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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a na-
tional center of excellence in advanced technology applications that is dedicated to the
reduction of earthquake losses nationwide. Headquartered at the University at Buffalo,
State University of New York, the Center was originally established by the National Sci-
ence Foundation in 1986, as the National Center for Earthquake Engineering Research
(NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses
through research and the application of advanced technologies that improve engineer-
ing, pre-earthquake planning and post-earthquake recovery strategies. Toward this
end, the Center coordinates a nationwide program of multidisciplinary team research,
education and outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is also derived from the Federal Emer-
gency Management Agency (FEMA), other state governments, academic institutions,
foreign governments and private industry.

The Center’s Highway Project develops improved seismic design, evaluation, and
retrofit methodologies and strategies for new and existing bridges and other highway
structures, and for assessing the seismic performance of highway systems. The FHWA
has sponsored three major contracts with MCEER under the Highway Project, two of
which were initiated in 1992 and the third in 1998.

Of the two 1992 studies, one performed a series of tasks intended to improve seismic
design practices for new highway bridges, tunnels, and retaining structures (MCEER
Project 112). The other study focused on methodologies and approaches for assessing
and improving the seismic performance of existing “typical” highway bridges and other
highway system components including tunnels, retaining structures, slopes, culverts,
and pavements (MCEER Project 106). These studies were conducted to:

¢ assess the seismic vulnerability of highway systems, structures, and components;

¢ develop concepts for retrofitting vulnerable highway structures and components;

¢ developimproved design and analysis methodologies for bridges, tunnels, and retain-
ing structures, which include consideration of soil-structure interaction mechanisms
and their influence on structural response; and

¢ develop,update, and recommend improved seismic design and performance criteria
for new highway systems and structures.
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The 1998 study, “Seismic Vulnerability of the Highway System” (FHWA Contract
DTFH61-98-C-00094; known as MCEER Project 094), was initiated with the objective
of performing studies to improve the seismic performance of bridge types not covered
under Projects 106 or 112, and to provide extensions to system performance assessments
for highway systems. Specific subjects covered under Project 094 include:

* development of formal loss estimation technologies and methodologies for highway
systems;

e analysis, design, detailing, and retrofitting technologies for special bridges, in-
cluding those with flexible superstructures (e.g., trusses), those supported by steel
tower substructures, and cable-supported bridges (e.g., suspension and cable-stayed
bridges);

* seismic response modification device technologies (e.g., hysteretic dampers, isola-
tion bearings); and

* soil behavior, foundation behavior, and ground motion studies for large bridges.

In addition, Project 094 includes a series of special studies, addressing topics that range
from non-destructive assessment of retrofitted bridge components to supporting studies
intended to assist in educating the bridge engineering profession on the implementation
of new seismic design and retrofitting strategies.

This report integrates statistical and analytical methods for the seismic performance evaluation
of highway transportation networks. Bridge damageability is expressed in the form of fragility
curves, represented by two-parameter lognormal distribution functions, in which fragility pa-
rameters are estimated through the maximum likelihood procedure. Empirical fragility curves
are developed utilizing bridge damage data obtained from past earthquakes, particularly the 1994
Northridge earthquake. They are then used to construct a mechanistic model which calibrates
analytical damage states with empirical damage data so that analysis becomes consistent with
past experience. Using these calibrated threshold damage states, analytical fragility curves are
generated through nonlinear static and dynamic procedures for typical bridges in the transpor-
tation network in Los Angeles and Orange counties. The application of fragility curves in the
performance-based design of bridges is demonstrated and a design acceptance criteria is sug-
gested that verifies the target performance level of a newly designed bridge under a prescribed
level of seismic hazard.
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ABSTRACT

This report integrates statistical and analytical methods for the prediction of seismic performance
of highway transportation networks. For this purpose, an integrated framework involving the
structural engineering module of multilayer simulation scheme is developed. This module is a
key component of the performance simulation of such spatially distributed systems. In the
analysis, it is assumed that bridges are the only components of the network system vulnerable to
earthquake ground motion. Because of the predictive nature of the analysis, ground motion
intensity at bridge sites can be described at best in terms of PGA, PGV, or SA. The frequency
domain information of the bridges may not be readily available for most of the bridges. Also,
the nonlinear range of dynamic response behavior is involved for the damage prediction.
Therefore, even the SA information is not directly useful for predicting the state of damage of a
large number of bridges (two thousands of them for Los Angeles County) under also a large
number (typically 50) of scenario earthquakes. This is the reason for employing the fragility
curve approach to develop the state of damage of the network components in a large spatially
distributed seismic hazard footprint.

Bridge seismic damageability at various damage conditions is expressed in the form of fragility
curves associated with the states of minor, moderate, major and collapse damage,
mechanistically defined in terms of the extent of ductility rotation of bridge columns at the
bottom and top. These fragility curves are defined by two-parameter lognormal distribution
functions in which parameters (referred to as fragility parameters) are estimated with the aid of
the maximum likelihood procedure. This study considers standard reinforced concrete bridges in
southern California, and describes the characteristics of bridges and surrounding soil in terms of
skew angle, single or multiple span, and soil conciliations (hard, medium, or soft). Empirical
fragility curves of more than 2000 RC bridges are developed utilizing bridge damage data
obtained from past earthquakes, particularly the 1994 Northridge earthquake. Numerical
simulation of bridge seismic response is carried out by developing nonlinear finite element
models of five standard RC bridges. In these models, bilinear rotational springs are introduced at
each column end that represents the hysteretic nature of energy dissipation of column plastic
hinge regions. A mechanistic model is developed to calibrate analytical damage with empirical
damage data so that analysis becomes consistent with past experience. This calibration results in
the threshold damage limits, which are further utilized to generate analytical fragility curves. In
addition, enhancement in bridge seismic characteristics due to retrofit is demonstrated by
comparing analytical fragility curves developed for these five bridges before and after retrofitting
them with steel jackets. These five analytical bridges represent different bridge classes for
retrofit purpose as they are consisting of columns with various cross-sections such as circular,
rectangular, and oblong.

Furthermore, this report demonstrates the application of fragility curves in the performance-
based seismic design of bridges. On the basis of statistical and analytical tools discussed here, a
design acceptance criterion is suggested that can verify the target performance level of a newly
designed bridge under a prescribed level of seismic hazard.
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SECTION 1
INTRODUCTION

As is well known, risk assessment of infrastructure systems plays an increasingly important role
in their plan, design, maintenance, retrofit and life-cycle cost evaluation taking into consideration
their damageability under natural, technological and man-made hazards. The 1994 Northridge
earthquake and other destructive earthquakes showed that bridges are one of the most vulnerable
components of a highway network system subjected to earthquake ground motion. For this
reason, bridge damageability information in a succinct form such as fragility curves is needed to
pursue the seismic risk assessment of a highway transportation network consisting of as many as
thousands of bridges that can be affected by a high magnitude earthquake within and near the
area the network serves.

The current project represents part of a research project for the development of seismic risk
assessment methodologies integrating such disciplines as engineering seismology, mechanics,
geotechnical and structural engineering, statistical and probabilistic analysis, economics, and
social science. Figure 1-1 shows the method used for seismic performance evaluation of a
highway network system. In this study, Caltrans’ (California Department of Transportation’s)
highway transportation network, spanning Los Angeles and Orange Counties, is used as a
testbed. In the scope of this current report, the evaluation of bridge damageability utilizing
nonlinear static and dynamic procedures and the development of fragility curves to apply in
bridge design methodology are discussed. This research helps to judiciously estimate the seismic
impact on the performance of the highway transportation network and its post-event
functionality, and to determine bridge retrofit strategies and estimate the socio-economic benefit
accrued from the seismic retrofit.

In past few years, many researchers have performed bridge fragility analysis following a number
of different approaches (Hwang and Huo, 1994, Fukushima et al., 1996, Kai and Fukushima,
1996, Singhal and Kiremidjian, 1998, Basoz and Kiremidjian 1998, Mander and Basoz, 1999,
Shinozuka et al., 2000a, Karim and Yamazaki, 2001, Gardoni et al., 2002, Shinozuka et al.,
2003, Choi et al., 2004). Here, analytical fragility curves corresponding to each damage state are
expressed in the form of a two-parameter lognormal distribution function as given in Shinozuka
et al. (2003). These two-parameters (referred to as fragility parameters) are estimated through a
maximum likelihood method. In this context, it should be noted that any monotonically
increasing function can be used to develop fragility curves.

In the initial part, this study introduces statistical procedures appropriate for the development of
fragility curves under the assumption that they can be represented by two-parameter lognormal
distribution functions with the unknown median and log-standard deviation. Following this,
empirical fragility curves are developed by utilizing 1994 Northridge earthquake damage data
obtained by Caltrans inspection of more than 2,000 affected bridges in the two counties
immediately after the event. Additionally, statistical procedures for testing goodness of fit of the
fragility curves and of estimating the confidence intervals of the fragility parameters are also
discussed.
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FIGURE 1-1 Method of Evaluating Performance of Highway Network System

In the following part of this report, analytical models are constructed for bridge systems in
southern California in terms of finite element method integrating appropriate nonlinear elements
to represent plastic hinge formation at bridge column ends, failure of expansion joints and
unseating of bridge decks. Also, the possibility of having premature shear failure in the bridge
column that may lead to the collapse of the bridge is investigated. Then, nonlinear time history
analysis is carried out in order to investigate the mechanism of dynamic progressive failure of
these bridges under earthquake ground motions. This research provides a better understanding of
and insight to the global performance of bridges to seismic ground motion. In addition, this
study also provides an approach for the seismic performance assessment of older bridges
retrofitted by steel jacketing of bridge columns. Result shows a considerable improvement in the
seismic performance of existing bridges.

This research integrates probabilistic, statistical and mechanistic aspects of bridge damageability
in the form of traditional two-parameter lognormal fragility curve in order to quantify bridge
damage states in terms of rotational ductility of bridge columns. For this purpose, a mechanistic
damage model is developed that can be calibrated with empirical seismic damage data. In fact,
analytical fragility curves are obtained from the nonlinear time history analysis in calibration
with the 1994 Northridge earthquake damage data obtained by Caltrans inspecting more than
2000 affected bridges in Los Angeles, Ventura and Orange counties immediately after the event.
These analytical fragility curves are given as functions of seismic intensity parameter at each
bridge site such as SA, PGA, SI, etc. Hence, this makes it possible to carry out Monte Carlo
simulation of the states of bridge damage for all the bridges in a highway network in the region
expected to be impacted by any of scenario earthquakes representing the regional seismic hazard
reported by USGS. This Monte Carlo simulation procedure provides a basic critical step for
seismic risk assessment and loss estimation of highway transportation systems, or for that matter,
many other civil infrastructure network systems.



In parallel with nonlinear time history analysis, nonlinear static analysis is also performed
making use of the Capacity Spectrum Method (CSM) to assess the seismic performance of
bridges. This method is more practice-oriented, and therefore, attracted more interest and support
from the profession. This research proposed one simplified CSM approach for bridge analysis
alternatives to the current design procedure in practice for building structures (ATC-40, 1996).
The overall structural capacity is evaluated considering dynamic characteristics of the bridge and
the effect of its higher modes of vibration. While estimating seismic demands, inelastic
spectrum of earthquake ground motion which takes in consideration of structural damping is
generated. Structural performance is estimated through the interaction of capacity spectrum of
the structure and inelastic spectrum of earthquake ground motion. The validity of this proposed
technique is verified through a very favorable comparison of the analytical results obtained from
nonlinear time history analysis and FEMA’s technical manual, “HAZUS” (currently in practice
to evaluate earthquake loss estimation). Hence, this research provides a more practical
alternative to the nonlinear time history analysis in assessing the seismic performance of bridges.
Furthermore, on the basis of suggested CSM, a general guideline for bridge design verification is
recommended that integrates bridge damage states with ground motion return periods.

This project also aims to estimate the effect of ground motion directionally on fragility
characteristics of highway bridges. As we know, the ground motion trajectory in the
corresponding multi-dimensional space results in time variant principal axes of the motion and
defies any meaningful definition of directionality of the motion. Indeed, it is very difficult to
incorporate the multi-dimensional effect of the ground motion in the design and response
analysis of structures. In this context, this research presents one simplified approach in which
the structure can be designed to ensure the safety under single or a pair of independent
orthogonal ground motions traveling horizontally with an arbitrary direction to structural axis.
This approach is used to generate fragility curves under a set of single and orthogonal pairs of
ground motion components having different inclinations with longitudinal bridge axis. Results
depict that ground motion directionality plays an important role in the estimation of maximum
seismic demand. Further research is underway utilizing more rigorous finite-element analysis
which will verify the accuracy of this simplified approach. The word directionality used here is
different from “directivity” used in seismology to mean a specific characteristic of seismic fault
movement.

Finally, a design acceptance criterion is developed on the basis of bridge performance under a
prescribed level of earthquake ground motion. In this part, fragility information is used in order
to calibrate threshold performance levels at different damage states. Thus, making use of
statistical and analytical tools, newly designed and existing bridges can be analyzed and verified
to identify whether or not the target performance level is achieved.






SECTION 2
STATISTICAL ANALYSIS OF FRAGILITY CURVES

It is assumed that the empirical fragility curves can be expressed in the form of two-parameter
lognormal distribution functions, and developed as functions of peak ground acceleration (PGA)
representing the intensity of the seismic ground motion. For the development of empirical
fragility curves, the damage reports are usually utilized to establish the relationship between the
ground motion intensity and the damage state of each bridge. In this present study the damage
report for the Caltrans’ bridges under the Northridge event, where the extent of damage is
classified into the state of no, minor, moderate and major damage in addition to the state of
collapse. The report did not provide explicit physical definitions of these damage states. This
inspection report is used when a damage state is assigned to each bridge in the analysis that
follows. The detail theoretical background of statistical analysis such as parameter estimation,
hypotheses testing and confidence interval estimation related to the fragility curves are taken
from Shinozuka et al. 2003 and presented in Appendix A.

2.1 Fragility Curves for Structural Sub-Sets of Caltrans’ Bridges
2.1.1 Method 1 and Method 2

The sample of the Caltrans’ bridges is sub-divided into a number of sub-sets in accordance with
the pertinent bridge attributes and their combinations. This should be done in such a way that
each sub-sample can be considered to be drawn from the corresponding sub-population which is
more homogeneous than the initial population. In this regard, it is recognized each bridge can
easily be associated with one of the following three distinct attributes; (A) It is either single span
(S) or multiple span (M) bridge, (B) it is built on either hard soil (S;), medium soil (S;) or soft

soil (S3) in the definition of UBC 93, and (C) it has a skew angle 6, (less than 20°), 6,

(between 20° and 60°) or &, (larger than 60°). The sample can then be sub-divided into a

number of sub-sets. To begin with, one might consider the first level hypothesis that the entire
sample is taken from a statistically homogenous population of bridges. The second level sub-
sets are created by dividing the sample either (A) into two groups of bridges, one with single
spans and the other with multiple spans, (B) into three groups, the first with soil condition S, the
second with S, and the third with S;, or (C) into three groups depending on the skew angles 6, ,

6, and ;. The third level sub-sets consists of either (D) 6 groups each with a particular

combination between (S, M) and (S;, S,, S3), (E) 6 groups each with a combination between (S,
M) and (6,, 6,, 65), or (F) 9 groups each with a combination between (8,, 6,, ;) and (Si, Sy,

S3). Finally, the fourth level sub-sets comprises of 18 groups each with a combination of the
attributes (S, M), (Si1, Sz, S3) and (6,, 6,, 65).

As alluded to in the preceding paragraph, the higher the level of sub-sets, more statistically
homogeneous the corresponding sub-population is compared with the population at the level at
least one rank lower. For example, each sample of the fourth level sub-sets is taken from the
population with identical span, skewness and soil characteristics as they are defined here. While
this by no means implies that the corresponding population is purely homogeneous, it is much



more homogeneous in engineering sense than the population corresponding to the first, second or
even third level sub-sets.

Theoretical background of fragility curve development using method 1 and 2 are discussed in
detail in Appendix A. Fragility parameters for different levels of subsets are given in Table 2-1.
The families of fragility curves corresponding to the second and fourth level subsets are plotted
in figures 2-1~2-8 and 2-9~2-21, respectively. Fragility curves associated with some damage
states are missing from the plots for some subsets that do not have bridges suffering from these
damage states. The families of fragility curves shown in figures 2-1~2-21 play a pivotal role in
the seismic performance assessment of the expressway network in the Los Angeles area.



TABLE 2-1 Median and Log-Standard Deviation of Sample

Sub-Divisions of Caltrans Bridges

(a) First Level (Composite)

Median | Log. St. Dev.
Min 0.83 0.82
Mod 1.07 0.82
Maj 1.76 0.82
Col 3.96 0.82

(b) Second Level (Span)

Median | Log. St. Dev. Median | Log. St. Dev.
Min 1.22 0.78 Min 0.72 0.72
Mod 1.60 0.78 Mod 0.92 0.92
Single Multiple
Maj 2.65 0.78 Maj 1.51 1.51
Col N/A 0.78 Col 3.26 3.26
(c) Second Level (Skew) (d) Second Level (Soil)
Median | Log. St. Dev. Median | Log. St. Dev.
Min 0.99 0.95 Min 1.35 0.94
Skl Mod 1.38 0.95 . Mod 1.79 0.94
0 (4 Soil A
0™~20" | Maj 2.52 0.95 Maj 2.62 0.94
Col 5.15 0.95 Col N/A 0.94
Min 0.71 0.73 Min 0.97 0.94
Sk2 Mod 0.87 0.73 ‘ Mod 1.36 0.94
21°-60° : Soil B :
~ Maj 1.38 0.73 Maj 2.19 0.94
Col 3.93 0.73 Col N/A 0.94
Min 0.50 0.59 Min 0.79 0.79
Sk3 Mod 0.63 0.59 Mod 1.01 0.79
0 Soil C
>60 Mayj 0.93 0.59 Maj 1.70 0.79
Col 1.69 0.59 Col 3.57 0.79




TABLE 2-1 Median and Log-Standard Deviation of Sample
Sub-Divisions of Caltrans Bridges (Cont’d)

(e) Third Level (Span/Skew)

Median |Log. St. Dev.| Median |Log. St. Dev.| Median | Log. St. Dev.
Single/Sk1 Single/Sk2 Single/Sk3
Min 2.15 0.98 0.73 0.43 0.48 0.52
Mod 3.42 0.98 0.82 0.43 0.57 0.52
Maj 6.41 0.98 1.13 0.43 0.85 0.52
Col N/A 0.98 N/A 0.43 N/A 0.52
Multiple/Sk1 Multiple/Sk2 Multiple/Sk3
Min 1.03 0.93 0.70 0.83 0.47 0.51
Mod 1.46 0.93 0.88 0.83 0.56 0.51
Maj 2.75 0.93 1.48 0.83 0.80 0.51
Col 5.80 0.93 4.63 0.83 1.35 0.51
(f) Third Level (Skew\Soil)
Median |Log. St. Dev.| Median |Log. St. Dev.| Median | Log. St. Dev.
Sk1/Soil A Sk1/Soil B Sk1/Soil C
Min 1.69 0.69 1.36 0.76 1.01 0.85
Mod 1.96 0.69 N/A N/A 1.38 0.85
Maj N/A 0.69 N/A N/A 2.44 0.85
Col N/A 0.69 N/A N/A 4.97 0.85
Sk2/Soil A Sk2/Soil B Sk2/Soil C
Min 0.84 0.5 0.54 0.53 0.68 0.76
Mod 0.91 0.5 0.68 0.53 0.84 0.76
Maj 1.01 0.5 0.8 0.53 1.48 0.76
Col N/A 0.5 N/A 0.53 4.01 0.76
Sk3/Soil A Sk3/Soil B Sk3/Soil C
Min 0.54 0.66 0.34 0.24 0.52 0.61
Mod 0.69 0.66 0.43 0.24 0.65 0.61
Maj 1.06 0.66 0.72 0.24 0.94 0.61
Col N/A 0.66 N/A 0.24 1.64 0.61




TABLE 2-1 Median and Log-Standard Deviation of Sample
Sub-Divisions of Caltrans Bridges (Cont’d)

(g) Third Level (Span\Soil)

Median |Log. St. Dev.| Median |Log. St. Dev.| Median | Log. St. Dev.
Single/Soil A Single/Soil B Single/Soil C
Min 1.1 0.86 1.1 0.78 0.97 0.65
Mod N/A 0.86 N/A 0.78 1.21 0.65
Maj N/A 0.86 N/A 0.78 1.90 0.65
Col N/A 0.86 N/A 0.78 N/A 0.65
Multiple/Soil A Multiple/Soil B Multiple/Soil C
Min 1.06 0.9 0.59 0.51 0.71 0.78
Mod 1.36 0.9 0.72 0.51 0.91 0.78
Maj 2.03 0.9 0.99 0.51 1.53 0.78
Col N/A 0.9 N/A 0.51 3.13 0.78
(h) Forth Level (Span/Skew/Soil)

Case \ Damage Min Mod Maj Col Log. Std. Dev.
S/0-20/a 0.71 N/A N/A N/A 0.20
S/0-20/b 0.61 N/A N/A N/A 0.41
S/0-20/c 1.23 1.49 2.29 N/A 0.57
S/20-60/a N/A N/A N/A N/A N/A

S/20-60/b N/A N/A N/A N/A N/A
S/20-60/c 0.62 0.70 0.98 N/A 0.39
S/60-90/a N/A N/A N/A N/A N/A
S/60-90/b N/A N/A N/A N/A N/A
S/60-90/c 0.56 1.08 2.04 N/A 0.83
M/0-20/a 1.16 1.38 N/A N/A 0.80
M/0-20/b N/A N/A N/A N/A N/A
M/0-20/c 0.84 1.16 2.05 4.06 0.81
M/20-60/a 0.59 0.59 0.72 N/A 0.41
M/20-60/b 0.50 0.64 0.64 N/A 0.48
M/20-60/c 0.69 0.88 1.64 4.63 0.85
M/60-90/a 0.39 0.48 0.70 N/A 0.43
M/60-90/b 0.34 0.43 0.72 N/A 0.25
M/60-90/c 0.50 0.57 0.81 1.33 0.53

Note: S = Single Span; M = Multiple Span; a = Soil A; b = Soil B; ¢ = Soil C; Number:
Skewness Angle
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FIGURE 2-21 Fragility Curves for a Fourth Level Subset
(Caltrans' Bridges; multiple span/60 < skew/soil C) by Method 2

2.1.2 Method 3

In Method 3, the bridge damage is rearranged according to the ascending order of PGA to
demonstrate the statistical variation of data relative to the estimated fragility curves. The entire
sample is sub-divided into certain number of groups. The number of the bridges that sustained
certain damage state in a group is divided by the total number of bridges in the group and this
ratio is used as a realization of fragility value at the PGA value representative of the group
obtained by averaging PGA values assigned to the bridges in the group. The likelihood function
for the present purpose is expressed as

L=TTlFca F 1-F(a, Jr) 1)
i=1

where, F(.) represents the fragility curve for a specific state of damage, # is the number of bridge
groups, a; is the PGA value to which ith group of bridge is subjected, m; is the total number of
bridge in ith group and £; is the number of damaged bridges among m; in ith group of bridge.
Under this condition, the fragility parameters can be obtained following (A-2) and (A-3).

In order to develop fragility curves in Method 3, the entire sample of 1998 damage data are sub-
divided into 44 groups of 44 bridges (starting from bridges 1~44, bridges 45~88, and so on) with
the last group having 62 bridges. Figures 2-22~2-25 show the four fragility curves obtained by
Method 1 and Method 3. The black diamonds in these figures indicate the ratio of number of the
bridges that sustained the state of damage under consideration in a group and the total number of
bridges in the group (which is 44 except for the last group) and used as a realization of fragility
value at the PGA value representative of the group obtained by averaging the smallest and the
largest PGA value assigned to the bridges in the group. Figures 2-26~2-29 show the statistical
variation of the same input data (Method 3) relative to the estimated fragility curves obtained by
Method 2 with each curve plotted separately (though estimated together).
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FIGURE 2-22 Fragility Curve for Caltrans' Bridges developed in Method 1 and Method 3
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FIGURE 2-23 Fragility Curve for Caltrans' Bridges developed in Method 1 and Method 3
and Input Damage Data (Method 3) with ‘At least Moderate’ Damage
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FIGURE 2-24 Fragility Curve for Caltrans' Bridges developed in Method 1 and Method 3
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FIGURE 2-25 Fragility Curve for Caltrans' Bridges developed in Method 1 and Method 3
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FIGURE 2-26 Fragility Curve for Caltrans' Bridges developed in Method 2 and Method 3
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FIGURE 2-27 Fragility Curve for Caltrans' Bridges developed in Method 2 and Method 3
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Probability of Exceeding a Damage State

FIGURE 2-28 Fragility Curve for Caltrans' Bridges developed in Method 2 and Method 3
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FIGURE 2-29 Fragility Curve for Caltrans' Bridges developed in Method 2 and Method 3
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2.1.3 Development of Fragility Curves using Weibull Distribution

In preceding sections, fragility curves are developed using log-normal distribution function.
However, any other distribution function such as weibull distribution can be used for this
purpose as fragility curves are non-decreasing functions by definition. The current section
develops fragility curves using weibull distribution in which the two-parameter distribution
function is expressed as

F(a):l—expl} [%” 22)

where a represents ground motion intensity (PGA), b and ¢ are respectively location and shape
parameters that can be obtained by maximizing the likelihood as shown below.

L= H N [1=F(a, )]~ (2-3)

dinL _dinL
ob dc

=0 (2-4)

In order to develop fragility curves, the same empirical data as used in Section 2.1.1 is utilized.
Fragility parameters are obtained in Method 1 and listed in table 2-2. Figure 2-30 represents
fragility curves in all damage states.

TABLE 2-2 Fragility Parameters using Weibull Distribution Function

Parameters
Damage States ; ) Mean (g) SD Median (g)
At least minor 0.9186 2.0397 0.8138 0.4180 0.7675
At least moderate 1.0115 24513 0.8971 0.3907 0.8711
At least major 1.2555 3.1284 1.1232 0.3932 1.1166
Collapse 1.8502 4.0571 1.6784 0.4649 1.6904
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FIGURE 2-30 Fragility Curve for Caltrans' Bridges developed in Method 1 using
Weibull Distribution

2.2 Test of Goodness of Fit
2.2.1 Method 1

According to Section A.2 in Appendix A, the Py2 values for the fragility curve developed for

Caltrans' bridges are computed as 0.38, 0.58, 0.56 and 0.50 for minor, moderate, major and
collapse states, respectively. These values of Py2 indicate that the hypotheses involved in all the

cases cannot be discarded at the significance level of 10%. It is noted here that this method can
test the goodness of fit of fragility curves only over the range of PGA where damage data
sufficiently exist.

Figures 2-31~2-34 show the validity of the assumption of in (A-16) being asymptotically normal
by means of plotting 100 simulated realizations of Y associated with the corresponding state of
damage, respectively. This requires simulation of X; at each a; using p, based on ¢, and ¢

obtained from the empirically or analytically observed damage data for each state of damage.
Upon simulating all X; for all a; and obtaining their realizations x,, (A-19) is evaluated. This

process is repeated n times (n=100 here) to produce 100 realizations of Y*, each representing
one set of simulation of x; (i = 1,2,...,N). This sample of y* is indeed plotted in figures 2-31~2-

34 for the corresponding states of damage using the normal probability paper; the dashed line
represents the least square fit of the sample, while the solid line indicates the theoretical normal
distribution with the mean and standard deviation given by (A-17) and (A-18) respectively for
the fragility curves for Caltrans' bridges.
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FIGURE 2-31 Validity of Asymptotic Normality of Statistic Y?
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FIGURE 2-32 Validity of Asymptotic Normality of Statistic Y?
(Caltrans' Bridges with at least Moderate Damage/Method 1)
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This analysis is also conducted for weibull distribution and obtained values for P are presented

in table 2-3. These values indicate that the hypotheses involved in all the cases cannot be
discarded at the significance level of 10%.

Table 2-3 PY2 Values for Goodness of Fit

Damage States Log-normal Weibull
Minor 0.38 0.59
Moderate 0.58 0.69
Major 0.56 0.599
Collapse 0.50 0.51

2.2.2 Method 2

The P} , value for the fragility curves developed for Caltrans' bridges in Method 2 is computed to

be 0.45. This value is sufficiently small so that the family of fragility curves simultaneously
estimated cannot be discarded in the case of Caltrans' bridges at the significance level of 10%.
The validity of asymptotic normality is also checked by simulating 100 realizations of ¥* in (5-
12), each realization representing one set of simulation of x (i =1, 2,..., N; k=1, 2,..., m) with
N = 1998 and m = 5. The 100 realizations each for Caltrans' data are plotted in the normal
probability papers as shown in figure 2-35. These plots clearly support the validity of asymptotic
normality of Y in (A-24).
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1,*=384.6
3 0,=18.9
300 350 400 450

Y2
FIGURE 2-35 Validity of Asymptotic Normality of Statistic Y?
(Caltrans' Bridges/Method 2)
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2.3 Estimation of Confidence Interval

A A
The estimators ¢ and ¢ of ¢ and { cannot be explicitly given in terms of analytical form as

they represent optimal solutions obtained numerically by maximizing the logarithmic likelihood
function. From the uncertainty analysis point of view, however, it is most desirable to
demonstrate the extent of the statistical variations of these estimators by generating their
realizations with the aid of a Monte Carlo simulation procedure. The following example is
worked out for the fragility parameters ¢, (=1, 2, 3, 4) and ¢ of Caltrans' bridges estimated by

Method 2 assuming that the sample is composite. The Monte Carlo procedure calls for the
simulationof X, (i=1,2,...,Nandk=1,2,...,5), based on the family of fragility curves with
the parameters c,, (=1, 2, 3, 4) and ¢, obtained from the maximum likelihood method. This

much is the same procedure as executed for the validation of asymptotic normality of ¥* under
Method 2. In the present case, however, (A-12) must be solved for the maximum likelihood

estimates C;,o and ¢, using the simulated realizations x; of X, in (A-10) and (A-11).
Repeating this process a large number of times (500 times in this case), one obtains 500 sets of
realizations of ¢, and f . This study contends that the statistical variation of these realizations

presents a first approximation for the statistical variation of ¢, and f . The nature of the

maximum likelihood estimates ¢, (and hence log¢,;) and éA’ dictates that they are jointly

distributed normally as N — o (i.e., asymptotically). For the ease of understanding, 500 sets of
four points (c;,,¢y), (€50.85)s (€39,85)s (cag-¢y) thus simulated are plotted in figure 2-36
respectively corresponding to the states of at lease minor, at least moderate, at lease major
damage and collapse. Marginal distributions of c;,o are also separately plotted on log-normal
probability papers for different states of damage in figures 2-37, 2-38, 2-39 and 2-40,
respectively. Medians indicated in these figures are in good agreements with the corresponding
values (i.e., ¢, Cyq, C3q, Cyo) in figure 2-10. Although ¢ is asymptotically normal, it is
plotted on a log-normal paper in figure 2-41. The median value 0.81 indicated in figure 2-41
agrees very with ;=0.8152 shown in figure A-4 (Appendix A). Figures 2-37 ~ 2-41 show that
marginal distributions of simulated parameter values fit quite well to log-normal distribution
functions. Assuming the distribution of ¢; being lognormal, and identifying, from the results in
figures 2-37 ~ 2-40, the 90% confidence interval associated with exceedance probabilities 95%
and 5% of ¢, the fragility curves of Caltrans' bridges with the four states of damage are given in
figures 2-42 ~ 2-45, respectively together with the confidence information. In each of these
figures, the curves on the left, at the center and on the right respectively represent the fragility
curves with 95%, 50% and 5% confidence consistent with figures 2-37 ~ 2-40. As in the risk

assessment procedure for the nuclear power plant (NRC, 1983), the log-standard deviation
associated with 50% confidence in figure 2-41 (0.81 in this case) is used for the three curves in

each figure, although it is possible to use 95% and 5% confidence value of 2 together with
those of ¢,. This study contends as in PRA procedures Guide (NRC, 1983) that the use of 50%
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confidence value of f only is justifiable because the variation in ¢, has the first order effect on

fragility values whereas that in f has the second order effect in general. Figure 2-46 plots all
these fragility curves at three levels of confidence for the ease of comparison.

1.2 Distribution of Median and Log-Standard Deviation
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FIGURE 2-36 Two-Dimensional Plot of 500 Sets of Simulated Realizations of Medians
(é‘l , é‘z , 6'3 , 6‘4) and Log-Standard Deviations é

4 Minor
median=0.83g
3 log-standard deviation=0.063
a
>

i)
g2 0.95
s 10.90
© 1 080 2
E T :%% 5
2 030 S
- 17030 2
S 1 ~0.20 A
3 10.10
g 2 10.05
n

-3 .

_4 | L1 | L1

0.1 1.0 10.0

xm1 (g)

FIGURE 2-37 Log-Normal Plot of Realizations of 500 Realizations of C .
(Caltrans' Bridges/Method 2)
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SECTION 3
MODEL-BASED UNCERTAINTY ANALYSIS
OF FRAGILITY CURVES

Fragility model plays an essential role in predicting the seismic risk and states of damage of
urban infrastructure systems after future earthquakes. Such information will then be used as
input to evaluate the degraded performance of systems, and therefore, to estimate associated
economic loss. Hence, accuracy in the fragility model has utmost importance for reliable a risk
estimation. However, the uncertainty resulting from modeling and imperfect information is
inevitably involved in the development of the fragility model. As this uncertainty propagates
through the seismic risk analysis procedure, its contribution accumulates and eventually could
produce a significant impact on the estimated final risk. Most of the current seismic risk analysis
procedures can produce a “best” (point) estimate unless the whole process of risk assessment is
not model-based. As the seismic risk analysis is an important tool for the decision-makers to
evaluate various mitigation measures for most cost effective strategies for example, rational
decision making requires that the level of uncertainty involved in the development of fragility
curve be quantified and minimized as much as possible for a more reliable risk estimation.

This chapter investigates the model-based uncertainty of the fragility curve in the most common
form of lognormal distribution function. The fragility parameters are estimated by maximum
likelihood method and a Monte Carlo simulation procedure is developed to obtain the associated
uncertainty of the fragility curve. The simulation results quantitatively show the dependence of
the uncertainty of the fragility parameters on sample size.

The fragility estimators, ¢ and ¢ (in method 1) of the median and log-standard deviation can be
obtained by performing the maximum likelihood method, based on the original fragility curve
developed on the basis of damage data (x;,aq; ). In figure 3-1, two identical fragility curves

(¢ =c* =055z, {* =" =0.83) are obtained based on two sets of damage data of different
sample size, N =30 or 60.

Though these two different sets of damage data produce same fragility curves, the uncertainty of
the fragility parameters cannot be implicitly expressed in terms of analytical format. In
probabilistic risk analysis point of view, this uncertainty should be quantified and solved through
Monte Carlo simulation procedure. In this procedure, realizations of the parameters are first
obtained based on the originally estimates. Then the uncertainty of estimators is computed by
asserting that the variation of these realizations represents the extent of the uncertainty of the
estimators. The following section describes the process in detail.

37



[l e— — — S S A e

A Intact
0.8 +| & Damaged
——— Fragility Curve
0.6

©
AN

<
(V)

Probability of Exceeding
Damage State

S

0 0.3 0.6 0.9 1.2 1.5
Peak Ground Acceleration (g)

(a) Sample Size = 30

4

A Intact
| & Damaged
Fragility Curve

<
@
L

o
o
L

o
N
L

Probability of Exceeding
Damage State
S
BN

S

0 0.3 0.6 0.9 1.2 1.5
Peak Ground Acceleration (g)

(b) Sample Size = 60

FIGURE 3-1 Fragility Curves (¢® =¢* =0.55g, £ =¢7°=0.83)

38



3.1 Realization of Parameters: Monte Carlo Simulation
3.1.1 Realization Based on Method 1

Three steps are needed to generate a set of realizations of the parameter pair, ¢, and (. The
first step is to identify a sample of damage data, (x,a}) (i=1,2,...N). On the basis of the
damage data, ¢, and ¢, are estimated as point estimates which determines a fragility curve. The

second step consists of the generation of damage data using this fragility curve just developed. In
doing this, the value of ground motion intensity measure, a,, is randomly generated independent

of the parameters of the fragility curve, by assuming that they are uniformly distributed in a
practical range (for example, 0-1.5g for PGA). For each q,, a corresponding random number

b,is generated between 0 and 1. Depending on c,and{,, the simulated damage state, x,(1:

damaged; 0: not damaged), at the ground motion level of «,, is determined by

_ In(a, /cy;)
xio={1 if bl.><1{—§0 OIJ (3-1)

0
else.

In the third step, using the above maximum likelihood method, one set of realizations of the
median value and log-standard deviation of the fragility curve can be obtained based on the N
damage data pairs (a,,x;) (i =12,..N) simulated in the first step. Repeating the last two steps

M times, a set of M realizations can be simulated.

3.1.2 Realization Based on Method 2

If parameters of a group of fragility curves,c,, (j=1,2,3,4) and ¢, have estimated based on a
sample of damage data (a? ,x;) (i=12,..N;k =0,1,2,3,4) by method 2, similar to procedure as

in section 3.1.1 can be used to generate a set of realizations of the fragility parameter group,
median values c,; (j=123,4)and ¢,. Again, simulated damage data should first be generated

using estimated ¢,;, (j=1,2,3,4) and {;. In doing so, the value of ground motion intensity

measure, a,, 1s again randomly generated and independent of the parameters of the fragility

curves, by assuming that it is uniformly distributed in a practical range (for example, 0-1.5g for
PGA). For each a,, a corresponding random number b, 1s generated between 0 and 1. Depending

on c,; and ¢, the simulated damage state, x, , at the ground motion level of a,, is determined

by
Uy b ol e/ cu)
Xio ={ ! 2 (3-2)

0
else.
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) In(a, / c,y,) In(a; /cy;)
1 i i 02 < i 01
X = { / q{ Z, j b= q)[ £, j (3-3)

else.
, In(a, /cy;) In(a; / cy,)
1 i 03 ) i 02
T S N oo
else.
) In(a, / cy,) In(a; / cy;)
1 i 04 ) i 03
R S
else.
) In(a; / cyy)
1 , T4
xl-4={0 4 blgq{ o j (3-6)

else.

In the third step, using the above maximum likelihood Method 2, one set of realizations of the
median values and log-standard deviation of the fragility curves can be obtained based on the N
damage data pairs (a,,x,) (i=12,..N; k =0,1,2,3,4) simulated in the first step. Repeating the

last two steps M times, a set of M realizations of fragility parameters can also be simulated as in
section 3.1.1.

3.2 Confidence Interval

3.2.1 Confidence Interval Based on Method 1

The nature of the maximum likelihood estimates ¢, (hence Inc_) and {_ dictates that they are

jointly distributed normally as N — o (i.e., asymptotically). The 500 sets of realizations are
plotted for either case of sample size, N =128 and N = 256(figures 3-2(a) and 3-2(b)). These
realizations are simulated from the same original estimates, c, =0.55gand {, =0.83 by

repeating the above Monte Carlo procedure. Figure 3-2 graphically demonstrates that the
realizations of the median value and log standard deviation in the case of N =256 are far more
concentrated than that in the case of N =128, and the variation of the realizations decreases as
sample size N becomes larger. The marginal distributions of simulated ¢, are also separately

plotted on lognormal probability papers for the two sample cases (figures 3-3(a) and 3-3(b)).
Median in either figure is in good agreements with the original estimate ¢, with

Coiog = Cpss =€ =0.55g, where ¢, cand c,,,, are medians in the case of N =128and 256,
respectively.
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This study then contends that the variation of these realizations represents the statistical variation
of the estimators ¢ and ¢. Assuming that the marginal distribution of ¢ is lognormal, one

obtains 0,,. and therefore ¢ = c ,associated with any exceedance probability of p% of ¢. The
¢=¢ associated with c=c, is used for every ¢=c,, following the tradition of the risk

assessment procedure for the nuclear power plant, which justifies that the variation in ¢ has the
first-order effect whereas that in { has the second-order effect for ensuing risk analysis.

If original estimates, ¢, =0.55gand ¢, = 0.83, are resulting from sample size of N =16, 24, 32,
64, 128 and 256, the corresponding o,,; can be similarly obtained. Figure 3-4 presents the
quantitative relationship between ©,,;, the statistical variation of the estimate ¢, and sample
size N , in which o, is approximately proportional to 1/ JN . Three groups of fragility curves,
corresponding to ¢, with confidence level of 5%, 50% and 95%, respectively, are plotted in

figure 3-5 for sample size N =16, 64 and 256. It can be clearly seen that the confidence band of
the fragility curve narrows down as sample size increases.
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FIGURE 3-4 Statistical Uncertainty in terms of Sample Size (Method 1)
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3.2.2 Confidence Interval Based on Method 2

The nature of the maximum likelihood estimates c,; (hence Inc,) and C,_ dictates that they are

also jointly distributed normally as N — oo (i.e., asymptotically). The 500 sets of realizations
are plotted for either case of sample size, N =512 and N =256 (figures 3-6(a) and 3-6(b)).
These realizations are simulated from  the same original estimates,
¢, =0.64g ,¢,, =0.80g,c,;, =1.25g ,¢,, =2.55gand ¢, =0.70 based on the historical bridge
damage data collected from 1994 Northridge Earthquake by repeating the above Monte Carlo
procedure. Figure 3-6 graphically demonstrates that the realizations of the median value and log
standard deviation in the case of N =512 are far more concentrated than that in the case of
N =128, and the variation of the realizations decreases as sample size N becomes larger.

It then contends that the variation of these realizations represents the statistical variation of the
estimators ¢; and ¢. Assuming that the marginal distribution of ¢ is lognormal, one obtains

0,,: and therefore ¢; =c, associated with any exceedance probability of p%of ¢,. The

¢ =¢ associated with ¢; =¢,,; is used for every ¢; =c, . Based on this, table 3-1 lists the log-

standard deviation of the simulated median values of the four fragility curves representing
different damage states, when sample sizes are 64, 128, 256, 512 and 1024. The median values
with confidence level of 5% and 95% probability of being exceeded (table 3-2) are calculated
according to the variations in table 3-1. Finally, figure 3-7 represents the log-standard deviations
of median values for different sample sizes.
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TABLE 3-1 Variation of Simulated Median Values (Method 2)

. Log-Standard Deviation of Median Value
Sample Size
At least minor | At least moderate At least major Collapse
1024 0.039 0.038 0.041 0.064
512 0.050 0.048 0.055 0.096
256 0.066 0.065 0.078 0.129
128 0.099 0.093 0.109 0.196
64 0.132 0.129 0.148 0.260

TABLE 3-2 Confidence Band of Fragility Median Values (Method 2)

Confidence Level 95% (g) 5% (g)
Sample Size 64 | 128 | 256 | 512 | 1024 | 64 128 | 256 | 512 1024
At least minor [0.515/0.544 ( 0.574 1 0.589 | 0.602 {0.795| 0.753 [ 0.713 | 0.695 | 0.681
At least moderate |0.648| 0.687 | 0.719 | 0.740 | 0.757 {0.988] 0.932 | 0.890 | 0.865 | 0.845
At least major [0.980( 1.044 | 1.099 | 1.142 | 1.170 [ 1.594| 1.496 | 1.421 | 1.368 | 1.336
Collapse 1.658] 1.85312.069 | 2.188 | 2.313 [3.952[3.537 | 3.168 | 2.996 | 2.833
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FIGURE 3-7 Statistical Uncertainty in terms of Sample Size (Method 2)
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33 Summary

This chapter presents an innovative Monte Carlo simulation method for obtaining statistical
uncertainty of fragility parameters. As these parameters are not available in analytical form, the
extent of the statistical uncertainty of these two parameters can only be obtained numerically in a
Monte Carlo simulation. The realization of the parameters is obtained by simulating a sample of
damage data based on the fragility curves developed on the basis of the original estimate of these
parameters ¢, (or ¢,,) and {,. The statistical uncertainty is then approximately represented by

the variation of a large number of realizations of these parameters. The simulation result clearly
shows that as the sample size increases, the statistical variation of the parameters becomes
smaller and the confidence band of the parameters narrows down in accordance with a factor of
1/4/N with N being the sample size. Thus obtained statistical uncertainty of fragility

parameters can be used in the seismic risk analysis to achieve more reliable risk estimate for
structural components and systems.
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SECTION 4
DEVELOPMENT OF ANALYTICAL
FRAGILITY CURVES

To examine the performance of bridges under seismic ground motions, finite element modeling
of five (5) typical reinforced concrete bridges with various dimensions, configurations and site
conditions in California is done and analyzed using commercially available structural analysis
computer code. Figure 4-1 shows the schematic diagrams of these five bridges. To improve the
seismic performance, these bridges are retrofitted using steel jacketing technique. The detail in
finite element modeling of these bridges and retrofitting technique is given in Appendix B.

To generate analytical fragility curves, bridges are analyzed under 60 earthquake ground motion
time histories in Los Angeles area. The details of selected ground motions, moment curvature
analysis of bridge columns and bridge damage state definitions can also be found in Appendix B.

4.1 Time History Analysis of Bridges
4.1.1 Analytical Fragility Curves in Longitudinal Direction

To construct analytical fragility curves of the example bridges, bridge models are analyzed under
sixty (60) ground motion time histories. According to the damage states definition given by
Dutta and Mander (1998), ductility demands at each damage states are calculated (Appendix B,
Section B.5). Bridges are analyzed considering no resistance from embankment soil at abutment
locations such that superstructure can move freely in longitudinal direction. Figures 4-2 to 4-6
show the analytical fragility curves of Bridge 1 to 5 respectively. This part does not consider the
longitudinal stiffness of the abutments. This topic is discussed in the later part of this section.
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To consider the resistance from embankment soil due to passive earth pressure at abutment
locations, the connection between bridge deck and abutment is modeled as a gap element which
is active only in compression. An initial gap of 0.0508 m (2 in) is provided in the gap element
(Appendix B). Axial force develops due to pounding when the bridge deck strikes the abutment
by loosing initially provided gap. The analytical fragility curves are shown in figure 4-7.
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FIGURE 4-7 Fragility Curves of Bridge 2 Considering Abutment Stiffness
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Comparison of figure 4-7 with figure 4-3 shows that there is no significant improvement of the
fragility characteristics of Bridge 2 if the abutment stiffness in longitudinal direction is
considered. Though it is very difficult to draw any conclusion depending on one test result, but
the comparison procedure is general and applicable for all other bridges.

4.1.2 Analytical Fragility Curves in Transverse Direction

Example bridges are analyzed in transverse direction under sixty (60) ground motion time
histories with and without considering abutment stiffness in this direction. The damage state
definitions are kept unaltered. For the first case with no abutment stiffness (zero resistance from
backfill soil), bridge acts as a single degree of freedom system in transverse direction. Very low
abutment stiffness (14.57 kN/m, nearly zero resistance from backfill soil) is considered in this
case to analyze Bridge 1 and 2 under earthquake ground motions and corresponding fragility
curves in transverse direction are plotted in figures 4-8 and 4-9. In the second case, lateral
abutment stiffness of 7287.68 kN/m (500 kips/ft) and 29150.73 kN/m (2000 kips/ft), respectively
for Bridge 1 and 2 are computed as per the recommendations given in Caltrans Seismic Design
Criteria, V1.3 (2004). For this case figures 4-10 and 4-11 represent the transverse fragility
curves of Bridge 1 and 2, respectively.

Comparison of fragility curves obtained for Bridge 1 and 2 from the above two cases show a
considerable improvement in fragility characteristics due to the lateral resistance of backfill soil
at abutment locations. In reality, it is rational to consider that the lateral movement of bridge is
resisted by the wingwalls.
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for Abutment Stiffness 14.57 kN/m
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4.2

In this study, CSM is used to evaluate the seismic performance of Bridge 2 for sixty (60) ground
acceleration time histories mentioned earlier. Two spectra, “Demand Spectrum” that represents
intensity of the seismic ground motion to which bridges are subjected, and “Capacity Spectrum”
that represents the bridges’ ability to resist the seismic demand and the “Performance Point” (i.e.
the intersecting point of demand and capacity spectra) are the key elements in CSM. The detail

Fragility Curve Development using Capacity Spectrum Method (CSM)

theoretical background of this method is given in Appendix B, Section B.8.

4.2.1 Fragility Analysis in Longitudinal Direction

Rotations at plastic hinge regions of bridge columns are computed corresponding to the
estimated displacements of the bridge girder, Agirser (B-12) for all sixty ground motions, and used
converted to rotational ductility demand. To be consistent with the analytical fragility curves
developed utilizing time history analysis, the definition of damage states is kept unaltered.

Figure 4-12 shows the fragility curves of Bridge 2 for all damage states.
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FIGURE 4-12 Fragility Curves of Bridge 2 in Longitudinal Direction from CSM

4.2.2 Fragility Analysis in Transverse Direction

Fragility analysis in transverse direction of the bridge is performed following the same theory of
CSM. Figure 4-13 shows the fragility curves of Bridge 2 for all damage states.
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FIGURE 4-13 Fragility Curves of Bridge 2 in Transverse Direction from CSM
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4.2.3 Comparison of Analytical Fragility Curves

To check the consistency of CSM, developed fragility curves in longitudinal and transverse
directions are compared with those from time history analysis. Figures 4-14 and 4-15 show the
comparison in ‘Almost No’, ‘Minor’, ‘Moderate’ and ‘Major’ damage states of Bridge 2 in
longitudinal and transverse direction, respectively. Result indicates, in both directions analytical
fragility curves derived from pushover analysis are in well accordance with those from time
history analysis. Therefore this nonlinear static analysis method can be used as an alternative to

nonlinear time history analysis in seismic vulnerability analysis of bridges.
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4.3 Fragility Enhancement after Column Retrofit

In order to investigate the effect of bridge retrofit by confining columns with steel jackets,
fragility curves of each bridge after retrofit are developed and compared with that of before
retrofit. Also, the effect of restrainer in the fragility characteristics of bridges is observed by
analyzing the bridge with and without applying restrainer. Analyses are performed utilizing
nonlinear time history analysis. The fragility curves for the four (4) sample bridges are plotted in
figures 4-16, 4-17, 4-18 and 4-19, respectively. Each figure has four (4) curves for the following
four (4) cases: CASE 1: without jacketing and without restrainer; CASE 2: with jacketing and
without restrainer; CASE 3: without jacketing and with restrainer; CASE 4: with jacketing and
with restrainer. It is noted that the log-standard deviation in each of figures 4-16, 4-17, 4-18 and
4-19 is obtained such that the fragility curves in each figure will not intersect each other.

Figures 4-20 ~ 4-23 show the enhancement in bridge fragility characteristics after retrofitting
with steel jackets. Here, the enhancements are computed separately for different shapes of
bridge columns. The percent increase in fragility parameter (c) after retrofit with respect to the
same before retrofit represent the “Enhancement” by definition. Figures 4-20, 4-21, 4-22 and 4-
23 show average fragility enhancement of bridges with circular columns (Bridge 1 and 2),
bridges with oblong columns (Bridge 3 and 5), bridge with rectangular columns (Bridge 4), and
bridges with all types of columns (Bridge 1 ~ 5), respectively. An analytical function is
interpolated and the “enhancement curve” is plotted on the basis of the least square fit. Five
damage states are mentioned as indices, x = 1, to 5 and described on the figure.
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4.4 Calibration of Analytical Fragility Curves with Damage Data
4.4.1 Comparison of Analytical Fragility Curves with Empirical Data

The damage report of Caltrans’ bridges under the Northridge earthquake serves as invaluable
field experiments that the nature provided. For the analytical purpose, mechanistic model of
bridge damage should be in accordance with that past earthquake damage data. Shinozuka et al.
(2003) developed the empirical fragility curves for Caltrans’ bridges for 1994 Northridge
Earthquake and the bridge damage data associated with it. They sub-divided the sample of
Caltrans’ bridges into four levels of sub-sets in accordance with the relevant bridge attributes
(i.e., number of spans, soil conditions, and bridge skew). In the present study, empirical fragility
curves for a fourth level subset (considering ‘multiple span’, ‘zero skew’ and ‘soil type C’) are
used to compare these curves with the analytically obtained fragility curves (figure 4-24).
Comparison indicates that the analytical curves tend to be substantially conservative in the sense
that bridges are more probable to suffer from a damage state than they are when empirical
fragility curves suggest. For example, the probability that Bridge 2 will suffer from the state of
at least moderate damage (figure 4-24) at a peak ground acceleration (PGA) of 0.4g is 37%
obtained from analytical result, whereas the same is 20% obtained from empirical result. Similar
discrepancies are observed for other bridges and other states of damage. However, these
discrepancies are minimized for each pair of empirical and analytical fragility curves associated
with the same state of damage. This is achieved by mechanistically adjusting the minimum
rotational ductility value (to be used for the dynamic analysis) obtained from Dutta and Mander’s
drift limits (Dutta and Mander 1998) and by utilizing the least square optimization procedure as
detailed in Appendix A (A-3).
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FIGURE 4-24 Comparison of Empirical and Analytical Fragility Curves of Bridge 2
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4.4.2 Estimation of Ductility Capacities at Various Damage States

Seismic response of bridges from nonlinear time history analysis (SAP2000 Nonlinear analysis)
for sixty ground motions is used as input in this part of analysis. While comparing with empirical
fragility curves, numerical analysis is done to get best-fit distribution, for minor, moderate and
extensive damage states and their corresponding ductility capacities. The parameters (median
and log-standard deviation) of each fragility curve are independently estimated by means of the
maximum likelihood procedure as described in Appendix A. The two fragility parameters are
computed as ¢ and ¢ satisfying (A-3).

Second optimization is done to minimize the difference between parameters of empirical fragility
curves (median, c.n, and log-standard deviation, {.,) and those obtained in the analytical
procedure (i.e. ¢p and ¢p). In order to capture the proper value of threshold ductility capacity at
each damage state, which will produce the analytical fragility curves consistent with empirical
curves, the above two optimization procedures are performed simultaneously. The entire
procedure is carried out independently for Bridge 2, 4 and 5. Table 4-1 presents the median
values (c) for empirical fragility curves and calibrated analytical fragility curves. Result
indicates that at minor and moderate damage states, calibrated median values are well in
accordance with that from empirical fragility curves, although dispersion is observed in the
major damage state for Bridges 4 and 5. This is because of the limited failure cases observed in
major damage state while analyzing these example bridges under 60 ground motion time
histories. Analysis with many severe ground motions that may cause major damage to Bridge 4
and 5 will produce better correspondence with empirical data. Figures 4-25 and 4-26 show the
empirical fragility curves and calibrated fragility curves of three example bridges respectively for
minor and moderate damage states.

Calibrated rotational ductility capacities for minor, moderate and major damage states of these
three example bridges are presented in table 4-2. Figure 4-27 plots these calibrated rotational
ductility capacities for different damage states in which indices 1, 2, and 3 stand for ‘Minor
Damage’, ‘Moderate Damage’ and ‘Major Damage’ respectively. This figure indicates that in all
damage states threshold rotational ductility for Bridge 4 and 5 almost overlap with each other
while that for Bridge 2 lay far apart. A clear increasing trend is common for all bridges which
can be represented on the basis of least square fit. It can be stated from this result that empirical
fragility curve for more detailed bridge classification is needed in order to calibrate analytical
result. For example, additional consideration of bridge length and number of span in current
classification will enhance calibrated result significantly.
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TABLE 4-1 Fragility Parameters (Median Values in g) for Empirical and Calibrated
Analytical Fragility Curves

Median Values (g)
D;[I;iie Empirical Calibrated Analytical Fragility Curves
Fragility Curves Bridge 2 Bridge 4 Bridge 5
Minor 0.56 0.56 0.53 0.54
Moderate 0.70 0.70 0.67 0.67
Major 1.09 1.06 0.73 0.83
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FIGURE 4-25 Empirical and Calibrated Analytical Fragility Curves at Minor Damage
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TABLE 4-2 Lower Bound of Calibrated Rotational Ductility of Bridges

Bridge No Threshold Rotational Ductility at Different Damage States
Minor Moderate Major
2 3.39 4.75 8.43
4 6.43 9.02 12.35
5 5.93 9.06 12.18
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FIGURE 4-27 Rotational Ductility Capacities at Various Damage States
4.5  Effect of Ground Motion Directionality on Fragility Characteristics of Bridges

Most of the studies on the seismic performance of structures are conducted using earthquake
ground motions acting along one of the principle axes of those structures. In general recorded
ground motions have two components, N-S and E-W. Figure 4-28 shows the trajectory of an
earthquake ground motion with two orthogonal components. Although it is possible to model
the ground motion acceleration time history as a 2D or 3D vector random process (Shinozuka
and Deodatis, 1996), the model results in time varying principal axis of the process. However,
recognizing the fact that the directionality of the earthquake ground motion may have an
important effect on structures, the current section represents a practice-oriented concept and
procedure that follows the pioneering studies carried out earlier by other researchers using multi-
components of earthquake ground motions. This procedure consists of rigorous nonlinear time
history analysis where the effect of directionality is obtained and presented in the form of
fragility curves. The detail theoretical background can be found in Appendix B, Section B.9.
The word ‘directionality’ is used here as opposed to ‘directivity’ used in engineering seismology
with a specific definition related to fault motion unique to that field.
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4.5.1 Case I: Fragility Curves for two Orthogonal Components

Maximum resultant rotations at all column ends of the bridge are computed utilizing (B-15) and
(B-16) for two orthogonal components of ground motions for several values of 6. The
orthogonal components are considered such that each pair contains one strike-parallel (SP) and
one strike-normal (SN) ground acceleration records of same earthquake. As the columns are
circular in cross section, same nonlinear moment-curvature relationship is considered in all
directions of column rotation. Following the procedure indicated in Appendix A, fragility curves
are developed for different damage states of the bridge considering 0 as 00, 150, 300, 450, 600, 75°
and 90° and estimated fragility parameter is tabulated in table 4-3. The comparison of fragility
curves for different 0 values are plotted in Figures 4-29, 4-30 and 4-31, respectively for ‘Minor’,
‘Moderate’ and ‘Major’ damage levels. These results show that 6 does not have any significant
influence on the fragility characteristics of Bridge 2 in any particular damage level.
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TABLE 4-3 Fragility Parameters of Bridge 2 at Different 6 for Two Orthogonal
Components of Ground Motion (Case I)

Fragility Parameters at Different Damage Levels
(De:ree) CMinor CModerate CMajor
(2) (2) (2)
0 0.365 0.500 0.742
15 0.400 0.479 0.715
30 0.387 0.463 0.670
45 0.407 0.500 0.690
60 0.402 0.500 0.728
75 0.364 0.514 0.745
90 0.355 0.484 0.738
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FIGURE 4-29 Fragility Curves of Bridge 2 for State of Minor Damage (Case I)
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4.5.2 Case II: Fragility Curves for one Inclined Component

With the aid of (B-17), maximum resultant rotations at all column ends of the bridge are
computed for different inclination (0) of ground motions. Fragility curves are developed for five
damage states of the bridge considering 6 as 0° (along the longitudinal direction), 15°, 30°, 45°,
60°, 75° and 90° (along the transverse direction) and estimated fragility parameter is tabulated in
table 4-4. The comparison of fragility curves for different 6 values are plotted in Figures 4-32,
4-33 and 4-34, respectively for ‘Minor’, ‘Moderate’ and ‘Major’ damage levels. From this
result, it is evident that when ground motions come along the longitudinal axis of the bridge (i.e.
0 = 0%, it has least probability of failure while the same is maximum for 6 = 45°. Fragility
curves for © = 90° (along transverse direction) are more damaging than that for 6 = 45° but
weaker than those for = 0°. Similar trend is observed in all damage levels except for ‘Minor’
damage where the fragility curves in longitudinal and transverse directions represent same failure
probability. Therefore, it can be stated that for one inclined component (case II), the ground
motions have maximum impact on the example bridge for an inclination in between 30° to 60°
with the longitudinal direction of the bridge.

TABLE 4-4 Fragility Parameters of Bridge 2 at Different O for One Inclined
Component of Ground Motion (Case II)

Fragility Parameters at Different Damage Levels
(De :ree) € Minor CModerate CMajor
(2) (2) (2)
0 0.560 0.707 1.060
15 0.476 0.557 0.822
30 0.435 0.517 0.742
45 0.407 0.517 0.742
60 0.435 0.517 0.760
75 0.490 0.579 0.778
90 0.560 0.617 0.856
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FIGURE 4-32 Fragility Curves of Bridge 2 for State of Minor Damage (Case II)
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FIGURE 4-33 Fragility Curves of Bridge 2 for State of Moderate Damage (Case II)
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SECTION 5
ANALYTICAL FRAGILITY CURVES
OF MEMPHIS BRIDGES

To demonstrate the development of analytical fragility curves, two representative bridges with a
precast prestressed continuous deck in the Memphis, Tennessee area studied by Jernigan and
Hwang (1997) are used. The plan, elevation and column cross-section of Bridge M1 are
depicted in figure 5-1. Geometry and configuration of Bridge M2 is similar to Bridge MI.
Bridge M2 also has a precast prestressed continuous deck. However, the deck is supported by 2
abutments and 4 bents with 5 spans equal to 10.7 m (35'), 16.8 m (55'), 16.8 m (55'), 16.8 m (55")
and 10.7 m (35"). Each bent has 3 columns 5.8 m (19") high with the same cross-sectional and
reinforcing characteristics as those of Bridge M1. Following Jernigan and Hwang (1997), the
strength f, of 20.7 MPa (3000 psi) concrete used for the bridge is assumed to be best described

by a normal distribution with a mean strength of 31.0 MPa (4500 psi) and a standard deviation of
6.2 MPa (900 psi), whereas the yield strength f, of grade 40 reinforcing bars used in design is

described by a lognormal distribution having a mean strength of 336.2 MPa (48.8 ksi) with a
standard deviation of 36.0 MPa (5.22 ksi). Then, a sample of ten nominally identical but
statistically different bridges are created by simulating ten realizations of f, and f, according to

respective probability distribution functions assumed. Other parameters that could contribute to
variability of structural response were not considered in the present analysis under the
assumption that their contributions are disregardable.

For the seismic ground motion, the time histories generated by Hwang and Huo (1996) at the
Center for Earthquake Research and Information, the University of Memphis are used. These
time histories are generated by making use of the Fourier acceleration amplitude on the base rock
derived under the assumption of a far-field point source by Boore (1983). In fact, the study area
is located 40 km to 100 km from Marked Tree, Arkansas (see figure 5-2), the epicenter of the
1846 earthquake of magnitude of 6.5 and of all the scenario earthquakes considered in this study.
Use of more widely distributed sources of seismic events that represent better the New Madrid
seismic zone is a worthwhile subject of future study. Marked Tree is currently considered to
define the southwestern edge of the New Madrid fault. Upon using seismologically consistent
values for the parameters in the Boore and other related models and converting the Fourier
amplitude to a power spectrum, corresponding histories are generated on the base rock by means
of the spectral representation method by Shinozuka and Deodatis (1991). The seismic wave
represented by these time histories is propagated through the surface layer to the ground surface
by means of the SHAKE 91 computer code by Idriss and Sun (1992) and used, upon modulating
in the time domain, for the response analysis. To minimize computational effort, samples of 10
time histories are randomly selected from 50 histories generated by Hwang and Huo (1996) for
each of the following eight (8) combinations of M (magnitude) and R (epicentral distance); M =
6.5 with R = 80 km and 100 km, M = 7.0 with R = 60 km and 80 km, M=7.5 with R= 40 km and
60 km, and M = 8.0 with R = 40 km and 60 km.

Typical ground motion time histories for two extreme combinations M = 8.0 with R = 40 km and
M = 6.5 with R = 100 km are shown in figure 5-3. For the purpose of response analysis, a
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sample of ten time histories generated from each M and R combination is matched with a sample
of ten bridges in a pseudo Latin Hypercube format; pseudo in the sense that the sample of ten
bridges is the same for all the combinations of M and R. Hence, each statistical representation of
Bridges M1 and M2 are subjected to 80 ground motion time histories. The spectral accelerations
averaged over 10 acceleration time histories used in this study from each of the combinations M
= 7.5 for R = 40 km, and 60 km are shown in figure 5-4 to provide an insight to the frequency
content of these ground motion time histories.

The present study utilizes the SAP 2000 finite element code, which is user-friendly particularly
for bridge design and analysis, in order to simulate the state of damage of each structure under
ground acceleration time history. This computer code can provide hysteretic elements that are in
essence bilinear without strength or stiffness degeneration. The results from SAP 2000 code was
validated for the bilinear behavior by analyzing the same problem using ANSYS computer code.
Similarly, validation should be made using ANSYS, DIANA and other up-scale codes to account
for bilinear hysteresis with strength and stiffness degradation in order to identify the extent of the
approximation the SAP 2000 code provides. Such validation and adjustment would provide an
analytical basis for possibly improving SAP 2000 results in a systematic fashion to derive more
realistic fragility curves in an efficient fashion. This indeed is an interesting future study.

The states of damage considered for both Bridges M1 and M2 are major (all the columns
subjected to ductility demand > 2) and “at least minor” (all the columns subjected to ductility
demand >1) under the longitudinal applications of ground motion. For the Memphis bridges, the
median and log-standard deviation parameters for the log-normal fragility curves were estimated
by Method 1. Figure 5-5 shows the fragility curves associated with these states of damage for
Bridges M1 and M2. Eighty diamonds are plotted in figure 5-5 and also more clearly in figure 5-
6 on the two horizontal axes represent x; = 0 (for state of less than major damage) and x; = 1 (for
state of major damage) in relation to (A-1) for Bridge M1 under the eighty earthquakes
generated. The corresponding fragility curve is derived on the basis of these diamonds and
replotted in figure 5-6 to demonstrate more easily how well the corresponding fragility curves fit
to the input damage data. Similar eighty diamonds associated with the state of minor damage for
Bridge M1 are plotted in figure 5-7 together with the corresponding fragility curve.

Figures 5-8 and 5-9 plot the fragility curves for Bridge M1 associated with at least minor damage
and with major damage, respectively with solid curves based on 80 earthquakes and dashed
curves on 60 earthquakes (in accordance with the pseudo-hyper Latin cube procedure described
earlier). The results suggest that the reduction of sample size from 80 to 60 may be tolerable for
the fragility curve development. Caution should be exercised, however, to recognize that the key
to develop a reasonable fragility curve is not only to have an adequate sample size (a minimum
of 30 or so) but also to have the sample covering appropriately the three ranges of PGA for no
damage, damage and variable fragility (e.g., PGA < 0.20g, PGA > 0.35g and PGA between the

two in figure 5-9). The intermediate range is where the fragility value rises from zero to unity.
Unfortunately, the adequacy of such a coverage can only be judged after the fact. Hence,
depending on the simulation result at hand, decision must be made whether to terminate or
continue with the simulation primarily on the basis of judgment. It is mentioned in passing that
this option of increasing the sample size at the expense of additional computational effort does
not exist for the empirical fragility curve development in the sense that the source of data is
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limited to the damage report. The analysis performed under the ground motion in the transverse
direction produced states of lesser damage and hence not given in this report.

It is important to recognize that mixed modes of failure can occur simultaneously as well as
sequentially depending on the specific process of dynamic response each bridge experiences.
The following modes of failure are more obvious examples to which due consideration must be
given. The columns can fail not only in a single mode under bending or under shear, but also in
a mixed bending and shear. Prior to these serious failures that could induce a state of collapse of
a bridge, however, bearings located on bents could fail when bridge columns and decks are not
monolithically constructed. The bearing failure can not only induce states of physical damage
such as unseating and falling-off of the decks, but also potentially result in traffic closure by
creating abrupt deck surface irregularity even when essential bridge structural components such
as decks themselves, columns and abutments suffer from little damage. Similar failures
including those arising from pounding between adjacent decks could occur, particularly at
expansion joints. At present, however, these modes of failure present a significant technical
challenge to be included in the dynamic analysis in the sequence they occur. Indeed, it is one
thing to analytically formulate the failure criteria, but it is entirely another to reproduce
computationally the sequence of these failures. Quasi-static and related approaches may provide
additional information to circumvent this difficulty.
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SECTION 6
COMPARISON OF FRAGILITY CURVES

6.1 Comparison of Analytical Fragility Curves with other Fragility Curves

HAZUS (1999) documented five damage states of highway bridges as ‘No’, ‘Slight/Minor’,
‘Moderate’, ‘Extensive’ and ‘Complete’ damage which are equivalent to the five damage states
as reported by Caltrans. Following the theoretical background presented in Baséz and Mander
(1999), HAZUS categorized a total of 28 bridge classes (HWBI1 through HWB28) in accordance
with bridge design, configuration and functional characteristics. These fragility curves are used
to compare analytical fragility curves those obtained after calibrating with empirical damage
data. For this purpose, bridge class HWB9 (National Bridge Inventory (NBI) Class: 205 — 206)
is selected for comparison, which has closest resemblance with the example bridges among 28
classes described in HAZUS. The median spectral accelerations (SA) of damage states
‘Slight/Minor’, ‘Moderate’, ‘Extensive’ (Major) and ‘Complete’ (Collapse) for class HWBO are
obtained from Table 7.7 of the HAZUS technical manual (1999) and modified further to
incorporate 3D effect (ksp) for total number of span, amplification factor (S) for soil type and
modification factor for skewness (kgew). According to the example bridges, the following
modification factors are implied: S = 1.3 for soil type ‘C’, kgew = 1.0 for zero skewness and ksp
= 1.08, 1.04 and 1.03 for Bridge 2, 4 and 5, respectively. As Ighape = 0 for HWBY (Table 7.7 of
HAZUS manual), kenape does not apply in modifying SA. Modified SAs are used to generate
bridge specific fragility curves for different damage levels.

The median PGA values for NBI class 205 — 206 are also obtained from Baséz and Mander
(1999). These median PGA values are suggested to use as SA (natural period = 1 sec) for long
period structures, and thereafter modified according to the analytical bridge model as indicated in

the previous paragraph. A set of fragility curves for different damage levels are obtained using
these modified SAs.

For the purpose of comparison, the analytical fragility curves are converted for ground motion
intensity parameter SA, and plotted in the same figure along with the fragility curves from
HAZUS and Basoz and Mander (1999). Figures 6-1 ~ 6-9 show the fragility curves of Bridge 2,
4 and 5 for minor, moderate and major damage states and table 6-1 represents the corresponding
median SA values. Comparison indicates that in moderate and major damage states analytical
fragility curves are consistent with HAZUS for Bridge 2, although these are weaker than
HAZUS for other two bridges. In case of minor damage, analysis produces stronger fragility
curves than HAZUS for all bridges.

In all cases, fragility curves from Bas6z and Mander (1999) are substantially conservative than
other fragility curves. In comparison with HAZUS, they do not produce good consistency which
is mainly due to the different approaches used in these two methods to imply soil type
modification factor. Also, the median fragility parameters mentioned here are slightly different
though both considered same bridge class.
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TABLE 6-1 Median Spectral Accelerations (SA)

Damage Modified median SA Modified median SA from Median SA for
State from HAZUS (1999) (g) | Baséz and Mander (1999) (g) Bridge 2 (g)
Bridge 2
Minor 0.60 0.42 0.72
Moderate 0.97 0.73 0.89
Major 1.41 1.02 1.33
Bridge 4
Minor 0.60 0.42 0.69
Moderate 0.93 0.70 0.79
Major 1.33 0.96 1.08
Bridge 5
Minor 0.60 0.42 0.68
Moderate 0.93 0.70 0.86
Major 1.34 0.96 1.08

—a— Time History Analysis
—8—HAZUS

0.8 -
—+— Basoz and Mander

0.6

State

04

0.2

Probability of Exceeding a Damage

0 0.2 04 0.6 0.8 1
SA(g)
FIGURE 6-1 Comparison of Fragility Curves of Bridge 2 at Minor Damage
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FIGURE 6-2 Comparison of Fragility Curves of Bridge 2 at Moderate Damage
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FIGURE 6-3 Comparison of Fragility Curves of Bridge 2 at Major Damage
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FIGURE 6-9 Comparison of Fragility Curves of Bridge 5 at Major Damage

90



6.2 Comparison of Empirical Fragility Curves with HAZUS

As discussed in chapter 2, empirical fragility curves are developed from the bridge damage data
from Northridge earthquake. The damaged bridges are categorized into different sub-sets
according to the bridge attribute and configurations and empirical fragility curves are developed
in each sub-set. Tables 6-2 and 6-3 documented the fragility parameters of Caltrans bridges
when they are classified according to skewness and number of span, respectively. The number
of damaged bridges falls in a particular category is represented as “Sample Size”.

HAZUS documented the modification factor for bridge skewness and number of span. In order
to make a comparison with HAZUS recommendations, empirical fragility parameters are used to
compute these modification factors. In case of skewed bridges, the modification factor for
certain skew angle is computed by dividing the median fragility parameter corresponding to this
skew angle with that corresponding to zero skew angle (table 6-2). Figure 6-10 represents the
modification factors for skew angle obtained from empirical fragility curves and HAZUS
documentation.

Figure 6-11 shows the modification factors for number of bridge span obtained from empirical
fragility curves and HAZUS documentation. The empirical modification factor for number of
bridge span is computed by dividing the median fragility parameter obtained for some category
with that obtained for number of bridge span > 10 (table 6-3).

TABLE 6-2 Empirical Fragility Parameters of Caltrans’ Bridges with Different Skewness

Sample Size 562 | 666 \ 384 | 235 \ 42
Median PGA Skew Angle (Deg.)
(g) 0 1~20 21 ~ 40 41 ~ 60 > 60
Caninor 1.18 0.88 0.60 0.77 0.49
Crnoderate 1.66 1.14 0.74 0.86 0.65
Cunajor 3.17 1.61 1.12 1.36 0.83

TABLE 6-3 Empirical Fragility Parameters of Caltrans’ Bridges with Different Numbers

of Span
Sample Size 548 | 474 | 517 | 323 | 193 | 91 69
Median PGA Number of Span
(g) 1 2 3 4 5,6,7 8,9,10 > 10
Caninor 0.93 0.8 0.77 0.63 0.46 0.37 0.34
Crnoderate 1.14 0.95 1.02 0.80 0.60 0.42 0.39
Cunaior 1.51 1.50 1.52 1.22 0.88 0.59 0.69
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SECTION 7
VERIFICATION OF BRIDGE DAMAGE STATE DEFINITIONS
THROUGH EXPERIMENTAL DATA

As discussed in earlier, bridge damage state definitions are quantified by mechanistically
calibrating analytical bridge damage data, generated through numerical simulation of bridge
dynamic characteristics, with that obtained from the 1994 Northridge earthquake. Thus derived
bridge damage state definitions quantify the physical descriptions presented in HAZUS (1999).
However, it is always desirable to compare these definitions with available experimental data
from full scale bridge model testing. For this purpose, the current section deals with the bridge
damage data observed from a large scale shaking table test conducted at the University of
Nevada, Reno (Johnson et al. 2006) in which a research team from University of California,
Irvine was participated. This experimental study provides bridge response and its progressive
failure nature under ground motions with various intensity levels. Damage data from this
experiment are studied here and analyzed further to produce relevant result so that these results
can be utilized in a straightforward comparative study involving analytical result. Following
sections describes this experimental study and comparison between analytical and experimental
results.

7.1 Experimental Study

A large-scale shaking table test of a 20.5 m long two-span reinforced concrete bridge model was
conducted at the University of Nevada, Reno (Johnson et al. 2006). Main objective of this
experimental research was to determine the seismic response of a bridge under different levels of
excitation. Total height of this specimen was 3.28 m from the bottom of the footing block to the
top of the superstructure. Bridge spans, each 9.14 m long, were supported on three column bents
with the tallest one at middle. Clear heights of these bents were 1.83 m, 2.44 m and 1.52 m.
Each bent was consisting of two columns of same cross-sectional and material properties. A
solid slab was composed as bridge deck that was post-tensioned in both longitudinal and
transverse directions of the bridge. Cast-in-place drilled pile shafts were assumed as
substructure. Figures 7-1 and 7-2 show the bridge model and experimental set up. From this
model, axial force is estimated as 219.2 kN on bent 1 and 3, and 182.2 kN on bent 2.
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FIGURE 7-1 Experimental Model of a Two-Span Reinforced Concrete Bridge
(Johnson et al. 2006)

FIGURE 7-2 Experimental Bridge Model on Shake Tables (Johnson et al. 2006)

7.1.1 Low and High Amplitude Tests

This bridge model was excited with both low and high amplitude earthquakes by placing it on
three shaking tables as shown in figure 7-2. Earthquake ground motions used in this study were
calculated from the motion recorded at the Century City Country Club during the 1994
Northridge earthquake. In this experiment, ground motions were applied along the transverse
direction of the bridge. Bridge movement in the longitudinal direction was not studied as in this
direction in-span hinges and boundary conditions of the bridge were not modeled in order to
keep the experimental model ‘reasonably simple’. Although transverse movement produced
some response in the longitudinal direction of the bridge, that was accurate only up to the closure
of prototype hinge gap. Therefore bridge response only in the transverse direction is considered
here for further analysis.
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Before high amplitude tests, 11 tests were conducted such a way that longitudinal reinforcement
in bridge columns did not yield. These tests are referred to as low amplitude tests. Following
these, 9 high amplitude tests were performed (test 12 to 20) by gradually increasing ground
motion intensity. Main purpose of these high amplitude tests was to excite the bridge model so
that bridge columns failed in the transverse direction. To investigate the nature of progressive
failure, bridge response was recorded in each step from yielding to buckling of longitudinal
reinforcements. In doing so, ground motion with very low amplitude was applied during test 12
and gradually scaled up in consecutive tests. Table 7-1 lists target PGAs at shaking table during
high amplitude tests. During test 19, this bridge model was regarded to have failed when
columns of bent 3 failed in flexure, though no major damage was observed in other two bents.
Afterwards, upon completion of test 20 two additional tests were performed with reduced
amplitude to produce more damage in bents 1 and 2.

TABLE 7-1 High Amplitude Tests and Target PGAs

High Amplitude Test # | Bed Rock Excitation (g) | Target PGA at Shaking Table (g)
12 0.40 0.075
13 0.40 0.15
14 0.40 0.25
15 0.40 0.50
16 0.40 0.75
17 0.40 1.00
18 0.40 1.33
19 0.40 1.66
20 0.40 1.00

7.1.2 Bridge Response and Progressive Damage in Columns

Prior to testing, shake table model was instrumented with displacement transducers,
accelerometers and strain gauges in order to record bridge seismic response. Johnson et al.
(2006) documented bridge response in terms of displacement and acceleration of superstructure,
curvature at column ends, strain in the column reinforcement, etc. They verified these response
quantities by making analytical model of this two-span bridge usinng SAP2000 Nonlinear and
Drain-3DX (Prakash and Campbell, 1994) computer code.

Recorded response during high amplitude tests indicates the progressive failure pattern of the
bridge. During tests 12 and 13, no damage was observed in any of the bridge columns.
Gradually hairline cracks started to form during test 14 though no significant damage was
noticed at that time. During tests 15 and 16, cover concrete in bridge columns started to spill out
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which became significant during test 17. During test 19, both columns of bent 3 failed in flexure
due to the buckling of longitudinal reinforcing bars. A detail description of this progressive
failure and observed bridge response are documented in Johnson et al. (2006).

7.2 Comparison Between Experimental and Analytical Result

As stated before, damage data observed in this experiment (Johnson et al., 2006) is a valuable
source of information about bridge response under seismic ground motions with various intensity
levels. This set of data is utilized in this research to compare these with the analytical result
discussed in one of the preceding chapters of this report. For this purpose, bridge damage states
are introduced as no such definition was indicated in the experimental study. Then experimental
damage data are categorized into these newly incorporated damage states. Following sections
describe this procedure in detail.

7.2.1 Bridge Damage States
According to the nature of damage observed in columns during high amplitude tests, bridge
damage can be categorized into four damage levels starting from no damage to major damage.

This categorization is done in accordance with the damage state description presented in HAZUS
(1999). Table 7-2 lists these damage states and corresponding damage in bridge columns.

TABLE 7-2 Description of Bridge Damage States as Observed from the Experiment

Damage States Descriptions of Physical Damage

No Damage No damage in bridge columns

Minor Damage Height of column flaking/spalling < 80 mm

Moderate Damage | Height of column spalling > 80 mm or exposure of column reinforcement

Major Damage Buckling of reinforcing bar(s)

At the beginning of high amplitude tests (during tests 12 to 14), no damage was observed in
bridge columns. Therefore, observed curvatures at column ends during these tests represent the
state of no damage. In the similar fashion, recorded curvatures during tests at which bridge
columns experienced minor, moderate and major damage represent these damage states. Table
7-3 lists curvatures at column ends observed during high amplitude tests and corresponding
damage levels of this bridge.
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TABLE 7-3 Recorded Curvatures at Column Ends and Corresponding Damage Levels

. Curvature . Curvature
Location Test # Damage Location Test # Damage
rad/mm rad/mm
Bent 1, East | 12 | 1.1x107 No Bent 1, East | 16 | 1.8x10" | Minor
Col, Top 14 | 44x10° No Col, Top 17 1.4x10* | Minor
Bent 1, East | 12 | 1.3x10° No Bent 1, East | 16 | 22x10* | Minor
Col, Bottom | 15 | 1.0x 10 No Col, Bottom | 17 | 17x10* | Minor
Bent 1, West | 12 | 1.3x107 No | Bent1, West| 16 | 2.0x10% | Minor
Col, Top 14 | 45%x10° No Col, Top 18 | 23x10* | Minor
Bent 1, West | 12 | 1.4x107 No | Bent1, West| 16 | 2.1x10% | Minor
Col, Bottom | 15 | 12x10* No Col, Bottom | 17 | 15x10* | Minor
-6
Bent 2, East 12 5.4x10 No Bent 2, East 18 20 x 10* Minor
Col, Top 15 4.2 %107 No Col, Top '
-6
Bent 2, East 12 8.8 <10 No Bent 2, East 18 17 x 10 Minor
Col, Bottom 15 52 %107 No Col, Bottom )
-6
Bent 2, West 12 6.0 x 10 No Bent 2, West 19 54 % 10° Minor
Col, Top 15 4.8 x10° No Col, Top '
-6
Bent 2, West 12 7410 No Bent 2, West 18 1.9 x 10 Minor
Col, Bottom 16 1.3 x10% No Col, Bottom '
Bent3, East | 12 | 9.8x10° No Bent3, East | 15 | 1.3x10" | Minor
Col, Top 14 |39x%x107 No Col, Top 16 | 1.9x10* | Minor
Bent3,East | 12 | 1.0x107 No Bent3,East | 15 | 14x10% | Minor
Col, Bottom | 14 | 40x 107 No Col, Bottom | 16 | 2.0x10* | Minor
12 |9.0x10° No
Bent 3, West 5 Bent 3, West 16 1.5 % 10 Minor
Col, Top 15 73 %10 No Col, Top
Bent3, West | 12 | 1.1x107 No | Bent3, West| 16 | 2.0x10% | Minor
Col, Bottom | 14 | 40x10° | No | Col,Bottom | 15 | 15x10* | Minor
19 2.7 %x 10" | Moderate
Bent 1, East . Bent 3, East 13 34%10* | Moderate
Col, Top 21 | 2.4x10" | Moderate | Col, Top
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TABLE 7-3 Recorded Curvatures at Column Ends and Corresponding Damage Levels

(Cont’d)
19 3.2 x 10™ | Moderate
Bent 1, East Bent 3, East 13 37x10% | Moderate
Col, Bottom 21 2.4 x10* | Moderate | Col, Bottom
Bent I, West |19 1 5 9% 10* | Moderate | B3 West |18 1 5 6% 10% | Moderate
Col, Top Col, Top
Bent 1, West 4 Bent 3, West 4
Col, Bottom 19 3.0 x 10™ | Moderate Col, Bottom 18 3.2x%x10 Moderate
19 | 53x10% | Major
Bent 2, East 2 28 % 10% | Moderate Bent 3, East
Col, Top Col, Top 21 | 3.9%x10* | Major
19 | 5.0x10* | Major
Bent 2, East ” 2 5% 10* | Moderate Bent 3, East J
Col, Bottom Col, Bottom | 191 4.0 x 10 Major
19 | 46x10" | Major
Bent 2, West 2 30 % 10* | Moderate Bent 3, West J
Col, Top Col, Top 20 | 3.8x10% | Major
19 | 59x10% | Major
Bent 2, West 2 32 % 10% | Moderate Bent 3, West
Col, Bottom Col, Bottom 20 46 %10 Major

7.2.2 Moment-Rotation Analysis

From the abovementioned experimental study, one only can get bridge response (in terms of
rotation, displacement, acceleration etc.) as tabulated in table 7-3. Although to perform a
comparative study involving analytical result, it is necessary to evaluate rotational ductility from
these observed curvatures. In doing so, the moment-curvature relation of bridge columns
presented in Johnson et al. (2006) cannot be used as it provides conservative estimation in
comparison with that observed from the experimental investigation. From the moment-curvature
curve of Johnson et al. (2006), ultimate curvature is computed as 0.00028 rad/mm while a
maximum curvature of 0.00037 rad/mm is observed in columns of Bent 3 during test 18. Again,
in test 19 when these columns are having major damage in the sense that they buckled in flexure,
observed curvature is nearly twice as big as ultimate curvature obtained from the moment-
curvature analysis by Johnson et al. (2006).

Therefore to compute rotational ductility, moment-rotation relations of bridge columns are
developed by utilizing the program given by Kushiyama (2002) (Appendix A). For this purpose,
following properties of the bridge are obtained from the experimental model. It should be noted
here that the effective column height is taken from the bottom of the superstructure soffit to the
half depth point of the bridge deck. Figures 7-3 and 7-4 show moment-rotation curve of column
bents.
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Effective depth of the member: 2.58 m (Bent 1 and 3), 3.19 m (Bent 2)
Diameter of bridge columns: 0.3048 m
Axial force by dead load: 209.2 kN (Bent 1 and 3), 182.2 kN (Bent 2)
Compressive strength of unconfined concrete: 34.42 MPa

Yield stress of longitudinal reinforcement: 457.85 MPa

Yield stress of hoop reinforcement: 461.30 MPa
Concrete cover to confine longitudinal reinforcement: 19 mm
Number of longitudinal reinforcement: 16
Diameter of longitudinal reinforcement: 9.525 mm (#3)
Diameter of hoops: 4.88 mm (W2.9)
Spacing of hoops: 31.75 mm

Moment (kN-m)

100 | | |
aPYkelastic
80 |
M, =382.87 kN-m
60 r M, =95.04 KN-m §
Gy =0.005055 rad
0, =0.0713 rad
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kelastic =1.64 x 10* kKN-m
0py=0.01116
20 Computed N
Bilinear
0 L 1 |
0.00 0.02 0.04 0.06
Rotation (rad)

FIGURE 7-3 Moment-Rotation Curve of Bent 1 and 3
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FIGURE 7-4 Moment-Rotation Curve of Bent 2
7.2.3 Rotational Ductility of Bridge Columns at Various Damage States

According to the experimental set-up, rotations at bridge column ends can be obtained by
multiplying measured curvature with gauge length (127 mm) which is the interval between
curvature rod and fixity. Hence, rotational ductility is computed by dividing these rotations with
yield rotations obtained from moment-rotation relation of column bents (figures 7-3 and 7-4).
Table 7-4 presents rotations at column ends and their corresponding rotational ductility values.
In this table, values in bold and italic letters represent maximum or minimum rotational ductility
obtained at different bridge damage states.

Figure 7-5 plots these rotational ductilities and corresponding bridge damage states in which
damage state index 0, 1, 2 and 3 respectively represent no, minor, moderate and major damage.
Eventually, threshold damage limits are estimated by averaging minimum and maximum
rotational ductilities obtained in two successive damage states. For example, minimum
rotational ductility observed in minor damage is 3.27 while the maximum rotational ductility
observe in no damage is 3.01. Therefore, lower bound of rotational ductility for the state of
minor damage is computed as 3.14. Similar values for moderate and major damage are
estimated as 5.90 and 9.42, respectively. It should be noted here that these values of threshold
limits are obtained considering all column bents in a same statistical population.
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TABLE 7-4 Rotational Ductility of Bridge Columns at Different Damage Levels

Locati Curvature | Rotation Rot. Locati Curvature Rotation Rot.

ocation rad/mm rad Ductility ocation rad/mm rad Ductility
No Damage No Damage
Bent1 | 1.1x10° | 0.0014 0.28 Bent1 | 1.3x10° | 0.0017 0.33
Bent1 | 4.4x10° | 0.0056 1.11 Bent1 | 4.5x10° | 0.0057 1.13
Bent1 | 1.3x10° | 0.0017 0.33 Bent1 | 1.4x10° | 0.0018 0.35
Bent1 | 1.0x10% | 0.0127 2.51 Bent1 | 1.2x10%| 0.0152 3.01
Bent2 | 5.4x10° | 0.0007 0.12 Bent2 | 6.0 x10° | 0.0008 0.13
Bent2 | 42x10° | 0.0053 0.93 Bent2 | 4.8x10° | 0.0061 1.06
Bent2 | 88x10° | 0.0011 0.19 Bent2 | 7.4 x10° | 0.0009 0.16
Bent2 | 5.2x10° | 0.0066 1.15 Bent2 | 1.3 x10™ | 0.0165 2.87
Bent3 | 9.8x10° | 0.0012 0.25 Bent3 | 9.0x10°| 0.0011 0.23
Bent3 | 3.9x10° | 0.0050 0.98 Bent3 | 7.3 x10° | 0.0093 1.83
Bent3 | 1.0x10° | 0.0013 0.25 Bent3 | 1.1 x10° | 0.0014 0.28
Bent3 | 4.0x10° | 0.0051 1.00 Bent3 | 4.0 x10° | 0.0051 1.00
Minor Damage Minor Damage
Bent1 | 1.8x10% | 0.0229 4.52 Bent1 |2.0x10™ | 0.0254 5.02
Bent1 | 1.4x10* | 0.0178 3.52 Bent1 |2.3x10"| 0.0292 5.78
Bent1 | 22x10* | 0.0279 5.53 Bent1 |2.1x10%| 0.0267 5.28
Bent1 | 1.7x10% | 0.0216 4.27 Bent1 | 1.5x10* | 0.0191 3.77
Bent2 | 2.0x10* | 0.0254 4.42 Bent2 |2.4x10%| 0.0305 5.31
Bent2 | 1.7x10% | 0.0216 3.76 Bent2 | 1.9 x10™ | 0.0241 4.20
Bent3 | 1.3x10* | 0.0165 3.27 Bent3 | 1.5x10™* | 0.0191 3.77
Bent3 | 1.9x10* | 0.0241 4.77 Bent3 |2.0x10%| 0.0254 5.02
Bent3 | 1.4x10* | 0.0178 3.52 Bent3 | 1.5x10™* | 0.0191 3.77
Bent3 | 2.0x10* | 0.0254 5.02
Moderate Damage Moderate Damage

Bent1 | 2.7x10* | 0.0343 6.78 Bent1 |2.4x10*| 0.0305 6.03
Bent1 | 2.4x10* | 0.0305 6.03 Bent1 |2.9x10*| 0.0368 7.29
Bent1 | 3.2x10% | 0.0406 8.04 Bent1 |3.0x10™* | 0.0381 7.54
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TABLE 7-4 Rotational Ductility of Bridge Columns at Different Damage Levels
(Cont’d)

Bent2 | 2.8x10* | 0.0356 6.19 Bent2 | 3.0x 10" | 0.0381 6.63
Bent2 | 2.5x10* | 0.0318 5.53 Bent2 |3.2x10%| 0.0406 7.08
Bent3 | 3.4x10* | 0.0432 8.54 Bent3 |2.6x10*| 0.0330 6.53
Bent3 | 3.7x10* | 0.0470 9.30 Bent3 |[3.2x10%| 0.0406 8.04
Major Damage Major Damage
Bent3 | 5.3x10* | 0.0673 1332 | Bent3 |4.6x10*| 0.0584 | 11.56
Bent3 | 32x 10" | 0.0495 9.80 Bent3 | 3.8x10% | 0.0483 9.55
Bent3 | 5.0x10* | 0.0635 1256 | Bent3 |4.6x10*| 0.0584 | 11.56
Bent3 | 4.0x10* | 0.0508 10.05

1 5 T T
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+
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12 r + Bent 3 + T
= ¥
= Major Damage: 9.42 +
It -+
= 9 r i
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O § 1 | 1
0 1 2 3 4

Damage State Index

Figure 7-5 Estimated Rotational Ductilities from Experimental Data
7.2.4 Comparison of Threshold Damage Limits

Objective of the current study is to compare the threshold limits of bridge damage as presented in
Figure 7-5 with those obtained from analytical study in Chapter 4. The experimental model
represents a two-span bridge with zero skewness and thus comparable with analytical bridge
models. For the purpose of comparison, damage limits obtained through experiment are plotted
in figure 7-6 together with that derived by mechanistically calibrating analytical bridge damage
models. Comparison indicates that damage limits obtained from experimental result correspond
satisfactorily with that previously obtained by utilizing three analytical bridges. Moreover,
experimental result helps to update the trend of damage limits which is developed on the basis of
least square fit as shown in figure 7-6.
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Figure 7-6 Rotational Ductilities Representing Threshold Limits of Bridge Damage

7.3 Discussion of Results

This chapter integrates empirical, analytical and experimental seismic damage data of bridges in
order to compare threshold damage limits. Comparison indicates good correspondence of
threshold damage limits obtained by calibrating analytical model with empirical data and
generated from experimental observation.

It should be noted here that threshold rotational ductility values obtained through experiment are
for the transverse direction of the bridge while these for analytical bridges are for the
longitudinal direction. Even then, this comparison is valid as experimental bridge model had
columns with circular cross-section. In previous chapters it is mentioned that threshold damage
limits in terms of rotational ductility in the longitudinal and transverse directions are same for
bridges with circular columns (applied for Bridge 1 and 2). On this basis, it can be stated that
this comparison confirms the consistency of bridge damage limits quantified by calibrating
analytically simulated bridge damage with past earthquake damage data. Obviously, these
definitions can be updated by utilizing more damage data generated through experimental study
with relevant bridge configuration and/or observed during earthquake in real-time.
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SECTION 8
DEVELOPMENT OF DESIGN STRATEGY

In general, performance-based design methodology is controlled through the relationship
between earthquake ground motions described by their return periods and intensities, and the
seismic performance of structural systems. A structural design should not be accepted if it does
not satisfy the performance criteria set for design. In this context, this section recommends a
guideline for the design verification of a newly designed bridge that can be analyzed utilizing the
nonlinear analytical tool described in the preceding section of this report.

It appears reasonable to suggest that the five bridge damage states mentioned above are
considered as equivalent to, respectively, “Operational”, “Immediate Occupancy”, “Life Safety”
and “Collapse Prevention” of ‘Performance-Based Design of Buildings’ (FEMA 356, 2000),
except for “Collapse” which does not have any counterpart. It is assumed that these performance
levels can be evaluated by comparing the computed rotational ductility (RD) at plastic hinge
regions of bridge columns with the rotational ductility limits (RDL) at each damage state. These
RDLs are obtained from the calibration of analytical bridge damage with empirical data. As
discussed in the earlier section of this report, calibration is performed in terms of comparison of
the fragility parameters. Therefore, this is a major application of fragility curves in performing
bridge design verification. Figure 8-1 schematically describes the performance levels and
threshold RDLs.

L L
Elastic <} 1 I : I Ls |> Collapse

RDLy RDL, RDL, RDL¢

Rotational Ductility (RD) e >
FIGURE 8-1 Performance Levels of Bridge under Seismic Excitation

L; represents both ‘No’ and ‘Minor’ damage of bridges which are equivalent to respectively,
‘Operational’ and ‘Immediate Occupancy’ performance levels for building; L, indicates
‘Moderate’ damage which is equivalent to ‘Life Safety’ performance level for building; and L
defines ‘Major’ (Extensive) damage which is equivalent to ‘Collapse Prevention’ performance
level for building. RDL’s are the rotational ductility limits in which RDLy and RDL represent,
respectively, the yield and collapse states of the bridge. The following section describes the
utilization of these threshold performance levels (RDLs) to examine the performance of the
bridge after analyzing it under certain earthquake ground motion.

For different input ground motions, the following figures (figures 8-2, 8-3 and 8-4) describe 3
different methods to perform the analysis. Method 1 and Method 2 are straightforward and deal
with one earthquake ground motion with specific hazard level and one target performance level.
As described in figure 8-2, ground motion input is in the form of response spectrum. Rotational
ductility (RD) of the bridge can be obtained using nonlinear dynamic and static procedures. In
case of nonlinear dynamic analysis, RD is computed directly from the response time history
whereas, in nonlinear static analysis performance displacement (Sq) of the structure is computed

105



first (Appendix B, Section B.8) and then converted to rotation at plastic hinge 6 from which RD
can be estimated. The design is acceptable if desired performance level is achieved, otherwise
design should be modified. Method 2 (figure 8-3) is the same as Method 1 except for the input
ground motion. Here, time history of the ground motion is used as an input and it needs to be
converted to elastic response spectra in case of nonlinear static analysis.

Input: Structural Input: Interaction Structural
Response  |——F—— Apalysis: Response % Apalysis: .
Spectrum Nonlinear Dyn. Spectrum Demand |Nonlinear Static

| Inelastic Response Spectrum |—

\ 4
| Rotation at Plastic Hinge (0) |

|Performance Displacement (Sd)|<—'

A
| Rotational Ductility (RD = 6/6,) | | v |
Rotation at Plastic Hinge (0)

A 4

| Rotational Ductility (RD = 6/6,) |

(a) Nonlinear Dynamic Analysis (b) Nonlinear Static Analysis

FIGURE 8-2 Flow Chart: Method 1

l—{ Input: Acceleration Time History | r{ Input: Acceleration Time History |
' . Interaction Structural
Acceleration SAtll;g(l:;g:l Elastic Response| between AnalyI;iS'
. . . Capacity and :

Time History Nonlinear Dyn. Spectrym Demand |Nonlinear Static

v

| Inelastic Response Spectrum

| Rotation at Plastic Hinge (0) |

|Performance Displacement (Sq)

| Rotational Ductility (RD = 6/6) | ot S o
otation at Plastic Hinge

A 4
| Rotational Ductility (RD = 6/6,) |

(a) Nonlinear Dynamic Analysis (b) Nonlinear Static Analysis

FIGURE 8-3 Flow Chart: Method 2
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Method 3 deals with more than one ground motions with specific return period and
corresponding target performance level (figure 8-4). The bridge will be designed for three
response spectra RSy, RS, and RS; having return periods respectively of 2500 yrs, 475 yrs and
72 yrs. For example, a newly designed bridge must satisfy the following criteria.

1. Level L;; Under RS; with return period 72 yrs (exceedance probability 50% in 50 yrs)
compute rotational ductility RD; (= 6,/6y) where RDLy < RD; < RDL,

2. Level Ly; Under RS, with return period 475 yrs (exceedance probability 10% in 50 yrs)
compute rotational ductility RD; (= 6,/0y) where RDL; < RD, < RDL,

3. Level Ls; Under RSs with return period 2500 yrs (exceedance probability 2% in 50 yrs)
compute rotational ductility RDs (= 03/0y) where RDL, < RD3; < RDL¢

If, (1) RD; <RDL,, (2) RD; < RDL,; and (3) RD; < RDLc, the design satisfies the criteria and it
is accepted. But, design should be revised if any one among these three fails. It is important to
note that the number of performance levels and corresponding return periods can be set
differently. Here, Method 3 only demonstrates the methodology. Similar analysis must be
performed for retrofitted bridges.
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FIGURE 8-4 Flow Chart: Method 3
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SECTION 9
CONCLUSIONS

This synthesis report combines statistical, empirical and mechanistic aspects of fragility analysis
of reinforced concrete bridges. The empirical fragility curves are developed from the past
earthquake damage data from the 1994 Northridge Earthquake. Two-parameter lognormal
distribution functions are used to represent the fragility curves where these two-parameters
(referred to as fragility parameters) are estimated by means of maximum likelihood method. In
addition, this report also includes statistical procedures of testing goodness of fit of the fragility
curves and of estimating the confidence intervals of the fragility parameters.

For analytical fragility curve development, nonlinear time history analyses of five (5) Caltrans’
bridges are performed before and after column retrofit with steel jacketing. Also, some
parametric study is carried out in order to assess the individual and combined effect of various
factors such as pounding and restrainer at expansion joint, and soil effects at the column bases.
A substantial improvement in bridge fragility characteristics is observed due to seismic retrofit of
bridge columns. In conjunction with the dynamic analysis, nonlinear static analysis is also
conducted. Comparison of analytical fragility curves obtained from dynamic and static analyses
shows a good agreement in fragility curves for all damage states. Therefore, static nonlinear
analysis can be considered as a good alternative to the nonlinear time history analysis.

To be consistent with empirical fragility curves, damage state definitions are established by
mechanistically calibrating the analytical bridge damage data with that from past earthquakes.
This makes the analytical fragility curves consistent with empirical ones. Thus, the developed
analytical fragility curves are used to compare with that from HAZUS.

This report also addresses the issue of directionality effect of earthquake ground motion on
structures based on the fact that an earthquake can come from any arbitrary direction to the
structure. Result indicates that in seismic performance analysis, consideration of ground motion
acting only along longitudinal and/or transverse directions of the bridge may underestimate the
maximum seismic demand. Furthermore, on the basis of the suggested nonlinear static
procedure, a general guideline for bridge design verification is recommended that integrates
bridge damage states with ground motion return periods.
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APPENDIX A

According to Shinozuka et al. (2003), the parameter estimation, hypotheses testing and
confidence interval estimation related to the fragility curves are carried out in different ways.
The following describes the methods.

A.1  Estimation of Fragility Parameters

A.1.1 Method 1

In Method 1, the parameters of each fragility curve are independently estimated by means of the
maximum likelihood procedure as described below. The likelihood function for the present
purpose is expressed as

L= lj [F(a)]" 1= F(a)]™ (A-1)

where F{(.) represents the fragility curve for a specific state of damage, a; is the PGA value to
which bridge i is subjected, x, represents realizations of the Bernoulli random variable X; and

x,=1 or 0 depending on whether or not the bridge sustains the state of damage under PGA = q,,

and N is the total number of bridges inspected after the earthquake. Under the current lognormal
assumption, F(a) takes the following analytical form

a

. ln(cj (A-2)

F(a)= 5

in which “a” represents PGA and ®|.] is the standardized normal distribution function. Figure
A-1 schematically shows the development of fragility curve using Method 1. Abscissa
represents ground motion intensity (in this case, PGA) and ordinate presents probability of
failure (Py) is presented. Circles at Pr= 0.0 and 1.0 indicate, respectively ‘Not Damaged’ and
‘Damaged’ conditions of bridges under PGA values. Two-parameters ¢ and ¢ in (A-2) are

computed as ¢, and ¢, satisfying the following equations to maximize In L and hence L;

dinL _dnL 0 (A-3)
dc d¢

This computation is performed by implementing a straightforward optimization algorithm.
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FIGURE A-1 Schematics of Fragility Curve in Method 1

In the following part of this report, only fragility curves are shown that represents bridge
damageability. Bridge damage states (either no damage or damage) are not shown in following
plots.

A.1.2 Method 2

Although Method 2 can be used for any number of damage states, it is assumed here for the ease
of demonstration of analytical procedure that there are four states of damage including the state
of no damage. A family of three (3) fragility curves exist in this case exist as schematically
shown in figure A-2 where events £}, E,, E3 and Ej4 respectively indicate the state of no, at least
minor, at least moderate and major damage. Py = P(a;, E}) in turn indicates the probability that a
bridge i selected randomly from the sample will be in the damage state E; when subjected to
ground motion intensity expressed by PGA = a;. All fragility curves are represented by two-
parameter lognormal distribution functions

ln(ai/cj)}
<

where ¢; and {; are the median and log-standard deviation of the fragility curves for the damage

P}(ai;cj’gj):q){ (A'4)

state of “at least minor”, “at least moderate” and “major” identified by j = 1, 2 and 3
respectively. From this definition of fragility curves, and under the assumption that the log-
standard deviation is equal to {'common to all the fragility curves, one obtains:

116



P(E]) =Pl-1=P(a,-, E1)=1—F1(al-;cl, g) (A-S)

P(E2) = Pp = P(a;, E2) = Fi (aj; ¢1, §) — Fa(ai; ¢, §) (A-6)
P(E3) = P =P(a; E3) = F; (a5 ¢ {)— Fa (a5 ¢3, {) (A-7)
P(E4) = Pu=P(a; Es) = F3(a;; c3, {) (A-8)

The likelihood function can then be introduced as

n 4
L(¢,65,¢5,0) = 11:[1 E] F(a;E)™ (A-9)
where
xpp=1 (A-10)
if the damage state Ej occurs for the i-th bridge subjected to a = a;, and
xx=0 (A-11)

otherwise. The maximum likelihood estimates cq; for ¢; and ¢, for {are obtained by solving the
following equations,

alnL(Cl,CZ,C3,§) — alnL(CIJCZJCSJ§) —
ac, 9L

0 (=123 (A-12)

by again implementing a straightforward optimization algorithm.
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FIGURE A-2 Schematics of Fragility Curves in Method 2
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A.1.3 Fragility Curves for Caltrans’ Bridges in Method 1 and Method 2

Damage data of Caltrans bridges can be obtained from Caltrans (1994a, 1994b). For the
construction of fragility curves these damage data are rearranged for computational convenience
(Shinozuka et al., 2003). Four fragility curves for Caltrans’ bridges associated with ‘at least
minor’, ‘at least moderate’, ‘at least major’ and ‘collapse’ are plotted in figures A-3 and A-4,
upon estimating the parameters involved by Methods 1 and 2 respectively (with their respective
median and log-standard deviation values also indicated).

1

—— Minor Damage (c = 0.8483, = 0.8414)
—x— Moderate Damage (¢ = 0.9632, {'= 0.7207)
—e— Major Damage (¢ = 1.3531, = 0.6492)
—a—Collapse (c =2.8161, {=0.6794)

0.8 -

Probability of Exceeding a Damage State

PGA(9)

FIGURE A-3 Fragility Curves for Caltrans' Bridges (Method 1)
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—— Minor Damage (¢ = 0.8233, {'=0.8152)
—x— Moderate Damage (¢ = 1.0670, {=0.8152)
—e— Major Damage (¢ = 1.7583, {'=0.8152)
—a— Collapse (c =3.9369, {=0.8152)

0.8 -

Probability of Exceeding a Damage State

PGA (9)
FIGURE A-4 Fragility Curves for Caltrans' Bridges (Method 2)

A2 Test of Goodness of Fit
A.2.1 Method 1

The fundamental probabilistic interpretation of a fragility curve F(a) as a function of “a”
suggests that a bridge will sustain a designated state of damage with probability F(a) and will
not sustain the damage state with probability 1 — F(a) under the earthquake intensity represented
by PGA equal to “a”. This means that, under each PGA value, the probabilistic phenomena one
deals which can be described by random variable X; following the Bernoulli distribution such
that X; = 1 when the state of damage is reached under PGA = g, and X; = 0 otherwise. Then,

2
=51 (a-13)
has mean and variance equal to
H2 =pi(1_pi) (A-14)
I
and
o’y =Var(¥?)=p,(1-p,)(1-2p,) (A-15)

respectively, where p, = F (q,).

The sum of Y¥,* shown below
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approaches asymptotically Gaussian as N becomes large under the assumption that each
Bernoulli event is independent, where N is the sample size (the total number of the bridges
inspected) and in this analysis it is indeed a large value (>>1).

Recalling that X; is independent of X; (1‘ * j) and governed by the Bernoulli distribution, a

straightforward analysis shows that the expected value u,, :E(Y 2) and the variance

0y = Var(r?) can be written as

#,. =E(r*) =2 p,(1-p)) (A-17)
and
o’y =Var(Y*)=> p,(1-p,)(1-2p,) (A-18)

i=1

On the other hand, if x; represents the realization (observation) of X; as defined in the likelihood
function given by (A-1),

2
S o
1=

is the realization of Y?2.

Since p, depends on the values of ¢, and ¢, the standard procedure of hypothesis testing
suggests that if o represents the level of statistical significance such that

2
Vo -u
P_ =0 v’ <l-a (A-20)

then, the hypothesis that ¢, and ¢, are indeed the true values of ¢ and ¢ cannot be rejected with
the significance level « usually set equal to 0.05 or 0.10.

A.2.2 Method 2

The probability Py2 for the test of goodness of fit with respect to the fragility curves developed

on the basis of the parameters estimated by Method 2 must be derived in a manner consistent
with the probabilistic nature of Method 2. The essential derivation is given as follows.

Let m = the number of damage states and N = the total sample size, and define
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=Y (X -p) (A21)

where Xj is the multi-outcome Bernoulli type random variable whose realizations x, are

introduced in Section 2.2 in such a way that x; = 1 when the damage state k occurs and x; = 0
otherwise, and p; = Fi(a;) = probability of occurrence of the damage state £ under PGA = a,.
The function Fi(a;) represents the fragility curve associated with the damage state £ and

estimated at PGA = qg;. It can be shown that the mean value of Yl.2 is
f,=1-pi (A-22)
k=1

and the variance of Y;* is
m 2
= Var ( 2) {Z - (Z p;J } (A-23)
k=1
The sum of ¥;* shown below

r=3 3 (%) (a24)

i=l k=l

has the mean value and the variance, respectively equal to

m

3 Z Pi (A-25)

and

)y (z plkj (A-26)

i=l1 k=1 i=1

The realization y* of ¥* is obtained by

f“ (A-27)

i=l k=1

As in the case of Y* defined in Section A.2.1, the random variable Y* given in (A-24) is also
asymptotically normal and, as N— oo, its distribution approaches the normal distribution function
as shown in (A-20) with 4 , and o, provided by (A-25) and (A-26), respectively.

121






APPENDIX B

B.1  Bridge Description

A short description of the five (5) sample bridges used for analysis is given in table B-1. Bridge
1 is a three span bridge having overall length of 34 m. The superstructure consists of a
longitudinally reinforced concrete deck slab of 10 m width. The bridge is supported on two pairs
of three circular columns of 0.8 m diameter and an abutment at each end. Bridge 2 has an
overall length of 242 m and an expansion joint. This bridge is supported on four 21 m high
identical circular columns of diameter 2.4 m. The deck has a 3-cell concrete box girder (13 m x
2 m). Bridge 3 has an overall length of 226 m consisting of three frames separated by two
expansion joints. The superstructure consists of a RC box girder in the outer spans and a
prestressed box girder in the interior (central) span. The deck has a 6-cell box girder (20 m x 2.6
m). The columns are octagonal in shape and with varying lengths. Bridge 4 is of 483 m long
and it has four expansion joints. This bridge is supported on nine columns of all different
heights. Each column has a rectangular cross section (1.2 m x 3.7 m). The deck has a 5-cell
concrete box type girder section (17 m x 2 m). Bridge 5 has an overall length of 500 m with
twelve spans and an expansion joint. It is supported on eleven oblong columns of equal height
(12.8 m) and cross-sections. The deck is consisting of 4-cell concrete box type girder section (15
m X 2 m).

TABLE B-1 Description of Five (5) Sample Bridges

Bridges | Overall Length | Number of Spans | Number of Hinges | Column Height
1 34 m 3 0 4.7 m
2 242 m 5 1 21.0 m
3 226 m 5 2 9.5~247m
4 483 m 10 4 9.5~344m
5 500 m 12 1 12.8 m

B.2  Nonlinear Modeling of Bridges

Finite element computer code SAP2000 Nonlinear (Computer and Structures, 2002) is used in
the ensuing time history analysis. The bridge deck is integrated with the column bents, so full
continuity is considered at its girder-column joints. The bridge superstructure is free to rotate at
the abutment locations for longitudinal excitation, although the translational motion is limited to
the initially provided gap between the bridge girder and abutment. If the relative displacement of
the bridge girder at abutment locations exceeds this gap, axial force develops at the interface due
to the passive earth pressure of embankment soil. According to Caltrans recommendation
(Bridge Design Criteria, 2004), the longitudinal abutment stiffness is
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K, =K. ><w><(£) in U.S. units (B-1)

where K; is the initial embankment stiffness (= 20 kip/in/ft), w is the width of the backfill in ft
and 4 is the height of the backfill in ft. During transverse out-of-plane motion, it can rotate
freely while movement is restrained by wingwalls and concrete shear keys which are, in general,
assumed to be rigidly connected with abutments and not to dissipate any energy through yielding
(Federal Highway Administration, 1996). Therefore, during transverse motion, the bridge end
and the abutment move together as rigidly joined. To incorporate the soil effects behind
wingwalls at abutments, translational (linear) springs are attached at the end of bridge girder.
Spring stiffness is determined according to Caltrans recommendation for abutment stiffness in
transverse direction.

Bridges with expansion joint(s) are modeled such that the two ends of an expansion joint can
move independently in longitudinal direction and rotate in longitudinal plane while they have no
relative vertical movement. During out-of-plane motion, they are assumed as pin connections as
the lateral translations of the two ends of bridge deck at expansion joint are same.

Due to the seismic excitation, bending moment is generated in columns which may lead to the
formation of plastic hinges at both ends of the columns. The approximate nonlinearities in a
bridge are shown in figure B-1 and as described immediately below. Moment-curvature
relationship at the plastic hinges can generate a complex hysteretic behavior. For the sake of
simplicity and design compatibility, however, rotational springs with bilinear moment-curvature
relationship are introduced to represent the nonlinearity at both ends of bridge columns. Also
linear translational and rotational springs are introduced at the bases of the columns to account
for soil effect in longitudinal and transverse directions. An effective moment of inertia is
considered to take care of the cracked state of concrete bridge columns.

The computer code (SAP 2000) permits the use of a gap element to take care of the effect of
pounding between two adjacent bridge decks at expansion joints and abutment locations during
longitudinal movement of the bridge. At abutment locations, an initial gap of 0.0508 m (2 in) is
provided between the bridge deck and abutment (figure B-2a). The gap element at expansion
joint is modeled as a linear spring having stiffness not more than 1000 times of that of the
adjacent element (Kim and Shinozuka, 2003). Here the initially provided gap is 0.0254 m (1 in)
(figure B-2b) and during oscillation, pounding develops (compressive force) at the interface of
the two adjacent bridge decks when relative displacement exhausts this initial gap width. The
hook element represents the restraining bar or cable that can be severed under excessive tensile
stress, or producing failure of anchorages though which restrainers are tied to decks. Figure B-
2c¢ shows that the initial slack in the restrainer is 0.013 m (0.5 in) and axial force generates when
the restrainer gets engaged by loosing this initial slack.
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FIGURE B-2 Nonlinear Modeling of Gap and Hook Elements
B.3  Retrofit of Reinforced Concrete Columns by Steel Jacketing

During seismic excitation, concrete columns often lack flexural strength, flexural ductility and
shear strength. One of the main causes for these structural inadequacies is lap splices in critical
regions and/or premature breakdown of longitudinal reinforcement. A number of column-retrofit
techniques, such as steel jacketing, wire pre-stressing and composite material jacketing, have
been developed and tested. Among all these, the steel jacketing has been widely applied to
bridge retrofit as the most common retrofit technique. The present study focuses on the steel
jacketing technique for retrofitting existing bridge columns to improve their seismic
performance.
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Chai et al. (1991) performed an experiment to investigate the retrofit of circular columns with
steel jacketing. In this experiment with circular columns, two half shells of steel plate rolled to a
radius slightly larger than that of the column. These plates are site-welded along the vertical
plane, and placed over the area to be retrofitted to provide a continuous tube with a small annular
gap around the column. This gap is grouted with pure cement. Typically the jacket is cut to
provide a space of about 0.05 m between the jacket and any supporting member. It is noted that
the jacket is effective only in passive confinement and the level of confinement depends on the
hoop strength and stiffness of the steel jacket.

The thickness of steel jacket is calculated from the following equation (Priestley et al., 1996).

P 0.18(g,, —0.004)Df..
’ fngsm

(B-2)

where ¢, is the strain at maximum stress in concrete, €, the strain at maximum stress in steel
jacket, D the diameter of circular column, f, the compressive strength of confined concrete

and f; the yield stress of steel jacket.

B.4  Moment Curvature Relationship

The moment-curvature relationship of each bridge column is obtained using the column ductility
program developed by Kushiyama (2002) that follows the concept and equations given in
Priestley et al. (1996). The rotational ductility demand at each column end is defined as 6/6,,

where 6 is the rotation of a bridge column in its plastic hinge region and 6, is the

corresponding yield rotation. Figure B-3 shows the cross-section of column 1 of Bridge 2 and
their bilinear hysteretic behavior before and after retrofit as obtained from the column ductility
program. The moment rotation curves before and after retrofit of bridge columns of Bridge 1 to
5 in both longitudinal and transverse directions are shown in Shinozuka et al. (2005) and
Shinozuka et al. (2006).
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FIGURE B-3 Moment-Curvature Analysis of Column 1 of Bridge 2

B.5  Bridge Damage States

By definition rotational ductility demand is the ratio of rotation (0) of the column end, modeled
as nonlinear spring, to the yield rotation (6y). Hence, according to the moment curvature result
of bridge column of Bridge 2 before retrofit, rotational ductility at yield and ultimate points are
1.0 (= 6,/0y) and 9.16 (= 6./6y), respectively. Following the recommendation given by Dutta and
Mander (1998), five different damage states namely ‘Almost no’, ‘Minor’, ‘Moderate’, ‘Major’
and ‘Collapse’ can be defined and quantified on the basis of column drifts as given in table B-2.
Priestley et al. (1996) recommended that yield drift = 0.005. Therefore, the rotational ductility at
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yield (1.00) and ultimate (9.16) are corresponding to the drift limits, respectively of 0.005 and
0.075. Rotational ductility in other damage states such as Minor, Moderate and Major are
computed in proportional to the variation in drift limit. This procedure is repeated for each
column of each bridge. Obtained rotational ductility demands for one particular column are used
to define the state of damage of that column under seismic excitation. Tables B-3 and B-4 list
the ductility capacities at two ends of only the first left column of five (5) example bridges where
plastic hinges are likely to form during longitudinal and transverse movement.

Table B-2 Damage States and Ductility Capacities for the Bridge Columns

Damage state Description Drift Limits
Almost no First yield Yield
Minor Cracking, spalling 0.01
Moderate Loss of anchorage 0.025
Major Incipient column collapse 0.050
Complete Column collapse 0.075

TABLE B-3 Peak Ductility Demand of First Left Column of Example Bridges
During Longitudinal Motion

DST;Z‘EC Bridge 1 Bridge 2 Bridge 3 Bridge 4 Bridge 5
Almost no 1.00 1.00 1.00 1.00 1.00
Minor 1.52 1.58 1.40 1.82 2.05
Moderate 3.10 3.33 2.58 4.27 5.20
Major 5.72 6.24 4.56 8.36 10.45
Complete 8.34 9.16 6.54 12.44 15.70

TABLE B-4 Peak Ductility Demand of First Left Column of Sample Bridges
During Transverse Motion

D;[I:taege Bridge 1 Bridge 2 Bridge 3 Bridge 4 Bridge 5
Almost no 1.00 1.00 1.00 1.00 1.00
Minor 1.52 1.58 1.30 1.56 1.82
Moderate 3.10 3.33 2.19 3.25 4.27
Major 5.72 6.24 3.69 6.07 8.36
Complete 8.34 9.16 5.18 8.89 12.44
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B.6  Input Ground Motions

Sixty (60) earthquake time histories in Los Angeles area (originally developed for FEMA/SAC
project; http://nisee.berkeley.edu/data/strong_motion/sacsteel/ground _motions.html), listed in
table B-5, are utilized in this study. They consists of 3 sets of 20 actual earthquake records, each
set are scaled linearly so as to have return periods of 2500 yrs, 475 yrs and 72 yrs that are
representative of earthquakes with exceedance probabilities, respectively of 2, 10 and 50% in 50
years. Among these 60 records, three representative earthquakes one from each set, observed
during 1994 Northridge earthquake (LA27; PGA: 908.70cm/sec?), 1940 El Centro Earthquake
(LAO2; PGA: 662.88cm/sec’), and 1979 Imperial Valley Earthquake (LA44; PGA:
109.45cm/sec?), are shown in figure B-4.

Kim (2003) showed that assumption of identical support ground motions underestimates the peak
ductility demands of the bridge columns. According to his research, ground motions are scaled
accordingly for different bridges in order to estimate the accurate response.

TABLE B-5 Description of Los Angeles Ground Motions

10% Exceedence in 50 yr 2% Exceedence in 50 yr 50% Exceedence in 50 yr
SAC DT Duration PGA SAC DT Duration PGA SAC DT Duration PGA
Name (sec) (sec) (cm/sec?) | Name (sec) (sec) (cm/sec?) | Name (sec) (sec) (cm/sec?)
LAO1 0.02 39.38 452.03 LA21 0.02 59.98 1258.00 LA41 0.01 39.38 578.34
LAO02 0.02 39.38 662.88 LA22 0.02 59.98 902.75 LA42 0.01 39.38 326.81
LAO3 0.01 39.38 386.04 LA23 0.01 24.99 409.95 LA43 0.01 39.08 140.67
LA04 0.01 39.38 478.65 LA24 0.01 24.99 463.76 LA44 0.01 39.08 109.45
LAO5 0.01 39.38 295.69 LA25 0.005 14.945 851.62 LA45 0.02 78.60 141.49
LA06 0.01 39.38 230.08 LA26 0.005 14.945 925.29 LA46 0.02 78.60 156.02
LAO7 0.02 79.98 412.98 LA27 0.02 59.98 908.70 LA47 0.02 79.98 331.22
LAO8 0.02 79.98 417.49 LA28 0.02 59.98 1304.10 LA48 0.02 79.98 301.74
LA09 0.02 79.98 509.70 LA29 0.02 49.98 793.45 LA49 0.02 59.98 312.41
LA10 0.02 79.98 353.35 LA30 0.02 49.98 972.58 LA50 0.02 59.98 535.88
LAl 0.02 39.38 652.49 LA31 0.01 29.99 1271.20 LAS1 0.02 43.92 765.65
LA12 0.02 39.38 950.93 LA32 0.01 29.99 1163.50 LA52 0.02 43.92 619.36
LA13 0.02 59.98 664.93 LA33 0.01 29.99 767.26 LAS53 0.02 26.14 680.01
LA14 0.02 59.98 644.49 LA34 0.01 29.99 667.59 LA54 0.02 26.14 775.05
LA15 0.005 14.945 523.30 LA35 0.01 29.99 973.16 LAS55 0.02 59.98 507.58
LA16 0.005 14.945 568.58 LA36 0.01 29.99 1079.30 LA56 0.02 59.98 371.66
LA17 0.02 59.98 558.43 LA37 0.02 59.98 697.84 LA57 0.02 79.46 248.14
LA18 0.02 59.98 801.44 LA38 0.02 59.98 761.31 LA58 0.02 79.46 226.54
LA19 0.02 59.98 999.43 LA39 0.02 59.98 490.58 LA59 0.02 39.98 753.70
LA20 0.02 59.98 967.61 LA40 0.02 59.98 613.28 LAG60 0.02 39.98 469.07
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B.7  Bridge Response from Nonlinear Time History Analysis

Nonlinear time history analysis of example bridges are performed under 60 earthquake ground
motions. Responses are measured at column ends in terms of ductility demand and in the
interface of adjacent bridge decks in terms of axial force in restrainer and the pounding force due
to impact. Also, generated shear force in plastic hinge regions is estimated to check for
premature shear failure of bridge columns. It should be noted that bridge failure due to
liquefaction is not considered here. The following section demonstrates different failure modes
of Bridge 2 under ground motion 1 (figure B-4).

B.7.1 Rotation at Column Ends

Figures B-5(a) and B-5(b) show the different damage states and variation of ductility demand
with time for four column tops and bottoms respectively under ground motion 1. These figures
indicate that the variation of ductility factors at all column ends is same as all columns are
identical. Though this bridge has one expansion joint, but the stiffness of the hook element
(restrainer) is considerably high and no out-of-phase motion is observed between right and left
subsystems of the bridge separated by the joint during longitudinal excitation of the bridge. The
two column ends have same nature of variation of ductility demand with time.
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FIGURE B-5 Ductility Demand at Column Ends
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B.7.2 Pounding and Restrainer Failure

The relative displacement time history at the two ends of expansion joint is plotted in figure B-6.
Impact force develops at the interface of the adjacent bridge decks when the relative
displacement becomes zero exhausting the initially provided gap equal to 0.0254 m and hence
causing the pounding. Figure B-7 depicts that pounding force generates only at that time
instance when relative inward movement of decks is more than the specified value. The bridge
experiences a maximum of 10870 kN impact force at 15.4 sec. The outward movement between
the adjacent bridge decks at the expansion joint results in the development of the axial force in
restrainer as the hook element gets engaged by losing initially provided slack equal to 0.013 m.
This axial force in the restrainer is transmitted to the nearby concrete block through anchors that
hold the restrainer in position. Figure B-8 shows the development of axial force in the restrainer.
The anchors fail when the axial force exceeds the anchor design capacity and this failure is
assumed conservatively to lead to the collapse of bridge. Depending on the design, however, the
restrainer itself fails before anchorage fails. This also is assumed to result in the bridge collapse.
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FIGURE B-6 Relative Displacement at Expansion Joint
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B.7.3 Premature Shear Failure

Development of shear force in the region of plastic hinges of column may lead to premature
shear failure preventing flexural ductility capacity at those regions from full utilization. Priestley
et al. (1996) focused on this issue and prescribed the analytical estimation of shear capacity in
the plastic hinge regions in relation to the curvature ductility factor at those regions. They

expressed the nominal shear capacity of concrete, V, = k(\/z )Ae where A4, is 0.8 times the gross

area of column, f.' is the compressive strength of unconfined concrete, and k is presented
graphically as a function of curvature ductility factor z,. Outside the plastic hinge regions,

value of k for y, =1 is suggested. To check the possibility of having a premature shear failure,

they compared shear strength (capacity) of column with the flexural strength — ductility
relationship in the plastic hinge regions. For convenience, the flexural moment — curvature
relationship is expressed as equivalent shear force — curvature relationships (shear demand).
Following this procedure, the shear capacity and equivalent shear force (i.e. demand) at the
plastic hinge regions of Bridge 2 are estimated and presented in figures B-9 and B-10
respectively.
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FIGURE B-9 Shear Strength Envelope: Shear Strength in
Column at Plastic Hinge Locations
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B.8  Bridge Response from Capacity Spectrum Method (CSM)

Over past few years, CSM has been studied and applied for the seismic evaluation of structures,
mainly RC buildings. Applied Technology Council (ATC-40, 1996) documented nonlinear
static analysis procedures including CSM for seismic evaluation of concrete buildings. The same
concept is currently under investigation for the use in bridge analysis, design and seismic
evaluation (Fajfar et al., 1997, Shinozuka et al., 2000b, Abeysinghe et al., 2002 and Zheng at al.,
2003, Isakovic and Fischinger, 2006 and Paraskeva et al., 2006). For the purpose of
vulnerability assessment of bridges, this section focuses to establish the nonlinear static
procedure involving CSM that incorporates performance-based engineering concept.

In this context, this section aims to develop a general procedure utilizing nonlinear static analysis
for the seismic vulnerability assessment of bridges considering the whole bridge as a system.
For the demonstration of the methodology, Bridge 2 is analyzed under sixty (60) ground
acceleration time histories mentioned earlier. The following section elaborates the methodology.

B.8.1 Development of Capacity Spectrum

Capacity curve is given in terms of the force-displacement curve that represents the capacity of
the structure within and beyond elastic limit. Computation of total shear force generated at
bridge supports as a function of displacement of the superstructure constitutes the capacity curve
by definition. This procedure is also referred to as pushover analysis. To generate the capacity
curve for building structures, the horizontal displacement at roof level is considered as a most
critical displacement component. However, for bridge structures the displacements of the bridge
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girder in longitudinal direction is used to develop the capacity curve. To develop this plot, static
nonlinear analysis (pushover analysis) is performed using SAP2000 Nonlinear computer code.

As stated in ATC-40 (1996) the ‘lateral’ forces (i.e., force in a horizontal plane acting along
longitudinal/transverse direction) are applied in proportion to the fundamental mode shape, and
1s described as

Fi :(Wi¢i ﬁ:wz’QjV (B'3)

where F; is the ‘lateral’ force onnode i (i=1,2,---, N), w, is the dead weight assigned to node
i , ¢ is the amplitude of the fundamental mode at node i, V' the total base shear and N the
number of nodes.

Bridge 2 has 1* mode (T; = 1.94 sec) of vibration in transverse direction and the next two modes
(T, = 1.56 sec and T3 = 1.39 sec) are in longitudinal direction as shown in figure B-11. As
second (2") and third (3™) modes are very close to each other, SRSS rule is applied for these two
modes to determine the ‘lateral’ forces at each nodeof the bridge for longitudinal pushover
analysis. Figures B-12a and B-12b show the capacity curves of the bridge obtained from
longitudinal pushover analysis which represent, respectively, the overall base shear force as a
function of the bridge girder displacement and rotation at plastic hinge region of bridge column.

137



Total Base Shear, V (kN)

@/wjfffirr

/'/!—

//7///7/

(a) Mode 1 in Transverse Direction

’\LVT/U/((

(b) Mode 2 in Longitudinal Direction

'iw/7///7f/ji//1//4

(b) Mode 3 in Longitudinal Direction

FIGURE B-11 Mode Shapes of Bridge 2 in First 3 Modes
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FIGURE B-12 Capacity Curves of Bridge 2 from Longitudinal Pushover Analysis
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According the general trend of CSM, it is required to convert the capacity curve to the capacity
spectrum in ADRS (Acceleration-Displacement Response Spectra) format. Two measures of
capacity spectrum, spectral acceleration S, and spectral displacement §,, can be estimated as:

Sa = I//_W (B_4)
o
A
= girder (B-S)
PF¢girder

where W overall dead weight of bridge, A, is the horizontal displacement at girder, @, is

the amplitude of the fundamental mode at girder, & and PF are modal mass coefficient and
modal participation factor of the fundamental mode defined as follows

o >/g}2

R[Sl o
i (Wi¢i )/g

PF=|2— (B-7)
Z (Wi¢i2 ) g

1

For longitudinal pushover analysis, SRSS rule is also applied to obtain & and PF. Figures B-
13 and B-14 show capacity spectrum of Bridge 2 in longitudinal and transverse directions.
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FIGURE B-13 Capacity Spectrum of Bridge 2 in Longitudinal Direction
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FIGURE B-14 Capacity Spectrum of Bridge 2 in Transverse Direction

B.8.2 Development of Demand Spectrum

Sixty elastic acceleration response spectra (5% damped) are generated from ground motion time
histories (table B-5). To use the CSM, these are converted to ADRS format as follows

T2
Sy = FS & (B-8)
Figures B-15 and B-16 show the elastic acceleration response spectrum and corresponding
demand spectrum for ground motion LAO1.
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FIGURE B-15 Elastic Acceleration Response Spectrum (5% Damped)
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FIGURE B-16 Acceleration-Displacement Response Spectrum
B.8.3 Computation of Performance Point

Performance point is the intersecting point of capacity spectrum with demand spectrum. To
incorporate the energy dissipation of the structure through hysteretic behavior beyond yield, the
elastic demand curve of the earthquake ground motion should be reduced. In a variation of
ATC-40 (1996), recent studies developed few methods to determine inelastic demand spectra
from elastic spectra (Fajfar, 1999, Miranda and Bertero, 1994, Reinhorn, 1997). In this study,
the procedure given by Reinhorn (1997) is used to produce the inelastic demand spectrum and,
hence the inelastic response. According to this procedure, the inelastic spectral displacement

(S,™) and inelastic spectral acceleration (.S, ) can be expressed as

w S 1 Sc
S ==L 1+—|R—1)p =~ B-9
S = { . )} . (B-9)
Sain :Sa |:1+apy{l(Rc—1)}:| (B-IO)
R c

where S, and S,°, respectively are the elastic spectral displacement and acceleration, R is the
reduction factor, c is a constant and «,, is the post-yield hardening coefficient of the structure.
The reduction factor R is defined as the ratio of maximum elastic force (Q° /W) to the yield
force (Q" /W) as shown in figure B-17. The constant ¢ can be computed according to the
following equation

T* b

c=—2 4 — (B-11)
1+7° T,
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where 7, is the initial time period of the capacity spectrum, a and b are factors as given in table

B-6 (Krawinkler and Nasser, 1992).

TABLE B-6 Coefficients as Given in Krawinkler and Nasser (1992)

Opy a b
0% 1.0 0.42
29, 1.0 0.37
10% 0.80 0.29
— - —-- Capacity Spctrum

Elastic Demand Spectrum

0 0.2 0.4 0.6 0.8 1

Spectral displacement, Sy (m)
FIGURE B-17 Estimation of Spectral Reduction Factor, R

Following this procedure, 60 inelastic demand spectra are generated from corresponding elastic
demand spectra. Figure B-18 shows the inelastic demand spectrum generated from the elastic

spectrum of LAO1.
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The intersecting point of capacity and inelastic demand spectra represents structural performance
under that particular ground motion (figure B-17). It should be noted that the reduction factor R
depends on the capacity curve of the structure as well as on the elastic demand curve of the
ground motion under consideration. Hence, it is obvious that R will vary with different
structures and earthquake ground motions.

B.8.4 Computation of Structural Response

For sixty earthquake ground motions, sixty performance (spectral) displacements (S;) are
obtained separately and converted to the displacement of the bridge girder with the aid of
following equation.

Agira!er = Sd XPFX¢girder (B_lz)

B.9  Effect of Ground Motion Directionality

Wilson and Button (1982) and Wilson et al. (1995) proposed a methodology to estimate the
maximum structural response under multi-component earthquake input assuming the input
spectra as statistically independent because of the complex nature of three-dimensional wave
propagation. Lopez and Torres (1997) and Lopez et al. (2000) calculated the critical angle of
seismic incidence and the maximum structural response under uncorrelated multi-component
seismic motions. Following the concept presented in these previous studies, this section presents
a practice-oriented technique to compute the effect of directionality of earthquake ground motion
on seismic performance of highway bridges. The methodology is demonstrated utilizing
structural response obtained from nonlinear time history analysis. It should be noted that the
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definition of ‘directionality’ is used here as opposed to ‘directivity’ used in seismology with a
specific definition related to fault motion unique to that discipline.

B.9.1 Estimation of Structural Response

To investigate the effect of directionality of two orthogonal components of earthquake ground
motion, it is considered that one component, GM; acts at an angle 0 with respect to the
longitudinal (x) axis and at the same time the other component, GM; acts at an angle of 90+6.
Figure B-19 schematically shows these motions and relative position of the bridge. In the
present study, time histories of structural responses are first estimated assuming that
accelerations are acting on the structure along the longitudinal and transverse directions. Then,
directionality effect is assessed by projecting the computed response components on the inclined
plane alone which the ground motions actually proceed.

242.0m

41.18m 53.38m ‘ 53.38 m ‘ 53.38 m . _41.18m
| | | |

o [ [ To7m %,
Expansion Joint 21.0 m
77T

FIGURE B-19 Bridge under Two Horizontal Orthogonal Components of Earthquake
Ground Motions

For the purpose of demonstration of the above procedure it is assumed that at any time instance
‘t’, the ground motion GM; produces response (Rj); at a location ‘A’ of the bridge if comes along
the j direction of the bridge, where 1 takes 1 and 2 and j stands for x (longitudinal) and y
(transverse). Structural response is expressed here in terms of a deformation function (such as
displacement, rotation) or a resultant force (such as moment, force). Figure B-20 represents the
response components for GM; and GM; at any time instance ‘t’. Therefore, the response of the
bridge at ‘A’ due to GM; when acting with an angle 6 can be computed by taking projections of
(Rix): and (Riy); on O axis as shown in figures B-20(a) and (b). Hence, the response (Rg); is

(Rig), = (Ry,), cos 0+ (R, ) sin6 (B-13)
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FIGURE B-20 Structural Response at any Time Instance ‘t’ under Two Orthogonal
Components of Ground Motion (Plan View); (a) Longitudinal Response and Projection on
0 Axis under GM;, (b) Transverse Response and Projection on 6 Axis under GM;, (¢)
Longitudinal Response and Projection on 90+0 axis under GM; and (d) Transverse
Response and Projection on 90+0 Axis under GM;

Similarly, the response of the bridge at ‘A’ due to GM, when acting with an angle 90+6 can be
computed by taking projections of (Ray); and (Ray); on 90+0 axis (figures B-20(c) and (d)), and
hence, the response (Ryg); becomes

(Ryg), =Ry ), sin6+ (R, ) cos6 (B-14)

As these orthogonal components are assumed to be statistically independent, SRSS rule is
applied to estimate the resultant response at any time instance ‘t’, (Rg); of the bridge at location
‘A’. Therefore, (Rg); can be expressed in the following format as a combination of (Rg); and

(Rog).

(Rg), = \/(Rw)tz +(Rap);

= \/{(Rlx )t cos 0+ (Rly )t sin 6’}2 + {— (sz )t sin @ + (Rzy )t cos 6’}2 (B-15)

Utilizing (B-15), the maximum resultant response over the whole time history, obtained for one
particular value of 0, is

Ry =max{(Ry), } (B-16)
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In case that only one inclined ground motion exists or a set of two orthogonal components in
which one component is negligible, the maximum resultant response becomes

Ry = max{(Rg )z }= max{(Rx )t cos @+ (Ry )t sin 9} (B-17)

where (R)); is the response of the bridge at time instance ‘t” and location ‘A’ due to a ground GM
acting with an angle 6 with the longitudinal axis of bridge and j stands for x (longitudinal) and y
(transverse).

Clearly, this maximum resultant response Rg is a function of the inclination 6 of the horizontal

ground motion components. Therefore, variation in ground motion inclination () results in
variation in Rg.
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APPENDIX C
STIFFNESS AND STRENGTH DEGRADATION OF
MOMENT-ROTATION RELATIONSHIP

In this study, Bridge 1 is analyzed under 60 ground motions for the following models of
moment-rotation relation; elastic-plastic, bi-linear, stiffness degradation, and stiffness and
strength degradation. For all cases, the same yield moment and yield rotation are used. The
above four moment-rotation relationships at plastic hinge locations are plotted in Figure C-1.

Moment-Rotation Plot (Bi-Linear)

so0;
Moment-Rotation Plot (Elastic-Plastic)
50001 4000}
4000 3000
3000t 2000}
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1000+ E ol
g of em,
1000t 2000}
3000+ 4000}
oo %Boe oot o o o 0ot 006
-5000 L L L L L | Rotation
-0.06 -0.04 -0.02 OA 0.2 0.04 0.06 . .
Foeten (a) Elastic-Plastic Model
(b) Bi-Linear Model

Moment-Rotation Plot (Stiffness Degradation) Morment-Rotation Plot (Stiffness&Strength Degradation)

(c) Stiffness-Degradation Model (d) Stiffness & Strength-Degradation Model
FIGURE C-1 Moment-Rotation Relationship

Figures C-2, C-3, C-4 and C-5 represent fragility curves computed with these nonlinear models
respectively for almost no, minor, moderate and major damage states. Result indicates that
fragility curves at almost no damage are nearly the same for these four models. In other three
damage states, fragility curves using stiffness and strength degradation model are the weakest
among all curves.
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Probability of Exceeding a Damage state

FIGURE C-4 Fragility Curves in Moderate Damage State

Probability of Exceeding a Damage state

FIGURE C-5 Fragility Curves in Major Damage State
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