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RESUME

Les courbes de fragilite sont utilisees pour evaluer la vulnerability sismique des ponts 
a travees multiples dans la province du Quebec. Les courbes de fragilite sont un outil 
probabiliste pour evaluer la vulnerability d ’une structure. Elies expriment la probability 
qu’un pont puisse atteindre un etat d ’endommagement specifique produit par un evene- 
ment sismique. En raison de leur aspect probabiliste, les courbes de fragilite permettent 
de tenir compte des incertitudes sur certaines proprietes des ponts ou sur l’excitation sis
mique. L’histoire de l’activite sismique dans la province du Quebec demontre la necessity 
de tenir compte des effets sismiques dans revaluation et la renovation des ponts existants. 
Les dommages causes par les tremblements de terre au cours des dernieres decennies ont 
montre que la vulnerability sismique d ’un reseau de transport est principalement liee aux 
ponts. Le reseau de ponts au Quebec est age de plus de 30 ans. Au moment ou il a ete 
congu et construit, la technologie et les connaissances dans le domaine sismique etaient 
loin de leur etat actuel.

La methode devaluation des risques sismiques utilisant les courbes de fragilite est d ’abord 
utilisee pour estimer la vulnerability sismique d ’un pont routier specifique. Le pont etu- 
die est le pont Chemin des Dalles situe a Trois Rivieres au Quebec sur l’autoroute 55. 
Les donnees des essais dynamiques sur place sont utilisees pour calibrer un modele tri- 
dimensionnel non lineaire par elements finis avec le logiciel OpenSees. Une serie de 180 
accelerogrammes artificiels compatibles avec l’est du Canada est utilisee pour representer 
les incertitudes liees a l’alea sismique. Des analyses temporelles sont effectuees avec ces 
accelerogrammes et leurs resultats ont ete utilises pour effectuer une regression lineaire 
dans l’espace log-normal afin de definir les modeles probabilistes de demande sismique des 
composantes du pont. Les etats limites des composantes du pont, par exemple les culees, 
les appareils d’appui ou les poteaux sont choisis en fonction des types d ’endommagements 
observes sur les ponts qui ont subi des tremblements de terre passes. Des informations ont 
egalement ete trouvees dans la litterature pour definir les etats limites pour les culees et 
les appuis elastomeriques. En plus de ces donnees, des analyses de mecanique d ’endomma
gement ont permis de definir les etats limites pour les poteaux. Finalement, un ensemble 
de courbes de fragility pour le pont tel que construit est developpe par combinaison de la 
demande et des modeles de capacity en utilisant la methode d ’echantillonnage de Monte 
Carlo.

Meme si revaluation d ’un pont specifique est une source precieuse d ’information, celle-ci 
est limitee a la singularity de la structure. Pour permettre revaluation de l’ensemble du 
reseau routier au Quebec, pas uniquement un mais l’ensemble des ponts doit etre pris en 
compte. Les ponts au Quebec ont ete construits pendant 300 ans. En utilisant la base 
de donnees de Transports Quebec, 2672 ponts a travees multiples ont ete identifies. La 
population des ponts a travees multiples du reseau est presentee, et un pont moyen de 
reference est defini. Ensuite, avec quatre accelerogrammes differents de la serie, des ana
lyses deterministes temporelles sont effectuees sur ce pont, illustrant la variability de l’alea 
sismique. En utilisant le pont de reference moyen et l’accelerogramme qui a le plus d ’effets,



trois types de piliers de pont sont testes afin de verifier l’importance de ce parametre sur 
la reponse du pont. Deux types de culee seat-type sont egalement examines, un type avec 
des fondations superficielles et l’autre avec des fondations profondes avec pieux. Deux 
types de fondation des piliers sont examines : une fondation superficielle avec semelles 
et une fondation profonde avec pieux. Conformement a la classification des sols dans le 
CAN/CSA-S6-06, relative a la classification figurant dans le CNBC 2005, quatre types de 
sols sont utilises pour evaluer leur influence sur le comportement du pont de reference.

La description de la totalite des ponts du reseau se poursuit avec leur classement et la 
determination des parametres importants pour une analyse sismique. Pour classer les ponts 
dans des classes ou portefeuilles, les ponts a travees multiples sont separes selon le type 
de systeme structural et le type de materiau. D’autres parametres lies a la geometrie, au 
materiau et a certaines de leurs variantes sont evalues afin de mieux decrire chaque classe 
de pont. Une analyse de variance, ANOVA, est realisee pour determiner les parametres 
importants definissant les incertitudes pour chaque classe de pont typique. Un modele 
numerique tridimensionnel non lineaire par elements finis est developpe pour chaque classe 
de ponts, et ces modeles sont ensuite soumis a une serie d ’accelerogrammes. Les reponses 
de certains elements du pont sont analysees et une regression lineaire est effectuee afin 
de developper les modeles probabilistes de demande sismique (PSDM). L’ensemble des 
PSDM est compare aux etats limites predefinis des composantes du pont, qui definissent 
les modeles probabilistes de capacite sismiques (PSCM), afin de developper les courbes de 
fragilite de la totalite du pont.

M ots-cles : courbefi de fragilite; vulnerability sismique; ponts routiers; evaluation du 
risque



ABSTRACT

Fragility curves are used to evaluate the seismic vulnerability of the multi span bridges in 
the Province of Quebec. Fragility curves are a probabilistic tool to evaluate the vulnera
bility of a structure. They express the probability of a bridge reaching a certain damage 
state for a given seismic event. Due to their probabilistic aspect, fragility curves enable to 
account for uncertainties in some properties of the bridges or in the seismic excitation. The 
seismic historical activity in the Province of Quebec demonstrates the need to consider 
seismic effects in the evaluation and retrofit of existing bridges. Earthquake damages in 
recent decades have revealed that the seismic vulnerability of a transportation system is 
mostly due to bridges. The bridge network in Quebec dates back more than 30 years. At 
the time it was designed and built, the technology and knowledge in this domain were far 
from their current state.

The seismic risk assessment method using fragility curves is first used to evaluate the 
seismic vulnerability of a specific highway bridge. The bridge studied is the Chemin des 
dalles bridge over Highway 55 located in Trois-Rivieres in Quebec. The data from in-situ 
dynamic tests are used to calibrate a three dimensional nonlinear finite element model 
in OpenSees. A series of 180 synthetic ground motions time histories (GMTH) compat
ible with eastern Canada are used to capture the uncertainties related to the hazard. 
Time-histories analysis are performed with these GMTH and the results are used in a 
log-space linear regression to define the bridge components probabilistic seismic demand 
model (PSDM). The bridge components monitored, e.g. abutments, bearings and columns 
are chosen based on the types of bridge failures observed in past earthquakes. The ob
servational data in the literature is also used to defined the limit states for abutments 
and bearings and for columns in addition to damage mechanics analysis. Finally, a set of 
fragility curves for the as-built bridge is developed combining the demand and capacity 
models using a Monte Carlo method.

Even though the evaluation of a specific bridge is a valuable source of information it is 
limited to the singularity of the structure. To enable the assessment of the entire road 
network in Quebec, not one but all bridge shall be considered. Bridges in Quebec have 
been built for 300 years. Using the Transports Quebec bridges database, a total of 2672 
multi-span bridges are identified. The multi-span bridge network population is presented 
and an average bridge is defined. Then, deterministic analysis with ground motion time 
histories are performed in this bridge illustrating the seismic hazard variability. Using the 
same average bridge and the GMTH that have the most impact in this bridge three types 
of bridge bents are tested to verify the significance of the bridge bent type. Two types of 
abutments are also evaluated, the seat type with shallow foundation and the other with 
piles. Two bent foundation types: shallow foundation with footings and deep foundation 
with piles are also evaluated. Following the classification of soils in the CAN/CSA-S6-06 
and relating with the classification found in the NBCC 2010 four types of soil are used to 
evaluate their influence in the behavior of the average bridge.
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The bridge network population description continues with their classification and their 
significant parameters for a seismic analysis are determined. To classify the bridges into 
bridge classes or portfolios the multi span bridges are separated according to the type of 
bridge system and material. Moreover, other parameters related to geometry, material 
and other variations are evaluated to better describe each bridge class. An analysis of 
variance, ANOVA, is performed through a factorial design to enable the determination of 
the significant parameters that define the uncertainties for each typical bridge portfolio. A 
three dimensional nonlinear finite element numerical model is developed for each class and 
these models are submitted to a series of events. The responses of some bridge components 
are analyzed and a linear regression is performed to develop probabilistic seismic demand 
models (PSDM). The ensemble of these PSDM is compared to predefined limit states 
that define de probabilistic seismic capacity models (PSCM) to develop the bridge system 
fragility curves.

K eyw ords: Fragility Curves; Seismic Vulnerability; Highway Bridges; Risk Assessment
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CHAPTER 1 

Introduction

Les dommages causes par les tremblements de terre au cours des dernieres decennies ont 
montre que la vulnerabilite sismique d ’un systeme de transport est principalement liee aux 
ponts. Les consequences des dommages causes a ces composants entrainent d ’importantes 
perturbations sur le reseau de transport. Elies constituent une menace pour les inter
ventions d ’urgence et les travaux. II en resulte egalement de graves pertes economiques 
pour la region. II y a eu une amelioration significative dans la conception des ponts et 
surtout dans la conception et l’analyse des ponts soumis aux tremblements de terre au 
cours des dernieres annees. La technologie liee au tremblement de terre s’est amelioree, 
les cartes d ’alea sismiques ont change, et des nouveaux codes et procedures de conception 
ont ete developpes. De plus, selon Transports Quebec (TQ) [TQ, 1995], 75% des ponts 
au Quebec ont plus de quarante ans. Ils ont ete congus avec des codes et des procedures 
sans les informations actuellement disponibles en matiere de securite sismique. Ainsi, 
une procedure devaluation de la capacite structurelle et une procedure d ’attenuation des 
risques sont necessaires pour assurer la securite de toutes les structures. Egalement, pour 
etre en mesure d ’identifier les ponts les plus critiques apres un seisme, un processus liable 
d ’evaluation du risque sismique doit etre mis au point specifiquement pour le reseau des 
ponts du Quebec.

Les processus devaluation du risque sismique sont utilises pour faire des choix rationnels 
dans la definition des priorites d ’intervention dans un reseau de ponts. Certaines normes 
de conception de ponts recommandent l’utilisation d ’un processus de selection fonde sur les 
dommages attendus (ou la vulnerabilite) [MCEER, 2006] et [fib, 2007]. II existe plusieurs 
methodes d ’analyse pour evaluer les structures. Elies peuvent etre deterministes ou proba- 
bilistes. En raison de l’incertitude dans les seismes et du caractere aleatoire des proprietes 
du sol et de la structure, la methode choisie dans cette etude est une methode probabiliste 
appelee courbes de fragilite. Les fonctions de fragilite sont des outils statistiques servant 
a estimer la probability d ’une structure d ’atteindre un etat d ’endommagement specifie 
(etats limites) apres un evenement donne.

Ce projet s’inscrit dans le cadre d’une recherche sur le comportement, revaluation et 
l’attenuation des risques sismiques des ponts en beton arme soumis aux charges sismiques, 
effectuee par le CRGP (Centre de recherche en genie parasismique et en dynamique des

1



2 CHAPTER 1. INTRODUCTION

structures) au departement de genie civil de l’universite de Sherbrooke. L’un des pro
grammes de recherche du CRGP consiste a evaluer la vulnerabilite sismique des structures. 
Ce projet fait partie de l’effort realise pour developper un processus devaluation pour les 
ponts du reseau routier au Quebec. Ce processus de priorisation permettra un diagnostic 
rapide et fiable de l’etat du reseau des ponts au Quebec avant ou apres un evenement sis
mique. Une partie cruciale de la mise au point des courbes de fragilite est la definition des 
etats limites. Une recherche a ete lancee par le CRGP afin de mieux correler les etats lim- 
ites decrivant l’endommagement observe des poteaux de ponts [FEMA, 2003] aux valeurs a 
utiliser dans la construction de courbes de fragilite. Plusieurs projets anterieurs du CRGP 
ont etudie le pont Chemin des Dalles sur l’autoroute 55. C’est pourquoi les poteaux de 
ce pont sont utilises pour elaborer des etats limites de ce projet. Dans cette etude, les 
courbes de fragilite sont developpees pour ce pont specifique. Toutefois, revaluation de 
vulnerabilite est plus interessante quand elle est definie pour l’ensemble du reseau de ponts. 
Dans cette recherche le reseau de ponts du Quebec est etudie afin d ’identifier les ponts 
typiques de la region, et des courbes de fragilite sont developpees pour cinq classes de 
ponts typiques au Quebec.

1.1 Objectifs

L’objectif general de cette recherche est de developper un processus fiable devaluation du 
risque sismique pour le reseau de ponts au Quebec. Plus precisement, ce projet poursuit 
les objectifs suivants:

1. Generer des courbes de fragilite pour un pont specifique, le pont Chemin des Dalles 
sur l’autoroute 55.

2. Identifier et decrire statistiquement les ponts typiques au Quebec. Ces classes iden
tifies doivent representer la majorite du reseau de ponts au Quebec.

3. Generer des courbes de fragilite pour les classes de ponts selectionnees.

1.2 Importance de la recherche

Au Quebec, les processus devaluation des ponts sont limites a des methodes basees sur 
les indices. La methode ICS de TQ, indice combine d’une structure, en est un exemple 
[Roy, 2003]. II manque une methode fondee sur l’estimation des dommages attendus. 
La reponse d ’une structure varie en fonction de la nature du mouvement du sol, et les 
methodes basees sur les indices ne tiennent pas compte d ’un evenement specifique. Ce
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projet fait partie de l’effort du CRGP en vue de developper un processus devaluation 
fonde sur l’estimation des dommages attendus pour les ponts du reseau routier du Quebec. 
Werner et al. ont developpe une procedure pour une region specifique des Etats-Unis. La 
figure 1.1 montre la simulation d’une evaluation effectuee apres un tremblement de terre en 
Californie [Werner et al., 2003]. Nielson [Nielson, 2005] montre que les courbes de fragilite 
peuvent etre utilisees comme des outils probabilistes pour developper un processus de 
priorisation similaire.

1.3 Structure du document

Le premier chapitre decrit les procedures et les recommandations a suivre concernant le 
risque sismique des ponts. II commence par une description du code de ponts canadien 
[CSA/CAN S6, 2006], suivi de la description de trois codes americains, et une revue de 
l’ensemble des codes internationaux trouves, en particulier le bulletin FIB CEB-FIP 39, 
2007. Le deuxieme chapitre presente egalement des informations trouvees dans la littera- 
ture. II commence tout d ’abord par une description de Palea sismique au Quebec. Ensuite, 
PICS est presente ainsi que les methodes de developpement des courbes de fragilite.

Le troisieme chapitre est consacre a l’elaboration des courbes de fragilite pour le pont 
Chemin des Dalles sur Pautoroute 55. Dans ce chapitre, la methode developpee par Nielson 
[Nielson, 2005] est simplifiee et appliquee a un pont specifique. Puisque la nature du modele 
en elements finis du pont est deterministe, la representation numerique est plus detaillee.

Les quatrieme et cinquieme chapitres definissent le reseau de ponts du Quebec. Ils 
decrivent les parametres des ponts utilises pour definir les incertitudes structurelles dans 
le modele probabiliste en elements finis developpe pour les ponts typiques du Quebec. Le

Figure 1.1 Evaluation d ’un reseau de ponts (Werner, 2004).
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chapitre six traite du developpement des courbes de fragilite pour les classes de ponts 
typiques du Quebec. Enfin, le dernier chapitre est une conclusion du pro jet de recherche 
et donne des recommandations d ’etudes complementaires qui pourraient etres realisees.



Introduction

Earthquake damages in recent decades have revealed that the seismic vulnerability of a 
transportation system is mostly due to bridges. The consequences of damage to these 
components include significant disruption on the transportation network, posing a threat 
to emergency response and recovery as well as resulting in severe economic losses for the 
region. There has been significant improvements in bridges design and mostly in earth
quake bridge design and analysis in the past few years. The earthquake technology has 
improved, the maps of Seismic Hazard have changed and new codes and design proce
dures have been developed. On the other hand, according to Transports Quebec - TQ, 
[TQ, 1995], 75% of Quebec’s bridges have more than forty years. They were designed 
with codes and guidelines without the information now available in seismic safety. Thus, a 
structural capacity evaluation and risk mitigation procedure is needed to assure the safety 
of all structures. Moreover, to be able to identify the most critical bridges after a seismic 
event, a reliable prioritization screening process need to be developed specifically for the 
Quebec bridge network.

Screening process are used to allow rational choices in assessing a priority of interven
tion in a bridge network. Some bridges design codes recommend the use of a screening 
process based on the expected damage (or vulnerability) estimation [MCEER-06 - SP10, 
2006] and [fib, 2007]. There are several analytical methods to assess structures. They can 
be deterministic or probabilistic. Due to uncertainty in earthquake ground motions, and 
randomness of soil and structure properties the method chosen in this study is a proba
bilistic method called fragility curves. Fragility functions are statistical tools to estimate 
the probability of a structure being in one or more specified damage states (limit states) 
after a given event.

This project is part of a research about the behavior, the seismic evaluation and risk mit
igation of reinforced concrete bridges under earthquake loads developed in the Universite 
de Sherbrooke’s civil engineering department by the CRGP (Centre de recherche en genie 
parasismique et dynamique - Earthquake engineering and dynamics research group). One 
of the CRGP research programs involves the structural seismic vulnerability evaluation. 
This project is part of an effort to develop a screening process for the bridge network in 
Quebec. This prioritization process will allow a fast and reliable diagnostic of Quebec’s 
bridge network condition before or after a seismic event. A crucial part of the development 
of the fragility curves is the definition of the limit states. Within the CRGP, a research
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has been started to better correlate the description of the observational bridge colum ns 

limit states [FEMA, 2003] and the values to be used in the construction of fragility curves. 
Since previous projects in CRGP were developed using the Chemin des Dalles bridge over 
highway 55, these columns are used to develop the limit states used in this project. In this 
study, fragility curves are developed for this specific bridge. However, the vulnerability 
assessment is more interesting when it is defined for a entire network of bridges. In this 
research the bridge network in Quebec is studied to identify the typical bridges in the 
region. And, fragility curves are developed for five typical bridges portfolios in Quebec.

1.4 Objectives

This research general objective is to develop a reliable screening process for the bridge 
network of Quebec. More specifically, this project has the following objectives:

1. To generate fragility curves for a specific bridge, the Chemin des Dalles bridge over 
highway 55.

2. To identify and statistically describe the typical bridges in Quebec. These identified 
classes should represent the majority of the bridge network in Quebec.

3. To generate fragility curves for the selected bridge classes.

1.5 Research significance

In Quebec, the screening process is restricted to indices based methods, the TQ method: 
combined index (ICS - Indice combine d ’une structure) is an example [Roy, 2003]. There is 
a lack of a method based on the expected damage estimation. The response of a structure 
changes according to the nature of the ground motion, but indices methods do not consider 
a specific event. This project is part of an effort from the CRGP to develop a screening 
process based on expected damage estimation for Quebec’s bridge network. [Werner et al., 
2004] developed screening process for a specific region in the United States. Figure 1.2 
shows the simulation of a screening after the occurrence of a earthquake in California 
[Werner et al., 2003]. Nielson [Nielson, 2005] show that fragility curves can be used as 
probabilistic tools to develop similar prioritization process.
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Figure 1.2 Screening of a bridge network (Werner, 2004)

1.6 Document Structure

The first chapter describes the procedure and recommendations for the seismic risk of 
bridges. It starts with a description of the Canadian Code for Highway Bridges [CSA/CAN 
S6, 2006], followed by the description of three American codes, and a overview of the 
codes found internationally with emphasis in the FIB CEB-FIP Bulletin 39, [fib, 2007]. 
The second chapter also presents information found in the literature. It starts with a 
description of the seismic hazard in Quebec. Then, the TQ ICS is presented followed by 
the fragility curves methods.

The third chapter consists in the development of fragility curves for the Chemin des 
Dalles bridge over highway 55. In this chapter the method developed by [Nielson, 2005] is 
simplified to be applied for a specific bridge. Since the nature of the bridge finite element 
model is deterministic the numerical representation is more detailed.

The fouth and fith chapters define the bridge network in Quebec. They describe the bridge 
parameters used to define the structural uncertainties in the probabilistic finite element 
model developed for the typical bridges in Quebec. Chapter six is the development of the 
fragility curves for the typical bridge classes in Quebec. And the last is a conclusion of 
this study and the recommendation of further studies to be developed within this research 
project.
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CHAPTER 2

Seismic Risk Procedures and Recommenda
tions

Following the 1989 Loma Prieta Earthquake, bridge engineers have faced three essential 
challenges: (i) to ensure that earthquake risks to new bridge construction are acceptable; 
(ii) to identify and correct unacceptable details which may make existing bridges vulner
able to seismic events; and (iii) to develop and implement rapid, effective, and economic 
response mechanisms for recovering structural integrity after damaging earthquakes. Per
formance based design have been developed for the design and retrofit of important bridges 
mostly in California, USA. In this Chapter, bridge codes and procedures will be at first 
described and compared. Emphasis will be applied to the most recent, the ones including 
performance based design and mainly to the bridge assessment methods presented.

Performance-based criteria included guidelines for development of site-specific ground mo
tion estimates, ductile design details to avoid brittle failure modes, rational procedures 
for concrete joint shear design, and the definition of limit states for various performance 
objectives. The performance-based criteria usually require a two or more level design 
approach. The first level of design is to ensure the performance (service) of a bridge in 
small-magnitude earthquake events that may occur several times during the life of the 
bridge. The second level of design is to achieve the performance (no collapse) of a bridge 
under severe earthquakes that have only a small probability of occurrence during the useful 
life of the bridge. Intermediary levels can also be included.

In this chapter, design codes and recommendations for seismic design of bridges will be 
discussed. First, the Canadian bridge design codes, some of the USA Bridge codes will 
also be presented. Then, a brief description of some seismic design codes from around the 
world with emphasis to the FIB CEB-FIP Bulletin 39, 2007 [fib, 2007]. The points com
pared for each reference are: (i) performance objectives, damage levels and displacements 
limits when applied; (ii) seismic hazard; (iii) non-linear suggested methods; (iv) structures 
models recommendations when applied and (v) prioritization screening process.

9
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2.1 Canadian Code for Highway Bridges

The Canadian Code for Highway Bridges applies to the design, evaluation and struc
tural rehabilitation design of fixed and movable highways bridges. Section 4 is specifically 
dedicated to the seismic design of highway bridges. Bridges designed and detailed in ac
cordance to this chapter may suffer damage, but should have low probability of collapse 
due to seismically induced ground motion. Two main principles are used in Chapter 4: 
(a) small to moderate earthquakes should be resisted with structural components remain
ing essentially elastic; and (b) exposure to shaking from large earthquakes should not 
cause bridge collapse. Moreover, the damage that occurs should be detectable and ac
cessible for inspection and repair. The seismic evaluation of existing bridges is located 
in section 4.11 of the CAN/CSA-S6-06, 2006 [CAN/CSA-S6-06, 2006]. It provides provi
sions for emergency-route bridges and other bridges, with lifeline bridges requiring special 
studies. Such provisions include minimum analysis requirements, load factors and combi
nations, and appropriate procedures to evaluate capacities of existing structural elements 
taking into account as-built details. The CAN/CSA-S6-06, 2006 [CAN/CSA-S6-06, 2006] 
recognizes the important role that the regulatory authority plays in setting appropriate 
analysis and design requirements for evaluating existing bridges. Therefore, adjustments 
to the evaluation procedure are permitted if approved by the regulatory authority. Such 
adjustments include changes to the required analysis method, accounting for the remaining 
service life of the bridge, and load cases to be considered. Moreover, the CAN/CSA-S6-06, 
2006 [CAN/CSA-S6-06, 2006] provides general guidance on various seismic rehabilitation 
techniques for existing bridges. The CAN/CSA-S6-06, 2006 [CAN/CSA-S6-06, 2006] also 
requires that some key design aspects be investigated when assessing seismic rehabilitation 
measures.

The bridges shall be classified into three importance categories: Lifeline bridges, Emer
gency route bridges and Other bridges. The procedures are based on a single seismic level: 
the design earthquake (475-years return period), but the performance objectives include 
the behavior for low to moderate earthquakes and for large earthquake (1000-year return 
period). Table 2.1 shows the requirements for each performance level. Lifeline bridges 
require special studies to evaluate their seismic performance. Two damage levels are de
fined: moderate and significant damage. Table 2.2 defines each level in accordance with 
the functionality and repair procedure of the bridge.
The seismic performance zones showed in Table 2.3 reflects the variation in seismic risk 
across the country (based on the zonal acceleration ratio) and are used to specify require
ments for analysis methods, minimum support lengths, design procedures and detail. The
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Table 2.1 Performance objectives matrix [CAN/CSA-S6-06, 2006].

Return period Lifeline Emergency-route Others

Low to Moderate 
seismic intensity

Immediate Use 
traffic for all 

vehicles

Immediate Use 
traffic for all 

vehicles

Immediate Use 
traffic for all 

vehicles

Design Earthquake 
return period 
of 475 years

Immediate Use 
traffic for all 

vehicles

Immediate Use 
traffic for 

urgency vehicles

Reparable
damage

Large Earthquake 
return period 
of 1000 years

Immediate Use 
traffic for 

urgency vehicles

Reparable
damage

No collapse

Table 2.2 Damage Levels [CAN/CSA-S6-06, 2006].

Damage Level Functionality Repair

Moderate
Open immediately for emergency 
vehicles and limited access within 
a few days for normal traffic

No collapse.
Repair to full strength  
without full closure

Significant
Limited access to emergency and 
light traffic after a few days 
Normal traffic not available until 
full repair is completed.

No collapse. 
Repair can take 
several weeks or 
months
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analysis of the structures are distinct for new structures and for existing structures. The 
seismic zones are based on a statistical analysis of historical earthquake records according 
to the National Building Code of Canada NBCC 1995 [NRC, 1995]. Table 2.4 shows the 
required methods for new structures and Table 2.5 for existing structures.

Table 2.3 Seismic performance zones 
[CAN/CSA-S6-06, 2006].

PHA for 10% 
in 50 years

Zonal 
acceleration 

ratio A

Lifeline
bridges

Emergency 
route 

and others

0.00 <  P H A  <  0.04 0.00 2 1
0.04 <  P H A  <  0.08 0.05 2 1
0.08 <  P H A  <  0.11 0.10 3 2
0.11 <  P H A  <  0.16 0.15 3 2
0.16 <  P H A  <  0.23 0.20 3 3
0.23 <  P H A  < 0.32 0.30 4 4

0.32 or greater 0.40 4 4

Table 2.4 Analysis methods for new structures [CAN/CSA-S6-06, 
2006],

Security Bridges Urgency bridges Others
ZPZ Regular Irregular Regular Irregular Regular Irregular

1 s /o s /o None None None None
2 MM MM UL MM UL SM
3 MM TH MM MM UL MM
4 MM TH MM MM SM MM

Notes : None =  No seismic analysis required.
UL =  Uniform load method.
SM =  Elastic analysis of the single-mode spectral method.
MM =  Elastic analysis of the multi-mode spectral response.
TH =  Time-History method. Method application needs ap
proval. The multi-mode method can be applied in certain 
cases.

2.2 USA Codes for Highway Bridges

2.2.1 MCEER-06-SP10, 2006

The MCEER-06-SP10, 2006 [MCEER- 06-SP10, 2006] is a manual containing procedures 
to evaluate and upgrade the seismic resistance of existing highway bridges. It contains a 
screening process to identify and prioritize bridges in a seismic evaluation for retrofitting, a 
methodology to evaluate bridges seismic capacity and the appropriate retrofit method. It
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Table 2.5 Analysis methods for existing structures 
[CAN/CSA-S6-06, 2006].

ZRS
Independent frames Multiple frames

Emergency-
route

Others Emergency-route Others
Regular Irregular Regular Irregular

1 None None None None None None
2 None None LE LE None None
3 LE None SM MM LE LE
4 LE LE MM MM SM MM

Notes : None =  No seismic analysis required.
LE =  Limited seismic evaluation required.
SM =  Elastic analysis of the single-mode spectral method.
MM =  Elastic analysis of the multi-mode spectral method.

describes retrofitting approaches and corresponding techniques for increasing the seismic 
resistance of bridges.

The seismic assessment evaluation is divided in two different seismic levels: Low and 
Upper Level Earthquake. The seismic rating methods can be divided in seismic rating 
methods using indices and seismic rating methods using expected damage. Both methods 
are quantitative and qualitative. The qualitative part modifies the rank in a subjective 
way accounting for bridge importance, network redundancy, non-seismic deficiencies, an
ticipated service life and similar factors. For the indices based method the quantitative 
part produces a seismic rating (called bridge rank, R ) based on structural vulnerability 
and seismic hazard. Expected damage based rating methods compares the severity of 
expected damage for each bridge in the network inventory, for the same earthquake and 
ranks each bridge accordingly. The quantitative part is based on expected damage and 
repair costs. The methods lead to a priority index as indicated in equation (2.1).

P  =  f (R ,  importance, non-seismic, and other factors) (2.1)

Although both methods equation have the same form they are calculated in different ways. 
The estimation of expected damage is a critical step in this method and it is a probabilistic 
one. Fragility functions are used to estimate the probability of a bridge being in one or 
more specified damage states, after a given earthquake. In another words it evaluates for 
different performance levels the probability of the bridge, when subjected to seismic events, 
trespassing a given limit state. The seismic capacity evaluation begins with the definition 
of the performance level. In the MCEER-06-SP10 [MCEER-06-SP10, 2006], there are 4
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performance levels. No Damage: minimum level of performance; Life safety: significant 
damage is sustained and service is disrupted, but life safety is preserved; Operational: 
damage is minimal (reparable with or without restrictions in the traffic) and service for 
emergency vehicles should be available after inspection and; Fully Operational: damage is 
negligible (reparable without restrictions in the traffic) and full services are available for 
all vehicles. The Fully Operational level of performance is one of the improvements in the 
MCEER-06-SP10 [MCEER-06-SP10, 2006]. Table 2.6 shows the classification procedure 
presented. The bridge is classified for its importance and anticipated life time. The 
importance classification divides bridges into essential (those that have to function after 
an earthquake) and standard (all the others). The classification based on the bridge service 
life time is another improvement in the MCEER-06-SP10 [MCEER 06-SP10, 2006]. There 
are three different anticipated life time periods: 0-15 years, .16-50 years and more than 50 
years.

Table 2.6 Minimum performance levels for retrofitted bridges 
[MCEER 06-SP10, 2006].

Bridge Importance
Earthquake Ground Standard Essential
Motion Service Life Category

ASL 1 ASL 2 ASL 3 ASL 1 ASL 2 ASL 3

Lower Level 50% in 75 
years, return period about 
100 years
Upper Level 7% in 75 
years, return period about 
1000 years

PL0 PL3 PL3 PL0 PL3 PL3 

PL0 PL1 PL1 PL0 PL1 PL2

Notes: 1. Service Life categories: ASL 1: 0-15 years
ASL 2: 16-50 years 
ASL 3: >  50 years 

2. Performance Levels: PL0: No minimum level
PL1: Life Safety 
PL2: Operational 
PL3: Fully Operational

The expected performance level pertains to two different levels of ground motion. The 
Lower Level - 50% probability of exceedance in 75 years, with a return period of about 
100 years and the Upper Level - 7% probability of exceedance in 75 years, with a return 
period of about 1000 years. The seismic hazard level (SHL) is determined by the intensity 
of ground shaking below the surface and the amplification of this in the surface motion 
by the overlaying soils. Table 2.7 combines these two factors in order to define the SHL 
at a bridge site. The SHL is defined by the site factors Fa and Fs combined with the
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duration of the spectral acceleration Ss for a 0.2 seconds short-period and Si for a 1.0 
seconds long-period. The site classes range from hard rock to soils requiring site-specific 
evaluations (to account for surface amplification of the ground motion due the soil type).

Table 2.7 Seismic Hazard Level [MCEER-06-SP10, 2006].

Seismic hazard level FvSi FaSs
I FvSi < 0.15 FaSs < 0.15
II 0.15 < FvSi < 0.25 0.15 < FaSs < 0.35
III 0.25 < FvSi < 0.40 0.35 < FaSs < 0.60
IV 0.40 < FVS x 0.60 < FaSs

The MCEER-06-SP10 [MCEER-06-SP10, 2006] is a procedure focused in the retrofit of 
existing highway bridges. It defines the seismic retrofit category (SRC) as a function of 
the seismic zone and the performance level. Figure 2.1 shows the process to define the 
SRC. Table 2.8 shows the SRC definition. Table 2.9 shows the process for retrofitting the 
bridges and the minimum requirements for each SRC category.

Table 2.8 Performance-based SRC 
[MCEER-06-SP10, 2006].

Hazard
Performance Level

Upper Level 
Earthquake

Lower Level 
Earthquake

Level PL0 PL1 PL2 PL0 PL3

I A A . B A C
II A B B A C
III A B C A C
IV A C D A D

2.2.2 AASHTO

The AASHTO bridge design standard specifications (AASHTO, 2002) adopted the ATC-6 
recommendations essentially without change, as a guide specification in 1983 (AASHTO, 
1983), as a standard specification in 1991 (AASHTO, 1989), and finally as a part of the 
"Standard Specifications for Highway Bridges" in 1992 (AASHTO,1992). Those provisions 
followed the basic concepts: (i) hazard to life should be minimized; (ii) bridges may suffer 
damage, but should have a low probability of collapse due to earthquake motions; (iii) 
functioning of essential bridges should be maintained; (iv) the design ground motions 
should have a low probability of being exceeded during the normal lifetime of the bridge 
(10 percent probability of being exceeded in 50 years, or a 475-year-return period); (v)
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Table 2.9 Minimum performance requirements [MCEER-06-SP10, 2006].

Seismic retrofit category for the
Action lower level earthquake upper level earthquake

A B C D A B C D

seat widths, seat widths, seat widths, seat widths,
connections, connections, seat widths connections, connections,

Screening NR
columns,

walls,
columns,

walls,
NR

connections 
and lique

columns,
walls,

columns,
walls,

footings and footings and faction footings and footings and
liquefaction liquefaction liquefaction liquefaction

Evaluation NR C C NR A l/ A2 B/C/D1/D2 C/D1/D2/E

R etrofitting
Seats and 

connections
NR Yes Yes NR Yes Yes Yes

Columns,
walls and NR Yes Yes NR NR Yes Yes
footings

Abutments NR NR Yes NR NR NR Yes
Liquefaction NR Yes Yes NR Yes Yes Yes

Notes: 1. NR -  Not required.
2. A1/A2 = No Analysis, minimum capacity checks.

B = No Analysis, component capacity checks.
C = Component C/D method using Elastic Dynamic Analysis Methods 
D1 =  Capacity Spectrum Method
D2 = Structure C/D method; also called Nonlinear Static Procedure, or Displacement Capacity 
Evaluation
E— Nonlinear Dynamic Method using inelastic time history analysis

3. Bridge geometry evaluation also required: for irregular bridges, use methods A, C, D2 and E.
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SEISMIC RETROFIT 
CATEGORY, SRC

PERFORMANCE 
LEVEL, PL

SEISMIC
HAZARD

Antecipated 
Service Life, ASL

Bridge
Importance

Soil Factors, 
F, and Fv

Spectral 
Accelerations, 

Sa and S,

Figure 2.1 SRC Process definition [MCEER-06-SP10, 2006].

the provisions should be applicable to all of the United States; and (vi) the ingenuity of 
design should not be restricted.

The AASHTO specification is based on analysis using elastic response spectra. The re
sponse moments at potential plastic hinge locations are subsequently divided by response 
modification factors (R-factors) to obtain design moments. The remainder of the struc
ture is designed for the lesser of the elastic response forces or of the forces resulting from 
the plastic hinge moments and gravity loads, accounting for possible over-strength of the 
plastic hinges.

The AASHTO Guide Specifications for LRFD Seismic Bridge Design AASHTO, 2007 
[AASHTO, 2007] tries to incorporate the current knowledge from practice and research 
in seismic design from previous AASHTO design specifications. The development of the 
AASHTO Guide Specifications originated with the National Cooperative Highway Re
search Program (NCHRP) Project 12-49 which was a joint venture of the Applied Tech
nology Council and the Multidisciplinary Center for Earthquake Engineering Research, 
the ATC/MCEER Joint Venture. The purpose of NCHRP 12-49 was to provide seis
mic provisions applicable at a national level that incorporated performance based design 
and included the latest design technology including seismicity and detailing for ductile 
response. The result of that effort was the Guide Specification MCEER-ATC-49, 2003 
[ATC/MCEER, 2003] Recommended LRFD Guidelines for the Seismic Design of Highway 
Bridges which was founded on displacement based design principles and recommended 
new ground motions and seismic design and detail guidelines. This document is briefly 
discussed further within other earlier codes. The primary areas where the Guide Specifica
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tions offer new concepts and additions to the AASHTO LRFD Bridge Design Specifications 
AASHTO, 2007 [AASHTO, 2007] include the following: (i) the use of displacement based 
design procedures; (ii) the use of a more rigorous pushover assessment of displacement 
capacity for bridges located in the highest seismic design categories; (iii) three types of 
bridge structural systems; (iv) Earthquake Resisting Systems (ERS) and Elements (ERE)
- detailed guidance and commentary; (v) Capacity Spectrum Design Procedure; (vi) Dis
placement Capacity Verification ("Push-over") Analysis; (vii) foundations and abutments
- design and guidance including use of abutments as part of the ERS and performance 
design for liquefaction potential; (viii) concrete and steel design -Comprehensive design re
quirements for ductile steel components, and updated design methods for concrete column 
shear, confinement reinforcement, and joints; and (ix) increase of the minimum support 
length by up to 1.5 times to ensure sufficient conservatism to accommodate the plastic 
hinging mechanism of the bridge system.

2.2.3 Caltrans

From 1990 to 2000, Caltrans provisions were similar to the ATC-6 recommendations, but 
the ARS elastic response spectrum is based on a maximum credible event. Caltrans spectra 
are elastic, and elastic moments may be reduced by reduction factors (Z  factors). In 2001, 
and later updated in 2004 and 2006 [Caltrans, 2006], Caltrans published the performance 
and displacement-based Seismic Design Criteria (SDC). The SDC is a compilation of 
new seismic design criteria and existing seismic design criteria previously documented in 
various locations. First, the demands estimation parameters are presented, followed by the 
capacity estimation parameters. The performance criteria are satisfied when each bridge 
or frame satisfy equation (2.2), where A D is the displacement generated from the global 
analysis, the stand-alone analysis, or the larger of the two if both types of analysis are 
necessary, and Ac is the frame displacement when any plastic hinge reaches its ultimate 
capacity.

Ac =  A D (2.2)

The demand is directly related to the seismic hazard. The ground motion representa
tion is provided by Caltrans Geotechnical Services (GS). The soil profile type, the peak 
rock acceleration for the maximum credible earthquake (MCE), the moment magnitude 
for the MCE, the acceleration response Spectrum (ARS) curve recommendation and the 
fault distance define the ground motion in the Preliminary Geology Recommendations
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(PGR). Once the hazard is identified, the demand can be described in terms of displace
ments and forces. The displacement demands can be define for the entire bridge (global 
displacement), for a bridge subsystem or locally within a specific element of the bridge.

The global displacement demand estimate, A D for ordinary standard bridges can be de
termined by linear elastic analysis utilizing effective section properties. Ordinary standard 
bridges have the response primarily captured by the fundamental mode of vibration with 
uniform translation, the lateral force distribution can be simply defined and they have low 
skew. For other types of bridges, a dynamic analysis is more appropriate since it adds sig
nificantly more insight into the bridge behavior analysis. The global displacement demand 
estimate shall include the effects of soilfoundation flexibility if they are significant. The 
global structure displacement, A^ is the total displacement at a particular location within 
the structure or subsystem. The global displacement includes foundation flexibility, A/ 
(i.e. foundation rotation or translation), flexibility of capacity protected components such 
as bent caps A&, and the flexibility attributed to elastic and inelastic response of ductile 
members Ay and Ap respectively (Figure 2.2 and Figure 2.3). Local member displace
ments such as column displacements, Aco; are defined as a portion of global displacement. 
Displacement ductility demand is a measure of the imposed post-elastic deformation on a 
member. Displacement ductility is mathematically defined by equation (2.3), where A# 
is the estimated global frame displacement demand and Ay (?) is the yield displacement 
of the subsystem from its initial position to the formation of plastic hinge [T], The target 
displacement ductility demand values for various components are identified in Table 2.10.

AXD =  ~T 7VT (2.3)Ay (?)

Table 2.10 Target displacement ductility demand values [Caltrans, 2006].

Type of Structure

Single Column Bents supported on fixed foundation hd = 4
Multi-Column Bents supported on fixed or pinned footings hd =  5
Pier Walls (weak direction) supported on fixed or pinned footings /cd =  5
Pier Walls (strong direction) supported on fixed or pinned footings hd =  1

The force demands are defined so the structure is designed to resist the internal forces 
generated when the structure reaches its Collapse Limit State. The Collapse Limit State 
is defined as the condition when a sufficient number of plastic hinges have formed within 
the structure to create a local or global collapse mechanism. Force demands are defined by 
moment demands and shear demands. The column design moments is determined by the
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Figure 2.2

Fixed
foundation

0>) (c)
A/)

Ay . "  Ay .
f a c o l

"1
faCO l

A/ A f l Ap
, A/ , AFp1 Ap

Flexible
foundation

Very flexible 
foundation

Global demand displacement estimate for columns [Caltrans, 2006].

•col C O  I

(a) Rigid bent cap beam (b) Flexible bent cap beam (c) Flexible bent cap beam
and flexible foundation

Figure 2.3 Global demand displacement estimate for frames [Caltrans, 2006].
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idealized plastic capacity of the column’s cross section, Mg°l. The over-strength moment 
M%°1, the associated shear V£°l and the moment distribution characteristics of the struc
tural system shall determine the design moments for the capacity protected components 
adjacent to the column. The column shear demand and the shear demand transferred to 
adjacent components is the shear force V™1. All potential plastic hinge locations have to 
be considered to insure the maximum possible shear demand has been determined. The 
shear demand for pier walls in the weak direction is calculated as for columns. The shear 
demand for essentially elastic capacity protected members shall be determined by the 
distribution of over-strength moments and associated shear when the frame or structure 
reaches its Collapse Limit State.

The capacity of the structure components is defined by the displacement capacity, the 
structural materials capacities, the plastic moment capacity for ductile members, pro
tected components capacity, lateral flexural columns capacity and seismic shear capacity. 
Limits are imposed for longitudinal and transverse reinforcement for reinforced concrete 
structures. The displacement capacity is defined for ductile members such as columns. As 
for the demand definition, global displacement capacity Ac is the reliable lateral capacity 
of the bridge or subsystem as it approaches its Collapse Limit State. And local member 
displacement capacity, Ac is defined as a member’s displacement capacity attributed to its 
elastic and plastic flexibility. Ductile members must meet the local displacement capacity 
requirements and the global displacement criteria. The local displacement capacity of a 
member is based on its rotation capacity, which in turn is based on its curvature capacity. 
The curvature capacity shall be determined by M  — (f) analysis. It may be idealized as one 
or two cantilever segments presented in equation (2.4) and Figure 2.4. Local displacement 
ductility capacity for a particular member is defined in equation (2.5).
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—  I

(a) Cantilever column
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(b) Frame column fixed-fixed

Figure 2.4 Global displacement capacity estimate [Caltrans, 2006].
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(2.5)

Where, L is the distance from the point of maximum moment to the point of contra-flexure. 
Lp is the equivalent analytical plastic hinge length assumed to be the length of column 
over which the plastic curvature (<ftp) is assumed constant for estimating plastic rotation 
A y 1 is the yield displacement of the column at the formation of the plastic hinge, (fty is the 
yield curvature defined by an elastic-perfect-plastic representation of the cross section’s 
M  — <ft curve. <ftu is the curvature capacity assumed at the failure limit State, defined as 
the concrete strain reaches ecu or the confinement steel reaches the reduced ultimate strain 
e^. And, 6P is the Plastic rotation capacity. The minimum local displacement ductility 
capacity for each ductile member defined as nc =  3. Thus, dependable rotational capacity 
in the plastic hinge regions is assured regardless of the displacement demand imparted to 
that member.

Capacity for protected concrete components such as footings, bent cap beams, joints, and 
superstructure is flexural designed to remain essentially elastic when the column reaches its 
over-strength capacity. The expected nominal moment capacity Mne for capacity protected 
concrete components is determined by either the M  — (ft curve or strength design, and it 
is the minimum requirement for essentially elastic behavior.

Caltrans prepared with the Department of Structural Engineering of the University of 
California, a manual for post earthquake inspection and capacity assessment of reinforced 
concrete bridges [Veletzos et a/., 2007]. The inspection and assessment is summarized 
in three steps. The inspection and assessment is based in the behavior of the column 
as an indicative of the behavior of the entire system. First the determination of the 
performance curve that the column is likely to follow. There are three possible behaviors: 
ductile, strength degrading and brittle. The second step is the identification of one of the 
five performance levels. In order to determine the performance level, the damage level is 
evaluated in a step-by-step procedure.
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-  Stepl -  Check for diagonal cracks.
-  Step2 -  Check for horizontal cracks.
-  Step3 -  Check for incipient concrete crushing or spalling.
-  Step4 -  Check for longitudinal bar buckling
-  Step5 -  Determine the damage level.

Damage level I indicates no damage while damage level V indicates local failure or com
ponent collapse (Table 2.11). This table provides quantitative descriptions of damage 
for various damage levels and is used to assess the damage to a column and combined 
with the decision making matrix, they assist the engineer in determining the damage level 
(Table 2.12). The third phase is assessing the bridge system using the three behavior 
curves showed in Figure 2.5. It is noted that bridge damage includes also damages to 
other components such as to the superstructures and abutments. The determination of 
the damage level helps in the decision making in operational and repairing aspects of the 
bridges (Table 2.13).

Table 2.11 Damage Level Definition [Caltrans, 2006].

Level
Performance

level
Qualitative Performance 

Description
Quantitative Performance 

Description

I Cracking Onset hairlines cracks Barely visible residual cracks

II Yielding
Theoretical first yield of 

longitudinal reinforcement
Residual cracks width ~  0.2 mm

III
Initiation of local 

mechanism

Initiation of inelastic 
deformation. Onset of 

concrete spalling. Deve
lopment of diagonal cracks.

Residual cracks width  
~  1mm- 2 mm. 

Length of the spalled region 
>  1 /10 cross-section depth.

IV
Pull development 

of local 
mechanism

W ide crack widths/spalling  
over full mechanism region.

Residual cracks width >  2 mm.
Diagonal cracks extend over 

2 /3  of the cross section depth. 
Length of the spalled region 
> 1 / 2  cross-section depth.

V
Strength

degradation

Buckling of main 
reinforcement. Rupture 

of transverse reinforcement. 
Crushing of core concrete.

Lateral capacity below  
85% of maximum. Section 
depth expands to >  5% of 

original member dimension.

2.3 International Codes

This section presents a brief summary of the state of the art of seismic design of concrete 
bridges in various countries around the world. Due to lack of time and resources most of
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Table 2.12 Field Observation Damage Definition [Caltrans, 2006].

Field Observations Conclusions

Pronounced
Horizontal

Cracks

Pronounced
Diagonal

Cracks

Incipient
Concrete

Crushing/
Spalling

Long. Bar 
Buckling

Damage
Level

Possible 
Failure Type

No Yes No No III Shear
Yes or No Yes Yes Yes or No IV or V Shear

Yes No No No II or III Flexure
Yes No Yes No IV Flexure
Yes No Yes Yes V Flexure

Level IV
Level III Ductile Behavior

Level V
C0

Strength Degrading 
Behavior

,evel V,evel II

,evel I

Brittle Behavior

Lateral Displacement

Figure 2.5 Performance Curves.

Table 2.13 Performance Matrix [Caltrans, 2006].

Level
Damage

Classification
Damage Description Repair

Description
Socio- Economic 

Description

I None Barely visible cracks No repair Fully
Operational

II Minor Minor cracks Possible repair Operational

III Moderate
Open cracks, onset 

of spalling
Minimum

repair Life Safety

IV Major
Very wide cracks, 
extended spalling

Repair Near Collapse

V
Local Failure 

Collapse

Reinforcement 
buckling/rupture, 

visible structural damage.

Replacement or 
substantial 

retrofit
Collapse
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the information in these international codes was taken from the ACI 341 [ACI, 2009]. The 
countries included are situated in regions with high levels of seismic hazard and in most 
cases have experienced severe and disastrous earthquakes in the past.

2.3.1 China

The JTJ004 [JTJ004, 2005] code specifies the following approaches: (i) Two levels of 
earthquakes are specified for design. The bridge structure shall be designed to resist 
E l (low to moderate earthquake) without significant damage and E2 (extreme earthquake 
event) without collapse, (ii) Three types of analysis methods are presented: (1) Equivalent 
static load analysis, (2) Response spectrum analysis, and (3) Time-history analysis, (iii) 
Earthquake spectral analysis with considerations to the following factors: site conditions 
(soil/geotechnical condition) - four types (the same as AASHTO); site frequency; structure 
frequency and structure damping, (iv) Design acceleration coefficient ranges from 0.50 
to 1.40 (USEE, 2007). Based on the acceleration coefficients, China is divided into three 
different seismic zones for earthquakes, which are Zones 6, 7 and 8. The three seismic zones 
are named Zones 6, 7, and 8 as they are tied directly to the Richter scale magnitudes of 6, 
7, and 8. All regions of China must be designed, as a minimum, for the Richter magnitude 
6 earthquakes, (v) Detailing of the following structural components: ductile design and 
details for concrete piers; restraint or isolation devices at supports and design and detailing 
of plastic hinge regions.

2.3.2 India

The Indian Seismic Code was revised in 2002 after the valuable lessons learned from 
the 2001 Gujarat Earthquake. Part I - General Provisions and Buildings [Standards, 
2002] contains provisions that are general in nature and applicable to all structures. It 
covers general principles and includes design criteria, combinations, design spectrum, main 
attributes of buildings, dynamic analysis, seismic zoning map and seismic coefficients of 
important towns, maps showing epicenters and tectonic features, and the lithological map 
of India. The seismic zone map is revised with only four zones (Zones II, III, IV and V, 
Zone I has been removed). The Indian code defines three levels of Earthquakes: Minor 
Quake with magnitude less than Design Basic Earthquake (DBE), Moderate Quake with 
magnitude equal to Design Basic Earthquake (DBE), and Major Quake with magnitude 
equal to Maximum Considered Earthquake (MCE). The values of seismic zone factors have 
been updated and now reflect more realistic values for effective peak ground acceleration 
from a major earthquake and the service life of a structure in each seismic zone.
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Part III- Bridges and Retaining Walls [of Indian Standards, 2005] provides information 
for the selection of analysis methods based on the type of bridge (regular, major or special 
type). For regular bridges, the seismic coefficients can be used in the analysis, while for 
major and special bridges the analysis is to be based on response spectrum or time-history. 
The code provides an elastic response spectrum. The approach is such that the bridge 
should be designed to withstand minor earthquakes elastically (no structural damage) 
while withstanding moderate and major earthquakes by reserve strength and ductility (no 
collapse) which is referred to as a single level design. The inertia force due to live load is 
considered in the transverse direction only. For determining seismic forces, 50% of design 
live load is considered for railways as well as road bridges. Provision for hydrodynamic 
pressure is included in the code based on the ratio of depth of submerged portion of the 
pier and radius of enveloping cylinder. The code gives guidelines for foundation design 
and base isolation.

2.3.3 Iran

A National Code (similar to the Iranian Code of Practice for Seismic Resistant Design of 
Buildings - Standard No. 2800, 2006 [BHRC, 2006]) is presently under preparation. The 
code is similar to the AASHTO, and Caltrans Seismic Design Criteria for highway bridges. 
However, there are some minor differences, particularly, in the amount of the live load in 
combination with the earthquake load. Two levels of seismic loadings are specified. The 
first one is based on "Operating Level Earthquake" with the probability of exceedance of 
10% in 50 years, which means low and moderate earthquakes. The second level is based 
on "Design Earthquake" with the probability of exceedance of 2% in 50 years. The bridge 
should remain almost intact with negligible damage when subjected to Level 1 earthquake, 
and should remain mainly operational with some minor structural and/or nonstructural 
damage when subjected to Level 2 earthquake. Earthquake forces should be applied to 
the structure in two directions, one along the bridge length and the other perpendicular 
to it. In the case of skew or curved bridges, applying the seismic force in other directions, 
which may lead to critical response, is recommended. In the case of long span bridges, 
besides the horizontal component of earthquake, the vertical component should also be 
considered.

Three types of analysis methods are allowed: (i) equivalent static load analysis, (ii) re
sponse spectrum analysis, and (iii) time-history analysis. Four types of soil are defined 
for site conditions based on the texture and the shear wave velocity. For very important 
bridges, using the "site specific response spectra" is strongly recommended. In the case
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of "Time-History Analysis," using three orthogonal components of several scaled accelero
grams (at least seven) based on the site conditions is recommended. Analysis is linear 
in most cases except in special situations and when required, nonlinear analysis will be 
carried out. Soil-structure interaction consideration is also recommended for relatively soft 
soil sites. The Code also provides some guidelines for: (i) seat lengths in abutments; (ii) 
restraint or isolation devices at supports; (iii) design and detailing of plastic hinge regions.

2.3.4 Japan

Severe damage in several highway bridges during the Kobe (Hyogo-ken-Nanbu) Earth
quake (M7.2) of January 17, 1995 revealed that there were still major issues to be ad
dressed through revised seismic design provisions for bridges. Based on the comprehensive 
investigation carried out on damaged structures in the Kobe Earthquake, the seismic de
sign specifications for highway bridges in Japan (JRA Design Specifications for Highway 
Bridges) were significantly revised in 1996 [JRA, 1996] and again in 2002 [JRA, 2002]. The 
Kobe Earthquake hit an urban area. The level of the earthquake ground motion caused 
by the shallow focal depth exceeded the design seismic force accounted for in the design 
of highway bridges. The vertical earthquake ground motion was extremely large. Most of 
the bridges designed based on 1971 or older design specifications suffered severe damage.

The 1996 revision [JRA, 1996]) in the seismic design provisions specified the use of seismic 
ground motion of the 1995 Kobe Earthquake as a new design seismic force in addition 
to the conventional design seismic force. The new design specification specified the in
put earthquake motions for dynamic analysis of structures to more accurately predict 
the behavior of structures during earthquakes, including nonlinear behavior of structural 
members. A seismic isolation design method considering the distribution of seismic force 
from superstructure to substructure and the increase of damping capacity was newly in
troduced. For reinforced concrete piers, the stress-strain relation of concrete considering 
the confining effect of ties and hoops was introduced and the method of calculating the 
horizontal force-displacement relation was revised. Furthermore, a method of evaluating 
shear strength considering scale effects, detailed arrangement of reinforcement to improve 
ductility capacity, and a design method for reinforced concrete rigid piers based on the duc
tility design method were also introduced in the seismic design specifications. In addition, 
methods for checking the horizontal capacity and ductility of various types of founda
tions, including the effects of nonlinearity, were specified, and a seismic design method for 
foundations based on the ductility design method was newly specified.



2.3. INTERNATIONAL CODES 29

The seismic design specifications for highway bridges were further revised in 2002 [JRA, 
2002], The recommended seismic design method was base on the performance-based de
sign concept. The required performance of structures and the verification approaches are 
clearly specified. Two levels of ground motions are presented: (i) Level 1 Earthquake 
represents ground motions induced by moderate earthquakes, which can be used in the 
conventional elastic design method; and (ii) Level 2 Earthquake, which is represented by 
two types of ground motions: the Type I Earthquake is the ground motion induced in the 
interplate-type earthquakes and the Type II earthquake is the ground motion induced in 
the inland-type earthquake. To determine the Seismic Performance Level (SPL), bridges 
are categorized into two groups depending on their importance: standard bridges (Type-A) 
and important bridges (Type-B). For moderate ground motions induced in earthquakes 
with a high probability of occurrence, both Type A and Type B bridges are required 
to behave in an elastic manner, without essential structural damage (SPL-1). For ex
treme ground motions induced in earthquakes with a low probability of occurrence, Type- 
A bridges must not sustain critical failure (SPL-3), whereas damage to Type-B bridges 
should be limited to minor damage (SPL-2). Seismic Performance Levels 1-3 are based 
on functionality, reparability, and life safety during and after earthquakes. The 2002 revi
sion [JRA, 2002] also specifies limit states for design of highway bridges and verification 
methods to ensure that the response of bridges subjected to design earthquake ground 
motions do not exceed the required limits. The static verification methods, including the 
lateral force design method and ductility design method, are applied to bridges with be
havior that is dominated by a single mode. The dynamic verification method is applied 
to bridges with more complex behavior.

2.3.5 New Zealand

Seismic design of bridges in New Zealand is governed by the New Zealand Transport 
Authority Bridge Manual (New Zealand Transport Authority [NZTA, 2007]). Seismic 
hazard maps of the country are published in the Manual. Contours on the map define 
the scale factor applied to the normalized response spectra; this determines the seismicity 
of the site corresponding to the 475-year return period event. There are four normalized 
spectra representing different generic soil types, i.e., rock, shallow soil, soft soil and very 
soft soil. Seismic accelerations determined by this method can be used directly for analysis 
or alternately a site specific study can be undertaken. A site-specific study is compulsory 
when the site is within 20 km of an active fault. The seismic accelerations are modified by 
several factors to obtain design actions. The importance factors scale the seismic actions
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between 2500-year return period event for critical lifeline routes and 250-year return period 
for temporary bridges on minor roads. The displacement ductility factors vary from 1 
(elastic response) to 6 (fully ductile response) and accounts for the energy dissipated in 
the bridge substructure.Structural performance factors account for beneficial influences 
not normally considered in design.

The equivalent static load analysis method is allowed to be used for the design of sim
ple symmetrical bridge structures. More complicated bridges with varying pier stiffness, 
varying mass distribution or curved geometry require dynamic analysis to be undertaken. 
The dynamic analysis can be modal or a time-history analysis. Capacity design is encour
aged for bridge substructure systems that are capable of forming ductile plastic hinges. 
Structural systems that are less amenable to plastic hinge formation are restricted in the 
amount of ductility that can be reliably used and as a consequence these structures are de
signed for larger seismic accelerations. Short bridges (less than 70 m long) would normally 
be designed with integral abutments. For these bridges, earthquake forces are resisted by 
passive soil pressure on each of the bridge abutments. The design acceleration for integral 
bridges is based on the peak ground acceleration rather than the short period spectral 
response.

2.3.6 Turkey

The current code used in the Republic of Turkey for seismic analysis and design of bridges 
is the "Specification for Roadway Structures to be Built in Disaster Areas" prepared by the 
Ministry of Public Works and Settlement, (Government of the Republic of Turkey [Turkey, 
2006]). The objective of the Specification is to define the minimum requirements for 
the earthquake resistant design and construction of bridges, tunnels and other structures 
along the roadways subjected to earthquake ground motion. The general principle behind 
earthquake resistant design is to prevent structural and non-structural elements of bridges 
from any damage in low intensity earthquakes, to limit the damage in structural and non- 
structural elements to repairable levels in medium-intensity earthquakes, and to prevent 
the overall or partial collapse of bridges in high-intensity earthquakes in order to avoid 
the loss of life. The design earthquake considered in this Specification corresponds to high 
intensity earthquakes. The probability of exceedance of the design earthquake within a 
period of 50 years is 10%. This earthquake has a return period of 475 years. Seismic zones 
cited in the Specification are the first, second, third, fourth and fifth seismic zones defined 
in Seismic Zoning Map of Turkey [Turkey, 2006]. Requirements of the Specification shall
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be applicable to newly constructed bridges (concrete and steel) as well as to bridges to be 
modified, enlarged, repaired and strengthened prior to or following an earthquake.

The Specifications included: (i) bridge structures have either Importance Factor I or II; (ii) 
based on the maximum acceleration coefficient (A), bridge structures are categorized into 
5 different categories in increasing seismicity A, B, C, D and E; (iii) amplification factor S  
for the soil spectrum is used in order to account for soil conditions; (iv) piers below water 
level have hydrodynamic forces induced by the earthquake are considered; (v) single span 
bridges require minimum bridge seat lengths and the design horizontal force is the product 
of the acceleration coefficient and the permanent vertical dead load reaction; (vi) for 
multi-span bridges, depending on the number of spans, span ratios, and irregularities, the 
following methods can be used in the analysis: Equivalent static force method, Single mode 
spectral method, Multimode spectral method and Time-history method; (vii) bridges in 
Category A do not require dynamic analysis; however, requirements are specified to provide 
minimum required bridge seat lengths and consider soil pressures from earthquake wedges; 
(viii) for bridges under Categories C, D and E, R factors are applied only for the bending 
moments induced by the seismic forces; for Category B bridges, when using elastic methods 
to determine the forces transmitted from columns and shear walls to the foundations, use 
one-half the response modification factor (R /2) and use R=1.0 for Category C, D and 
E bridges; (ix) elastic forces and displacements will be determined in two orthogonal 
directions using elastic response spectrum analysis for bridges under Categories B, C, D 
and E; and (x) forces in orthogonal directions: load case 1: 100% of the forces in the l st 
direction -t- 30% of the forces in the 2nd direction and load case 2: 100% of the forces in 
the 2nd direction +  30% of the forces in the l at direction.

2.3.7 FIB CEB-FIP Bulletin 39, 2007

The FIB CEB-FIP Bulletin 39, 2007, State-of-art Report [Jib, 2007] is a discussion of 
structural solutions for bridge seismic design and retrofit developed to be used all over 
the world. Concerning seismic structural analysis, the document FIB CEB-FIP Bulletin 
39, [fib, 2007] recommends inelastic analysis, either static (pushover) or dynamic (time- 
history) to investigate the deformation capacity and the seismic vulnerability of existing 
bridges. Part IV contains procedures dealing with existing bridges: screening, assessment 
and strengthening. Screening processes are used to allow one to make rational choice in 
assessing a priority of intervention plan in a bridge network. The FIB CEB-FIP Bulletin 
39 [fib, 2007] emphasizes the importance of a cautious and critical use of the prioritization 
methods due to the lack of maturity of these processes and the subjective portion of
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procedure (who states the limits: the owner of the bridge, the maintenance responsible 
or the user of the bridge network and what are those limits). The input data common 
for all prioritization methods are the action on the bridge F (seismic hazard) and bridge 
fragility R (which increases as resistance decreases). The cost of failure C is another 
variable considered in some methods. Thus, Pb, the prioritization value expression is 
shown in equation (2.6). Bridges with higher value of Pb deserve a higher priority in 
seismic retrofitting. Table 2.14 shows a short description of the prioritizing methods. 
More information can be found in the FIB CEB-FIP Bulletin 39 [fib, 2007] and mostly in 
the references for each method.

Pb = f  (Fb> Rb, Cb) (2.6)

Table 2.14 Prioritization Methods [fib, 2007].

Reference Short description

Method based on regression on bridge damage data, with no consideration of 
failure costs. Bridges are prioritized according to their rate of failure. 

Kawashima, Vulnerability of the i-th bridge, Di, depends on properties derived from hazard
1990 - Japan and resistance. Each property is weighted and then summed up. Weights are

derived from observation of damages from past earthquakes. The most 
influential properties are highlighted.

Nielson Study solely based on bridge fragility curves. Priority for the i-th bridge is the
2003, USA median value of the bridge fragility curve with respect to a selected limit state

(slight, moderate, extensive, damage and collapse)

Procedure based on sum of physical variables, whose value is assigned via 
ATC engineering judgement, with consideration of failure costs of the single

1983, USA bridge. Priority for the i-th bridge, is computed as the sum of hazard, bridge
resistance and bridge importance. Each item may vary between 0 and 10.

Conceptually similar to ATC. Priority for the b-th bridge is computed as the 
FHWA product of hazard and bridge resistance. Resistance may vary between

1995, USA 0 and 10 and is computed based on engineering judgement. The authors
suggest to further take into account ''socio-economic" issues by subjectively 
increasing the priority.

WSDOT Conceptually similar to ATC, with consideration of the bridge network

continues in the next page
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Reference Short description

Babei behavior. Priority for the b-th bridge depends on hazard, bridge resistance,

1991, USA cost or failure. The latter is computed considering network behavior. Bridge

resistance may be computed with the provisions in ATC, 1983.

Basoz Conceptually similar to W SDOT. Priority for the b-th bridge is computed as

1996, USA the sum of variability and importance. The Network behavior is taken into
account within the importance factor.

Method based on regression on bridge damage data, with consideration of

Unjoh the single bridge failure costs. Priority for the b-th bridge depends on

2000, Japan properties derived from hazard, resistance and cost. Weights are derived

from observation of damages from past earthquakes.

Study based on cash flow of investments, with consideration of the single

Chang bridge. Analysis of alternatives is made with a life-cycle approach. By

1996, USA discounting all the costs and benefits pertaining to  the bridge at the present

time, seismic hazard related included, the most economical alternative may

be chosen.

Study based on cash flow of investments, with consideration of the single

bridge. May be easily extended to include network behavior. Prioritization is

Nuti done according to Rmax,  the maximum amount of money which can be

2003, Italy exploited to retrofit the bridge, while doing an investment with a positive rate

of return. Inputs are hazards and bridge resistance, before and after

retrofitting.

Nojima Montecarlo simulation of the bridge network behavior . A whole road network

2003, Japan is modeled, in a simplified way. Montecarlo simulations are used. The

bridges which maximize the network flow are chosen for retrofitting.

Werner Montecarlo simulation of the bridge network behavior, via a GIS procedure.

2000 and By comparing the results between w ith / without retrofit of a specific bridge,

2004, USA a prioritization can be made.

The fragility assessment in the FIB CEB-FIP Bulletin 39, 2007 [fib, 2007] is treated in
cluding the definition of the Limit States (LS) or the Performance Level (PL), the type of 
data treatment (deterministic or probabilistic) and the responses that can be analytical 
or observational data. The Limit States are defined in three different ways: Observational 
LS, Functionality LS and analytical LS. There are four damage states (Minor, Moderate, 
Severe and Collapse) defined for three different categories of elements (columns, abut
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ments and connections and bearings). This limit state classification is based on a visual 
examination of each bridge. Table 2.15 shows the description of the observational LS only 
for columns, the complete description can be seen in the FIB CEB-FIP Bulletin 39, 2007 
[fib, 2007]. The LS of functionality is divided in fully operational, delayed operational and 
stability. Table 2.16 shows the description of each level in terms of service, damage level 
and repair procedures. These LS approaches the bridges as a vital part of a transporta
tion network, thus, it relates to its functionality. The analytical LS are defined in terms 
of damage parameters (drifts, plastic rotations, ductility factors, strength ratios, between 
others).
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Table 2.15 Definition of the observational damage states, [fib, 2007].
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Damage state Description

Columns
a) Hairline cracks
b) Cracks at column top and bottom (1.4 to 1.6 mm)

and minor spalling

<0 Spalls at column faces, spalled column flares (flare height/column
height ratio < 1/3 or inadequate reinforcement)

d) cracks at bent cap connection
Abutments
a) Cracks in shear keys
b) Cracks in barrier rail

1 Minor c) Minor wing wall (WW) cracks
d Cracks in closure wall

e) Minor curb spalling

f) Minor crack and spalling at the abutment

g) Cracked slope paving
Connections and Bearings
a) Railing cracks
b) Slight movement

c) Settlement at hinges (~  13 mm)
d) Minor spalling

e) Cracks at hinges

Columns
a) Shear cracks
b) Spalled column flares (flare height/column height ratio < 1 /3

or inadequate reinforcement)

c) Flexural failure (formation of plastic hinges,
buckling of longitudinal
reinforcement over a length of one column diameter

d) Cracks exposing core
Abutments

2 Moderate a) Spalling of soffit(500mmx200mmxl3mm)
b) Pile cap damage

c) Diaphragm crack
d) Curtain wall cracking

e) End diaphragm damage

f) Moderate WW cracking and spalling

g) Minor settlement of the approach slab (~  150 mm)

continues in the next page
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Damage state Description

h) Small movement of the abutment (~  25 — 50 mm)

i) Extensive cracking and spalling of shear keys

j) Cracks and spalls in the abutment seat
k) Backwall cracking

1) Anchor bolt damage (no breaks)
m) Shear keys damage (no failures)
Connections and Bearings
a) Shear key failure
b) Keeper bar failure without unseating

c) Damage to restrainers hardware

d) Longitudinal restrainers failure
e) Rocker bearing failure due to breaking of keeper plates

f) Bearing pedestal and anchorage failure
2 Moderate g) Rotation and displacement of the rocker bearings (~  50 mm)

h) Misalignment of finger joints

i) Tearing of anchorage and fastening out of the deck

j) Shattering of rail and overhang spalling at hinges
k) Residual movements at the expansion or movement joints

(>  1/2 of available seat width

1) Cracking of girder seats
m) Soffit spall
n) Joint seal damage (no breaks)

Columns
a) Shear failure
b) Flexural failure (without formation of plastic hinges due to

inadequate confinement (due to steel rupture or broken welds),
inadequate anchorage of the steel, inadequate lap splices)

c) Vertical pull of the longitudinal column reinforcement

d) Ground displacement at column base
e) Tilting of substructure due to foundation failure

Abutments
a) Shear key failure
b) WW back wall separation > 60 mm

3 Severe c) Pull out of restrainers from the back wall

d) Damage to restrainers hardware

e) Longitudinal restrainers failure

f) Rocker bearing failure due to breaking of keeper plates

g) Bearing pedestal and anchorage failure

continues in the next page



2.3. INTERNATIONAL CODES

Damage state Description

h) Rotation and displacement of the rocker bearings (~  50 mm)

i) Moderate movement of the abutment (~  50 — 250 mm)

j) Approach slab rotation
k) WW breakage

1) large approach settlement (~  300 mm)
m) large spalls under girders
n) Joint seal failure
Connections and Bearings
a) Residual movements at the expansion or movement joints

(> 1/2 of available seat width
3 Severe b) Tearing of modular joints

c) Large spalls (concrete broken due to pounding)
d) Joint seal failure

e) Differential settlement (~  50 mm)

Collapse

Columns
Not applicable for columns

Abutments
a) Vertical and/or lateral offsets
b) Tilting and movement (> 250 mm) of abutments implying

foundation problems
c) Foundation failure (e.g. tilting, severe pile damage)
d) Settlement of backfills (> 300 mm)
e) Large crack or broken concrete at the abutments

Connections and Bearings
a) Span drop due to insufficient seat width
b) Hinge restrainer or equalizing bolt failure

Table 2.16 Functionality Limit States [fib, 2007].

Performance level Service Damage Repair

Fully operational Full service Minimal damage: 
Hairline cracks

Limited epoxy 
injection required

Delayed operational Limited service 
(emergency vehicles)

Moderate damage: 
Open cracks 
concrete spalling

Epoxy injection 
Concrete patching

Stability Bridge is not useable
Severe damage: 
Bar buckling or 
fracture 
Core crushing

Replacement of 
damaged section
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2.4 Performance Based Procedures and Recommen
dations Comparison

Even though seismic performance based design and assessment of highway bridges is con
sidered a pioneer method, it has guides documented since 1983, when the US Department 
of Transportation, the Applied ATC published a retrofit guide for highway bridges. The 
procedures discussed will be those published by the ATC, and/or MCEER, the Cana
dian Codes and the State-of-Art report published by the FIB CEB-FIP. The ATC have 
published three guides, the first is the ATC-6-2 [ATC, 1983], the ATC-32, in 1996 [ATC, 
1996], is an improved design guide for Californian bridges published for the California’s 
Department of Transportation, the third is a guide published with the Multidisciplinary 
and the National Center for Earthquake Engineering Research, the Recommended Load- 
and-Resistance-Factor Design - LRFD guidelines for the seismic design of highway bridges 
- MCEER/ATC-49 [ATC/MCEER, 2003]. In 2006, the MCEER published another guide, 
the MCEER-06-SP10 [MCEER-06-SP10, 2006], a seismic retrofitting manual for highway 
structures. The Canadian Highway Bridge Design Codes are the CAN/CSA-S6 (2000) 
[CAN/CSA, 2000] and the CAN/CSA-S6 (2006)[CAN/CSA-S6-06, 2006]. The FIB CEB- 
FIP State-of-Art report, Bulletin 39 \fib, 2007] is a collection of documents discussing 
structural solutions for seismic design and retrofit published in 2007. A comparison of 
these codes will be presented in terms of performance objectives and seismic hazard, 
non-linear analysis suggested methods, damage levels and limit states and prioritization 
screening process. In Table 2.17, these procedures and recommendations are compared in 
terms of performance objectives, classification criteria and seismic hazard.

The evolution of the procedures can be seen as the number of performance objectives and 
criteria have grown in the most recent codes. The ATC-6-2 [ATC, 1983] presents one per
formance objective which includes the concern with life safety, security and defense; the 
seismic hazard is deterministically defined by maps with acceleration limits. The ATC-32 
[ATC, 1996] and the MCEER/ATC-49 [ATC/MCEER, 2003] present two performance ob
jectives, the first concerning the functionality or operation of the bridge and the second the 
security or life safety. The criteria involve the service level and the damage of the bridge 
and the seismic hazard is probabilistically defined. Two hazard levels are considered. In 
the ATC-32, the first objective is related to an earthquake with 60% chance of reoccurrence 
during the defined bridge life time and the second to either a deterministically max proba
ble acceleration or an earthquake defined for a 1/1000 years chance of reoccurrence. In the 
MCEER/ATC-49, the first objective is related to an earthquake with 50% chance of reoc-
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Table 2.17 Bridges procedures: Objectives, criteria and seismic hazard.

Performance
Objectives

Criteria Seismic Hazard

ATC (1983)

1 Objective of 
Life safety, 

Security 
and Defense

Map with acceleration limits 
(deterministic)

ATC-32 (1996)
2 Objectives: 

Functionality and 
Security

2 qualitative 
criteria: 

Service level 
and Damage

2 intensities: 60% for the bridge 
life tim e and max probable 

earthquake (deterministic) or 
1/1000 years.

M CEER/ATC-
49

(2003)

2 Objectives: 
Operational and 

Life safety

2 qualitative 
criteria: Service 

level and Damage

2 intensities: 50% in 75 years 
(1/108 years) and 3% in 75 years 

(1/2459 years) or (in certain 
cases) 1.5 x  the deterministic 

medium value

CAN/CSA-S6-
00

(2000)

3 Objectives: 
Functionality, 
intermediate 

and Life safety

2 qualitative 
criteria: 

level of service 
and Damage

3 intensities: low to moderate, 
(1/475 years) design and rare 

(1 /1000 years)

MCEER-06-
SP10
(2006)

3 Objectives: Fully 
Operational, 

Operational and 
Life safety

3 qualitative 
criteria: 

Service level 
and Damage 

and Service life

2 intensities: 50% in 75 years (100 
years return period) and 7% in 75 
years (1000 years return period)

CAN/CSA-S6-
06

(2006)

3 Objectives: 
Emergency-routes, 

Lifeline and 
others

2 qualitative 
criteria: level 
of service and 

Damage

3 intensities: low to moderate, 
(1/475 years) design and 

large( 1/1000 years)

Caltrans 2006

5 Objectives: 
Fully Operational, 
Operational, Life 

Safety, Near 
Collapse and 

Collapse

2 qualitative 
criteria: Service 

Level and Damage

Acceleration Response Spectrum  
(ARS) curve

FIB CEB-FIP 
(2007) Bulletin 

39

3 Objectives: 
Fully Operational, 

Delayed 
Operational and 

Stability

3 qualitative 
criteria: 

Service level, 
Damage and 

Repair procedure

Probabilistic approach: fragility 
assessment.
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currence in 75 years or 1/108 years and the second is related either to an earthquake with 
3% chance of reoccurrence in 75 years or 1/2459 years or in some cases to an earthquake 
deterministically defined as 1.5 times the medium acceleration value. The CAN/CSA-S6 
(2000), the CAN/CSA-S6 (2006), the MCEER-06-SP10 and the FIB CEB-FIP Bulletin 39 
[fib, 2007] have three performance objectives. The MCEER-06-SP10 [MCEER-06 SP10, 
2006] differs from the previous codes by the introduction of the performance objective 
called fully operational, the introduction of a third damage criteria to account for the 
remaining life time of the structure and the different hazard for new and existing struc
tures, 1/2459 and 1/1000 respectively. The CAN/CSA-S6 (2000) [CAN/CSA, 2000] has 
the objective of functionality, an intermediate objective is introduced, and life safety. The 
criteria are the same as for the presented before, service level and damage of the bridge 
and there are three levels of hazard related to the three objectives. A low to moderate 
hazard level with an earthquake defined with a less than 1/475 years return period, a 
design earthquake (1/475 return period) and a rare earthquake with a 1/1000 years return 
period. The CAN/CSA-S6 (2006) [CAN/CSA-S6-06, 2006] in the other hand has the ob
jectives related to the function of the highway: emergency-routes, lifeline and others. The 
criteria and seismic hazard where not modified from the CAN/CSA-S6 (2000)[CAN/CSA, 
2000]. Caltrans 2006 [Caltrans, 2006] defines five performance objectives, from Fully Oper
ational to Collapse. These performance levels are defined using two qualitative criteria as 
in the Canadian Codes. The hazard is defined using the ARS curves. The FIB CEB-FIP, 
2007 Bulletin 39 [fib, 2007] performance objectives definition approach is similar to the 
MCEER-06-SP10, 2006 [MCEER-06-SP10, 2006], they are defined as fully operational, 
delayed operational and stability. Three damage qualitative criteria are defined, the two 
presented in all codes, service level and damage of the bridge and a third related to the 
bridge repair procedure. The main difference is in the seismic hazard definition, which is 
defined in a probabilistic approach, accounting for the uncertainties related to its defini
tion. In Table 2.18, the same procedures and recommendations are compared in terms of 
recommended non-linear analysis methods and the prioritization screening process.

A performance based design or assessment demands the determination of the capacity and 
the demands in the structure, numerous structural analysis methods are available to de
fine these parameters. The development of the computers processing capacity enables the 
structural analysis methods to consider some of the material and geometry non linearity. 
Non linear analysis methods were allowed but not required in the ATC-6-2 [ATC, 1983] for 
the performance based analysis. The ATC-32 [ATC, 1996] recommends a static inelastic 
analysis for the capacity determination and a dynamic inelastic analysis to determine the 
demand. The MCEER/ATC-49 [ATC/MCEER, 2003] recommends for a regular struc-
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Table 2.18 Bridges procedures: non-linear analysis and screening process.

Non-linear Analysis Method Screening process

Seismic rating system:
It is based in an inventory of

bridges that are rated based on

ATC (1983) Allowed but not required
the vulnerability of the structure 
(subjective rating from 0 to 10) 
Seismicity of the site (25 times 

acceleration coefficient) and 
the bridge importance.

Static inelastic analysis
ATC-32(1996) (capacity) with dynamic inelastic 

analysis (demand).

Spectrum capacity analysis for a
regular structure (Static method

M CEER/ATC- with equivalent damping to
49 account for inelastic behavior)

(2003) and static inelastic analysis 
(capacity) with inelastic dynamic 

analysis (demand).

CAN/CSA-
S6-00
(2000)

Non-linear dynamic analysis, 
non-linear static analysis allowed.

MCEER-06-
SP10

(2006)

Spectrum capacity analysis, 
non-linear static procedure or 

displacement capacity evaluation 
non-linear dynamic m ethod using 

inelastic time history analysis.

2 recommended seismic rating 
methods: a deterministic using 

indices and a probabilistic using 
expected damage.

CAN/CSA-
S6-06
(2006)

Non-linear dynamic analysis, 
non-linear Static analysis allowed.

Recommended but don’t have 
specifications of the suggested 

process.

Caltrans 2006 Static elastic analysis (demand) Recommended. Database
Caltrans and and inelastic capacity analysis and decision making
UCSD 2008 (capacity) procedures for columns.

Numerous methods most with

FIB CEB-FIP  
(2007) Bulletin 

39

Inelastic analysis either static 
(pushover) or dynamic 

(time-history).

probabilistic approaches. The 
input data are the action on the 

bridge (seismic hazard) and bridge 
fragility. Some methods also 
consider the cost of failure.
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ture a spectrum capacity analysis, which is a static method with equivalent damping to 
account for inelastic behavior, or for other structures a static inelastic dynamic capacity 
analysis. And to define the demand it recommends an inelastic dynamic analysis. The 
MCEER-06-SP10 [MCEER-06-SP10, 2006] also recommends a spectrum capacity analysis 
for regular structures, but for other structures the analysis recommended is a non-linear 
static procedure or a displacement capacity evaluation (pushover test). It recommends 
for the demand a non-linear dynamic method using inelastic time history analysis. The 
CAN/CSA-S6 (2000) [CAN/CSA, 2000] and the CAN/CSA-S6 (2006) [CAN/CSA-S6-06, 
2006] recommend non-linear dynamic analysis with some exceptions for regular structures 
where a non-linear static analysis is allowed. The FIB CEB-FIP Bulletin 39 [fib, 2007] 
recommends only inelastic analysis either static (pushover) or dynamic using time history 
analysis. It can be seen that the complexity of the structural analysis has grown in the 
recent codes, showing an agreement with the processing tools and software available. Cal
trans 2006 [Caltrans, 2006], in the other hand, is a performance based design code that has 
tended to simpler methods. Static elastic defines the demand and Static Inelastic defines 
the capacity. Dynamic linear and non-linear analysis are recommended only for irregular 
bridges.

Bridge assessment is a concern related to the age of the structures and the development of 
the technology in bridge seismic safety. Thus, it is not a surprise that this issue is present 
mostly in the most recent codes, moreover it is a matter treated mostly in codes that 
involve also retrofitting. Although the ATC-6-2 [ATC, 1983] dates from 1983 a screening 
process is described. This screening process is exclusively deterministic with subjective 
factors. It is described as a seismic rating system (from 0 to 10) consisting in the inventory 
of bridges rated based on the vulnerability of the structure to the seismicity of the site (25 
times the acceleration coefficient taken from a reference map of seismic hazard) and the 
importance of the bridge. Among the most recent guidelines, the Canadian code does not 
suggest any particular process, it should be noted that it is not a procedure specific for 
seismic bridge retrofit. Caltrans with the UCSD has a project to facilitate assessing bridges 
after events, this project focused in columns behavior. The method directed to individual 
bridges evaluation, not a network evaluation. The MCEER-06-SP10 [MCEER-06-SP10, 
2006] suggests a deterministic method and both the MCEER-06-SP10 [MCEER-06-SP10, 
2006] and the FIB CEB-FIP Bulletin 39 [fib, 2007] suggest numerous probabilistic methods 
based on the fragility assessment of the structure.



CHAPTER 3 

Risk Assessment

Bridge risk assessment is an important tool to evaluate the condition of the existing bridges 
and also identify the most appropriated retrofit measure or even prioritize post event 
emergency measures. In this chapter the first Section is a description of Quebec’s seismic 
hazard. The second Section describes some methods in the literature pertaining to the 
development of a particular probabilistic assessment method: fragility curves. Among 
the procedures presented, the method presented in the Georgia Institute of Technology 
project was the basis for the development of fragility curves in this project (Chapter 4 and 
Chapter 6). And even though the PEER project [Mackie and Stojadinovic, 2003] uses a 
simplified fragility analysis considering only the columns as a component to represent the 
behavior of the entire bridge, it also was a reliable and useful source of information in 
the development of this study, especially as to the development of fragility curves for the 
Chemin des Dalles bridge columns (Chapter 4).

3.1 Quebec's Seismic Hazard

Figure 3.1 shows the distribution of the seismic hazard in the world. The scale goes 
from white (low) to red (very high). Even though eastern Canada is not located in a 
critical zone, there is seismic activity in this region. This seismic activity in the stable 
interior of the North American Plate, where eastern Canada is located, is believed to be 
related to the regional stress fields, with the earthquakes concentrated in regions of crustal 
weakness. Each year, approximately 450 earthquakes occur in eastern Canada. Of these 
GMTHs four will exceed magnitude 4, thirty will exceed magnitude 3, and about twenty- 
five events will be reported felt. A decade will, on average, include three events greater 
than magnitude 5. A magnitude 3 event is sufficiently strong to be felt in the immediate 
area, and a magnitude 5 event is considered the threshold of damage. Years of instrumental 
recordings have identified certain clusters of earthquake activity in Eastern Canada where 
earthquakes occur at depths varying from surface to 30 km. West Quebec, Charlevoix- 
Kamouraska, Lower St. Lawrence and a small portion of the Northern Appalachians 
are the clusters located in the Province of Quebec [NRC, 2009]. Figure 3.2 shows the 
earthquakes in Eastern Canada that occurred in the last 5 years.

43
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GLOBAL SEISMIC HAZARD MAP

Figure 3.1 Global Seismic Hazard
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Figure 3.2 Eastern Canada last 5 years earthquakes
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In Canada, the evaluation of regional seismic hazard is the responsibility of the Geological 
Survey of Canada (GSC). Adams and Atkinson [Adams and Atkinson, 2003] developed 
seismic hazard maps for the National Building Canadian Code, NBCC 2010 [NRC, 2010]. 
The seismic hazard is described by spectral-acceleration values at periods of 0.2, 0.5, 1.0 
and 2.0 seconds in contrast to the NBCC 1995 [NRC, 1995] where it was presented in 
terms of Peak Ground Velocity (PGV) and Peak Ground Acceleration (PGA). These four 
spectral accelerations are deemed sufficient to construct spectra closely matching the shape 
of the UHS, which, in the NBCC 2010 is the tool to represent seismic hazard for a city with 
regard to seismic structural design. Figure 3.3 shows the hazard map developed by Adams 
and Atkinson [Adams and Atkinson, 2003] in terms of PGA as in NBCC 2010. The maps 
in terms of spectral acceleration are available in Figure 3.4. In these maps, all parameters 
are expressed as a fraction of gravity. Ground motion probability values are given in terms 
of probable exceedance, that is the likelihood of a given horizontal acceleration or velocity 
being exceeded during a particular period. The probability used in the NBCC 2010 is 
0.000404 per annum, equivalent to a 2% probability of exceedence over 50 years. This 
means that over a 50-year period there is a 2% chance of an earthquake causing ground 
motion greater than the given expected value.

To evaluate the vulnerability of structures to the associate seismic hazard with fragility 
curves, a representative series of GMTHs is necessary. The ability of this suite to capture 
such inherent uncertainties as the earthquake source, wave propagation, and soil conditions 
dictates the ability of the fragility curve to propagate these random uncertainties. Since 
records of strong ground motion in Quebec are not available, synthetic acceleration time 
histories will be used. Atkinson and Beresnev [Atkinson and Beresnev, 1998] developed 
an artificial ground motion series for eastern Canada. The series is compatible with the 
UHS provided by the NBCC 1995. They simulated time histories for five eastern Canadian

Figure 3.3 Canada Seismic Hazard Map in PGA
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Figure 3.4 Canada Seismic Hazard Map in Spectral Acceleration
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cities: Halifax, La Malbaie, Quebec, Montreal and Ottawa. The target UHS for the time 
history simulations were the 5% damped horizontal-component spectra for "firm ground" 
(soil class B) sites for an annual probability of 1/500 (10% in 50 years). Since there are 
advantages in using simulated records covering a wide and varied range of scenarios, these 
records have been widely requested and applied.

Although the records well represent the seismic hazard for Eastern Canada, a decade has 
since passed, and the NBCC 2010 provided new target UHS [Adams and Atkinson, 2003] 
with new probability level (2% in 50 years). Thus, Atkinson [Atkinson, 2009] developed a 
new suite of GMTHs that are compatible with the NBCC 2010 UHS. Atkinson [Atkinson, 
2009] series of earthquakes was developed using the stochastic finite-fault method to gen
erate GMTHs that may be used to match the NBCC 2010 for a range of Canadian sites. 
Records were provided for site soils classes A, C, D and E. The simulated ground motions 
were developed from a seismological model of source, path and site parameters validated 
comparing data and predictions in data-rich regions. The records and correspondents 
acceleration spectrum are available in the website.

For use in eastern Canada ground motion records, Atkinson and Boore [Atkinson and Boore, 
2006] applied a stochastic finite-fault implementation model. Stochastic ground motion 
prediction equations provide a sound basis for estimating peak ground motions and re
sponse spectra for earthquakes of magnitude 4 through 8, at distances from 1 to 200 km 
over the frequency range of 0.2 to 20 Hz. The fine-fault method incorporates effects such 
as the geometry of larger ruptures and its effects on ground motion direction and attenu
ation. In Atkinson and Boore [Atkinson and Boore, 2006] equations were used to produce 
ground motions from earthquakes of moment magnitude M  > 5 at distances less than 
100 km. The region-specific parameters for these simulation equations are: (i) Attenu
ation of Fourier amplitudes with distance, the spectrum is diminished with distance to 
account for empirically defined attenuation behavior. The parameters are called apparent 
geometric spreading and quality factor or Q-value; (ii) Duration of ground motion as a 
function of magnitude and distance; (iii) Regional generic crust/site amplifications and 
physical constants; (iv) source parameters for the simulation: the stress parameter which 
controls the amplitudes of high-frequency radiation and the pulsing percentage, which 
simulates healing behavior as the rupture front passes and influences the relative amount 
of low frequency radiation.

Atkinson [Atkinson, 2009] used the same mean values are as those from the equations 
developed in Atkinson and Boore [Atkinson and Boore, 2006], but the uncertainties are 
treated differently in two ways. All the spectral amplitudes were multiplied by a factor of
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2 because seismic hazard de-aggregations have suggested that most hazard contributions 
come from motions well above the median. And, the aleatory variability was reduced and 
simplified. A random stochastic factor that is uniformly distributed between ±0.1 log 
units (factor of 1.25) was applied at 10 selected periods from 0.05 to 10 seconds, thus, the 
overall median values are preserved and some variability in shape from one time history 
to another is provided. Table 3.1 shows the values for these parameters applied to develop 
the suite for eastern Canada.

The ground motions for eastern Canada were simulated for moment magnitudes M  =  6 
at fault distances from 10 to 30 km, and for M  =  7 at 15 to 100 km. The M  =  6 events in 
the 10 — 30 km distance range match the short period end of the UHS, while a M  = 7 at 
larger distance will match the long-period end of the UHS. For each magnitude there were 
two fault distance ranges: M  = 6 at 10 to 15 km (M6 set 1) and 20 to 30km (M6 set 2); 
and M  = 7 at 15 to 25 km (M7 set 1) and 50 to 100km (M7 set 2). For each of these sets
3 random components at 15 randomly determined locations around the fault were defined 
for a total of 4 sets x 3 components x 15 realizations = 180 simulations for each type of 
soil. The series was calibrated using information derived from past large events, and from 
seismographic recordings of small-to-moderate earthquakes. Figure 3.5 shows the three 
components of an earthquake M  — 6 set 1 (fault distance = 17 km and azimuth =  238°) 
with the respective spectral acceleration.

3.2 Screening Process in Quebec

Filiatrault et. al. [Filiatrault et al., 1994] developed a rapid seismic classification method 
for highway bridges in Quebec. This method is based on an index, the seismic vulnerability 
index (IVS - indice de vulnerability sismique). This index gives a relative value of the 
potential seismic vulnerability of the bridge. Allowing investigators to prioritize a detailed 
seismic evaluation of the bridges or even a post-event inspection assessment in the epicenter 
region. IVS is calculated following equation (3.1). Where, a  and (3 are the relative 
weight factors of the Global Structural Coefficient of Influence (CIqs) and the Global 
Non-Structural Coefficient of Influence (CIgns)> respectively. F F  is the foundation and 
factor R S  is the seismic risk factor. Table 3.2 shows the definition of the (C Iqs) and 

(CIgns)-

I V S  =  (a(CIGS) + P(CIGNS)) x  F F  x  R S (3.1)
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Table 3.1 Parameters used to generate the GMTH series [Atkinson and Boore, 
2006].

Parameter Median Value

Geometric spreading, R b — b
-1.3 (0 — 70 km) 

+ 0.2  ( 7 0 -  140 km) 
-0.5 (>  140 km)

Quality Factor, Q-value Q  = 893/° -32 
Q m in  =  1000

Duration as a function of the distance

0.0 ( 0 -  10 km) 
+0.16 ( 1 0 -  70 km) 
-0.03 ( 7 0 -  130 km) 

+0.04 (>  130km)

Regional amplifications constants

Site

Shear wave velocity (13 km depth -ft) 
Density (13 km depth)
Rupture propagation speed

3 .7k m /s  
2.8 g /m 3 

0 .8/?

Frequency
Amplification

Factor

Amplification of horizontal component 
soil related Class C

0.0001 1.000
0.1014 1.073
0.2402 1.145
0.4468 1.237
0.7865 1.394
1.3840 1.672
1.9260 1.884
2.8530 2.079
4.0260 2.202
6.3410 2.313

12.5400 2.411
21.2300 2.452
33.3900 2.474
82.0000 2.497

Kappa, k 0.005
Fault displacement 50°

Crust
Fault size

Well and Coppersmith (1994) 
0.6 length 
0.6 width

hypocenter location random
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Figure 3.5- Earthquake example

Transports Quebec evaluates the state of their bridges based in a combined index (ICS 
- Indice combine d ’une structure). Roy [Roy, 2003] describes the formulation of this 
index. It combines three indices representing the functionality of the bridge (IFS - indice 
fonctionnel d ’une structure), the structural state (indice d ’etat d ’une structure) and the 
seismic vulnerability (indice de vulnerability sismique). The ICS is the sum of these three 
indices multiplied by their relative weight, 0.65, 0.30 and 0.05 respectively. The IVS is 
calculated based in the method presented by Filiatrault et. al. [Filiatrault et al., 1994], 
but TQ’s method has differences mainly concerning the relative weight factors of each 
parameter. Also differing are the seismic non-structural coefficients, since TQ considers 
the socio-economic factors in the other indices, IFS and IES (Figure 3.6).

The IFS is a combination of a strategic importance factor (Es), a factor considering the 
importance of the highway (FR), a factor to consider the importance of the detour (FD) 
and a functionality parameter (x). This functionality parameter is characterized by the 
calculated capacity of the bridge, its notoriety , traffic volume, superior and inferior vertical 
under-clearance, the width of the trafficable deck, the horizontal clearance, the hydraulic 
behavior of the bridge, its approach conditions and the presence of a sidewalk and bicycle 
route. The IES considers all the components of a structure grouped in four categories, the 
foundation elements (F), the structural system (S), the deck (P) and secondary elements
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Table 3.2 Seismic influence coefficients [Filiatrault et al., 1994].

51

Ci Description Relative 
weight, %

(C Iq s )

Cl Type of construction 25
C2 Structural complexity 25
C3 Number of discontinuities in the superstructure 17.5
c4 Vertical support elements redundancy 15
C5 Bearing type and conditions 15
C6 Skew angle 2

(■C Iq n s )

C^ Highway type 30
CB Detour 25
Cc Average Daily Traffic 20
CD Type of highway crossed over by the bridge 15
Ce Public Services 10

an accessories (ES). Equation (3.2) is the expression to calculate the IVS. Where: (i) 
R S  is the seismic risk factor that is related to the regional seismic hazard determined 
as procedures found in the NBCC 2010. This factor is expressed in terms of the seismic 
level defined by the FEMA-310 [FEMA, 1998] criteria showed in Table 3.3; (ii) F F  is the 
foundation factor related to seismic category in the NBCC 2010. The categories range 
from class A  (hard rock) to F  for which a special geotechnical study is required. For soils 
type F, no IVS should be calculated and a geotechnical risk note should be placed instead; 
(iii) F A  is the age factor related to the building construction date and (iv) a combination 
of seismic structural and non-structural coefficients Ci described in Table 3.4.

Table 3.3 Seismic Level Identification
[FEMA, 1998],

Seismic
Level S a0,2 Sai^o

High > 0.500 g > 0.200 g
Medium 0.167gto 0.500 g 0.067 gto 0.200 g

Low <  0.167 g <  0.067 g

I V S  = 100 -  [RS x F F  x F A  x {Q.22Cl +  0.22C2 + 0.15C3+ 

+0.13C4 +  0.07C5 +  0.02C6 +  0.07CV + 0.12C8)]
(3.2)
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Table 3.4 Seismic influence coefficients.

Ci Description Relative 
weight, %

Cl Type of bridge 22
C2 Structural behavior complexity 22
C3 Number of discontinuities in the superstructure 15
c 4 Vertical support elements redundancy 13
C5 Type of bearing 7
C6 Skew angle 2
c 7 Number of girders 7
C8 Public Services 12

25005000 6000

20004000
4000ffl 3000 1500

IS 2000 1000
2000

1000 500

100 100 100
I F S  I E S  I V S

Figure 3.6 Transport Quebec Inventory IFS, IES, IVS.

3.3 Fragility Curves

As presented in Chapter 2 the codes and procedures for earthquake engineering show a 
tendency toward performance-based seismic design. For the implementation of this type of 
design, the capacity and demand of the structural system have to be defined. The capacity 
and demand models must represent the variability in the test data in a probabilistic 
manner, as they are with fragility curves. Fragility curves are an emerging tool to be 
used in the development of a probabilistic seismic risk assessment evaluation in a bridge 
network. They can also be used to optimize bridge retrofit methods and in the development 
of a post-event action plan. Fragility curves describe the probability of a structure being 
damaged beyond a specific damage state for various levels of ground shaking. This is 
particularly useful in regions of moderate seismicity, such as Eastern Canada or more 
specifically, Quebec, where bridge officials are beginning to consider retrofit programs, 
and pre-earthquake planning. Fragility curves state the probability of entering a damage 
state given an input ground motion intensity parameter Figure 3.7. This conditional 
probability can be expressed as presented in equation (3.3).



3.3. FRAGILITY CURVES 53

Fragility =  P [L S / IM  = y] (3.3)

Here LS is the limit state or level of damage to the engineered system or component, 
IM is the ground motion intensity measure and y is the realized condition of the ground 
motion intensity measure, often expressed in terms of peak ground acceleration (PGA) or 
spectral acceleration at certain periods (Sa). In seismic engineering there are three types 
of fragility curves: expert based fragility curves, empirical fragility curves and analytical 
fragility curves.

3.3.1 Expert Based Fragility Curves

The ATC-13 [ATC, 1985] project funded by the Federal Emergency Management Agency 
in the mid-1980s was a pioneer in the effort to collect information for the development of 
a seismic vulnerability database. A survey was executed following the Delphi method, in 
which several rounds, or iterations, of questionnaires were distributed. The participants 
were queried as to the probability of a facility being in a particular damage state for 
different levels of ground shaking using the Modified Mercalli Intensity scale. Seventy-one 
experts participated at some point of the questionnaire process. However, only 5 people 
were bridge experts and offered responses for the expected level of damage for two main 
classes of California’s conventional (less than 152.4 m spans) and major (greater than 
152.4 m spans) bridges [ATC, 1985]. Some indicated that these approaches are highly 
subjective, but even more worrisome is the low response rate to the questionnaire that 
was used to develop the relationships. Other limitations include the vast generalization 
of bridge classes and regional dependence of the damage-motion relationships due to the 
assumption of Californian bridge types in the survey.

3.3.2 Empirical Fragility Curves

Empirical fragility curves offer the expected level of damage given the ground motion 
intensity based on past damage to bridges from earthquake events. The development of 
these fragility curves requires the utilization of actual bridge damage data that is often 
derived from post-earthquake inspection reports, as well as spatial distribution of ground 
motion information that is often collected from shake maps. Correlation of the two data 
sets allows for a presentation of the fragility curves for given damage states and bridge 
types in a region. The approach binds observed damage into ground motion intensity
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Figure 3.7 Fragility curve example.

ranges, often using peak ground acceleration, and assigns probabilities to the different 
damage levels.

Basoz et. al. [Basoz et al., 1999] developed empirical fragility curves for the bridge damage 
resulting from the 1994 Northridge, CA earthquake using logistical regression analysis to 
account for uncertainties in the damage data. Shinozuka et. al. 2000 [Shinozuka et al., 
2000b] used the maximum likelihood method to generate the empirical fragility curves from 
the observations of bridge damage in the 1995 Kobe earthquake. Yamazaki et. al. 2000 
[Yamazaki et al., 2000] also developed empirical fragility curves on the actual damage from 
the Kobe 1995 earthquake. The ground motion indices for the sites were calculated based 
on the estimated ground motion distribution using the Kriging technique. The damage 
and ground motion indices were related to each damage rank. This relation was performed 
for a range of ground motion indices to obtain the damage ratio for each rank resulting 
in fragility curves with log-normal distributions. Due to shortage of data, this fragility 
curves did not consider structural parameters and variation of input ground motions.

3.3 .3  Analytical Fragility Curves

Analytical fragility curves are developed through seismic response data from the numerical 
analysis of bridges. Fragility curve methodologies using analytical approaches have become 
widely adopted because they are more readily applied to bridge types and geographical 
regions where seismic bridge damage records are insufficient. This fragility analysis gener
ally includes three major parts: (a) the simulation of ground motions, (b) the simulation of 
bridges to account for uncertainty in bridge properties, and (c) the generation of fragility 
curves from the seismic response data of the bridges. The seismic response data can be
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obtained from incremental dynamic analysis, nonlinear time history analysis, elastic spec
tral analysis, or nonlinear static analysis. The equation (3.3) can be written as a multiple 
integral (equation (3.4)), where u(y) is the demand probabilistic model and u0 is defined 
by the capacity probabilistic model or limit states, and thus the fragility can be computed 
by finite element reliability. This integral can be solved using several methods such as: 
first order based reliability methods (FORM), second order reliability method (SORM) or 
sampling methods such as Monte Carlo methods.

Fragility = Pf  = f  . . .  f  f ( y ) d y  (3.4)
J u {y )> u  o J

Comparisons of empirical and analytical fragility curves have shown good agreement be
tween theory and field observation for the 1994 Northridge and 1989 Loma Prieta earth
quakes [Mander and Basoz, 1999]. Therefore, analytical fragility curves are suitable to be 
used in a region where empirical data is not available. Most of the analytical bridge fragility 
studies to date have considered only the bridge columns in vulnerability studies. Karim 
and Yamazaki [Karim and Yamazaki, 2001] developed fragility curves for piers designed 
by the 1964 and 1998 Japanese highway bridge codes. The method was based on static 
sectional and pushover analysis to determine the stiffness of the piers. A system with the 
equivalent stiffness with one degree of freedom was submitted to a time story non-linear 
dynamic analysis to defining the demand of the piers. The fragility curves were constructed 
with respect to two intensity measures, PGA and PGV. The input ground motions were 
the 1995 Kobe, 1994 Northridge, the 1993 Kushiro-Oki and the 1987 Chibaken-Toho-Oki 
earthquakes. The results of the analytical fragility curves for the 1995 Kobe were com
pared to those empirically obtained by Yamazaki et. al. 2000 [Yamazaki et al., 2000] also 
for the 1995 Kobe earthquake, showing a good agreement except for the complete damage 
fragility curve using PGV as the intensity measure.

Besides the empirical fragility curves, Shinozuka et. al. [Shinozuka et al., 2000b] devel
oped analytical fragility curves for two representative bridges with a precast, pre-stressed 
continuous deck in the Memphis area. These bridges were studied by Jernigan and Hwang 
[Jernigan and Hwang, 1997]. The ground motion time histories used were developed in 
Hwang and Huo [Hwang and Huo, 1996]. The bridge models were constructed with hys- 
teretic bilinear elements without strength or stiffness degradation and time history analysis 
was performed for the series of earthquakes to develop the demand models for each bridge. 
Later the fragility curves of each bridge were combined using equation (3.5), where F{(a) is 
the fragility curve for bridge i and Pi is the probability with which a Bridge I will be chosen
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at random from the combined population, given by equation (3.6), where N x and N 2 are 
Bridges 1 and 2 respectively. The fragility curve for this type of bridge was defined based 
only on column ductility demands using two parameter log-normal distribution functions 
estimated by the maximum likelihood method.

Fc(a) =  Pi ■ Fi(a) +  P2 • F2(a) (3.5)

p  -  (3-6>

A simplified method for the development of fragility curves is showed by Shinozuka et. 
al. [Shinozuka et al., 2000a]. In this study the demand is defined using non linear static 
procedure, more specifically, using a capacity spectrum method. The fragility of the 
ensemble of bridges is defined using the same procedure defined for the two bridges in the 
previous study. The results are compared with those from the precedent study using time 
history analysis to define the demand. The two methods show good agreement for the 
minor damage fragility curves but not for the major damage fragility curves. One could 
expect this disagreement to have happened, since the non linear effects play a major role in 
this stage of damage and the static procedure is unable to reproduce these nonlinearities.

Zhu et. al. [Zhu et al, 2006] and Zhu et. al. [Zhu et al., 2007] are Canadian studies 
centered in fragility curves for columns, in particular, columns with the possibility of 
collapse due to shear failure. Even though these are studies for buildings columns, they are 
examples of fragility curves developed for one component of a structure. They use column 
drift to define the capacity and demand of the elements. The capacity probabilistic model 
is defined using a Bayesian methodology and both the random and epistemic uncertainties 
are properly incorporated. The demand in Zhu et. al. [Zhu et al., 2006] was defined 
through data from the Northridge Earthquake. And in Zhu et. al. [Zhu et al., 2007] it 
was defined using the limits described in the FEMA-356 [FEMA, 2000]. Both studies use 
confidence bounds and first-order reliability method to obtain the fragility curve.

Yi et. al. 2007 [Yi et al., 2007] developed fragility curves for a sample bridge using 
sixty Los Angeles earthquake GMTHs. The probability density function (PDF) interpo
lation technique for the evaluation of seismic fragility curves were expressed as a function 
of the return period. Seismic fragility curves are mostly developed in terms of various 
seismic intensities, such as the peak ground acceleration (PGA), peak ground velocity
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and pseudo-velocity spectrum. But, due to the seismic hazard curves or representation 
using the return periods of the design earthquakes, in this study the seismic hazard in
tensity measure used was the GMTHs return period (T%). The demand was expressed in 
a log-normal distribution (6j) and the capacity (0max) was expressed using limit states for 
column rotation. Thus, the fragility curve was calculated by solving the fragility integral 
for column rotational displacements (equation (3.7)) using first-order reliability method 
(FORM).

Fi(Tj) — P[9max > 6j\T — Ti] — 1 f  POmax̂ dO (3-7)
J —DC

The Pacific Earthquake Engineering Research (PEER) Center’s probabilistic performance- 
based evaluation approach provides the framework for post-earthquake bridge evaluation. 
The bridge evaluated was the single bent box girder bridge commonly found in California 
(Figure 3.8), and then the model was also applied for multiple-bents bridges of the same 
type. Probabilistic seismic demand analysis was used to compute values of bridge-specific 
engineering demand parameters (EDP), such as curvature ductility, given ground motion 
intensity measures (IM), such as peak ground acceleration using time history analysis 
[Mackie and Stojadinovic, 2003]. Table 3.5 shows the selected intensity measures (IM) 
proposed in this study and Table 3.6 shows the engineering demand parameters (EDP) also 
selected in this study. A representative relation between chosen IM-EDP pairs forms the 
basis of the probabilistic seismic demand models (PSDM). The optimal intensity measures 
were considered to be the spectral quantities {SaT\, SVT\, and SdT\) at the fundamental 
period (Ti) of the bridge. The use of T\ makes this measure a period-dependent IM, which 
is not a problem when assessing the seismic risk of one bridge, but it is a concern when 
assessing an entire network. In this case the best fitted IM were found to be Arias Intensity 
and PGV. Coupled with these IMs, the optimal global EDP quantity was found to be the 
column drift ratio (A). The effectiveness of a demand model is determined by the ability 
to evaluate equation (3.4) in a closed formln this study, it was assumed the EDPs followed 
a log-normal distribution. Thus an equation describing the demand model can be written 
as equation (3.8), to which a linear, or piecewise-linear, regression in log-log space can be 
applied to determine the coefficients equation (3.9).

E D P  = a ■ (IM ) b (3.8)
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In {EDP) = a + b ■ In ( IM)  (3.9)

Mackie and Stojadinovic [Mackie and Stojadinovic, 2003] used another method to define 
the PSDMs. This method is called incremental dynamic analysis (IDA). It achieves the 
same PSDM by stepwise increments of a selected few ground motion records. IDA is 
the dynamic equivalent to a familiar static pushover analysis. Given a structure and a 
ground motion, IDA is done by conducting a series of nonlinear time-history analyses. 
The intensity of the ground motion, measured using an IM, is incrementally increased 
in each analysis. Ideally, a ground motion could be scaled until the structure collapses, 
generating a dynamic pushover plot. However, given the limitations of the model used, 
the bridge continued to gain stiffness until numerical instability caused loss of conver
gence. A comparison of the simple regression of the numerous time-history analysis with 
the complete portfolio of GMTHs, a probabilistic seismic demand analysis PSDA and the 
IDA performed from a few GMTHs selected from the same portfolio is presented in this 
study. Thus both analysis were limited to the same range of IM. According to the PSDM 
presented in this study, just using 8 motions slightly under-predicted the dispersion. Us
ing more motions caused the median and dispersion values between the two methods to 
converge. Since the IDA method is sensitive to the choice of ground motions, it is recom
mended that the number of analysis not be reduced and a representative set of motions 
be carefully selected from the regional seismic hazard database of interest. Thus, if more 
than 10 motions are required for dispersion agreement, the PSDA method should be used 
as it provides sufficient variation in ground motion content. The IDA is preferable when 
performing site specific risk analysis.

Following the presented study to define the PSDMs, the PEER structural performance 
database and reliability analysis tools were then used to link demand parameters to damage 
measures (DMs) [Mackie and Stojadinovic, 2007]. The damage measures were conditioned 
to the EDPs. A combination of finite element simulations and reliability analysis were em
ployed to develop DMs pertinent to bridge traffic function, thus, the capacity probabilistic 
models were defined. In Mackie and Stojadinovic [Mackie and Stojadinovic, 2006], a num
ber of decision variables (DVs) were developed to describe the considered limit states in 
terms of measures of induced damage. Decision variables were developed to describe three 
limit states, repair cost, traffic function, and collapse, in terms of induced damage. The 
limit states were also conditioned to the EDPs. For both types of limit states, fragility 
curves were generated by solving the equation (3.10).
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Table 3.5 Seismic hazard intensity measure (IM)[Mackie and Stojadinovic, 2003].

IM Name Formula Units
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Table 3.6 Engineering Demand
(EDP)[Mackie and Stojadinovic, 2003].

Name Formula

Parameters

Units

Axial load ratio A R L  =

Hysteretic energy 

Normalized hysteretic energy 

R factor (capacity spectrum)

R factor (USGS) 

Displacement ductility 

Curvature ductility 

Plastic rotation

uv
H E  = j> M{Q)dO

N H E = ™

  m ^ aavg,bin (• '̂)
F'V

R usgs =
Umax

fuSd2%—50year (T)
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Figure 3.8 Typical California Bridge.
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This simplifying assumption in which only columns are considered in the fragility analysis 
may possibly be appropriate for bridges whose seismic response is largely governed by their 
columns such as the multiple frame box girder bridge commonly found in California and 
Japan. However, past research has shown that for bridge types commonly found in Quebec 
[Choi et a l , 2004], [Nielson, 2005], [Padgett, 2007], such as bridges having Multiple-girder- 
supported spans on multi-column bents, all major vulnerable bridge components should 
be considered to avoid significant errors in the estimation of bridge fragilities. Those 
components are columns, abutments and bearings. A simple approach would consider 
the combination of possible failure modes based on components. The component fragility 
curves might be obtained by calculating limit states for the components and solving the 
integral presented in equation (3.4) by means of first order based reliability methods 
(FORM) or second order reliability method (SORM) or sampling methods such as Monte 
Carlo methods. Then the fragility for the system can be obtained by defining relationships 
between the component states and the system damage states for fault tree analysis or again 
using importance sampling techniques for Monte Carlo simulation. A third approach is to 
use response surface method for system reliability analysis.

The simplest methods for the development of fragility curves involve static structural anal
ysis procedures. Hwang et. al. [Hwang et al, 2000] developed fragility curves for bridges 
in the Memphis area, Tennesse, USA. Most bridges in the Memphis area were not designed 
to resist earthquakes. In the proposed approach, several bridge models were established
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for each of the 7 bridge types. For each bridge component, the capacity was determined 
as described in the Seismic Retrofitting Manual for Highway Bridges FHWA-RD-94-052 
[FHWA, 1995], and the seismic demand was determined from an elastic spectral analysis 
according to the method specified in the Standard Specifications for Highway Bridges, 
AASHTO [AASHTO, 1996]. Uncertainties in seismic capacity and seismic demand were 
quantified. The damage states considered in this study were no/minor damage, repairable 
damage, and significant damage. The fragility curves were developed using PGA as the 
GMTH intensity measure. For each level of peak ground acceleration, 50 calculations of 
bridge damage states were performed. The bridge damage data were statistically analyzed, 
and the results were displayed as fragility curves.

Mander and Basoz [Mander and Basoz, 1999] compare empirical fragility curves developed 
by Basoz et. al. [Basoz et al., 1999] with fragility curves developed analytically. Three 
types of data sources were used: (i) the American National Bridge Inventory (NBI); (ii) 
ground motion data (mainly from the USGS web site) and (iii) geological maps from 
which soil types could be inferred. The fragility curves are developed using nonlinear 
static analysis or capacity-spectrum procedures. Figure 3.9 shows a graph of acceleration- 
displacement spectra for a certain ground motion. Superimposed on this curve is the 
pushover capacity of the bridge. The intersection of the two curves gives the expected level 
of performance, since this level is for one GMTH and the uncertainties are not included, 
it would be a deterministic analysis. In this study probability distributions were included 
over both capacity and demand mean curves to indicate the uncertainties and randomness 
of performance. The fragility curve is determined by the cumulative probability function 
using the spectral acceleration ratio as the intensity measure as shown in equation (3.11). 
Where the fragility is expressed as the probability that the damage D  exceeds the ith 
damage state dsi for a given Spectral acceleration amplitude Sa for a period of T  — 1.0 s, 
Ai is the median or expected value spectral acceleration necessary to exceed dsi and 
/3C is the log-normal standard deviation which incorporates aspects of uncertainty and 
randomness for capacity and demand.

F(D > ds,|S„) =  ln (^ ) ]  (3.11)

Cardone et. al. [Cardone et al, 2007] developed fragility curves for Italian bridges using 
the capacity spectrum methodology described above. The pushover curves for struc
tural subsystems such as pier/abutment and bearing/isolation devices were determined. 
The contributions of the subsystems were assembled to provide the capacity of the entire
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Figure 3.9 Capacity Spectrum Method.

bridge, both in the longitudinal and transverse direction. The capacity curve is then step- 
by-step converted into an equivalent SDOF Adaptive Capacity Curve [Pinho et al., 2007]. 
The Demand Curve is represented by an over-damped normalized response spectrum, to 
provide the PGAs associated with specified damage states for pier/abutment and bear
ing/isolation devices. The intersection of these curves provided the PGA value for the 
demand to achieve the capacity. Thus, based on the PGA values obtained, fragility curves 
(seismic vulnerability) and annual probabilities of exceedance (seismic risk), for a bridge 
located in a given site, were obtained. The study considered effect s on seismic vulnera
bility of the bridges due to possible modifications of strength and ductility, due to decay 
of materials and/or rehabilitation interventions and/or seismic retrofit interventions.

Since the non-linear static pushover analysis is proven to be efficient for regular bridges, 
Lupoi et. al. [Lupoi et al., 2007] tested the effectiveness of a modal pushover approach to 
develop fragility curves for an extremely irregular bridge. This method might be viewed as 
an upper-bound level of sophistication for a non-linear static analysis. The investigation 
was performed on a real reinforced concrete bridge of considerable length and importance 
built around 1950. Due to its highly irregular configuration, this bridge represented an 
extreme case to test the applicability of the procedure. An Eigen analysis defines that the 
dynamic response of the viaduct in the transversal direction is governed by two modes 
that sum up to about 90% participation mass factors. The lateral load distributions are 
defined for these two modes and an incremental (non-linear) static analysis is performed 
until either a predefined target displacement is reached or a decaying of lateral strength
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is observed. The result of the analysis is the pushover curve, which relates the base shear 
to the transversal displacement of a selected DOF of the structure. The constitutive 
(capacity) curve for the "nth-mode equivalent" inelastic SDOF system is derived. The 
capacity model of the structure for the nth-mode then defined by a bilinear approximation 
of this curve. The demand is obtained by the determination of the peak displacement 
of the inelastic SDOF system for a given earthquake intensity (e.g. the peak ground 
acceleration, PGA). Using the mass participation factors the peak response of the MDOF 
was evaluated for each of the important modes. The fragility curve of the system is defined 
by the response quantities from all relevant modes combined by any standard technique, 
such as SRSS or CQC.

Other studies use nonlinear dynamic analysis to determine the probabilistic structural 
demand of the bridge components. This nonlinear dynamic analysis can be nonlinear 
time history analysis using numerous GMTHs to describe a sufficient range of intensity 
measures to determine the fragility curve or an incremental dynamic analysis where the 
intensity measure of the seismic hazard is increased and the components demands are 
calculated by means of nonlinear time history analysis.

Hwang et. al. [Hwang et al, 2001] developed fragility curves for continuous concrete high
way bridges affected by the New Madrid seismic zone. In this study a set of earthquake- 
site-bridge samples were established though the identification and quantification of the 
uncertainties in the parameters used in modeling ground motion, site conditions, and 
bridges. A nonlinear time history response analysis was performed for each set to establish 
the probabilistic structural demand models as a function of a ground shaking parameter, 
spectral acceleration or peak ground acceleration. The bridge structural components ana
lyzed were bearings columns in flexure and columns in shear. The probabilistic structural 
capacity model was defined twice: first, in a component-by-component analysis followed 
by a system analysis considering the column displacement ductility as a representation of 
the entire pier system. The probabilistic characteristics of structural capacity correspond
ing to each damage state were established. To reduce the number of simulations required, 
the demand Hd and capacity /ic models were defined by a log-normal distribution, (fid, /3d) 
and (fic, i3c) respectively, following the recommendations defined in the HAZUS-MH MR3 
[HAZUS/FEMA, 1999]. Then, the conditional probabilities that structural demand ex
ceeds structural capacity were computed and the results were displayed as fragility curves 
(equation (3.12)).
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u ln( ^ )
Pf { ~  < 1) = $[ , W  J  (3.12)

A project developed at the Department of Civil and Environmental Engineering at the 
Georgia Institute of Technology developed fragility curves for the bridges located at Central 
and Southeastern United States (CSUS). These projects along with the PEER project 
were the base for the development of fragility curves for highway bridges in Quebec. 
Choi [Choi, 2002] used the data from the National Bridge Inventory Program (NBIP) to 
identify the typical bridges in the CSUS. From this database six types of bridges were 
considered typical in the CSUS region. They were Multi-span simply supported (MSSS) 
steel girder bridge, MSSS pre-stressed (PS) concrete girder bridge, Multi-span continuous 
(MSC) steel girder bridge and MSC PS concrete girder bridge, single span (SS) steel 
girder bridge and SS PS concrete girder bridge. Non-linear analytical models of these six 
typical bridges were developed using the DRAIN-2DX non-linear analysis program. These 
models were submitted to a series of GMTHs developed by Wen and Wu [Wen and Wu, 
2001] for a deterministic analysis and a suite of 100 GMTHs developed by Hwang et. al. 
[Hwang et al, 2001] was used to develop the fragility curves. The uncertainties related 
to the nature of the bridge types were incorporated assuming material properties, such 
as reinforcing steel and concrete, and gap size (gap between decks) as random variables. 
These variables were sampled from their inventory distribution using Latin hypercube 
sampling. The probabilistic demand models were developed by the regression in the log 
space as presented in equation (3.9). The probabilistic capacity model is defined based on 
previous studies. The components considered were columns, using curvature ductility as 
the EDP and abutments, fixed and expansion bearings, using deformation. The intensity 
measure used was the PGA and the Spectral acceleration for periods specifically defined 
for each bridge type. Fragility curves were developed for these types of bridges using 
equation (3.12). The curves were estimated at a component level and then combined 
using FORM and upper and lower bounds as presented in equation (3.13) [Choi et al, 
2004],

m

maxiPiFi)} < P(Fsys) < 1 -  TT[1 -  P(F,)] (3.13)
2 = 1

i=  1

Nielson [Nielson, 2005] and Nielson and DesRoches [Nielson and DesRoches, 2007b] pre
sented the development of fragility curves for the CSUS using also component level ap
proach. In the bridge inventory three other states from the CSUS were incorporated.
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Ten bridge types were identified from which nine were considered significant to repre
sent typical bridges in the region. This bridge types, in these studies were called bridge 
classes. The bridges were modeled in three dimensions using OpenSees analysis plat
form [Mazonni et al., 2006], geometric and material nonlinearities were incorporated. The 
fragility curves were developed using series of GMTHs developed by Wen and Wu, 2001 
[Wen and Wu, 2001] and Rix and Fernandez-Leon, 2004 [Rix and Fernandez-Leon, 2004]. 
The bridge responses were evaluated in the longitudinal and transverse direction to define 
the probabilistic demand models using PGA as the seismic hazard intensity measure. Limit 
States were defined using two approaches: a physics-based approach [Choi et al., 2004] 
and the other a descriptive approach [Padgett and DesRoches, 2006]. These approaches 
were combined using a Bayesian updating methodology to define the probabilistic capacity 
model. The fragility curves for the components were calculated using equation (3.12). Fig
ure 3.10 shows the fragility curves for the MSSS Concrete girder bridge class components 
and system for slight and moderate limit states. It can be seen that the simplification 
of evaluating the vulnerability of the entire bridge system considering only columns can 
result in errors up to 50% at higher damage states for this type of bridge.

The general assessment of seismic vulnerability for the bridge system was made by com
bining the effects of the various bridge components. The probability that the bridge was at 
or exceeded a particular limit state (Failsystem) was defined as the union of the probabil
ities of each of the components being in that same limit state (i?azicompoTteTlt_i), as shown 
in equation (3.14). The estimate of the system or bridge level fragility was facilitated 
through the development of a joint probabilistic seismic demand model (JPSDM). This 
approach recognized that there was some level of correlation between the demands placed 
on the various bridge components during a given earthquake. The interaction between 
the components states is not directly considered, only their isolated responses, but their 
correlation incorporates this behavior indirectly. Thus, the seismic demand on the sys
tem is simply the joint demand on the components. The JPSDM was developed in the 
log transformed state by using the transformed marginal distributions of the individual 
components and developing the covariance matrix through estimation of the correlation co
efficients between the transformed demands. Using the capacity models and the JPSDM, 
the system fragility was evaluated using a crude Monte Carlo simulation. Figure 3.11 
shows the system fragility curves developed using bounds [Choi et al., 2004] and Monte 
Carlo simulation [Nielson and DesRoches, 2007b]. The figure shows that the estimation 
of the system fragilities by their first-order bounds can result in errors up to 40%.
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Fragility curves for portfolios or classes of structures have the added complexity of having 
to deal with the uncertainty in geometric properties, along with the typical uncertainties 
such as material or component response parameters. The selection of a reliable level of 
uncertainty treatment while balancing the simulation and computational effort become 
a challenge. Padgett and DesRoches [Padgett and DesRoches, 2007] addressed this issue 
evaluating the modeling parameters which significantly affect the seismic response of a 
class of bridges. The relative importance of the uncertainty in these modeling parameters, 
gross geometries, and ground motions was assessed. The study revealed that savings
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in simulation and computational effort in fragility estimation may be achieved through 
a preliminary screening of modeling parameters through a traditional blocked fractional 
factorial design. Moreover, the propagation of these potentially variable parameters tends 
to be less significant than the uncertainty in the ground motion and base geometry of the 
structural class.

Another issue in the development of fragility curves for bridge classes is the selection of 
the optimal intensity measure. Mackie and Stojadinovic [Mackie and Stojadinovic, 2003] 
found the spectral intensity measures related to the fundamental period to be the best 
measure of seismic hazard. The issue problematic for a bridge class is that the fundamental 
period cannot be precisely evaluated, thus, an optimal intensity measure not related to 
the nature of the structure has to be defined. Padgett et. al. [Padgett et al., 2008] 
evaluated ten different intensity measures (Table 3.7) using criteria such as efficiency, 
practicality, sufficiency, and hazard computability to select the optimal intensity measure 
for bridge classes. The results showed that of the IMs considered, peak ground acceleration 
(PGA) and spectral acceleration at the fundamental period are the most optimal for 
the synthetic motions, and that cumulative absolute velocity is also a close contender 
when using recorded motions. However, when hazard computability is considered, PGA 
is selected as the IM of choice. Thus, even though previous studies have shown that 
spectrally based quantities perform better than PGA for a given structure, this study 
indicate that when a portfolio of bridges is considered, PGA should be used.

Table 3.7 Intensity Measures evaluated [Padgett et al., 2008]

Intensity measure Description Units

PGA Peak ground acceleration g
PGV Peak ground velocity cm /s
PGD Peak ground displacement cm /s

Sa-02s Spectral acceleration at 0.2 s g
Sa-ls Spectral acceleration at 1 s

Spectral acceleration at the geometric mean
g

Sa-gm of the fundamenal period of the longitudinal 
and tranverse directions (Tgm)

g

la Arias Intensity cm /s
Iv Velocity Intensity cm

CAV Cumulative absolute velocity cm /s
CAD Cumulative absolute displacement cm

Padgett [Padgett, 2007] and Padgett and DesRoches [Padgett and DesRoches, 2008] devel
oped fragility curves for retrofitted bridges located in the CSUS region. The same classes 
and models developed in Nielson [Nielson, 2005] were used to evaluate the performance of
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selected retrofit measures. This study addresses another use of the fragility curves that can 
be used to determine the optimal retrofit measure for each type of bridge, or the effect of 
combined measures. The retrofit measures evaluated were steel jackets, elastomeric isola
tion bearings, restrainer cables, seat extenders, and shear keys. The findings indicated the 
importance of evaluating the impact of retrofit not only on the targeted response quantity 
and component vulnerability but also on the overall bridge system fragility. Figure 3.12 
shows the fragility curves developed for the MSC Concrete Girder class retrofitted.

Other studies were recently performed either assessing a single bridge or portfolios of 
bridges vulnerability with multiple components fragility curves. To name some Kwon and 
Elnashaib [Kwon and Elnashai, 2010] developed fragility curves for a bridge located in 
the Tennesse and others developed fragility curves using multiple components [Pan et al., 
2007, 2010a,b; Zhang et al., 2008].
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CHAPTER 4 

Seismic Fragility of a Highway Bridge in Que
bec

The seismic Vulnerability for the Chemin des Dalles Bridge over Highway 55 located in 
Trois-Rivieres (Quebec, Canada) was evaluated through fragility analysis using a field 
and laboratory-validated models. This approach offers an effective means to capture the 
uncertainties in ground-motion realizations, the demands placed on key structural com
ponents, and the capacity of the components to resist various levels of seismic excitation. 
A series of 180 synthetic ground-motion time histories (GMTHs) compatible with eastern 
Canada were used to capture the uncertainties related to the hazard. Nonlinear time- 
history analyses were performed with these GMTHs and statistically analyzed to define 
the probabilistic seismic-demand model (PSDM) for the critical components, which, based 
on observed bridge failures in past earthquakes, are the abutments, bearings, and columns. 
Data from the literature, coupled with sectional and damage-mechanics analyses, were used 
to define the limit states for these components. Bridge component and system fragility 
curves were used to evaluate the likely failure modes of the bridge and potential targets 
for retrofit, while accounting for key sources of uncertainty in the performance assessment. 
The results reveal the seismic vulnerability of this specific bridge and even offer insight 
into the seismic vulnerability of a typical multispan girder-type concrete bridge in Quebec. 
Keywords: Fragility curves; seismic vulnerability; highway bridges; concrete bridges.
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Courbes de fragilite pour evaluer la vulnera
bility sismique d ’un pont au Quebec
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partement de genie civil.
J. E. Padgett : professeur, Rice University, Department of Civil and Environmental En
gineering.
P. Paultre : professeur, Universite de Sherbrooke, Faculte de genie, Departement de genie 
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D ate de soumission : 29 aout 2011 
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pont routier au Quebec
Contribution au docum ent : Cet article contribue a la these en elaborant une applica
tion practique des courbes des fragilite sur un pont deja etudie par le groupe de recherche 
du CRGP.
Resum e frangais :
La vulnerabilite sismique del pont chemin des dalles, qui enjambe l’autoroute 55 a Trois- 
Riviere, au Quebec etait evaluee avec des analyse de la fragilite en utilisant un modele 
representatif du pont reel. Une analyse statistique basee sur le developpement de courbes 
de fragilite est un moyen efficace pour tenir compte de ces incertitudes dans revaluation 
du risque sismique, des charges appliquees aux principaux elements structuraux et de la 
capacite de ces derniers a resister a differents niveaux d ’endommagement sismique. Une 
serie de 180 accelerogrammes artificiels compatibles pour la region est du Canada ont 
ete utilises pour rendre compte des incertitudes liees au risque sismique. Des analyses 
temporelles ont ete menees a partir de ces accelerogrammes, et leurs resultats, approches 
par regression lineaire dans l’espace logarithmique, definissent le modele statistique de 
demande sismique des principaux elements structuraux. Les composantes structurales 
etudiees sont des culees, des appuis et des poteaux choisis d ’apres les types de ruptures 
observes suite a des seismes reels par le passe. Par la suite, des etats-limites pour les culees,
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les appuis et les poteaux sont definis en se basant sur des observations experimentales 
tirees de la litterature et sur une analyse sectionnelle par theorie de l’endommagement. 
Finalement, la definition du modele de demande sismique et des modeles de resistance, 
ainsi que la representation realiste du risque sismique dans la region d’etude, permettent le 
developpement des courbes de fragilite pour les differents elements structuraux et pour le 
systeme de pont au complet. Les resultats fournissent la vulnerabilite sismique particuliere 
du pont d ’etude. Ils offrent par la meme occasion une idee de la vulnerabilite sismique 
des structures du type pont a portee multiple et a poutres en beton que l’on trouve au 
Quebec, en utilisant un modele valide par essais in situ.

M ots-cle: courbes de fragilite, vulnerabilite sismique, viaducs, ponts.



Seismic Fragility of a Highway Bridge in Que
bec

4.1 Introduction

The Chemin des Dalles Bridge over Highway 55, located in Trois-Rivieres, Quebec, was 
designed in 1975. Since then, the Canadian Highway Bridge Design Code has been revised 
four times. The latest version — issued in 2006 [CAN/CSA-S6-06, 2006] — contains sig
nificant changes in the procedures for determining earthquake loads. Moreover, the latest 
edition of the National Building Code of Canada [NRC, 2010] provides for an increase in 
the seismic hazard in all regions of the country, including the Trois-Rivieres area, with the 
use of a probability of exceedance of 2% in 50 years instead of 10% in 50 years. In this 
study, a seismic assessment of the Chemin des Dalles Bridge is performed using bridge 
fragility curves, continuing the previous work on this bridge by the Earthquake Engineer
ing and Structural Dynamics Research Center (CRGP) at the University of Sherbrooke. 
These previous studies included dynamic in-situ tests performed to determine the bridge’s 
dynamic characteristics (periods of vibration and associated mode shapes and damping) 
[Roy et al., 2010], pseudo-dynamic substructure tests using a 1/3-scale prototype of one of 
the bridge bents and an elastic model of the superstructure to reproduce the same natural 
periods as those measured in situ. Moreover, tests on columns based on the Chemin des 
Dalles Bridge columns were performed to evaluate their ductility capacity. Although this 
bridge has been already studied, probabilistic performance assessment was not conducted. 
This study uses fragility curves to consider uncertainties in seismic hazards, the demands 
on key structural components, and the capacity of the components to resist various levels 
of seismic damage in conducting a reliable seismic assessment. Insights from past studies 
on the same bridge are used to calibrate the finite element model used in the vulnerability 
assessment.

Fragility curves are an emerging tool used in probabilistic seismic risk-assessment evalua
tion. They can also be used to optimize bridge retrofit methods [Padgett, 2007] and in the 
development of a post-event action plan [FEMA, 2003]. Fragility curves describe the prob
ability of a structure being damaged beyond a specific limit state for various intensities of 
ground shaking. Many studies have been performed to assess the seismic vulnerability of an 
entire bridge network [Cardone et al., 2007; Hwang et al., 2000; Nielson and DesRoches,
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2007b]. Very few studies, however, have been performed on existing bridges, but rather 
on generic idealized bridges [Mackie and Stojadinovic, 2003; Yi et al., 2007]. Fragility 
curves developed for specific real bridges are scarce [Lupoi et al., 2007; Shinozuka et al., 
2000b]. This study aims to assess a new understanding of the seismic reliability of typical 
non-seismically designed bridges. Moreover, the specific seismic behavior of the Chemin 
des Dalles Bridge has already been determined experimentally, therefore, the influence of 
other uncertainties involved in the fragility problem can be evaluated.

4.2 Ground-Motion Time-History Series

Probabilistic demand analysis requires a representative series of GMTHs to evaluate the 
vulnerability of structures to seismic hazards. The GMTH series’s capacity of capturing 
such inherent uncertainties as the earthquake source, wave propagation, and soil condi
tions dictates the fragility curve’s ability to propagate these random uncertainties. Since 
records of strong ground motion in Quebec are not available, synthetic acceleration time 
histories were used in the fragility analysis. Atkinson[Atkinson, 2009] developed a series 
of earthquake GMTHs using the stochastic finite-fault method that can be used to match 
the National Building Code of Canada [NRC, 2010] uniform hazard spectra (UHS) for a 
range of Canadian sites. Records are provided for site soil classes A, C, D, and E. The se
ries is calibrated using information derived from past large events and from seismographic 
recordings of small to moderate earthquakes.

The ground motions for Eastern Canada were simulated using two magnitudes with two 
fault distance ranges each: 10 to 15 km (M6 set 1) and 20 to 30 km (M6 set 2); and 15 
to 25 km (M7 set 1) and 50 to 100 km (M7 set 2). A total of 4 sets x 3 components 
x 15 realizations produced 180 simulations for each soil type. The GMTHs developed 
by Atkinson[Atkinson, 2009] for Eastern Canada and soil site class C were used as the 
suite of earthquakes representing the seismic hazard. For the Chemin des Dalles Bridge, 
the records were used as individual horizontal components applied only in the transverse 
direction. Thus, there are 4 x 45 random horizontal components: 180 GMTHs. Figure 6.2 
shows the GMTHs’ mean [j,gm and mean plus/minus one standard deviation //gm ± one 
oqm spectra.
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Figure 4.2 Chemin des Dalles Bridge and OpenSees finite element model.
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4.3 Bridge Model Simulation

Nonlinear inelastic analyses were conducted with the three-dimensional finite element (FE) 
structural analysis program OpenSees [Mazonni et al., 2006] using the series of earth
quakes. Figure 6.4 shows a photo of the bridge and the 3D model for OpenSees. This 
model was developed using the original construction drawings and was calibrated with 
previous in-situ dynamic tests. The 3D model of the bridge uses beam-column elements 
and zero-length spring elements to represent the behavior of this structural system and 
capture the nonlinear behavior of critical structural components. Figure 6.4 shows the 
model’s geometry. The bridge is 106.5 m long and 13.2 m wide, with a vertical under
clearance of 6.2 m. The bridge has three spans supported by two concrete piers and two 
seat-type wing-wall abutments. The piers are rigid frames in the transverse direction con
sisting of a transverse beam supported by three 0.914 m in diameter circular reinforced 
concrete columns (Figure 4.3a) resting on shallow foundations. The connections between 
the two bents and their foundation is semi-rigid in one case and continuous in the other. 
The superstructure comprises a concrete deck supported by six AASHTO-type V precast 
concrete girders.

The superstructure is represented by elastic beam-column elements (see Figure 4.3b). 
There are four elements per span, and each element has six degrees of freedom per node. 
Since these are three dimensional elements, the properties include the transverse sectional 
area A, the elastic modulus E, the shear modulus G, and the moment of inertia in the three 
main directions: J  (torsion), and I z, and Iy. Table 4.1 shows the superstructure properties. 
The superstructure mass is 160 421 kg. This mass accounts for the concrete structure, a 
50-mm asphalt cover, and parapets. The connections between the superstructure and 
bents are semi-integral, allowing only rotation.

Table 4.1 Superstructure properties.

Member A E G J h
m2 MPa MPa m4 m4 m4

Deck 0.4356 26100 10000 0.2540 0.2403 0.0010
Girder 0.6500 26100 10000 0.2500 0.0300 0.2200
Transverse beam 1 0.2323 26100 10000 0.0170 0.0012 0.0162
Transverse beam 2 0.4065 26100 10000 0.0508 0.0022 0.0867
Transverse beam 3 0.2903 26100 10000 0.0332 0.0016 0.0316

The pier beams and columns were represented using nonlinear beam-column elements. 
The column cross-sections were divided into fibers, as shown in Figure 4.5. These fibers 
allow the nonlinear behavior of some regions in the cross section, while others remain
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in the linear elastic range. Since there are 5 elements (see Figure 4.6b) for each beam 
and column, the number of Gauss-Lobatto integration points ranges from 4 to 7 to avoid 
slowing down the integration algorithm. Kalkan[Kalkan, 2004] investigated the effect of 
the number of integration points in the dynamic and static response of this beam-column 
element. He found that the sensitivity of the response to the number of integration points 
was not significant for 4 points of integration or more.

Column modeling was based on a preliminary study to predict the behavior of a column 
tested by Osorio[Osorio, 2008] using the concrete material law (Concrete02 in OpenSees) 
with linear tension softening and the Giuffre-Menegotto-Pinto steel material law with 
isotropic strain hardening (Steel02 in OpenSees). The stress-strain law for confined 
and unconfined concrete is defined using the Cusson and Paultre [Cusson and Paultre, 
1995] model to determine the concrete’s input parameters. In this experimental study, 
columns 300 mm in diameter (reinforced with 6 longitudinal 20 mm diameter steel rebars 
and 6.3 mm diameter transverse spiral reinforcement with three different spacings) were 
submitted to cyclic flexure and constant axial-load tests. The study was conducted to 
evaluate the effect of combining stirrups and polypropylene fibers on the flexural behavior 
and ductility of bridge columns. These test columns included one based on the Chemin des 
Dalles Bridge columns at 1/3 scale that was used as a control specimen to represent the 
typical columns found in Quebec bridges. The spiral spacing was 100 mm center-to-center, 
equivalent at the 1/3 scale factor to the 300-mm spiral spacing in the Chemin des Dalles 
Bridge columns. Figure 4.4 illustrates the good correlation between the prediction with 
OpenSees using the identified material properties with the test results. These identified 
material properties were then used in the complete bridge model.
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Figure 4.4 Preliminary study of a bridge’s concrete column behavior and rep
resentation in OpenSees.
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Figure 4.5 Column-fiber cross section.

The results of in-situ geotechnical tests were used to identify the type of soil supporting 
the Chemin de Dalles Bridge. The soil profile corresponds to site class C (stiff soil) defined 
in the NBCC 2005 as soft to medium-stiff clays and sands, where the average standard 
penetration resistance, N60, is between 15 and 60, and the average shear wave velocity Vs 
is between 180 and 360m/s. In the Unified Soil Classification System (USCS), this soil 
corresponds to silty sands, sand-silt mixtures, clayey sands, and sand-clay mixtures.

The soil-foundation system was represented by six compliance springs that were uncoupled 
from each other (for the six degrees-of-freedom), as recommended by the Canadian High
way Bridge Design Code [CAN/CSA-S6-06, 2006]. In addition to the springs, the footing 
was represented by rigid beams (Figure 4.6a). To uncouple the springs, the impedance 
foundation functions, which are frequency dependent, were represented by a spring-and- 
dashpots model [Newmark and Rosenblueth, 1971] using frequency independent values 
(Figure 4.6e) assuming regular geometry and linear elastic homogeneous semi-infinite soil 
domain. The soil mass was applied at the center of the footing height distributed for each 
column in the bent, as recommended by Clough and Penzien.[Clough and Penzien., 1975].

The seat-type abutment was represented using translational and rotational springs. The 
model based on the passive resistance of the backfill soil proposed by Wilson [Wilson, 
1988] was used to account for the abutment wall stiffness. The spread-footing stiffness 
was also considered using the spring-dashpot model (Figure 4.6b). In the model devel
oped for the Chemin des Dalles Bridge, the transverse direction accounts for the stiff
ness of embankment, wing wall (Figure 4.6d), and spread footing (Figure 4.6e). To in
clude the embankment flexibility and inertial effects, a method was adopted that gives 
the relationship between embankment properties and response in the transverse direc
tion for plane strain [Mackie and Stojadinovic, 2003]. The inertial force generated dur-
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ing earthquakes is another factor governing abutment response, in addition to abut
ment stiffness. Inertia was incorporated in the analysis model by using participating 
masses at the abutments, as recommended by Wilson and Tan[Wilson and Tan, 1990], 
and Mackie and Stojadinovic[Mackie and Stojadinovic, 2003]. Figure 4.6b to Figure 4.6e 
show the model used in OpenSees to represent the behavior of the seat-type abutment.

The behavior of the elastomeric bearings was represented in OpenSees using a zero-length 
element with a bilinear material model behavior in both horizontal directions (Figure 4.6c). 
This bilinear model is defined by elastic shear stiffness, post-elastic shear stiffness, yield
ing displacement, and ultimate displacement, calculated based on the AASHTO code 
[AASHTO, 2007].
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Figure 4.7 Bridge experimental and model periods and mode shapes.

Ambient vibration dynamic tests were carried out on the Chemin des Dalles Bridge to 
obtain the key dynamic properties (frequencies, mode shapes, and damping). Vertical and 
horizontal motions were recorded on both sides of the deck to allow for the detection of 
horizontal, vertical, and torsional modes. Data were recorded with six velocity transducers
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placed evenly on the deck at 9-m intervals. A total of 11 configurations were necessary to 
cover the 44 measuring points. For each test configuration, a set of 2 transducers (vertical 
and horizontal) were left in a fixed position 18 m from one end of the deck to scale the 
data acquired from one configuration to the next. A 6-channel data-acquisition system was 
used. This system had built-in hardware anti-aliasing filters at 50 Hz. Data was sampled at 
200 Hz. The resonant frequencies, mode shapes, and modal damping ratios were identified 
with the enhanced frequency domain decomposition (EFDD) method using the Artemis 
Extractor software (SVIBS 2005). Samples of 2048 data points were used to compute each 
fast fourier transform (FFT). As a result, the frequency resolution used was A f  = 0.048 Hz 
and the length of each autocorrelation function was 10.23 s. Hanning windows were used 
to simulate periodicity over each interval, thus minimizing the bias error introduced by 
leakage. Overlap averaging of 66.7% was also used to obtain smoother spectra. Six modes 
were identified from the tests. The first, fourth and sixth modes are transverse, involving 
deck flexure in the horizontal direction and pier flexure in the transverse direction. The 
second mode is flexural in the vertical direction. Two torsional modes (third and fifth) 
were also identified [Roy et al., 2010]. Calibration of the 3D FE model of the bridge 
was performed using both the mode shapes and corresponding periods for the first two 
experimental modes of vibration. Figure 4.7 compares the measured natural vibration 
modes and the predicted ones with the calibrated model. The predicted first-mode period 
matched the in-situ ambient vibration tests period. The second mode had an error of 
1.6%. Larger errors on the periods are observed for the higher modes.

4.4 Deterministic Bridge-Response Assessm ent

An illustrative nonlinear dynamic analysis is discussed with one ground motion from the 
suite to illustrate the behavior of the major bridge components during strong motion 
excitation. The integration time step in this simulation was 0.002 s and is equal to the 
discretization time step of the GMTHs. The unconditionally stable constant average accel
eration Newmark’s numerical integration method was used with 1.5% Rayleigh damping 
at the first and second periods of vibration to perform the numerical integration. Note 
that this value of damping does not include radiation damping from the soil foundation 
nor hysteretic damping from the elastomeric bearings and nonlinear behavior of the bridge 
components. Column displacements, abutment deformations, and bearing deformations 
were monitored. The results are presented for a specific GMTH with a moment magnitude 
of M  = 7.0 at the closest distance to the fault of Fdist = 14.90km and an azimuth of 73.5°. 
Its spectral acceleration is equal to 1.56 g at the bridge’s first natural period of vibration.
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The total bridge displacement, measured at mid-deck, reached a maximum of 0.079 m. 
Figure 4.8 shows the column force-displacement response. The maximum displacement at 
the column top was 0.069 m, highlighting that most of the bridge’s displacement can be 
captured at the column top. Based on a sectional and damage-mechanics-based analyses 
performed for this column [Tavares et al., 2010] using WMNPhi [Paultre, 2000] and EFiCos 
[LaBorderie, 1991] software, with a 70 mm displacement, it is expected that a plastic hinge 
will form at the column base accompanied by significant cracking and spalling of the 
concrete cover from this earthquake.

2.5x10

-0.025 0 0.025
Displacement (m)

Figure 4.8 Column response.

Figure 4.9 presents the response of the elastomeric bearings. The elastomeric bearings’ 
maximum deformation was predicted to be 0.030 m. Seismic damage to these components 
is not expected to be significant in this bridge at this level of deformation according to 
the defined limit states (LS) discussed in the following section.

Figure 4.10a presents the response of the abutment wing walls, with the maximum defor
mation predicted to be 0.005 m. According to the defined LS, discussed in the following 
section, the predicted response shows that the abutment wing wall should suffer light 
damage (cracking and spalling) from this earthquake. The results from this deterministic 
analysis show that the foundations for the abutments and columns should not experience 
significant damage during this earthquake.
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Figure 4.9 Elastomeric-bearing response.

While slight cracking and spalling are expected in the abutments and bearings, column 
damages would be more critical. Thus, for this bridge, it is expected that the columns are 
the components that control the level of the damage caused by this selected GMTH.
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Figure 4.10 Abutment response.

4.5 Capacity Estimates

In a probabilistic analysis, the capacity of bridge components are defined in terms of 
limit-state models. Traditionally, these limit states for bridge components have been 
defined by qualitative damage states, such as slight, moderate, extensive, and complete, as 
presented in Table 6.7 [FEMA, 2003]. Based on the definition of qualitative damage states, 
quantitative limit states must be derived for the bridge of interest. These limit states 
should be defined in consistent parameters such as the demand parameters monitored in 
nonlinear dynamic analyses. The median values of the prescriptive limit states previously 
proposed in Choi and Jeon[Choi and Jeon, 2003] and Choi et al.[Choi et al., 2004] have



4.6. ANALYTICAL FRAGILITY CURVES 87

been adapted for the elastomeric-bearing abutments and foundations in Quebec. The 
bearing’s first limit state is defined by the loss of shear capacity when their behavior 
starts to be governed by sliding. The other limit states are defined by the unseating of 
the bearings when the displacement exceeds particular bearing dimensions (moderate is 
one bearing height, extensive is 50% of the dimension, and complete is the dimension). 
The first limit state of the abutment wing and back walls is defined by the first yield; 
the others are defined by the ultimate displacement (moderate is 50% of the ultimate 
displacement, extensive is the ultimate displacement, and complete is twice the ultimate 
displacement). Column damage is measured in terms of the column displacement ductility 
ratio Hd [Hwang et al., 2001], which is defined as:

l id = - £ L~ (4.1)
i ± c y l

where A is the relative displacement at the top of a column obtained from seismic response 
analysis of the bridge, and A cyi is the relative displacement of a column when the longi
tudinal reinforcing layer with the highest tension reaches first yielding. Regarding column 
ductility displacement limit states, Tavares et ai.[Tavares et al, 2010] conducted a study 
specifically for the Chemin des Dalles Bridge columns, with a sectional analysis program 
[Paultre, 2000] and a damage-mechanics-based program [LaBorderie, 1991]. Three types 
of quantitative limit states were defined for the bridge columns: drift, curvature ductility, 
and displacement ductility, which is the limit state used in this study. Table 6.8 presents 
the median value (Sc) and logarithmic standard deviations (Sc) of the capacity limit 
states values, which are defined by the dispersions presented in Nielson [Nielson, 2005].

4.6 Analytical Fragility Curves

The fragility curves developed in this study were based on nonlinear response time-history 
analyses. The method includes several major steps. First, a bridge is represented by an 
analytical model, which includes the inelastic behavior of the appropriate components (i.e. 
bearings, columns, and abutments). Second, earthquake input motions for various char
acteristic magnitudes and epicentral distances are chosen. Third, uncertainties in seismic 
hazards are considered by adopting GMTHs, which were developed by [Atkinson, 2009] 
considering the uncertainties in seismic sources and path attenuation. Fourth, for each 
earthquake sample, a nonlinear time-history analysis is performed with OpenSees leading 
to 180 simulations. Finally, probabilistic seismic-demand model obtained by regression 
analysis on the simulated damage results in OpenSees is used to develop the component
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Table 4.2 Damage states (adapted from HAZUS 2003).

N No damage No damage to the structure

S Slight/minor damage

Minor cracking and spalling of the abutments, cracks in shear 
keys at abutments, minor spalling and cracks at hinges, mi
nor spalling of the column (damage requires no more than 
cosmetic repair), or minor cracking of the deck.

M Moderate damage

Any column experiencing moderate (shear cracks) crack
ing and spalling (column still sound structurally), moderate 
movement of the abutment (< 50 mm), extensive cracking 
and spalling of shear keys, any connection having cracked 
shear keys or bent bolts, keeper-bar failure without unseat
ing, rocker-bearing failure, or moderate settlement approach.

E Extensive damage

Any column degrading without collapse - shear failure - (col
umn structurally unsafe), significant residual movement at 
connections, or major approach settlement, vertical offset of 
the abutment, differential settlement at connections, shear- 
key failure at abutment.

C Complete damage
Any column collapsing and connection losing all bearing sup
port, which may lead to imminent deck collapse or tilting of 
substructure due to foundation failure.

Table 4.3 Quantitative limit-state capacities.

Component Slight Moderate Extensive Complete

Sc Pc Sc 0c Sc 0c Sc 0c
Column (displacement ductility) 
Elastomeric bearing, transverse (mm) 
Abutment wing wall (mm)

1.0 0.250 
30 0.250 
7 0.250

1.08
60
15

0.250
0.250
0.250

1.76
150
30

0.460
0.460
0.460

3.0 0.460 
300 0.460 
60 0.460
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fragility curve upon comparison to the capacity estimates. The seismic demand is ex
pressed as [Cornell et al., 2002]:

where So  is the median value of the demand, a and b are unknown regression coefficients, 
and x  is the ground-motion intensity parameter (typically PGA or spectral acceleration 
values Sa(T) [Padgett et al., 2008]). The results of the probabilistic seismic demand model 
for the components of the Chemin des Dalles Bridge in terms of the spectral acceleration

nation R 2 in the range of 0.95-0.99.

A fragility curve describes the probability of reaching or exceeding a damage state as a 
function of a chosen ground-motion intensity parameter. The spectral acceleration value, 
Sa(Tm), evaluated at the fundamental period of vibration, has proven to be a good intensity 
measure when the fragility curve is developed for a specific bridge [Padgett et al., 2008; 
Shome et al., 1998; Vamvatsikos and Cornell, 2002]. In this study, four damage states 
were quantified in terms of the column displacement ductility and the deformations of the 
elastomeric bearings and abutments. The probability that the demand on the structure 
would exceed the structural capacity can be computed as [Nielson, 2005]:

where Sc  is the median and Sc  is the logarithmic standard deviation for the capacity, So 
is the median and Sd/ im  is the logarithmic standard deviation for the demand, and $  is

curves for the component level are presented in Table 4.4 and Figure 4.11 for this range of 
IM. The probability of the bearings achieving even the slight limit state is close to zero, 
which is why the elastomeric bearing fragility curves are not shown.

The fragility of the bridge system was calculated with a Monte Carlo simulation using 
joint probabilistic demand models and the limit-state models. This simulation does not 
include variance reduction sampling. It is intended to integrate the joint probabilistic 
seismic demand models (JPSDM), which are the combination of the PSDMs using their 
median, standard deviation, and a correlation matrix over all possible failure domains, as

ln(S,£>) =  a • ln(r) -I- b (4,2)

values evaluated at its fundamental period of vibration presented a coefficient of determi-

P[LS/ IM] = $
\j&D/IM +  $

(4.3)

the standard normal cumulative distribution function. The probabilistic seismic demand 
model was evaluated for a spectral acceleration Sa(Tm) range of 0.13-1.56g. Fragility
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Table 4.4 Component fragility.

Component Slight Moderate Extensive Complete
med disp med disp med disp med disp

Column 0.633 0.269 0.762 0.269 1.124 0.476 1.932 0.476
Elastomeric bearing, transverse N/A N/A N/A - N/A
Abutment wing wall 1.755 0.307 4.000 0.307 N/A - N/A
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Figure 4.11 Component fragility curves.
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At a given level of IM measured by Sa(Tm), 105 samples were taken from both the demand 
and capacity distributions. Next, an estimate of the probability that the demand would 
exceed the capacity at that IM level was obtained. This step was repeated for increasing 
IM levels, in intervals of 0.01 g, until the curve was completely defined (Figure 4.12).

Table 4.5 Bridge-system fragility.

Slight Moderate Severe Complete
med disp med disp med disp med disp
0.631 0.264 0.759 0.265 1.118 0.468 1.920 0.467

Table 4.5 and Figure 4.12 show bridge-system fragility using the spectral acceleration at the 
structure’s fundamental period of vibration as the intensity measure. Comparing the com
ponent fragility curves and the system-fragility curve shows that the columns control this 
bridge’s fragility. Studies developed at the Georgia Institute of Technology [Choi et al., 
2004; Nielson, 2005; Padgett, 2007] show that it is important to consider all system com-
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Figure 4.12 Bridge-system fragility curves

ponents for bridge systems with multiple-girder supported spans on multi-column bents. 
However, in the case of the Chemin des Dalles Bridge analyzed in the transverse direction, 
column fragility does govern the system’s overall fragility. The difference between the 
medians and the standard deviations of the system’s fragility and the column fragility are 
less than 5%.

The fragility curves show that, for an earthquake with Sa =  0.49 g at a period of T  = 
0.379 s (which is the average of the GMTH series), this bridge would have a 35% probability 
of undergoing at least slight damage, e.g. minor deformations in the bearings and/or 
abutments and/or minor cracking in the columns. Moreover, it also has 25% probability 
of suffering moderate damage, 15% probability of incurring extensive damage, and less 
than 5% probability of complete damage. If the earthquake striking the structure had 
an Sa(T = 0.379 s) =  lg , the probability of complete damage would be 10%, and the 
likelihood of extensive damage would be more than 40%.

4.7 Conclusion

This paper presented the seismic vulnerability assessment of a bridge in Eastern Canada. 
Fragility curves were developed to evaluate the Chemin des Dalles Bridge over Highway 
55 located in Trois-Rivieres (Quebec). The numerical model incorporated the nonlinear 
behavior of columns, bearings, abutments, foundations, and soil-foundation interaction 
effects. Hence, all potentially critical components of the bridge were considered. Limit 
states defined the probabilistic capacity model and the bridge responses to different earth
quake intensities were defined by probabilistic demand models. Comparing these models 
made it possible to develop fragility curves in closed form at the component level and using 
Monte Carlo simulations at the system level. The bridge’s vulnerability can be assessed
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given a range of potential ground-motion intensities, where the IM used in the assessment 
is the spectral acceleration at the bridge’s fundamental period of vibration. Such prob
abilistic assessment of a specific bridge has the advantage of propagating uncertainties 
in component capacity, often neglected in traditional deterministic analyses or capacity 
demand checks. For this structure, the fragility was found to be governed by the column 
vulnerability at all damage states. The structure was built more than 30 years ago, thus, a 
certain level of vulnerability is expected. For ground motions with a spectral acceleration 
at the defined period of vibration greater than 1 g, the bridge was found to be susceptible 
to extensive damage, if not failure. Since the spectral acceleration value evaluated at the 
bridge fundamental period of vibration is 0.44 g with a probability of being exceeded of 
2% in 50 years, slight damage is expected. If the performance goals for this bridge include 
mitigation of even slight damage in a design-level event (2% in 50 years), then column 
retrofit for this structure is recommended given the findings of its dominant contribution 
to system fragility.
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CHAPTER 5

Parameters Uncertainties Definition for the Prob
abilistic Seismic Analysis of Typical Highway 
Bridges in Quebec

5.1 Introduction

There are approximatively 8500 bridges in the province of Quebec. The materials used to 
built them are timber, steel, reinforced concrete and prestressed concrete. The structural 
systems varies from arcs to cable stayed bridges. They have been built for 300 years.
They were designed with codes and guidelines without the information now available 
in seismic safety. Since their construction, there have been significant improvements in 
bridges design and mostly in earthquake bridge design and analysis. The earthquake 
technology has improved, the maps of Seismic Hazard have changed and new codes and 
design procedures have been developed. In this chapter the multi-span bridge inventory is 
presented and an average bridge is defined. This bridge was submitted to ground motion 
time histories from a series developed for Eastern Canada to verify the significance of the 
seismic hazard in this bridge response. Soil type, foundation type, type of bent and type 
of abutment also had their significance tested. Moreover, the typical bridges in Quebec are 
identified. And a sensitivity analysis is performed to determine the significance of bridge 
parameters to define the uncertainties for each typical bridge portfolio.

5.2 Bridges Description

From TQ database [TQ, 1995], 7662 bridges are identified, 2672 within those are multi-span 
bridges, and the subject of this study. Tunnels and culverts are considered different types 
of structures and are not included. The inventory is divided in four categories: general, 
spans, foundations and columns inventory. The general inventory includes information 
on the localization of the bridges within the province, on the structural system and the 
superstructure, the importance of the bridge, the construction year and the geometric 
parameters. Figure 5.1 and Table 5.1 show the distribution of the 2672 bridges in Quebec.
The territory is divided in 18 regions. As for the population, most of the bridges are located
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in the south portion of the Province. The regions are defined to allow an homogenous 
division of the number of bridges.

Figure 5.1 Bridges Localization in Quebec.

Figure 5.2a show the distribution of the number of spans in the bridges in Quebec. It 
can be seen that the majority of the bridges have three spans. There are seven types 
of structures divided in 39 subtypes identified in the inventory. The first type defined is 
the thick slab bridge, this type includes bridges with integral slab in reinforced and pre
stressed concrete; hollow core reinforced and pre-stressed concrete slabs and reinforced, 
pre-stressed and filled in concrete frames and Y frames. The second and main type are 
the bridges with slabs and girders with nine variations, among the types of girders there 
are the reinforced and prestressed concrete and steel girders. Another variety found in 
Quebec are the bridges in timber, the timber can be found only in the superstructure with 
steel girders or in the bridges entirely. Frame type bridges are also found in reinforced and 
pre-stressed concrete and steel. A separate type of bridges are classified as the Y frame 
bridges in concrete and steel. There are also the bridges with steel girders wrapped in 
concrete. Box girders bridge type are found in reinforced and prestressed concrete and 
structural steel. There are also seven bridge subtypes classified in the truss category, six
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Table 5.1 Bridges localization within the Province.

95

DT Direction Territoriales Bridges %

63 Bas-Saint-Laurent, Gaspesie and Ile-de-la-Madeleine 71 3%
64 Mauricie and Centre-du-Quebec 141 5%
65 116 4%
66 Chaudiere-Appalaches 198 8%
67 Cote-Nord 84 3%
68 Saguenay and Lac-Saint-Jean 72 3%
69 41 2%
70 166 6%
71 Capitale-Nationale 199 8%
84 Laval 159 6%
85 Montreal 234 9%
86 Monteregie-Est 209 8%
87 Monteregie-Ouest 169 7%
88 Lanaudiere and Laurentides 266 10%
89 Outaouais 116 4%
90 Estrie 168 6%
91 Abitibi-Temiscamingue and Nord-du-Quebec 168 6%
92 15 1%

in the arc type bridges and two in the cable stayed bridges and one category for the mobile 
bridges.

The construction year of the bridge is another parameter defined in the general inventory. 
Figure 5.2b presents the histogram for the age of the bridges and reinforces the idea that 
the bridges in Quebec in their majority have more than 30 years. The construction year 
can also be used to define properties not defined in the inventory, since they follow a 
certain tendency over the years. These properties are the concrete and reinforcement steel 
strength and design details in components such as beams and columns. The first geometric 
property presented is the number of girders. The thick slab bridges are not included in 
the histogram showed in Figure 5.2c. It can be noted that most bridges have either four 
or five girders.

Although the importance of the bridge is one of the factors defining the performance level 
required for the structure under seismic loading in the CAN/CSA-S6-06 [CAN/CSA-S6-06,
2006], there are no direct definition in the inventory. However, the bridges are classified 
by their road use and the amount of traffic that they are submitted. Figure 5.3 show the 
distribution of the bridges by their road use, e.g. the bridges can be located in a access to 
resources, collector, local, regional, national or a highway route. The figure also presents 
the histogram of the annual average daily traffic AADT of the bridges in the inventory. It
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can be seen that the bridges are mostly located in local routes with a low AADT. Despite 
this fact, there are a considerable number of bridges in highways (26%) with a respectable 
AADT.

Resources access to 
1%

1000

8 800 u>
I 600

fc 400
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I  200

AADT/DJMAX104

Figure 5.3 Bridge importance parameters.

The total length histogram is presented in Figure 5.4a, this parameter is defined as the 
largest distance parallel to the bridge longitudinal axis. The total width is defined as 
the distance perpendicular to the bridge longitudinal axis, if it is variable the average 
distance is computed. The distribution of the total width is presented in Figure 5.4b. The 
total height is defined as the vertical under clearance of the bridge It is not presented 
in the general inventory but in the foundation inventory. In this study it was defined 
as the average height of the bents, therefore the height of the abutments were neglected. 
Figure 5.4c presents the histogram for the total average height of the bridges. The skew 
angle is the angle defined by the transverse axis of the bridge and the supports, bents 
and abutments transverse axis. The distribution of the skew angle for the bridges in the 
inventory is presented in Figure 5.4d. Due to the better seismic response of symmetric 
bridges, the skew angle is an important variable in the seismic analysis because it defines 
an asymmetry in one axis. Therefore, since the majority of bridges in Quebec have no 
skew angle, they have a considerable probability of being symmetric structures.
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To enable the definition of the main geometry of the bridges, the spans length have to 
be defined. Figure 5.5 show the distribution of the the main or larger span length in the 
bridges. The spans inventory also presented the type of slab material that for the bridges 
in the inventory was mostly in reinforced concrete. And the deck surface material, mostly 
in asphalt.

The foundation inventory includes information about the abutments, bents and founda
tion. The abutments and bents are considered as supporting systems, thus, there are no 
separation between these components in the inventory. But, in this study, the information 
about the abutments were separated from those of the bents, as it was the case in the def
inition of the bridge height. There are eight types of abutments defined in the inventory. 
They are presented in Table 5.2 along with the bridges ending in cantilever and the arch 
bridges. It can be seen that the majority of the abutments are the seat type with integral 
footing wall. There are seven types of bents in the inventory, the most significant are the 
wall bents followed by the multi-column with and without transverse beam (Table 5.3). 
Figure 5.6 shows the significant types of bents presented in the inventory, with the varia
tion of the columns shape. The material of the supporting systems is also defined in the 
inventory and concrete makes the majority of these bridge components.

The foundations can be either superficial or deep with the deep foundation sub-classified 
in different types of piles and caisson (Table 5.4). The majority, 40% of the bridges have 
superficial foundations. The soil type is also described in the inventory. This information 
is often non specified but the majority of the bridges with the soil type classification are 
built over rock, which is coherent with the superficial foundation being the most common 
foundation type.

The foundation inventory also presents information on the types of connections: bearings 
and joints. The majority of the bearings, where they are present, are the elastomeric type. 
The joints are not always specified but for the bridges with this information the elas-

J8E 200 L
50

Span Length

Figure 5.5 Maximum Span Length
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Table 5.2 Abutment Types

Abutment Number of %
type bridges
Integral footing wall 3526 71%
Footing wall with openings 340 7%
Hollow footing wall 324 7%
Berlin wall 4 0%
Crib 292 6%
Wrapped crib 19 0%
Embankment 25 1%
Reinforced Embankment 11 0%
Arch bridge end 2 0%
Cantilever no abutment 421 8%
Total 4965 100%

Table 5.3 Bent Types

Type of Number %
Bent of bridges
Y-Frame 129 1%
Y-Frame Cantilever 659 8%
Wall 2585 29%
Multi-column with beam 2085 24%
Multi-column without beam 1688 19%
Single column 1011 12%
Timber bench 606 7%
Arch bridge bent 21 0%
Total 8785 100%

Table 5.4 Foundation Types

Foundation Type Number of 
foundation

%

Superficial foundation 5458 40%
Timber piles 839 6%
Steel piles 2986 22%
Pre-cast concrete piles 273 2%
Enlarged base concrete piles 57 0%
Drilled piles 235 2%
Caisson 140 1%
Other deep foundation 421 3%
Non specified 1053 8%
Other pile type 1821 13%
Non existent (cantilever) 465 3%
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Y Frame Bents Multicolumn Bent 
no transverse beam 
- circular columns

Wall Bents Multicolumn Bent - 
rectangular columns

Multicolumn Bent - 
circular columns

Multicolumn Bent no 
transverse beam - 

rectangular columns

Figure 5.6 Significant Bent Types

tomeric joint is also more commonly found. The most scarce information in the inventory 
is in columns. The data provided includes information in the number of bents per bridges, 
number of columns per bent and columns measures. The population is incomplete, more
over, there are very few bridges in the database with most columns belonging to the same 
large bridges. Therefore, in this study, even though information on the shape and the 
diameter or length-width of the columns was retained, it was applied with caution.

Transports Quebec evaluates the state of their bridges based in a combined index (ICS 
- Indice combine d ’une structure). Roy [Roy, 2003] describes the formulation of this 
index. It combines three indices representing the functionality of the bridge (IFS - indice 
fonctionnel d ’une structure), the structural state (IES - indice d ’etat d ’une structure) and 
the seismic vulnerability (IVS - indice de vulnerability sismique). The ICS is the sum of 
these three indices multiplied by their relative weight, 0.65, 0.30 and 0.05 respectively. 
Figure 5.7 shows the distribution of these three index in the inventory.

The IFS is a combination of a strategic importance factor (Fg), a factor considering the 
importance of the highway (Fr), a factor to consider the importance of the detour (FD) 
and a functionality parameter (x). This functionality parameter is characterized by the 
calculated capacity of the bridge, its notoriety , traffic volume, superior and inferior vertical
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Figure 5.7 Transports Quebec bridge evaluation index.

under-clearance, the width of the trafficable deck, the horizontal clearance the hydraulic 
behavior of the bridge, its approach conditions and the presence of a sidewalk and bicycle 
route. The IES considers all the components of a structure grouped in four categories, the 
foundation elements (F), the structural system (S ), the deck (P) and secondary elements 
an accessories (E S ).

The IVS is calculated based in the method presented by Filiatrault et. al. [Filiatrault et ai, 
1994], but TQ’s method has differences mainly concerning the relative weight factors of 
each parameter. And the seismic non-structural coefficients, since TQ considers the socio
economic factors in the other indices, IFS and IES. Equation (5.1) is the expression to 
calculate the IVS. Where: (i) R S  is the seismic risk factor that is related to the regional 
seismic hazard determined as procedures found in the NBCC 2005 [NRC, 2010]. This 
factor is expressed in terms of the seismic level defined by the FEMA-310 ASCE [FEMA, 
1998] criteria showed in Table 5.5; (ii) F F  is the foundation factor related to seismic cat
egory in the NBCC 2010. The categories range from class A  (hard rock) to F  for which a 
special geotechnical study is required. For soils type F, no IVS should be calculated and 
a geotechnical risk note should be placed instead; (iii) F A  is the age factor related to the 
building construction date and (iv) a combination of seismic structural and non-structural 
coefficients C* described in Table 5.6. It can be seen in Figure 5.7 that most bridges in 
Quebec are considered, according to the IVS, with a very low seismic vulnerability or not 
vulnerable.

I V S  = 100 -  [RS X F F  x F A  x (0.22Ci +  0.22C2+ 

+0.15 C3 +  0.13 C4 +  0.07C5 + 0.02C6 +  0.07 C7 +  0.12C8)]
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Table 5.5 Seismic Level Identification
[FEMA, 1998],

Seismic
Level S  (lo,2 *501,0
High > 0.500 g > 0.200 g

Medium 0.167gto 0.500 g 0.067 gto 0.200g
Low < 0.167g < 0.067 g

Table 5.6 Seismic influence coefficients [TQ, 1995].

a Description Relative 
weight, %

G Type of bridge 22
c 2 Structural behavior complexity 22
c 3 Number of discontinuities in the superstructure 15
c 4 Vertical support elements redundancy 13
Gs Type of bearing 7
c 6 Skew angle 2
c 7 Number of girders 7
C8 Public Services 12

Table 5.7 presents a summary of all parameters presented in the inventory with the defi
nition of the average bridge in Quebec illustrated in Figure 5.8.

5.3 The Average Bridge

To evaluate the response of the bridges in Quebec to earthquake loads, a 3D finite element 
model of the average bridge was developed, with the properties presented in Table 5.7 
(Figure 5.9a). This bridge model consists of elements that may exhibit highly nonlinear 
behavior, such as elastomeric bearings, columns and abutments. These nonlinearities 
are incorporated into a three dimensional nonlinear analytical model developed using 
OpenSees [Mazonni et al, 2006].

The superstructure corresponds to the deck and girders when they are included in the 
structural system. The superstructure is represented by a single element in the center of 
the deck cross section, which is expected to remain with an elastic behavior through the 
earthquakes excitations. The transverse connections are represented by rigid elements to 
enable the distribution of the forces to the rest of the structure (Figure 5.9b). There are 10 
main superstructures elements in the end spans and 20 in the main span. Their properties
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Table 5.7 Inventory parameters.
Param eter Range Average Bridge

General Information

Location region 16 regions Lanaudiere and Lauren-
tides

Type of superstructure 39 subtypes 41- Concrete Girder
Bridges

Number of spans 1 to > 20 3
Support Condition Simple/ Continous C
Highway type 6 types Local
Year Built 1920 to > 2020 years 1967
Annual Average Daily Traffic-AADT (DJMA) < 2000 to > 50000 >2000
Maximum length 0 to 800m 69m
Maximum span length 0m to > 100m 28m
Deck width <6 to >30m 13m
Height Average (column height) 0 to > 20m 6m
Height Max (column height) 1 to > 20m 7m
Skew angle 0° to >  45° 0°
Number of Girders 0 to 14 5
Functionality Indice (IFS) 0 to 100 100
Structure Condition Indice (IES) 0 to 100 60
Seimic Vulnereability Indice (IVS) 0 to 100 90

Spans Information

Span Length Om to >  100m 28m
Slab type 9 types plus other 01 - Reinforced Concrete
Deck Surface Type 6 types plus other 01 -Asphalt

Infrastructure Information

Type of Foundation Unit 9 abutments types and 01 - Integral Abutment
8 frames and 07- Wall bent or 

08/09 - Bent with Multi
ple Columns

Material 4 types plus other 01 - Concrete
Height 0 to > 20m 3m A and 8m Bent
Foundation type 4 types plus non speci

fied and non existant
01 - Superficial

Soil type 6 types plus non speci
fied and non existant

01 - Rock

Bearing type 8 types plus other and 01 - Elastomer with steel
non existant plates or 99 - Non-existant

Joint Type 11 types plus other and 
non existant

99 - Non-existant

Column Information

Number of bents 0 to 15 2
Number of Columns per bent 1 to >10 4
Column shape Circular, Rectangular 62 - Rectangular
Column diameter 0 to 4000mm 1140mm
Column length 0 to 5000mm 2074mm
Column width o to 2000mm 1367mm
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Figure 5.8 Multi spans average bridge in Quebec.

include the transverse sectional area, A, the elastic modulus, E, the shear modulus, G, 
and the moments of inertia the three main directions: torsion, J, Iy and I z.

A three circular columns bent was selected. The column diameter was defined from the 
inventory as 1.14 m. The bent beam and columns are represented using non-linear beam 
column elements. These elements cross sections were divided in fibers (Figure 5.9c). Each 
fiber element has its own stress-strain relationship, and can be used to model the cross- 
section of the column with its confined and unconfined concrete regions as well as the 
longitudinal steel reinforcement. The elements used the materials called in OpenSees as 
Concrete02 and Steel02, Figure 5.9d shows the behavior of these materials. The non-linear 
beam column elements can be defined as forced based elements with spread plasticity as 
presented in Neuenhofer [Neuenhofer and Filippou, 1998].

The connection between the superstructure and bents and abutments are made with elas- 
tomeric bearings. The behavior of the elastomeric bearings was represented in OpenSees 
using a zero-length element with a bilinear model material behavior in both horizontal 
directions. The material used to define the spring behavior was SteelOl. This bilinear 
model is defined by the elastic stiffness, the yielding stress, the yielding displacement and 
the final displacement (Figure 6.6b). These constants were calculated based on AASHTO 
[AASHTO, 2007],

The foundation is represented by rigid beams to account for its geometry. The foundation 
mass is applied in the center of the footing height and they are distributed for each column 
in the bent. Springs in all directions represent the behavior of the shallow foundation 
(Figure 6.6a). The behavior of the seat type abutments is also incorporated in the model 
through the use of translational and rotational springs based on a linear elastic half-



CHAPTER 5. PARAMETERS UNCERTAINTIES DEFINITION

(a) Bridge 3D model

A.E.G

J ,  I* k  
Elastic Beam-Column Element

(b) Superstructure model

6 do f per Node

Confined
Concrete'

Confined
Concrete

Unconfined
Concrete

z

Reinforcing Steel 
10#11  " "

A -A15 #11 A -A

r
l a

(c) Non Linear Beam-Column Element 
with Fiber Section

fc Confined

fc

Unconfined

Ec£c

(d) Uniaxial Materials in Fiber Sections 

Figure 5.9 Bridge 3D Model and Beam-column elements



5.3. THE AVERAGE BRIDGE 107

K r ,C /

Vertical, Translational and Rotation 
footing stiffness with the mass

(a) Bent Shallow Foundation

TgLaue
Displacement

Kb. gap 
Backwalland 
Backfill soil

Wing Wall and 
Embankment

0,0

Vertical, Translational and 
Rotation footing stiffness

(b) Elastomeric Bearing (c) Seat Type Abutment

Moment

Curvature

Force

Force

Displacement

Displacement

gap

(d) Zero-length abutments and foundations springs behavior

Figure 5.10 Bridge Zero Length Models

(e) Wing Wall and Embakement and Backfill 
wall

space theory (Figure 6.6c). The translational and rotational springs are represented by 
an elastic material defined by a constant stiffness K t and K r and dampers by a material 
called Viscous defined with the damping constant Ct and Cr [Clough and Penzien., 1975] 
(Figure 6.6d).

The longitudinal stiffness of the abutment springs are a function of the spread footing 
stiffness, resistance of the backfill soil and stem wall. The soil backfill and back wall 
in the longitudinal direction is represented by a simplified model recommended in Cal- 
trans [Caltrans, 1999a] of the analytical behavior model developed by Shamsabadi et al. 
[Shamsabadi et al., 2007]. The complex formulation is based on the mobilized logarithmic 
spiral failure coupled with modified hyperbolic abutment-backfill stress-strain behavior 
(LSH). The LSH relationship was developed with the evaluation of several experimen
tal test and can be used by geotechnical engineers to calculate the backfill capacity as a 
function of soil stress-strain and strength characteristics. The simplified model uses an 
average abutment stiffness, a maximum backfill capacity, and a maximum displacement, 
all of which are based on a single field abutment test on a cohesive backfill. The abutment- 
soil interface model in OpenSees consists of a longitudinal nonlinear elasto-plastic element 
in series with a longitudinal gap element. The transverse stiffnesses are a function of the 
resistance of the spread footing stiffness, the embankment and wing wall. Spring constants
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for this element behavior were calculated based on the recommendation of Wilson [Wilson, 
1988]. The wing wall stiffness (Figure 6.6de) is calculated using equation (5.2). Viscous 
damping is accounted for in the model using 1.3% Rayleigh damping. This average value 
is defined based in the distribution of bridge damping values found in Cantieni [Cantieni, 
1992],

* = ( T ^ j 7  <5'2>

The first analysis performed was a modal analysis. Since it was performed before any other 
load was applied the vibration modes were defined by the elastic stiffness of the average 
bridge representing its undeformed behavior. Figure 5.11 show the first mode in the 
transverse, longitudinal and vertical direction and also the second transverse mode. The 
first period of vibration of the bridge is 7\ =  0.438 s in the transverse direction, the second 
is T2 =  0.405 s in the longitudinal direction and the vertical and third is T3 = 0.192 s. The 
second transverse period of vibration is T4 =  0.132 s:

Model 
Longitudinal 
Ti=0.438 s

Mode 3 
Tranverse 
T3=0.192s

Mode 2 
Transverse

Mode 4

Figure 5.11 Average Bridge Vibration Modes
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5.4 Seismic Parameters significance
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Several parameters are believed to have influence in the seismic response of a bridge. In this 
study, the general parameters are evaluated: the GMTH, the types of bents, abutment, 
and foundation and the soil types. They are evaluated using a one by one parameter 
procedure due to their importance and complexity. To evaluate the significance of these 
specific parameters the average bridge defined earlier is used.

5.4.1 The nature o f the GMTH

To evaluate the bridges response to the seismic hazard in Quebec, one GMTH of each set 
of soil type C was chosen by the highest peak ground acceleration. Table 5.8 and Fig
ure 5.12 show the GMTH representing, in this study, the seismic hazard in Quebec. The 
four GMTH are applied in two horizontal directions in a transient analysis. The constant 
average acceleration Newmark numerical integrator is used to perform the dynamic time 
steps. OpenSees allows for one to use numerous solution algorithms, during the analysis to 
achieve convergence in each time step. For these bidirectional transient time-history anal
ysis the algorithm is Newton’s. Deck and column displacements, abutment and bearing 
deformations and efforts are recorded. A selection of results is presented from the dynamic 
analysis resulting from post-processing developed mainly in MatLab [MathWorks, 2008].

Table 5.8 GMTH samples.

GMTH M Distance (km) Azimuth(°)
Set 1 6 10.7 315.3
Set 2 6 21.5 161.8
Set 3 7 14.0 32.0
Set 4 7 41.6 304.4

2

'u> 1

1  0 10 20 0 50 100
Time (s) Frequency (Hz)

Figure 5.12 Chosen GMTH.
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The total displacement of the bridge is measured at the middle of the deck for the four 
applied GMTH. The displacement show the same pattern as the GMTH, the major exci
tations occurred in the earthquake first 10 seconds (Figure 5.13). The maximum displace
ment is 0.044 m in the longitudinal direction and 0.037 m in the transverse direction. It 
can be seen that the GMTH from the first with M  =  6 and third with M  =  7 sets, there
fore the ones with the closest epicenter, are the earthquakes that generated the greater 
responses from the average bridge. The GMTH with M  =  7 and Fdist = 14 km generate 
the grater responses from the bridge.

0.04

*  0.02

S  -0.02

-0.04

0.04

7T 0.02 
■£o> n

-g -0.02Q .

'Q  -0.04

-0.06

Time (s)

Figure 5.13 Deck Displacements

Figure 5.14 shows the behavior of the columns submitted to the four chosen GMTH. The 
maximum displacement in the top of the column is 0.034 m in the longitudinal direction 
and 0.033 m in the transverse. Although the arch effect and the rotation of the transverse 
beam are shown to be present in the transverse and longitudinal directions respectively, 
most of the bridge displacements can be captured at the top of the columns, emphasizing 
the importance of the columns in the behavior of the bridge. It can be seen that the 
pattern of displacements can be observed in the deck and column. Moreover, one can 
also observe that the greatest displacements correspond to the greater efforts. Another 
aspect that can be seen in Figure 5.14 is the inflexion point in the maximum moment in 
the columns in the transverse direction corresponding to a double curvature behavior and 
the absence of the inflexion point in the longitudinal direction corresponding to a single 
curvature behavior.
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To illustrate the behavior of the elastomeric bearings, abutments and foundations, only 
the responses to the GMTH that generated the greater displacements, e.g. the GMTH 
from the third set are presented. The response of the elastomeric bearings is presented in 
Figure 5.15. Since the material used to describe the element in OpenSees is the SteelOl, the 
elasto-plastic response is already expected. It is important to observe the importance of the 
inelastic response, showing the non linear aspect of the model. The elastomeric maximum 
deformation is almost 0.04 m/m, and the yielding force is defined in the model as F = 
1104 kN. The response of the abutments is presented in Figure 5.16. Figure 5.17 presents 
the responses of the foundation in the translation and rotation. All the responses illustrate 
the materials elastic with damping behavior. The maximum forces in the translational and 
rotational direction are ~  1000 kN for both abutment and foundation. The deformations 
are also similar in the translational direction around 0.00015 m /m  and around 0.00004 m /m  
in the rotational direction of the foundation. From this analysis the GMTH from the third 
set is found to have more effect in the bridge, thus it is used in the analysis for other 
parameters tests.

?  0.5
X

8 -0.5

-1.5

0-0.04 -0.02 0.02 0.04
Deformation (m/m)

Figure 5.15 Bearing response.

5.4.2  The types o f bent

The bent is an important part of the bridge. Several studies in bridge seismic vulnerabil
ity consider only the columns response in the bridge demand and capacity definitions 
[Karim and Yamazaki, 2001],[Shinozuka et al., 2000b], [Zhu et al., 2006] and [Yi et al.,
2007]. Three of the six types of bents showed in Figure 5.6 are tested in the average 
bridge. The multi circular column (Figure 5.18a) bent is already presented in the model 
of the average bridge. The rectangular columns multi column bents have the same config
uration as the circular columns bent, but with rectangular columns with a base of 1.37 m 
and a height of 2.07 m, the column fiber section is shown in Figure 5.18b. The wall bent
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Figure 5.16 Abutment wing wall and foundation response.
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fiber section is shown in Figure 5.18c it is 11.0 m long and 2.0 m width. The materials 
used in all bents are the same, e. g. concrete and steel for the reinforcement.
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Unconfined 
Concrete

Reinforcing Steel 
15 #11

50.8 mm

903.84 mm 

50.8 mm

(a) Circular Column

y

Unconfinecf
Concrete

Reinforcing Steel 
30 #11 S .

76.2 mm

1214.6 mm 

76.2 mm

2074 mm 
(b) Rectangular Column

y Reinforcing Steel 
54 #10 " i

Reinforcing Steel Unconfined
f—  6 #10 Concrete-

ooeg

10600 mm200 mm 200 mm

(c) Wall Bent

Figure 5.18 Columns Fiber sections.

The results summary is presented in Table 5.10. The effect of the changes in the geometry 
of the bent can be observed in the behavior of the columns. The rectangular column is 
more stiff than the circular column which explain the very low displacement in the top 
of the column and the increase in the column efforts shear and bending moment. The 
same effect can be observed for the wall bent. The difference in this case is that in the 
longitudinal direction the stiffness of the wall bent and the rectangular column are similar. 
However this is not true in the transverse direction in which the wall bent have greater 
stiffness than the rectangular column bent, what explains the greater efforts observed in 
Table 5.10 for the wall bent.
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Abutment behavior influences the seismic response of some bridge structures. In the case of 
short bridges with relatively stiff superstructures, embankment mobilization and inelastic 
behavior of the soil material control the response of the columns [Aviram et al, 2008]. 
The inventory results show that 37% of the bridges in Quebec are seat-type abutments, 
thus, in this study seat-type abutment with shallow and with piles foundation are tested 
in the average bridge. The shallow foundation seat-type abutment is presented with the 
average bridge.

The behavior of the seat type abutment with piles is also a combination of numerous 
components in the six directions. In the longitudinal direction there are the backfill and 
backfill wall. In the transverse there is the wing wall and embankment. The piles act 
in the longitudinal and transverse direction of the foundation abutment. The Caltrans 
recommendation of 7kN/mm/pile is taken for this study with an ultimate strength of 
119kN/pile [Caltrans, 1999b]. Nevertheless, the behavior of the pile is supposed to be 
nonlinear. The initial stiffness degrades with soil surface yielding. Choi [Choi, 2002] 
assumed a trilinear model in which the piles become plastic at a deformation of 25.4 mm 
and the first yielding occurs at 30% of the ultimate deformation. This corresponds to a 
yielding force equal to 70% of the ultimate force.

In the transverse direction the recommendation of Caltrans [Caltrans, 1999b] [Caltrans, 
1999a] are implemented to represent the behavior of the wing walls. This differs from 
the shallow foundation abutment are the wing wall model is the one presented by Wil
son [Wilson, 1988]. In the abutment with piles some assumptions were made to convert 
the linear Caltrans model into an equivalent non-linear model since the effect of wing- 
walls decreases as the width of the abutment increases. The stiffness in the transverse 
direction was calculated using equation (5.3). The equivalent stiffness was considered as 
115kN/mmm for cohesionless soil and 288kN/mmm for cohesive soil.

g

K  = g kibwu (5.3)

It can be seen in Table 5.10 that the effect of the type of abutment is not as significant 
as the type of bent, showing the dominance of the columns in the bridge overall system 
behavior. Moreover, the soil profile in the average allows the effectiveness of the shallow 
foundation in the abutments. However a significant change in the first longitudinal period 
of vibration can be observed.
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5.4.4  The types of foundations

Two types of foundation are tested, the shallow foundation with footings already presented 
in the average bridge and one type of deep foundations: piles. The foundation system con
sists of pile groups connected with a pile cap. While the soils surrounding the foundation 
system are inelastic, an elastic representation is used in this study. This simplification to 
elastic soil is done for two primary reasons: (1) the deformations that are expected for the 
soil surrounding the piles are very small; and (2) to save computational time associated 
with a full 3D dynamic analysis of the subsurface, foundation system and the structure. 
Novak [Novak, 1974] describe the stiffness constants, ki, and the constants of equivalent 
viscous damping, c*, for individual motions of the pile head as shown in Table 5.9, where 
Ep is the Young’s modulus of the pile, A  is the cross-sectional area, I  is the moment of 
inertia and Gp is the torsional stiffness. R  is the radius of circular piles and equivalent 
radius for non-circular piles.

Table 5.9 Pile foundations stiffness and damping constants.

Vertical Horizontal Rocking Coupling Torsion
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~  v
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Once again the effectiveness of the shallow foundations for the average conditions of soil 
and structure in Quebec were proved. The significance of the type of foundation in the 
response of the bridge can be neglected since none of the parameters showed a difference 
in the response greater than 5%.

5.4.5 The soil profiles

Four soil profiles are tested in accordance with the CAN/CSA-S6-06 [CAN/CSA-S6-06, 
2006] and the NBCC 2010 [NRC, 2010]. In the NBCC 2010 Profile Type I  is equivalent 
to the site class A  (hard rock) and B  (rock). This includes rock of any characteristic, 
shale-like or crystalline in nature (such material can be characterized by a shear wave 
velocity greater than 750 m/'s or by another appropriate means of classification) or stiff 
soil conditions where the soil depth is less than 60 m and the soil types overlying rock are 
stable deposits of sands, gravels, or stiff clays.
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The Profile Type I I  corresponds to site class C  in the NBCC 2010 (very dense soil and 
soft rock) and is a profile with stiff clay or deep cohesionless soils where the soil depth 
exceeds 60 m and the soil types overlying rock are stable deposits of sands, gravels, or 
stiff clays. The profile I I  soils are mainly coarse grained soils, this means well-graded 
gravels and gravel-sand mixtures GW, poor graded gravels and gravel-sand mixtures GP, 
Silty gravels, gravel-sand-silt mixtures GM, clayey gravels, gravel-sand-clay mixtures GC, 
Well-graded sands and gravelly sands SW, Poorly graded sands and gravelly sands SP.

The Profile Type I I I  is equivalent to the site class D  (stiff soil) and is a profile with soft 
to medium-stiff clays and sands, characterized by 9 m or more of soft to medium-stiff clays 
with or without intervening layers of sand or other cohesionless soils. In the Unified Soil 
Classification System (USCS) this profile corresponds to silty sands, sans-silts mixtures 
SM, Clayey sands, sand-clay mixtures SC.

The Profile Type I V  is the site class E  (soft soil) with soft clays or silts greater than 12 m 
in depth. These materials can be characterized by a shear wave velocity less than 150 m /s 
and can include loose natural deposits or non-engineered fill. The profile IV is a coarse 
loose soil, soft clay or silt: Silty sands, sand silty mixtures SM, Clayey sands, sand-clay 
mixtures SC.

The effect of the soil type is coherent with the properties of the soils (Table 5.10). Thus, 
the flexibility of the system is proportional to the flexibility of the soil. Even though, the 
classification and soil definition includes soft soils, the characteristics of the average bridge 
and the nature of the soils in Quebec show that the bridge response to the chosen GMTH 
is acceptable for all types of soil.

Table 5.10 Parameters significance comparaison.

Parameter
units

mode 1 
long 

s

mode 1 
tranv

s

max
disp

m

col max 
disp 

m

col max 
shear 

kN

col max 
moment 

kNm

bearing
disp

m

abut
disp

m

GMTH Set 1 0.438 0.405 0.0313 0.0255 267.7 966.7 0.0324 0.0327
GMTH Set 2 0.438 0.405 0.0107 0.0064 163.7 541.5 0.0097 0.0100
G M TH  Set 3 0.438 0.405 0.0444 0.0298 303.1 1055.0 0.0397 0.0400
GMTH Set 4 0.438 0.405 0.0152 0.0108 152.0 518.9 0.0149 0.0152
Bent rect. columns 0.339 0.321 0.0405 0.0051 657.3 3671.0 0.0377 0.0371
Wall Bent 0.344 0.324 0.0406 0.0081 1712.0 10181.0 0.0379 0.0382
Abut, with piles 0.462 0.403 0.0420 0.0309 297.7 1085.6 0.0401 0.0404
Found, with piles 0.435 0.401 0.0443 0.0297 305.5 1052.2 0.0388 0.0390
Soil Profile 1 0.431 0.394 0.0402 0.0288 292.5 1017.8 0.0376 0.0376
Soil Profile 2 0.433 0.397 0.0428 0.0293 297.9 1057.0 0.0387 0.0386
Soil Profile 4 0.452 0.418 0.0453 0.0302 316.9 1136.3 0.0406 0.0414
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5.5 Typical Bridges Classes Definition

Even though the deterministic analysis of the structure show the response of the av
erage bridge in Quebec submitted to earthquakes from the four sets defined in Atkinson 
[Atkinson, 2009] series, one bridge is unable to represent the variability of all bridges. Since 
the development of one model for each bridge is impracticable, a solution is to identify all 
the bridge structural types and divide them into statistically significant bridge portfolios. 
The bridges are classified according to the construction material and construction system 
type (Nielson 2005) [Nielson, 2005]. The bridges superstructure is also describe in terms of 
the number of spans and their continuity. The span ending at the bent is defined as simply 
supported and the span that continues until the next support is defined as continuous. 
Figure 5.8 illustrates the average bridge and the continuity of the spans. Table 5.11 shows 
the multi-span bridge portfolios and the number of bridges included in each.

From the list in Table 5.11, seven of the bridge portfolios are considered significant ac
counting for more than 83% of all bridge network. Figure 6.3 show the most common 
types of superstructure found in Quebec. This bridge classes are the multi-span concrete 
thick slab - MSCSlab, the Y frame concrete thick slab - MSCConcreteYFrame, the concrete 
girder continuous - MSCConcreteGirder and simply supported - MSSSConcreteGirder, the 
steel girder continuous - MSCSteelGirder and simply supported - MSSSSteelGirder and 
the simply supported steel girder bridges with timber deck - MSSSTimberDeck. Table 6.1 
and Figure 5.20 show the distribution of the bridges in these significant classes.

MSC Concrete - MSSS Concrete

t T T f
MSC Steeln---------------------------- n

I  1  1  I
MSSS Steeln--------------------------------- a

i i i i i
Concrete Slab

P ----------1
Figure 5.19 Most recurrent bridges superstructures types in Quebec.
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Table 5.11 Multi Span bridge portfolios in Quebec.
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Bridge Class Bridges
Multi Span Continuous Slab 289
Multi Span Simply Supported Slab 32
Multi Span Continuous Thick Slab Concrete Frame 36
Multi Span Continuous Thick Slab Concrete Y Frame 154
Multi Span Simply Supported Thick Slab Concrete Y Frames 2
Multi-Span Continuous Concrete Girder 563
Multi Span Simply Supported Concrete Girder 664
Multi Span Continuous Steel Girder 177
Multi Span Simply Supported Steel Girder 201
Multi Span Continuous Steel Girder Timber Deck 39
Multi Span Simply Supported Steel Girder Timber Deck 177
Multi Span Continuous Timber Girder 1
Multi Span Simply Supported Timber Girder 9
Multi Span Continuous Concrete Frame with Girder 5
Multi Span Simply Supported Concrete Frame with Girder 1
Multi Span Continuous Concrete Y Frames with Girder 43
Multi Span Simply Supported Concrete Y Frames with Girder 1
Multi Span Continuous Steel Y Frames with Girder 5
Multi Span Simply Supported Steel Y Frames with Girder 3
Multi Span Continuous Steel Girder Wrapped in Concrete 14
Multi Span Simply Supported Steel Girder Wrapped in Concrete 8
Multi-Span Continuous Concrete Box Girder 86
Multi Span Simply Supported Box Concrete Girder 9
Multi Span Continuous Steel Box Girder 19
Multi Span Simply Supported Steel Box Girder 7
Multi Span Continuous Steel Truss 33
Multi Span Simply Supported Steel Truss 60
Multi Span Continuous Arc 17
Multi Span Simply Supported Arc 10
Multi Span Continuous Cable-Stayed 5
Multi Span Simply Supported Cable-Stayed 2
Total 2672

Table 5.12 Significant bridge classes in Quebec.

Bridge classes Number of bridges % of bridges
MSCSlab 289 10.82%
MSC ConcreteYFr ame 154 5.76%
MSC ConcreteGirder 563 21.07%
MSSSConcreteGirder 664 24.85%
MSCSteelGirder 177 6.62%
MSSSSteelGirder 201 7.52%
MSSSTimber Deck 177 6.62%
Total 2225 83.27%
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MSSSTimber Deck
MSC Slab 

11%Other4%

MS C Concrete B Frame
fc  6%

Figure 5.20 Bridge Portfolios Division

5.6 Typical Bridges Classes Variability Definition

To enable a reliable representations of the bridges included in the population of each 
bridge class, the uncertainties due to geometry, material and other variations have to be 
considered. Numerous parameters can be used to define these uncertainties, their values 
vary from structure to structure and may also vary over time. Regarding the bridges in 
Quebec, the TQ [TQ, 1995] presented an index, the ICS (Indice combine d ’une structure) 
that included numerous parameters to evaluate the structural condition of the bridge. In 
the case of the seismic vulnerability evaluation the IVS (indice de vulnerability sismique) 
included the seismic risk factor that is related to the regional seismic hazard, the age factor 
related to the building construction date and a combination of seismic structural and non- 
structural coefficients. This combination included the type of bridge or the bridge system, 
the structural behavior complexity, the number of discontinuities in the superstructure, 
the vertical support elements redundancy, the type of bearing, the skew angle, the number 
of girders, and the use of the bridge for the transportation of public services.

In this study, the parameters involved in the geometry uncertainties are the deck length 
and width, the ratio between the larger span length and total length and the vertical under 
clearance or the height of the columns. The columns diameter are defined according to 
the bridge mass to ensure the weight of the bridge to correspond to 10% of axial capacity 
of the column. Histograms of the geometric variables were developed for each bridge class 
and distributions are defined. Since a seven spans bridge behavior can not be represented 
by a three spans bridge with the same length and the number of spans is fixed in three, 
the total length is a function of the number of spans and the corresponding length of a 
three span bridge. Table 5.13 presents the distributions of the geometric parameters of 
each bridge class.
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Table 5.13 Main geometric parameters distributions.

Parameter Distribution Median Std. Dev
Class MSC Slab
Total Length LogNormal 3.99 0.30
Total Width LogNormal 2.68 0.38
Total Height LogNormal 1.70 0.33
Ratio Main Span/Lt Normal 0.46 0.11
Class MSCConcrete
Total Length LogNormal 4.30 0.36
Total Width LogNormal 2.64 0.32
Total Height LogNormal 1.82 0.40
Ratio Main Span/Lt Normal 0.40 0.09
Class MSSSConcrete
Total Length LogNormal 4.16 0.34
Total Width LogNormal 2.52 0.31
Total Height LogNormal 1.77 0.45
Ratio Main Span/Lt Normal 0.37 0.08
Class MSC Steel
Total Length LogNormal 4.37 0.43
Total Width LogNormal 2.62 0.33
Total Height LogNormal 1.91 0.46
Ratio Main Span/Lt Normal 0.41 0.09
Class MSSS Steel
Total Length LogNormal 4.17 0.39
Total Width LogNormal 2.43 0.27
Total Height LogNormal 1.80 0.47
Ratio Main Span/Lt Normal 0.40 0.09
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The material uncertainties include the concrete and steel yielding strengths and the stiff
ness of the abutments, bearings and foundations. Other uncertainties include the variabil
ity in the mass of the bridge, damping, the gaps between decks and decks and abutments. 
The parameters are represented in a distribution function. Depending on the nature of 
the parameter, they are normally, log-normally or uniformly distributed. A normal and 
log-normal distribution can be defined by a mean and standard deviation and a uniform 
distribution can be defined by the upper and bottom bounds (Table 6.4). Damping is a 
parameter studied with more detail to better define its distribution. Cantieni [Cantieni, 
1992] studied the dynamic behavior of 198 Swiss concrete bridges. The resultant damping 
distribution was compared to values obtained in a CRGP research project that also studied 
the dynamic behavior of 8 bridges in Quebec [D’Aoust, 1995] and the damping measured 
in the Chemin des Dalles bridge [Roy, 2006]. The comparison proved the distribution to 
be a reliable representation of damping distribution for a portfolio of bridges (Figure 5.21).

Table 5.14 Parameters considered in the analysis.
Parameter Distrib. Mean/Upper Std/ Bottom - + Units

Concrete Strength normal 28 4.3 20.92 35.0729 MPa
Steel Strength lognormal 6.13 0.0787 403.65 522.9312 MPa
Bearing Initial Stiffness uniform 0.5 1.5 0.5 1.5 -

Abutment Passive Initial Stiffness uniform 0.5 1.5 0.5 1.5 -

Abutment Active Initial Stiffness uniform 0.5 1.5 0.5 1.5 -

Foundation Rotational Stiffness uniform 0.5 1.5 0.5 1.5 -

Foundation Translational Stiffness uniform 0.5 1.5 0.5 1.5 -

Column-Foundation Connection fixed rot. free 0 1 -

Mass Variability uniform 0.9 1.1 0.9 1.1 -

Damping normal 1.3 0.0607 0.4 3.0 %
Abutment Gap normal 0.0245 0.005 0.016276 0.032724 mm
Deck Gap normal 0.0245 0.005 0.016276 0.032724 mm
Skew angle - 0 43 0 43 O

Due to the variability of the bridges in Quebec, not all parameters presented in Table 6.4 
apply to all the defined significant bridge classes. However the number of variables involved 
in each model, leads to the question if the variations to all parameters have any significant 
impact upon the response of the structure. Answering this question for each parameter 
will dictate whether its inherent variation must be explicitly considered or if it may be 
neglected in the probabilistic bridge class model. Although all classes have 12 factors, the 
continuous bridges have the column-foundation link, where for one bent the rotations are 
free, and the simply supported bridges have the gap between decks as a variable.
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Figure 5.21 Damping distribution.

5.7 Sensitivity Analysis of the Bridge Classes

The parameters influence in this study are not evaluated using the the average bridge, the 
remaining parameters were evaluated using the analysis of variance - ANOVA. A series 
of numerical models were run to define which parameters have a significant influence in 
the response of the bridges. The series or experiments, in this case is defined by bridge- 
earthquake pairs. The bridge classes MSCConcreteYFrame and MSSSTimberDeck are 
neglected due to the lack of information available and their low significance in the bridge 
network in Quebec. Since the number of parameters is high, and the interaction between 
them is not the interest of the study, a two level factorial design is used. In this design, 
each factor has only two levels both upper and lower, traditionally noted as (+) and (-) 
respectively. The values used in the analysis are shown in Table 6.4.

To be able to represent real bridges and due to their importance and sensitivity the 
parameters involved in the bridges geometric uncertainties are treated as macro variables 
using statistic blocks. The nature of a factorial analysis applied for the ANOVA demands 
the number of different blocks to be a 2X, in this study the number of blocks is defined 
as 23 =  8 blocks. These eight blocks, are chosen, so neither the influence of the other 
parameters nor the importance of the geometry are neglected. Figure 5.22 and Table 6.2 
shows the distribution of the geometric parameters for the classes studied. The total 
length, total width and vertical under clearance or total height are better described by a 
log-normal distribution, the ratio between the main span length and the total deck length 
is described by a normal distribution.
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Figure 5.22 MSSSConcreteGirder geometry block distributions.
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Table 5.15 Bridge geometry samples.

Bridge class Sample Lt, m Wd, m Ht , m Lmr
block 1 74.38 5.27 4.97 0.42
block 2 52.76 22.81 4.52 0.54
block 3 78.72 12.67 5.61 0.32

M Q r1 d a k
block 4 64.28 13.25 7.59 0.60

IVi O Ks“ S1 a. D block 5 29.74 16.55 3.42 0.53
block 6 58.08 15.51 4.04 0.46
block 7 38.76 9.50 11.87 0.37
block 8 47.42 21.89 6.79 0.44
block 1 59.71 9.46 4.46 0.26
block 2 79.67 10.13 9.81 0.31
block 3 90.17 14.00 7.47 0.34

0f QQ 1 block 4 46.75 13.51 3.57 0.45iviovy steei block 5 64.26 11.31 10.65 0.42
block 6 25.90 7.91 2.72 0.49
block 7 56.28 18.50 6.11 0.39
block 8 95.72 15.46 5.35 0.35
block 1 100.98 13.04 6.72 0.30
block 2 64.79 8.35 8.35 0.52
block 3 54.61 23.43 9.78 0.36
block 4 75.27 17.65 4.73 0.47iviijV' concrete block 5 45.93 10.72 3.77 0.46
block 6 114.49 15.23 7.80 0.32
block 7 67.96 11.80 6.15 0.43
block 8 89.27 16.16 4.24 0.39
block 1 115.57 14.99 2.50 0.21
block 2 58.60 12.50 4.84 0.41
block 3 43.04 15.79 3.51 0.51

IVfQQQ PAnprofo
block 4 76.88 10.33 5.93 0.40lvioou concrete block 5 44.44 8.45 5.51 0.37
block 6 30.47 11.91 8.22 0.58
block 7 70.49 24.94 11.97 0.30
block 8 90.16 9.03 4.36 0.43
block 1 32.44 5.54 3.14 0.53
block 2 61.55 10.65 11.27 0.40
block 3 54.29 15.64 7.64 0.26

\/fQQQ 1
block 4 73.40 10.32 9.51 0.45iviuuij steei block 5 100.81 12.46 5.30 0.36
block 6 42.18 11.90 3.60 0.38
block 7 103.92 8.41 5.19 0.33
block 8 66.29 15.19 6.83 0.50
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These distributions are sampled using Latin hypercube Sampling - LHS to develop the 
8 geometry blocks. Simple random sampling involves repeatedly forming random vec
tors of parameters from prescribed probability distributions. LHS is a stratified-random 
procedure that provides an efficient way of sampling variables from their distributions 
[Mackay et al., 1979]. The LHS involves sampling ns values from the prescribed distribu
tion of each of k variables (X \, X 2, ■ ■ ■ A*.). The cumulative distribution for each variable 
is divided into N  equiprobable intervals (Figure 5.23). A value is selected randomly from 
each interval. The N  values obtained for each variable are paired randomly with the other 
variables. Unlike simple random sampling, this method ensures a full coverage of the range 
of each variable by maximally stratifying each marginal distribution.

Besides the geometric macro variables or, statistically, the geometric blocks, there are 12 
parameters to be considered. Since for this study purposes that it is possible to sacrifice 
some information, particularly high-order interaction effects, the experimental factorial 
design can be reduced by a fraction 2P, requiring the total number of runs to be 2k~p. 
Explicitly, the value of p is the fractional reduction in the number of experiments required. 
Although this sacrifice may appear to be a problem, three principles enable a reasonable 
reduction. The first principle is the hierarchical ordering principle, which states that the 
lower order effects are more likely to be important than the higher order effects. The second 
principle states that the number of relatively important effects in a factorial experiment 
is small. Finally, the third principle states, that in order for the interaction between two 
parameters to be significant, at least one of the two parameters must also be significant 
[Wu and Hamada, 2000].

In this study, none of the interactions between the variables are considered, confirming the 
property of the factorial variance analysis. Therefore, the fractional factorial design have

Data

Figure 5.23 Latin Hypercube Sampling.
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to produce main variables effects clear from aliasing with two-factor interactions. The pro
cedure defined in Wu and Hamad [Wu and Hamada, 2000] and Montgomery [Montgomery,
2005] is used to define the fractional factorial design level IV , which considers only the 
main factors effect. Thus, the design is defined as a 2}y-7 with eight blocks, for a total of 
32 experiments. To allow a reliable definition of the significant parameters four replicates 
are applied, for a total of 128 runs. Each replicate is applied with a GMTH from a different 
set of the four distance magnitude sets defined by Atkinson [Atkinson, 2009]. The chosen 
GMTH are the same applied in the THA of the average bridge.

A generic finite element model for each bridge class is defined where all the 12 factors and 
the bridge geometry blocks were variables (Figure 5.9 and Figure 6.6). Viscous damping 
is accounted for in the model using the distribution of bridge damping values found in 
Cantieni [Cantieni, 1992].

*=(T^)7 ' «“ >

The MSCSteelGirder bridge class has four girders as the concrete girder classes. This 
steel girder is the WWF2000 x 732 from the Handbook of Steel Construction [CISC, 2004]. 
The MSSSSteelGirder in the other hand, has 5 girders, and these are the WWF1600x622. 
For the multi span simply supported bridges, pounding between decks is accounted for 
using the contact element approach including the effects of hysteretic energy loss which is 
represented by a bilinear model with a gap (Figure 6.6b) as it was presented in the work 
of Muthukumar [Muthukumar, 2003]. Moreover, the thick concrete slab bridge class does 
not have the girders accounted in the superstructure. And, the steel girders bridge classes, 
have different properties for the superstructure due to the structural steel material and 
shape and number of girders.

The responses monitored to evaluate the significance of the parameters are the horizontal 
displacements (longitudinal and transverse) in the top of the columns, the forces in the 
abutments and bearings also in the two horizontal directions and the column curvature. 
For all the described responses an ANOVA is performed using the P-value generated from 
a Fisher Test. This test is described by the equations in Table 5.16. In the case of this 
study, the number of parameters k = 12, y is the bridge response, the number of blocks 
nt, = 8 and the numbers of trials per block =  4, there are 4 replicates, thus n =  4 and 
the total number of experiments is nT = 128.
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Table 5.16 ANOVA generic table.
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The bridges responses are analyzed using the software Design Expert [DEv6, 2008]. Ta
ble 5.17 shows an example of one ANOVA performed for the bridge class MSSSSteelGirder, 
using the transverse column displacement as the response parameter. It can be seen that 
the software does not calculates the Fisher value for the blocks. This is done manually 
using the equations shown in Table 5.16. Table 5.18 show the summary of the ANOVA 
performed for the specific class with all the monitored components. All the parameters 
with a P-value less than 0.05, or less than 5% of probability of being greater than the 
calculated Fisher value, are considered significant for the response of the bridge. In the 
case of the MSSSSteelGirder, the reinforcement steel strength, the foundation rotational 
stiffness and the joint distance between the decks or the deck gap could be neglected in 
the uncertainties consideration for this class. Table 6.3 shows the significant parameters 
for the 5 classes of bridges in this study.

Table 5.17 ANOVA for the MSSSSteelGirder using the transverse column top dis
placement.

ANOVA

Source
Sum of 
Squares DOF

Mean
Square

F
Value Prob > F

Block 0.006495241 7 0.000927892 33.43691242 <  0.05
Model 0.00575518 12 0.000479598 17.28250186 < 0.0001
Concrete Strength 0.000429898 1 0.000429898 15.49154955 0.0001
Steel Strength 2.88978E-06 1 2.88978E-06 0.10413429 0.7475
Initial Stiffness Bearing Pads 4.68278E-05 1 4.68278E-05 1.687456012 0.1967
Initial Abutment Passive Stiffness 0.004870043 1 0.004870043 175.4937704 < 0.0001
Initial Abutment Active Stiffness 0.000263521 1 0.000263521 9.496067103 0.0026
Foundation Rotational Stiffness 2.39629E-05 1 2.39629E-05 0.863511308 0.3548
Foundation Translational Stiffness 1.98369E-05 1 1.98369E-05 0.714830022 0.3997
Mass Variability 2.25363E-07 1 2.25363E-07 0.008121046 0.9284
Damping 3.71151E-05 1 3.71151E-05 1.337454665 0.25
Abutment Gap 3.49896E-05 1 3.49896E-05 1.260863979 0.264
Deck Gap 1.02074E-05 1 1.02074E-05 0.367826366 0.5455
Skew Angle 1.56634E-05 1 1.56634E-05 0.564437567 0.4541
Error 0.002997056 108 2.77505E-05
Total 0.015247476 127

As it can be seen in Table 6.3, the MSCSlab and the MSCConcreteGirder bridge classes 
are not affected by the concrete and steel strength or by the foundation stiffness. The mass 
variability also do not have significant influence in the response of the MSCSlab bridge 
class. However, the limitation applied to the thickness of the slab in the model could 
have affected this evaluation. The MSCSteelGirder class is affected by all the parameters 
accounted for in its model. Although in the continuous bridges response, the concrete 
strength do not have significant influence, this is not true for both simply supported
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Table 5.18 ANOVA sumary.

ANOVA SUMARY

Parameter Column Disp x Column Disp z Abut back x Abut wing z Abut foot x Abut foot z Bearing x Bearing z

Block < 0.05 <  0.05 <  0.05 <  0.05 <  0.05 <  0.05 <  0.05 <  0.05
Model < 0.0001 < 0.0001 < 0.0001 <  0.0001 <  0.0001 <  0.0001 <  0.0001 <  0.0001
Concrete Strength 0.0056 0.0001 0.3082 0.76 0.0331 0.6876 0.3203 0.6985
Steel Strength 0.2472 0.7475 0.3155 0.46 0.4204 0.6076 0.4239 0.5313
Initial Stiffness Bearing Pads 0.0059 0.1967 <  0.0001 <  0.0001 0.0298 0.0935 <  0.0001 <  0.0001
Initial Abutment Passive Stiffness <  0.0001 <  0.0001 <  0.0001 <  0.0001 <  0.0001 <  0.0001 < 0.0001 <  0.0001
Initial Abutment Active Stiffness <  0.0001 0.0026 <  0.0001 0.0002 0.1211 0.1018 < 0.0001 < 0.0001
Foundation Rotational Stiffness 0.6581 0.3548 0.8556 0.4599 0.4802 0.2731 0.8443 0.0713
Foundation Translational Stiffness 0.6519 0.3997 0.1793 0.0261 0.5838 0.384 0.0635 0.2836
Mass Variability 0.5549 0.9284 0.0978 0.0807 0.1141 0.0113 0.1545 0.2882
Damping 0.3021 0.25 0.0637 0.0931 0.0786 0.386 0.0488 0.0711
Abutment Gap 0.4221 0.264 0.6345 < 0.0001 0.9334 0.2206 0.9068 0.8185
Deck Gap 0.541 0.5455 0.6694 0.5577 0.5913 0.7946 0.595 0.5058
Skew Angle <  0.0001 0.4541 <  0.0001 0.9968 0.0008 0.3303 0.0015 0.2886
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Table 5.19 Significant parameter for the defined significant bridge classes.

Parameter
slab

MSC-
concrete steel

MSSS-
concrete steel

Geometry / / / / /
Concrete strength / / /
Steel strength /
Initial stiffness bearing pads / / / / /
Initial abutment passive stiffness / / / / V
Initial abutment active stiffness / / / / /
Abutment footing rotational stiffness /
Abutment footing translational stiffness / /
Mass / / / /
Damping / / / /
Abutment gap / / / /  . /
Deck gap
Foundation column connection type / / /
Skew angle / / /

classes evaluated. The steel strength, foundation rotational stiffness and the gaps are 
shown not to be significant in the response of the simply supported bridges. Moreover, 
the MSSSConcreteGirder class show to be unsensitive also to the translational foundation 
stiffness and to damping.
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CHAPTER 6 

Fragility Curves of the As-Built Typical High
way Bridges in Eastern Canada

The bridge network in the Province of Quebec in Canada consists of a total of 2672 
multiple-span bridges. Due to earlier design practices, many bridges in this region lack 
seismic detailing and may be vulnerable to future earthquake events. Probabilistic mod
els of the anticipated seismic performance of these bridges are lacking, however, as is an 
understanding of the relative vulnerability of the different classes of bridges common in 
the region. To support future seismic-risk mitigation efforts, this paper assesses the seis
mic vulnerability of bridge classes typical to Quebec through the development of bridge 
fragility curves. Bridge classes are defined for fragility modeling according to the bridge 
superstructure material and construction type to efficiently quantify their vulnerability. 
The analytical fragility approach conducted uses three-dimensional nonlinear finite ele
ment models for each bridge class, representative of typical geometries and design details 
as well as ground motions representative of eastern Canada. Bridge-system fragility curves 
are developed considering the vulnerability of critical components to assess the probabil
ity of bridge damage given a ground motion intensity measure, adopted as peak ground 
acceleration. The results indicate that the component governing the fragility of the bridge 
system varies depending on bridge class and limit state. Concrete-girder bridges are found 
to be more vulnerable than steel-girder bridges, and continuous-span bridges are more 
vulnerable than the simply supported span bridges. The resulting fragility curves can 
be used in Quebec to enable regional risk assessment, prioritization of bridge retrofit, or 
deployment of inspection crews after a seismic event.

K eyw ords:Fragility Curves; Seismic Vulnerability; Highway Bridges; Reliability.
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Courbes de fragilite des ponts routiers au Quebec 
tel que construit

Avant-propos
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P. Paultre : professeur, Universite de Sherbrooke, Faculte de genie, Departement de genie 
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Date de soumission : 01 aout 2011 
D ate de acceptation : 16 fevrier 2012 
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Titre frangais : Courbes de fragilite des ponts routiers au Quebec tel que construit 
Contribution au docum ent : Cet article contribue a la these en elaborant une appli
cation complete des courbes de fragilite pour l’ensemble du reseau des ponts au Quebec. 
Resume frangais :
Le reseau routier de la province de Quebec, au Canada, compte un total de 2672 ponts a 
portee multiple. Beaucoup de viaducs de cette region manquent de details de conception 
parasismique en raison de l’anciennete de leurs regies de dimensionnement, et ils peuvent 
etre vulnerables a une enventuelle secousse sismique. De plus, il n ’existe aucun modele 
statistique permettant la prevision des performances sismiques de ces ponts, ni ne perme- 
ttant d ’estimer la vulnerability sismique des differents principaux types de ponts presents 
dans la region. Cet article s’integre aux travaux visant a reduire le risque sismique pour 
les ouvrages dans la region du Quebec, et il evalue la vulnerabilite sismique des differentes 
classes de pont typiques de la region en developpant des courbes de fragilite. Les courbes 
de fragilite sont des outils exprimant la probability pour une structure d ’atteindre un cer
tain etat d ’endommagement pour un evenement sismique d ’une intensity donnee. Elies 
tiennent compte des incertitudes concernant l’alea sismique, les demandes appliquees aux 
differents composants structuraux et la capacity resistante de ces derniers. Afin de mesurer 
efficacement la fragilite sismique des ponts du Quebec, les ponts issus d ’un registre sont 
classes d ’apres le materiau de construction de leur superstructure et d ’apres leur type de 
construction. Les analyses de fragilite ont ete effectuees a partir de modeles par elements
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finis non lineaires et en trois dimensions, propres a chaque classes de ponts et representatifs 
des details de geometric et de dimensionnement typiques a chaque classe. Les accelero- 
grammes utilises lors des analyses sont representatifs de Test du Canada. Les courbes de 
fragilite des systemes structuraux des ponts complets sont developpees en considerant la 
fragilite des elements critiques, ce qui permet l’estimation de la probability d ’un certain 
endommagement du pont pour une intensity sismique donnee. Les resultats indiquent 
que les elements controlant la fragilite d ’un pont dependent de la classe du pont et des 
etats-limites consideres. Les ponts a poutres principales en beton temoignent d ’une plus 
grande fragilite que les ponts a poutres en acier, et les ponts a tablier continu sont plus 
vulnerables que les ponts a tablier simplement supporte. Les courbes de fragilite obtenues 
peuvent etre utilisees au Quebec a des fins devaluation du risque sismique regional, ou afin 
d’etablir des priorites de rehabilitation de ponts ou d ’inspection des nombreuses structures 
suite a un tremblement de terre.

M ots-cle: courbes de fragilite; vulnerabilite sismique, ponts, viaducs. 

du jury, le contenu de cet article differe de celui qui a ete soumis.



Fragility Curves of the As-Built Typical High
way Bridges in Quebec

6.1 Introduction

Quebec is a very large province and a significant part of its production is transported along 
highways [ISQ, 2009]. Network disruption could lead to an economic crisis, in addition to 
potential loss of life. Moreover, the region’s seismic hazard was modified and increased 
in the last edition of the National Building Code of Canada [NRCC, 2005]. According 
to Transports Quebec [TQ, 1995], 75% of Quebec bridges are more than thirty years old. 
Since their construction, there have been significant improvements in bridge design code re
quirements, particularly in seismic bridge design and analysis. The design for earthquakes 
and related technologies have improved; the seismic hazard in most regions of Quebec has 
changed; and new codes and design procedures have been developed. Moreover, the dam
age to bridges observed in recent earthquakes [Chang et al., 2000; Guikema and Gardoni, 
2009; Japan Society of Civil Engineers, 1999] highlights the need to adequately assess the 
vulnerability of bridges and bridge networks prior to seismic events, especially when they 
were not designed for such events. There are, however, only deterministic models to an
ticipate the seismic performance of these bridges in Quebec [Roy, 2003]. A probabilistic 
model is needed to enable risk assessment in Quebec, considering uncertainties related to 
the seismic hazard and performance of bridge structures.

Bridge seismic fragility curves are emerging tools that have been adopted for the devel
opment of a probabilistic risk assessment of bridge networks under earthquake hazards. 
They can also be used to optimize bridge-retrofit methods and in developing post-event 
action plans. Fragility curves describe the probability of a structure being damaged be
yond a specific limit state for various levels of ground shaking. This characterization is 
particularly useful in regions of moderate seismicity, such as Eastern Canada and, more 
specifically, Quebec, where bridge officials are beginning to consider retrofit programs and 
pre-earthquake planning. In addition, some bridge design codes are starting to recommend 
using a screening process based on the expected damage (or vulnerability) estimation [fib, 
2007; MCEER-06-SP10, 2006]. To support such activities, the relative vulnerabilies and 
uncertainty in performance of typical bridges in Quebec is needed.
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Comparisons of empirical and analytical fragility curves have shown good agreement be
tween theory and field observation for the 1994 Northridge, and 1989 Loma Prieta earth
quakes [Basoz et al., 1999; Mander and Basoz, 1999] and for the Nabu (Kobe) earthquake 
[Shinozuka et al., 2000b]. In regions such as Quebec, where empirical data are lacking 
for the development of bridge fragility curves, analytical methods are needed to assess 
the probability of damage under a range of hazard levels. A number of fragility model
ing approaches have been adopted to develop fragility curves for individual bridge struc
tures or classes of bridges. Examples include the use of nonlinear static methods of
ten referred to as capacity spectrum methods [Mander and Basoz, 1999; Shinozuka et al., 
2000a], elastic spectral analysis [Hwang et al., 2000], or nonlinear time-history analysis 
[Mackie and Stojadinovic, 2003]. Recent studies have indicated the importance of cap
turing not only the dynamic behavior of the bridge through the latter approach, but 
also considering the vulnerability of multiple components in the development of sys
tem fragility curves [Choi et al, 2004; Kwon and Elnashai, 2010; Nielson and DesRoches, 
2007a,b; Padgett and DesRoches, 2008; Pan et al, 2007, 2010a,b; Zhang et al, 2008].

This study presents fragility curves specifically developed for typical Quebec bridges. The 
uncertainties related to the seismic hazard are considered using the series of ground-motion 
time histories (GMTHs) developed specifically for Eastern Canada by Atkinson [Atkinson, 
2009]. The five typical bridge classes defined in [Tavares, 2011] represent typical bridges in 
Quebec. For each of these classes, three-dimensional finite element models are developed 
based on the design and construction characteristics specific to these bridges. Within 
the models, parameters related to the geometry, strength, and stiffness of material and 
components, mass, and damping are taken as random variables. A nonlinear time history 
analysis is performed for each earthquake-bridge sample to develop probabilistic models 
of the demands placed upon bridge components, including such responses as the column 
drift, elastomeric bearing displacements, and abutment-wall and abutment-foundation dis
placements. The fragility curves of each bridge class are calculated by integrating capacity 
distributions with correlated component demand distributions across a range of ground 
motion intensities. The fragility curves provide new insight on the relative vulnerability 
of existing bridges in Quebec as described in the results of the study.

6.2 Ground-Motion Suite

Since the available records of real ground motion in Quebec are not sufficient, synthetic 
acceleration time histories were used. This series of GMTHs were developed by Atkinson 
[Atkinson, 2009] for Eastern Canada for soil site Class C corresponding to very dense soil
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and soft rock with average shear wave velocity in the top 30 m of soil or rock ranging be
tween 360 and 760 m/s. The suite was developed using the stochastic finite-fault method. 
These simulated ground motions were developed from a seismological model of source, 
path, and site parameters, which were validated comparing data and predictions in data- 
rich regions. For each magnitude, there were two fault distance ranges: 10 to 15 km (M6 
set 1) and 20 to 30 km (M6 set 2); and 15 to 25 km (M7 set 1) and 50 to 100 km (M7 set 2). 
Figure 6.1 shows the spectral acceleration of each set of GMTH. A set of 120 bidirectional 
GMTHs were selected and applied in the bridge’s longitudinal and transverse directions. 
No angle of approach was considered. Figure 6.2 shows the histogram of the peak ground 
acceleration (PGA) of the series of GMTHs.
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Figure 6.1 Spectral accelerations for each set of GMTH.

6.3 Typical Bridges in Quebec

Since there are 2672 multi-span bridges in Quebec’s network [TQ, 1995], fragility analysis 
for each individual bridge remains a computationally inefficient approach for vulnerability 
modeling. This challenge can be overcome, however, by developing fragility models for
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Figure 6.2 PGA distribution for the series of ground motion time histories.

portfolios or classes of representative bridges in the region. The effectiveness of this method 
depends on a reliable description of each portfolio or class through a limited number of 
parameters that describe the bridge characteristics within each class. The Quebec bridges 
were classified according to the construction material, construction-system type, continuity 
and number of spans [Nielson, 2005] to enable fragility analysis of the most common classes 
of highway bridges in the region. Seven of the bridge portfolios were considered in [Tavares, 
2011], accounting for more than 83% of the bridge network. Table 6.1 shows the bridge 
distribution in these significant classes. The differences among bridge classes are mainly 
in the superstructure details. Figure 6.3 shows the most common superstructure types 
found in Quebec.

Q-
(a) MSC concrete - MSSS concrete

(b) MSC steel

I ~ L  I I
(c) MSSS steel

i  i  i  i  r
(d) MSC slab

Q

Figure 6.3 Most recurrent types of bridge superstructures in Quebec.

Figure 6.3a shows a cross section of a bridge superstructure comprised of a deck and four 
reinforced or prestressed concrete girders. This type of bridge correspond to 45.92% of 
Quebec bridges, of which 21.07% have continuous spans and 24.85% have simply supported 
spans. Figure 6.3b shows a type of bridge with a superstructure consisting of a concrete 
deck and four steel girders [CISC, 2004] and continuous spans (6.62% of the bridges). 
The third cross section shown in Figure 6.3c illustrates similar bridges but with five steel
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Table 6.1 Significant bridge classes in Quebec.

Bridge classes No. of bridges % of bridges
Multi-span continuous thick slab MSC slab 289 10.82
Multi-span continuous concrete Y frame MSC Y-frame 154 5.76
Multi-span continuous concrete girder MSC concrete 563 21.07
Multi-span simply supported concrete girder MSSS concrete 664 24.85
Multi-span continuous steel girder MSC steel 177 6.62
Multi-span simply supported steel girder MSSS steel 201 7.52
Multi-span simply supported timber deck MSSS timber 177 6.62
Total 2225 83.27

girders [CISC, 2004] and simply supported spans (7.52%). The last cross section shown 
in Figure 6.3d illustrates the 10.82% of bridges with a thick concrete deck, no girders, 
and continuous spans. The second class of bridges presented in Table 6.1 termed MSC 
Y-frame differs from the previous thick-slab bridge class because of the bridge bent, not 
the superstructure. The first slab type bridge has a bent composed of regular columns and 
sometimes a transverse beam, while second thick-slab bridge class has concrete Y-frames 
bents. The last bridge class presented in Table 6.1 is bridges with a timber deck and steel 
girders with simply supported spans. The MSC Y-frame and MSSS timber bridge classes 
were neglected in this study due to the lack of information available and their relatively 
low proportion in Quebec’s bridge network.

Most bridges in Quebec have three spans. With the exception of Y-frame bents, bridge 
infrastructure in Quebec is quite consistent. The bearings (when present) are mainly 
elastomeric. The abutments are mostly seat type with shallow footing foundations. The 
bent foundations are also shallow footings. Three types of bents are found: with walls, 
circular columns, or rectangular columns. The transverse beam is present in half the bents. 
Assumptions are made based on [Tavares, 2011] to define the typical bridges for this study. 
The superstructures have three spans and the corresponding cross sections of each bridge 
class are as previously shown. Elastomeric bearings connect the superstructure to the 
bridge bents (with the exception of the thick-slab bridges) and abutments. The bridge 
bents have three circular columns, which is most typical in the inventory, and a transverse 
beam. The bridges all are considered to have seat type abutments, and the abutments 
and bents have shallow footing foundations.
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6.4 Analytical Model of the Typical Bridges

Generic finite-element models for each bridge class are defined in OpenSees [Mazonni et al.,
2006] and parameterized to enable variation in geometric features (e.g. span length or 
column height) and component modeling (e.g. concrete strength or elastomeric-bearing 
stiffness). The bridge models consist of elements that might exhibit highly nonlinear 
behavior, such as elastomeric bearings, columns, abutments, and deck pounding. These 
nonlinearities are incorporated into the three-dimensional nonlinear analytical model using 
beam and zero-length elements. Figure 6.4a represents the model of the MSC concrete 
bridge class with a continuous superstructure comprising four girders.

The composite deck and girder superstructure is represented by an elastic beam element in 
the center of the deck cross section. It is expected to behave elastically through earthquake 
excitations. The transverse connections are represented by rigid elements to distribute of 
the effects to the rest of the structure (Figure 6.4b). The element properties are calcu
lated depending on the parameter samples related to the geometry, materials, and mass. 
These properties include the transverse sectional area A, the elastic modulus E, the shear 
modulus G, and the moments of inertia in the three main directions: torsion constant J , 
Iy, and Iz.

The bent beam and columns are represented using non linear force-based beam-column 
elements with spread plasticity [Neuenhofer and Filippou, 1998]. The element cross sec
tions are divided into fibers (Figure 6.4c). Each fiber element has its own stress-strain 
relationship, and can be used to model the cross section of the column with its confined 
and unconfined concrete regions as well as the longitudinal steel reinforcement [Yassin, 
1994]. OpenSees materials (concrete material law with linear tension softening and Giuffre- 
Menegotto-Pinto steel material law with isotropic strain hardening) are used for the el
ements. The stress-strain law for confined and unconfined concrete is defined using the 
law presented by Cusson and Paultre[Cusson and Paultre, 1995] to determine the input 
parameters for the concrete with linear tension model in OpenSees. Figure 6.5 illustrates 
their behavior. The column diameters vary depending on geometry and mass variations. 
They are are limited from 0.75 to 2.50 m to avoid unrealistic column dimensions and reflect 
a reasonable range observed in the bridge inventory analysis.

The behavior of the elastomeric bearings is represented in OpenSees using a zero-length 
element with a bilinear model for material behavior in the horizontal directions, which is 
defined by elastic stiffness, yielding stress, yielding displacement, and final displacement 
(Figure 6.6a). These constants were calculated based on AASHTO [AASHTO, 2007] and
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the elastic stiffness varies depending on the bridge sample. For the multi-span simply 
supported bridges, pounding between decks is accounted for with a contact element that 
includes the effects of hysteretic energy loss represented by a bilinear model with a gap 
(Figure 6.6b) as presented in [Muthukumar, 2003]. Moreover, the class of thick concrete- 
slab bridges does not require any modeling of girders in the superstructure or elastomeric 
bearings between the superstructure and bridge bents. The steel-girder bridge classes have 
different properties for the superstructure due to the structural steel, and girder shape and 
number. Elastomeric bearings connect the superstructure and bents (except for the MSC 
slab), and superstructure and abutments.

The longitudinal stiffness of the abutment walls is a function of the backfill-soil and stem- 
wall resistance. The soil backfill and back wall in the longitudinal direction is represented 
by a simplified model [Caltrans, 1999a] of the analytical behavior model developed by 
[Shamsabadi et al., 2007]. The simplified model uses an average abutment stiffness, a 
maximum backfill capacity, and a maximum displacement, all of which are based on a 
single field abutment test on a cohesive backfill. Wall transverse stiffnesses are a function of 
the embankment and wing wall [Wilson, 1988] (Figure 6.6c). The behavior of the seat-type 
abutment foundations is also incorporated in the model through the use of translational 
and rotational springs based on a linear elastic half-space theory (Figure 6.6c). The 
translational and rotational springs are represented by an elastic material defined by the 
stiffness constants K t and K r and the damping constants Ct and Cr [Clough and Penzien., 
1975]. The bent foundations are similar to the spread-footing abutment foundations, but, 
in addition to the viscoelastic behavior, the foundations are represented by rigid beams 
to account for their geometry. Their mass was applied to the center of the footing height 
and was distributed for each column in the bent. Viscous damping of the bridge system is 
accounted for using the distribution of bridge damping values found in [Cantieni, 1992].

6.5 Uncertainty in Modeling Parameters

Samples of the bridge models for each bridge class are developed to reflect the uncertainty 
in bridge geometry, material properties, and other random variables affecting the seismic 
response of typical Quebec bridges. The parameters considered in the geometry variation 
include the deck length and width, the ratio between the largest span length and total 
length of the bridge, and the vertical under-clearance or column height. The material 
uncertainties include the concrete and steel yield strengths and the stiffness of the abut
ments, bearings, and foundations. Other uncertainties include the variability in bridge 
mass, damping, and the gaps between decks and decks and abutments.
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Since a large number of random variables may be considered in the fragility assessment 
of bridge classes, past studies have indicated that the number of parameters considered in 
the fragility modeling can be effectively reduced through a preliminary sensitivity study 
[Padgett and DesRoches, 2007]. Evaluating the significance of each parameter in affecting 
the response of the structure indicates whether its inherent variation should be explicitly 
considered or if it may be neglected in the probabilistic bridge model. To evaluate the 
significance of various modeling parameters in the dynamic behavior of Quebec bridges, 
Tavares et al. [Tavares, 2011] performed an analysis of variance (ANOVA) or a sensitivity 
analysis of 14 modeling parameters with probability density functions defined based on 
the literature and empirical data in the Quebec bridge inventory. The results revealed 
the importance of varying each of the 14 modeling parameters depending upon bridge 
class as well as considering uncertainty in the geometric configurations. This variation is 
represented by eight different bridge geometry samples for each of the five bridge classes 
as presented in Table 6.2, where Lt is total deck length, Wd is the total deck width, H t 
is the column height, and Lmr is the ratio of the main span to total deck length. The 
importance of capturing this geometry variation for Quebec bridge fragility analysis is 
consistent with the findings of sensitivity analysis for bridges of other types or regions 
[Nielson and DesRoches, 2007b; Padgett and DesRoches, 2007]. The significant modeling 
parameters identified are considered in this study when simulating suites of bridge models 
representative of each class. Table 6.3 presents the 14 modeling parameters and their sig
nificance for each class while Table 6.4 shows their associated probability density functions 
of the 12 significant modeling parameters considered in this study in addition to geometry. 
Note that skew is not considered in this study. Depending on the nature of the parameter, 
these uncertain modeling parameters are represented with normal, log-normal, or uniform 
distributions.

Latin Hypercube Sampling (LHS) is used to derive statistically significant bridge samples 
from the random variables. LHS is a stratified-random procedure that provides an effi
cient way of sampling variables from their distributions [Mackay et al., 1979] and ensures 
that the set of bridge samples derived for each bridge class reflects the range of all pa
rameters. LHS involves sampling N  values from the prescribed distribution of each of k 
variables (Ai, A2). . . A*.). The cumulative distribution for each variable is divided into 
N  equiprobable intervals and a value is selected randomly from each interval. The N  
values obtained for each variable are paired randomly with the other variables. Unlike 
simple random sampling, this method fully covers the range of each variable by stratifying 
each marginal distribution. This study used LHS to derive a total of 120 bridge samples 
for each bridge class by sampling the k significant modeling parameters (identified and
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Table 6.2 Bridge geometry samples. Adapted from 
Tavares et. al. 2010b.

Bridge class Sample Lt, m Wd, m Ht, m Lmr
1 74.38 5.27 4.97 0.42
2 52.76 22.81 4.52 0.54
3 78.72 12.67 5.61 0.32

MSC slab 4 64.28 13.25 7.59 0.60
5 29.74 16.55 3.42 0.53
6 58.08 15.51 4.04 0.46
7 38.76 9.50 11.87 0.37
8 47.42 21.89 6.79 0.44
1 59.71 9.46 4.46 0.26
2 79.67 10.13 9.81 0.31
3 90.17 14.00 7.47 0.34

MSC steel 4 46.75 13.51 3.57 0.45
5 64.26 11.31 10.65 0.42
6' 25.90 7.91 2.72 0.49
7 56.28 18.50 6.11 0.39
8 95.72 15.46 5.35 0.35
1 100.98 13.04 6.72 0.30
2 64.79 8.35 8.35 0.52
3 54.61 23.43 9.78 0.36

MSC concrete 4
5

75.27
45.93

17.65
10.72

4.73
3.77

0.47
0.46

6 114.49 15.23 7.80 0.32
7 67.96 11.80 6.15 0.43
8 89.27 16.16 4.24 0.39
1 115.57 14.99 2.50 0.21
2 58.60 12.50 4.84 0.41
3 43.04 15.79 3.51 0.51

MSSS concrete 4
5

76.88
44.44

10.33
8.45

5.93
5.51

0.40
0.37

6 30.47 11.91 8.22 0.58
7 70.49 24.94 11.97 0.30
8 90.16 9.03 4.36 0.43
1 32.44 5.54 3.14 0.53
2 61.55 10.65 11.27 0.40
3 54.29 15.64 7.64 0.26
4 73.40 10.32 9.51 0.45
5 100.81 12.46 5.30 0.36
6 42.18 11.90 3.60 0.38
7 103.92 8.41 5.19 0.33
8 66.29 15.19 6.83 0.50
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Table 6.3 Significant parameter for the defined significant bridge classes. Adapted 
from Tavares et. al. 2010b.

Parameter MSC MSSS
slab concrete steel concrete steel

Geometry / / / / /
Concrete strength / / /
Steel strength /
Initial stiffness elastomeric bearing pads / / / / /
Initial abutment passive stiffness / / / / /
Initial abutment active stiffness / / / / /
Abutment footing rotational stiffness /
Abutment footing horizontal translation stiffness / V
Mass / / / /
Damping / / / /
Abutment gap / / / / V
Deck gap
Foundation column connection type / / /
Skew angle / / / / /

presented in Table 6.3) and the variation in geometry (presented in Table 6.4). Thus, 
each of the resulting 120 bridge samples for a given bridge class was paired with a ground 
motion from the Atkinson suite for use in the probabilistic seismic demand analysis. These 
earthquake-bridge samples aid in propagating uncertainty in the ground-motion, bridge 
geometry, and bridge modeling parameters.

6.6 Damage Estimates

For each earthquake-bridge sample in a typical bridge class, a nonlinear time-history analy
sis is performed with OpenSees. A probabilistic seismic demand model (PSDM) is obtained 
through regression analysis on the computed responses of the critical bridge components 
for each bridge class. The components considered include columns, bearings, abutment 
walls and abutment foundations. The relationship between peak component responses and 
the ground motion intensity can be estimated in the form of a power law as presented by 
Cornell et. al [Cornell et al., 2002]:

So =  a - xb (6.1)

which can be rewritten in the logarithmically transformed space as:

ln(S’D) =  ln(a) +  b • ln(x) (6 .2)
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Table 6.4 Parameters considered in the analysis.Adapted from Tavares et. al. 
2010b.

Parameters Distribution parameters Units
Concrete strength Normal fi = 28 a = 4.3 MPa
Steel strength Lognormal A = 6.13 C = 0.08 MPa
Bearing initial stiffness Uniform L = 0.5 U = 1.5 Factor1
Abutment passive initial stiffness Uniform L = 0.5 17 =  1.5 Factor1
Abutment active initial stiffness Uniform L = 0.5 U = 1.5 Factor1
Foundation rotational stiffness Uniform L =  0.5 U = 1.5 Factor1
Foundation translational stiffness Uniform L = 0.5 U = 1.5 Factor1
Column-foundation connection type _2 fixed free rotation -

Mass variability Uniform L = 0.9 U=  1.1 Factor1
Damping Normal cr = 1.3 & = 0.06 %
Abutment gap Normal H = 24.5 a = 5 mm
Deck gap Normal fi = 24.5 <r = 5 mm

1 Multiplication factor applied to mean values. 2Discrete categorical variable. The con
nection between the columns and the foundation found in the database had equal prob
abilities of occurrence (50% probability each).

where So  is the median value of the demand placed on each component, a and b are 
unknown regression coefficients found from linear regression in the log space, and x  is the 
ground-motion intensity measure (IM). The intensity measure adopted for demand mod
eling in this study is the peak ground acceleration (PGA), since past studies indicate its 
validity for the development of fragility curves for bridge portfolios [Padgett et al., 2008]. 
Figure 6.7 shows the results of the probabilistic seismic-demand analysis for columns, 
abutment back walls, and longitudinal bearing components of the MSC slab bridge class. 
The PSDMs for all bridge classes and their constitutive components are shown in Ta
ble 6.5. In addition to the median values, the uncertainty about the demand model is 
characterized by a lognormal distribution in which the conditional logarithmic standard 
deviation, 0 d \ i m , is estimated for each component as an average across all IMs:

„  / U H d i )  -  ln (a/M *))2 
Ad | im =  y ----------- j j —  -----------  (6.3)

where N  is the number of simulations and d, is the peak demand of the component of 
interest. This logarithmic standard deviation is synonymous with the standard deviation 
in the logarithmically transformed space, shown in Figure 6.7 as a.

Finally, the correlation between component demands is assessed for each bridge type to de
velop joint probabilistic seismic-demand models, as proposed in by Nielson and DesRoches 
[Nielson and DesRoches, 2007b]. The correlation matrix reflects the overall dynamics of
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the bridge system including influence of each component on another component’s be
havior. Table 6.6 illustrates the correlation structure for the log of component demands 
for the MSC slab bridge type. The correlations are similar for all bridge classes. The 
study revealed relatively low correlation between the abutment foundations and the other 
components in the longitudinal and transverse directions for all bridge classes. For exam
ple, Table 6.6 shows that the correlation between the longitudinal displacements of the 
abutment spread-footing and the elastomeric bearings is 0.53. On the other hand, the 
correlation between the longitudinal displacements of the abutment back wall and elas
tomeric bearing are completely correlated for this bridge class. The correlation between 
the column drifts and elastomeric bearings or abutments walls displacements was higher 
in the longitudinal than in the transverse direction. The correlation between the column 
drifts and abutment footings displacements was the lowest in all bridge classes. Although 
columns presented the lowest correlation with abutment foundations, they evidenced sig
nificant influence on the longitudinal behavior of the entire bridge system.

(a) Columns 

InW = -5.0716+0.6723 In(PGA) 
R2 = 0.64789 
<t = 0.37763

(b) Bearing transverse 

ln(8) = -3.4082+0.7953 In(PGA) 
R2 = 0.64282 
<r = 0.4507

(c) Abutment back wall 

ln(S) = -3.4773+0.6703 In(PGA) 
= 0.6812 

<r =0.34733

-1.5 -0.5
In(PGA)

-1.5 -0.5
in(PGA)

-1.5 -0.5
In(PGA)

Figure 6.7 PSDM for the MSC slab bridge class.

6.7 Capacity Estimates

Fragility analysis requires bridge-component capacities in addition to PSDMs. These ca
pacities are defined in terms of limit-state capacities for various damage states of the 
bridge. Traditionally, the damage states for bridge components have been defined by 
qualitative descriptions such as slight, moderate, extensive, and complete, as presented 
in HAZUS [FEMA, 2003] (Table 6.7). From these qualitative damage state definitions, 
quantitative limit states must be derived in measurable metrics of bridge response that 
can be compared to the component demand models. A general method to define limit 
states is a mechanics-based approach, in which component deformations or curvature de
mands that correspond to physical damage to the components are derived. Other options 
for limit-state definitions are evolving, such as the updating of these mechanics-based
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Table 6.5 PSDM for the typical bridge classes in Quebec.

Bridge class Component ln(a) b 0D\IM
Column -5.07 0.67 0.38
Elastomeric bearing, longitudinal -3.49 0.68 0.35
Elastomeric bearing, transverse -3.41 0.80 0.45

MSC slab Abutment back wall -3.48 0.67 0.35
Abutment wing wall -3.40 0.79 0.45
Abutment footing, longitudinal -8.08 0.13 0.24
Abutment footing, transverse -8.03 0.25 0.35
Column -5.30 0.62 0.47
Elastomeric bearing, longitudinal -3.40 0.56 0.37
Elastomeric bearing, transverse -3.39 0.60 0.36

MSC concrete Abutment back wall -3.44 0.53 0.34
Abutment wing wall -3.44 0.57 0.35
Abutment footing, longitudinal -8.15 0.03 0.13
Abutment footing, transverse -8.13 0.06 0.15
Column -5.45 0.59 0.43
Elastomeric bearing, longitudinal -3.42 0.62 0.35
Elastomeric bearing, transverse -3.55 0.61 0.39

MSC steel Abutment back wall -3.46 0.58 0.34
Abutment wing wall -3.56 0.59 0.36
Abutment footing, longitudinal -8.13 0.06 0.16
Abutment footing, transverse - 8.12 0.10 0.18
Column -5.50 0.70 0.48
Elastomeric bearing, longitudinal -3.29 0.73 0.40
Elastomeric bearing, transverse -3.29 0.83 0.40

MSSS concrete Abutment back wall -3.36 0.74 0.56
Abutment wing wall -3.67 0.71 0.41
Abutment footing, longitudinal - 8.00 0.11 0.26
Abutment footing, transverse - 8.00 0.21 0.32
Column -5.93 0.49 0.58
Elastomeric bearing, longitudinal -3.85 0.50 0.51
Elastomeric bearing, transverse -3.75 0.63 0.50

MSSS steel Abutment back wall -4.07 0.41 0.62
Abutment wing wall -4.33 0.44 0.52
Abutment footing, longitudinal -7.80 0.17 0.36
Abutment footing, transverse -7.85 0.28 0.37
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Table 6.6 Components correlation matrix for the MSC slab bridge class.

Component Column Back wall Wing wall Footing Bearing
long. trans. long. trans.

Column 1.00 0.82 0.75 0.30 0.35 0.83 0.75
Back wall 0.82 1.00 0.84 0.54 0.54 1.00 0.84
Wing wall 0.75 0.84 1.00 0.46 0.68 0.84 1.00
Abutment footing long. 0.30 0.54 0.46 1.00 0.85 0.53 0.45
Abutment footing tran. 0.35 0.54 0.68 0.85 1.00 0.53 0.67
Bearing longitudinal 0.83 1.00 0.84 0.53 0.53 1.00 0.84
Bearing transverse 0.75 0.84 1.00 0.45 0.67 0.84 1.00

models with subjective data regarding functionality or closure decisions and repair cost 
implications. These approaches, however, require significant data for their characteriza
tion regarding historic failures, expert opinion [Padgett and DesRoches, 2006], or field 
investigation [Banerjee and Shinozuka, 2008; Huang et al, 2009].

In this study, mechanics-based limit states that correspond to the damage state descrip
tions presented in [FEMA, 2003] are adopted. The median values of the prescriptive 
limit states previously used in [Nielson and DesRoches, 2007a] and [Choi et al., 2004] are 
adapted for the elastomeric bearings abutments and foundations in Quebec. The bear
ing’s first limit state is defined by the lost of their shear capacity. The other limit states 
are defined based on the bearing geometry when the displacement is greater than the 
dimension of the bearing (moderate is the height of the bearings, extensive is 50% of the 
width or length and complete is the full width or length, implying potential unseating). 
The first limit state of the abutments wing and back walls and the foundations footings is 
defined by the first yield, while the other limit states are defined relative to the ultimate 
displacement (moderate is 50% of the ultimate displacement, extensive is the ultimate 
displacement and complete is twice the ultimate displacement). Regarding the columns, a 
study was performed by Tavares et al [Tavares et al., 2010] to derive limit states for char
acteristic columns in Quebec. Sectional analysis was performed with computer program 
WMNPhi [Paultre, 2000], and a damage mechanics study was performed using layered 
finite element program EFiCoS [Cardona, 2008]. Three types of quantitative limit states 
were defined for these bridge columns. In this paper, the column drift was chosen due to 
the non-specificity to a unique bridge column. The limit states for all considered compo
nents are given in Table 6.8. In this paper, the distributions of the component capacities 
have been assumed to be lognormal. Thus, Table 6.8 presents the uncertainties related 
to the definition of these capacity limit states values which are defined by the standard 
deviation values based on Nielson [Nielson, 2005]. The dispersion of these models increases
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as damage levels rise because of greater complexity in predicting their behavior with the 
failure approximation.

Table 6.7 Damage states. Adapted from HAZUS 2003.

N No damage No damage to the structure

S Slight/minor damage

Minor cracking and spalling of the abutments, cracks in shear 
keys at abutments, minor spalling and cracks at hinges, mi
nor spalling of the column (damage requires no more than 
cosmetic repair), or minor cracking of the deck.

M Moderate damage

Any column experiencing moderate (shear cracks) crack
ing and spalling (column still sound structurally), moderate 
movement of the abutment (< 50 mm), extensive cracking 
and spalling of shear keys, any connection having cracked 
shear keys or bent bold, keeper-bar failure without unseat
ing, rocker-bearing failure, or moderate settlement approach.

E Extensive damage

Any column degrading without collapse - shear failure - (col
umn structurally unsafe), significant residual movement at 
connections, or major approach settlement, vertical offset of 
the abutment, differential settlement at connections, shear- 
key failure at abutment.

C Complete damage
Any column collapsing and connection losing all bearing sup
port, which may lead to imminent deck collapse or tilting of 
substructure due to foundation failure.

Table 6.8 Quantitative limit state capacities.

Component Slight Moderate Extensive Complete

5c Pc Sc 0c Sc Pc 5c Pc
Column (drift) (mm) 5 0.250 7 0.250 11 0.460 30 0.460
Abutment back wall (mm) 7 0.250 15 0.250 30 0.460 60 0.460
Abutment wing wall (mm) 7 0.250 15 0.250 30 0.460 60 0.460
Abutment footing, longitudinal (mm) 4 0.250 20 0.250 40 0.460 80 0.460
Abutment footing, transverse (mm) 4 0.250 20 0.250 40 0.460 80 0.460
Elastomeric bearing, longitudinal (mm) 30 0.250 60 0.250 150 0.460 300 0.460
Elastomeric bearing, transverse (mm) 30 0.250 60 0.250 150 0.460 300 0.460

6.8 Fragility Curve Development

In this study, the seismic fragility or probability of exceeding a limit state given a ground- 
motion intensity is assessed for the four damage states previously defined. First, the 
fragility of each component is assessed. The demand parameters considered for the devel
opment of these component fragility curves are the overall maximum drift, displacement of
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the elastomeric bearings in the longitudinal and transverse directions, abutment wing wall 
and back wall deformations, and abutment foundation displacement in the longitudinal 
and transverse directions. The probability that the demand on the bridge component will 
exceed its capacity can be computed in closed form, as follows:

P[LS  | IM] = $  I ■, I (6.4)

in which 4? is the standard normal cumulative distribution function, Sc  is the median 
and /3c the logarithmic standard deviation for the capacity, So  is the median and 0d \im  
the conditional logarithmic standard deviation for the demand. Equation 6.4 can also be 
written as shown in Equation 6.5 following a substitution of regression parameters for the 
demand median:

( H I M ) -  '°(Sc) - i° (q )N
_______________b_____

yj' @d \im  +  @c 
\  b /

(6.5)

where the component fragility curve is expressed in terms of its lognormal parameters. This 
closed-form analysis results in fragility curves for component-level failure probabilities, 
which can be useful in comparing the relative vulnerability of bridge components within 
a given class.

Table 6.9 presents the component fragility curves for all bridge types, where the median 
value, med =  exp((ln(5c) — ln(a))/6), and the dispersion, disp =  +  fic/^, are
shown for each damage state. The abutment footings do not present a significant vulnera
bility for any of the bridge classes. The type C soil considered as representative in Quebec 
allows for shallow foundations which performed well during earthquake excitations. The 
fragility of the abutments are concentrated in the vulnerability of their walls which are 
more slender structures.

The controlling fragile component depends on bridge class and damage state, or limit state 
(LS), of interest. For example in the MSC steel bridge class, the elastomeric bearings 
are the most fragile component, followed by the abutment back wall for the slight LS. 
The abutment back wall is the most fragile component for the other LSs in this bridge 
class. The relative low fragility of the elastomeric bearings in the steel-girder bridges is 
responsible for the main difference between the fragility of steel-girder bridges in Quebec
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and the fragility of similar bridges presented in References [Nielson and DesRoches, 2007a] 
and [FEMA, 2003] for other regions. The steel-girder bridge superstructures in References 
[Nielson and DesRoches, 2007a] and [FEMA, 2003] are connected with steel bearings while 
in Quebec, the bearings were mainly elastomeric, even in steel girder bridges. Such use 
of elastomeric bearings instead of steel is a retrofit method used in Reference [Pan et al., 
2010b]. Elastomeric bearings can sustain greater displacement, and, therefore, dissipate 
more energy than steel bearings, and their use can explain the relatively lower fragility of 
Quebec’s steel-girder bridges.

In contrast, the MSC slab columns were among the most fragile components for all LSs 
of this bridge type. The poor behavior of these columns can be explained by the bent 
slenderness compared to the other bridge components. In addition, the deck of this bridge 
class tends to have higher masses due to the age and the consequent absence of technologies, 
such as prestressed concrete that could have decreased the weight, yielding thick solid 
decks posing larger inertial loads under earthquake excitation. Such masses increase the 
demands placed on the columns, thus increasing their relative vulnerability.

Overall at the lower damage states, the columns and elastomeric bearings tend to present 
the highest fragility. Abutment wing walls are more vulnerable than columns for the 
remaining LSs, and the relative vulnerability of the bearings decreases beyond the slight 
LS. The columns and bearings show a higher fragility for the first two LSs due to their 
tendency towards inelastic behavior and the direct relation of this behavior to damage 
in bridges characterizing these first limit states (e.g. column cracking and spalling). In 
contrast, the abutments walls are protected by their gaps during small displacements 
of the system. As these displacements increase, however, these walls evidenced greater 
fragilities than the other components. Their slenderness and the forces induced by the 
large bridge displacements and deck pounding leads to  the potential to achieve damage in 
the abutment walls; although their presence helps to mitigate excessive column drifts or 
bearing deformations associated with extensive and complete column or bearing damage. 
These differences between component vulnerabilities within a given class or across classes 
underscores the importance of assessing the fragility of the entire bridge system for rapid 
screening of bridge vulnerability.

The fragility of the full bridge system is assessed to provide insight into the relative 
vulnerability of different classes of bridges in the Quebec network. As is commonly as
sumed in the literature in assessing bridge-system performance under seismic loading 
[Nielson and DesRoches, 2007a; Padgett and DesRoches, 2008], a series system approx
imation was adopted for bridge-level failure analysis. This assumption is consistent with
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Table 6.9 Components fragility curves for the bridge classes in Quebec.

Bridge class Component Slight Moderate Extensive Complete

med disp med disp med disp med disp
Column 0.71 0.67 1.18 0.67 2.31 0.89 N/A -

Ab-LongW 1.07 0.64 1.49 0.64 2.39 0.86 N/A -

Ab-TranW 0.96 0.65 1.27 0.65 1.90 0.82 3.29 0.82
MSC slab Ab-LongF N/A - N/A - N/A - N/A -

Ab-TranF N/A - N/A - N/A - N/A -

Brg-Long 0.97 0.64 3.21 0.65 N/A - N/A -

Brg-Tran 0.88 0.65 2.45 0.65 N/A - N/A -

Column 1.00 0.87 1.73 0.87 N/A - N/A -

Ab-LongW 1.02 0.81 1.55 0.81 2.82 1.09 N/A -

Ab-TranW 1.01 0.76 1.50 0.76 2.62 1.02 N/A -

MSC concrete Ab-LongF N/A - N/A - N/A - N/A -

Ab-TranF N/A - N/A - N/A - N/A -

Brg-Long 0.83 0.79 N/A - N/A - N/A -

Brg-Tran 0.83 0.73 3.19 0.73 N/A - N/A -

Column 1.30 0.84 2.28 0.84 N/A - N/A -

Ab-LongW 1.05 0.72 1.53 0.72 2.64 0.98 N/A -

Ab-TranW 1.25 0.75 1.82 0.75 3.13 1.00 N/A -

MSC steel Ab-LongF N/A - N/A - N/A - N/A -

Ab-TranF N/A - N/A - N/A - N/A -

Brg-Long 0.87 0.70 3.26 0.70 N/A - N/A -

Brg-Tran 1.08 0.76 N/A - N/A - N/A -

Column 1.33 0.78 2.16 0.78 N/A - N/A -

Ab-LongW 0.91 0.82 1.23 0.82 1.88 0.97 3.01 0.87
Ab-TVanW 1.41 0.68 1.92 0.68 3.36 0.97 N/A -

MSSS concrete Ab-LongF N/A - N/A - N/A - N/A -

Ab-TranF N/A - N/A - N/A - N/A -

Brg-Long 0.74 0.64 2.25 0.64 N/A - N/A -

Brg-Tran 0.77 0.57 2.04 0.57 N/A - N/A -
Column N/A - N/A N/A - N/A
Ab-LongW N/A - N/A N/A N/A
Ab-TranW N/A - N/A N/A N/A
Ab-LongF N/A - N/A N/A N/A
Ab-TranF N/A - N/A N/A N/A
Brg-Long 1.98 1.14 N/A N/A N/A
Brg-Tran 1.48 0.89 N/A N/A N/A
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Figure 6.8 Fragility curves using PGA as an intensity measure for bridge classes 
and their components.

the HAZUS damage state definitions presented above, where a bridge damage state is 
achieved if ’any’ component X  ’or’ component Y  exhibits the associated level of damage. 
As presented in Equation 6.6, the probability that the bridge is at or beyond a particular 
limit state (Failsystem) is therefore the union of the probabilities of each of the n bridge 
components exceeding the same LS (F  ailc(mponent- i ), that is

P[F (lil Sy stem] P (^j F 0> H com ponent—i 
, i = l

(6 .6)

This system-level abstraction implies that, if at least one bridge component achieves a 
particular damage state, the overall bridge system is deemed to achieve that level of 
damage. The system reliability analysis is performed with a Monte-Carlo simulation using 
the joint probabilistic demand models and capacity limit states for the bridge components. 
This simulation is intended to integrate the joint probabilistic seismic demand models 
(JPSDMs) over all possible failure domains as defined by the limit states, and does not 
include variance reduction sampling. At each IM level, 105 simulations are considered to 
estimate the failure probability, which is repeated for increasing IM levels to provide point 
estimates of the cumulative distribution function for system fragility. The corresponding 
parameters of the lognormal distribution are then estimated for each damage state and 
bridge class. Figure 6.8a shows the fragility curve for the MSC concrete bridge class 
and its components in the extensive LS. While overall this bridge class is fairly robust 
against extensive damage, the illustration highlights that, as expected due to the system 
abstraction, the fragility of the bridge system is significantly higher than the fragility of 
any of its components. Figure 6.8b shows the fragility of the MSC steel bridge class and 
its components. The columns are the median vulnerable component, and would alone
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be a poor proxy for assessing system fragility, although this approximation of column 
fragility representative of overall system fragility is sometimes assumed in bridge fragility 
modeling. In this case, the bridge system fragility is governed by the fragility of the 
elastomeric bearings.

Table 6.10 shows the median and dispersion of the lognormal distribution characterizing 
the system fragility defined for the five bridge classes typical to Quebec, using PGA as 
an intensity measure and four damage states defined as slight, moderate, extensive, and 
complete. For a PGA of 1 g these bridges have in general more than a 70% probability of 
exceeding the slight limit state and 50% probability of exceeding the moderate limit state, 
with the exception of the MSSS steel bridge class (with about a 30% and 20% probability 
of exceeding the slight and moderate limit states, respectively). When the limit state 
increased to the extensive limit state, the bridge classes differed more significantly in their 
exceedance probabilities: 45% for the MSC slab; 35% and 30% for the MSC concrete and 
MSSS concrete, respectively; and 25% and less than 5% for the MSC steel and MSSS 
steel bridge classes. The probability of complete damage was less than 5% for most bridge 
classes (PG A =lg) and almost 10% for the MSC concrete bridge class. Figure 6.9 shows 
the median value of fragility for the Quebec bridge classes across the four limit states. The 
bridge classes showed relatively similar fragility median values with the exception of the 
MSSS steel girder bridge class, which presents a higher median, and thus lower fragility for 
all levels of damage. The difference in median values between the bridge classes increases 
with the level of LS within a maximum range of 0.2 g 0.3 g to while for the MSSS steel 
bridge class the fragility is negligible at the higher LSs.

MSC slab 
MSC concrete 
MSC steel 
MSSS concrete 
MSSS steel

§  0  . , ,

Slight Moderate Extensive Complete

Figure 6.9 Mean fragility using PGA as an intensity measure of the typical 
bridge classes in Quebec.

Figure 6.10 shows the relative fragility of the bridge classes for each LS. Continuous bridges 
(concrete and steel-girder classes) have higher fragility than the simply supported ones. 
This finding is consistent with those of past studies for bridges in other regions where the 
larger inertial loads from continuous decks tend to increase demands placed on key bridge
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Table 6.10 Bridge System fragility curves for the bridge classes in Quebec.

„  . . , Slight Moderate Extensive CompleteBridge class ----------------  ----------------- ----------------  ----------------
med disp med disp med disp med disp

MSC slab 0.60 0.61 0.90 0.60 1.21 0.72 2.48 0.70
MSC concrete 0.64 0.73 1.00 0.73 1.42 0.86 N/A -

MSC steel 0.77 0.69 1.16 0.68 1.62 0.86 N/A -

MSSS concrete 0.81 0.76 1.12 0.77 1.48 0.87 2.76 0.86
MSSS steel 2.54 1.38 N/A - N/A - N/A -
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Figure 6.10 Relative vulnerability using PGA as an intensity measure of the 
different bridge types for the four defined LSs.
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components. Concrete-girder bridges were more fragile than the steel-girder-bridge classes. 
The MSC slab and MSC concrete bridge classes were the most fragile, owing in part to 
the relatively higher superstructure masses and inertial loads transferred to the bearings 
and substructures. The low fragility of the MSSS steel bridge class can be explained by 
the presence of elastomeric bearings and span continuity. The MSC steel bridge class has 
continuous spans and four (instead of five) girders to distribute the forces generated in the 
superstructure. Therefore, this class evidenced greater fragility than the equivalent simply 
supported bridge class. Nonetheless, elastomeric bearings and the lower weight of the steel- 
girder superstructures enabled these bridges to present low fragilities compared to those 
made exclusively of concrete. The concrete-girder bridges presented similar fragilities, but 
the continuity and the spans difference between classes resulted in higher fragility for the 
continuous bridge class. Indeed, the entire superstructure was exited as one unit due to 
the continuity and hence, increased the inertia forces generated. The MSC thick slab 
bridge class is is stiffer and has the highest weight in typical bridge structural systems in 
Quebec. The lack of ductility prohibited the dissipation of the energy generated during 
an earthquake. The high mass and its concentration in the superstructure creates higher 
inertia forces than other bridge systems. Therefore, this class of bridge exhibits the highest 
fragility of Quebec bridges.

6.9 Conclusions

This study presented the analytical development of fragility curves for five bridge classes 
commonly found in Quebec. Each bridge class was represented by a suite of 3-D analytical 
models subjected to a suite of bidirectional GMTHs for eastern Canada. The resulting 
probabilistic seismic demand analysis considered several major components in assessing 
seismic vulnerabilities: columns, bearings, abutment walls, and abutment foundations. 
The correlations between component demands were considered in comparing the demand 
to lognormal distributions of component capacities. Fragility curves were derived for com
ponent and typical Quebec bridge systems for slight, moderate, extensive, and complete 
limit states consistent with HAZUS damage state definitions and an assumption of a cor
related series system, which as motivated in part by the language used to describe each 
bridge damage state. The results show that .the components governing the behavior varied 
for the different bridge classes and LSs. Lower LS system fragilities tended to be governed 
by the fragility of elastomeric bearings and columns and the highest LSs by the abutment 
walls. Representing the bridge system by its columns only would thus underestimate the 
vulnerability of the bridge, or susceptibility of achieving each damage state. The fragility
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curves also show that continuous bridges were more vulnerable than simply supported 
bridges, which is consistent with the findings in other regions. Steel-girder bridge classes 
evidenced less fragility than concrete-girder bridge classes, which is a unique characteris
tic of the typical design features of steel bridges in Quebec which have historically used 
elastomeric bearings. The thick-slab bridge class was the most vulnerable in Quebec, due 
in part to it’s relatively heavy superstructure. With the exception of the MSSS steel, 
most bridge classes showed a high susceptibility to damage for an event with peak ground 
accelerations as high as 1 g. Nevertheless, a large number of completely damaged bridges 
are not to be expected. Ground motions of this intensity are probable to occur in Quebec, 
and based on the fragility curves developed and inventory analysis for the region, almost 
one half of the bridges may likely be damaged and unsafe to be used after such an event. 
The fragility curves developed in this study can be used in determining the potential losses 
resulting from earthquakes and prioritize retrofitting. These curves could be improved if 
more field information were collected on the individual responses of the various bridge 
components at the real bridges in both the longitudinal and transverse directions. The 
capacity limit state estimates and the system damage states definitions could also be im
proved with additional experimental testing of similar components as well as input from 
stakeholders regarding the relative importance of different modes of failure.
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CHAPTER 7 

Conclusion et recommandations futures

7.1 Conclusion

La majorite du reseau de ponts du Quebec a au moins 40 ans. Au moment de leur 
conception, peu d ’attention a ete accordee aux details sismiques des ponts routiers. Par 
consequent, il existe un grand nombre de ponts qui sont vulnerables aux charges sismiques. 
En considerant l’incertitude du risque sismique et l’incertitude de la capacite des ponts, 
l’objectif principal de cette etude etait d ’evaluer cette vulnerabilite en utilisant une meth- 
ode probabiliste. L’outil statistique utilise pour evaluer la probability de depasser une 
limite predefinie est appelle courbes de fragilite. Ces dernieres ont ete developpees pour 
les ponts du Quebec. Tout d ’abord, une etude a ete menee pour etablir des courbes de 
fragilite pour un pont specifique, le pont Chemin des Dalles, au Quebec. De plus, la to
tality des ponts a travees multiples de la province a ete traitee dans cette etude. Cette 
derniere presente non seulement des courbes de fragilite des classes typiques de ponts, 
mais elle fournit egalement une methode qui peut etre utilisee pour une recherche plus 
approfondie portant sur d ’autres types de ponts, d’autres types de chargement, et l’effet 
des differents strategies de rehabilitation.

La premiere etape de cette etude a ete d ’identifier une representation de l’alea sismique 
au Quebec. Cela a ete accompli grace a la compilation d’une serie des tremblements de 
terre artificiels qui a ete developpee specifiquement pour la region. Chaque tremblement 
de terre dans la serie comprend trois accelerogrammes independants dans des directions 
orthogonales. Puisque cette etude a utilise des modeles d ’analyse tridimensionnels, il 
est necessaire que chaque tremblement de terre soit represente par deux composantes 
orthogonales. Ainsi, deux des trois composantes ont ete choisies de fagon aleatoire pour 
representer un tremblement de terre.

Apres avoir defini l’alea sismique, cette etude a evalue la vulnerabilite sismique d ’un 
pont au Quebec. Des courbes de fragilite ont ete elaborees pour le pont Chemin des 
Dalles. Le modele numerique a integre le comportement non lineaire des poteaux, des 
appuis elastomeriques, des culees, des fondations et les effets d ’interaction des sols avec la
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fondation. Par consequent, tous les composants potentiellement critiques du pont ont ete 
examines. Les etats limites ont defini le modele probabiliste de capacite, et les reponses 
du pont soumis a differentes intensites de tremblement de terre ont defini les modeles 
probabilistes de demande sismique. La comparaison de ces modeles permet le developpe- 
ment des courbes de fragilite en utilisant la methode de simulation de Monte Carlo. Ces 
courbes de fragilite permettent une evaluation qui tient compte des incertitudes liees a 
l’alea sismique. La fragilite du pont a ete controlee par la vulnerabilite de ses poteaux. 
La mesure d’intensite du seisme utilisee dans 1’evaluation etait l’acceleration spectrale de 
la periode naturelle de vibration du pont.

Une partie de l’etude consistait a faire Pinventaire de l’ensemble des ponts routiers du 
Quebec. Cela a ete accompli grace a une analyse detaillee de la base de donnees des ponts 
de Transports Quebec (TQ). L’analyse sismique des ponts est une tache difficile qui im- 
plique de nombreux parametres. L’evaluation sismique des ponts existants est encore plus 
complexe en raison des difficultes liees a la determination de ces parametres. Cette etude 
a identifie les ponts au Quebec, et un pont moyen de reference a ete defini. Le comporte- 
ment sismique du pont de reference a ete evalue avec des accelerogrammes specialement 
developpes pour Pest du Canada. De plus, certaines variations de parametres ont ete 
appliquees afin de verifier leur influence dans la reponse du pont de reference. Le type 
de fondation, en raison des proprietes des ponts et du sol de type 2, n’a pas entraine de 
changements dans la reponse du pont moyen et peut done etre neglige. Les variations du 
type de sol ont montre un petit changement qui se reproduit dans la reponse du modele. 
Le type de culee a egalement montre un changement dans les reponses. Le type de pilier 
s’est revele important dans la reponse du pont. En outre, le type de systeme de pont a 
ete examine par la division du reseau de ponts en classes. II a ete determine que 83% 
de l’ensemble des ponts routiers a travees multiples de la region peut etre reparti dans 
l’une des sept classes generates de ponts. La classe de ponts avec des poutres en beton a 
travees multiples simplement appuyees s’est avere la plus representative avec environ 25 % 
de l’ensemble des ponts. D’autres types courants comprennent des ponts a poutres en 
beton continues et des classes de ponts equivalentes avec poutres en acier. Par l’utilisation 
des variables geometriques principales, huit ponts representatifs ont ete developpes pour 
chaque classe. Ces variables sont la longueur de la travee, la largeur du pont et la hauteur 
du poteau. Les huit configurations de ponts ont ete utilisees dans le reste de l’etude pour 
representer l’incertitude dans l’inventaire. Des modeles analytiques en trois dimensions 
ont ete developpes pour 5 classes de ponts. Plusieurs parametres ont ete utilises pour 
decrire ces ponts. Une etude des parametres de modelisation predominants a ete realisee
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en utilisant un plan d ’experience. Le but de cette etude etait de determiner l’impact que 
ces parametres de modelisation avait sur la reponse des ponts et de leurs composantes. 
Huit reponses de composantes ont ete suivies dans chaque etude. Plusieurs parametres de 
modelisation se sont reveles significatifs pour les differentes reponses surveillees. Cepen- 
dant, peu de parametres de modelisation se sont reellement reveles tres importants pour 
le comportement sismique des ponts. Par consequent, ces parametres ont ete traites de 
maniere probabiliste au cours des etudes devaluation de la demande sismique. L’influence 
des variables geometriques a ete evaluee en utilisant les huit ponts decrits preeedemment. 
Les proprietes evaluees sont la resistance du beton et de l’acier, la rigidite des appuis 
elastomeriques, la rigidite des culees et des fondations et la variability de la masse. De 
plus, l’influence de l’amortissement et de la distance entre les tabliers et entre le tablier et 
les culees a egalement ete testee.

La demande sismique sur les ponts de chaque classe a ete quantifiee par le developpement 
de modeles probabilistes de demande sismique (PSDMs) pour chacun des composants con
siders. II s’agit des poteaux, des appuis elastomeriques et des murs et des fondations des 
culees. Le PSDM pour chaque classe de pont a ete represente sous la forme d ’une fonction 
de distribution de la probability conjointe (JPSDM) qui capte la correlation qui existe 
entre les differentes reponses des composants des ponts. Selon des etudes, ces JPSDM 
ont ete developpes en utilisant l’acceleration maximale du sol (PGA) afin de quantifier le 
niveau d ’excitation sismique. Toutefois, les modeles probabilistes de demande sismique ne 
suffisaient pas pour quantifier les vulnerability des divers ponts et de leurs composants. 
La demande doit etre connue et quantifiee, mais aussi la capacite des composants a repon- 
dre a cette demande. Les courbes de fragilite presentees ont ete obtenues analytiquement 
par la methode de Monte Carlo. La convolution des demandes et des capacites a permis 
de developper les fonctions de fragilite des ponts et de leurs composants individuellement. 
Le pont a travees multiples continues et dalles epaisses semble etre le plus fragile. Cela est 
principalement du au poids et au manque de duetilite qui est caraeteristique de ce systeme 
de pont. Ces courbes peuvent etre ameliorees si plus d ’informations sont collectees sur les 
reponses individuelles des differents composants du pont dans les directions longitudinales 
et transversales. Ces courbes de fragilite peuvent etre utilisees dans la determination des 
pertes potentielles resultant d ’un tremblement de terre ainsi que pour assigner des prior- 
ites pour la rehabilitation des ponts. Ces resultats montrent que la plupart des classes de 
ponts sont vulnerables pour environ 1,0 g d ’acceleration maximale du sol pour les divers 
etats d ’endommagement, cependant, un grand nombre d ’effondrements n ’est pas prevu.
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7.2 Recommandations pour les travaux futurs

Les travaux de cette etude peuvent etre completes par des recherches supplementaires
dans les domaines suivants:

-  L’effet du nombre de travees d ’un pont sur sa fragilite. La presente etude portait sur les 
ponts avec trois travees, caracteristiques du Quebec. Cependant, il existe un nombre sig- 
nificatif de ponts n ’ayant pas trois travees. HAZUS-MH [2003] fournit actuellement des 
equations pour modifier la valeur mediane, mais ces equations ont besoin de verification 
en utilisant des approches dynamiques.

-  Des etudes doivent etre realisees afin de mieux comprendre et quantifier les capacites 
des composants du pont. Plus precisement, les travaux devraient se concentrer a relier 
les capacites aux etats d ’endommagement et les etats d’endommagement aux pertes. 
En effet, peu d ’etudes portent sur les culees des ponts routiers. Par consequent, des ex
periences a grande echelle seraient utiles dans la creation de meilleurs modeles d ’analyse 
et pour la comprehension de l’impact des degats sur la fonctionnalite d ’un pont.

-  L’etude sur le pont moyen a montre la necessite d’analyser de fagon plus detaillee les 
modifications a la vulnerabilite liees a differents types de sols, de fondations, d ’appuis 
et de culees.

-  Les courbes de fragilite des ponts tels que construits pourraient etre utilisees pour etudier 
l’efficaeite de plusieurs methodes de rehabilitation.

-  La methode proposee pourrait etre appliquee a d’autres types de risques. Dans le cadre 
des recentes catastrophes naturelles et d ’origine humaine, il est devenu evident que les 
ponts sont vulnerables a un certain nombre de risques differents.
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7.3 Conclusion

The bridge network in Quebec is mostly at least 40 years old, at their design time, little 
consideration was given to the seismic design and detailing of highway bridges. Therefore, 
there are a large number of highway bridges that are vulnerable to seismic loads. The main 
objective of this study was to assess these vulnerabilities using a probabilistic method, 
considering both the uncertainty from the hazard and the uncertainty from the capacity 
of the bridges. The statistic tool to evaluate the probability of trespassing a predefined 
limit, called fragility curves are developed for the bridges in Quebec. First, a study was 
conducted to develop fragility curves for a specific bridges in Quebec, the Chemin des 
Dalles Bridge. Furthermore, the entire inventory in the province was treated in this 
study. Moreover, not only does this study present fragility curves for many typical bridge 
classes, but also provides a methodology which may be used for further investigation of 
other bridge types, other hazards and even effects of retrofit strategies.

The first step in this study was to assemble some representation of the seismic haz
ard in Quebec. This was accomplished through the compilation of a suite of synthetic 
ground motions which was developed specific to the region. Fortunately, each time history 
provided in the ground motion suites three independent orthogonal components of the 
representative ground motion. Since the work in this study utilized 3-D analytical models 
it was required that each ground motion be represented by two orthogonal components. 
Thus, two of the three components were chosen randomly to represent the ground motion.

After the definition of the seismic hazard, this study developed the seismic vulnerability 
assessment of a bridge in Quebec. Fragility curves were developed to evaluate the Chemin 
des Dalles Bridge over Highway 55 located in Trois Rivieres in Quebec. The numerical 
model incorporated the nonlinear behavior of columns, bearings, abutments, foundations 
and soil foundation interaction effects. Hence, all potentially critical components of the 
bridge were considered. Limit states defined the probabilistic capacity model and the 
bridge responses to different earthquake intensities defined the probabilistic demand mod
els. The comparison of these models enable the development of fragility curves using 
Monte Carlo simulation. These fragility curves allow for an evaluation considering the
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uncertainties related to the seismic hazard. The bridge fragility was found to be governed 
by its columns vulnerability. The IM used in the evaluation was spectral acceleration at 
the natural period of vibration of the bridge.

A major task of the study was to seek an understanding of the highway bridge inventory 
in Quebec. This was accomplished through a detailed analysis of the Transports Quebec 
(TQ) Bridge Inventory database. The seismic analysis of bridges is a complicated task 
that involves numerous parameters. The seismic evaluation of existing bridges is even 
more challenging due to the difficulties encountered in the determination of these parame
ters. This study identified the bridges in Quebec and an average bridge was defined. The 
seismic behavior of the average bridge was evaluated through the application of the ground 
motion time histories specially developed for Eastern Canada. Moreover, some variations 
of parameters were applied to verify their influence in the response of the average bridge. 
The foundation type due to the properties of the bridges and the soil Profile 2 did not 
implicate in changes in the response of the average bridge and could be neglected. The 
soil variations showed a small but consistence change in the response of the model. The 
type of abutment also showed some change in the responses. The type of bent influence 
was proven to be definitive in the response of the bridge. Furthermore, the type of bridge 
system was considered by the division of the bridge network in classes. It was determined 
that 83 % of all multi-span highway bridges in the region could be assigned to one of seven 
general bridge classes. The largest of these bridge classes was found to be the multi-span 
simply supported concrete girder bridge class, which accounts for approximately 25 per
cent of all bridges. Other common types include continuous concrete girder bridges and 
equivalent steel girder bridge classes. Using statistics of major geometric bridge descrip
tors, eight representative bridge configurations were developed for each class. Some of 
these descriptors are span length, deck width and column height. The eight representative 
bridge configurations were used throughout the remainder of the study accounting for the 
uncertainty in the inventory. Three dimensional analytical models of five bridge classes 
were developed, several parameters were used to describe these bridges. An investigation 
of the predominant modeling parameters was carried out using a design- of-experiments 
framework. The intent of this investigation was to ascertain the impact these modeling 
parameters had on the response of the bridges and their components. Eight component 
responses were monitored for each investigation. It was found that different modeling 
parameters were deemed significant for the various monitored responses. However, there 
appeared to be a few modeling parameters which had more of a consistent impact on 
the seismic response of the subject bridges. This finding resulted in these parameters be
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ing treated probabilistically during the demand assessment studies. The main geometric 
variables influence was evaluated using the eight bridges described earlier. The material 
properties evaluated included concrete and steel strength, abutments, bearings and foun
dation stiffness and the mass variability. Moreover damping and the distance between 
decks and between deck and abutment influence were also tested.

Seismic demands on each bridge class were quantified through the development of prob
abilistic seismic demand models (PSDMs) for each of the considered components. These 
included the columns, bearings and abutments walls and foundations. The PSDM for 
each bridge class was represented in the form of a joint probability distribution function 
(JPDF) which captures the dependency that exists between the various components of 
the bridges. Based on previous studies found in the literature, these JPDF were devel
oped using the peak ground acceleration (PGA) to quantify the level of seismic excitation. 
However, the probabilistic seismic demand models were not enough to quantify the vul
nerabilities of the various bridges and their components. Not only must demand be known 
and quantified but the capacities or the ability of the components to handle these demands 
must be quantified. The fragility curves that are presented were generated analytically 
using the Monte Carlo Method. The convolution of the demands and capacities resulted 
in the fragility functions of the bridges and their individual components. The multi-span 
continuous thick slab bridge appears to be the most fragile. This is primarily due to the 
weight and lack of ductility relate to this bridge system. These curves maybe improved if 
more information is collected on the individual responses of the various bridge components 
in both the longitudinal and transverse directions. These fragility curves can be used in 
determining the potential losses resulting from earthquakes and can be used to assign 
prioritization for retrofitting. These results show that most bridge classes are vulnerable 
bridge for about 1.0 g peak ground acceleration for the various damage states, however, a 
large number of collapse is not to be expected.

7.4 Recommendations for Future Work

The work in the present study should be extended through additional research in the 
following areas:

-  The effects of the number of spans a bridge has on its fragility should be investigated.
The current study focused on three span bridges, as they are the most likely to occur.
However, there is still a significant amount of the bridge inventory that does not have
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three spans. HAZUS-MH currently provides equations for median value modification 
but they need verification using dynamic approaches.

-  Studies directed specifically at better understanding and quantifying bridge component 
capacities should be conducted. Specifically, the work should focus on the relationship 
between capacities and damage states and between damage states and losses. For exam
ple, limited experiments have been conducted on highway bridge abutments. Therefore, 
large scale experiments would be useful in generating better analytical models and un
derstanding the impact of damage on the perceived functionality of a bridge.

-  The investigation in the average bridge showed the need to further investigate the mod
ifications in the vulnerability that could be accounted due to the different types of soil, 
foundations, bearings and abutments.

-  These as-built bridges fragility curves could be used to investigate the efficiency of 
several retrofit methods.

-  An extension of the proposed methodology to consider other hazards should be inves
tigated. In the wake of recent natural and manmade disasters, it has become apparent 
that bridges are vulnerable to a number of different hazards.
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