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Feasibility Studies for Improving
Caltrans’ Bridge Fragility Relationships

Preface Comments by Caltrans Project Manager

This document reports on the first phase, Task 1775, of a multi-phase research initiative, Project P266,
aimed at systematic development of “Generation-2 Fragility (g2F)” models tailored for the California
bridge inventory. The project is structured to use advanced analytical methods to create fragility models
compatible with California earthquake hazard levels, and which leverage Caltrans’ seismic design
expertise and unique bridge information assets. Primary applications envisioned for g2F models are for
incorporation into the ShakeCast earthquake-damage alerting system and to support seismic reliability
evaluations. Simultaneously, the methods used in the development of these g2F models are also being
explored for their potential to support bridge-specific seismic design decisions.

This feasibility investigation involved concurrent work and substantial coordination between Caltrans’ staff
within both research and design units and the team of university researchers at the Georgia Institute of
Technology and Rice University who prepared these reports. The overall methodology, along the potential
impacts of incremental decisions made during application of the methodology, were new to Caltrans at the
onset of the project. Recognizing the need to ‘walk before running’ with this new capability, Project P266 was
structured to be an iterative development and optimization process. Within this larger project context, the
Task 1775 feasibility investigations aimed to explore whether several emerging concepts could be
seamlessly integrated into a methodology to yield a new generation of models tailored for Caltrans’
applications. New concepts explored include:

¢ Development of a prototype set of bridge damage-state definitions having similar consequences for
post-earthquake functionality expressed in terms of emergency repairs needed and traffic capacity
retained;

¢ Definition of bridge damage models in terms of quantitative engineering metrics at the component
level (e.g. column, joint, etc.) which could be logically combined to yield performance at the system
level (i.e. overall bridge);

e Development of a prototype 2"d-generation bridge taxonomy that significantly extends the number of
bridge classes/subclasses relative to older 1%-generation methods by considering additional
attributes available through unique Caltrans’ information assets;

¢ Prototype application of advanced numerical modeling strategies (i.e. parameterized stochastic
bridge models) and techniques (i.e. non-linear dynamic finite-element analysis) coupled with
extreme earthquake ground-motions representative of the full range of California hazard.

Within this exploratory context, the limited objectives of the Task 1775 feasibility studies were to complete an
initial end-to-end iteration through the entire model-development process for a representative range of bridge
classes so as to:

¢ Orient Caltrans seismic design practitioners to the overall methodology, and simultaneously orient the
academic research team to practical design details and concerns;

e Demonstrate both the feasibility and potential utility of g2F models vis-a-vis earlier fragility models as
having a greater number of distinct bridge performance classes/subclasses, as well as supplemental
component-level information;

¢ Provide initial insight into those bridge-taxonomy factors having greatest influence on model results to
support prioritization of Caltrans data-gathering efforts required to implement the emerging taxonomy;

¢ Provide initial insight into performance trends anticipated for selected bridge classes/subclasses and
how they are distinct from earlier fragility models;

e Demonstrate the overall consequences on final g2F models of various incremental decisions made
during the development process so as to guide future iterative refinement; and



¢ Provide example models to support concurrent development of new processes and interfaces within the
ShakeCast emergency-alerting application.

During the course of this feasibility investigation, strong inter-dependencies within the methodology
became apparent between damage state definitions, available bridge data, parameterized bridge models,
and fragility results. While this was broadly understood at the onset of the work, the initial end-to-end
application of the methodology provided important insight and specific lessons that will be used to guide
future phases of the research. Lessons include:

e The limit-state definitions used in the component damage models were found to be generally too
conservative. For example, the threshold for ‘complete’ column damage for a modern bridge was
specified as a curvature ductility demand value of 12, but upon review of initial results and additional
consideration, a more appropriate value may be on the order of 20 or more. This is discussed in more
detail in Part V of this report. Similar conservatism occurred in both the specification of values adopted
for lower component damage states as well as the selection of components to be incorporated into the
system damage state. All damage models will be revisited in future research phases.

e The bridge taxonomy used in the feasibility study significantly extended the number of bridge
classes/subclasses relative to 1St-generation methods. While some added attributes (e.g. design
era, abutment type, interior-support type) were found to show great promise for creating distinct
performance classes, other attributes were shown to be less significant and may be eliminated.
Planned future research will include an extensive preliminary sensitivity analysis to aid the iterative
process of determining the bridge attributes and combinations having the most significant impact on
fragility models.

o Existing real bridge systems are incredibly varied and cannot always be neatly divided into
classes/subclasses. For example, the taxonomy used in this feasibility study adopted two broad
abutment types: seat and diaphragm. However, depending on field configuration, diaphragm
abutments may involve strong or weak coupling to the backfill soil. This uncertainty could be
accommodated either by defining additional abutment subclasses or analytically by incorporating a
wider mixture of representative bridges into the definition of the parameterized abutment models.
The challenge is to identify a manageable set of classes/subclasses based on this and other
components where each class/subclass yields distinct performance with acceptable model
dispersion. Future research phases will be guided by the sensitivity analysis, but will also require a
significant degree of trial-and-error iteration to yield an optimal taxonomy that can be deployed.

¢ Additional methodological considerations identified as important to optimizing a deployable g2F bridge
taxonomy include: a) whether available bridge information assets are, or can be made to be, capable of
accurately assigning existing bridges to analytically-promising bridge classes, b) whether common
bridge attributes such as skew and length can be reasonably treated as adjustment factors applied
uniformly to all classes or must be treated separately for each bridge system, and c) whether the implied
system of bridge classes based on an extensive hierarchy of component combinations might be
meaningfully re-organized into a more manageable number of cross-hierarchy classes.

Key outcomes of this first phase of the multi-phase research project were: a) to have successfully
completed an end-to-end application of the emerging g2F methodology for a representative range of
California bridge types, b) that results revealed distinct performance differences between bridge
classes/subclasses that are not captured by earlier 1%-generation methods, and c) that while iterative
refinements to each element of the g2F methodology described herein are needed, the overall approach
is indeed feasible and useful for Caltrans’ applications.

Although the initial fragility models reported herein meet the limited objectives of this feasibility study, these
models are not intended for deployment. Rather, they serve as a foundation and guide for continued
development under future phases of Project P266 where models will be verified and the inter-dependencies
noted above will be iteratively examined and optimized to yield final g2F models that are fully consistent with
intended applications and policies.
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Final Report Organization

This document bundles five individual reports that were prepared during the course of a wide-ranging
feasibility investigation exploring analytical methods to improve seismic fragility relationships for California
bridges. The five reports are listed as Parts | through V below.

The primary focus of this feasibility investigation was to demonstrate that improved fragility models could
be developed for use in emergency alerting applications such as ShakeCast. Part | of this report is the
Ph.D. thesis of Karthik Ramanathan which forms the core of this effort. Its goal was to complete an initial
end-to-end iteration through the entire model-development process for a representative range of bridge
classes. Part IV provides amendments to Part | stemming from Caltrans revisions to damage state
definitions which occurred after thesis defense. Part V provides supplemental discussion, by the project
principal investigators, of initial key findings and impacts on future research.

A secondary, parallel, focus of this feasibility investigation was to explore the potential of using
comparable methods to support the design of new bridges. Part Il of this report presents work primarily
by Jazalyn Dukes on the development of a pilot bridge-specific design-support tool to allow bridge
engineers to examine risk implications of altering key design variables.

Finally, as purely analytical methods were employed throughout this study, an early feasibility task was to
demonstrate that the computational methods employed herein could reasonably reproduce observations
from instrumented bridges. Part Il of this report summarizes model/method validation work.

Partl: “Next Generation Seismic Fragility Curves for California Bridges Incorporating
the Evolution in Seismic Design Philosophy”, Ph.D. Thesis of Karthik N.
Ramanathan (Also see Part IV for amendments to Part |)

Partll: “Bridge Specific Fragility Framework and Design Support Tool for Two-Span
Integral Box Girder Bridges in California”, Technical Report by Jazalyn Dukes,
Reginald DesRoches, and Jamie E. Padgett

Part lll: “Finite Element Model Validation”, Technical Report by Karthik N. Ramanathan,
Jong-Su Jeon, Behzad Zakeri, Reginald DesRoches, and Jamie E. Padgett

Part IV: “Amendments to Part | to Accommodate Caltrans Revisions to Damage State
Definitions”, Supplemental Technical Report by Karthik N. Ramanathan

Part V: “Additional Discussion of Phase-1 Findings and Impact on Future Research”,
Supplemental Technical Report by Reginald DesRoches and Jamie E. Padgett
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NEXT GENERATION SEISMIC FRAGILITY CURVES
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SUMMARY

Quantitative and qualitative assessment of the seismic risk to highway bridges is
crucial in pre-earthquake planning, and post-earthquake response of transportation
systems. Such assessments provide valuable knowledge about a number of principal
effects of earthquakes such as traffic disruption of the overall highway system, impact on
the regions’ economy and post-earthquake response and recovery, and more recently
serve as measures to quantify resilience. Unlike previous work, this study captures unique
bridge design attributes specific to California bridge classes along with their evolution
over three significant design eras, separated by the historic 1971 San Fernando and 1989
Loma Prieta earthquakes (these events affected changes in bridge seismic design
philosophy). This research developed next-generation fragility curves for four multispan
concrete bridge classes by synthesizing new knowledge and emerging modeling
capabilities, and by closely coordinating new and ongoing national research initiatives
with expertise from bridge designers.

A multi-phase framework was developed for generating fragility curves, which
provides decision makers with essential tools for emergency response, design, planning,
policy support, and maximizing investments in bridge retrofit. This framework
encompasses generational changes in bridge design and construction details.
Parameterized high-fidelity three-dimensional nonlinear analytical models are developed
for the portfolios of bridge classes within different design eras. These models incorporate
a wide range of geometric and material uncertainties, and their responses are

characterized under seismic loadings. Fragility curves were then developed considering
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the vulnerability of multiple components and thereby help to quantify the performance of
highway bridge networks and to study the impact of seismic design principles on the
performance within a bridge class. This not only leads to the development of fragility
relations that are unique and better suited for bridges in California, but also leads to the
creation of better bridge classes and sub-bins that have more consistent performance
characteristics than those currently provided by the National Bridge Inventory. Another
important feature of this research is associated with the development of damage state
definitions and grouping of bridge components in a way that they have similar
consequences in terms of repair and traffic implications following a seismic event. These
definitions are in alignment with the California Department of Transportation’s design
and operational experience, thereby enabling better performance assessment, emergency
response, and management in the aftermath of a seismic event. The fragility curves
developed as a part of this research will be employed in ShakeCast, a web-based post-
earthquake situational awareness application that automatically retrieves earthquake
shaking data and generates potential damage assessment notifications for emergency

managers and responders.
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CHAPTER 1

INTRODUCTION

1.1 Problem Description and Motivation

Quantitative and qualitative assessment of the seismic risk to highway bridges is
crucial in pre-earthquake planning, and post-earthquake response of transportation
systems. Assessing the consequences of natural hazards such as earthquakes on highway
infrastructure systems has typically focused on economic losses and closure time (Basoz
and Kiremidjian, 1997; Mackie and Stojadinovic, 2005; Liao and Yen, 2010; Padgett et
al., 2010; Zhou et al., 2010; Luna et al., 2008). Such assessments provide valuable
knowledge about a number of principal effects of earthquakes such as traffic disruption
of the overall highway system, impact on the regions’ economy and post earthquake
response and recovery, and more recently serve as measures to quantify resilience
(Bruneau et al. 2003). According to the Bureau of Transportation Statistics (BTS), U.S.
Department of Transportation (US DOT), the nation’s freight transported by all modes
steadily increased between 1980 and 2009, rising at an average annual growth rate of
about 1.4 percent per year (FHWA, 2010). Based on the composite estimates of
commercial freight activity in the United States for 2009, trucks account for 9.8 trillion
dollars of shipment thereby holding 91% of the relative share among all the other
transportation modes and 97% of tonnage. Further, the estimates resulting from a
combined BTS and Federal Highway Administration Authority (FHWA) effort to
geocode bridges from the National Bridge Inventory (NBI) suggest that the state of
California accounts for 28.3% of 159,859 structurally deficient and functionally obsolete
bridges in the continental United States. Bridges are considered structurally deficient if

significant load-carrying elements are found to be in a poor or worse condition due to
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deterioration and/or damage, while functional obsolescence is a function of geometrics of
the bridge in relation to those required based on current design standards (FHWA, 2006)
and inability to meet traffic demands. The latter is directly related to the age of the bridge
and the varied design, detailing and construction practices followed across decades adds
to their functional obsolescence. Due to the major dependence of the nations’ freight
economy on highway infrastructure systems that have a large proportion of deficient
bridges, coupled with the increased awareness of the seismic hazard in the region, a
proper understanding of their seismic response and vulnerability is important for risk
assessment.

Fragility curves, which are conditional probability statements that give the
likelihood that a structure will meet or exceed a specified level of damage for a given
ground motion intensity measure, have found widespread use in probabilistic seismic risk
assessment of highway bridges. The conditioning parameter is typically a single intensity
measure such as peak ground acceleration (PGA) or spectral acceleration at the geometric
mean of the longitudinal and transverse periods. Fragility curves are a fundamental
building block used in multiple (current and potential future) applications including:

e Emergency Response:
o Optimize initial bridge inspection priorities (through ShakeCast near-
real-time alerting system);
o Rapid initial estimate of loss (for support of emergency declarations).
e Design Support - Performance-Based Earthquake Engineering:
o Bridge-Specific: Develop bridge-specific fragility curves to serve as a
design check and support design strategy decisions.
o Bridge Classes: Evaluate classes of bridge systems to optimize design
guidelines for safety, cost, and functionality.
¢ Planning Support:
o Traffic impacts from scenario earthquakes (e.g. Golden Guardian);

o Performance of specific transportation corridors (e.g. lifeline routes);
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o Cost-effectiveness of alternate bridge retrofit strategies;
o Screening for additional seismic retrofit needs.
e Policy Support - Risk Nomenclature
o Capacity for issuing scientifically-defensible (internal, interagency, or
public) statements regarding anticipated transportation system
performance that accounts for unavoidable uncertainties in earthquake
shaking and variable bridge design/construction/age.

The intent of the present research is to develop fragility curves for predominant
concrete bridge classes in California based on unique bridge inventory information which
will enable the identification of significant features and creation of seismic performance
sub-bins capturing the temporal evolution of design and detailing standards of bridges.
The sub-bin fragilities can be used in a variety of current and future applications,
mentioned previously, and more importantly emergency response and management in the
context of the present study.

Most of the fragility curves developed for California bridges are structure
specific (Mackie and Stojadinovic, 2005; Zhang and Huo, 2009). Structure specific
fragility curves do not capture the uncertainty associated with the geometric parameters
that describe a bridge class and other uncertainties associated with them. On the other
hand, Nielson and DesRoches (2007), Padgett and DesRoches (2008), Ramanathan et al.
(2010, 2012) developed fragility curves for as-built (seismically and non-seismically
designed bridges) and retrofit bridge classes in central and south eastern United States
(CSUS). These are not applicable for vulnerability assessment in California due to
discrepancies in the composition of bridge classes and design details. Further, there is a
significant evolution in the seismic design philosophy for bridges in California over the
last few decades which is absent in the case of CSUS bridges, thereby preventing the
adoption of CSUS bridge class fragilities for their California counterparts. Added

discrepancies in the definition of damage states to support regional risk assessment and
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decision-making needs, further add to the incompatibility between CSUS and California
bridge class fragilities.

The only fragility curves that are remotely applicable to bridge classes in
California were the ones developed by Mander and Basoz (1999) which are employed in
HAZUS (HAZUS-MH, 2011) and ShakeCast (Lin and Wald, 2008). ShakeCast is an
application developed by the United States Geological Survey (USGS) for automating
ShakeMap delivery to critical users such as lifeline utilities. Critical users can receive
automatic notifications within minutes of an earthquake indicating the level of shaking
and the likelihood of impact to their own facilities. The HAZUS fragility relationships
were developed for bridge classes based on a limited number of parameters available in
the NBI, damage states based on limited sets of field damage observations and simplified
two dimensional analysis techniques. Further details about the limitations of HAZUS
fragilities and the need to move beyond them are discussed in the next chapter. Another
significant drawback in the field of bridge seismic risk assessments is the mismatch
between the damage state definitions used in fragility analysis and overall bridge
functionality post a seismic event. This hampers the decision making needs by agencies
like the California Department of Transportation (Caltrans) with regards to emergency
response and management.

A gap currently exists in the literature and fragility models used in practice to
support risk assessment of bridge classes representative of the California bridge inventory
that align with decision making needs expressed by Caltrans. Exacerbating this situation
is the lack of systematic organization of bridge design, retrofit, and maintenance data
(beyond NBI parameters) required to make substantial improvements. Common
California bridge classes have a broad range of differences and temporal variations in
their geometric and design attributes and quantifying their vulnerability by not
accounting for these features, as in the case of the existing HAZUS fragilities, could lead

to serious errors in their vulnerability estimates. This necessitates the development of a
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binning structure based on the design and detailing attributes and unique fragility

functions associated with them.

1.2 Research Objectives

The limitations in the HAZUS fragilities and previous studies on fragilities of

bridge classes in CSUS in general were identified in the preceding section. The main

objective of this research is to make substantial improvements in fragility relationships

for bridges typical of California by leveraging new knowledge and emerging modeling

capabilities, and by closely coordinating new and ongoing national research initiatives

with Caltrans design and user expertise. Specific endeavors which hold high potential for

improving fragility relations include:

1.

Identify the most common concrete bridge types in California and perform a
detailed analysis to statistically describe their major geometric parameters using
the NBI database.

Capture and understand the unique design and detailing aspects associated with
the evolution of column design philosophy, seat widths, abutment types,
superstructure to substructure connectivity, foundation types, to mention a few,
based on extensive review of bridge plans and literature search. These details are
gathered over three significant design eras, separated by the historic San Fernando
(1971) and Loma Prieta (1989) earthquakes (these events affected changes in
bridge seismic design philosophy).

Supplement the NBI information available about bridges with the aforementioned
details and bridge design, retrofit and maintenance data made available through
Caltrans in-house databases and expertise to extend and subdivide existing bridge
classes into seismic performance sub-bins, primarily separated by the three

significant design eras, to better account for the California bridge inventory.
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4. Generate three dimensional non-linear finite element models of the chosen bridge
classes using the advances in component modeling strategies. This also involves
the identification and probabilistic modeling of potentially uncertain modeling
parameters.

5. Refinement and development of the component and system level damage states
and their mapping in such a way that they align with the design and operational
experience of bridge owners to be effectively used in seismic risk assessment. In
this way, the fragility curves developed in this study will have direct implications
in terms of repair and operational consequences in the aftermath of an earthquake
and will be tailored to the decision-making needs at the regional level.

6. Generate a refined set of component and system level fragility curves for the
bridge classes along with their seismic performance sub-bins. This will help
provide insight into the relative vulnerability of bridge classes and their seismic
performance sub-bins, assess the effectiveness of seismic design philosophy
currently adopted for the design of bridges, and guide future data collection that is

presently absent in the NBI and the state databases.

1.3 Dissertation Qutline

The dissertation is organized into seven chapters with the following contents:

Chapter 2 summarizes existing research in the area of seismic risk assessment and
seismic bridge fragility curves.

Chapter 3 provides a detailed analysis of the California bridge inventory including
statistical distributions for bridge geometric parameters. The general design details and
potential vulnerabilities of bridges designed prior to 1971, those designed between 1971
and 1990 and post 1990 are identified based on an extensive review of bridge plans to
supplement the information provided by the NBI. Detailed information pertinent to

bridge components: superstructure, columns, foundations, abutments are gathered across
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the design eras to aid in the development of stochastic finite element models for fragility
analysis.

Chapter 4 provides extensive details about the modeling strategies for bridge
components: superstructure, single and multi column bents, foundation systems,
abutments including backfill soil and piles, restrainers and shear keys. Three dimensional
analytical bridge models are developed and deterministic responses are presented to
provide insight into the response of bridge components.

Chapter 5 outlines the framework that will be adopted in the development of
analytical fragility curves for the bridge classes considered in this study. Details are
provided regarding the different aspects of the multi-phase framework: ground motion
suite, range of uncertainties considered including distributions, formulation of
probabilistic seismic demand models and definition of capacity models.

Chapter 6 presents the results of component and system level fragility curves for
the chosen multispan bridge classes and their seismic performance sub-bins. Insights are
provided on the relative performance of bridge classes and their seismic performance
sub-bins, the importance of sub-binning by design era and the influence of different
design details on the vulnerability along with guiding future data collection currently
absent in the NBI. Finally, comparisons between the results of the present study and the
fragility curves presented in the risk assessment package, HAZUS are also presented.

Chapter 7 presents the conclusions from the present research, along with

providing impacts of the work and suggestions for future research.
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CHAPTER 2

EXISTING RESEARCH ON HIGHWAY BRIDGE FRAGILITY - A

STATE OF THE ART SUMMARY

Probabilistic seismic risk assessment approaches, such as the Probabilistic
Performance-based Earthquake Engineering (PBEE) framework (Cornell and Krawinkler,
2000; Mackie and Stojadinovic, 2001), have evolved to become central to risk mitigation
decision making for structures and infrastructure systems. Such approaches aim to better
understand the risk to engineered systems and apply this knowledge to design structures
to achieve goals of life safety, reduced economic loss, or minimized recovery downtime
in the aftermath of a seismic event. The central focus of numerous projects such as
HAZUS (2011), REDARS (Werner et al., 2003), ShakeCast (Lin and Wald, 2008), and
the Pacific Earthquake Engineering Research (PEER) Center highway demonstration
project (Moore, 2000) has been on large-scale simulations of transportation networks to
provide economic impact analyses in the aftermath of an earthquake. Bridges form a
critical link in a highway network and are vulnerable to earthquake hazard, often with
severe consequences in terms of economic loss and its effect on the regional economy.

With the advancement of the PBEE framework, the central focus is on metrics
such as damage probability functions or fragility curves for describing the performance
and vulnerability of highway bridges under seismic input. Fragility curves are conditional
probability statements that give the likelihood that a structure will sustain or exceed a
specified level of damage for a given ground motion intensity measure. These are
expressions of performance at different levels of seismic input intensity unlike the
description of performance as “safe” or “unsafe” which is typical of the deterministic

design criteria. This is of particular relevance considering the inherent uncertainty in not
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only the seismic hazard but also in the structural capacity and various other attributes
associated with highway bridge networks. Probabilistic methods facilitate the definition
of acceptable performance criteria under hazard levels and therefore have tremendous
potential for a wide range of applications as stated in the previous chapter.

The most widely adopted probabilistic seismic risk assessment (PSRA)
framework is the one presented by the Pacific Earthquake Engineering Research Center
(PEER). The typical strategy employed in the PEER framework is to deconvolve the
uncertainty in different parts of the seismic risk assessment problem such as the seismic
hazard, structural performance (response and damage) and consequences (financial loss,
interruption time) using the theorem of total probability, in an effort to achieve a
consistent reliability-based approach for decision making (Cornell and Krawinkler, 2000;
Mackie and Stojadinovic, 2005). Each of these assessment modules are essentially
independent and are linked together by pinch point variables (Kaplan and Garrick, 1981),
such as the intensity measure (/M), engineering demand parameter (EDP), and the
damage measure (DM). The mean annual frequency, Apy, of a decision variable (DV)

exceeding a limiting value (dv), is expressed in equation (2.1).

Ay ()= [ [ [Gldv|dm)-|dG(dm | edp)-|dGledp |im)-|dA(im) 1)

dmedp im

In equation (2.1), G(DV|DM) represents the loss model describing the cumulative
distribution function (CDF) of a decision variable conditioned on a damage measure such
as repair cost or downtime, G(DM|EDP) is the damage, capacity or the limit state model
describing the CDF of a DM conditioned on a EDP, G(EDP|IM) is the demand model
describing the CDF of an EDP such as curvature ductility, abutment displacement etc.,
conditioned on an /M, and A(IM) is the seismic hazard model describing the mean annual
frequency of exceeding an /M. It must be noted that the convolution of G(DM|EDP) and
G(EDP|IM) yields fragility curves.
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Figure 2.1: Schematic representation of seismic risk assessment (Baker et al, 2005)

2.1 Evolution in the Development of Fragility Curves

Fragility curves have found widespread use in risk assessment of bridges and
highway systems and are the fundamental building block in multiple applications
including emergency response, design, planning support, and policy recommendations.
Over the years, fragility curves have evolved.

The earliest attempt to formalize seismic risk assessment procedures is found in
the seminal work by Whitman et al. (1975). Since then several attempts have been made
to quantify the risk to highway infrastructure systems. The Applied Technology Council
(ATC, 1985) took the first step in performing seismic risk assessment of infrastructure for
the state of California using damage probability matrices and restoration functions.
Subsequently, several committees constituted by ATC have been solely devoted to the
risk assessment of lifelines. The ATC 25 report (ATC, 1991) introduced the concept of
continuous fragility functions for lifeline systems including bridges by performing
regression on the discrete values of damage probability matrices. Further attempts to push
forward the seismic risk assessment methods were made by the Federal Emergency
Management Agency (FEMA) by the constitution of a committee of experts and
introduction of a Geographic Information Systems (GIS) based risk assessment software,
Hazards United States (HAZUS, 1997) in 1997. Since that time HAZUS has undergone
several improvements and revisions and now includes models for estimating potential

losses from a variety of natural disasters like earthquakes, floods, and hurricanes.

Over the years, structural fragilities have been determined in a variety of ways.
The ATC 13 Report (ATC, 1985) documents risk assessment of the infrastructure stock

in California essentially based on expert opinion. A panel of 42 experts was assembled to
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develop damage probability matrices for bridge infrastructure based on their expertise.
This technique has several major drawbacks since the procedure is totally subjective and
depends on the number of experts queried and therefore is based on expertise and
experience of the individuals with little correlation to actually observed earthquake
damage. The 1989 Loma Prieta, 1994 Northridge and 1995 Kobe earthquakes were
watersheds for fragility research. Several researchers (Basoz and Kiremidjian, 1997;
Yamazaki et al., 1999; Der Kiureghian, 2002; Shinozuka et al., 2000, 2003; Elnashai et
al., 2004) developed empirical fragility curves based on actual damage data observed in
these earthquakes. Although the adopted procedure differed slightly among the
researchers, the general essence was the same. Basoz and Kiremidjian (1997) assembled
damage frequency matrices and performed a logistic regression analysis to develop
fragility curves while Shinozuka et al. (2003) used the Maximum Likelihood Method to
estimate the parameters of a lognormal probability distribution describing the fragility
curves. Der Kiureghian (2002) employed a Bayesian approach in order to develop
fragility curves. However, lack of sufficient damage data, discrepancies in the damage
assessments in the aftermath of a seismic event, variation in the ground motion intensities
at the damage sites depending on the earthquake source are some of the limitations of this

technique for developing fragility curves.

Advances in modeling capabilities coupled with a lack of sufficient earthquake
damage data motivated the development of fragility curves using analytical and
simulation based methods. Several researchers have employed analysis techniques with
different levels of sophistication to develop analytical fragility curves for bridges. Yu et
al. (1991) used simple single-degree-of-freedom models and Elastic Response Spectrum
Analysis (RSA) to develop fragility curves for highway bridges in Kentucky while
Hwang et al. (2000) furthered this approach by quantifying uncertainties in seismic
demand and capacity assessments. This was one of the earliest studies that looked at
fragility curves for a class of highway bridges. Nonlinear static procedures (NSP) that use
the force-deformation characteristics of structures stemming from pushover analyses

started gaining wide acceptance and application. The Capacity Spectrum Method (CSM),
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Coefficient Method (CM) and the N2 Method are all different types of nonlinear static
procedures. CSM was first proposed by the ATC (1996) while CM was proposed by
FEMA-273 (1997). Dutta (1999), Basoz and Mander (1999), Banerjee and Shinozuka
(2007), Jeong and Elnashai (2007) used the CSM to develop fragilities for highway
bridges in the United States. Currently, the fragilities proposed by Mander and Basoz
(1999) are employed in HAZUS-MH for seismic risk assessment of highway
infrastructure systems. Further details about the fundamental assumptions and limitations
of the HAZUS fragilities are discussed in the next section. Fajfar (2000) proposed the N2
method as a special form of CSM in which pushover analysis of a multi-degree-of-
freedom (MDoF) model is combined with the inelastic response spectrum analysis of an
equivalent single-degree-of-freedom (SDoF) system in the acceleration-displacement
format. Gardoni et al. (2003) and Zhong et al. (2008) proposed a modification to the N2
method to aid in the development of probabilistic seismic demand models (PSDMs) for
reinforced concrete bridges with single and two column bents, respectively. Most of the
studies employing CSM to develop fragility relationships were restricted to two
dimensional analytical bridge models.

Several researchers resorted to more reliable yet computationally expensive
techniques such as Nonlinear Time History Analysis (NLTHA) and Incremental Dynamic
Analysis (IDA) to develop fragility curves. Kim and Shinozuka (2004) used NLTHA on
two dimensional bridge models to study the effect of steel jacketed column retrofits on
the performance of bridges. Mackie and Stojadinovic (2005) employed NLTHA and IDA
to develop fragility curves. These formed the basis of a rational methodology to evaluate
damage potential and to assess probable highway bridge losses for critical decision
making regarding post earthquake safety and repairs to highway networks. Mander et al.
(2007) used IDA in a performance-based earthquake engineering context to investigate
the expected seismic damage and the associated financial loss from highway bridges.

Zhang and Huo (2009) developed fragility curves for conventionally designed and base
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isolated bridges using NLTHA and IDA to aid in assessing the effectiveness and
optimum design parameters of isolation devices. Huang et al. (2010) used NLTHA
coupled with a Bayesian updating procedure to develop PSDMs for typical California
reinforced concrete bridges with single column bents considering the effect of near-field
ground motions and effects from soil characteristics. Nielson et al. (2007), Padgett et al.
(2008), Ramanathan et al. (2010, 2012) employed NLTHA to develop fragility curves for
common bridges in Central and Southeastern United States (CSUS) in their as-built and
retrofitted conditions, accounting for multiple component vulnerability, while Pan et al.
(2010) developed fragility curves for as-built and retrofitted multispan simply supported
steel girder bridges in New York state using NLTHA. Figure 2.2 summarizes the existing
bridge fragilities for multi-span continuous concrete box-girder bridges with and without
the consideration of seismic design principles. These curves were developed by various
researchers by employing different techniques. Clearly, there is a well pronounced

variability in the curves even for consistent damage states which deserves attention.
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Figure 2.2: Existing fragility curves for multispan continuous concrete box-girder bridges a)
seismically designed, b) non-seismically designed

Fragility analysis techniques often differ based on two major aspects: mechanical

analysis methods adopted to determine structural response and the reliability assessment
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method. The former deals with the approach to simulate seismic loading, assess structural
response, and consider geometric effects, while the latter is central to predictive response
modeling, uncertainty treatment and system component analysis and combinations, which
is discussed subsequently in this section. The mechanical analysis techniques considered
in the past account for linear or nonlinear material responses, static, dynamic or spectral
responses and the inclusion of geometric effects such as P-A or full nonlinear or large
deformations. In the context of seismic performance evaluation of bridges, the distinction
between analysis techniques can be made in terms of seismic load input to the structure.
Therefore, the demand analysis tends to be the primary distinction in the methods. This
section presents the details of the RSA, CSM, NLTHA and IDA techniques in an effort to
categorize them based on the method formulation, fundamental assumptions and possible
implications for their extension to three dimensional fragility analyses of highway
bridges. The viability, scope, and application of the various analytical tools are also

discussed.

2.1.1 Response Spectrum Analysis (RSA)

The elastic response spectrum analysis method (RSA) is one of the simplest and
most efficient techniques used for demand analysis in the development of fragility curves
(Yu et al., 1991; Hwang et al., 2000). This simplicity has resulted in the frequent use of
RSA in the design field to serve as a quick reference calculation while designing critical
components such as columns in a bridge. Typically, the response spectrum of the ground
motion or design spectrum is used to obtain the maximum response quantities. The
analytical models used are linear elastic models based on effective stiffness properties
and assumed equivalent viscous damping ratios. This technique is most applicable for
bridges that are expected to perform in the linear elastic range based on cracked section
properties. It could also be used for determining inelastic response of bridges with

equivalent linearization based on initial stiffness and appropriate modifications based on
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energy principles or equal displacement principles. However, the method suffers from a
few drawbacks. Where significant nonlinearity occurs, the method under-predicts the
displacement demand and significantly over predicts the force. This technique only
estimates the maximum modal responses which do not necessarily happen at the same
time during earthquake excitation. The estimation of maximum modal responses is
facilitated by the use of modal combination rules such as absolute sum (ABS) (Chopra,
2007), square-root-of-sum-of-squares (SRSS) (Rosenblueth, 1951), and complete
quadratic combination (CQC) (Der Kiureghian, 1981). These methods are used based on
the principle of superposition which is valid as long as the inelastic deformations are
small. Typically, in the inelastic range, which is often of interest in fragility modeling, the
displacements exceed the elastic range by many fold thereby undermining the validity of

typical modal combination rules adopted in RSA.

2.1.2 Nonlinear Static Procedure (NSP) or Capacity Spectrum Method (CSM)

Capacity spectrum method is a simplified procedure for seismic response
evaluation of structures. The capacity of the structure is evaluated by performing a
nonlinear static pushover analysis of the structure with material as well as geometric
nonlinearity included under load patterns which correspond to the dominant mode shapes
of the structure. On the other hand, the demand on the structure is evaluated using a
scaled down response spectrum derived for individual ground motions. The intersection
of the demand and capacity spectrum indicates the estimated maximum response of the
structure under the specified seismic ground motion. In order to construct the load pattern
for pushover analysis for seismic capacity evaluation of the bridge, an eigenvalue
analysis is performed and modal properties of the bridge are realized. Using the
orthogonality property of the modes and extending it as an assumption to the realm of the
nonlinear structure response, the overall maximum seismic response of the bridge can be

estimated by evaluating the maximum response of the structure in two orthogonal
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directions separately and combining the results using modal combination rules. The load
pattern in pushover analysis for each horizontal direction corresponds to the associated
fundamental mode shape.

A fundamental dilemma exists in the application of this method for bridges since
the recommendations in ATC 40 (1996) are pertinent to building structures. Although
researchers (Dutta, 1999; Basoz and Mander, 1999; Banerjee and Shinozuka, 2007; Jeong
and Elnashai, 2007) have used the technique in the past, very little/no guidance is
available for the choice of the bridge structural behavior type and the associated damping
modification factor. Further, the fragility curves are sensitive to the damping
modification factor and therefore the choice of a structure type plays a crucial role in

determining the performance under seismic excitation.

2.1.3 Nonlinear Time History Analysis (NLTHA)

NLTHA technique has been exploited by several researchers (Mackie and
Stojadinovic, 2001, 2005; Kim and Shinozuka, 2004; Zhang and Huo, 2009; Nielson,
2005; Padgett, 2007; Ramanathan et al., 2010, 2012) and has proven to give reliable
estimates of system performance and seismic fragility relationships. It serves as the
foundation for even more computationally intensive techniques such as IDA, which is
discussed in the next section. NLTHA offers the flexibility to consider analytical models
with linear or nonlinear cyclic material characteristics and geometric nonlinearities such
as P-A or full nonlinear or large deformations. The distinguishing feature of NLTHA
when compared to CSM or RSA is the ability to consider a temporal dimension in
addition to two or three spatial dimensions defined by the geometry. This approach is the
most rigorous, and often the response can be very sensitive to the characteristics of the
individual ground motion used as seismic input. Therefore, several analyses are required
using different ground motion records to achieve a reliable estimation of the probabilistic

distribution of structural response. Since the properties of the seismic response depend on
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the intensity, or severity, of the seismic shaking and characteristics of the record, a
comprehensive assessment requires numerous NLTHA at various levels of intensity to
represent different possible earthquake scenarios. This is typical of the “cloud” approach
(Baker and Cornell, 2006) and is also commonly referred to as probabilistic seismic
demand analysis (PSDA). This technique involves making an apriori assumption about
the probabilistic distribution of seismic demand which tends to be a drawback. Yet
another drawback of the technique is associated with the complexity of the approach in

general, which limits its usage to a great extent.
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Figure 2.3: Schematic representation of the NLTHA procedure used to develop PSDMs

A schematic of the procedure for NLTHA is shown in Figure 2.3. Statistically
significant yet nominally identical 3D analytical bridge models are typically created by

sampling on the probability distributions for uncertain parameters. These are then

35



randomly paired with ground motions and in each case a NLTHA is performed to record
peak component demands that are deemed to contribute to the vulnerability of the bridge
system. Probabilistic seismic demand models (PSDMs) are developed and convolved
with capacity models to obtain fragility curves. This study employs this method for

generating fragility curves and extensive details are presented in Chapter 5.

2.1.4 Incremental Dynamic Analysis (IDA)

IDA is a special type of nonlinear dynamic analysis which facilitates seismic
structural demand and capacity comparisons through a series of NLTHA for ground
motions that are scaled successively until significant strength reduction (collapse) of the
primary load bearing elements in the structural system. Unlike the previous technique,
IDA may be classified as a “scaling” or “stripe” type technique (Baker and Cornell,
2006) where ground motions are incrementally scaled and analysis is performed at
different hazard levels. This enables the structure to transition from linear elastic
behavior to final global dynamic instability which marks the conclusion of the analysis
and ground motion scaling. The method is analogous to the transition from a single static
analysis to an incremental static pushover analysis. IDA was established as a state-of-the
art method to determine the global collapse capacity by the FEMA guidelines (FEMA-
350, 2000; FEMA-351, 2000). The overall formulation of the technique was proposed by
Vamvatsikos and Cornell (2002) although it has been used in several forms in the work
of many researchers (Bazzurro and Cornell, 1994; Luco and Cornell, 2000). IDA
provides a thorough understanding of the changes in structural response with increasing
ground motion intensities along with providing accurate and reliable estimates of the
global collapse capacity of the structure. However, IDA does suffer similar drawbacks as
NLTHA with respect to the computational difficulties involved in the approach. Another
major drawback associated with the technique is that the process involves scaling the

intensity without altering the frequency content of the ground motions. This could lead to

36



unrealistic time histories which might not be representative of the seismic hazard of the
bridge site under consideration. Since the IDA technique is computationally expensive
and involves scaling a single earthquake time history to increasing levels of intensity, a

smaller subset of ground motions are typically selected to perform analyses.
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IDA curves describing the relation between peak EDPs and IM are then
developed for every bridge-ground motion pair. For every scaling iteration of a ground
motion, the component responses are obtained by performing NLTHA and are compared
to the respective damage state prescriptive measures. The ground motion scaling is
stopped when the prescriptive value associated with the complete damage state is
exceeded by any one of the components considered in this study. As mentioned
previously, some analysts directly derive fragility curves from IDA data either by
deriving point estimates of the damage state exceedance probability at each ground
motion level or by estimating the probability density function of the PGA for ground
motions in which the damage state thresholds are exceeded. However, this approach
requires a large sample size and subsequent number of simulations which is a common
limitation of the approach. Alternatively PSDMs are derived for use in the fragility
analysis using the same formulation presented for the other methods. Typically, the
majority of the applications of IDA assess collapse level fragilities based on the excessive
global strength or stiffness reductions revealed by the incremental analyses, which is the

actual benefit of the method.

2.2 Structural Reliability Assessment Techniques for Bridges

The previous section described the different mechanical analysis procedure used
in the estimation of bridge responses to imposed seismic demand. Likewise, researchers
have adopted different techniques to probabilistically model the structural response,
propagate and deal with uncertainty and develop fragility curves by the convolution of
demand and capacity models. The derivation of component based fragility curves is
straight forward and is a closed-form solution (equation (2.1)) basing that the demand and
capacity (or resistance) are assumed to be lognormal (Mackie and Stojadinovic, 2001;
Cornell et al., 2002; Bazzurro and Cornell, 2002; Ellingwood and Wen, 2005; Nielson
and DesRoches, 2007; Padgett et al., 2008; Celik and Ellingwood, 2010). In equation
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(2.1), D and C denote demand and capacity, Sp and S¢ denote the median values of
demand and capacity and fpus and fc denote the dispersions (logarithmic standard
deviation) of the demand and capacity, respectively. It must be noted that S¢ and f¢ are

defined based on the limit state under consideration.

y 2.1
P[D>C|IM]=® ln(Sch

\ ﬁD\IMZ + ﬂcz

Estimates of system reliability considering the wvulnerability of multiple
components can be obtained by convolving the individual PSDMs to develop a joint
probabilistic seismic demand model (JPSDM) and then integrating it over all possible
failure domains (prescribed limit states) to obtain the probability of failure at a particular
IM. The process can be repeated at several IM levels to develop system level fragility
curves. However, in situations where the system vulnerability is characterized by the
vulnerability of multiple components, as will be in the current research, closed form
integration over all possible failure domains tends to be extremely challenging and
mathematically intense in formulation.

Several researchers have proposed techniques to develop fragility curves for the
bridge as a system. Hwang and Huo (1998) used a logistic model to characterize the
response and determine the system reliability of multispan simply supported bridges in
Memphis, Tennessee. The parameters of the logistic model were determined from a
logistic regression of a vector of Bernoulli random variables (zeros and ones), depending
on whether the bridge sustains a particular damage state or not. Shinozuka et al. (2003)
used the maximum likelihood estimators to determine parameters of the lognormal
distribution (median and dispersion) describing the system fragility curves. As in the case
of Hwang and Huo (1998), the event of the system exceeding user defined damage states

were simulated using a Bernoulli random variable and the mean and dispersion of the
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fragility curves were determined using a standard optimization algorithm. Mander and
Basoz (1999) developed fragility curves using the CSM described in section 2.1.2
directly and assumed a value of the dispersion arbitrarily. Hwang et al. (2000a) proposed
a simplified method to develop system fragility curves, where the median value of
demand was expressed as a function of a ground motion intensity measure using a linear
regression analysis, although the value of dispersion was arbitrarily assumed.

Mackie and Stojadinovic (2005) used a mean value, first order, second-moment
analysis for each of the limit state functions describing the components that contribute to
the system vulnerability. Having determined the mean and standard deviation for each of
the response quantities (columns, abutments etc.), parametric first order reliability
method (FORM) analysis was used to determine the probability of failure for each of the
response measures. The series system assumption was then used to determine the system
level fragility curves. Choi et al. (2004) developed first order bounds for system
reliability assuming series systems, as one of the earliest attempts to account for some
level of correlation among bridge components. Nielson and DesRoches (2007), Padgett
and DesRoches (2008) and Ramanathan et al. (2010, 2012) used the joint probabilistic
seismic demand model (JPSDM) and Monte Carlo Simulation to develop bridge system
fragility curves. The JPSDM is first developed from the individual marginal PSDMs for
the response measures realizing that the demands on various components have some level
of correlation. A Monte Carlo simulation is then used to compare realizations of the
demand (using the JPSDM defined by a conditional joint normal distribution in the
transformed space) and component capacities to calculate the probability of system
failure for a particular IM value, based on the assumption of a series system. The
procedure is repeated for increasing values of the IM. Regression analysis is used to
estimate the lognormal parameters, median and dispersion, which characterize the bridge

system fragility.
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Zhang and Huo (2009) adopted a weighting scheme of bridge component failures
to preferentially establish bridge system level failure based on the components that
contribute the most to the load carrying capacity or post event functionality criterion.
Although the approach realizes that not all components contribute equally to system level
damage states, the establishment of weights is particularly subjective and difficult as the
number of components characterizing the system vulnerability increases. Kim et al.
(2006), Lupoi et al. (2006), Zhang and Huo (2009) used other approaches to define
system reliability such as parallel system, combination of series and parallel components,
or adaptive systems that add components as damage accumulates.

Closed form solutions are recently emerging and these provide means to evaluate
the system failure probability regardless of the system abstraction. Song and Kang (2009)
used the matrix-based system reliability method to develop system level fragility curves
by considering a wide range of component level failure events also accounting for bridge
component correlations. Duenas-Osorio and Padgett (2011) proposed a closed form
combinatorial method to develop system fragility curves by explicitly evaluating all
possible ways in which bridge components can fail within and across limit states.

Singhal and Kiremidjian (1996), Der Kiureghian (2002), Gardoni et al. (2002,
2003), Koutsourelakis (2010) used a Bayesian framework to formulate system fragility
relationships. While Der Kiureghian (2002) used the maximum likelihood method in
conjunction with the Bayesian approach, Koutsourelakis (2002) used Markov Chain
Monte Carlo techniques along with the Bayesian approach to develop multi dimensional
fragility surfaces as a function of multiple ground motion characteristics. The
fundamental advantage of the Bayesian formulation is the ability to yield a distribution of
possible fragility curves which denote the epistemic uncertainty around them, which are
also referred to as confidence bounds.

Statistical learning techniques, also known as surrogate models or metamodels

have also been used to generate system level fragility relationships. Metamodels typically
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help in replacing computationally expensive finite element models used in simulations
for reliability assessment process. Response surface metamodels are the most commonly
used due to its transparency and relative ease and have found wide spread use in the
performance assessment of civil engineering structures (Bucher and Bourgund, 1990;
Rajashekhar and Ellingwood, 1993; Guan and Melchers, 2001). Having developed the
metamodels, a logistic regression is used to develop component and system level fragility
relationships. Ghosh et al. (2012) extended the approach for the reliability assessment of
highway bridges along with the application of several other surrogate models such as

multiple adaptive regression splines, radial basis functions and artificial neural networks.

2.3 Fragilities for Bridge Classes, HAZUS and the Necessity to go Beyond HAZUS

The previous section detailed different techniques and mechanical analysis
procedures to determine structural fragilities along with their limitations. It must be noted
that researchers in the field must continue to investigate improvements in these methods.
The aim is to develop more reliable fragility curves that can be used in a variety of ways
ranging from damage assessments, retrofit prioritizations, risk assessments and more
importantly emergency response in the context of the present study. The intent of the
present research is to develop fragility curves for predominant bridge classes in
California based on unique California bridge inventory information. Most of the fragility
curves developed for California bridges are structure specific (Mackie and Stojadinovic,
2001, 2005; Zhang and Huo, 2009). Structure specific fragility curves are advantageous
and useful for risk assessment of the specific bridge structure, but the approach is
prohibitive for the performance assessment of regional bridge inventories. Hence, the
trend towards performance and vulnerability assessment of bridge classes or portfolios
that represent bridges with variable parameters require fragility curves that are generated
by varying these parameters, which are not captured in the structure specific scenarios.

These parameters can be broadly classified under two categories — geometrical and
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material. Attributes such as span length, deck width, column height, number of spans,
superstructure type, design details that are unique to a bridge class, fall under the
category of geometrical parameters, while concrete compressive strength, reinforcing
steel yield strength, stiffness of the bearing pads, soil stiffness fall under the purview of
material parameters. Nielson and DesRoches (2007), Padgett and DesRoches (2008),
Ramanathan et al. (2010, 2012) developed fragility curves for bridge classes in CSUS
considering as-built and retrofit strategies. These fragility relationships cannot be applied
for the vulnerability assessment elsewhere due to discrepancies in the bridge class
compositions and design details. There has further been a significant evolution in the
bride design philosophy in California, which is detailed in section 2.4.1, which is absent
in the CSUS bridges, thereby preventing the adoption of CSUS bridge class fragilities for
their California counterparts. Added discrepancies in the definition of damage states to
support regional risk assessment and decision-making needs, further add to the
incompatibility between CSUS and California bridge class fragilities.

The only fragility curves that are applicable to bridge classes in California were
the ones developed by Basoz and Mander (1999) and are employed in HAZUS-MH
(2011) and ShakeCast (Lin and Wald, 2008). ShakeCast is an application developed by
the United States Geological Survey (USGS) for automating ShakeMap delivery to
critical users such as lifeline utilities. Critical users can receive automatic notifications
within minutes of an earthquake indicating the level of shaking and the likelihood of
impact to their own facilities.

The HAZUS fragilities suffer a few major limitations and these are described
henceforth. These fragility relationships were developed for bridge classes based on a
limited number of parameters available in the NBI, damage states based on limited sets of
field damage observations and simplified two dimensional analysis techniques such as
the CSM. Bridge classes, defined beyond the parameters listed in NBI, were extended

taking into account seismic design, number of spans (single versus multiple), span
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continuity (continuous versus simply supported), and bent type (single versus multi).
Particularly, separate fragilities are assigned based on seismic design and this is taken
into account in terms of a spectrum modification factor, strength reduction factor due to
cyclic motion, drift limits and the longitudinal reinforcement ratio (HAZUS, 2011).
California bridges have a significant evolution of the seismic design philosophies, which
is described in section 2.3.1, and not accounting for their factors in the stochastic
modeling procedure for generating fragility curves can lead to significant errors in the
vulnerability assessment. In any case, the stochastic analyses used in the generation of
HAZUS fragilities did not consider the variability of the bridge class geometrical
attributes such as the variation of number of spans, span length, deck width, column
height, at the least. These fragilities included limited uncertainty characterized by
material properties such as concrete compressive strength and reinforcing steel yield
strength. Additional and specific information for bridges pertinent to a region might be
difficult to obtain and hence the curves were developed with the intention that the
information out of NBI is all that is required for seismic evaluation of bridge classes.
Another significant drawback of the NBI based fragility relationships employed
in HAZUS and ShakeCast is that these curves were derived assuming that the
vulnerability of the bridge is characterized by the vulnerability of the columns alone.
However, the unseating potential of the bridge deck at the seat abutments or the bents,
tearing of the elastomeric bearing pads, collapse of the shear keys etc. adds to the
vulnerability of the bridge system and will need significant repairs in the aftermath of an
earthquake, and these components are not accounted for the in the formulation of the
HAZUS fragilities. Further, there is a mismatch between the damage state definitions
used in fragility analysis and overall bridge functionality post a seismic event. This
hampers the decision making needs by agencies like the California Department of
Transportation (Caltrans) with regards to emergency response and management. Attempts

have subsequently been made to account for some differences in California bridge design
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by incorporating design specific parameters such as span length, span-to-column height
ratio, column-to-superstructure dimension ratio, reinforcement nominal yield strength,
concrete nominal strength, longitudinal and transverse reinforcement ratio, deck
thickness, foundation soil dry unit weight and angle of internal friction (Mackie and
Stojadinovic, 2005). These attempts, however, were mainly focused on deriving structure
specific fragility relationships or fragility curves applicable for a smaller subset of
bridges such as single frame multispan continuous box-girder bridges with a single
column bent (Mackie and Stojadinovic, 2005). This research aims to address all of the
drawbacks associated with the HAZUS fragilities along with a refinement of the bridge
classes by the inclusion of seismic performance sub-bins (SPS) characterized by seismic
design philosophy of bridge components and several unique attributes, details of which

are provided extensively in Chapter 3.

2.3.1 Emergence of Seismic Design Provisions for Bridges in California

Early seismic design provisions in the United States were developed following the
historic 1906 San Francisco earthquake (FEMA, 2006). However, the first design
provisions for bridges were not incorporated until 1940. Early seismic design provisions
were based on wind loads and static lateral force concepts rather than dynamic analyses
principles. The 1940 design provisions involved design for a lateral seismic force equal to
a certain percentage of the dead load determined by a design engineer, placed at the
center of mass of the bridge. Specifications were made slightly more specific in 1941,
where the dead load percentage was specified to be between 2% and 6% based on the
foundation type, and subsequently found a place in the American Association of State
Highway and Transportation Officials (AASHTO) specifications. Unique structural
characteristics such as energy absorption capacity of the structure and natural period were
incorporated into the design specifications in 1965 (Moehle et al., 1995). The minimum

lateral force of 2% of the dead load of the structure was still retained and engineers were
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instructed to pay special attention to bridge structures founded on soft soils and bridges
with massive piers.

The 1971 San Fernando earthquake paved the way for a major change in the
seismic design philosophy. The lateral design forces were increased by a factor of 2 or
2.5 and the designs had to take into account factors such as fault proximity, site
conditions, dynamic structural response, ductile design philosophy and energy dissipation
capabilities. All of these aspects were included in the 1971 Caltrans Seismic Design Code
(Sahs et al., 2008). The prime focus was to drive damage to the columns while the
remainder of the bridge structure remained elastic (Moehle et al., 1995). Despite the
modifications in design, the 1989 Loma Prieta earthquake caused spectacular damage to
bridge structures. This drove Caltrans to solicit the Applied Technology Council (ATC)
to conduct a detailed study and provide design and detailing recommendations, which,
however, were not incorporated until after the 1994 Northridge earthquake. The modern
day Caltrans Seismic Design Criteria (SDC, 2010) incorporates all the recommendations
of the ATC-32 report since its very first inception in 1996. Modern day design follows
the capacity design philosophy which ensures flexural failure mode in the bridge columns
(Sahs et al., 2008).

California has close to 29,000 bridges which vary in age based on their time of
construction. As detailed previously, the seismic design incorporated and the
performance depends on the era in which the bridge is constructed. In short, the 1971 San
Fernando and 1989 Loma Prieta earthquakes provoked significant changes in the seismic
bridge design philosophy. In order to obtain reliable estimates of the risk associated with
the bridge classes, it is crucial to capture the design attributes and unique vulnerabilities
associated with the bridges based on their time of construction, which is the intent of the
present study. Significant details about the characteristics of the design eras, potential

vulnerabilities and design attributes are presented in Chapter 3.
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2.4 Closure

This chapter provided a detailed description of the seismic risk assessment
framework including the different assessment modules that are essentially decoupled in
their evaluation. Fragility curves, which form an integral part in the risk assessment
framework, help in translating seismic demand (characterized by an intensity measure)
into a performance metric (probabilities of exceeding user defined performance
thresholds), which would help stakeholders and decision makers in a wide variety of
ways, primarily risk mitigation and management. A detailed evolution along the fragility
timeline was presented in terms of mechanical analysis approaches, such as response
spectrum analysis, capacity spectrum method, incremental dynamic and nonlinear time
history analyses (NLTHA), and the reliability assessment frameworks used in their
generation and the drawbacks associated with them. Lack of empirical bridge damage
data from past earthquakes and advances in computational tools have paved the way for
sophisticated and reliable techniques such as NLTHA to be widely used. NLTHA with
high fidelity three dimensional analytical models will be used in the current research to
develop fragility curves for highway bridge classes.

Transportation risk assessment typically focuses on the performance and
anticipated damage to highway bridge clusters in a potential future earthquake. A wide
majority of the existing bridge fragilities are site specific and cannot be used to replicate
the performance of bridge classes with variable attributes in geometry and material
characteristics. The only fragilities that are applicable to bridge classes in California are
the ones that are developed by Basoz and Mander (1999) and these are adopted in
HAZUS (2011). The potential limitations of the HAZUS fragilities are identified and a
case is made for improvement in these probabilistic relationships, which is the focus of
the present study. Further, the California bridge inventory has a wide array of bridges
varying in age, designed and constructed using unique design specifications and detailing

aspects prevalent at that point in time. Therefore, analytical models capturing these
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design philosophies and their evolution are needed in order to obtain sufficiently accurate

estimates of the vulnerabilities and risk associated with the bridge classes.
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CHAPTER 3

CALIFORNIA BRIDGE DESIGN ATTRIBUTES

Understanding and characterizing the highway bridge inventory in California is a
critical aspect of seismic vulnerability assessment of highway bridge classes in the state.
This chapter presents an in-depth study of the California bridge inventory utilizing the
National Bridge Inventory (NBI) database (NBI, 2010). Furthermore, an in-depth review
of bridge plans and use of in-house databases such as BIRIS obtained from the California
Department of Transportation (Caltrans) is used to supplement the NBI data to capture
design details such as column dimensions and reinforcement details, bent cap details,
common superstructure and abutment configurations, pile classes, and seat widths, which
are absent in the NBI data. This helps to create sub-bins within a bridge class and leads to
better bridge classes that have more consistent performance, design and detailing
characteristics. The initial sections in this chapter present results from a detailed analyses
of the California bridge inventory made available through the NBI database. Subsequent
sections are devoted to the issue of sub-binning bridge classes and characterizing bridge
geometric information pertinent to these sub-bins utilizing Caltrans in-house databases

and an extensive review of bridge plans.

3.1 Bridge Classification Based on National Bridge Inventory and HAZUS

The National Bridge Inventory (NBI, 2010) is a database compiled by the Federal
Highway Administration with the purpose of having a unified database for bridges,
including identification information, bridge types and specifications, operational
conditions, geometric data and functional description, and inspection data. The data

available through the NBI database includes state and local county bridges and was
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developed primarily for maintenance purposes and not necessarily seismic risk
assessment. Every bridge is identified by a unique code consisting of 116 fields and
detailed descriptions of the fields are found in the Recording and Coding Guide for the
Structure Inventory and Appraisal of the Nation’s Bridges (NBI Coding Guide, 1995).
Although the code does not provide a complete description of the bridge, it provides
information sufficient for a broad and general classification of highway bridge classes.
Field 43 (A and B) aids in a broad classification of highway bridge classes. Field 43 is
composed of two subfields: 43A and 43B, associated with the material type and/or design
and type of design and/or construction of the superstructure, as detailed in Table 3.1 and

3.2, respectively.

Table 3.1: Kind of material and/or design listed in NBI (NBI, 1995)

Field 43A  Kind of material and/or design
Concrete

Concrete continuous

Steel

Steel continuous

Prestressed and post-tensioned concrete
Prestressed and post-tensioned concrete continuous
Wood or timber

Masonry

Aluminum, wrought iron, or cast iron
Other

—
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HAZUS (2011) provides yet another classification scheme for highway bridge
classes. Bridges are classified into 28 classes (HWBI1 th