical analyses supply a 
sound mechanical background to the 
Displacement-Based assessment methodology for 
the vulnerability analysis and seismic risk 
evaluation of the Veneto Region bridge stock. 
3.2.3 R.C columns failure modes 

The Applied Technology Council proposed a 
conceptual model that describes the relationship 
between shear strength and displacement 
ductility, recognizing that strength is reduced 
with increasing ductility as lateral drift increases, 
the flexure-shear cracks widen and the concrete 
mechanism of shear transfer degrades due to loss 
of aggregate interlock. In the 1981 Seismic 
Design Guidelines for Highway Bridges (ATC-6, 
1981), three possible failure modes of columns 
subjected to lateral displacement were 
individuated. 

− Flexure: takes place if the shear force 
corresponding to the nominal flexural 
strength is less than the shear capacity for 
any value of ductility 

− Flexure-Shear: occurs when the column 
reaches its nominal flexural capacity first, 
but as ductility increases the 
corresponding shear force exceeds the 
shear strength envelope 

− Brittle Shear: The shear capacity of 
column is reached prior to the 
development of the nominal flexural 
strength 

3.2.4 Aggregation of non-linear shear effects 
The conceptual model proposed in ATC-6 

gave rise to several ductility dependent shear 
capacity models. Among others, the more recent 
and extensively used are the Modified UCSD 
model, proposed by Kowalsky and Priestley, 
2000, and the Sezen and Mohele model, 2004. 

Since ductility can be related to lateral drift, 
the ductility dependent shear models can be used 
to determine the “drift at shear failure”. Priestley 
et al. (1996), stated that drift value at shear failure 
can be taken as the one corresponding to the 
ductility level at which the flexural strength 
response curve intersects the shear strength 
envelope. 

In this study, following the work of Calvi et 
al., 2005, the level of drift at failure is derived 
using the shear capacity model approach. The 
Sezen model is adopted for calculation of the 
shear strength envelope. The implementation of 
the model was done differently, because a fiber-
discretization was used for the modeling of the 
flexural behaviour and shear effects were 
subsequently aggregated using the non-linear 
Force-Displacement curve proposed by Miranda 
(2005). 

Concerning numerical models used for 
fragility assessment, they were represented by 
single pier f.e. fiber models, with the aggregation 
of non-linear shear behaviour, calibrated by 
means of a parametrical analysis. 

In the model, the total stiffness characterizing 
each phase of response is derived from the sum of 
flexural stiffness and shear stiffness 
corresponding to each particular phase (Figure 5). 
In each loading phase, the global stiffness can be 
calculated assuming the flexure and shear 
components as two springs working in series, 
hence the following relation can be adopted: 

𝐾!" = 1 !
!!"
  + !

!!"
 (9) 

 
Figure 5. Flexure-shear aggregation with the simplified 
phenomenological approach proposed by Miranda et al., 
2005. 

Four response phases were individuated  
1. Phase 0: elastic response 
2. Phase I: flexurally cracked response (prior 

to shear cracking) 
3. Phase II: cracked in shear response 
4. Phase III: after first yield 

For each phase Table 4 gives flexural, shear 
and total stiffnesses expressions; explicit 
expressions for each phase stiffness can be found 
in Miranda (2005). 
Table 4. Summary of stiffness components. 

Phase	 Flexure	 Shear	 Total	 

Stiffness	 



 

Phase	 0	 Kfe	 Kse	 1/(1/Kfe	 +	 

1/Kse)	 Phase	 I	 Kff	 Ksf	 1/(1/Kff	 +	 

1/Ksf)	 Phase	 II	 Kff	 Kss	 1/(1/Kff	 +	 

1/Kss)	 Phase	 III	 Kfy	 Kss	 1/(1/Kfy	 +	 

1/Kss)	 In this work, the flexural behaviour is obtained 
directly by fibers schematization, so the change in 
stiffness after yielding is directly obtained by 
uniaxial stress-strain laws of materials.  

Evaluation of the shear stiffness after flexural 
yield was performed under the assumption that 
the flexural yield does not affect the shear 
stiffness. Under this assumption, shear stiffness 
after shear cracking Kss governs the response in 
both Phase II and Phase III, and shear 
deformation, as a fraction of total deformation 
remains essentially constant. Performance levels 
and damage indexes 

As regards piers, three sectional limit states are 
considered and their strain and drift values are 
reported in Table 5: 

− LS1 (slight damage): spalling of concrete, 
residual crack widths max 1.0 mm 

− LS2 (severe damage): significant repair 
required, wide flexural or shear crack 

− LS3 (extensive/complete): collapse does 
not take place, extensive damage, not 
repairable, due to shear failure of vertical 
elements or excess flexural 

Table 5. Definition of limit states for the assessment of rc 
bridge piers 
LS	 Ductile	 flexural	 

failure	 

Brittle	 shear	 

failure	 

	 strain	 
drif

t	 
drift	 

LS1	 
εc=0.004	 

εs=0.015	 
θyn	 θcr	 

LS2	 	 
2/3

θu	 
θs	 

LS3	 

εc=	 εcdc	 <0.01	 

εs=	 0.6	 

εsu<0.6	 

θu	 1.1θs	 

3.3 Displacement-based fragility curves 
In evaluating the seismic risk of a structural 

system, in this case consisting of bridges or 
viaducts, it is important to identify the 
vulnerability of the structural components 
associated with various levels of damage; the 
probabilistic approach to the problem is due to 
the uncertainty of the variables involved. 
Characteristics of the material and structural 
properties, on which the overall capacity of the 
bridge depends, are not exact values, and neither 
are the intensity of earthquake action and site 

conditions, governing the seismic demand. It 
follows that the performance of the structure has 
to be represented by a range of values, associated 
to a certain probability of exceeding a pre-defined 
damage level.  

The cumulative function that stands for the 
exceeding probability is represented by a fragility 
curve, traditionally defined by a two-parameter 
lognormal distribution, which is function of the 
seismic intensity measure (IM). 
3.3.1 Derivation of fragility curves 

A realistic structure behaviour can best be 
described with NLTH analysis on a full three-
dimensional MDOF model, but at the present 
there is still a problem with computation time 
requirements when TH is used in Monte Carlo 
simulation, hence simplified analysis are required 
for vulnerability evaluations on a large scale. 

In the present study analytical fragility curves 
based on simplified Displacement-Based 
Assessment procedures are developed, and used 
for the prediction of the expected damage for all 
multi-span rc bridges of the VR stock. Figure 6 
shows some of the fragility curves obtained 
compared with Hazus fragility curves. 

The method herein presented for the 
calculation of fragility curves is adapted from the 
procedure proposed for nonlinear static analysis 
by Shinozuka et al., 2000. In this method, random 
populations of bridges are generated using Monte 
Carlo simulation, each real bridge being 
represented by a set of sample bridges, obtained 
by considering the uncertainty on material and 
structural properties. The displacement capacity 
and effective period of vibration of each sample 
bridge (the j-th bridge) at the different PLs is 
calculated on the base of the global pushover 
curve of the bridge (for multi-span simply 
supported bridges is represented by the F-s curve 
obtained for a single pier). The seismic demand is 
obtained from displacement response spectra. 

The procedure used to calculate a fragility 
curve for a pre-defined performance level dPL is 
summarized below:  

1. Parameter a identifying seismic intensity 
is set, e.g. a=PGA[g]. 

2. Representative suites of real or synthetic 
ground motion time histories are sorted 
and grouped to the nearest representative 
a value with appropriate scaling. 

3. For a defined value of a, the average 
spectrum DRSm and the average spectrum 
plus and minus the standard deviation 
DRSm±σ  of the elastic displacement 
response spectra for all the time histories 



 

in the group are calculated for the 
considered range of structure period; 

4. A DBA procedure  is applied to calculate 
the equivalent elastic displacement 
capacity ΔCap-el,j for the j-th sample bridge; 

5. Three spectrum displacement demands are 
calculated by reading off respectively the 
computed DRSm,  DRSm± σ  spectra at the 
effective period Te,j for the j-th bridge 
sample; 

∆!"#!!",!!!!= ∆!"#!!",!    (10) 

∆!"#!!",!!!!,!= ∆!"#!!",!±!!,! (11) 

 
6. The corresponding three Demand/ 

Capacity displacement ratios (Damage 
Measure) are determined: 

𝐷𝑀!! = 𝐷!",!! 𝐶!",! =
∆!"#!!",!

!

∆!"#!!",!
   , 𝑘 = 1,2,3 (12) 

7. Step 1-6 are repeated for each value of 
seismic intensity a. The result is a 
“cluster” of data, with three DM values 
for each a value of the range. 

8. Construction of the continuous CDF 
fragility curve, using least squares linear 
regression on the overall data set. 

9. The procedure is repeated for each j-th 
sample bridge (j=1,k), developing k 
fragility curves, where k is the total 
number of statistically different bridges. 
For the given seismic intensity a, the final 
fragility value for the examined real 
bridge is obtained as: 

𝐹 !,!! =
!! !,!!

!
!!!

!
 (13) 

(b) 

(d) 
Figure 6. Bridge fragility curves comparison for multi-span 
simply supported bridges: (b) and (d) (refer to Figure 1). 
DBA and TH curves are referred to PL1 (slight), PL2 
(severe), PL3 (extensive/complete) limit states, while 
RISK-UE curves are referred to slight (S), moderate(M), 
extensive(E), collapse(C) limit states. 

4 RISK MAPS 

4.1 Seismic Risk 
Seismic risk is defined as the relationship 

between the occurrence of seismic events and the 
socio-economic losses of the functional system 
being examined. The ultimate goal of loss 
estimation in performance-based earthquake 
engineering is to compute the mean annual 
probability, or annual rate P(DV) of a decision 
variable (DV) to be exceeded (DV could, be for 
example, a predefined level of repair cost). The 
mean annual frequency of DV is obtained by 
applying the theorem of total probability using 
three intermediate variables: the measure of 
seismic action (Intensity Measure, IM), a 
parameter of structural response (Engineering 
Demand Parameter, EDP), and the Measure of 
Damage level, DM. 

The assessment of the expected damage for a 
set performance level PL is obtained by the 
convolution of the hazard probability density 
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function, and by assuming that the continuous IM 
variable can be discretely triggered at certain 
values, the following equation can be written: 
𝑃!" = 𝑃 𝐷 > 𝑑!" 𝐼𝑀 ∆𝜆 𝐼𝑀!"  (14) 

where P(D>dPL|IM) is the fragility curve 
associated with damage state dPL and |dλ(IM)|	   is the 
derivative absolute value of the annual rate of 
exceeding a given value of the intensity measure 
(the seismic hazard curve).The absolute value is 
needed the derivative being negative. 

With this procedure a total exceeding 
probability is derived, that has to be compared 
with acceptable values for a pre-defined 
Performance Level. 

4.2 Maps of the expected damage for the 
Veneto Region stock 

The maps of  expected damage related to 
Performance Levels PL1, PL2, PL3 are shown 
superimposed on digital orthophoto images 
(Google Earth maps), in Figures 7, 8, and 9 
respectively. Bridges are marked by dots of 
different colors, according to the total probability 
Ri ( Risk index) of exceeding the limit state (not 
the probability of a single scenario corresponding 
to a pre-defined return period Tr). The value is 
calculated by the convolution of the hazard 
probability density function, as briefly described 
previously. 

For the graphical representation, 4 categories 
are used, corresponding to increasing probability 
values: green (Ri<10-2), yellow (10-2< Ri <10-1), 
orange (101< Ri <5*10-1) and red (Ri >5*10-1). 

The results show that the seismic risk 
characterizing the VR stock of multi-span rc 
bridges is generally moderate.  

For limit state PL3 only a limited number of 
bridges (about 8-9% on the whole) is 
characterized by a medium-high seismic Risk 
(Ri>0.1), and this percentage increases for PL2 to 
15-17% (the lower bound is related to continuous 
bridges, resulting less vulnerable). About the half 
of bridges exhibit a non-negligible probability 
(yellow category, 10-2<Ri<10-1) of exceeding the 
limit states PL3 and PL2 (48-55% for simply 
supported bridges respectively and 46-42 for 
continuous bridges). Very low probability 
(Ri<10-2) of attaining extensive/collapse (PL3)  
and severe damage state (PL2) there exists for the 
remaining part of the of the structures (42-27% 
respectively for simply supported bridges). 

Although the direct seismic risk involving 
collapse or severe damage ( PL3 and PL2) is 
moderate, the system being fully operational at 
network level could be a concern in a post-

earthquake situation, due to the fact that the 
majority of bridges of the VR stock are supposed 
to sustain with high probability (orange to red 
categories) a light damage, associated to PL1 limit 
state (75% of multi-span simply supported 
bridges). This damage might could also not 
require, in most cases, a repair intervention, but it 
could imply at least structural inspections and 
provisional downtime for traffic.  

The seismic risk maps can provide a basis for 
assigning priority to rehabilitation and retrofit 
works, aimed at lowering the seismic 
vulnerability of the existing rc bridges. Synthetic 
results of the seismic risk are shown in the 
histograms of Figure 10. 

 
Figure 7. Seismic Risk for multi-span rc bridges (classes 
2.1, 2.2, 2.3, 2.4) in the VR stock. Damage state 
corresponding to PL1. 
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Figure 8. Seismic Risk for multi-span rc bridges (classes 
2.1, 2.2, 2.3, 2.4) in the VR stock. Damage states 
corresponding to PL2. 

 
Figure 9. Seismic Risk for multi-span rc bridges (classes 
2.1, 2.2, 2.3, 2.4) in the VR stock. Damage states 
corresponding to PL3. 

 

 
Figure 10. Seismic Risk for multi-span-simply supported 
bridges (MSSS, classes 2.1, 2.2, and multi-span continuous 
bridges (MSC, classes 2.3, 2.4). Damage states 
corresponding to PL1, PL2 and PL3. 

5 CONCLUSIONS 
After a preliminary subdivision of the bridge 

stock into homogeneous sub-classes, a detailed 
statistical survey of the reference VR bridge 
database is presented, characterizing the effective 
ranges of pier properties (in terms of material 
characteristics,  geometrical properties,  
reinforcement ratios etc.) that can influence pier 
seismic capacity. 

Subsequently the vulnerability analysis of all 
the multi-span rc bridges of the stock is 
developed. Displacement-Based fragility curves 
are calculated by adapting  the procedure 
proposed for non-linear static analyses by 
Shinozuka et al. (2000), using displacement 
elastic spectra, and calculating the damage index 
as the Demand/Capacity ratio, expressed in terms 
of elastic spectral displacements for a pre-defined 
Performance Level. 

The seismic risk maps show that:  
− the majority of structures with high 

probability are likely to sustain a light 
damage; 
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− risk involving severe or complete damage 
is generally moderate; 

− risk is substantially negligible only for 
about 1/3rd of the analysed structures (at 
PL3  limit states). 

These results, that represent, to the author’s 
knowledge, the first indication on large scale of 
the expected seismic damage for the bridges in 
this region, confirm that there is an intrinsic 
fragility typical of these classes of structures, and 
the related seismic risk should be lowered 
through retrofit interventions. To this aim, the 
risk maps can be used as a direct tool by 
managing authorities to decide priority of 
intervention. 
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