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RESUME 

Les courbes de fragilite sont un outil tres utile pour revaluation du risque sismique des 
ponts. Une courbe de fragilite represente la probability qu'une structure soit endommagee 
au-dela d'un etat d'endommagement donne pour differents niveaux de tremblement de 
terre. Etant donne que plus de la moitie des ponts dans la province de Quebec (Canada) 
ont plus de 30 annees de service et que ces ponts n'ont pas ete congus a l'epoque a l'aide 
de normes sismiques, la generation de courbes de fragilite pour ces structures est plus que 
necessaire. Ces courbes peuvent servir a estimer les dommages et les pertes economiques 
causes par un tremblement de terre et a prioriser les reparations ou les rehabilitations 
sismiques des ponts. Des etudes anterieures ont montre que l'endommagement subi par 
les ponts suite a un tremblement de terre n'est pas seulement fonction de la distance 
de l'epicentre et de la severite du tremblement de terre, mais aussi des caracteristiques 
structurales du pont et du type de sol sur lequel il est construit. Les methodes actuelles 
pour generer les courbes de fragilite des ponts ne tiennent pas compte des conditions du 
sol. Dans ce travail de recherche, des courbes de fragilite analytiques sont generees pour 
les ponts a portees multiples a poutres continues en beton arme, soit pour 21% des ponts 
au Quebec, pour les differents types de sol specifies dans le Code canadien sur le calcul des 
ponts routiers (CAN/CSA-S6-06). Ces courbes prennent en compte les differents types 
de culee et de fondation specifiques a ces ponts. Les courbes de fragilite sont obtenues 
a partir d'analyses temporelles non lineaires realisees a l'aide de 120 accelerogrammes 
synthetiques generes pour Test du Canada, et d'une simulation de Monte Carlo pour 
combiner les courbes de fragilite des differentes composantes du pont. 

Mots-cles : Evaluation du risque sismique, courbes de fragilite, etats limites d'endom
magement, ponts a portes multiples en beton arme au Quebec, simulation de Monte 
Carlo. 
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ABSTRACT 

Fragility curves are a very useful tool for seismic risk assessment of bridges. A fragility 
curve describes the probability of a structure being damaged beyond a specific damage 
state for different levels of ground shaking. Since more than half of all bridges in the 
province of Quebec (Canada) are in service for more than 30 years and that these bridges 
were designed at that time without seismic provisions, generating fragility curves for these 
structures is more than necessary. These curves can be used to estimate damage and 
economic loss due to an earthquake and prioritize repairs or seismic rehabilitations of 
bridges. Previous studies have shown that seismic damage experienced by bridges is not 
only a function of the epicentral distance and the severity of an earthquake but also of 
the structural characteristics of the bridge and the soil type on which it is built. Current 
methods for generating fragility curves for bridges do not account for soil conditions. In this 
work, analytical fragility curves are generated for multi-span continuous concrete girder 
bridges, which account for 21% of all bridges in Quebec, for the different soil profile types 
specified in the Canadian highway bridge design code (CAN/CSA-S6-06). These curves 
take into account the different types of abutment and foundation specific to these bridges. 
The fragility curves are obtained from time-history nonlinear analyses using 120 synthetic 
accelerograms generated for eastern Canadian regions, and from a Monte Carlo simulation 
to combine the fragility curves of the different structural components of a bridge. 

Keywords : Seismic risk assessment, fragility curves, damage limit states, multi-span con
tinuous concrete girder bridges in Quebec, Monte Carlo simulation. 
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CHAPTER 1 

INTRODUCTION 

1.1 Problem statement 

The cost of bridge maintenance increases constantly. Consequently, the deterioration 

of structures throughout North America, and particularly in the province of Quebec, 

Canada, is a serious problem. It is therefore imperative to extend the service life of 

bridges. In 2009, Transport Quebec, the provincial transport department, presented the 

annual management report (2008-2009) in which the department emphasized the mission 

of this organization, namely to provide a sustainable mobility of people and goods through 

more safe and effective transportation systems, in order to protect the environment and 

support the economic and social development. This annual report is also a part of the 

road network recovery plan that will spend almost 13.7 billions of dollars until year 2012 to 

reach the highest continental standards of quality. Since 2008, 2.9 billions of dollars have 

been invested in the Quebec's highway network to battle against the aging of the bridges 

and viaducts [MTQ, 2009]. Recently, civil engineering projects in the bridge network 

consist in bridge reconstruction, platform replacement, structure reinforcement, abutment 

reparation and foundation reparation (Figure 1.1). 

Foundation 
y repair 

Abutment / 10% 
repair 

Structure / \ y ^ ^ ^ ^ ^ ^ ^ ^ ^ H \ Bridge 
re inforcement s \ './ ^ ^ ^ ^ ^ ^ ^ ^ H x recons t ruc t ion 

22% \ , / ^ ^ ^ ^ ^ m 43% 

Deck 
rep lacement 

20% 

Figure 1.1 Quebec's bridge network road work, [MTQ, 2009]. 

According to Transports Quebec, 56% of Quebec's bridges are in service for more than 

thirty (30) years. They were designed with codes and guidelines without the information 
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2 CHAPTER 1. INTRODUCTION 

now available on seismic safety. Thus, the seismic vulnerability assessment of highway 

bridges in Quebec is needed to assure the safety of these structures. There have been sig

nificant improvements in civil engineering and especially earthquake engineering, like new 

seismic hazard maps, new codes and design procedures. The research in this field is still in 

development and there are still many improvements to come. Nevertheless, the probabilis

tic evaluation of highway bridges subjected to earthquakes has developed considerably over 

the last years. Fragility curves are an emerging tool in assessing the seismic vulnerability 

of bridges. Fragility curves describe the probability of a structure being damaged beyond 

a specific damage state for different levels of ground shaking [Choi et ai, 2004]. Several 

methodologies for generating seismic fragility curves for bridges have been developed over 

the years. Fragility curves can be used to set repair or retrofit priorities, pre-earthquake 

planning, or estimate possible economic looses [Choi and Jeon, 2003]. Fragility curves can 

be either empirical or analytical. Empirical fragility curves are normally based on bridge 

damage data from past seismic events. Unfortunately, the province of Quebec doesn't 

have enough seismic damage record of the highway bridges. For this reason and because 

of the lack of strong historical ground motion records in Quebec, analytical fragility curves 

will be generated to assess the seismic risk of bridges in Quebec. 

It is important to know that the current analytical methodologies for obtaining bridge 

fragility curves do not account for soil conditions. However, recent studies show that 

the different levels of damage suffered by bridges depend not only on the earthquake 

magnitude and the distance from the epicenter, but also on the structural characteris

tics of the bridge and the soil type on which it is built [Lee et ai, 2007]. Moreover, the 

development of analytical fragility curves needs a realistic analytical model of every com

ponent of the bridge system, such as piers, bearings, gaps, abutments and foundations 

[Padgett and DesRoches, 2008]. There have been numerous studies on the derivation of 

analytical fragility curves. However, most of these studies have been derived based on 

the assumption that the bridge was supported on rigid foundations even though the soil 

foundation systems had considerable effects on the response of the structure foundations 

[Kwon and Elnashai, 2007]. A recent attempt to consider the effect of flexible foundation 

on bridges by using a lumped spring model was made by Nielson (2005). There are several 

effects of soil on the structural earthquake response but the most important one is that 

flexible structural foundations elongate the bridge period, which in general decreases force 

demand and increases displacement demand on the superstructure, depending on the input 

ground motion. Additionally, support failure is frequently observed during an earthquake 

which significantly reduces usability of structures even though it may not lead to collapse. 

For this reason, this project will develop analytical fragility curves for as-built multi-span 
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continuous concrete girder bridges in Quebec accounting for abutments, foundation and 

soil properties effects. 

Because there are 2672 multi-span bridges in Quebec, it would be difficult and time con

suming to produce fragility curves for each bridge. Tavares (2010) classified the bridges 

in seven (7) statistically significant classes following a similar classification to that used 

by Nielson (2005), which identified eleven (11) bridge classes for the Central and South

eastern regions of the United States (CSUS). The bridges were classified according to the 

construction material, construction system type and number of spans. In this project, an

alytical fragility curves are developed only for the multi-span continuous concrete girder 

bridge (MSCC), which represents approximately 21% of the multi-span bridges in Quebec. 

The fragility curves are developed from a nonlinear time history analyses of MSCC bridge 

models taking into account the type of soil, foundation and abutment in the modeling. For 

this as-built bridge class, eight (8) sample bridges, representing the variability in geome

try and material properties, were developed [Tavares, 2010]. For each soil type specified 

in the Canadian Highway Bridge Design Code (CAN/CSA-S6-06), a set of 120 synthetic 

ground motion records were generated by Atkinson (2009) for magnitude-distance scenar

ios representative of the seismic hazard of the eastern Canadian region. A past study 

has shown that for multiple span bridges with multi-column bents, all major vulnerable 

bridge components should be considered to avoid significant errors in the estimation of 

bridge fragilities [Choi and Jeon, 2003]. Therefore, the fragility curves are also developed 

for abutments, bearings and columns. These component fragility curves are combined to 

estimate the fragility of the bridge. 

1.2 Research significance 

Bridges are lifeline structures. They act as an important link in the ground transportation 

network and the failure of bridges during a seismic event will seriously hamper the relief and 

rehabilitation work. Due to their structural simplicity, bridges are particularly vulnerable 

to damage and even collapse when they are subjected to earthquakes. In order to increase 

the reliability of the seismic risk assessment of the Quebec's bridge network, the Centre 

de Recherche en Genie Parasismique et en Dynamique des structures (CRGP) of the 

Universite de Sherbrooke has developed a project in this field where several researchers 

have been working on for few years. For instance, Roy (2006) studied the retrofit of 

concrete bridges by increasing their ductility capacity with carbon fiber-reinforced polymer 

(CFRP) jacket. Additionally, Tavares (2010) performed statistical analyzes using the 

inventory of bridges in Quebec, an identification of the significant bridge classes, a selection 
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of the relevant ground motions, a definition of the most appropriate limit states (LS) for 

the region of Quebec and developed fragility curves for different bridge classes. The 

present project centers only on the development of fragility curves for the as-built multi-

span continuous concrete girder bridges (MSCC) and uses, as a base, the as-built bridge 

models generated by Tavares (2010), which are modified to consider the different types of 

foundation and abutment. Also, the ground motion series for eastern Canada developed 

by Atkinson (2009) for different types of soil, are used in this project. It is then possible 

to develop probabilistic damage curves (fragility curves) accounting for the soil effects. 

1.3 Project objectives 

Research objective 

The main objective of this research is to develop analytical fragility curves for as-built 

multi-span continuous concrete girder bridges (MSCConcrete) in Quebec through the 

use of probabilistic analysis procedures and by considering the different types of foun

dation, abutment and soil profiles specified in the Canadian Highway Bridge Design Code 

CAN/CSA-S6-06. 

Specific objectives 

1. To get a typical foundation and abutment geometry for the MSCC bridge class using 

real bridges drawings of Transports Quebec (1995). 

2. To modify the as-built MSCC bridge model generated by Tavares (2010) to account 

for the type of foundation (shallow or deep) and abutment (seat-type with a spread 

footing or with piles). 

3. To validate the abutment and foundation models with the experimental modal results 

obtained for the MSCC bridge "Chemin des dalles" studied by Roy (2006). 

4. To develop 3D non-linear deterministic and probabilistic models in OpenSees and 

in Matlab for the selected bridge class for each type of soil specified in the NBCC 

(2005). 

5. To generate the fragility curves for as-built MSCC bridges with different types of soil 

(I, II, III and IV) defined in the Canadian Highway Bridge Design Code CAN/CSA-

S6-06. 

6. To compare bridge responses and fragility curves between "fixed" condition (no 

foundation, no abutment, no soil) and soil interaction condition (with the abutments, 

the foundation and the soil). 
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1.4 Methodology 

The procedure adopted for generating the analytical fragility curves is as follows: 

1. Selection of 120 ground motion series for eastern Canada presented in Atkinson 

(2009) considering the different types of soil. 

2. Definition of the bridge geometries (refered to as blocks). The main geometry of the 

bridge is not selected randomly. Different bridge lengths, heights, and widths are 

selected to assure that the combinations represent real bridges. Eight (8) blocks are 

defined for the MSCC bridge class based on the bridges drawings. 

3. The types of foundation (shallow and deep) and abutment (seat type with spread 

footing and with piles) are accounted for by simulating their distribution using the 

Latin Hypercube Sampling technique (LHS). A Matlab script is used to perform the 

LHS sampling. 

4. Selection of the physical model of the structure. The MSCC bridge model developed 

by Tavares (2010) is used. 

5. Validation of foundation and abutment models with the experimental modal results 

obtained by Roy (2006) for the MSCC "Chemin des dalles" bridge . 

6. The soil is treated as a new parameter. This means that a complete analysis of this 

parameter's influence is also performed. To consider the soil effects in the abutment 

and the foundation, the soil profiles I, II, III, IV specified in the Canadian Highway 

Bridge Design Code CAN/CSA-S6-06 are used. It is noted that these soil types are 

equivalent to those presented in the National Building Code of Canada (2005) (soil 

type A, C, D and E) allowing the use of Atkinson's (2009) Eastern Canada synthetic 

ground motions. 

7. Performing of a nonlinear time history analysis with the OpenSees software frame

work of the bridge sample for a defined input ground motion. The ground motions 

used in this study are the 120 GMTH (Ground Motion Time Histories) for each 

type of soil A, C, D and E in Atkinson's (2009) series of synthetic ground motion 

for eastern Canada. 

8. Calculation of the component responses such as displacements and deformations of 

columns, bearings and abutment of the structure. 

9. Generation of a probabilistic seismic demand model (PSDM) between the Peak 

Ground Acceleration (PGA) and the maximum component responses for the limit 

states (LM) or level of damage (light, moderate, extensive and collapse) of the struc

tural system. 
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10. Development of fragility curves using the obtained PSDMs. As four (4) types of 

soil and four (4) limit states will be considered, sixteen (16) fragility curves are 

generated. 

11. Comparison of bridge responses and fragility curves between a "fixed" condition (no 

abutment, no foundation, no soil) and a soil condition (with abutment, foundation 

and soil). 

1.5 Report outline 

The probabilistic seismic evaluation of a bridge considering the soil comprises several fields 

of study, including nonlinear structural modeling, geotechnical modeling, and probabilistic 

simulation methods. This report consists of six chapters. Following the introduction of 

this study, Chapter 2 provides a review of bridge vulnerability assessment and introduces 

the concept of the fragility curves, Quebec's seismic hazard and the limit state definition. 

Chapter 3 describes the basic concepts of analytical modeling of foundation and abutment 

and the soil properties according to the Canadian highway bridge design code CAN/CSA-

S6-06. Representative methods for the analysis of shallow foundations and pile foundations 

are briefly introduced. The notion of lumped spring model, Novak's pile model [Novak, 

1974] and the abutment model developed for OpenSees are described. The validation 

of the abutment and foundation model using the experimental results obtained by Roy 

(2006) of the "chemin des dalles" bridge is described in Chapter 4. From this bridge study, 

several aspects of seismic vulnerability analysis are discussed including the effect on the 

bridge responses of a "fixed" condition or a "soil" condition. This chapter focuses also in 

the development of the fragility curves for this bridge considering the site soil condition. 

Chapter 5 provides the methodology for the fragility curve development of the MSCC 

bridge class. Quebec's bridge inventory analyzed by Tavares (2010) is also presented. The 

Chapter discusses the probabilistic demand model, the joint probabilistic seismic demand 

models, the capacity estimates and the component'fragility curves. At the end of this 

chapter, the as-built bridge system vulnerability curves of the MSCC bridge class are 

derived with considerations of the different soil types. Finally, Chapter 6 summarizes 

the investigation and the findings of this project followed by recommendations for future 

research. 



CHAPTER 2 

SEISMIC VULNERABIL ITY OF BRIDGES IN 

QUEBEC 

This chapter introduces the procedure to evaluate the seismic vulnerability of bridges. 

Bridge codes and procedures are described, and then Quebec's seismic hazard is pre

sented. This chapter also presents an overview of bridge fragility studies with empirical 

and analytical curves. At the end, the common limit states for bridges are outlined. 

2.1 Bridge seismic damage evaluation procedure 

Bridges are vulnerable to earthquakes and bridge damage may seriously interrupt the 

traffic in the highway network. If it is possible to determine the relationship between an 

earthquake and the corresponding damage to a bridge, the degree of damage can be es

timated by a probability model [Choi, 2002; Jernigan and Hwang, 1997; Shinozuka et ai, 

2000a,b]. The seismic damage evaluation can be done with an empirical method using 

historical earthquakes and their damage reported on structures, or with an analytical pro

cedure that uses historical or synthetic ground motions and numerical modeling. Because 

Quebec doesn't have historical earthquake damage database for bridges, an analytical 

method including computer simulation is the only possibility to obtain fragility curves for 

bridges. 

The procedure for the seismic damage evaluation of bridges with fragility curves consists 

of six main steps, as shown in figure 2.1. The first step consists in developing a bridge 

inventory and classifying the bridges. In the second step, a 3D nonlinear bridge model 

is built and the behavior of all the components is defined. The third step includes the 

simulation with ground motions, the estimation of ground shaking intensities, the deter

mination of each soil type properties and the collection of bridge dynamic responses. The 

fourth step defines the evaluation criteria for damage states or limit states. The fifth step 

consists in a probabilistic statistical analysis of bridge damage and finally, the sixth step 

is the generation of the fragility curves [Jernigan and Hwang, 1997]. 

Regarding the statistical analysis at the sixth step, there are several methods that estimate 

the failure probability of a bridge, such as the first order reliability method (FORM), 

7 
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Bridge classification 

Bridge modeling 

X 

Earthquake simulation 

x 
Damage state criteria 

Statistical analysis 

X 

Fragility curves 

Figure 2.1 Main steps to obtain fragility curves, [Jernigan and Hwang, 1997]. 

the second order reliability method (SORM), and the Monte Carlo Simulation (MCS) 

with various sampling techniques. Vulnerability curves of a structural component may be 

easily derived if a probabilistic seismic demand function and the structural capacity can 

be explicitly defined. The MCS is a useful simulation method for complex systems with 

several random variables, x, and several failure modes. For such systems, it is difficult to 

derive a limit state function, g(x), which defines the boundary between the failure and the 

safe domains, and to evaluate the failure probability from the closed-form integration of 

g(x) over the failure domain. The MCS may be used to estimate reliability of such systems 

by sampling sets of random numbers and running simulations for each set. The MCS is 

conceptually straightforward. To estimate the failure probability of a system, n sets of 

random variables are generated, x%, i = 1,2, ...,n, according to a joint probability density, 

fx{x). Each set of random variables is used to run simulations and to check whether the 

system has failed or not. The probability of failure is shown in Equation (2.1): 

1 n 
(2.1) 
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where n / is the number of simulation with g(x) < 0. With an increasing number of 

simulations, the result obtained from the MCS converges to a closed form solution. As the 

number of simulation cannot be infinite, the MCS is always subjected to sampling error. 

The MCS can be very expensive computationally, depending on the number of random 

variables. Convergence of the MCS in terms of standard deviation of failure probability 

is slow. To reduce the variance of estimated probability, diverse sampling techniques such 

as Latin Hypercube may be applied [Kwon and Elnashai, 2007]. 

2.2 Canadian code for highway bridges ( C A N / C S A -

S6-06, 2006) 

The Canadian Code for Highway Bridges applies to the design, evaluation and struc

tural rehabilitation design of fixed and movable highways bridges. Section 4 of this code 

presents the seismic design of highway bridges. Bridges designed and detailed in accor

dance with this chapter may suffer damage, but should have low probability of collapse 

due to seismically induced ground motion. Two main principles are used in Section 4: (a) 

small to moderate earthquakes should be resisted with structural components remaining 

essentially elastic; and (b) exposure to shaking from large earthquakes should not cause 

bridge collapse. Besides, the damage that occurs should be detectable and easy to inspect 

and repair. The seismic evaluation of existing bridges is located in section 4.11 of the 

CAN/CSA-S6-06. It provides provisions for emergency-route bridges and other bridges, 

with lifeline bridges requiring special studies. Such provisions include minimum analysis 

requirements, load factors and combinations, and appropriate procedures to evaluate the 

capacities of existing structural elements taking into account as-built details. Additionally, 

the CAN/CSA-S6-06 (2006) provides general guidance on various seismic rehabilitation 

procedures for existing bridges. The bridges shall be classified into three importance cate

gories: lifeline bridges, emergency route bridges and other bridges. The design procedures 

are based on a single seismic intensity, a 475-years return period event, but the perfor

mance objectives include the behavior for small to moderate earthquakes and for large 

earthquakes (1000-year return period). Table 2.1 shows the requirements for each perfor

mance level. Lifeline bridges require special studies to evaluate their seismic performance. 

Two damage levels are defined: moderate and significant damage. Table 2.2 defines each 

level in accordance with the functionality and repair procedure of the bridge. 
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Table 2.1 Performance objectives, [CAN/CSA-S6-06 (2006)]. 

Return period Lifeline Emergency-route Others 

Low to moderate 
seismic intensity 

Immediate 
traffic for 
vehicles 

use Immediate 
all traffic for 

vehicles 

use Immediate use 
all traffic for all 

vehicles 
Design earthquake 
(return period of 
475 years) 

Immediate use Immediate use Reparable damage 
traffic for all traffic for urgency 
vehicles vehicles 

Large Earthquake 
(return period of 
1000 years) 

Immediate use Reparable damage No collapse 
traffic for emer
gency vehicles 

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 with
out 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 

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

PHA for 10% 

in 50 years 

0.00 < PHA < 0.04 

0.04 < PHA < 0.08 

0.08 < PHA < 0.11 

0.11 < PHA < 0.16 

0.16 < PHA < 0.23 

0.23 < PHA < 0.32 

0.32 or greater 

Zonal acceleration 

ratio A 

0.00 

0.05 

0.10 

0.15 

0.20 

0.30 

0.40 

Lifeline 

bridges 

2 

2 

3 

3 

3 

4 

4 

Emergency route 

and others 

1 

1 

2 

2 

3 

4 

4 

PHA: Peak horizontal acceleration. 

A: Ratio of the PHA to the acceleration due to gravity. 
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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 

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 (2005). 

2.3 Quebec's seismic hazard 

2.3.1 Earthquakes in eastern Canada 

For the purposes of calculating probabilistic ground motions for seismic hazard assessment, 

Natural Resources Canada defined the three main seismic zones in Canada as the western 

Canada, the interior platform and the eastern Canada. Eastern Canada is located in a 

stable continental region within the north American plate and, as a consequence, has a 

relatively low rate of earthquake activity. Nevertheless, large and damaging earthquakes 

have occurred here in the past and will inevitably occur in the future (Figure 2.2). Each 

year, approximately 450 earthquakes occur in eastern Canada. Of this number, perhaps 

four will exceed magnitude 4, thirty will exceed magnitude 3, and about twenty-five events 

will be reported felt [NRC, 2005]. 

Historical Seismicity 
Yellow: < 1900 Orange: 1900-1964 Red: 1965-2001 

Uncer ta in ty 
+ / - 5 0 k m + / - 2 5 k m + / - 1 0 k m 

°2.5sM<3.0 OMS3.0 OM24.0 O M^5.0 O M*6.0 

Figure 2.2 Historical seismicity of eastern Canada, [NRC, 2005]. 
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For Canada, ground motion relations are a considerable source of uncertainty in seismic 

hazard estimation because of the paucity of observations in the magnitude-distance range 

of interest. Consequently, eastern ground motion relations may change significantly as new 

events are recorded. On that basis, the Geological Survey of Canada (GSC) adopted a suite 

of relationships accounting for all kind of uncertainties such as the aleatory uncertainty 

that is due to the randomness in the process and the epistemic one due to uncertainty in 

knowledge [Adams and Atkinson, 2003]. 

2.3.2 Canada seismic hazard 

Seismic hazard is defined as the intrinsic natural occurrence of earthquakes and the result

ing ground motion and other effects. Even if earthquakes occur in all regions of Canada, 

certain areas have a higher probability of experiencing damaging ground motions caused 

by earthquakes. The map in Figure 2.3 provides an idea of the likelihood of experiencing 

strong earthquake shaking at various locations across Canada. 

Figure 2.3 Canada seismic hazard map, [GSC, 2005]. 
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2.3.3 Seismic hazard maps 

A national seismic hazard map forms the fundamental basis of an effective way to re

duce deaths and economic losses from future earthquakes. This clearly requires a good 

assessment of the earthquake sources, but it also needs the selection of the probability 

level for the assessment and a wise choice of earthquake parameters. Canada's national 

hazard mapping efforts have moved from qualitative assessment in 1953, to probabilistic 

assessment at 0.01 per annum (p.a.) using peak horizontal ground acceleration (PGA) in 

1970, and to probabilistic assessment at 0.0021 p.a. using both PGA and peak horizon

tal ground velocity (PGV) in 1985. With the 4th generation probabilistic assessment at 

0.000404 p.a. (2500-year return period event), Canada uses spectral acceleration param

eters as the basis for the 2005 edition of the National Building Code of Canada (2005). 

The new national seismic hazard maps have been developed by the Geological Survey of 

Canada (GSC). Theses maps compile the last 15 years of progress in seismological informa

tion and seismic hazard analysis techniques since the National Building Code of Canada 

in 1985 [Atkinson and Beresnev, 1998]. 

The new hazard model incorporates a significant increment of earthquake data, recent 

research on source zones and earthquake occurrence to describe how shaking varies with 

magnitude and distance. It also recognized hazard from Cascadia subduction earthquakes, 

and a more systematic approach to reference site conditions [Adams and Atkinson, 2003; 

Adams and Halchuk, 2004]. 

The reference ground condition used to develop the seismic hazard maps of Canada is 

the site class C of the National Earthquake Hazards Reduction Program (NEHRP) (also 

termed as site class C in the 2005 NBCC, and profile soil II in the Canadian Highway 

Bridge Design Code CAN/CSA-S6-06), with a 360-750 m/s average shear wave velocity in 

the uppermost 30m (V30). NEHRP site class C refers to as very dense soil and soft rock. 

The 2005 NBCC uses spectral acceleration values for periods of 0.2, 0.5, 1.0, and 2.0 s 

(denoted as Sa(0.2), Sa(0.5), etc). As an example, Figure 2.4 shows the seismic hazard 

map with the spectral acceleration for a period of 0.2 seconds. 

2.3.4 Local site effect 

The performance-based analysis procedure has recently become the main concerns of en

gineers in earthquake design. A design framework has been proposed in bridge design 

documents to ensure that various performance objectives are met according to bridge cat

egories. Although eastern Canada is generally known to be a region of low to moderate 
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Figure 2.4 Spectral acceleration for a period of 0.2 seconds at a probability of 
2%/50 years for firm ground conditions (NBCC soil class C). 

seismicity, moderate to large events that occurred in the past and can occur again causing 

significant losses [Wen and Wu, 2001]. Since ground motions are strongly dependent on 

local soil condition and yet the soil profile variation for each bridge in Quebec's highway 

network is difficult and time consuming to model, in this study the soil condition will be 

assumed to have small variation and can be approximately modeled by a generic profile. 

Even if the nonlinear soil properties are needed for an accurate estimate of soil amplifica

tion, detailed information on the soil profile of each bridge in Quebec is hard to obtain. In 

view of this, soil is treated approximately as an elastic medium using time histories com

patible with the 2005 NBCC uniform hazard spectrum for a given soil class [Wen and Wu, 

2001]. 

2.3.5 Earthquake t ime histories compatible with the 2005 NBCC 

uniform hazard spectrum 

To assess the vulnerability of bridge highway in Quebec, it is necessary to have ground 

motion time histories that are representative of the area. Since there is no historical 
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severe ground motions records for eastern Canada, synthetic time histories compatible 

with the 2005 NBCC uniform hazard spectrum (UHS) of interest can be used instead 

[Adams and Atkinson, 2003]. 

Obtaining UHS-compatible time histories is not a trivial task. One way is to select real 

recordings that match the target spectrum in a selected period range. However, this 

approach is only possible when recordings are available for the magnitude-distance range 

and tectonic environment that are causing the hazard. Another option is to generate 

earthquake records that simulate the seismological characteristics of the expected motions. 

This last option is useful in Quebec's case because real strong ground motion records 

are not available. Atkinson and Beresnev (1998) used this approach to develop UHS-

compatible records to match the 2005 NBCC for several cities [Atkinson, 2009]. 

Atkinson (2009) simulation records for eastern Canada were generated using the stochastic 

finite-fault implementation of Atkinson and Boore (2006). Ground motions for Eastern 

North America (ENA) are simulated for two different magnitudes and two different fault-

distance range per magnitude: M6 at 10 to 15 km (M6 set 1), and 20 to 30 km (M6 set 2); 

M7 at 15 to 25 km (M7 set 1), and 50 to 100 km (M7 set 2). For each of these record sets, 

3 random components are simulated at 15 randomly drawn locations around the fault, for 

a total of 4 sets x 3 components x 15 locations = 180 simulations for each site classes 

A, C, D and E. The site classes account for a hard rock (class A, with V30 > 1500m/s), 

a very dense soil or soft rock (class C, 360 m/s < V30 < 760 m/s) which is the standard 

reference condition for the UHS, a stiff soil (class D, 180 m/s < V30 < 360 m/s) and finally 

a soft soil (class E, with V30 < 180 m/s). 

2.4 Quebec's bridge inventory 

2.4.1 Typical bridges in Quebec 

The bridge network in Quebec has more than thirty (30) years of service. More than half 

of the bridges were built before the Canadian seismic design provisions were developed. 

According to Transports Quebec, there are approximatively 2672 multi-span bridges in 

Quebec. It is rather difficult, if not impossible, to evaluate the seismic response of each 

individual bridge in detail. Even though each bridge has its own structural system, the 

bridges with similar structural characteristics are expected to behave in a similar manner in 

the event of an earthquake [Hwang et ai, 2000]. Thus, bridges can be classified into several 

bridge types in order to evaluate the seismic damage to a large number of bridges. Tavares 
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(2010), divided the bridge network in bridge classes and for each of those, from 5 to 15 series 

of fragility curves were developed, depending on the number of bridge class considered. 

Seven of the bridge classes were considered as significant, representing more than 83% of 

the whole bridge network in Quebec. Table 2.4 shows these significant bridge classes. Also, 

the bridges were classified according to their construction material, construction system 

type and number of span [Nielson, 2005], and the bridge superstructure was described 

in terms of the number of span 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 2.5 illustrates a typical multi-span bridge in Quebec and the ratio 

of these bridges that are simply supported or continuous [Tavares et ai, 2010]. 

See Detail A" 

Continuous Simply Supported 

60% Total 40% Total 
Detail A 

Figure 2.5 Typical multi-span bridge in Quebec, [Tavares et ai, 2010]. 

Table 2.4 Significant bridge classes in Quebec, [Tavares, 2010]. 

Bridge classes Abbreviation N° Bridges % Bridges 

Multi-Span Continuous Thick Slab 
Multi-Span Continuous Thick Slab 
Concrete Y Frame 
Multi-Span Continuous Concrete 
Girder 
Multi-Span Simply Supported Con
crete Girder 
Multi-Span Continuous Steel Girder 
Multi-Span Simply Supported Steel 
Girder 
Multi-Span Simply Supported Steel 
Girder with timber deck 

MSCS 
MSCCYF 

MSCC 

MSSSC 

MSCS 
MSSSS 

MSSSTD 

289 
154 

563 

664 

177 
201 

177 

10.82% 
5.76% 

21.07% 

24.85% 

6.62% 
7.52% 

6.62% 

Total 2225 83.27% 
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2.4.2 Summary of bridge structural attributes 

The typical characteristics for Quebec's multi-span bridges are as follows: 

- They are made of either timber, steel, reinforced concrete or prestressed concrete. The 

type of slab material is mostly reinforced concrete and the deck surface material is 

mostly asphalt. 

- The structural systems vary from arcs to cable stayed bridges. 

- The majority of the bridges have three spans. 

- Most of the bridges have either four or five girders. 

- Abutments and bents are the supporting systems. There is no distinction between these 

components in the inventory. The abutments are mainly the seat type with integral foot 

wall (See Table 2.5). 

Table 2.5 Abutment types, [Tavares, 2010]. 

Abutment type N° Abutment % Abutment 

Integral foot wall 
Footing wall with openings 
Hollow footing wall 
Berlin wall 
Crib 
Wrapped crib 
Embankment 
Reinforced Embankment 
Arch bridge end 
Cantilever no abutment 

3526 
340 
324 
4 

292 
19 
25 
11 
2 

421 

71% 
7% 
7% 
0% 
6% 
0% 
1% 
0% 
0% 
8% 

- The foundations are either superficial or deep with the deep foundation sub-classified in 

different types of pile and caisson (See Table 2.6). 40% of the bridges have superficial 

foundations. 

- The majority of the bridges are built on rock, which explains why the superficial foun

dation is the most common type. 

2.5 Fragil i ty curves development for as-built bridges 

2.5.1 Fragility curves in seismic engineering 

Fragility curves are a key input into a seismic risk assessment of transportation networks. 

They allow an evaluation of the potential seismic performance of bridges in the network. 

The relative vulnerability of bridges in their as-built and retrofitted states may be pre-
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Table 2.6 Foundation types, [Tavares, 2010]. 

Foundation type N° Foundation % Foundation 

Superficial foundation 
Timber piles 
Steel piles 
Pre-cast concrete piles 
Enlarged base concrete piles 
Drilled piles 
Caisson 
Other deep foundation 
Non specified 
Other pile type 
Non existent (Cantilever) 

5458 
839 

2986 
273 
57 
235 
140 
421 
1053 
1821 
465 

40% 
6% 

22% 
2% 
0% 
2% 
1% 
3% 
8% 
13% 
3% 

sented through a comparison of their vulnerability functions or so called fragility curves 

[Padgett, 2007]. Fragility curves are representations of a conditional probability, which in

dicates the probability of meeting or exceeding a level of damage for a given input ground 

motion intensity parameter (see Figure 2.6). This conditional probability can be expressed 

as follows: 

Fragility = P[LS|IM = y] (2.2) 

where LS is the limit state or level of damage targeted 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 

or spectral acceleration at a given period. This fragility function represents the ability of an 

engineered system or component to resist a specified event [Tekie and Ellingwood, 2003]. 
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Figure 2.6 Fragility curve example, [Nielson, 2005]. 
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The relationship between bridge damage and ground motion intensity has been investi

gated for bridge systems since the 1980s and early 1990s, and an array of approaches and 

methodologies have been employed. For any kind of bridge, it is possible to determinis-

tically predict the level of ground shaking necessary to reach a target level of response 

and/or damage state. In addition to assuming material and geometric properties that 

affect the overall capacity of a bridge, this deterministic evaluation needs two factors that 

affect the seismic demand: the ground motion and site conditions which are not consid

ered as exact parameters because they are associated with a measure of randomness and 

uncertainty. 

2.5.2 Empirical fragility curves 

Empirical fragility curves are those in which the expected level of damage for a given 

ground motion intensity is based on past damage of bridges from earthquake events. Thus, 

the development of these fragility curves requires the use of actual bridge damage data, 

which is often derived from post-earthquake reports, and a spatial distribution of ground 

motion characteristics, which are 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 [Padgett, 2007]. Karim and Yamazaki (2001) developed a set of 

empirical fragility curves based on actual damage data from the 1995 Kobe earthquake 

and showed the relationship between the damages that occurred to the expressway bridge 

structures and the ground motion intensity. 

2.5.3 Analytical fragility curves 

When it is not possible to get neither actual values of the structural damage nor ground 

motion data, analytical fragility curves become necessary to evaluate the vulnerability 

of bridges [Nielson, 2005]. Considering that the damage states are related to structural 

capacity (C) and the ground motion intensity parameter is related to structural demand 

(D), the fragility or probability of failure (F/), can then be described by Equation (2.3). 

This equation gives the probability that the seismic demand will exceed the structural 

capacity. 

Pf = P[D\C > 1] (2.3) 

Fragility is often modeled by a log-normal cumulative distribution function (CDF) where 

the structural demand and capacity are assumed to have a log-normal or normal distri

bution [Hwang and Jaw, 1990]. Thus, a solution for the fragility is presented in Equa-
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tion (2.4) [Melchers, 1999]. 

Where <&(•) is the standard normal probability integral, Sc is the median of the structural 

capacity, f3c is its associated logarithmic standard deviation of structural capacity, SD is 

the median seismic demand, and /3D is the associated logarithmic standard deviation for 

the demand. The composite logarithmic standard deviation, known as the dispersion, is 

taken as the values shown in Table 2.7 when the fragility curve is expressed in terms of 

PGA, as recommended by HAZUS (2003). 

Table 2.7 Dispersion of damage states for bridge components, 
[Choi and Jeon, 2003]. 

Bridge component 

Columns 
Bearings 

Abutments 

Slight 

0.55 
0.70 
0.55 

Damage state 
Moderate Extensive 

0.55 
0.70 
0.55 

0.70 
0.70 
0.70 

Complete 

0.70 
0.70 
0.70 

Figure 2.7 illustrates the procedure to obtain a set of analytical fragility curves and their 

interpretation at a particular ground motion intensity. 

The seismic demand can be determined through elastic spectral analysis or nonlinear static 

methods as the nonlinear static pushover analysis. The most reliable and rigorous method 

for determining the seismic demand on bridges is through the use of non-linear time history 

analysis (THA). For developing analytical fragility curves, the non-linear THA method has 

been developed and adopted in various forms by Hwang and Huo (1996), Shinozuka et 

al. (2000a), Hwang et al. (2000), Mackie and Stojadinovic (2003), Karim and Yamazaki 

(2001), Elnashai et al. (2004), Choi et al. (2004), Padgett (2007) and Nielson (2005). 

2.5.4 Development of Analytical Fragility curves using the Time 

History Analysis method ( T H A ) 

The development of analytical fragility curves using the THA method can be obtained 

following this procedure: 

1. Selection of ground motions representative of the region of interest. They should 

account for uncertainties as the earthquake source, wave propagation, and soil con

ditions. 
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Figure 2.7 Graphic development of the fragility curves, [Tavares, 2010]. 

2. Generation and sampling of a bridge model. The bridge model should account for 

the behavior of all structural components, such as columns, bearings and abutments. 

The sampling allows for consideration of uncertainty in the structural properties 

(material, strength and geometric values). This is done N times (N nominally 

identical but statistically different bridge samples). 

3. The set of bridge samples is paired with the earthquake ground motion set and a 

non-linear time history analysis is performed for each earthquake-bridge sample. 

4. For each simulation, the maximum responses of the critical components, such as 

column top displacements, bearing deformation and abutment displacement, are 

recorded. 

5. Using the maximum bridge component responses, a probabilistic seismic demand 

model (PSDM) is generated using a regression analysis of the ground motion pa

rameters and the peak structural response of each component of the bridge. The 

PSDM gives the relationship between ground motion intensity and the structural 

demand. Cornell (2002) estimated the median value of the seismic demand, SD, 
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following a power law: 

SD = a • IMb (2.5) 

where o and b are the unknown coefficients and IM is the ground motion intensity 

measure (PGA or Sa). It is possible to simplify Equation (2.5) transforming, it into 

log-normal space and obtaining a linear regression given by: 

ln(SD) = b • ln(IM) + ln(a) (2.6) 

Figure 2.8 shows an example of a PSDM with the regression in the transformed 

space. 

ln (Sd) = l n ( a ) +b.ln(LM) % 0 J 

ln(lM) 

Figure 2.8 PSDM illustration in log-normal space, [Nielson, 2005]. 

6. The selection of the appropriate intensity measure. Nielson (2005) found that the 

PGA is a better choice of intensity measure, as compared with the spectral acceler

ation, based on the criteria of practicality and efficiency. 

7. The determination of the limit state or structural capacity for each component (col

umn, bearings, abutments). This can be determined using the values obtained by 

different researchers such as Choi and Jeon (2003), Dutta and Mander (1998). The 

limit states are often based on expert judgement, experimental data or analytical 

methods. 

8. The seismic demand and structural capacity models are combined with Equation (2.3), 

assuming a log-normal distribution to obtain the fragility curve of each bridge com

ponent (see Figure 2.9). 
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Figure 2.9 Fragility curves for typical bridge components. 

9. The system fragility curves are obtained by combining the component fragility curves 

using the following expression (HAZUS, 1997): 

n 

Pf = 1 - Hi1 - ^ (2-7) 
i = l 

where Pf is the failure probability for the entire bridge system, Pi is the failure 

probability for each vulnerable component, and n is the number of components. 

The combined fragility curves can be generated with the Monte-Carlo simulation to 

estimate the failure probabilities across a range of motion intensities (PGA). 

The combination of the mean and standard deviation of the PSDMs known as the 

joint probabilistic seismic demand models (JPSDM), is integrated with a correlation 

matrix, over all possible failure domains. For a given seismic intensity measure, a 

random sampling (105 typically) is taken from both the demand and the capacity 

sides. Then, the probability estimation that the demand exceeds the capacity at 

that IM level is obtained. This process is repeated for others IM's until the curve is 

defined. 

In other words, the probability of being in the selected limit state at a given value, 

a, of the IM is estimated by: 

P[LS\IM = a] = ^i=1 Ft (2.8) 
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IF = 
1 if (xi,Xj) G Ftj 

0 if (xi,Xj) 3 Fij 

where x, and Xj are realizations of the ith and the j t h distributions, F^ is the joint 

probability density function (see Figure 2.10) for the ith and j t h limit state and If 

is the limit state or indicator function. 

The resulting probabilities are recognized as approximations of the CDF of the dis

tribution. Therefore, a simple linear regression is elaborated to estimate the two 

parameters of the log-normal distribution [Nielson, 2005]. 

P[Fi u Fj] 

Limit j 

Limit i 

Joint 
Probability 
Density 
Function, F 

Xi 

Figure 2.10 Bi-variate joint probability density function integrated over all 
failure domains, [Nielson, 2005]. 

2.6 Damage state definition 

A realistic and usable definition of limit states (LS), also known as damage states, and a 

viable procedure for identifying them by visual inspection and/or by analytical methods, 

is at the heart of all bridge assessment procedures [FIP39, 2007]. As a general rule, LS are 

defined in terms of acceptable degree of damage and are associated with the functionality 

of the bridge and his components. The limit states are generally defined in a qualitative 

and in a quantitative way. The qualitative limit states that are used in this project 

are the ones defined in the FEMA loss assessment package HAZUS-MH (2003). FEMA 

accounts for four damage states, namely slight, moderate, extensive and collapse. A 

detailed description of these states is given in Table 2.8. 

A quantitative value is assigned to each of the limit states for each bridge component. 

For bearings and abutments, the median values of the quantitative limit states derived 
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Table 2.8 Qualitative limit states, [HAZUS-MH,2003]. 

Damage States Description 

N No damage 
S Slight/Minor dam

age 

M Moderate damage 

E Extensive damage 

C Complete damage 

No damage to the structure 
Minor cracking and spalling to the abutments, 
cracks in shear keys at abutments, minor spalling 
and cracks at hinges, minor spalling at the column 
(damage requires no more than cosmetic repair) or 
minor cracking to the deck. 
Any column experiencing moderate (shear cracks) 
cracking and spalling (column structurally still 
sound), moderate movement of the abutment 
(<50mm), extensive cracking and spalling of the 
shear keys, any connection having cracked shear 
keys or bent bold, keeper bar failure without un
seating, rocker bearing failure or moderate settle
ment approach. 
Any column degrading without collapse -shear 
failure- (column structurally unsafe), significant 
residual movement at connections, or major settle
ment approach, vertical offset of the abutment, dif
ferential settlement at connections, shear key fail
ure at abutment. 
Any column collapsing and connection losing all 
bearing support, which may lead to imminent deck 
collapse, tilting of substructure due to foundation 
failure. 

by Choi (2002) from experimental bridge data are used in this project. These states are 

given in Table 2.9. 

For columns, the damage states are defined in terms of drift and the limit values recom

mended by Dutta and Mander (1998) are used. These values are given in Table 2.10. 

2.7 Summary 

A review of the current state of the art of seismic risk assessment was presented in this 

chapter. Fragility curves are a fundamental tool in the evaluation of the potential seismic 

damage of highway bridges. Several methods for the generation of these curves have been 

developed using either an empirical or analytical approach. Quebec's bridge inventory 

was briefly exposed as well as the seismic damage evaluation procedure. The procedure 

to obtain probabilistic seismic demand models for the bridge components and for the 

whole structural system was reviewed. The Monte Carlo simulation was presented as an 
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Table 2.9 Quantitative limit states for bearings and abutments, [Choi, 2002]. 

Limit state 
(Deformation 5, mm) 

Fixed bearings 
Expansion bearings 
Abutments (active action) 
Abutments (passive action) 

No 
damage 

<J<1 
<5<50 
5<4 
S<7 

Slight 
damage 

1<5<6 
50«S<100 

4«5<8 
7«S<15 

Moderate 
damage 

6«5<20 
100«5<150 

8«5<25 
15«5<37 

Extensive Complete 
damage damage 

20«5<40 40«5 
150«5<255 255«5 
25«5<50 50«S 

37<5<146 U6<5 

Active action: It occurs as the abutment is pulled away from the backfill. 
Passive action: It is developed as the abutment wall is pressed into the soil backfill. 

Table 2.10 Description of column limit states, [Dut ta and Mander, 1998]. 

Damage Descript: 
state 

ion Drift Limits 
Non-seismically designed 

Drift Limits 
[ Seismically designed 

No damage First yield 0.005 0.008 
Slight Cracking, spalling 0.007 0.010 

Moderate Loss of anchorage 0.015 0.025 
Extensive Incipient column collapse 0.025 0.050 
Complete Column collapse 0.050 0.075 

instrument to obtain the system (bridge) fragility by integrating over all failure domains 

and including all components of the bridge. Finally, the limit states adopted in this project 

were presented. The following chapter will specifically address the soil properties and the 

various aspects of foundation and abutment modeling. 



CHAPTER 3 

BRIDGE FOUNDATION AND A B U T M E N T 

MODELING 

This chapter introduces the concept of soil-structure-interaction (SSI) and its effects on 

the bridge responses. Also, the Canadian Highway Bridge Design Code (CAN/CSA-S6-

06) soil types are described. Two types of foundation model are presented and finally, the 

abutment models with and without piles are synthesized. 

3.1 Identi f icat ion of soil effect in bridges 

Bridges are susceptible to relatively more severe soil-structure interaction (SSI) effects dur

ing earthquakes as compared to buildings, due to their spatial extent, varying soil condi

tions at different supports and possible incoherence in the seismic input [Chaudhary et ai, 

2001]. There has been a considerable research in the field of SSI and a number of analyti

cal case studies have also been carried out. SSI describes a complex family of phenomena 

which are caused by the flexibility of the foundation soils. In general terms, SSI lengthens 

the apparent period of the system, increases the relative contribution of rocking excitation 

of ground motion to the total response, and usually reduces the maximum base shear 

[Trifunac and Todorovska, 1999]. When the soil surrounding the foundation experiences 

small to modest levels of nonlinear response, the soil-structure interaction can lead to 

significant loss of the available input energy. 

3.2 Soil types of the Canadian Highway Bridge Design 

Code CAN/CSA-S6-06 

Recent destructive earthquakes have again demonstrated that the topography and the 

nature of the soil are the primary factors that influence the bridge response. For that 

matter, an appropriate characterization of the soil is needed. This characterization pro

vides parameters to model the SSI such as the Young's modulus, E and the shear modulus 

of the soil, G = pv2
s, where p is the soil density and Vs is the shear wave velocity. The soil 

types presented in the Canadian Highway Bridge Design Code CAN/CSA-S6-06 follow the 

27 
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standard proposed by the International Society for Soil Mechanics and Foundation Engi

neering. This Standard is similar in many aspects to the Unified Soil Classification System 

(USCS) used in the United States [Casagrande, 1948]. The USCS is used in engineering 

and geology disciplines to describe the texture and grain size of a soil. In the USCS, all 

soils are placed into one of the three major categories: coarse-grained, fine-grained, highly 

organic. 

In this research project, the soil profile types that are used are those specified in the 

Canadian Highway Bridge Design Code CAN/CSA-S6-06 2006, namely I, II, III, IV, taking 

into account that these soil types are equivalent to soil type A-B, C, D and E in the 2005 

National Building Code of Canada [NBCC, 2005] respectively. This consideration allows 

the use of Atkinson's (2009) eastern Canada synthetic ground motions for the dynamic 

analysis of the bridges. All the basic properties of the soil types used in this project come 

from geotechnical engineering handbooks, such as Hunt (2005), which summarizes all the 

range of values obtained with laboratory tests, engineering researches and correlations. 

Profile Type I: 

This soil type is equivalent to the site class A (hard rock) and B (rock) in the 2005 NBCC 

and corresponds to 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 stiff soil 

conditions where the soil types overlying rock are stable deposits of sands, gravels, or stiff 

clays (see Table A.l). 

Profile Type II: 

This soil type is equivalent to the site class C (very dense soil and soft rock) in the 2005 

NBCC and corresponds to stiff clay or deep cohesionless soils where the soil types overlying 

rock are stable deposits of sands, gravels, or stiff clays (see Table A.2). 

Profile Type III: 

This soil type is equivalent to the site class D (stiff soil) in the 2005 NBCC and corresponds 

to soft to medium-stiff clays and sands (see Table A.3). 

Profile Type IV: 

This soil type is equivalent to the site class E (soft soil) in the 2005 NBCC and corresponds 

to soft clays or silts. 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 soil type 

IV is a coarse loose soil, soft clay or silt (see Table A.4). 
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3.3 Opensees as a too l for soil and structure model ing 

Earthquake resistant design of structures requires realistic and accurate physical and the

oretical models. Validation and further improvement of these models can be done only by 

comparison with full-scale, in situ measurements of the response to earthquake excitation. 

In this project soil and structural modeling are performed with the software framework 

OpenSees developed by the the Pacific Earthquake Engineering Research Center (PEER) 

[Mazonni et al., 2006]. OpenSees enables to simulate the performance of structural and 

geotechnical systems subjected to earthquakes. It has advanced capabilities for modeling 

and analyzing the nonlinear response of systems using a wide range of material models, 

elements, analysis types and solution algorithms. The main advantage of OpenSees is the 

ability of using batch processing and conducting comprehensive finite element reliability 

and response sensitivity analysis. 

3.4 Foundation model 

In this section, the theory behind analytical modeling of bridge foundation considering the 

soil properties is presented. The Quebec's bridge inventory showed that 40% of the bridges 

are built on shallow foundations and approximately 32%, on deep foundations. These two 

foundation types are considered in this project. Shallow foundation are modeled with 

the frequency-independent spring-dashpot model of Clough and Penzien (1975) and deep 

foundations are modeled with the model of Novak (1974). 

3.4.1 Analytical model of shallow foundation 

Introduction 

The earthquake loads applied to the foundation arise from the inertia forces developed in 

the superstructure and from the soil deformations caused by seismic waves imposed on 

the foundation. These two phenomena are referred to as inertial and kinematic loading. 

The generic term involving both phenomena is Soil-Structure Interaction (SSI). However, 

design engineers often refer to inertial loading as SSI, ignoring the kinematic component 

mainly because the kinematic interaction might in some situations be negligible and these 

effects are difficult to evaluate comparing with the inertial interaction effects. Therefore, 

the problem is simplified with the evaluation of the inertial effects and the soil isolated 

from the structure. 
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For the analysis of bridge foundations, Section C4.6.5 of the Canadian Highway Bridge 

Design Code recommends to replace the soil-foundation system by compliance springs. In 

the case of shallow foundation, the response of the foundation may be represented by six 

compliance springs (for the six degrees of freedom) that are uncoupled from each other. 

The simplest version of these frequency independent parameters is the so-called spring 

and dashpot model. 

Newmark and Rosenblueth's shallow foundation model 

A significant limitation of the lumped spring and dashpot models for shallow foundation is 

that these models necessarily have finite boundaries. Where natural physical boundaries 

exit, such as hard rock underlying a soft superficial soil deposit, the extent of the model 

will be obvious and its boundary behavior can be expected to simulate the prototype 

system adequately [Clough and Penzien, 1975]. In fact, the model boundaries tend to 

retain the vibration energy within the system, and unless they are at a huge distance, 

they will inhibit the radiation energy loss from the structure. 

When the foundation medium is relatively uniform over a deep zone, the contact, surface 

between the supported structure and the soil deposit is considered as a rigid plate and the 

soil can be treated as an elastic half space. During an earthquake, a rigid base slab may 

be subjected to displacements in six degrees of freedom (3 translational and 3 rotational), 

and the resistance of the soil may be expressed by the six corresponding resultant-force 

components (see Figure 3.1). 

Figure 3.1 Forces applied to elastic half-space foundation medium 

Even if the foundation could be modeled by six linear elastic springs acting in the degrees of 

freedom of the rigid-base, the dynamic resistance of the soil mobilized during an earthquake 

includes inertial and damping effects (caused by energy dissipation) in addition to the 

static spring stiffness [Clough and Penzien, 1975]. Hence, the dynamic behavior of the 
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half space should be modeled in each degree of freedom by a spring-dashpot device with 

an added mass having frequency-dependent properties (see Figure 3.2). This frequency-

dependent model, named elastic half-space foundation model, was proposed by Newmark 

and Rosenblueth (1971) 

Added mass 

Rigid 
base 
disk 

Horizontal 
spring and 
damper 

u 
//////////// 

Vertical spring 
and damper 

Figure 3.2 Lumped parameter model for elastic half-space foundation, (trans
lational motion in vertical plane) [Clough and Penzien, 1975]. 

From this model, Clough and Penzien (1975) analyzed the frequency-dependent forces 

acting between a rigid slab and the surface of an elastic half-space foundation for rectan

gular and circular slab shapes using the assumption that the dynamic stress distribution 

acting on the slab is the same as that developed in a static loading. From this analysis, 

they proposed an elastic half-space foundation model with frequency-independent equiv

alent properties for rectangular and circular slab shapes. These properties are listed in 

Table 3.1. 

Table 3.1 Equivalent discrete properties for elastic half-
space supporting a rigid circular plate at the surface, 
[Clough and Penzien, 1975]. 

Degree 
of 

Freedom 

Spring 
Constant 

(k) 

Viscous Added 
Damper Mass 

(c) (m) 

Vertical K = (4GV)/(1 - v) 1.79y/(Kpr3) 1.50pr3 

Horizontal 18.20(1 - i/2)/(2 - vf 1.08y/(Kpr3) 0,28/jr3 

Rocking 2 . 7 0 3 0.47 y/(Kpr5) 0,49pr5 

Torsion 5.3GV3 l.lly/(Kpr5) 0.70pr5 

G: Soil shear modulus, v. Soil Poisson's ratio, p: Soil density and r: 
Equivalent radius of the circular plate. 
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It is noted that the variable r in Table 3.1 corresponds to the equivalent radius for a 

rectangular footing having dimension a and b. This radius can be determined with the 

relations given in Table 3.2. 

Table 3.2 Equivalent radius for a rectangular footing 
having dimensions a and b, [Rowe, 2001]. 

Direction Equivalent radius for a rectangular footing 

Vertical r = J^ 
y n 

Horizontal r — \ — 

Rocking 

Torsion 4/a6(q2-h 
V 6ir 

+62) 

3.4.2 Analytical model of deep foundation 

Introduction: 

Because of their high strength, great bearing capacity and fine durability, pile founda

tions have been widely used in civil and construction engineering projects such as tall 

buildings, large factories, water power plants, railways, highways, bridges, offshore plat

forms and nuclear power plants. The study of the earthquake-resistant performance of 

a pile-soil-structure interaction system is a relatively complicated and primarily impor

tant issue in civil engineering practice because many factors such as pile-soil interaction 

effect, infinite ground base, superstructure and other coupling effects are involved in the 

system [Kong et ai, 2006]. The dynamic interaction characteristics and the interaction 

mechanism of a pile-soil-structure system have not been recognized definitely and so far 

there has been no systematic analytical method and sophisticated computational model 

in engineering design. 

For pile foundations, Section C4.6.5 of the Canadian Highway Bridge Design Code (CAN/CSA-

S6-06) recommends two methods: 

1. Representing the complete soil-pile system by six uncoupled compliance springs at 

pile cap level; or 
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2. Representing the soil-reaction that develops as a result of the soil-pile-interaction by 

a series of springs distributed along the length of the pile. In this case, the pile itself 

may be modeled as a structural member. 

For the first method, the compliance springs may be dependent on a number of vari

ables including the shear modulus of soil, elastic modulus of the structural elements, size, 

shape and type of foundations, and group interaction effects. The compliance springs that 

represent the load-deformation behavior of pile foundations may be estimated by first 

computing the response of a single pile and thereafter reducing the stiffness to take into 

consideration the pile group interaction effects. 

Pile foundations under dynamic loads: Novak's dynamic analysis of piles 

Deep foundations are routinely employed to transfer axial structural loads through soft 

soils to stronger bearing strata at depth. These foundation elements may also be subject 

to transient or cyclic lateral loads arising from earthquake, wind, wave, blast, impact or 

machine loading [Tahghighi and Konagai, 2007]. Various approaches have been used for 

the dynamic response analysis of pile-supported structures. 

The pile model that is used in this project was developed by Novak (1974) for vertical 

vibrations of piles and piles under lateral and rocking motion. The information required 

for this model is: 

- Soil properties: shear modulus G, Poisson's ratio v, and unit weight 7 of the soil. 

- Pile properties and geometry: pile length, cross section, unit weight of pile and pile cap, 

Young's modulus of pile material, shear wave velocity Vs, compression wave velocity Vc 

and the ratio of spacing between piles S0. Considering that piles are generally used in 

groups, the stiffness and damping of pile groups need to be evaluated from considerations 

of group action. It is not correct to assume that group stiffness and damping are the 

simple sum of the stiffness and damping of individual piles. 

Below, the dynamic modeling of piles in the vertical, translational, rotational, and torsional 

is presented following the Novak's method: 

(i) Vertical Direction: 

The main assumptions in Novak's model are: 

1. The pile is vertical and of circular cross section. 

2. The pile material is linearly elastic. 



34 CHAPTER 3. BRIDGE FOUNDATION AND ABUTMENT MODELING 

3. The pile is perfectly connected to the soil (i.e., there is no separation between soil 

and pile under vibrations). 

4. The pile is a floating pile. 

5. The soil above the tip is modeled as a linear elastic layer composed of infinitesimally 

thin independent layers, which means that the elastic waves propagate only horizon

tally. The soil reaction acting on the tip is assumed to be equal to that of an elastic 

half-space. 

6. The motion is small and the excitation is harmonic, which yields the impedance 

functions and the equivalent stiffness and damping constants of the soil-pile system 

that can be used in structural analysis. 

1. Compute spring stiffness and damping of a single pile: 

The stiffness constant kw of one pile can be written as: 

"'w — Jwl 

The constant of equivalent viscous damping of one pile is: 

cl = ^U (3.2) 

where Ep is the Young's modulus of the pile, A is the area of the pile cross section, 

r0 is the pile radius, Vs is the shear wave velocity (Vs = y/Gj' p), G is the shear 

modulus of soil surrounding the pile and p is the mass density of soil. Since stiffness 

and damping do not depend much on frequency, Novak (1974) has recommended 

the parameters fw\ and fW2 for design purposes which are independent of frequency. 

These parameters were obtained from Prakash (1990). 

2. Compute spring stiffness and damping of a pile group: 

Sheta and Novak (1982) presented an approximate theory for vertical vibrations of 

pile groups that account for dynamic interactions of piles in a group, weakening of 

soil around the pile because of high strain, soil layering, and arbitrary tip conditions. 

The stiffness of pile group k^ can be obtained from Equation (3.3): 

K, = S ^ (3-3) 

(3.1) 
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The equivalent geometric damping ratio for the group is given by Equation (3.4): 

where n is the number of piles, a A is the axial displacement interaction factor for a 

typical reference pile in the group relative to itself and to all other piles in the group, 

assuming the reference pile and all other piles carry the same load. The value of OIA 

is taken from Prakash (1990). 

Determine spring stiffness and damping due to side friction: 

If the pile cap is not in contact with the ground, equations (3.3) and (3.4) can be used 

directly to compute the response of the pile group to vertical vibrations. Embedment 

of the pile cap results in increase of the stiffness and damping values of the pile group. 

However, it may be assumed that, in practice, embedment is provided only in the 

development of side friction between the cap and soil and only when dense granular 

backfill is used. The soil beneath the base of the cap is likely to be of poor quality 

and may settle away from the cap both in cohesive and noncohesive soils. 

Novak (1974) has developed expressions for calculating stiffness and geometric damp

ing constants for embedded footings that can be applied to pile caps. These are added 

to the stiffness and damping values obtained in equations (3.3) and (3.4). The stiff

ness (fc£) and damping (cQ values due to side friction of the pile cap are expressed 

as (Prakash and Puri, 1988): 

k£ = GshSi (3.5) 

cl, = hr0S2\/Gsps (3.6) 

where, h is the depth of embedment of the cap, r0 is the equivalent radius of the 

cap, Gs and ps are the shear modulus and total mass density of the backfill. Finally, 

the constants S\ and 5*2 are 2.7 and 6.7, respectively. 

4. Compute total spring stiffness and total damping: 

Equations (3.7) and (3.8) show the total spring stiffness and damping in the vertical 

direction of the pile foundation: 

Svtotal = ^w + Kyi ( 3 - ' ) 

^ t o t a l = Cw + Cw (3-8) 
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(ii) Translation Direction: 

1. Compute spring stiffness and damping of a single pile: 

The translational stiffness and damping constant of a single pile are given in Equa

tion (3.9) and Equation (3.10): 

kl = ^ U (3-9) 
'o 

4 = #/* (3-10) 
'ovs 

where, Ip is the moment of inertia of the pile and the values of functions fxi and fX2 

are obtained from Table 3.3. 

Table 3.3 Stiffness and damping parameters of horizontal response for piles with 
L/r0 > 25 for homogeneous soil profile and L/r0 > 30 for parabolic soil profile, 
[Novak and Sharnouby, 1983]. 

Fpiie/ Stiffness Parameters Damping Parameters 

v Ggoil f<f>l fx<j>l f*xl fxl f<t>2 fx<t>2 f*x2 fx2 

Constant soil profile 

10000 

2500 
1000 
500 
250 
10000 
2500 
1000 
500 
250 

0.2135 
0.2998 
0.3741 

0.4411 
0.5186 
0.2207 

0.3097 
0.3860 

0.4547 
0.5336 

-0.0217 

-0.0429 
-0.0668 
-0.0929 
-0.1281 
-0.0232 

-0.0459 
-0.0714 

-0.0991 
-0.1365 

0.0042 

0.0119 
0.0236 

0.0395 
0.0659 
0.0047 
0.0132 

0.0261 
0.0436 
0.0726 

0.0021 

0.0061 
0.0123 

0.0210 
0.0358 
0.0024 

0.0068 
0.0136 

0.0231 
0.0394 

0.1577 
0.2152 
0.2598 

0.2953 
0.3299 
0.1634 
0.2224 
0.2677 
0.3034 

0.3377 

-0.0333 

-0.0646 
-0.0985 
-0.1337 
-0.1786 

-0.0358 
-0.0692 
-0.1052 

-0.1425 
-0.1896 

0.0107 

0.0297 
0.0579 
0.0953 
0.1556 

0.0119 
0.0329 
0.0641 
0.1054 

0.1717 

0.0054 
0.0154 

0.0306 
0.0514 
0.0864 

0.0060 
0.0171 
0.0339 

0.0570 
0.0957 

Parabolic soil profile 

10000 

2500 
1000 

500 
250 
10000 
2500 

1000 
500 
250 

0.1800 
0.2452 

0.3000 
0.3489 

0.4049 
0.1857 
0.2529 
0.3094 

0.3596 

0.4170 

-0.0144 

-0.0267 
-0.0400 

-0.0543 
-0.0734 

-0.0153 
-0.0284 

-0.0426 

-0.0577 

-0.0780 

0.0019 

0.0047 
0.0086 

0.0136 
0.0215 

0.0020 
0.0051 
0.0094 

0.0149 
0.0236 

0.0008 
0.0020 
0.0037 

0.0059 
0.0094 

0.0009 
0.0022 

0.0041 

0.0065 

0.0103 

0.1450 
0.2025 

0.2499 
0.2910 
0.3361 

0.1508 
0.2101 

0.2589 
0.3009 

0.3468 

-0.0252 

-0.0484 

-0.0737 

-0.1008 
-0.1370 

-0.0271 
-0.0519 
-0.0790 
-0.1079 

-0.1461 

0.0060 

0.0159 
0.0303 

0.0491 
0.0793 

0.0067 
0.0177 

0.0336 
0.0544 

0.0880 

0.0028 
0.0076 
0.0147 
0.0241 

0.0398 

0.0031 
0.0084 

0.0163 
0.0269 

0.0443 

L: Pile length, TQ: Pile radius 

0.25 

0.40 

0.25 

0.40 
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2. Compute spring stiffness and damping of pile group: 

The translational stiffness and damping constants of the pile group are taken as: 

3. 

ig Lu\ *>x 

c£ = 
E n 

(3.H) 

(3.12) 

where the value of « L is the displacement factor for lateral translation and can be 

taken from Poulos (1971). 

Compute spring stiffness and damping due to pile cap: 

The pile cap in a pile group strongly affects the rotational and lateral capacity of 

the whole foundation. When a pile cap is subjected to lateral loading, the rotational 

tendency of the pile cap is restrained by the vertical soil resistance that develops 

along the pile and at the pile tip. This is schematically shown in Figure 3.3. 

I, 4 
- l i i | 

ii \i 
i\ \l 
i\ ;i 
i\ \i 

Ti i 

ti1 ! 

t! ! 
T! 1 
T! ! 

Pile sha f t 
r e s i s t a n c e 

Pile t ip 
r e s i s t a n c e 

Figure 3.3 Schematic soil resistance under pile cap rotation. 

Pile caps can also mobilize considerable lateral soil resistance themselves when they 

are subjected to lateral loading. The lateral resistance of the soil against the pile 

cap movement depends on the passive earth pressure at the front face of the cap, 

the sliding resistance on the sides and base, and the active pressure on the back face 

of the cap. 

As for the vertical vibration, the spring constant k[ and damping k{ due to pile cap 

translation are, respectively: 

k{ = GshSxl (3.13) 

c{ = hr0^/Gsps • Sx2 (3.14) 
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Where h is the depth of embedment, r0 is the equivalent radius of the cap, Gs and 

ps are the shear modulus and total mass density of the backfill and Sxi and SX2 are 

constants given in Table 3.4. 

Table 3.4 Stiffness and damping constants for 
half-Space and side layers for sliding vibrations 
[Novak, 1974]. 

Poisson's Ratio, v Constant for sliding vibrations 

0 5xi = 3.60 
S_x2 = 8.20 

0.25 S_xl = 4.00 
Sx2 ~ 9.10 

0.4 Sxl - 4.10 
Sx2 ~ 10.6 

4. Compute total spring stiffness and total damping: 

^xtotal = K + kx (3.15) 

4total = ^ + 4 (3-16) 

(iii) Rocking: 

1. Compute stiffness and damping of a single pile in both rocking alone and 
in coupled motion with the translation: 

The rotation stiffness constant is, 

77> T 

(3.17) 

The rotation damping constant, 
T? T 

(3.18) 

The cross-stiffness constant, 

The cross-damping constant, 

k1 -
^4, — 

4 = 

k1 -

rl -
^x<p 

Eplp . 
J<t>i 

Eplp 

vs
 h2 

E I 

' 0 

Eplp f 
-.r JX4>2 

(3.19) 

(3.20) 
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Where Ip is the moment of inertia of the pile cross-section, Ep is the Young's modulus 

of the pile, Vs is the shear wave velocity and r0 is the pile diameter. Values of f$\, 

fct>2, fx4>\ and fX(j)2 parameters are given in Table 3.3 

2. Compute stiffness and damping of the pile group: the stiffness and damping 

of the pile group already calculated in the vertical and the translational direction, 

are integrated in the rocking stiffness and damping of the pile group. 

*> — ,2-A 0 ~*~ wxr + kx
z
c 2zckx<f,) (3.21) 

^4> ~ /_J<C4> ~*~ CwXr + cxzc — ^zcc
x<t>) (3.22) 

where xr is the distance of each pile from the center of gravity (CG) and zc is the 

height of C G of the pile cap above its base (Figure 3.4). 
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Figure 3.4 Dimensions of pile foundation, [Novak, 1974]. 

3. Compute stiffness and damping of the pile cap: 

fcj = GsrlhS^ + Gsr
2

0h[(52/3) + (zc/r0)
2 - 5{zJr0))Sxl (3.23) 

c{ = SrWGsls/9 • {S& + l(52/3) + (zc/r0)
2 - S(zc/r0)]SX2} (3.24) 

where ro and h are the equivalent radius and the thickness of the cap, 5 is equal to 

h/r0 and S^i and S^ are 2.5 and 1.8, respectively. 
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4. Total stiffness and total damping are then the sum of stiffness and damp

ing values computed in steps 2 and 3: 

^totai = k^ + k^ (3.25) 

<tota. = ^ + ^ (3-26) 

(iv) Torsion: 

Novak and Howell (1977) developed a model for torsional vibrations of piles. The main 

assumptions in this model are: 

- The pile has a circular cross section, and is vertical and elastic. It is perfectly connected 

to the soil. 

- The pile is end bearing. 

- The soil is modeled as a linear viscoelastic medium with frequency independent material 

damping of the hysteretic type. 

- The soil reaction per unit length of the pile is assumed to be equal to that derived for 

plane strain conditions (i.e., for uniform rotation of an infinitely long pile). 

1. Stiffness and damping constants for fixed-tip single piles are given by: 

k* = ^ / T a ( 3-2 7 ) 

4 = l ^ , 2 (3.28) 

where Gp is the shear modulus of pile material, J is the polar moment of inertia 

of the pile cross section, r0 is the effective radius of one pile, Vs is the shear wave 

velocity of soil and fr,i, fr,2 are constants whose values can be found in Novak 

(1977). 

2. Stiffness and Damping constants of group: 

The torsional stiffness and damping constants of a pile group are: 

h = ^2[k1
i, + k1

x(x
2
r + y2)} (3.29) 

^ = J > ; + cl(x2
r + y2)} (3.30) 

where, xr and yr are distances of any pile from the CG of the group (see Figure 3.4), 

and k\ and c\ are calculated from Equation (3.9) and Equation (3.10) respectively. 
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Equations (3.29) and (3.30) show clearly that the contribution of the translation 

components increases with the square of the distance from the reference point, that 

is y/x2. 4- y2 . Therefore, in practice, the contribution of torsion of each pile depends 

on the ratio of the torsional stiffness to the stiffness caused by horizontal translation. 

Final considerations for the deep foundation model used in OpenSees 

The implementation of the previous pile foundation model in OpenSees is made with 

equivalent zero-length springs. The foundation system consists of pile groups connected 

with a pile cap. An elastic representation is used in this study. This simplification is 

done for two 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. Although, nonlinearity in 

the soil material can purely arise due to wave propagation. A study on the behavior of pile 

groups by Yang and Jeremic (2003) has shown that for relatively small displacements, the 

initial behavior of large pile groups (such as the one considered in this study) is elastic. 

Additionally, liquefaction potential is not being considered. Based on these facts, the 

assumption of an elastic soil is expected to influence the results by reducing the amount 

of inelastic energy dissipation in the foundation system. Additional work should be done 

using a fully elastic-plastic model of this foundation system. 

^Tran 

CVertig k V e r t 

mzz vim vim 
Figure 3.5 Opensees deep foundation model. 

ran 
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3.5 Abutment model 

3.5.1 Introduction 

Many past earthquakes around the world clearly showed that bridges are one of the most 

important and vulnerable part of the transportation network. Past earthquakes demon

strated the existence of a significant interaction between the bridge superstructure, the pile 

foundations, the backfill and the abutments [El-Gamal and Siddharthan, 1998]. Abutment 

back walls are normally designed following the active and passive earth pressure theories. 

Such pressure theories are invalid for abutment walls during seismic excitation when in

ertial loading from the bridge structure induces higher than anticipated passive earth 

pressure conditions. 

It is well known that when the bridge deck moves laterally toward the abutment during 

an earthquake, the bridge structure applies a lateral compressive force to the abutment 

that mobilizes passive resistance in the soil backfill and results in permanent soil displace

ment. When the bridge moves away from the abutment, a gap can be opened between 

the abutment and the soil [Shamsabadi et ai, 2007; Shamsabadi and Yan, 2008]. When 

bridges are subjected to small ground motions, they remain normally in the elastic range. 

Wrhen they are under the influence of strong earthquakes, however, the dynamic response 

of the bridge becomes nonlinear and is largely dependent on the nonlinear soil structure 

interaction effects between the abutments and the backfill soils. 

Because of the importance of soil-structure interaction effects on the seismic response of 

abutments, their performance is less easy to predict than that one of internal bents of 

bridges. There are several types of connection between the bridge superstructure and the 

abutments, with the appropriated choice depending on soil conditions, bridge size and 

expected displacements [Nielson, 2005; Priesley et ai, 1996]. In this project, however, 

only seat-type abutments are considered as shown in Figure 3.6. Because they are the 

most used in Quebec for multi-span continuous concrete girder bridges (See Table 2.5), 

two seat-type abutments are considered: one with footing (stiff soils) and another one 

with piles (soft soils). Abutments with footing are modeled with translational and rota

tional springs, whereas abutments with piles are modelled only with translational spring 

[Siddharthan et ai, 1997]. 

It is noted that experimental studies [Siddharthan et ai, 1997] and theorical considerations 

[Wilson and Tan, 1990] suggested that the behavior of bridge abutments is increasingly 

non-linear as displacements increase. However, analytical studies have indicated that even 
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Figure 3.6 Seat-type abutment, [Priesley et ai, 1996]. 

under strong earthquake motions the force-displacement loops of bridge abutment present 

usually elliptical shapes [Goel and Chopra, 1997]. 

3.5.2 Model of a seat-type abutment wi th piles 

The behavior of each component of the seat-type abutment with piles is simulated from 

different models found in the literature. Soil backfill material contribution, gap, piles, 

wing-wall resistance and embankment stiffness are considered (see Figure 3.7). The lon

gitudinal, transverse, and vertical nonlinear abutment responses are taken into account 

as well as a participating mass corresponding to the concrete abutment and mobilized 

embankment soil. 

Longitudinal response 

In general, the longitudinal response is based on the system response of the elastomeric 

bearing pads, gap, abutment back-wall, abutment piles and soil backfill material. Prior to 

impact or gap closure, the superstructure forces are transmitted through the elastomeric 

Wing wall 

Shear—off line 

Shear key 

Backwall 

Gap 

" T i i _ r 
Pile 
res i s tance L J L J 

Bridge 
deck 
iner t ia 
force 

Bearing 
pad 

(a) Seat abutment structure components (b) Bridge deck-abutment-soil 

Figure 3.7 Schematic of seat-type abutment structural components and bridge 
deck-abutment-soil interaction. 
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bearing pads to the stem-wall, and subsequently to the piles and backfill, in a series 

system. After gap closure, the superstructure bears directly on the abutment back wall 

and mobilizes the full passive backfill pressure. To simulate the longitudinal response of 

the abutment-soil interface, a system of spring and gap element in series is distributed in 

parallel along the width of the rigid deck bridge at the abutment location. 

Spring element: 

The behavior of each spring element accounts for the contribution of the follow compo

nents: 

1. Soil backfill contribution 

The soil backfill behavior is commonly simulated with either a hyperbolic force-

displacement relationship (HFD model) or a simple bilinear force-displacement re

lationship, as shown in Figure 3.8. In this work, the bilinear model proposed by 

Maroney (1994) is used. This model is based on an average soil stiffness K and the 

maximum abutment force Fuit developed at a maximum displacement ymax- Typical 

values of these parameters are given in Table 3.5 for different soil types. 

Figure 3.8 
2007]. 

yave ymax 

Hyperbolic force-displacement formulation, [Shamsabadi et ai, 

Table 3.5 Parameters values for the bilinear soil 
backfill model, [Maroney et ai, 1994]. 

Soil type Fult (kN) {ymax/H) K (kN/cm/m) 

Coarse gravel 
Silty sand 

Fine gravel 
Clay 

2017 
1397 
777 
1389 

0.06 
0.05 
0.04 
0.1 

264 
307 
292 
144 

H: Abutment back wall height. 
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2. Piles contribution 

In this model, the piles are supposed to act in the active and the passive loading of 

the abutment allowing for 7kN/mm per each 45 ton, 70 ton and 406.4 mm Cast-In-

Drilled-Hole (CIDH) piles. This contribution is represented by the tri-linear model 

implemented by Choi (2002), as shown in Figure 3.9 and Table 3.6. Choi assumed 

that the piles become plastic at a deformation of 25.4 mm and the first yielding occurs 

at 30% of the ultimate deformation, at a yielding force equal to 70% of the ultimate 

force. In this project, the ultimate force is taken as 119kN/pile as recommended by 

Caltrans [1990]. 

Force • 

F2 

Disp 

Figure 3.9 Piles contribution in the longitudinal direction. 

Table 3.6 Pile behavior (dual action) of abutment, [Choi, 2002]. 

Effective stiffness 
Initial stiffness 

First displacement at top 
Second stiffness 

Second displacement at top 

Keff 
Kx 

Ai//» 
K2 

A2/h 

7 kN/mm/pile • Number of piles 
2.333 • Keff 

7.62 mm 
0.428Keff 

25.4 mm 

Gap element: 

The dynamic interaction between the deck, the abutment wall and the embankment soil 

is modeled with a gap element between the bridge deck and the abutment backfill. The 

gap element represents the seat of the abutment that engages the spring when the bridge 

deck pushes toward the backfill but allows the bridge deck to freely separate from the soil. 
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F o r c e 

Pabut 

D e f l e c t i o n 

Figure 3.10 Gap element. 

"gap 

Transverse response 

The transverse response is based on the system response of the elastomeric bearing pads, 

exterior concrete shear keys, abutment piles, wing-walls, and embankment. For the trans

verse stiffness and strength of the wing walls, the Caltrans (1990) procedure is used. The 

embankment stiffness per unit length of embankment is obtained from Wilson and Tan 

(1990). In addition, the piles contribution is accounted for using the trilinear model de

scribed previously and shown in Figure 3.9. 

1. Wing walls 

Caltrans (1990) explained that the effect of wing walls decreases as the width of 

the abutment increases. If the bridge width is over about 15 m, the wing walls 

contribution becomes negligible. In this project, the wing walls response is assumed 

elasto-plastic with an effective stiffness given by Equation (3.31) as recommended 

by Caltrans (1999): 
o 

^•wingwall 7T ' ^-initial " ^O.olJ 

where b is the horizontal length of the wing walls, K^Mai is the initial stiffness of 

the soil and is given in Table 3.7. 

Table 3.7 

Cohesionless 
Cohesive 

Passive 

Soil type 

abutment-soil behavior parameters , [Caltrans, 1990]. 

(Coarse gravel, sand) 
(Silty sand, clay) 

Kinitial (kN/mm/m) 

11.5 
28.8 

Ultimate deformation* 

6% 
10% 

For all soils the ultimate soil pressure is 0.37 MPa 
* A/h: Abutment tip displacement (A) as a percentage of abutment height (h). 
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2. Embankment: 

Assuming a lateral plain-strain deformation and a symmetric soil embankment with 

trapezoidal cross-sectional properties, the stiffness per unit length of the embank

ment can be determined with the equation proposed by Wilson and Tan (1990): 

k,= 
2SG 

ln(l + 2S§) 
(3.32) 

Where Ft is the horizontal force applied to the embankment, W is the crown width, 

H is the embankment height, 1/'S is the slope of side, G is the soil shear modulus and 

7 is the unit weight (see Figure 3.11). The embankment lateral response is assumed 

linearly elastic. 

*777, 
Figure 3.11 Geometry of a symmetric soil embankment, [Wilson and Tan, 
1990]. 

3. Exterior concrete shear keys: 

The shear keys at the abutment of bridges are designed to provide transverse re

straint to the superstructure during service load and moderate earthquakes. During 

a strong earthquake, however, the shear keys are designed as sacrificial elements 

to protect the abutment stem wall, wing walls and piles from damage, implying 

that the shear keys will break off before damage occurs in piles or abutment walls 

[Goel and Chopra, 2008]. Therefore, shear keys are generally ignored when idealiz

ing a bridge, because this approach is assumed to provide upper-bound estimates of 

the seismic displacement demands. 

Vertical response 

An equivalent spring is used to represent the vertical stiffness of an abutment system 

[Wilson and Tan, 1990]. The spring stiffness is based on a linear elastic plane-strain anal

ysis of a typical trapezoidal-shaped embankment cross section (Figure 3.12). This vertical 

stiffness is given as: 
2SE 

ln(l + 2S§) 
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where Fv is the vertical force applied to the embankment, W is the crown width, H is 

the embankment height, 1/S is the slope sides and E is the Young's modulus of the 

embankment material. 

Figure 3.12 Trapezoidal-shaped embankment cross section, [Wilson and Tan, 
1990]. 

Participating Mass 

In addition to abutment stiffness, and other factors governing abutment response, are the 

inertial forces generated during earthquakes. In this project, inertia is included in the 

analysis model by using a point mass at the abutments. The mass value is estimated with 

the expression derived by Werner (1994): 

m = 
ps(W + SH)Hd 

(3.34) 

An effective embankment length, d, assumed to be a quarter of the deck length. Where 

ps is the mass density, S, H, W are the slope of sides, embankment height and dimension 

of the crown respectively 

3.5.3 Model of a seat-type abutment on spread foot ing 

Introduction 

An analytical model was proposed by Wilson (1988) to describe the stiffness of seat-type 

abutments for seismic bridge analysis. Wilson's model uses six linear elastic springs, three 

translational and three rotational, and accounts for the interaction of the abutment walls, 

pile foundations and soil. This model is adopted in this project and the relations used to 

estimate spring stiffnesses are presented below. 
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Abutment model procedure 

For different abutment configurations and soil conditions, a general form of abutment wall 

backfill stiffness equation that considers passive resistance of soil is presented by Wilson 

(1988). He estimated back wall stiffness in the longitudinal direction and the wing wall 

stiffness in the transverse as: 

where Ks is soil stiffness per unit wall width, Es and v are the Young's modulus and 

the Poisson's ratio of the backfill soil, respectively, and / is a shape factor. Values of 

/ are given in Table 3.8 and the parameters used to derive it are shown in Figure 3.13. 

Equation (3.35) was determined assuming an uniformly loaded area resting on an elastic 

half-space. 

Table 3.8 Shape factor / for abutment stiffness, 
[Crouse et ai, 1985]. 

Ratio between length and width, L/B Shape factor, I 

1 0.80 
5 1.70 
10 2.00 
20 2.40 

L: dimension, long side of contact area. 
B: dimension, short side of contact area. 

Matthewson et al. (1980) recommended that the resultant rotational stiffness for the 

abutments per unit wall width (either back wall or wing wall) be calculated with: 

KR = 0.072ESBH2 (3.36) 

where H and B are the height and the width of the back wall or wing wall, respectively 

(see Figure 3.13). Equations (3.35) and (3.36) are based on the earth pressure distribution 

against walls subjected to displacement and rotation about the bottom tip of the wall 

[Spyrakos and Loannidis, 2003]. Finally, the stiffness of the spread footing foundation can 

be expressed as [Earth-Technology, 1986]: 

K = a[K0] (3.37) 

where [K0] is the stiffness matrix of an equivalent circular surface foundation and a is the 

correction factor. The foundation correction factor can be determined from Figure 3.14. 
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Plan 

H 

Elevation 

Figure 3.13 Rectangular footing geometry. 

The terms out of the diagonal of the stiffness matrix [K0] can be ignored. The coefficients 

of the diagonal of the 6 x 6 stiffness matrix [K0] are: 

Ku = 
oGRx 

SGRy 

( 2 ^ ) 
4GRZ 

8GRXX 

3(1 - u) 

8GR3
yy 

A 55 — — 

K22 = 

K33 = 

Ku = 

K,a = 

3(1-! / ) 
16GRL 

(3.38) 

(3.39) 

(3.40) 

(3.41) 

(3.42) 

(3.43) 

where G is the shear modulus of the soil and v the Poisson's ratio. K\\, K22 and ^33 

denote translational stiffness along the x, y and z axis and the coefficients K44, A"55 and 
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KQQ denote rotational stiffness about the x, y and z axis, respectively. Rx, Rz, Ry are 

the equivalent radius in x, z and y direction, and Rxx, Rzz and Ryy in the xx, yy and zz 

direction, these values are given in Table 3.9. 

Table 3.9 Equivalent radius for a rect
angular abutment footing. 

1.20 

1.15 

a I.IO 

1.05 

1.00 

Direction Equivalent radius 

Vertical 
Horizontal 
Horizontal 
Rocking 
Rocking 
Torsion 

Ry = JBL/TT 

Rx = y/BL/TT 
Rz = y/BL/ir 

RXX= VL3B/(3ir 
Rzz = {/WLf{^ 

R "TO l/BL^B* + L2)/(6TT) 

L: Footing length. 
B: Footing width'. 

- s -

,^/yC 

• Torsion (yy) 

• Rocking (xx) 

• Rocking (zz) 

© Horizontal (x) 

O Horizontal (z) 

• Vertical (y) 

L/B 

Figure 3.14 Rectangular foundation correction factor, [Earth-Technology, 
1986]. 

3.6 Summary 

This chapter reviewed the soil effects on bridges focusing on the foundation and abutment 

characteristics in various soil types subjected to a dynamic loading, and also presented the 

soil types and the models adopted in this project to simulate foundation and abutment 

responses. Newmark and Rosenblueth's (1975) model for shallow foundation and the 

Novak's (1974) model for piles foundation were presented. Finally, two different types 

of analytical models for seat-type abutment were discussed. One that accounts for piles 

contribution and another one considering only a spread footing. 
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CHAPTER 4 

T H E CHEMIN DES DALLES BRIDGE 

4.1 Introduction 

In this chapter, fragility curves for a specific bridge in the province of Quebec are pre

sented. For a reliable estimation of bridge performance, especially when it is subjected 

to earthquakes loads, appropriate modeling of the soil and foundation behavior is essen

tial. The soil and foundation properties are determined using the approaches introduced 

in Chapter 3. Two different boundary conditions of the bridge structure model are com

pared. The first condition assumes that the abutments and foundations of the bridge are 

fully rigid, referred to as the "fixed" condition, and the second condition, referred to as 

the soil condition, accounts for all flexibilities surrounding the bridge structure (abutment, 

foundation and soil). A total of 180 ground motions described in Section 2.3.5 are applied 

to the studied system. Fragility curves of the bridge are derived for the "fixed" condition 

(no foundation, no abutment, no soil) and the soil condition (with the abutments, the 

foundation and the soil) following the procedure presented in Chapter 2. 

4.2 Bridge description 

In 2006, the Centre de Recherche en Genie Parasismique et en Dynamique des structures 

(CRGP) of the Universite de Sherbrooke, as a part of a research about the seismic risk 

assessment of the Quebec's bridge network, studied the behavior, the evaluation and the 

risk mitigation of reinforced concrete bridges under earthquake loads. This study began 

with Roy (2006) who analyzed the retrofit of concrete bridges by increasing their ductility 

capacity with carbon fiber-reinforced polymer (CFRP) jacket. For this purpose, Roy 

selected as a reference bridge, the bridge of the "Chemin des dalles" road located in the 

region of Trois-Rivieres (province of Quebec) over highway 55 (see Figure 4.1). This bridge 

was built in 1975 and is a multi-span continuous concrete girder bridge (MSCC), which 

corresponds to 21% of the total multi-span bridge population in Quebec. 

The bridge analyzed by Roy et al. (2006) is used as prototype bridge to calibrate dynam

ically the bridge model developed with OpenSees. The calibration is performed with the 

results of the in-situ ambient vibration test. This calibration enables a more appropriate 

53 
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(a) Bridge overview (b) Bent 

Figure 4.1 Chemin des dalles bridge, Trois Rivieres, Quebec. [Roy, 2006] 

representation of the structure. The in-situ test was realized in 2005 and the vibration 

frequencies and mode shapes were identified. According to this dynamic test, the funda

mental bridge frequency is 2.637 Hz (0.3792 s) and corresponds to the first mode in the 

transverse direction [Roy, 2006]. The other vibration modes are presented in Table 4.1. 

Tavares (2010) developed an OpenSees model of the bridge without accounting for the soil 

effects. This project aims to modify this model to consider the behavior of the shallow 

foundation and the seat-type abutment. 

Table 4.1 Natural vibration modes of the Chemin des 
dalles bridge, [Roy, 2006]. 

Vibration 
modes 

1 St 

iynd 

yd 
4th 

5th 

6th 

Vibration 
shapes 

Is* Transverse 
1 s t Vertical 
I s ' Torsional 
2 n d Transverse 
2 n d Torsional 
3 r d Transverse 

Natural Periods 
In-situ test (s) 

0.3792 
0.3103 
0.2768 
0.2498 
0.1969 
0.1205 

Frequen 
(Hz) 

2.637 
3.223 
3 613 
4.004 
5.078 
8.301 

The bridge superstructure consists of a 0.165-m thick continuous reinforced concrete slab 

that rests over six AASHTO continuous concrete girders (Type V) spaced at 2.21m and 

with a height of 1.6 m. As shown in Figure 4.2, the bridge is supported by two piers. Each 

bent consists of three circular columns with a height of 6.224 m and with a diameter of 

0.9144m that rest over a shallow foundation (see Figure 4.4). This MSCC bridge has a 

total length of Lt ~ 106.5 m and has three spans of 35.5 m long. The deck width is 13.2 m. 

The deck forces are transmitted through elastomeric bearing pads to seat-type abutments, 

and subsequently to foundation and the backfill. As shown in Figure 4.3, the abutment 

is an integral seat type with wing walls supported on spread footing and the back wall 

dimension are 6.096 m height by 13.2 m width. 
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Figure 4.2 Chemin des dalles bridge description 
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Figure 4.3 Chemin des dalles abutment description 
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Figure 4.4 Chemin des dalles foundation description 
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4.3 Soil condition 

For modeling, the soil properties were selected to be a general representation of the bridge 

site. For that matters, the soil was simplified to one uniform layer. To classify the soil, 

the results of three borings performed in 2005 at the location of the bridge "Chemin des 

dalles" were used. The results of the standard penetration resistance test (SPT), A"60, and 

the soil average undrained shear strength values, su, are shown in Table 4.2. The SPT is 

an in-situ dynamic penetration test that uses a thick-walled sample tube which is driven 

into the ground at the bottom of a borehole by blows from a slide hammer falling through 

a specific distance. The main purpose of the test is to provide an indication of the relative 

density of granular deposits, such as sands and gravels. Meanwhile, the soil undrained 

shear strength is a term used in soil mechanics to describe the magnitude of the shear 

stress that a soil can sustain when the water is not allowed to flow in or out of the soil. 

Table 4.2 In-situ drilling results at the bridge location, [Roy, 2006]. 

Depth (m) Drilling 1 Drilling 2 Drilling 3 

Aeo su (kPa) A60 su (kPa) A60 su (kPa) 

0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

,ge value 

30 
24 
19 

13 
27 
113 
8 

47 

36 

19 

57 

36 

26 
29 
30 
35 

28 
24 
111 
9 

38 

21 

35 

121 

110 

101 

216 

199 

150 

34 
27 
33 
44 

35 
11 
24 
14 

6 

10 
18 

64 

27 

70 

75 

149 

112 

216 

124 

NQO is the equivalent number of blows for a hammer energy ratio of 60%. 
su is obtained with the undrained triaxial test (ASTM D4767). 
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Comparing the values of Table 4.2 with the soil classification presented in Section 3.2, it is 

observed that the site soil corresponds to type III, which is equivalent to the 2005 NBCC 

site class D (stiff soil). The average soil properties are shown in Table 4.3. 

Table 4.3 Average soil properties. 

Property Value 

Density, p (kg/m3) 1802.08 
Shear velocity, vs (m/s) 270 
Shear modulus, G (MPa) 131.37 
Poisson's ratio, v 0.25 
Young's modulus, E (MPa) 328.43 
Friction angle, 4> 32.5 
Cohesion, c (kN/m2) 26.25 
Allowable bearing capacity, aacim (kPa) 200 
Standard penetration resistance, Ago 32.5 
Initial subgrade modulus, k (Pa/m) 5.54E+07 
Soil undrained shear strength, su (kPa) 75 

4.3.1 Evaluation of foundation stiffness 

Using the shallow foundation model described in Section 3.4.1, the stiffness and the damp

ing of the soil-foundation-system can be represented by an equivalent spring-dashpot sys

tem. A summary of the properties used for the shallow foundation analysis is given in 

Annex B. 

4.3.2 Evaluation of abutment Stiffness 

The total stiffness of the abutment on spread footing is a combination between the stiffness 

of the walls (back wall, wing wall), the footing and the embankment. For that purpose, the 

model presented in Section 3.5.3 is used. A summary of the calculation of the abutment 

properties is presented Annex C. 

4.4 Input ground motion for simulation 

The seismic site condition of the Chemin des dalles bridge can be represented by Atkinson's 

(2009) suite of ground motions for soil D (stiff soil) for eastern Canada. The peak ground 

accelerations of this suite range from 0.11 to 1.33 g and Figure 4.5 shows their distribution. 

For the Chemin des dalles bridge, a series of 180 ground motion accelerograms are used 

as individual horizontal components applied only in the transverse direction. It is proven 
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80-1 

PGA (g) 

Figure 4.5 PGA distribution for Atkinson (2009) series. 

that, in general, straight and symmetric bridges have uncoupled modes of vibration in the 

longitudinal and transverse directions. Because of that, such bridges can be analyzed in 

each direction independently. 

4.5 Bridge model s imulat ion w i th OpenSees 

A three-dimensional nonlinear finite element model of the bridge superstructure was de

veloped by Tavares (2010) using the original structural plans. 

% * . ifc 

I f 

, • « i * * ! 

Mi , • • 
••..mi 

^ 

'•'•TV 
%k! * * i 

Figure 4.6 Opensees 3D finite element model for the Chemin des dalles bridge. 
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Figure 4.6 shows the geometry of the OpenSees model and Figure 4.7 the modeling of the 

bent, deck and foundation. 

Wd = 13.2 m 

nn 

_ A, EjjG _ 
J, ly, IZ 

Beam—Column 
Element 

I 
Rigid l ink 
Element 

Figure 4.7 Superstructure model of Chemin des dalles bridge. 

The concrete deck and girders are modelled with elastic beam-column elements. There 

are four elements per span and each element has six degrees of freedom per node. The 

elements accounted for are: the cross-section area (A), the Young's modulus (E), the shear 

modulus (G) and the inertia moments in the three principal directions ( J , Iz, ly). Highly 

rigid beam-column elements, reffered to as rigid elements (see Figure 4.7), are used to 

connect elements in the model. The mass of the superstructure is modelled with lumped 

masses. The mass of the deck is equally distributed and the mass of the columns and 

foundations are grouped at their nodes. The connection between the deck-girder system 

and the bents is idealized as a pinned connection. The transverse beams and columns of 

each pier are modelled using fiber nonlinear beam-column elements with uniaxial materials 

defined in OpenSees (see Figure 4.8). 

Confined 
Concrete 

Unconfined 
Concrete 

Reinforcing Steel 
15#11 

50.8 mm 

50.8 mm 

Figure 4.8 Column fiber cross-section of Chemin des dalles bridge. 
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As shown in Figure 4.7, the corresponding nodes between deck and girder, girder and 

bearing, bearing and beams, beams and columns top and columns base and foundation 

are all connected with rigid elements. 

Force 

Fmax Qd 
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Fy . Kd 

i j 
Ku / 
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/ Displace 

/Ku 

Figure 4.9 Elastomeric bearings of Chemin des dalles bridge. 

The behavior of the elastomeric bearings pads was represented in OpenSees using a zero-

length element with a bilinear material behavior in both horizontal directions (Figure 4.9) 

and a rigid element in the vertical direction. The material law used to define the spring 

behavior is SteelOl. This bilinear model is defined by the initial elastic stiffness (E), 

the yield strength of an elastomeric bearing (Fy), the yielding displacement and the final 

displacement. These constants were calculated based on AASHTO (2007). 

The bridge is analyzed considering two boundary conditions. The first condition assumes 

that abutments and shallow foundations are fully rigid ("fixed" condition). The sec

ond condition, named the soil condition uses a spring-dashpot system that accounts for 

flexibility and hysteretic energy dissipation to model abutment and foundations. The 

shallow foundation is modelled using a combination of 3 linear translational and 3 rota

tional springs in parallel with a viscous material (Figure 4.10). The elements properties, 

that is, stiffness, damping and mass, were estimated based on the method presented in 

Section 3.4.1. Details of the calculation of these properties can be found in Annex B. 

For the seat-type abutment, spring and dashpot materials with zero-length elements are 

used to model the passive and active action of the soil on the walls and footings (see 

Figure 4.11). These properties were estimated based on the approach presented in Sec

tion 3.5.3 and calculation details can be found in Annex C. 
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Figure 4.10 Foundation model with zero-length elements. 
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Figure 4.11 Abutment model with zero-length elements. 

4.6 Modal analysis 

This modal analysis aims to compare the vibration modes obtained with the soil condition 

(soil III) and those measured in-situ by Roy (2006). The periods of the first six vibration 

modes are listed in Table 4.4. This table shows that the fundamental period for the soil 

condition is 0.3847 s which is associated with the first transverse mode. This value is really 

close to the measured bridge fundamental period of 0.3792s [Roy, 2006]. The difference 

between the two values is only 1.5%. This small difference between the measured and 

the computed periods suggests the validity of the bridge system model. If the "fixed" 

condition is considered, the first mode period is reduced to 0.3467 s, which corresponds to 

almost 8.6% of reduction comparing with the in-situ results. The three transverse modes 

and the three vertical modes for the soil condition are illustrated in Figure 4.12. 
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Table 4.4 Comparison of the natural periods for the 
Chemin des dalles bridge. 

Periods 

(s) 
1 st 

ond 

yd 

gh 

5th 

6th 

In-situ 
test 

Ist Transverse 
0.3792 

1 s t Vertical 
0.3103 

Ist Torsional 
0.2768 

2 n d Transverse 
0.2498 

2 n d Toisional 
0.1969 

3rd Transverse 
0.1205 

"Fixed" 
condition 

Is* Transverse 
0.3467 

Is* Vertical 
0.314 

2 n d Vertical 
0.2232 

3 r d Vertical 
0.1919 

2nd Transverse 
0.1906 

3 r d Transverse 
0.1231 

Soil 
condition 

1 s t Transverse 
0.3847 

1st Vertical 
0.3159 

2 n d Vertical 
0.2271 

2 n d Transverse 
0.2027 

3 r d Vertical 
0.1988 

3 r d Transverse 
0.1292 
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Figure 4.12 Chemin des dalles bridge vibration modes. 

4.7 Time history analysis (THA) 

The seismic analysis of the bridge is carried out to determine the force and deformation 

demands on the structural system and its individual components. To obtain the dynamic 
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nonlinear response of the three-dimensional structural bridge system, a nonlinear time 

history analysis (THA) is performed accounting for gravity load effects. The OpenSees 

bridge system model described in Section 4.5 is used to estimate a variety of engineering 

demand parameters (EDPs) under different levels of seismic loading. This section presents 

the results of a series of validation runs using the 180 Atkinson's (2009) ground motions 

selected in Section 4.4. 

Before presenting the fragility curves, the bridge model responses under the earthquake 

excitations are examined. Deck and column displacements, abutment, bearing and foun

dation deformations were recorded. A post-processing routine was created in MatLab to 

present the results of the dynamic analysis. 

The following presents the selected bridge responses characteristics only for the strongest 

GMTH, which is identified as ENA.M7R25D10.g.acc (East North America with a moment 

magnitude of M — 7.0 at an epicentral distance of R — 25 km) (see Figure 4.13). 

8 10 
Time(s) 

Figure 4.13 ENA.M7R25D10: Strongest Atkinson's ground motion in soil 
III(D). 

Deck displacement 

As shown in Figure 4.14, the displacements of the deck in the transverse direction were 

obtained for the three spans. Only the maximum deck displacement responses of each span 

is presented. The maximum displacement is about 0.0986 m. Figure 4.14 also presents 

a comparison between the bridge model considering the soil and the "fixed" condition. 

Results showed that the maximum displacement of the bridge considering the soil effects 

is 0.0986 m and without the soil is 0.0691 m. Thus, accounting for the foundation flexibility 

increases the transverse displacement of the bridge deck by almost 43%. 
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Figure 4.14 Maximum deck transverse displacement responses of each span. 

Column response 

The maximum displacement at the top of the columns for the soil condition is 0.0873 m 

and for the "fixed" condition is 0.0605 m. For the Chemin des dalles bridge, columns 

bases in the left bent (Bent 1) are fixed and in the right bent (Bent 2), columns bases 

have the rotations free. In the case of column top displacement, there is no difference in 

the displacement responses of the two bents (Figure 4.15). The column shear and moment 

profiles show that the behaviors of the two bents are different. The shear and the moment 

in the fixed columns are almost three times larger than those in the rotation free columns. 

Figure 4.15 shows that boundary conditions, namely soil and "fixed" conditions, do not 

affect much the columns response. This is due to the fact that the soil III is consider 

a "stiff soil" (shear modulus, G = 131.37 MPa, density r0 - 1802.08 kg/m3 and shear 

velocity Vs - 270m/s). 

Abutment 

The responses of the abutment wing walls are illustrated in Figure 4.16 in terms of force-

deformation. Each side of the abutment has one wing wall. This can be observed by the 

two elastic behaviors presented, one positive and the other negative. The behavior of the 

http://baIaaIU.il
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Figure 4.15 Column response. 
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abutment footing is showed in Figure 4.17. As expected, it is observed an elastic hysteretic 

behavior due to the nonlinearities. The small deformations are around 0.0004 m/m and 

the forces around 350 kN. 
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Figure 4.16 Abutment wing wall and back wall responses. 

Bent foundation and soil response 

Figure 4.18 presents the force-deformation responses of the foundation spring-dashpot 

model in the translation and rotation directions. Responses show an adequate elastic 

hysteretic behavior of the system. 

Bearings 

The force-deformation response of the elastomeric bearing is presented in Figure 4.19. The 

elasto-plastic response is defined with a yielding force of 368 kN 

4.8 Probabil ist ic seismic demand model (PSDM) 

After obtaining the bridge response for each ground motion, a probabilistic seismic demand 

model (PSDM) is needed to determine the effect of a ground motion on the structure 

components. As it was mentioned in Section 2.5.4, the PSDM is generated using the 
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Figure 4.17 Abutment footing responses. 
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logarithmic regression between the ground motion intensity measure (IM), which in this 

case is the peak ground acceleration (PGA) of each selected ground motion and the peak 

structural response of each engineering demand parameter (EDP) selected for the seismic 

risk assessment (see Equation (2.6)). In this work, the EDPs of interest are the column 

ductility and the deformation of the abutment wing wall, abutment footing and elastomeric 

bearings, the PSDM for each EDP is presented in Table 4.5 and illustrated in Figures 4.20 

to 4.23. The correlation matrix is also given in Table 4.6 for the transformed logarithmic 

space. 

Table 4.5 PSDMs bridge components considering the soil III condition. 

Component Response PSDM R2 

Columns ductility \i\[u7) 
Abutment wing walls deformation ln(<5) 
Abutment footings deformation ln(^) 
Bearings deformation ln(^) 

0.77688.1n(PGA) - 2.7671 
0.83744.1n(PGA) - 4.1855 
0.52569.1n(PGA) - 7.5829 
0.84756.1n(PGA) - 4.2173 

0.74275 0.29118 
0.75103 0.30565 
0.72150 0.20804 
0.75143 0.30902 

Table 4.6 Correlation coefficient of the EDPs. 

Column 
ductility 

1.0000 
0.9760 
0.9490 
0.9750 

Abutment walls 
deformation 

0.9760 
1.0000 
0.9232 
1.0000 

Abutment footing 
deformation 

0.9490 
0.9232 
1.0000 
0.9206 

Bearing 
deformation 

0.9750 
1.0000 
0.9206 
1.0000 



70 CHAPTER 4. THE CHEMIN DES DALLES BRIDGE 

Because of the nature of the regression model used, it would be difficult to conclude about 

the seismic vulnerability of each selected component. Analysis of the bridge component 

vulnerability is better assessed using analytical fragility curves. 

- 2 

- 2 . 5 

- 3 

- 3 . 5 

- 4 

- 4 . 5 

- 5 

1 1 1— 

ln(Md)=-2.7671 + 0.77688.1n(PGA) 

1^=0.74275 

0=0.29118 

- 2 5 - 2 - 1 . 5 - 0 . 5 - 1 

ln(PGA) 

Figure 4.20 PSDM for column using PGA. 

0.5 

4.9 Damage states 

Before obtaining the fragility curves, the determination of the damage states for the 

Chemin des dalles bridge is needed. The damage states are defined for each selected 

EDP, namely column displacement ductility, bearings, abutment wing wall and abutment 

footing deformation. The qualitative and quantitative damage states used in this study 

are those defined in Section 2.6, which are shown in Table 2.8, 2.9 and 2.10. However, the 

column damage is associated to the displacement ductility defined as follows: 

pd = A/A c y i (4.1) 

where A is the relative displacement at the top of a column and A^ i is the relative 

displacement at the top of a column when the vertical reinforcing bars at the bottom start 

yielding. The Acy\ displacement for a typical column of the studied bridge was derived 

by Tavares (2010) using the sectional analysis software WMNPhi (2000) and the finite 
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Figure 4.21 PSDM for abutment back wall and wing wall using PGA. 
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Figure 4.23 PSDM for elastomeric bearing using PGA. 
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element program EFiCoS (1991). Table 4.7 shows the limit states for the selected EDPs 

for the Chemin des dalles bridge. 

Table 4.7 Median and dispersion values for quantitative limit states (structural capacity). 

Component 
Transverse direction 

Slight 
Sc /3c 

Moderate 
Sc /3c 

Severe 
Sc (3c 

Complete 
Sc /3c 

Columns (Displacement Ductility) 1.000 0.55 1.080 0.55 1.760 0.70 3.000 0.70 
Abutment wing walls (Deformation, in) 0.007 0.55 0.015 0.55 0.037 0.70 0.146 0.70 
Abutment footings (Deformation, in) 0.004 0.55 0.008 0.55 0.025 0.70 0.050 0.70 
Elastomeric bearings (Deformation, m) 0.013 0.55 0.050 0.55 0.076 0.70 0.152 0.70 

Structural capacity: Sc is the median value, @c is the dispersion value. 

4.10 Analytical fragility curves 

As it was presented in Section 2.5.3, a fragility curve describes the probability of reaching 

or exceeding a damage state as a function of a chosen ground motion intensity parameter 

(PGA). The probability that the demand on the structure exceeds the structural capacity 

can be calculated with Equation (2.3). If the structural capacity and seismic demand are 

described by a log-normal distribution, the probability of reaching or exceeding a specific 

damage state will have a log-normal distribution, which can be obtained by a log-normal 

cumulative probability density function as Equation (2.4). The seismic demand (SD, PD) 
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was already calculated with the regression in Section 4.8 (seismic probabilistic demand 

model) and the composite logarithmic standard deviation (/3D + PQ)1/2, known as the 

dispersion, is taken from Table 4.7. 

\VPh7Fc) 

4.10.1 Component fragility curves 

To determine the fragility for each selected component, a MatLab script was developed. 

The script follows automatically the procedure shown in Figure 2.7, reading the seismic 

demand found in the PSDM regression, the four limit states values for each of the selected 

components, their dispersion and the peak ground acceleration. Figures 4.24 to 4.26 

show the fragility curves for the columns, abutment wing walls and elastomeric bearings. 

Figure 4.24 shows that the columns are the most fragile components at all the damage 

states. It is noted that the fragility curves for the abutment footing are not shown because 

the probability to reach any of the limit states is about 0 for PGA values up to 6 g. As 

shown in Figure 4.24, for a PGA of 0.5 g, the column has almost 65% of probability 

of exceeding the slight limit state, 55% of exceeding the moderate limit state, 35% of 

exceeding the extensive limit state and less than 12% of collapse. 

Table 4.8 Bridge component fragilities for the soil (III) condition. 

Component 

Columns 
Abutment wing walls 
Abutment footings 
Bearings 

Slight 
med (g) 

0.361 
0.396 

50.473 
0.862 

disp 

0.801 
0.751 
1.119 
0.744 

Mode: 
med (g) 

0.457 
0.983 

188.667 
4.226 

rate 
disp 

0.801 
0.751 . 
1.119 
0.744 

Severe 
med (g) 

0.748 
2.89 

1648.275 
6.926 

disp 

0.976 
0.912 
1.389 
0.903 

Complete 
med (g) disp 

1.486 0.976 
14.884 0.912 

6161.231 1.389 
15.69 0.903 

med: median value of the cumulative distribution. 
disp: dispersion of the cumulative distribution. 

4.10.2 System fragility curves 

From the previous section, it is observed that different components control the fragility 

of the bridge for different levels of demand and damage states. Therefore, it is necessary 

to combine the fragility curves for the components into fragility curves for the entire 

bridge system. The system fragility curves were obtained from the procedure explained in 

Section 2.5.4. Briefly, the system fragility curves combined the component fragility curves 

file:///VPh7Fc
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Figure 4.24 Column fragility curves for the soil (III) condition. 
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ure 4.25 Abutment wing walls fragility curves for the soil (III) condition. 
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Figure 4.26 Elastomeric bearings fragility curves for the soil (III) condition. 

using the Equation (2.7): 
n 

Pf = l-H(l- Pl) 
i=\ 

where pf, pi and n are the failure probability for the bridge, the failure probability for each 

component, and the number of components, respectively. The combined fragility curves 

can be generated with the Monte-Carlo simulation to estimate the failure probabilities 

across a range of PGAs. This simulation was implemented in a MatLab script by Padgett 

(2007). In this project, this script is used and slightly adapted to the project's needs. 

Figure 4.27 shows the system fragility curves using the PGA as the intensity measure. 

Table 4.9 presents the cumulative distribution of the bridge fragility for the four limit 

states. For a PGA of 0.4 g (this is the average PGA of the soil III ground motion series), 

Figure 4.27 shows that the bridge has almost a 75% probability of exceeding the slight 

limit state, 45% of achieving the moderate limit state, 30% of exceeding the extensive 

limit state and less than 10% probability of a bridge collapse. However, for a PGA of 1.3 g 

(the maximum PGA of the 180 ground motions), the failure probability (bridge collapse) 

reaches 45% and, for the extensive damage, the exceeding probability increases from 30% 

to 75%. 

• Slight 
• Moderate 
• Extensive 
• Complete 
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Figure 4.27 Bridge system fragility curves for the soil (III) condition. 

Comparisons between the components fragility curves (Table 4.8) and the system fragility 

curves (Table 4.9) show that the columns and the abutment wing walls are those that 

control the bridge fragility. This fact can be demonstrated by verifying the difference 

between the median and the dispersion of the system cumulative distribution and the 

column and abutment cumulative distributions. 

Table 4.9 Bridge system fragility for the soil (III) condition. 

Slight Moderate Severe Complete 
med (g) disp med (g) disp med (g) disp med (g) disp 

0.252 0.642 0.413 0.714 0.7 0.906 1.475 0.959 

4.10.3 Comparison of fragility curves between the soil III and the 

fixed condition 

The component and system fragility curves were also determined for the fixed conditions. 

For this case, the abutment components (footing and wing walls) are not considered and 

only the columns are used in the fragility analysis. Note that the bearings were not 

shown vulnerable for this case. Figure 4.28 shows the fragility curves for the columns and 

Table 4.10 presents the median and the dispersion of the column cumulative distribution. 
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Figure 4.28 Column fragility curves for the "fixed" condition. 

Table 4.10 Bridge column fragility for the "fixed" condition. 

Component Slight Moderate Severe Complete 
med (g) disp med (g) disp med (g) disp med (g) disp 

Column 0.408 0.854 0.523 0.854 0.878 1.036 1.806 1.036 

The system fragility curves for the "fixed" condition are presented in Figure 4.29. Ta

ble 4.11 shows that the median and the dispersion of the system cumulative distribution 

are almost the same values as those of the columns (Table 4.10). Thus, for the "fixed" 

condition, the columns are once again the most vulnerable components. 

Table 4.11 Bridge system fragility for the "fixed" condition. 

Slight 
med (g) disp 

Moderate 
med (g) disp 

Severe 
med (g) disp 

Complete 
med (g) disp 

0.41 0.855 0.524 0.856 0.88 1.033 1.812 1.049 

In conclusion, these results show that the fragility curves for "fixed" and soil (III) condition 

have similar shapes, but there is a variation of the median and dispersion values of the 

probability of exceedance for the different damage states (see Figure 4.30). The median 

peak ground acceleration for the two conditions at each damage state is given with its 
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Figure 4.29 Bridge system fragility curve for the "fixed" condition. 

corresponding dispersion value in Table 4.12. This table shows that the median peak 

ground acceleration values for the soil (III) condition are smaller than those for the "fixed" 

condition. The results of this analysis confirm that the bridge considering the foundation-

soil effects is more vulnerable. 

Table 4.12 Comparison of the system fragility ("fixed" and soil condition). 

Condition Slight Moderate Severe Complete 
med (g) disp med (g) disp med (g) disp med (g) disp 

Soil III 
Fixed 

0.252 
0.41 

0.642 
0.855 

0.413 
0.524 

0.714 
0.856 

0.7 
0.88 

0.906 
1.033 

1.475 
1.812 

0.959 
1.049 

4.11 Summary 

In this chapter, the Chemin des dalles bridge fragility analysis was described. The bridge 

soil type was selected. A complete OpenSees bridge model including shallow foundations 

and seat-type abutment structures was presented. Appropriate modeling for the "fixed" 

conditions at the pier base and the bridge deck ends was also presented. A modal anal

ysis and validation of the computed bridge modes with in-situ dynamic test results were 

done. The global behavior of the bridge system was identified. Probabilistic seismic de-
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Figure 4.30 Comparison of system fragility curves for the "fixed" and the soil 
(III) condition. 

mand models were calculated for the selected bridge components (columns, abutments 

and bearings). MatLab scripts were used to calculate the analytical fragility curves for 

each component and the entire bridge system. Finally, the bridge fragility was compared 

and analyzed considering the soil and the "fixed" condition. 
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CHAPTER 5 

MSCC BRIDGE FRAGILITY CURVES 

5.1 Introduction 

This chapter presents the analytical fragility curves for the MSCC bridge defined in the 

Quebec's bridge inventory classified by Tavares (2010). The fragility assessment enables 

to capture the influence of the components and the soil conditions on the vulnerability of 

the bridge system. Before this assessment, the bridge system modeling, simulation and 

capacity estimates are presented. Four soil types are considered along with two types of 

foundation and abutment. At the end, probabilistic seismic demand models and fragility 

curves for the vulnerable bridge components and the bridge system are presented for each 

soil type. 

Total length, Lt 

} / 

Case: Abutment 
and foundation 
bent with piles 

Width deck, Wd 

Bridge geometry 

(_ ... Concrete Girders 

Deck 

Case: Abutment 
and foundation 
bent just footing 

,i sT 

A 

Figure 5.1 Typical geometry of a multi-span continuous concrete girder bridge. 

81 
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5.2 Description of the MSCC bridge 

In this chapter, the application of the methodology for the generation of analytical fragility 

curves, as presented in Chapter 2, is illustrated using a class of highway bridges common 

in Quebec. The selected bridge class is the multi-span continuous concrete girder bridge 

(MSCC). A detailed review of the Quebec's bridge inventory shows that the MSCC bridge 

class account for approximately 21% of the highway bridges, which represents the second 

largest bridge class in the province (see Table 2.4). The typical geometry of the MSCC 

girder bridge is detailed in Figure 5.1. This geometry is nearly identical to that of the 

Chemin des dalles studied in Chapter 4. 

5.3 Seismic hazard simulat ion 

The seismic response of this bridge is evaluated using the series of synthetic ground mo

tion time history (GMTH) records developed by Atkinson (2009) for eastern Canada and 

presented in Section 2.3.5. These records are applied simultaneously in the longitudinal 

and transverse directions of the bridge. Of the original 180 ground motions generated for 

each soil class, 120 ground motions were selected in this study to follow the 23 statistical 

factorial design that will be presented in Section 5.4. The selection was done to ensure 

that the assembled suite had frequency content representative of both large and small 

earthquakes at varying distances. Figure 5.2 shows the distribution of the peak ground 

acceleration (PGA) of the selected GMTHs. 

5.4 Bridge simulat ion 

5.4.1 Geometry blocks 

To get an overview of the variations in the typical geometric dimensions and material 

properties of this bridge class, empirical cumulative distribution functions (CDFs) were 

generated by Tavares (2010). Tavares determined that the parameters involved in the 

geometry uncertainties were the total deck length (Lt), the deck width (W7), the ratio Lmr 

between the longer span length (Lm) and the total deck length, and the vertical under-

clearance or the height of the columns (Ht). For the material uncertainties, the concrete 

strength and the steel yield strengths were considered. To evaluate the significance of each 

of these parameters involved, Tavares (2010) performed an analysis of variation (ANOVA). 

The parameters were represented in a probability density function (PDF). The sampling 
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Figure 5.2 PGA distribution of the selected ground motions. 

method used by Tavares for all variables was the Latin Hypercube Sampling (LHS). The 

LHS is a stratified-random procedure that provides an efficient way of sampling variables 

from their distributions [Mackay et ai, 1979]. The LHS involves sampling ns values from 

the prescribed distribution of each k variable (Xi, X2, ..., XT). The cumulative distribution 

for each variable is divided into N equiprobable intervals (Figure 5.3). A value is selected 

randomly from each interval. The N values obtained for each variable are paired randomly 

with the other variables. 

Figure 5.3 Latin hypercube sampling. 
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Due to the sensitivity of the parameters involved in the geometric uncertainties, Tavares 

(2010) treated them as macro variables using statistic blocks. A 23 factorial design was 

applied by sampling on the information from the inventory analysis, where the number of 

blocks was defined as eight (23 = 8 blocks) representative MSCC bridge geometries listed 

in Table 5.1. For the other parameters as concrete strength, steel strength and initial 

stiffnesses of bearings, abutment and foundation, the number of samples was defined as 

the same number of GMTHs (120). Finally, the sampling results in 120 earthquake-bridge 

samples or case studies for each bridge class. In other words, the 8 geometric configurations 

are repeated 15 times for a given bridge class, giving 15 different GMTHs per block. 

Lt 

W, 

Plan 

Lt 
Lm 

Ht 

CT 

Elevation 

Figure 5.4 MSCC geometry of the blocks. 

Table 5.1 Geometric configuration for the eight representative blocks. 

Bridge block 

1 
2 
3 
4 
5 
6 
7 
8 

Total deck Length 
Lt 

100.9756 
64.7862 
54.6089 
75.2732 
45.9291 
114.4907 
67.9611 
89.2658 

Deck width 

wd 

13.035 
8.3486 
23.426 
17.6483 
10.7153 
15.2297 
11.8029 
16.1600 

Column height 

Ht 

6.7185 
8.3451 
9.7793 
4.7265 
3.7716 
7.8013 
6.1536 
4.2407 

Lm/Lt 
Lrar 

0.2960 
0.5202 
0.3606 
0.4687 
0.459 

0.3228 
0.4272 
0.3877 
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5.4.2 Abutment and foundation geometry sampling 

85 

The bridge system model includes the bridge structure and supporting springs representing 

foundation and abutments. Figures 5.5 and 5.6 show a typical foundation and abutment 

geometry for the MSCC bridge class, respectively. The uncertainties in this supporting 

springs come mainly from the surrounding soil and the geometry of the components. 
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Figure 5.5 MSCC foundation geometry. 

The substructure geometry dimensions (abutment and foundation) were also sampled 

using the Latin Hypercube Sampling. To create the abutment and foundation sample, 

their mean and the standard deviation of their geometric dimensions are needed. For that 

matter, a considerable number of Transports Quebec's bridge plans of MSCC bridges were 

reviewed and analyzed. Table 5.2 presents means and standard deviations of the abutment 

and foundation geometric dimensions. 

Using the LHS sampling method, 8 blocks for the foundation and abutment geometry were 

created as shown in Table 5.3 and Table 5.4, respectively. 
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Figure 5.6 MSCC abutment geometry. 

Table 5.2 Means and standard deviations of the founda
tion and abutment geometric dimensions. 

Foundation 

Geometry 

Thickness, tfn(i 
Length, If 
Width, Bav 

Depth of embedment, 
Number of piles, NPiie 

Mean, p 

1.087 
14.060 
2.926 

Df 2.411 
24 

Standard deviation, a 

0.291 
1.808 
1.163 
1.163 

3 

Seat-type abutment 

Geometry 

Height, Hwall 
Bottom width , bbottom 

Crown width, bo-own 
Width, bwing 

Height 1, hwingi 
Height 2, hwing2 

Mean, p 

9.144 
1.727 
0.975 
5.690 
1.778 
1.321 

Standard deviation, a 

2.083 
0.174 
0.201 
2.711 
0.434 
0.347 
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Table 5.3 Foundation blocks for the MSCC bridge. 

Bridge block 
(Geometry) 

1 
2 
3 
4 
5 
6 
7 
8 

tfnd 

0.634 
1.349 
1.232 
1.041 
1.540 
0.943 
1.134 
0.825 

Foundation dimensions 

h 
16.873 
14.349 
13.164 
13.772 
11.248 
15.687 
14.956 
12.434 

&av 

1.031 
4.087 
2.499 
3.809 
4.476 
3.120 
2.043 
2.343 

Df 

2.110 
4.660 
1.611 
2.585 
0.540 
3.685 
3.084 
1.010 

Ap, / e 

24 
36 
24 
24 
36 
24 
24 
24 

Average, p 1.087 14.060 2.926 2.411 24 
Standard deviation, a 0.291 1.808 1.163 1.381 3 
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Table 5.4 

Bridge block 
(Geometry) 

1 
2 
3 
4 
5 
6 
7 
8 

Average, p 
Standard deviation, 

Abutment blocks for the MSCC bridge. 

Hwall 

12.384 
9.476 
5.904 
8.812 
10.176 
11.017 
7.271 
8.112 

9.144 
a 2.083 

Abutment dimensions 
^bottom 

1.997 
1.755 
1.457 
1.700 
1.813 
1.883 
1.571 
1.641 

1.727 
0.174 

"crown 

0.794 
0.875 
1.288 
1.074 
1.007 
0.662 
1.156 
0.943 

0.975 
0.201 

Owing 

6.122 
8.128 
5.257 
9.907 
3.251 
1.473 
7.033 
4.346 

5.690 
2.711 

">wingl 

1.388 
1.847 
1.993 
1.103 
1.709 
2.453 
1.563 
2.168 

1.778 
0.434 

<l>wing2 

1.265 
0.781 
1.493 
1.009 
1.861 
1.633 
1.149 
1.376 

1.321 
0.347 

5.5 Analytical modeling 

This section describes the three-dimensional non-linear models developed in OpenSees of 

the MSCC bridge system for the fragility analysis. The model of the bridge superstructure 

(the above-ground portion of the bridge) was developed by Tavares (2010). This model 

was "connected" to detailed models of the soil, foundations and abutments that were 

developed as part of this project. A set of 120 case studies are generated, that is, one case 

study per selected GMTHs. Figure 5.7 shows the global system model used for each case 

study. 
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5.5.1 Superstructure model 

Using the OpenSees analysis platform, a detailed numerical model of the MSCC bridge 

was created. A brief description of the superstructure modeling procedure is given in 

this section. The deck-girder structure is represented by a line of linear elastic beam-

column elements located at the centroid of the deck girder cross section, as shown in 

Figure 5.7. The structure is expected to remain elastic during seismic excitation. There 

are 10 elements in each end span and 20 in the main span. Each element includes properties 

as the transverse sectional area, A, the elastic modulus, E, the shear modulus, G, and 

the moments of inertia in the three main directions: torsion, J, Iy and Iz. The transverse 

connections are modeled with rigid elements to enable the distribution of the forces to the 

rest of the structure (Figure 5.7). 

The bent consists of three circular columns. The average column diameter was defined 

from the Quebec's bridge inventory as 1.14 m. The columns are modeled using non-linear 

beam-column elements whose cross-section is defined using fibres (Figure 5.7). For each 

fibre a stress-strain relationship is assigned for confined or unconflned concrete and, if 

necessary, for the longitudinal steel reinforcement. The material laws used in OpenSees 

are Concrete02 which is a uniaxial concrete material object with tensile strength and linear 

tension softening and Steel02 that is a uniaxial steel material object with isotropic strain 

hardening. In a similar way, the concrete bent beams are represented by rectangular fiber 

beam-column elements. 

The connections of deck-girder structure with the bents and the abutments are made with 

elastomeric bearings. These bearings were represented with a zero-length spring element 

with the material SteelOl which describes a bilinear behavior in the longitudinal and 

.transverse directions. All properties defining the bilinear hysteresis rule were obtained 

based on AASHTO (2007). 

5.5.2 Substructure model 

Considering the soil types and the foundation and abutment models described in Chapter 

3, the soil-foundation system (the bridge substructure) was modeled in OpenSees. The 

foundations are modeled with spring elements at the bottom of the piers, and the abut

ments with springs elements at the bridge deck ends (see Figure 5.8). The parameters 

assigned to these zero-length spring elements reflect the soil conditions and foundation 

types. 
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The abutment model considers two different cases. One, when the abutment foundation 

is a spread footing, like the Chemin des dalles bridge in Chapter 4, and the other, when 

the abutment is supported with piles. For both cases, the behavior of the abutments is 

incorporated in the bridge system model through spring elements. In the longitudinal 

direction, the properties of the abutment springs are a function of the passive resistance of 

the backfill soil, the gap, and the foundation (piles or footing). In the transverse direction, 

the response is based depends on the wing wall stiffness, the elastomeric bearing pads, the 

embankment and once again the foundation. The springs properties are calculated based 

on the procedure presented in Section 3.5.2 for the piles and Section 3.5.3 for the spread 

footing. 

Embankment 
Wing Wall Gap 

Foundation 

Figure 5.8 MSCC bridge abutment model. 

For the bent foundation model, two cases are considered. The first one is the shallow 

foundation and the other one is the deep foundation. Both cases are modeled with three 

simplified linear translational and rotational springs. The model for these two cases were 

already presented in Section 3.4.1 for shallow foundation and in Section 3.4.2 for deep 

foundation. Additionally, in the transverse direction, the foundation is represented by 

rigid beams to account for the geometry of the footing. The foundation mass is applied 

at the center of the footing height and is distributed to each column of the bent (see 

Figure 5.9). 

5.6 Dynamic characteristics of a typical bridge system 

In this section, the dynamic characteristics of a typical MSCC bridge are determined 

considering soil effects. The soil types considered are those defined in Section 3.2. 
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Figure 5.9 MSCC bridge foundation model. 

5.6.1 Structural bridge model 

The bridge model used in OpenSees for the analysis is shown in Figure 5.10. The geometry 

dimensions of the typical bridge structure are given in Table 5.5. These values correspond 

to the average values of those given in Tables 5.1, 5.3 and 5.4. 

t • 

« a 

• « 

t 

Figure 5.10 OpenSees MSCC bridge model. 

5.6.2 Bridge foundation models 

As mentioned before, two different types of foundation model are considered: the shallow 

foundation and the deep foundation. The shallow foundation modeling used is that pre-
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Table 5.5 Geometric dimensions of the 
typical bridge structure. 

Superstructure 

Bridge length, Lt 
Deck width, Wd 

Column height, Ht 
Ratio Lmr ~ Lm/Lt 

Bent foundation 

Footing thickness, tfnd 
Footing length, // 
Footing width, Bav 

Depth of embedment, Df 
Number of piles, Np 

Seat-type abutment 

Back wall height, Hwau 9.144 m 
Back wall bottom width, bbottom 1-727 in 
Back wall crown width, bcrawn 0.975 in 
Wing wall width, bwing 5.690 m 
Wing wall height 1, hWing\ 1.778 m 
Wing wall height 2, hWing2 1.321 in 

sented in Section 3.4.1. An example of derivation of the model parameter values can be 

found in Annex B for the Chemin des dalles bridge. 

For the deep foundation, the model described in Section 3.4.2 is used. In Annex D, 

an example of derivation of the model parameter values is presented using the typical 

foundation dimensions given in Table 5.5 and considering a soil type III. 

5.6.3 Bridge seat-type abutment models 

Two different types of seat-type abutment are considered: one with piles and the other one 

with a spread footing. The modeling used for the abutment with piles and the abutment 

on a spread footing are those described in Sections 3.5.2 and 3.5.3, respectively. Annex E 

gives an example of derivation of the parameter values for the abutment with piles using 

the typical abutment dimension given in Table 5.5 and considering a soil type III. 

5.6.4 Modal analysis of the typical bridge system 

In order to illustrate the effect of the foundation, abutment and soil properties on the 

dynamic characteristics of the studied system, a modal analysis of the typical bridge is 

76.663 m 
14.548 m 
6.443 in 

0.405 

1.087 m 
14.06 m 
2.926 in 
2.411 m 

24 
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carried out combining four different soils with two foundation and abutment types. These 

combinations are shown in Table 5.6. 

Table 5.6 Bridge system combinations. 

Combination Foundation Abutment Soil type 

Combination 1 

Combination 2 

Combination 3 

Combination 4 

Shallow 

Shallow 

Deep 

Deep 

On spread footing Soil I (rock) 

On spread footing Soil II (very dense soil) 

With piles Soil III (stiff soil) 

With piles Soil IV (soft soil) 

For combinations 1 and 2, the soil type I and II are assigned, respectively. Because these 

two soils are very stiff (see Table A.l and A.2), abutments on a spread footing and a 

shallow foundation for the bents are considered. For combinations 3 and 4, soil type III 

and IV are considered, respectively. Because these two soils have a medium to low bearing 

capacity (see Table A.3 and A.4), abutments and bent foundations with piles are taken 

into account. 

Table 5.7 Natural vibration periods of the bridge for the 4 combinations. 

Periods (ŝ  

1 st 

2nd 

yd 

4th 

5th 

Qth 

) Combination 1 
Soil I 

Gs = 3000 MPa 

1st Longitudinal 
0.2314 

1 s t Transverse 
0.2303 

1st Vertical 
0.1478 

2nd Transverse 
0.1286 

2nd Vertical 
0.076 

3 r d Vertical 
0.0755 

Combination 2 
Soil II 

Gs = 615 MPa 

Is* Transverse 
0.2381 

Is* Longitudinal 
0.2345 

1st Vertical 
0.151 

2nd Transverse 
0.1316 

2 n d Vertical 
0.0825 

3rd Vertical 
0.0823 

Combination 3 
Soil III 

Gs = 131 MPa 

1st Longitudinal 
0.3133 

1st Transverse 
0.2414 

Is* Vertical 
0.1524 

2nd Transverse 
0.1352 

2 n d Longitudinal 
0.1285 

3 r d Longitudinal 
0.1254 

Combination 4 
Soil IV 

Gs -= 46 MPa 

l s i Longitudinal 
0.3188 

Is* Transverse 
0.2433 

1st Vertical 
0.1959 

2nd Vertical 
0.1853 

3 r d Vertical 
0.1448 

2 n d Transverse 
0.1349 

Gs: Soil shear modulus. 

The modal analysis results are given in Table 5.7 for the first six modes, and are illustrated 

in Figure 5.11, for the first longitudinal, transverse and vertical modes. In general, it is 
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observed that the periods are elongated with the lost of soil stiffness. For the combination 

1, the first mode is the longitudinal one with 0.2314 s and for combination 4, the first 

mode is also the longitudinal one with 0.3188 s. All combinations produce similar mode 

shapes in the three principal directions. 

From Table 5.7 it can be seen that the most significant foundation-soil effects on the 

vibration periods are for the vertical modes and longitudinal modes. The first longitudinal 

vibration period changes by about 38% between the softest and the stiffest foundation-soil 

types, and by about 33% for the first vertical vibration period. The transverse modes 

are much less sensitive than the others to soil variation. The changes in the transverse 

vibration periods are almost negligible between the studied combinations. 

5.7 Demand and capacity estimates 

5.7.1 Probabilistic seismic demand model 

Prior to the generation of the probabilistic seismic demand models (PSDMs), the 120 

studied bridge cases (8 bridge blocks x 15 repetitions = 120 studied bridges) were ana

lyzed using non-linear time history analysis for each soil type. An initial stiffness Rayleigh 

damping with 1.3% of critical assigned to modes 1 and 3 was used. This modal damp

ing ratio is based on the distribution of bridge damping values found in [Cantieni, 1992]. 

During the time history analysis, seven different component responses were recorded for 

the longitudinal and the transverse direction. The component responses are column top 

displacement, converted in drift (m/m), bearings deformation (m) and abutments defor

mation (m). 

The PSDMs are generated following the procedure presented in Section 2.5.4. Peak ground 

acceleration (PGA) is selected as the intensity measure. The PGA has shown to be an 

adequate intensity measure when bridge classes are used [Nielson and DesRoches, 2006]. In 

Figures 5.12 to 5.15, the maximum seismic demands (PSDMs) of the selected components 

for the stiffest soil (combination 1) are illustrated and in Figures 5.16 to 5.19 for the 

softest soil (combination 4). These figures show the estimate for the median demand 

and dispersion for each component. In the logarithmic plots, the line representing the 

estimates of the median demand appears as a straight line. 

In order to clarify the presentation of the results in the next sections, an abbreviation 

of the component names and the response direction is created and shown in Table 5.8. 

Tables 5.9 and 5.10 present the linear regressions for combination 1 and 4, respectively. 
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Figure 5.12 PSDM for the columns, (combination 1, rock). 
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Figure 5.13 PSDM for the bearings, (combination 1, rock). 
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Figure 5.15 PSDM for the abutment foundation, (combination 1, rock). 
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Figure 5.16 PSDM for the columns, (combination 4, soft soil). 
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Figure 5.18 PSDM for the abutment walls, (combination 4, soft soil). , 
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Figure 5.19 PSDM for the abutment foundation, (combination 4, soft soil). 

These PSDMs, present the median values, as a function of PGA and dispersion values 

(a) of the demand for all the selected components. Also the correlation coefficients for 

each combination, which are statistics that represent how closely the component demands 

co-vary between them, are estimated and presented in Table 5.11 and Table 5.12. 

Tables 5.9 and 5.10 give the regression coefficients for each component demand for com

bination 1 and 4, respectively. The coefficient of determination, R2, is the proportion of 

variability in the data set that is accounted for by the statistical model. In other words, 

it provides a measure of how well future outcomes are likely to be predicted by the model. 

Thus, it is noted that the coefficients R2 for all component responses are lower for the soft 

soil (combination 4) than for the rock (combination 1). This means that in combination 

1 the data fit better the estimated model (PGA vs component response) than in combi-
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nation 4. Also the values of the standard deviation, a, show that for combination 4, the 

dispersion of the data from the average regression value is larger than for combination 1. 

Table 5.8 Component-response direction abbreviations. 

Component Description 
Abbreviation 

Col-Tran Columns in the transverse direction 
Brg-Long Bearings in the longitudinal direction 
Brg-Tran Bearings in the transverse direction 
Ab-LongW Abutment back walls in the longitudinal direction 
Ab-TranW Abutment wing walls in the transverse direction 
Ab-LongF Abutment foundation in the longitudinal direction 
Ab-TranF Abutment foundation in the transverse direction 

Table 5.9 PSDMs for MSCC bridge components (combination 1, rock). 

Bridge component 

Col-Tran 
Brg-Long 
Brg-Tran 
Ab-LongW 
Ab-TranW 
Ab-LongF 
Ab-TranF 

Component response 

ln(d dHft) 
\n(Sx) 

in(<y 
ln(5x) 

HSz) 
HSx) 
\n(6z) 

PSDM 

-6.283+0.448.1ii(PGA) 
-4.423+0.566.1n(PGA) 
-4.385+0.624.1n(PGA) 
-4.417+0.562.1n(PGA) 
-4.407+0.603.1n(PGA) 
-9.593+0.075.1n(PGA) 
-9.560+0.136.1n(PGA) 

R2 

0.52780 
0.57751 
0.67837 
0.57688 
0.67554 
0.08431 
0.21163 

a 

0.38142 
0.39970 
0.36341 
0.39688 
0.35049 
0.20792 
0.21742 

Table 5.10 PSDMs for MSCC bridge components (combination 4, soft soil). 

Bridge component 

Col-Tran 
Brg-Long 
Brg-Tran 
Ab-LongW 
Ab-TranW 
Ab-LongF 
Ab-TranF 

Component response 

\ll(Sdrift) 
HSx) 
H8z) 
M&x) 
ln(Sz) . 
HSx) 
ln(5z) 

PSDM 

-4.861+0.776.1n(PGA) 
-3.199+0.845.1n(PGA) 
-3.211+0.987.1n(PGA) 
-2.843+0.831.1n(PGA) 
-3.245+0.918.1n(PGA) 
-4.150+0.434.1n(PGA) 
-5.416+0.388.1n(PGA) 

R2 

0.43845 
0.36652 
0.54340 
0.47918 
0.51075 
0.10078 
0.17941 

a 

0.43390 
0.55431 
0.44956 
0.43194 
0.44500 
0.62875 
0.41109 

5.7.2 Limit state capacity estimates 

The capacities of the bridge components were defined in Section 2.6 in terms of limit states: 

slight, moderate, extensive and complete. Table 5.13 summarizes the median values Sc 

of the limit states previously mentioned in Table 2.9 and Table 2.10 and the coefficient 

of dispersion (3c already presented in Table 2.7. The dispersion coefficients highlight that 
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Component 

Col-Tran 
Ab-LongW 
Ab-TranW 
Ab-LongF 
Ab-TranF 
Brg-Long 
Brg-Tran 

Table 5.11 

Col-
Tran 

1.000 
0.875 
0.836 
0.409 
0.463 
0.875 
0.835 

Table 5.12 

Component 

Col-Tran 
Ab-LongW 
Ab-TranW 
Ab-LongF 
Ab-TranF 
Brg-Long 
Brg-Tran 

Col-
Tran 

1.000 
0.916 
0.726 
0.707 
0.650 
0.648 
0.712 

Correlation coefficients (coi 

Ab-
LongW 

0.875 
1.000 
0.871 
0.393 
0.408 
1.000 
0.871 

Ab-
TranW 

0.836 
0.871 
1.000 
0.262 
0.467 
0.872 
1.000 

Ab-
LongF 

0.409 
0.393 
0.262 
1.000 
0.811 
0.389 
0.259 

nbination 

Ab-
TranF 

0.463 
0.408 
0.467 
0.811 
1.000 
0.406 
0.463 

Correlation coefficients (combination 4, 

Ab-
LongW 

0.916 
1.000 
0.792 
0.699 
0.649 
0.748 
0.778 

Ab-
TranW 

0.726 
0.792 
1.000 
0.511 
0.586 
0.661 
0.990 

Ab-
LongF 

0.707 
0.699 
0.511 
1.000 
0.796 
0.155 
0.471 

Ab-
TranF 

0.650 
0.649 
0.586 
0.796 
1.000 
0.285 
0.543 

1, rock). 

Brg-
Long 

0.875 
1.000 
0.872 
0.389 
0.406 
1.000 
0.871 

, soft soil). 

Big-
Long 

0.648 
0.748 
0.661 
0.155 
0.285 
1.000 
0.685 

Brg-
Tran 

0.835 
0.871 
1.000 
0.259 
0.463 
0.871 
1.000 

Brg-
Tran 

0.712 
0.778 
0.990 
0.471 
0.543 
0.685 
1.000 

there is more uncertainty present in the higher damage states and also in the bearings. 

The definition of the limit states were derived from the work of Padgett (2007), Nielson 

(2005), Choi and Jeon (2003) and Dutta and Mander (1998). The derivation of these limit 

states is beyond the scope of this project. The limit state median values for column drift 

are dimensionless, and for the bearings and abutments, are reported in meters. 

Table 5.13 

Component 

Col-Tran (m/m) 
Brg-Long (m) 
Brg-Tran (m) 
Ab-LongW (m) 
Ab-TranW (m) 
Ab-LongF (in) 
Ab-TranF (m) 

Limit s ta tes for the MSCC bridge components 

Slight 

Sc 

0.005 
0.013 
0.013 
0.007 
0.007 
0.004 
0.004 

/3c 

0.25 
0.70 
0.70 
0.55 
0.55 
0.55 
0.55 

Moderate 

Sc 

0.007 
0.025 
0.025 
0.015 
0.015 
0.008 
0.008 

/3c 

0.25 
0.70 
0.70 
0.55 
0.55 
0.55 
0.55 

Severe 

Sc 

0.011 
0.050 
0.050 
0.037 
0.037 
0.025 
0.025 

(3c 

0.46 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 

Complete 

Sc 

0.030 
0.100 
0.100 
0.146 
0.146 
0.050 
0.050 

Pc 
0.46 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
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5.8 Fragility curves 

5.8.1 Component fragility curves 

The development of the fragility curves for the MSCC bridge components follows the 

same procedure described in Section 2.5.4. Fragility curves for each bridge component 

are calculated using the marginal distributions (the demands on each component) of the 

JPSDM and the capacity limit states. The component fragility curves for combinations 

1 and 2 (both with shallow foundations) are presented in Figures 5.20 and 5.21 and for 

combinations 3 and 4 (both with deep foundation) in Figures 5.22 and 5.23. 

In Tables 5.14 to 5.17, the component fragilities are synthesized. Whenever the estimated 

median PGA values are extremely large, the median and the dispersion are replaced by 

99.00 and 0.00 respectively, indicating that this particular component is not significant 

(vulnerable) for that limit state. 

Table 5.14 Component fragilities for the MSCC bridge, (combination 1, rock). 

Bridge component 

Col-Tran 
Ab-LongW 
Ab-TranW 
Ab-LongF 
Ab-TranF 
Brg-Long 
Brg-Tran 

Table 5.15 

Slight 
med (g) 

99.00 
99.00 
99.00 
99.00 
99.00 
1.15 
1.07 

disp 

0.00 
0.00 
0.00 
0.00 
0.00 
1.42 
1.26 

Moderate 
med (g) 

99.00 
99.00 
99.00 
99.00 
99.00 
3.65 
3.05 

disp 

0.00 
0.00 
0.00 
0.00 
0.00 
1.42 
1.26 

Severe 
med (g) 

99.00 
99.00 
99.00 
99.00 
99.00 
99.00 
99.00 

disp 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Complete 
med (g) 

99.00 
99.00 
99.00 
99.00 
99.00 
99.00 
99.00 

Component fragilities for the MSCC bridge, (combination 2, dense 

Bridge component 

Col-Tran 
Ab-LongW 
Ab-TranW 
Ab-LongF 
Ab-TranF 
Brg-Long 
Brg-Tran 

Slight 
med (g) 

1.39 
1.47 
1.37 

99.00 
99.00 
0.46 
0.49 

disp 

0.61 
0.88 
0.76 
0.00 
0.00 
1.03 
0.89 

Moderate 
med (g) 

2.15 
1.95 
1.77 

99.00 
99.00 
1.06 
1.03 

disp 

0.61 
0.88 
0.76 
0.00 
0.00 
1.03 
0.89 

Severe 
med (g) 

3.88 
3.42 
2.90 
99.00 
99.00 
2.54 
2.23 

disp 

0.79 
1.05 
0.91 
0.00 
0.00 
1.03 
0.89 

disp 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

: soil). 

Complete 
med (g) 

99.00 
99.00 
99.00 
99.00 
99.00 
99.00 
99.00 

disp 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
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Figure 5.20 Component fragility curves (combination 1, rock). 
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Figure 5.21 Component fragility curves (combination 2, very dense soil). 
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Figure 5.22 Component fragility curves (combination 3, stiff soil). 
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Figure 5.23 Component fragility curves (combination 4, soft soil). 



106 CHAPTER 5. MSCC BRIDGE FRAGILITY CURVES 

Table 5.16 Component fragilities for the MSCC bridge, (combination 3, stiff soil). 

Bridge component Slight Moderate Severe Complete 
med (g) disp med (g) disp med (g) disp med (g) disp 

Col-Tran 
Ab-LongW 
Ab-TranW 
Ab-LongF 
Ab-TranF 
Brg-Long 
Brg-Tran 

Table 5.17 Component fragilities for the MSCC bridge, (combination 4, soft soil). 

Bridge component Slight Moderate Severe Complete 
med (g) disp med (g) disp med (g) disp med (g) disp 

0.65 
0.56 
0.88 
0.05 
0.57 
0.30 
0.33 

0.66 
0.88 
0.78 
1.67 
1.31 
1.00 
0.88 

1.04 
0.74 
1.14 
0.22 
2.14 
0.62 
0.66 

0.66 
0.88 
0.78 
1.67 
1.31 
1.00 
0.88 

1.95 
1.29 
1.88 
2.23 
99.00 
1.35 
1.40 

0.86 
1.04 
0.93 
1.89 
0.00 
1.00 
0.88 

99.00 
99.00 
99.00 
99.00 
99.00 
2.94 
2.96 

0.00 
0.00 
0.00 
0.00 
0.00 
1.00 
0.88 

Col-Tran 
Ab-LongW 
Ab-TranW 
Ab-LongF 
Ab-TranF 
Brg-Long 
Brg-Tran 

0.57 
0.49 
0.82 
0.04 
0.76 
0.26 
0.32 

0.65 
0.84 
0.77 
1.93 
1.77 
1.06 
0.84 

0.88 
0.64 
1.04 
0.21 

99.00 
0.56 
0.62 

0.65 
0.84 
0.77 
1.93 
0.00 
1.06 
0.84 

1.57 
1.09 
1.67 
2.90 

99.00 
1.27 
1.24 

0.82 
0.99 
0.90 
2.17 
0.00 
1.06 
0.84 

99.00 
3.67 

99.00 
99.00 
99.00 
2.89 
2.51 

0.00 
0.99 
0.00 
0.00 
0.00 
1.06 
0.84 

Clearly, the median PGA values for combination 1, the stiffer soil, (Table 5.14) are larger 

than those for combination 4, the softer soil (Table 5.17). This means that for a stiff soil, 

the bridge components are less affected by the ground motions, thus are less vulnerable. 

For combinations 1 and 2, it is observed that the bridge components are more fragile in the 

transverse direction (lower median values) and for combinations 3 and 4, they are more 

fragile in the longitudinal direction. Also, for all combinations, the component fragilities 

for the complete damage state are not significant. Thus, it is highly unlikely that the 

bridge will reach a complete damage state under PGAs lower than 2. For combinations 1 

and 2 (Tables 5.14 and 5.15), the bearings and the abutments appear to be the most fragile 

components for all damage states, while the abutment foundation has huge median values 

for all limit states indicating that it is really a vulnerable component. For combinations 

3 and 4 (Tables 5.16 and 5.17), the most fragile component for the slight and moderate 

damage states is the abutment foundation (piles) in the longitudinal direction, followed 

by the bearings. In the cases of severe and complete damage states, there is a switch, the 

bearings being the most fragile ones followed by the abutment walls (see Figure 5.22 and 

5.23). The main reason for this switch is because under a strong ground motion the gap 

between the abutment and the deck will close, producing impacts on the bearings and the 

abutment walls. 
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5.8.2 System fragility curves 

The general assessment of seismic vulnerability for the bridge system must be made by 

combining the effects of all bridge components considered. The probability that the bridge 

is at or beyond a particular limit state is the union of the probabilities of each of the compo

nent being in that same limit state. The estimate of the bridge system fragility is facilitated 

through the development of a joint probabilistic seismic demand model (JPSDM) already 

described in Section 2.5.4. According to Nielson and DesRoches (2007), this approach 

considers that there is some level of correlation between the demands placed on the bridge 

components during a given earthquake. Thus, the seismic demand on the system is sim

ply the joint demand on the components. The JPSDM is developed in this transformed 

state by using the transformed distributions of the individual components and develop

ing the covariance matrix through estimation of the correlation coefficients between the 

transformed demands. Thus, the fragility curve generation for the entire bridge uses the 

JPSDM and the limit state models in a Monte Carlo simulation intending to integrate 

the JPSDM over all possible failure domains. This is done by selecting a value of the IM, 

which in this case is the PGA. For each level of IM, IO5 samples are taken from both the 

demand and capacity sides. Next, an estimate of the probability that the demand exceeds 

the capacity at that IM level is obtained. This step is repeated for increasing levels of the 

IM until a curve is defined for each damage state. 

Table 5.18 System fragilities for the 4 combinations. 

Combination 

1 (Rock) 
2 (Very dense soil) 
3 (Stiff soil) 
4 (Soft soil) 

Slight 
med (g) 

0.554 
0.291 
0.049 
0.038 

disp 

1.123 
0.785 
1.110 
1.204 

Moderate 
med (g) 

1.503 
0.587 
0.157 
0.14 

disp 

1.096 
0.760 
1.017 
1.058 

Severe 
med (g) 

3.500 
1.113 
0.492 
0.449 

disp 

0.968 
0.751 
0.865 
0.858 

Complete 
med (g) disp 

7.974 0.504 
2.962 0.818 
1.358 0.921 
1.240 0.905 

The bridge system fragility curves for each soil combination are summarized in Table 5.18 

and plotted from Figures 5.24 to 5.27. Clearly, the bridge system is more fragile than 

any of the bridge components. As shown in Tables 5.14 and 5.15, for combinations 1 and 

2, the median values of IM for the slight damage state for the bearings (the most fragile 

component) are 1.07 g and 0.46 g, respectively. The median values of IM for the slight 

damage state for the entire bridge system, for the same soil combinations are 0.554 g and 

0.291 g (Table 5.18), decreasing the median value by 48% and 37%. For combinations 3 

and 4, the median values for the slight damage state for the abutment foundation are 

0.053 g and 0.042 g, respectively (Tables 5.16 and 5.17). From Table 5.18, the median 
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Figure 5.24 System fragility curves (combination 1, rock). 

Figure 5.25 System fragility curves (combination 2, very dense soil). 
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Figure 5.26 System fragility curves (combination 3, stiff soil). 

Figure 5.27 System fragility curves (combination 4, soft soil). 
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values for the slight damage state of the entire bridge system for the same soils are 0.049 g 

and 0.038 g, decreasing 7.5% and 9.5%, respectively. This means that, for these soils, the 

slight damage state of the system is controlled by the abutment foundation. 

Finally, as an example of the use of fragility curves, for a PGA of 0.5 g with the combination 

2 (Figure 5.25), the bridge has almost 75% of probability of exceeding the slight limit state, 

42% of exceeding the moderate limit state, 15% of exceeding the extensive limit state and 

less than 2% of collapse. For combination 4 (Figure 5.27), for a PGA of 0.5 g, there is 88% 

of probability that the bridge damage state be greater than the moderate level. That is 

represented by minor cracking and spalling of the abutments, minor spalling and cracks at 

hinges, minor spalling at the columns (damage requires no more than cosmetic repair) or 

minor cracks in the deck, as it was described in Table 2.8 for the qualitative limit states. 

Considering the extensive limit state with combination 4, the bridge would have 55% 

of chance of having shear failure of any column without collapsing (column structurally 

unsafe), significant residual movement at connections and vertical offset of the abutments. 

Meanwhile, there is less than 17% of chance for a bridge collapse. 

In conclusion, the fact of considering the stiffness of the soil and foundation as a com

ponent in the fragility curves, influences considerably the vulnerability assessment of the 

bridge system. The use of simple spring-dashpot-mass systems to simulate foundation and 

abutment contribution in the bridge system response, appears to be a reasonable modeling 

approach to assess bridge fragility. 

5.9 Summary 

The analyticalfragility curves for the MSCC bridge class have been presented. A detailed 

three-dimensional bridge system was developed to consider the soil, the abutment and 

foundation types. This chapter has presented an evaluation of the influence of the soil, 

foundation and abutment stiffnesses on the seismic response of the MSCC bridge using a 

suite of ground motions for eastern Canada. The analyses have highlighted the effect on 

the response of various critical components of the bridge system. The findings from this 

study illustrate the importance of considering different components when assessing and 

comparing fragility curves for different limit states. 
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CONCLUSION 

6.1 Summary and conclusions 

In this project, analytical fragility curves for the multi-span continuous concrete girder 

bridge (MSCC) class, which represents approximately 21% of the multi-span bridges 

in Quebec, were developed. The.current analytical methodologies for obtaining bridge 

fragility curves do not account for soil conditions. However, recent studies showed that 

the different levels of seismic damage suffered by bridges depend not only on the earth

quake magnitude and distance from the epicenter, but also on the structural characteristics 

of the bridge and the soil type on which it is built. 

For that matters, the soil-foundation effects on the considered bridge class were accounted 

for by modeling different types of foundation and abutment and by considering the soil 

types specified in the Canadian Highway Bridge Design Code (CAN/CSA-S6-06). The 

models adopted for simulating foundation were the Newmark and Rosenblueth's (1975) 

model for shallow foundation and the Novak's (1974) model for piles foundation. Also, two 

different types of seat-type abutment were considered for simulation: one supported by 

piles and the other, by a spread footing. The bridge studied by Roy et al. (2006) was used 

as a prototype bridge to validate the influence of the foundation and abutment models 

on the dynamic characteristics of a bridge model developed with the software framework 

OpenSees. The validation was carried out with the in-situ ambient vibration test data 

given in Roy et al. (2006) for the prototype bridge. 

In order to account for all relevant parameters, the fragility curves in this project were 

developed for the four soil types specified in the Canadian Highway Bridge Design Code 

(CAN/CSA-S6-06) from nonlinear time history analyses of 120 studied bridge cases per soil 

type (8 bridge blocks x 15 repetitions x 4 soil types = 480 analyses) taking into account 

the geometric dimension variations of typical MSCC bridges and two different types of 

foundation and abutment. A 3D analytical model of the entire bridge system, namely 

the bridge structure, the foundations and the abutments, was performed with OpenSees 

and subjected, for each soil type, to 120 synthetic ground motions representative of the 

seismic hazard for eastern Canada. Several soil effects on the bridge response were found 
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but the most important one is that foundation-soil flexibility elongates the bridge periods, 

increasing the displacement demand on the structure and hence the damage level. 

The analytical method used to develop the fragility curves is that proposed by Nielson 

(2005) and Padgett (2008). The bridge component fragilities were quantified by using a 

probabilistic seismic demand model (PSDM). The bridge components considered were the 

columns, the bearings, the abutments and the foundations. By integrating over all failure 

domains of the bridge component PSDMs, a joint probabilistic seismic demand model 

(JPSDM) was derived for the entire bridge system. From the JPSDM and the defined 

limit states (slight, moderate, severe, complete), the fragility curves for the bridge system 

were determined. 

The resulting fragility curves for both the bridge components and the bridge system showed 

that the bridge system is more fragile than any of the bridge components. Also the analyses 

highlighted that the bridge fragility increases as the soil conditions soften. In other words, 

the fact of accounting for the soil effects and the foundation and abutment stiffnesses in 

the simulation influences considerably the vulnerability assessment of the bridge system. 

Also the use of simple spring-dashpot-mass systems to simulate the foundation and the 

abutment contribution in the bridge system response, appears to be a reasonable modeling 

approach to assess bridge fragility. 

6.2 Recommendations for fu ture research 

The work presented in this project should be extended through additional research in the 

following aspects: 

- Development of fragility curves considering the soil-foundation system for the other 

significant bridge classes of Quebec's bridge inventory. 

- Abutment modeling including complex non linear backbone curves for the longitudinal 

and transverse responses. 

- Nonlinear effects of the soil, using the layered geotechnical model and elements in 

OpenSees (consideration of all layers of the soil profile and their properties). 

- Use of the spectral acceleration Sa as the selected intensity measure because the PGA 

is a general parameter that does not characterize adequately a soil class. 

- Quantification of bridge component capacities (limit states) of the bridges in Quebec. 



ANNEX A 

Soil properties according to the CAN/CSA-
S6-06 

Table A.l Soil type I (CAN/CSA-S6-06). 

Soil Properties min max 

Density (kg/m3) 
Average p (kg/m3) 
7 (kN/m3) 
Shear Velocity (m/s) 
Average Vs (m/s) 
Shear Modulus G (MPa) 
Poisson ratio 
Average v 
Young's Modulus E (MPa) 
Friction Angle 
Average 4> 
cohesion c (kN/m2) 
Allowable bearing capacity (kPa) 
Average aadm (kPa) 
NSPT 
Initial Subgrade Modulus k (lb/in3) 
Average k (Pa/in) 

2000 2700 
2350 
23.5 

760 1500 
1130 

3000.72 
0.25 0.33 

0.29 
7741.84 

35 45 
40 
0 

500 1000 
750 

500 1000 
2.08E+08 
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Table A.2 Soil type II (CAN/CSA-S6-06). 

Soil Properties 

Density (kg/m3) 
Average p (kg/m3) 
7 (kN/m3) 
Shear Velocity (m/s) 
Average Vs (m/s) 
Shear Modulus G (MPa) 
Poisson ratio 
Average v 
Young's Modulus E (MPa) 
Friction Angle 
Average </> 
cohesion c (kN/m2) 
Allowable bearing capacity (kPa) 
Average aadm (kPa) 
Average NSPT 
Initial Subgrade Modulus k 
Average k (Pa/m) 

(lb/in3) 

miii max 

1762.03 2162.49 
1962.26 

19.62 
360 760 

560 
615.37 

0.3 0.4 
0.35 

1661.49 
34 40 

37 
0 

200 600 
400 
50 

100 500 
8.30E+07 

Table A.3 Soil type III (CAN/CSA-S6-06). 

Soil Properties 

Density (kg/m3) 
Average p (kg/m3) 
7 (kN/m3) 
Shear Velocity (m/s) 
Average Vs (m/s) 
Shear Modulus G (MPa) 
Poisson ratio 
Average v 
Young's Modulus E (MPa) 
Friction Angle 
Average (j> 
cohesion c (psf) 
cohesion c (kN/m2) 
Allowable bearing capacity (kPa) 
Average aadm (kPa) 
Aeo 
Average NSPT 
Initial Subgrade Modulus k (lb/in3) 
Average k (Pa/m) 
Soil Undrained Shear Strength su (kPa) 
Average su (kPa) 

niin max 

1601.85 2002.31 
1802.08 

18.02 
180 360 
270 

131.37 
0.2 0.3 

0.25 
328.43 

31 34 
32.5 

50 1000 
26.25 

100 300 
200 

15 50 
32.5 

100 300 
5.54E+07 

50 100 
75 



Table A.4 Soil type IV (CAN/CSA-S6-06). 

Soil Properties inin max 

Density (kg/m3) 
Average p (kg/m3) 
7 (kN/m3) 
Shear Velocity (m/s) 
Average Vs (m/s) 
Shear Modulus G (MPa) 
Poisson ratio 
Average v 
Young's Modulus E (MPa) 
Friction Angle 
Average <f> 
cohesion c (psf) 
cohesion c (kN/m2) 
Allowable bearing capacity (kPa) 
Average aadm (kPa) 
A6 0 

Average NSPT 
Initial Subgrade Modulus k (lb/in3) 
Average k (Pa/m) 
Soil Undrained Shear Strength su (kPa) 
Average su (kPa) 

1441.66 1922.22 
1681.94 

16.82 
150 180 

165 
45.79 

0.1 0.3 
0.2 

109.90 
27 31 

29 
250 500 

18.75 
75 200 

137.5 
4 15 

9.5 
50 200 

3.46E+07 
25 48 

36.5 



116 ANNEX A. SOIL PROPERTIES ACCORDING TO THE CAN/CSA-S6-06 



ANNEX B 

Calculation of the shallow foundation proper
ties 

Footing Dimension: 

- Footing thickness, h — 1.372 m 
- Length, b - 12.192 m 
- Width, a- 4.725m 
- Depth of the embedment, Df — 1.372 m 
- Cross sectional area, A = b x a = 57.6 m2 

- Poisson's radio, ^ — 0.15 
- Concrete compressive strength fc — 30 MPa 
- Young's modulus, E = 24647.5 MPa 
- Shear modulus, G = 10716.31 MPa 
- Inertia axe x, Ix = b.a3/12 = 713.51m4 

- Inertia axe y, Iy = a.b3/12 = 107.15m4 

- Inertia axe z, Iz = J = h.b3/12 = 820.65 m4 

Soil properties: 

- Soil type III: silty sands, sands-silts mixtures, clayey sands, sand-clay mixtures. 
- Average density, r0 = 1802.08 kg/m3 

- Average shear velocity, V̂  — 270 m/s 
- Shear modulus, Gs - 131.37 MPa 
- Poisson's ratio, v — 0.25 
- Young's modulus, E -= 328.43 MPa 

Figure B.l Footing degrees of freedom 

Thus, the equivalent radius, R, for the Chemin des dalles Bridge footing in all the direction 
is shown in Table B.l using the equations already presented in Section 3.4.1, (Table 3.2). 

Finally, the stiffness, viscous damping and added mass constants of the foundation are 
given in Table B.2. 
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Table B.l Equivalent radius for the rectangular footing of 
the Chemin des dalles bridge. 

Direction Equivalent radius for a rectangular footing (m) 

Vertical i ?= \ M? 4.282 

Horizontal 

Rocking 

Torsion 

R= \ 7% 

R 

R 
ilab(a2+b2) 

6ir 

4.282 

3.418 

4.781 

Table B.2 Spring, viscous damper and mass for the rectangular foot
ing of the Chemin des dalles bridge. 

1. 

2. 

3. 

4. 

5. 

6. 

Degree 
of 

freedom 

Horizontal x (ux) 

Vertical y (uy) 

Horizontal z (uz) 

Rocking x (uxx) 

Torsion y (uyy) 

Rocking z (uzz) 

Spring constant 
N /m 

Per column 

1.04E+09 

1.00E+09 

1.04E+09 

4.72E+09 

2.54E+10 

4.72E+09 

Viscous damper 
Ns/m 

Per column 

7.58E+06 

1.23E+07 

7.58E+06 

1.71E+07 

2.17E+08 

1.71E+07 

Added mass 

kg 
Per column 

1.32E+04 

7.07E-r04 

1.32E+04 

1.37E+05 

1.05E+06 

1.37E+05 



A N N E X C 

Derivat ion of the model parameter values for 
a seat-type abutment on a spread foot ing 

Soil properties 

- Soil type III: silty sands, sans-silts mixtures, clayey sands, sand-clay mixtures. 
- Average density, p — 1802.08 kg/m3 

- Average shear velocity, Vs — 270 m/s 
- Shear modulus, Gs - 131.37 MPa 
- Poisson's ratio, v — 0.25 
- Young's modulus, E = 328.43 MPa 

Abutment dimensions: 

The dimensions are related to Figure 4.3. 

- Footing length, If — 12.192 m 

- Footing width, B - 4.8768 m 
- Footing thickness, tfnd = 1.372 m 
- Back wall height, Hwau= 6.096 m 
- Back wall crown, bcrown — 0.9144 m 
- Back wall bottom width, bottom — 2.134 m 
- dwau - 0.762 m 
- Wing wall height 1, hwmg\ = 1.524m 
- Wing wall height 2, hwmg2 = 2.4384 m 
- W7ing wall width, bwmg — 5.486 m 

The longitudinal and transverse translational stiffness of the abutment will be calculated 
using Wilson (1988) Equation (3.35) presented in Section 3.5.3. The value of the shape 
factor, / , was presented in Table 3.8. 

Longitudinal stiffness of the back wall abutment: 

- Back wall length, Biong = If - dwau — 11.430 m 
- Ratio, L/B = Blong/HwaU - 1.875 
- Back wall shape factor, I = 0.997 
- Back wall longitudinal stiffness, kwiongT — 4.02E+09N/m* 

Transverse stiffness of the wing-wall abutment: 

- Back wall bottom width Btran — bottom ~— 2.134 m 
- Ratio, L/B = Hwall/Btran - 2.857 m 
- Wring wall shape factor, I — 1.2178 
- Wing wall transverse stiffness, kwtranT — 6.14E+08N/m* 
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For the abutment rotational stiffness per wall meter in uxx and uzz direction, the Equa
tion (3.36) of Matthewson, (1980) presented in Section 3.5.3 will be used. 

- Rotation stiffness in uxx direction, 
KiongR = 0.072 • Es • Blong • H2

wall =- l.OOE+lON/m* 
- Rotation stiffness in uzz direction, 

KtranR = 0.072 • Es • Btran • H2
wall =, 1.87E+09 N / m * 

*Note: kwiongT, kwtranT, KiongR and kwtranR will be divided by the number of elements 
that will defined the abutment properties in OpenSees. 

Finally, the stiffness of the abutment footing is calculated following the procedure in 
Section 3.4.1. 

Longitudinal and transverse stiffness of the abutment footing 

Footing dimensions: 

- Footing thickness, h — 1.372 m 

- Length, b = 12.192 m 
- Width, a =- 4.725 m 
- Depth of the embedment, Df — 1.372 m 
- Cross sectional area, A = b 7 a = 57.6 m2 

- Poisson's radio, u — 0.15 
- Concrete compressive strength, f'c = 30 MPa 
- Young's modulus, E = 24647.5 MPa 
- Shear modulus, G = 10716.31 MPa 
- Inertia axe x, Ix — b.a? j\2 = 713.51m4 

- Inertia axe y, Iy -= a.b3/12 - 107.15 m4 

- Inertia axe z, Iz = J -= h.b3/12 = 820.65 m4 

Soil properties: 

- Soil type III: silty sands, sans-silts mixtures, clayey sands, sand-clay mixtures. 
- Average density, r0 - 1802.08 kg/m3 

- Average shear velocity, Vs — 270 m/s 
- Shear modulus, Gs — 131.37 MPa 
- Poisson's ratio, u = 0.25 
- Young's modulus, E = 328.43 MPa 

The equivalent radius R for the abutment rectangular footing, in each direction is (Table 
3.9): 

- Horizontal ux and uz: Rx = Rz = yTib/n = 4.282 m 

- Vertical uy: Ry = ^ab/ir = 4.282 m 
- Rocking uxx: Rxx = y/b3a/3ir = 5.490 m 

- Rocking uzz: Rzz = \f(7bj^7 = 3.418 m 
- Torsion uyy: Ryy = ^/ab(a2 + 62)/67r = 4.781 m 
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Using the coefficients of the 6 x 6 stiffness matrix [K7\ showed in Equations (3.38) to (3.43), 
the values of stiffness, damping and added mass for the abutment footing are calculated: 

Table C.l Spring, viscous damper and mass for the abutment footing 
of the Chemin des dalles bridge. 

Degree 
of 

Freedom 

Horizontal x (ux) 

Vertical y (uy) 

Horizontal z (uz) 

Rocking x (uxx) 

Torsion y (uyy) 

Rocking z (uzz) 

Spring Constant 
N/m 

Per Column 

4.29E+08 

5.00E+08 

2.57E+09 

1.29E+10 

1.28E+10 

3.11E+09 

Viscous Damper 
Ns/m 

Per Column 

3.43E+06 

6.15E+06 

3.43E+06 

6.53E+07 

1.09E+08 

9.80E+06 

Added Mass 
kg 

Per Column 

6.60E+03 

3.54E+04 

6.60E+03 

6.86E+04 

5.25E+05 

6.86E^ 04 

*Note: All the properties in Table C.l are divided by six elements that will define the 
abutment properties in OpenSees. Finally, the transverse stiffness of the embankment will 
be considered using Equation (3.32). 

In this equation, 
- The crown width, We = 11.05 m 
- The embankment height, He — 10.668 m 
- The side slope, Se — 1.5 
- The transverse embankment stiffness, Ktembk - 2.90E+08N/m 
- G and 7 are the soil shear modulus and the unit weight of the soil embankment respec

tively. 
For seat type abutments the back wall is typically designed to break off in order to protect 
the foundation from inelastic action. The area considered effective for mobilizing the 
backfill longitudinally is equal to the area of the back wall [Caltrans, 2004]. The abutment 
behaves linear perfectly plastic in compression and has no strength in tension. 
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ANNEX D 

Calculation of the deep foundation properties 

Soil III properties: 

- Shear modulus, Gsoa = 1.31E+09Pa 
- Poisson's ratio, vs — 0.25 
- Unit weight, 7, = 18020.77 N/m 3 

- Soil density, ps = 1802.08 kg/m3 

- Share wave velocity, Vs = 270 m/s 

- Compression wave velocity, Vc — 467.65 m/s 

Pile properties and geometry: (see Figure 5.5) 

Pile cap 

- tfnd = 1.087 m 

- If = 14.06 m 
- Bave^ 2.926 m 
- Df - 2.411m 
- Cross sectional area, A0 — 41.140 m2 

- Poisson's ratio, v - 0.15 
- fc = 30 MPa 
- Pile cap unit weight, 7C = 23544 N/m 3 

- Young's modulus, Ec - 2.46E+10MPa 
- Shear modulus, Gc - 1.07E+10MPa 
- Equivalent radius of the cap, roc ~ 3.62 m2 

Steel piles (pipes) 

- A^0 piles in x — 8 
- N° piles in z = 3 
- N° total of piles - 24 
- Pile length, Lp — 14 m 
- Pipe size diameter, Dp — 0.3048 m 
- External diameter, Dext = 0.32385 m 
- Internal diameter, Dmt — 0.303276 m 
- Thickness, Dext - Dmt = 0.020574 m 
- Pile radius, r0 — 0.1524 m 
- Pile cross sectional area, Ap — 0.072966 m2 

- Volume, Vp = ix(r2
ext - r2

nt)h -- 0.142 m3 

- Mass of pile, mp — 1116.78 kg 
- Density, pp = 7871.84 kg/m3 

- Unit weight of pile, 7P = 77008.50 N/m 3 

123 



124 ANNEX D. CALCULATION OF THE DEEP FOUNDATION PROPERTIES 

- Pile poisson's ratio, v — 0.275 
- Young's modulus, Ep — 2 E + l l P a 
- Shear modulus, Gp = 7.84E+10MPa 

Spacing, x 

- Exterior, Sx — 1 m 

- Interior, S\ = 1.38 m 

Spacing, z 

- Exterior, Sy — 0.50 m 
- Interior, S^ — 0.51m 
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Figure D.l Piles distribution. 

Procedure (see Section 3.4.2) 

Vertical: 

1. Spring stiffness and damping of single pile 

- Pile slenderness lp/r0 = 91.86 
~ EpUe/Gsoii — 152.24 
- U - 0.04 
- Stiffness of a single pile, kl

w - 3.83E+09 N/m (Equation (3.1)) 
- fw2 = 0.084 
- Damping of a single pile, c^ — 4.54E+06Ns/m (Equation (3.2)) 

2. Compute spring stiffness and damping of pile group 

- Reference pile = Pi 
- S = spacing between the reference pile Pi to the other piles 
- Lp/2r0 - 45.93 
- E « A = 9.35 
- Pile group stiffness, k9

w = 9.83E+09N/m (Equation (3.3)) 
- Pile group damping, c9

w = 1.17E+07Ns/m (Equation (3.4)) 

3. Determine spring stiffness and damping due to side friction 

- Si = 2.7 



Table D.l Parameter a A to calculate de vertical 
stiffness of a pile group. 

of the pile 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

S 

0.914 

1.829 
1.143 
1.464 

2.157 

2.286 
2.462 

2.928 
3.429 
3.549 
3.886 
4.572 

4.663 
4.924 

5.715 

5.788 
6.000 
6.858 
6.919 

7.098 
8.001 
8.053 
8.207 

S/2r0 

3.0 

3.8 
4.8 

aa 

0.66 

0.55 
0.63 
0.57 

0.53 
0.5 
0.47 

0.45 
0.42 
0.41 
0.4 
0.37 
0.36 
0.36 
0.34 

0.34 

0.33 
0.31 
0.31 

0.3 
0.25 
0.25 
0.24 

2r0/S 

0.167 

0.141 

0.133 
0.124 

0.104 
0.089 

0.086 
0.078 

0.067 
0.065 
0.062 

0.053 

0.053 
0.051 
0.044 
0.044 

0.043 
0.038 

0.038 
0.037 

- Stiffness due to friction, kf
w - 3.86E+09N/m (Equation (3.5)) 

- S2= 6.7 
- Damping due to friction, c{, — 4.06E+07Ns/m (Equation (3.6)) 

4. Compute total spring stiffness and total damping 

- Total stiffness in the vertical direction, k9^ — 1.37E+10N/m (Equation (3.7)) 

- Total damping in the vertical direction, c9
w — 5.22E+07Ns/m (Equation (3.8)) 

Translational: 

1. Compute stiffness and damping of a single pile stiffness 

~ Epiie/Gsoii — 152.24 
- fxl for pinned head = 0.0215 (Table 3.11) 
- Pile inertia, Ip — 25.94 kg.m2 

- Stiffness of a single pile, kl
x = 3.15E+13N/m (Equation (3.9)) 

- fx2 ^ 0.0793 (Table 3.11) 
- Damping of a single pile, cl

x — 6.56E+10Ns/m (Equation (3.10)) 
2. Compute stiffness and damping of the pile group 
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- Departure angle, (5 — 0° 
- Again, the reference pile is Pi 

Table D.2 Parameter a A to calculate de 
translational stiffness of a pile group. 

of the pile 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

S 

0.9144 

1.8288 
1.1430 

1.4638 
2.1566 
2.2860 
2.4621 

2.9275 
3.4290 
3.5488 
3.8862 

4.5720 
4.6625 
4.9242 

5.7150 
5.7877 

6.0005 
6.8580 
6.9187 
7.0977 

8.0010 
8.0531 

8.2073 

S/2r0 

3.0 
6.0 
3.8 
4.8 
7.1 
7.5 
8.1 
9.6 
11.3 
11.6 
12.8 
15.0 

15.3 
16.2 

18.8 
19.0 
19.7 
22.5 

22.7 
23.3 

26.3 
26.4 

26.9 

aA 

0.73 
0.55 
0.68 
0.62 

0.48 
0.45 
0.43 

0.33 
0.2 
0.18 
0.1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

- £ a A = 4.75 
- Pile group stiffness, kg = 1.59E+14N/m (Equation (3.11)) 
- Pile group damping, c9 — 3 .31E+l lNs/m (Equation (3.12)) 

3. Compute Stiffness and damping due to pile cap 

- Sxi = 4.0 (Table 3.12) 
- Stiffness due to pile cap, kf

x =- 5.71E+09N/m (Equation (3.13)) 
- SX2 = 9.1 (Table 3.12) 
- Damping due to pile cap, c£ = 5.51E+07Ns/m (Equation (3.14)) 

4. Total stiffness and total damping are then the sum of the stiffness and damping 
values computed in step 2 and 3, respectively. 

- Total stiffness in the translational direction, k9 = 1.59E+14N/m (Equation (3.15)) 
- Total damping in the translational direction, c9

x — 3 .32E+llNs/m (Equation 
'(3.16)) 
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Rocking: 

1. Stiffness and damping of a single pile in both rocking alone as well as in coupled 
motion 

- Epiie/GSOii =• 152.24 
- / 0 1 = 0.4049 (Table 3.11) 
- Rocking stiffness, k\ - 1.38E+13N/m (Equation (3.17)) 
- f^ = 0.3299 (Table 3.11) 

- Rocking damping, cj, — 6.34E+09 Ns/m (Equation (3.18)) 
- fX(hl = -0.0734 (Table 3.11) 

- Coupled motion stiffness, fc1,^ = -1.64E+13N/m (Equation (3.19)) 

- /x*2 - -0.137 (Table 3.11) 
- Coupled motion damping, c1^ = -1.73E+10Ns/m (Equation (3.20)) 

2. Compute stiffness and damping of the pile group 

- zc — tfnd/2 — 0.5435 m (see Figure D.l and Figure 3.4) 

Table D.3 Rocking stiffness and damping parameters of the pile group 

Pile N° 

Pi 

P2 

P3 

PA 

P5 

P6 

Pi 
Ps 
P9 

Pio 
Pn 
Pu 
Pu 
Pu 
Pl5 

Pl6 

Pn 
Pis 
Pl9 

P20 

P21 

P22 

P23 

P2A 

J\.y 

4 
4 
4 

2.8575 
2.8575 
2.8575 
1.7145 
1.7145 
1.7145 
0.5715 
0.5715 
0.5715 
-0.5715 
-0.5715 
-0.5715 
-1.7145 
-1.7145 
-1.7145 
-2.8575 
-2.8575 
-2.8575 

-4 
-4 
-4 

Yr 

0.9144 
0 

-0.9144 
0.9144 

0 
-0.9144 
0.9144 

0 
-0.9144 
0.9144 

0 
-0.9144 
0.9144 

0 
-0.9144 
0.9144 

0 
-0.9144 
0.9144 

0 
-0.9144 
0.9144 

0 
-0.9144 

k% 

5.33E+12 
5.33E+12 
5.33E+12 
5.30E+12 
5.30E+12 
5.30E+12 
5.28E+12 
5.28E+12 
5.28E+12 
5.27E+12 
5.27E+12 
5.27E+12 
5.27E+12 
5.27E+12 
5.27E+12 
5.28E+12 
5.28E+12 
5.28E+12 
5.30E+12 
5.30E+12 
5.30E+12 
5.33E+12 
5.33E+12 
5.33E+12 

7 
7> 

7.01E+09 
7.01E+09 
7.01E+09 
6.98E+09 
6.98E+09 
6.98E+09 
6.96E+09 
6.96E+09 
6.96E+09 
6.94E+09 
6.94E+09 
6.94E+09 
6.94E+09 
6.94E+09 
6.94E+09 
6.96E+09 
6.96E+09 
6.96E+09 
6.98E+09 
6.98E+09 
6.98E+09 
7.01E+09 
7.01E+09 
7.01E+09 

J 

16.836 
16.000 
16.836 
9.001 
8.165 
9.001 
3.776 
2.940 
3.776 
1.163 
0.327 
1.163 
1.163 
0.327 
1.163 
3.776 
2.940 
3.776 
9.001 
8.165 
9.001 
16.836 
16.000 
16.836 

Total polar moment of inertia for each pile, J — 177.967 in 

- Pile group stiffness, H = 1.27E+14N/m (Equation (3.21)) 
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- Pile group damping, c^ — 1.67E+llNs/m (Equation (3.22)) 

3. Compute stiffness and damping of pile cap 

- S = tfnd/roc - 0.30 
- Sxi = 4.0 (Table 3.12) 
- S^ = 2.5 
- Stiffness due to pile cap, k^ = 4.73E+10N/m (Equation (3.23)) 
- Sx2 = 9.1 (Table 3.12) 
~~ S(j>2 — 1-8 
- Damping due to pile cap, c^ — 1.50E-t-08Ns/m (Equation (3.24)) 

4. Total stiffness and total damping are then the sum of stiffness and damping values 
computed in steps 2 and 3 

- Rocking total stiffness, k^ = 1.27E+14N/m (Equation (3.25)) 

- Rocking total damping, <7 = 1.68E+llNs/m (Equation (3.26)) 

Torsion: 

1. Spring stiffness and damping of single pile 

- Pile cross section polar moment of inertia, J — 7r.r4/2 = 0.0008473 
~ Epiie/GSOii — 152.24 
- /„! - 0.0094 

Stiffness of a single pile, k\ - 4.10E+06N/m (Equation (3.27)) 
- fv2 = 0.0398 
- Damping of a single pile, c\ = 9.80E+03Ns/m (Equation (3.28)) 

2. Compute stiffness and damping of the pile group 
- Torsional stiffness, k9^ = 5.61E+15N/m (Equation (3.29)) 
- Torsional damping, ĉ , — 1.17E+13Ns/m (Equation (3.30)) 

All these constants are divided by three to account for the number of columns in each 
bent as is shown in Table D.4: 



Table D.4 Pile group stiffness in each 
direction, [Novak, 1974]. 

Degree of Stiffness Damping 
freedom N/m Ns/m 

1. Horizontal, ux 5.31E+13 1.11E+11 

2. Vertical, uy 4.56E+09 1.74E+07 

3. Horizontal, uz 5.31E+13 1.11E+11 

4. Rocking, uxx 4.24E+13 5.58E+10 

5. Torsion, uyy 1.87E+15 3.89E+12 

6. Rocking, uzz 4.24E+13 5.58E-f 10 
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ANNEX E 

Derivation of the model parameter values for 
a seat-type abutment with piles 

Abutment wall and foundation dimensions of the typical bridge are given in Table E.l. 

Table E.l Abutment dimensions of the 
typical bridge. 

Abutment foundation 

Footing thickness, tfnd 
Footing length, If 
Footing width, Bav 

Depth of embedment, Df 
Number of piles, Np 

1.087 m 
14.06 in 
2.926 m 
2.411 m 

24 

Seat-type abutment 

Back wall height, Hwau 
Back wall bottom width, bottom 
Back wall crown width, bcrown 

Wing wall width, bwmg 

Wing wall height 1, hwmgi 
Wing wall height 2, hwmg2 

9.144 m 
1.727 m 
0.975 m 
5.690 m 
1.778 m 
1.321 m 

Elements considered in the longitudinal direction: 

1. Soil backfill contribution: 

- Thickness of the back wall crown, 
tcrown — 0.4572 m 

- Effective back wall width, 
Wwaii = If - 2-tcrwn - 13.146 m 

- Average stiffness from Table 3.5 for fine gravel, 
Kav = 29.2E+06 N / m / m • Wwall - 3.838E+05 N/m 

- Maximum displacement of the curve in Figure 3.8 is obtained from Table 3.5, 
ymax =- 0.04 • Hwau ^ 0.365 m 

- Ultimate abutment backfill force from Table 3.5, 
Fult = 777.00E+03N 

2. Gap element: A gap of 2.54 cm will be assigned to an elastic-perfectly plastic gap 
OpenSees material. 

3. Pile contribution: The recommendation of Caltrans (1990) and Choi (2002) will be 
used. The properties and the behavior of the piles is described in Figure 3.9 and 
Table 3.6. 
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Elements considered in the transverse direction: 

1. Pile contribution: 

The behavior of the piles is described in Figure 3.9 and Table 3.6. 

2. WTing wall: 

The Caltrans (1990) recommendation will be used with Equation (3.31) and Table 
3.7. For the soil III: 

- The wing wall stiffness, 
KwingwaU = (8/9) • (KiniUal • bwing) - (l/4)-((11.5E+06 + 28.8E+06)/2) • 5.690)) 
-T .019E+08N/m 

- The ultimate deformation, 
yult =((0.06+0.10)/2)-(P/wa„ - hwing2) =- 0.62m 

3. Embankment: 

- Wedge top width, We — 9.144 m 
- Embankment height, He = 10.668 m 
- Side slope, 

Se = 1.5 
- Soil III shear modulus, 

Gs = 131.37E+06Pa 
- Soil III Young's modulus, 

Ea = 328.43E+06Pa 
- Embankment stiffness in the transverse direction per unit length of the embank

ment (from Equation (3.32) and Figure 3.10), 
Ktembk = (2-Se-Gs)/(\n(l+(2-Se-(He/We))) - 2.62E+08N/m/m 

- Embankment stiffness in the vertical direction per unit length of the embankment 
(from Equation (3.33) and Figure 3.11), 
Kvembk - (2-Se-Es)/ Qn(l+(2-SeiHe/We)))= 6.55E+08 N/m/m 
Finally, a mass will be added to consider the embankment inertial force generated 
during the ground motion. The equation (3.34) provided by Warner (1994) will 
be used. This equation needs: 

- Thickness of the back wall crown, 
tcrown = 0.4572 m 

- Width of the abutment wall, 
Wwall = If - 2-tcrawn- 13.146 m 

- The effective embankment length, 
de = 1/4 Wwau = 13.146/4- 3.28 m 

- Soil density, 
ros = 1802.077 kg/m3 

- Embankment mass, 
me = (ros-(We+(Se-He))-He-de)/4 = 3.96E+05kg 
This mass will be divided by the number of zero-length elements at the abutments 

(4)-
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