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ABSTRACT

Construction or detailed evaluation of transportation infrastructure requires site-specific ground
motions for input into nonlinear structural models. These site-specific ground motions are
generally selected based on the magnitude, distance, and site condition of the recorded ground
motion. A preliminary study performed by Slate Geotechnical Consultants found that duration and
spectral acceleration are negatively correlated for large-magnitude earthquakes recorded on soft-
soil sites (Vs30<360 m/s). This means that if the target spectral acceleration is above average, then
the average duration associated with that ground motion should be below average for the scenario
magnitude and distance. This ground motion duration correlation implies that the current state of
the practice is overestimating the probability of collapse for structures. This project aims to
improve the characterization of ground motion duration and evaluate how the improved
characterization affects bridge fragilities used in the Performance-Based Earthquake Engineering
(PBEE) framework. Numerical models for two prototype structures, a major toll bridge and a
typical highway overpass, are developed using OpenSees. Using these models, the effect of ground
motion duration is evaluated quantitatively following the PEER PBEE methodology.

Keywords: bridge performance, damage probability, hazard intensity, ground motion duration.
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1 INTRODUCTION

The PEER performance-based earthquake engineering (PBEE) methodology has increasingly been
used to evaluate the seismic risk to structural systems and link the use of structural demand
parameters, typically used by designers, to desirable performance goals such as life-safety,
economic losses and post-earthquake downtime (Moehle and Deierlein, 2004). Agencies and
researchers have used PBEE to develop decision-making plans based on probabilistic analysis
techniques such as fragility curves, which describe probabilities of exceeding design or
performance criteria at different seismic intensity levels. The PBEE methodology begins by using
the location and structural information (D) to do a site-specific probabilistic hazard analysis to find
the probability of an intensity measure (IM). The resulting hazard information, sometimes in the
form of ground motion time series, is used for structural analysis to determine the probability of
an engineering demand parameter (EDP), like drifts or stresses, given the intensity measures. Then
a damage analysis is conducted to relate the EDPs to a set of damage measures (DM). Finally, a
loss analysis relates the DMs to a decision variable (DV) such as repair costs or downtime. Each
stage of the framework influences the resulting prediction of the performance of a structure, e.g.,
a bridge, and, thus, the accuracy of the hazard analysis is a basis for the accuracy of the structural
performance predictions. This report uses the PBEE methodology up to the damage analysis stage
as shown in Figure 1.1 to evaluate the effects of accounting for ground motion duration in the
hazard analysis on the structural performance of two cases study bridges: (1) a major toll bridge,
and (2) a typical highway overpass.

Struc(;lljtrcc I[gl(fglrrr:latlon Hazard Analysis Structural Analysis Damage Analysis
g A IM|D] P[EPD|IM] P[DM|EDP]

Figure 1.1 PBEE Methodology schematic up to damage analysis.

Current procedures for typical site-specific hazard analysis do not account for the effects of ground
motion duration, and there are no requirements in design codes. Long-duration ground motions,
however, can subject a structure to a large number of cycles and can result in accumulated damage
when nonlinear behavior is present. Effects of ground motion duration on structural performance
have been of interest to researchers for some time. Individual papers have found mixed results
regarding the significance of ground motion duration on the structural response (Shome et al.,
1998, Tremblay, 2003, lervolino et al., 2006, Hancock and Bommer, 2007). Raghunandan and Liel
(2013) found that ground motion duration has a measurable effect on the collapse capacity of
reinforced concrete buildings, with longer duration leading to higher collapse probability when
accounting for degradation in the numerical model. Barbosa et al. (2017) found that long-duration
ground motions in steel frames tend to induce larger damage than short-duration ground motions



at high values of spectral acceleration based on a combined damage index that considers
deformation and hysteretic energy dissipated. Chandramohan et al. (2016) investigated the effect
of duration on the collapse capacity of a concrete bridge pier. They used two sets of records, both
spectrally matched to the same response spectrum but with different average durations. They found
that the collapse capacity was reduced by 17% for the concrete pier when long-duration ground
motions were used. Hassan and Billah (2020) found that long-duration ground motions lead to
higher damage of isolated bridges because the residual displacement increases.

Hancock and Bommer (2006) provide a thorough review of studies involving ground motion
duration effects on structural damage. They found that the effect of duration is dependent on the
damage metric used such as peak response, cumulative damage, or energy dissipated. The
adequacy of a damage metric is dependent on the failure mode that is expected from the structure.
While cumulative damage measures are recommended to capture all failure modes, peak response
is simpler to implement and is often adequate if the failure mode expected is plastic hinge
formation. Using peak responses results in higher expected damage when long duration ground
motions are considered.

In cases where duration is deemed to be significant for the structural response, the state of the
practice is to check the duration of the selected records against existing duration prediction models.
Current duration prediction equations (DPE) describe the mean and variability of a duration metric
(for a certain amount of energy released) given a set of predictor variables such as moment
magnitude (Mw) and distance (Rrup, Rjb, Rx, etc.). These methods, such as Abrahamson and Silva
(1996), Bommer et al. (2009), and Afshari and Stewart (2016), consider these predictor variables
from the earthquake but do not consider the correlation between spectral acceleration and duration.
Chapter 2 of this report presents the development of a ground motion duration correlation to
spectral acceleration model that shows that duration and spectral acceleration are negatively
correlated. This means that if the target spectral acceleration is above average (i.e. the ground
motion is above the median deterministic scenario) then the average duration associated with that
ground motion should be below average for the scenario magnitude and distance. Thus, the current
state of the practice may be overestimating the probability of collapse for structures by introducing
long-duration ground motions at high intensity measures. This is particularly true when methods
such as incremental dynamic analysis, in which ground motions are scaled to larger and larger
intensities, are used to generate damage or collapse fragility curves.

The main objective of this report is to answer two questions. (1) Does considering duration
correlation in ground motion selection appreciably change the hazard input for analysis? (2) Does
considering duration correlation change the predicted performance of bridges especially when
doing incremental dynamic analysis? Chapters 3 and 4 of this report focus on developing the
fragility curves, with and without considering duration correlation, for the major toll bridge and
typical overpass following the PBEE methodology steps.

The major toll bridge has lead rubber bearing isolators on top of flexible piers, located in Southern
California and a natural period of around 1.6 seconds. This bridge was selected because it can be
affected by near fault conditions which are related to ground motion duration. The typical highway



overpass is a single-pier, two-span bridge located in Northern California with a period of about 0.5
seconds. A site-specific hazard analysis is done to obtain two sets of ground motions; one ignoring
duration correlation and implementing an incremental dynamic analysis (IDA) (FEMA-P695,
2009, Vamvatsikos and Cornell, 2002), and one considering the duration correlation in the scaling
using correlation coefficients presented in this report. Then a structural model is developed
capturing material deterioration which is a critical feature to understand the effect of duration.
Finally, damage states are determined based on pier drift and bearing shear strain to develop
structural fragility curves for both sets of ground motions and used to compare the predicted
performance at moderate and major damage levels.



2 GROUND MOTION DURATION
CORRELATION

This study found that duration and spectral acceleration are negatively correlated. This means that
if the target spectral acceleration is above average, then the average duration associated with that
ground motion should be below average for the scenario magnitude and distance. As an example,
and using the source characteristics in this study, an earthquake with a moment magnitude (Mw)
of 7.0, adistance of 1 km, located on a soft-soil site with a target spectral acceleration 2.45 standard
deviations from the median (g of 2.45), Bommer et al. (2009) would predict a median 5 to 95%
duration (Ds-95%) of 13 sec without accounting for correlations. For a structure with a natural
period of 0.2 sec and accounting for the correlations, the median Ds-95% becomes 9.5 sec. For
comparison, a Ds-9s 0f 9.5 sec is approximately the mean value for a magnitude 6.6 Mw earthquake.
If the correlation is ignored, the durations are overpredicted by the same amount as overpredicting
the magnitude by 0.4 magnitude units.

The following sections outline the process of calculating the correlation between different duration
parameters and pseudo-spectral acceleration (PSA) and applying this correlation through the
selection of time histories. Ground motion prediction equations (GMPESs) and duration prediction
equations (DPEs) describe the distribution of spectral acceleration and duration given a set of
predictor variables such as Mw and distance (Rrup, Rjb, Rx, etc.), but do not address the correlation
between pseudo-spectral acceleration and duration. This study calculates the correlations between
four of the NGA-West2 GMPEs and three recent DPEs that estimate both Ds-7s% (5-75% of
normalized Arias Intensity) and Ds-g5% (5-95% of normalized Arias Intensity).

2.1 CORRELATION

The following section outlines how the correlation between PSA and ground motion duration (both
5-75% and 5-95%) is calculated, using Equation (2.1). This study utilizes the NGA-West2
database (Ancheta et al., 2014) to calculate residuals for both PSA and ground motion duration.
The NGA-West2 database consists of data from active crustal regions including California,
Taiwan, Europe, China, and Japan. 21,539 records from approximately 600 earthquakes were used
to assess the duration correlation. The database ranges from Mw of 2.99 to 7.9, and distance from
0.05 to approximately 1500 km. Figure 2.1 shows the database magnitude and distance ranges.
Finally, the database has records from sites with Vs3o values ranging from approximately 90 to
2100 m/s; Figure 2.2 shows the data dispersion. Most of the data falls in approximately the 200 to
500 m/s bins.
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Figure 2.1 Magnitude Distance plot of available data in the NGA-West2 database
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In order to calculate correlation between two parameters, we need the residuals of the prediction
equations for the two parameters. The PSA residuals were provided by the developers of the NGA-
West2 GMPEs?.

An important byproduct of the NGA-West2 relationships are the within-event and between-event
residuals 2 which include an event term for each earthquake that estimates the degree to which the
average parameter for a single earthquake falls above or below the median prediction. Separating
the correlations between within-event and between-event residuals provides a better understanding
of the mechanism producing the correlation. The intraevent (within-event) residuals, as given by
the developers, were used to calculate the correlation between PSA and duration when available.
The Afshari and Stewart (2016) DPE is the only one where the intraevent duration residuals were
provided by the developers.?

The remaining residuals for duration need to be calculated. The NGA-West2 database of duration
values was provided to us by the developers.* The mean duration values were first calculated for
the NGA-West2 database using two DPEs: Abrahamson and Silva (1996) (AS96) and Bommer et
al. (2009) (B09). Residuals were then calculated by taking the difference between the duration
values provided in the NGA-West2 database and the mean duration values from the DPEs. An
example of these residuals is shown in Figure 2.3

! Personal communication with Yousef Bozorgnia, 2021; Jon Stewart, 2021; Norm Abrahamson, 2021; Robert
Youngs, 2021

2 personal communication with Abrahamson, 2020

3 Personal communication with Jon Stewart, 2021

4 Personal communication Yousef Bozorgnia, 2021
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Figure 2.3 Residuals from Abrahamson and Silva, 1996, Ds-75%; as a function of (a) rupture
distance and (b) moment magnitude.

The correlation coefficient, p, was then calculated using Equation (2.1):
P nyxy—YxYy
J mEx? - E0H0Iy: - (E9))

21)

where:

x is the intraevent residual for the GMPE;

v is the intraevent or total residual of the duration and;
n is the number of samples.

This calculation was performed for four GMPEs, three DPEs and two duration measures resulting

in 24 sets of results. These correlation sets are calculated for periods between 0.01 sec and 10 sec.
The 24 correlation sets are presented as a function of period in Figure 2.4 to Figure 2.6.
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Figure 2.4 The correlation coefficients of the pseudo-spectral acceleration calculated using
the four NGA-West2 relationships with the Abrahamson and Silva, 1996 duration model.



ASK14 BSSA14

0.1 I e e e e R R BRI A e e e e A
= o 595 e 575
& 0 ot |
€ o ® | 1 g.*!) 80
0} o ..“ 0 00 )
S oe & 0 o
5 -0.1 = (~~,2. - RN -
o sllle ()% o
O o oe Om 00" L]
ol |}
§-02 i e il b 0000 L. i
® ® ®o 0® *°% o,
© 1 .
2 6 ® o0 ¢ o°°
S -0. ~ i
O
0.4 vl Lol Lo sl vl Lo
CB14 CY14
0.1 T T T T T T T T
& 9 4 Skl
= 00 ? 00 “ee
o T @
Q@ 0% %qe o O e® .
O O g0 @ Oe
& -0.1 oe o 1 -
S ol | of
C o olak Az““"‘.
‘..9_'. -0.2 o) L4 - y o ©0P0 00" -
© L0 ©0000° ¢ % .o
2 o0 &y o o
o -0.3 ° ® o — —
O o o
0.4 Lol Lol | B ool Lol Lolai
0.01 0.1 1 10 0.01 0.1 1 10
Period (s) Period (s)

Figure 2.5 The correlation coefficients of the pseudo-spectral acceleration calculated using
the four NGA-West2 relationships with the Bommer et al., 2009 duration model.
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Figure 2.6 The correlation coefficients of the pseudo-spectral acceleration calculated using
the four NGA-West2 relationships with the Afshari and Stewart, 2016 duration model.

Figure 2.7 and Figure 2.8 show the comparison of the three DPE’s for Ds7s% and Ds-gs%
respectively. Overall, the Ds.75% relationships have a stronger negative correlation to PSA. The
short periods were found to have the strongest correlation (largest absolute value of p), with the
magnitude decreasing towards zero in the longer periods. The two earlier duration relationship
(AS96 and B09), for which total duration residuals were used, have a smaller maximum correlation
that the newer relationship for which intraevent residuals were used. Specifically, the two earlier
relationships between PGA and 0.2 seconds, have correlation coefficients range from -0.19 to -
0.3. At about 0.2 seconds these two DPE comparisons show a steady decrease (smaller magnitude
p), moving to a correlation coefficient of zero. At 2.0 seconds there is little to no correlation
between duration and pseudo-spectral acceleration in these two comparisons.

For the most recent duration relationship (AS16), for which intraevent residuals were used, there
was a much stronger correlation. There is an almost constant p = -0.5 below 0.3 seconds and then
the p slowly moves towards zero until about 2.0 seconds. Finally, there is a slightly positive
correlation in the higher periods.
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Figure 2.8. Ds.95% correlation coefficient comparison

To make the correlation values simpler to implement, the correlations are fit to an equation. A
slightly modified version of the functional form from Baker and Jayaram (2008) was used as a
starting point and least squares regression was used to solve for the coefficients. The functional
form of the equation is given in Equations 2.2 through 2.6 below.

T T,
Co=1—cos (& —x 1 (L)
1 cos (2 %0 max(Ty,in, X2) ) (2.2)
1 Tmax — Tmi
_J1—x(1- - (m“" "”") if Trax < X
C; = 3 ( 1+ ex4Tm?1x> Thax — Xs e . ’ (23)
0 otherwise

C., = {CZ Tmax < X1
37 |C; otherwise (2.4)
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7TTmin)
<)

1

Cy=C1+x5(/C5 — C3)(1 + cos( (2.5)
_ { pomax (Cy,C,, Cy) T <T;
p= pomin (C;,C,,C,) otherwise

*if C,, C,, or C, > 1 they are ignored in Equation 2.6

(2.6)

Where x, through xg are defined for each model in Table 2.1 and Appendix B. T4, and T,,;, are
found by comparing T and T,. T, is the period at which the correlation coefficient reaches its
maximum magnitude (defined in Table 2.1) and T is the period for which the user is solving for.
T5 is the period at which the correlation changes from a maximum to a minimum to account for
the change in slope. It is important to note that if C;, C,, and C, are above 1 they are ignored in the
maximum or minimum in Equation 2.6.

Equations 2.2 through 2.5 are from Baker and Jayaram (2008), and the piecewise function in 2.6
was modified to fit the correlation coefficients within this study. In the original form, the authors
present a larger piecewise depending on T,,;, and T,,,,. For this study a modified version is
presented in Equation 2.6 where p is dependent on T; where the equation switches from taking a
maximum value of the calculated coefficients to a minimum.

The curve fitting was performed for all 24 combinations and can be found in Appendix A.1. The
four GMPE relationships are commonly equally weighted, and as such a regression was performed
to provide the average of these correlations as shown in Table 1. These correlations are also shown
in Figure 2.9 to Figure 2.14 When using the normalized coefficients, the correlation coefficient at
T2 (p,) should then be multiplied by the normalized coefficient, to get the actual correlation at T.
Figure 2.15 and Figure 2.16 show comparisons of the normalized correlation coefficients for Ds-
75% and Ds-g50 respectively. When the four GMPE comparisons are combined the trends between
the three DPE normalized coefficients are similar.

It should be noted that this correlation is only applicable for shallow crustal earthquakes due to the
use of the NGAWest2 database. This correlation may not be applicable to subduction earthquakes
which are typically greater in magnitude and duration.

Table 1 Coefficients for the average correlation coefficients for the three DPE’s

AS96 B09 AS16
Coefficient D Ds-95% Ds-95% D Ds-95% Ds-95% D Ds-95% Ds-95%
>7% (T < 0.2 sec)|(T>0.2sec)| ~>™"* [(T<0.2sec)|(T>0.2sec)| ~>™"* |(T<0.2 sec)|(T > 0.2 sec)

T, 0.01 0.2 0.01 0.2 0.2 0.01 0.01 0.01
T, 0.4 10 0.4 10 0.4
Do -0.2726 -0.1558 -0.2807 -0.2090 -0.5217 -0.5008
X, 0.270 0.1752 0.4075 0.4499 0.1175 0.4000 0.477 0.08 0.3266
X, 0.110 0.07 0.1297 0.1795 0.07 0.165 0.25 0.12 0.2
X3 0.15 0.0883 0.094 0.0676 0.1077 0.07
X4 300 538.1269 853.357 847.9955 345.3948 100
Xs 9.00 16.4533 26.42 26.011 17.3465 5
X 0.015 0.0199 0.0199 0.02 0.0252 0.0099
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Figure 2.9 Normalized Correlation Coefficients for the Average of the four GMPEs and
AS96, for the Ds.75
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3 GROUND MOTION SELECTION
METHODOLOGY

Within this study, two sites were used to explore the impact of the duration correlation on structural
fragility. The first site is a major toll bridge in Southern California and the second is a smaller
highway overpass in Northern California. For each site, a probabilistic hazard analysis was
performed and suites of time histories selected (both correlated to duration and not correlated).
These time histories were then used in structural models explained further in Chapters 4 and 5.

3.1 HAZARD ANALYSIS

A probabilistic seismic hazard analysis (PSHA) was performed to characterize earthquake ground
motions that have a likelihood of being exceeded at the project site at specific time intervals. The
PSHA for this study generally follows the approach first developed by (Cornell, 1968) with the
inclusion of parameters for randomization and the consideration of epistemic uncertainty.

A Poisson process is used to compute how often a specified level of ground motion will be
exceeded at a site. The PSHA computes the annual number of events that produce a ground motion
parameter, Z, that exceeds a specified level, z. This number of events per year, n, is also called the
“annual frequency of exceedance,” the inverse of which is called the “return period”. The
calculation of the annual frequency of exceedance, n, considers the rate of earthquakes of
magnitudes 5 or greater, the rupture dimension of the earthquakes, the distance of the site relative
to the earthquake source, and the attenuation of the ground motion from the earthquake rupture
source to the site.

The annual rate of exceedance of a ground motion test value, z, from a source, |, for a given
earthquake that occurred on the source, i, is given by the equation:
vi(Z > z) = Ny(E))P(Z > z|E)) (D
where:
E; is the given earthquake from source i, with a known magnitude and distance; and
N; (E;) is the annual rate of the given earthquake per year from source i

The PSHA calculations were performed using the computer program Haz45.2 developed by Norm
Abrahamson® and modified by Slate to include the Third Uniform California Earthquake Rupture
Forecast (UCERF3) (Field et al., 2013). This program was validated as part of the Pacific
Earthquake Engineering Research (PEER) Center Probabilistic Seismic Hazard Analysis Code
Verification Project (Hale et al., 2018).

5 Abrahamson, N. (2017). “HAZ” v45.2. Contributors: Hale, C.; Kottke, A.; Hsieh, P.S.; Murphy, D.G. and Gregor,
N.J.

18



3.1.1 Seismic Source Characterization

The seismic source characterization is based on UCERF3 (Field et al., 2013). The UCERF3 project
was a multi-year initiative to provide an authoritative estimate of the magnitude, location, and
time-averaged frequency of potentially damaging earthquakes in California. This project addresses
important issues not previously implemented such as relaxing fault segmentation assumptions and
multi-fault ruptures.

The UCERF3 model defines the long-term rate of all possible earthquake ruptures above a
minimum magnitude of 5. Two alternative fault models give the spatial geometry of the larger,
active faults throughout the region, with the alternative models representing the epistemic
uncertainty in the fault system geometry. Each model comprises three types of sources:
supraseismogenic, subseismogenic, and off-fault sources. Supraseismogenic sources have rupture
dimensions that are larger than the seismogenic depth occurring on explicitly modeled faults,
subseismogenic sources have rupture dimensions that are smaller than the seismogenic thickness,
and off-fault ruptures are those not associated with any known fault. Supraseismogenic sources
are modeled using fault segments with lengths that are approximately equal to the seismogenic
depth. These fault segments are then linked to create larger fault ruptures. The subseismogenic
sources and off-fault sources are modeled using gridded seismicity. The two alternative UCERF3
source models, referred to as Fault Model 3-1 and 3-2 in the UCERF3 documentation, are
implemented in this analysis and have 253,706 and 305,709 unique ‘“scenario” ruptures
respectively. Input files for these models were provided via personal email communication with
Kevin Milner (2018).¢

3.1.2 Ground Motion Model

The ground motion is characterized by using a suite of four ground motion prediction equations
(GMPEs) from the Next Generation Attenuation Relationships for Western US (NGA-West2)
Project. The NGA-West2 models were developed as part of a multi-year effort to improve
attenuation models for active tectonic regions such as California. This project addressed important
issues such as: modeling of directionality, verification for recent small, moderate and large
magnitude events, and evaluation of soil amplification factors.

The GMPEs selected for this analysis were Abrahamson et al. (2014), Boore et al. (2014),
Campbell and Bozorgnia (2014) and Chiou and Youngs (2014). The GMPEs were given equal
weight. The NGA-West2 models use the average shear wave over the top thirty meters (Vsso) as
an index of site response. Basin response is included in the model by the depth to a shear wave
velocity of 1,000 m/s (Z1.0) and 2,500 m/s (Z2x).

6 Personal communication with Kevin Milner, 2018.
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3.2 GENERAL SELECTION OF SEED TIME HISTORIES

The specific earthquake source parameters that represent the dominant earthquake scenarios in the
seismic hazard were used in the selection of seed time histories. Criteria used to sort, prioritize,
and select seed time histories for the bedrock analysis spectra from the PEER Center NGA-West2
Ground Motion Database are specified in Chapters 4 and 5.

The magnitude and distance ranges presented are based on the deaggregation results from the
PSHA. The predicted duration parameters were used to select the time histories and will be
described in further detail later in subsequent sections of this report.

Fourteen (14) sets (two uncorrelated and twelve correlated) of two-component seed time histories
were selected from the PEER Center NGA-West2 Ground Motion Database at their as-recorded
orientations. The seed time histories were selected to roughly match the dominant scenarios from
the PSHA deaggregation using the selection criteria listed above, and with consideration of overall
spectral shape and scaling factor. Descriptions of how duration was accounted for in these suites
can be found in the following sections.

To test the impact that these correlation coefficients have on the probability of collapse, multiple
suites of time histories were chosen using both the state of practice for accounting for duration and
using the correlation models in this report. The first suite was chosen using non-correlated
durations, magnitude, distance, and other secondary earthquake parameters. Then six additional
suites were selected based on a scaled uniform hazard spectra scaled to different scale factors.
These suites are then used in a structural model to predict the probability of collapse. This
framework was repeated for two sites, one in Northern California and another in Southern
California.

3.3 SPECTRAL MATCHING - HORIZONTAL

Spectral modification was performed by amplitude scaling and spectrally-matching over a period
range of PGA to 5.0 sec. By performing spectral matching, we are able to isolate the difference
between the suites of records to those of their non-stationary properties (aka duration).

Each suite of eleven pairs of two-component horizontal recorded time histories (as-recorded) were
scaled to the target PGA and then spectrally matched to the Uniform Hazard Spectra (UHS) using
RSPMatch.” RSPMatch was originally developed by Abrahamson (1992) as a modification to the
method by Lilhanand and Tseng (1988). The approach developed by Lilhanand and Tseng (1988)
makes small wavelet adjustments to the time history; those adjustments are used to make non-
stationary modifications to the seed time history. The introduction of non-stationary modifications
allows for modification of the time history while maintaining non-stationary properties.

72018 release, executable received from N. Abrahamson via email November 12, 2018
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The 2018 release of RSPMatch allows for the component-to-component variability of the two
horizontal components to be maintained. This is accomplished within the program by calculating
the ratio of each component to the geomean of the time series and multiplying this ratio by the
target to achieve a component-specific target.

Following the spectral matching process, each time history was baseline corrected. Baseline
correction is used to remove any long period drift that might be added to the time history during
the spectral matching process. To perform the baseline correction, a polynomial is fit to the
acceleration record such that the acceleration, velocity, and displacement resolve to zero at the end
of the record. Final response spectra were calculated for each time history component once spectral
matching was complete.
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4 CASE STUDY 1: MAJOR TOLL BRIDGE

The first bridge considered is based on the design and location of the San Diego-Coronado bridge
which underwent a structural seismic retrofit in 1999. As part of this retrofit, lead rubber bearings
(LRBs) were installed on 13 of its piers while the remaining piers have rigid connections to the
deck. The Coronado bridge has spans of about 200 ft over the isolated span, and the piers have
heights of up to 160 ft. This bridge was selected for the case study as a major toll bridge due to its
long spans and tall piers making it more flexible than a typical highway bridge. The major toll
bridge with flexible piers and a natural period of around 1.6 seconds. The location of the bridge is
shown in Figure 4.1. An overview photo of the bridge and a close-up of a top of a pier with a lead
rubber bearing are shown in Figure 4.2.

Major Toll Bridge

q

Chula Vista
&
v

Figure 4.1 Major toll bridge location in Southern California showing curved span on plan
view.?

8 Google Maps. 2023. [Coronado bridge] [Online]. Available: https://www.google.com/maps/@32.6950075,-.
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The PBEE methodology is followed through to the damage analysis phase to evaluate the
performance of two bridge models to compare the performance of each structure using more
traditional IDA and the proposed hazard selection methodology using a correlated spectral
duration and acceleration. Fragility curves for each case are presented to compare the expected
bridge performance under both ground motion selection methods.

T =

S e

Figure 4.2 Major toll bridge picture of flexible piers and top of pier lead rubber bearing.’

41 GROUND MOTION SELECTION

4.1.1 Hazard Analysis

The UHS for a return period of 2,475 years (corresponding to a 2% probability of exceedance in
50 years) was developed using the method outlined in Section 3.1 and is shown in Figure 4.3.
Figure 4.4. depicts the deaggregation of the PSHA results for a Vs3o of 300 m/s for the period of
the bridge (1.6 seconds). The major toll bridge is dictated by a Mw 7.1 at 1 km according to the
deaggregation results. These values were used in the deterministic analysis to calculate the & for
the duration correlation analysis (discussed later).

® Forell | Elsesser Engineers. San Diego Coronado Bay Bridge Seismic Retrofit [Online]. Available:
https://forell.com/projects/transportation/coronado-bay-bridge-seismic-retrofit/ [Accessed May 23, 2023].
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Figure 4.3. Uniform hazard spectra for a return period of 2,475 years (corresponding to a

2% probability of exceedance in 50 years, Maximum Considered Earthquake) for the
major toll bridge location.
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Figure 4.4. 2475-year return period hazard deaggregation at a period of 1.6 second showing
near fault contribution.

4.1.2 General Selection of Seed Time Series

The specific earthquake source parameters that represent the dominant earthquake scenario in the
seismic hazard were used in the selection of seed time series. Criteria used to sort, prioritize, and
select seed time series for the bedrock analysis spectra from the PEER Center NGA-West2 Ground
Motion Database included the following for all suites:

e Magnitude (Mw): 7.0 — 8.6;
e Rupture distance: 0 — 50 km;

4.1.3 Selection of Non-correlated Suite

The first suite was selected based on the mean duration values from the DPEs and the other
parameters listed above. For the site the mean duration values from the DPEs are as follows:
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o Ds-75: 6.0 seconds

o Dsg5: 13.0 seconds

The suite using these duration bounds is shown in Table 2.

Table 2 Non-correlated suite of time histories

RSN Earthquake Name Station Name Mw | Ds.750 (sec) | Ds.gs05 (S€C)
828 Cape Mendocino Petrolia 7.0 6.5 17.7
1158 Kocaeli, Turkey Duzce 7.5 6.1 11.8
1509 Chi-Chi, Taiwan TCUO74 7.6 13.3 19.7
1787 Hector Mine Hector 7.1 7.6 11.7
3748 Cape Mendocino Ferndale Fire Station | 7.0 6.2 13.6
3934 Tottori, Japan SMNO002 6.6 6.7 15.6
3965 Tottori, Japan TTROO08 6.6 6.2 185
4031 |  SanSimeon, CA Templf;‘;gi;a}'smry 6.5 33 103
5818 Iwate, Japan Kurihara City 6.9 6.5 15.1
6890 Darfield, New cfsﬁrrifécrl‘”.ﬂfgh 7.0 9.0 20.0
Zealand
School

4.1.4 Selection of Correlated Suites

The next six suites for each site were selected based on correlated duration bounds and scaled
versions of the UHS. The correlation coefficient at the fundamental period of each bridge was used

and applied through Equation (4.1), below.

where,

Haurisa = Haur T €PosOdur

Uaur1S the mean duration from the DPE;
044 1S the standard deviation of the DPE;
Pos 1S the correlation coefficient at the period of the bridge (calcluated in Section 2);

€ is the number of standard deviations of the scaled UHS (at the period of the bridge) from the

median ground motion; and
Haur|sa 1S the correlated mean duration.
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Figure 4.5. Deterministic spectra and depiction of epsilon for the Toll Bridge site

¢ is calculated using the deaggregation results from the PSHA to calculate a deterministic median
pseudo-spectral acceleration and standard deviation using the four NGA-West2 GMPEs (shown
in Figure 4.5). An example of one ¢ is depicted between the median and 84" percentile
deterministic spectra. The UHS (and scaled UHS) are compared to this deterministic scenario to
calculate the number of standard deviations from the median to get the actual «.

To develop the fragility curves scale factors of 2, 2.5, 3, 3.5, 4, and 4.5 were applied to the UHS,
the correlated Ds.7s% and Ds.-g5% were calculated, and additional time histories selected. The values
of € used for the correlated duration can be found in Table 3 and the correlated duration values are
in Table 4. The time series for each of the scale factors and sites are outlined in Table 5 through

Table 10. The main focus of this selection process was the duration values, so the magnitudes and
other parameters of the suites are not as close to the deaggregation results. The difference between
the mean duration used for the uncorrelated suite and the mean durations used for the correlated
suite increases as scale factor increases.
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Table 3. € values (number of standard deviations from deterministic median ground
motion) for the Toll Bridge (1.6 sec)

Scale Factor
1 0.68
2 1.67
2.5 1.99
3 2.25
35 2.47
4 2.67
45 2.83

Table 4 Correlated Duration values for the Toll Bridge site

Toll Bridge
Scale Factor| Ds-759% (sec) | Ds-g5% (Sec)
1 5.79 12.78
2 5.49 12.46
2.5 5.39 12.36
3 5.32 12.28
3.5 5.25 12.21
4 5.20 12.16
4.5 5.15 12.12

Table 5 Suite of time histories for the UHS scale factor of 2, Toll Bridge

RSN Earthquake Name Station Name Mw | Ds7% | Dsosw
(sec) (sec)

173 Imperial Valley-06 El Centro Array #10 6.5 5.3 12.8

1116 Kobe, Japan Shin-Osaka 6.9 4.5 11.6

1120 Kobe, Japan Takatori 6.9 6.0 11.3

1158 Kocaeli, Turkey Duzce 75 6.1 11.8

1492 Chi-Chi, Taiwan TCUO052 7.6 5.7 16.7

3748 Cape Mendocino Ferndale Fire Station | 7.0 6.2 13.6

4874 Chuetsu-oki, Japan Oguni Nagaoka 6.8 5.6 12.2

4894 Chuetsu-oki, Japan Kashiwazaki NPP 1 ¢ o | 4 10.4

Unit 1: ground surface
Darfield, New
6962 Zealand ROLC 7.0 7.1 11.4
Christchurch, New Christchurch
8063 Zealand Botanical Gardens 6.2 4.8 114
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Table 6 Suite of time histories for the UHS scale factor of 2.5, Toll Bridge

RSN Earthquake Name Station Name Mw | D57 | Dsosw
(sec) | (sec)
173 Imperial Valley-06 El Centro Array #10 6.5 53 12.8
1116 Kobe_ Japan Shin-Osaka 6.9 4.5 11.6
1120 Kobe_Japan Takatori 6.9 6.0 11.3
1158 Kocaeli_ Turkey Duzce 7.5 6.1 11.8
1492 Chi-Chi_ Taiwan TCUO052 7.6 5.7 16.7
3748 Cape Mendocino Ferndale Fire Station 7.0 6.2 13.6
4229 Niigata_ Japan NIGH12 6.6 5.4 10.1
4874 Chuetsu-oki_ Japan Oguni Nagaoka 6.8 5.6 12.2
. Kashiwazaki NPP_ Unit
4894 Chuetsu-oki_ Japan 1: ground surface 6.8 6.0 10.4
8063 Christchurch_ New | Christchurch Botanical 6.2 48 114
Zealand Gardens
gr1g | Christchurch_New | b o i High School | 62 | 59 | 13.9
Zealand

Table 7 Suite of time histories for the UHS scale factor of 3, Toll Bridge

RSN Earthquake Name Station Name Mw | Ds7s% Ds.os06
(sec) (sec)
173 Imperial Valley-06 El Centro Array #10 6.5 53 12.8
1116 Kobe_ Japan Shin-Osaka 6.9 4.5 11.6
1120 Kobe_Japan Takatori 6.9 6.0 11.3
1158 Kocaeli_ Turkey Duzce 75 6.1 11.8
1492 Chi-Chi_ Taiwan TCUO052 7.6 5.7 16.7
3964 Tottori_ Japan TTROO7 6.6 4.9 12.7
4229 Niigata_ Japan NIGH12 6.6 5.4 10.1
4874 Chuetsu-oki_ Japan Oguni Nagaoka 6.8 5.6 12.2
. Kashiwazaki NPP_ Unit 1:
4894 Chuetsu-oki_ Japan ground surface 6.8 6.0 104
8063 Christchurch_ New Christchurch Botanical 6.2 48 114
Zealand Gardens
gigg | Christchurch_New Papanui High School 6.2 5.9 13.9
Zealand
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Table 8 Suite of time histories for the UHS scale factor of 3.5, Toll Bridge

Sjﬁ]oggr Earthquake Name Station Name Mw E();)e?z)A) %’egé)“
173 Imperial Valley-06 El Centro Array #10 6.5 5.3 12.8
1116 Kobe, Japan Shin-Osaka 6.9 4.5 11.6
1120 Kobe, Japan Takatori 6.9 6.0 11.3
1158 Kocaeli, Turkey Duzce 7.5 6.1 11.8
1492 Chi-Chi, Taiwan TCUO052 7.6 5.7 16.7
3964 Tottori, Japan TTROO7 6.6 4.9 12.7
4117 Parkfield-02, CA Parkfield - Fault Zone 15 6.0 5.3 11.7
4228 Niigata, Japan NIGH11 6.6 3.9 12.2
4874 Chuetsu-oki, Japan Oguni Nagaoka 6.8 5.6 12.2
4894 Chuetsu-oki, Japan Kas“';‘f)fm gjf; Eeun” Ll 68 6.0 10.4
8063 Chrls;cegt:;%, New Chrlstch;rr%k;riotamcal 6.2 48 114

Table 9 Suite of time histories for the UHS scale factor of 4, Toll Bridge

I\ITS;OJS', Earthquake Name Station Name Mw %gé)" I?Ssegé)/"
173 Imperial Valley-06 El Centro Array #10 6.5 5.3 12.8
1111 Kobe, Japan Nishi-Akashi 6.9 4.5 11.2
1116 Kobe, Japan Shin-Osaka 6.9 4.5 11.6
1158 Kocaeli, Turkey Duzce 7.5 6.1 11.8
1492 Chi-Chi, Taiwan TCUO052 7.6 5.7 16.7
3964 Tottori, Japan TTRO007 6.6 4.9 12.7
4117 Parkfield-02, CA Parkfield - Fault Zone 15 6.0 5.3 11.7
4228 Niigata, Japan NIGH11 6.6 3.9 122
4874 Chuetsu-oki, Japan Oguni Nagaoka 6.8 5.6 12.2
4894 Chuetsu-oki, Japan Kashlévrgiilg gﬁ; _CeUnlt L 6.8 6.0 10.4
8063 Christchurch, New Christchurch Botanical 6.2 48 114

Zealand Gardens
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Table 10 Suite of time histories for the UHS scale factor of 4.5, Toll Bridge

I\ITS;OJ; Earthquake Name Station Name Mw %gg)/" ?gegz)ﬁ’
173 Imperial Valley-06 El Centro Array #10 6.5 5.3 12.8
768 Loma Prieta Gilroy Array #4 6.9 5.4 14.8
1111 Kobe, Japan Nishi-Akashi 6.9 4.5 11.2
1116 Kobe, Japan Shin-Osaka 6.9 45 11.6
1158 Kocaeli, Turkey Duzce 7.5 6.1 11.8
3964 Tottori, Japan TTROO7 6.6 4.9 12.7
4117 Parkfield-02, CA Parkfield - Fault Zone 15 6.0 5.3 11.7
4228 Niigata, Japan NIGH11 6.6 3.9 12.2
4874 Chuetsu-oki, Japan Oguni Nagaoka 6.8 5.6 12.2
4894 Chuetsu-oki, Japan Kas“';"rzfm' ::;Fr’le EeU”'t Y 6.0 10.4
8063 Christchurch, New Christchurch Botanical 6.2 48 114

Zealand Gardens

4.2 STRUCTURAL ANALYSIS

A 2D schematic of the bridge profile is shown in Figure 4.6 including modeling details. However,
it is important to note that a full 3D model was developed using OpenSees (McKenna et al., 2010)
to capture the behavior due to the 90-degree bend on the span and considering bidirectional ground
motion loading. Each pier consists of two reinforced concrete columns. The first 14 piers (see
Figure 4.6 for numbering) are isolated using four LRBs located on top of each capping beam. The
pier height and span length along the centerline are listed in Table 11.

The pier dimensions increase with increasing height but maintain an assumed reinforcement ratio
of 1%. To simplify the model, piers with similar geometric characteristics are grouped together.
The piers were divided into 7 sets with geometric characteristics summarized in Table 12 including
Column Width, B; Column Depth, D; number of longitudinal bars at top and bottom (#14), number
longitudinal bars at the sides (#14), and plastic hinge length, L,,. The sets are Pier 2 through Pier
6, Pier 7 — Pier 11, Pier 12 and 13, and Pier 14 — 17, Pier 18 and 21, Pier 19 and 20, and Pier 22 —
26. A schematic of column section is provided in Figure 4.7. The piers are modeled using beam-
with-hinges elements with Concrete02 and Steel02 materials to capture the nonlinear behavior of
piers and the concrete degradation of the pier with cyclic loading. A confined core and unconfined
concrete fiber section was defined. The compressive strength of concrete is assumed to be 5 ksi
and the expected yield strength of the steel rebar is defined as 69 ksi., The plastic hinge length was
calculated using Priestley and Park (1987) equation based on pier length (L) and reinforcement
diameter (Dy,;) and adapted by Caltrans (2019): P-Delta effects are considered for all piers to
account for geometric nonlinearity.
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L, = 0.08L + 0.15f,D, = 0.3f,Dy, (4.2)

Contrary to buildings, bridges are designed with a “strong beam — weak column” philosophy. As
such, damage to bridges is often concentrated on the formation of plastic hinges in the pier while
the deck remains elastic. Given the knowledge of this design practice, the pier caps and deck are
modeled using elastic beam elements. The deck masses are lumped at the top of each bearing node,
and the pier beam cap masses are lumped at the top of each pier. A consistent mass matrix is
formulated for the distributed mass of the piers along their height. The structural damping is
estimated using Rayleigh damping proportional to mass and the tangent stiffness with coefficients
based on the first two modes and a damping ratio of 3% per Caltrans (2019) Section 4. The
boundary conditions are simplified by assuming fixed pier bases and a pinned abutment
connection. The model ends at pier 26 where the approach ramps begin.

Linear Elastic Beam Column

WA\ Lead Rubber Bearings (Bouc-Wen)
+=—— = Non-Linear Beam Column

4 ®a  Pin, Fixed Support

m T

2 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Figure 4.6 Major toll bridge model in profile view.

#14 Bundled

(see table) \ 2” Cover
i

| #6 stirrups

s
e o oo oo oo

B

Figure 4.7 Major toll bridge pier cross-section.
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The design of the lead rubber bearings is the same across all piers. The geometric and mechanical
properties are summarized in Table 13. The LRB is modeled using a two node link element with
a hysteretic model including energy degradation in the shear and linear behavior in axial and
rotational degrees-of-freedom. Using the geometric properties the mechanical properties of the
isolator are calculated following Kelly and Konstantinidis (2011). The vertical and rotational
stiffness, K, and Ky, are calculated using Equation 4.3 and 4.4 respectively, where E. is the
instantaneous compression modulus of rubber, A is the loaded rubber area, ¢, is the total thickness
of rubber, and E1l.( is the bending stiffness of the annular bearing. The hysteretic behavior of the
bearing including degradation is shown in Figure 4.8. The Opensees hysteretic material parameters
that control hysteretic degradation is damage,, 6,4, and has a value of 0.005.

tr

K, = 2t (4.4)

tr

Table 11 Pier properties.

Pier Height (ft) Span Length (ft)
1 - 150

2 28.0 162

3 35.0 162

4 42.6 215°-3”
5 50.4 222°-4”
6 65.3 222°-4”
7 75.7 222°-4”
8 85.7 222°-4”
9 96.4 222°-4”
10 106.8 222°-4”
11 117.2 222°-4”
12 125.1 222°-4”
13 135.5 222°-4”
14 145.9 222°-4”
15 156.2 222
16 166.7 242
17 167.5 280
18 174.6 660
19 187.9 660
20 187.9 560
21 178.8 280
22 171.9 250
23 165.7 231
24 159.0 231
25 154.0 231
26 144.0 -
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Table 12 Column properties.

Pier Set B (ft) D (ft) Nitoppor  Nisize Ly (in)

Piers 2 -6 8.5 8.0 16 8 80
Piers 7 — 11 9.0 9.0 20 8 130
Piers 12 — 13 10.5 11.0 28 10 150
Pier 14 — 17 11.0 12.0 30 14 160
Pier 18 & Pier 21 115 135 34 16 160
Pier 19 — 20 14.5 14.5 36 32 160
Pier 22 — 26 11.0 125 30 14 160

Table 13 Lead Rubber Bearing Properties.

Bearing Property

Bearing Diameter, Dpeqring (iN) 45.0
Lead core diameter, D;,,q4 (iN) 9.0
Number of layers, n 20
Total rubber thickness, t,. (in) 15.0
Yield stiffness, K, (kip/in) 51.25
Post-yield stiffness ratio, a (kip/in) 0.119
Characteristic strength, Q4 (Kip) 87.75
Vertical Stiffness, Ky (kip/in) 3,664
Rotational Stiffness, Kg (Kip-in) 321,200

300

200

100 |

Or

Force (kip)

-100 1

=200

_3[’][’] j 1 1 1 1 1 1 1 1
-4 =30 =20 -10 0 10 20 30 40
Displacement (in)

Figure 4.8 Lead rubber bearing model hysteresis.
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4.3 DAMAGE ANALYSIS

The purpose of the damage state fragility curves developed in this report is to evaluate the effect
of incorporating ground motion duration in the selection of ground motions in IDA. Thus, the
fragility curves are not presented as a prediction of the exact bridge performance expected. To
determine the damage state of the bridge, the damage states of the components, specifically the
piers and isolation bearings, were assessed. Caltrans (2019) Section 1.3 suggests dividing
performance into five damage states. This report presents results for two damage states of interest:
DS-3 and DS-5, Moderate Damage and Major Damage, respectively. Caltrans defines expected
performance; at DS-3 bridge repair is likely, but bridge replacement is unlikely, while at DS-5
bridge replacement is likely. For concrete piers, at DS-3 extensive cracks and spalling of the
concrete is expected, while at DS-5 the onset of compressive failure of the core concrete is
expected.

Currently there is no formal definition for bearing damage states; for the purpose of this report two
bearing damage states are defined. The moderate damage state (DS-3) is defined as the bearing
shear strain that leads to reaching the buckling limit under the isolator axial load using the
overlapping are method (Buckle and Liu, 1994), which for this design is 235% shear strain.
Calculating the stability limit using this method has been shown to lead to a conservative estimate
of the stability limit (Weisman & Warn, 2012). As such, the major damage state (DS-5) is defined
as the bearing shear strain under which there is no remaining overlap between the top and bottom
of the bearing, which occurs at the displacement equal to the bearing diameter, which for this
design is 300% shear strain. Table 15 shows the bearing damage states considered for analysis.

Previous studies on bridge column damage correlate engineering demand parameters with
observed damage states. VVosooghi and Saiidi (2010) tested 30 reinforced concrete bridge columns
and proposed five damage states. They reported statistics for each damage state for six response
parameters: maximum drift ratio, residual drift ratio, frequency ratio, inelasticity index, maximum
longitudinal steel strain, and maximum transverse steel strain. They found that piers tested under
near-field conditions were able to sustain larger drifts before reaching each damage state than the
rest of the columns. Vosooghi and Saiidi (2012) tested two more specimens and averaged the
results for all 32 columns in the database to develop fragility curves for the six response
parameters. A more recent study (Saini and Saiidi, 2014) expanded the existing database to a total
of 38 columns and reported updated mean and logarithmic standard deviation for all six response
parameters proposed by VVosooghi and Saiidi (2010) as well as updated damage fragility curves.

This study focuses on generating damage fragility curves using the maximum drift ratio of each
column, which is easily obtained from OpenSees analysis, to classify the damage state of the
individual piers. Since bidirectional ground motions were considered, the maximum displacement
was calculated as the peak resultant displacement of each element. While updated parameters from
the VVosooghi and Saiidi 2012 and 2014 studies expand the bridge column database, the lumped
statistics do not include the difference in damage under near-field motions. As the major toll bridge
is predominantly affected by near-field ground motions, the fragility curves developed using the
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data reported for columns tested under near-field motions by VVosooghi and Saiidi (2010) are used.
Table 14 shows the pier damage states considered for analysis.

The damage fragility curves are found by counting the percent of the ground motions at each
spectral acceleration scale under which the damage state occurs across any of the components.
This is a conservative approach since it equates overall bridge performance to individual
component performance. The fragility curves are obtained using the maximum likelihood fit per
Baker (2015). The reason for using the maximum likelihood method instead of the typical method
of moments estimator used to fit a lognormal distribution to IDA analysis is that like the case of
the multiple stripes analysis (MSA), the suite of the ground motions selected using the correlated
duration may not always present the IM values associated with 100% probability of a given
damage state. As described by Baker (2015), the function fits a lognormal cumulative distribution
function (CDF) to the observed probability of collapse data using optimization on the likelihood
function for the data.

Table 14 Pier Damage Limits.

Damage Description Drift Ratio Threshold

State

DS-1 Minimal Damage: Flexural Cracks 0.029

DS-2 Minor Damage: minor spalling and 0.041
possible shear cracks

DS-3 Moderate damage: extensive cracks 0.059
and spalling

DS-4 Moderate damage: visible lateral 0.109
and/or longitudinal reinforcing bars

DS-5 Major Damage: imminent failure, 0.131
onset of compressive failure of core
concrete

DS-6 Failure/Collapse -

Table 15 Bearing Damage Limits.

Damage Description Shear Strain
State Threshold
DS-3 Moderate Damage: bearing bucking 235%

limit at isolator axial load based on
overlapping area.
DS-5 Major Damage: imminent failure 300%
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4.4 BRIDGE PERFORMANCE

4.4.1 Non-Correlated Suite of Ground Motions — Fragility curves

The observed fractions of reaching damage state DS-3 are plotted against the scale factor of each
suite of ground motions, along with the curve fitted to the data for each element in Figure 4.9,
Figure 4.10 and Figure 4.11 for the isolation bearings, the isolated piers, and the non-isolated piers,
respectively. Figure 4.9 shows that the bearings on mid-height piers are the first to reach DS-3.
For instance, the bearing on Pier 6 reaches the median damage probability at a scale factor of 1.09,
while the bearing on Pier 2 reaches the same damage probability at a scale factor of 2.37.

The fragility curves of the piers for DS-3, shown in Figure 4.10, tend to increase with increasing
pier height. The increase in damage probability with pier height is seen by the shift of the fitted
curves to the left while maintaining a similar dispersion. For the tall piers, DS-3 is reached at
smaller scale factors. The isolated piers reach the median damage at scale factors ranging from 3.3
to 5.3. Comparing these values with the ones obtained from the bearing elements on Figure 4.9,
shows that the isolation layer is performing as intended by reducing the pier demands and
controlling the response. In Figure 4.11 the same plot is repeated for the non-isolated piers. While
these have a larger damage probability that the isolated piers, reaching the median damage
probability at scale factors ranging form of 3.3 to 3.9, the LRB fragilities continue to control the
performance.

The trend in results for the element-level fragility curves are similar for DS-5, and the figures are
included in the Appendix. The overall bridge damage is determined based on the maximum
damage of any element at each intensity level. Figure 4.12 shows the data points for observed
bridge damage with the fitted logarithmic fragility curves. Using the non-correlated motions, the
bridge reached the median probability of DS-3 and DS-5 at scale factors of 1.09 and 1.19
respectively.
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Figure 4.9 DS-3 fitted fragility curves for bearings under non-correlated ground motions.
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Figure 4.10 DS-3 fitted fragility curves for isolated piers under non-correlated ground
motions.
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Figure 4.12 Major toll bridge fitted fragility curves for DS-3 and DS-5 under non-
correlated ground motions.
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4.4.2 Correlated Suite of Ground Motions — Fragilities

For the fragility curves generated using the duration correlated motions, similar trends are
observed. There are slight shifts of the fragility curves to the right indicating higher performance
is predicted with reduced ground motion duration. In this case the isolation continues to control
the response. The bearings observed fractions of reaching DS-3 along with fitted fragility curves
are shown in Figure 4.13 reaching the median probability at scale factors of 1.52 and 2.57. Here
the bearings mid-height piers 5, and 6 are set apart with a higher damage probability and having a
different dispersion from other piers. The fragility curves for the overall bridge are shown in Figure
4.14, the bridge reached the median probability of DS-3 and DS-5 at scale factors of 1.59 and 1.90
respectively. The fragility curves obtained using the duration correlated records presents a slightly
larger dispersion than the curves from the non-correlated records. Additional fragility curves are
shown in the Appendix.
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Figure 4.13 DS-3 probability for bearings on each isolated pier with fitted fragility curves
under correlated ground motions.
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Figure 4.14 Major toll bridge damage probability with fitted fragility curves for DS-3 and
DS-5 under correlated ground motions.

4.4.3 Major Toll Bridge Performance Comparison

Comparing the fragility curves developed for both ground motion scaling methodologies, Figure
4.15 shows the fragility curves obtained with the correlated (C) and the non-correlated (NC) data
sets for bearings on piers 3, 5 and 14 at DS-3. Here it is seen that the different hazard selection
methodologies have different effects on each element. The bearings on Piers 3, 5, and 14, in Figure
4.15, show that under the non-correlated IDA analysis, the median probability of the bearings
reaching DS-3 occurs at scale factors of 1.95, 1.09 and 1.42, respectively. However, the fragility
curves considering the duration correlated ground motions reach a median DS-3 probability at
scale factors of 2.40, 1.68 and 1.98, respectively. These indicate a shift of the median DS-3 fragility
curves by 18.8%, 35.1%, and 28.3%. Similarly, Figure 4.16 shows the correlated (C) and the non-
correlated (NC) sets for bearings on piers 3, 5 and 14 at DS- 5. The shift in the median DS-5 for
bearings on pier 3, 5 and 14 is 9.0%, 38.9% and 20.7%, respectively.

The overall bridge fragility curves obtained from both methodologies are compared in DS-3 and
DS-5 and shown in Figure 4.17. The overall performance compared in Figure 4.17 considering all
the bridge piers and bearings shows a change in the median probability of 29.2% at DS-3 and
37.4% at DS-5 with changes in dispersion from the non-correlated to the correlated data set. These
results show the median probabilities of reaching DS-3 and DS-5 in many cases are lower when
the ground motion duration correlation is considered in the analysis.
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The average number of cycles at set displacement ranges is calculated and averaged for all 11
ground motions on each suite at scale factors of 1.0, 2.5, and 4.0 to show the effect the duration
correlation has on the number of cycles the bearings experienced. The averaged cycle count is
presented in Figure 4.18 and Figure 4.19 showing the number of cycles observed in the non-
correlated and the correlated cases. The figures show a reduction in the displacement cycles under
the duration correlated records as the scale factor increases. This finding supports the original
assumption that the number of loading cycles is reduced when ground motion duration correlation
is accounted for. This reduction is not the same across elements. For instance, bearing 14 in Figure
4.19 show a larger difference in the number of cycles when compared to bearing 7 in Figure 4.18.
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Figure 4.15 Major toll bridge bearings 3, 5, and 14 fragility curves comparison for DS-3.
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Figure 4.16 Major toll bridge bearings 3, 5, and 14 fragility curves comparison for DS-5.
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Figure 4.17 Major toll bridge fragility curves comparison.
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Figure 4.19 Comparison of average number of cycles for bearing 14 over suites of non-
correlated (NC) and correlated (C) records at scale factors of 1.0, 2.5, and 4.0.
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S TYPICAL HIGHWAY OVERPASS

For the second case study, a typical highway overpass was selected as these are commonly
designed structures and, thus, any changes to understanding of their performance has wide ranging
consequences. The overpass has a first period of roughly 0.5 seconds and is located in Northern
California, shown in Figure 5.1. This second case study aims to capture different correlation
changes due to the change in structural period, particularly for a short period bridge, while the
pervious chapter explored a long period bridge. The same methodology as followed in Section 4
is used to examine the effect of including duration correlation in the performance analysis.
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Figure 5.1 Major toll bridge location in Southern California showing curved span on plan
view. 20

10 Google Maps, 2023
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5.1 SELECTION OF GROUND MOTIONS

5.1.1 Hazard Analysis

The UHS for a return period of 2,475 years (corresponding to a 2% probability of exceedance in
50 years) was developed using the method outlined in Section 3.1 and shown in Figure 5.2. Figure
5.3 are the design spectrum and the deaggregation of the PSHA results for a Vsso of 250 m/s for
the period of the bridge (0.35 seconds). The median magnitude and distance were found to be Mw
7.0 at 10 km. These values were used in the deterministic analysis to calculate the ¢ for the duration
correlation analysis (mentioned later).

10 —r—rrrr
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Figure 5.2. Uniform hazard spectra for a return period of 2,475 years (corresponding to a
2% probability of exceedance in 50 years, Maximum Considered Earthquake) for the
highway overpass location.
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Figure 5.3. 2475-year return period hazard deaggregation at a period of 0.35 second
showing near fault contribution.

5.1.2 General Selection of Seed Time Series

The specific earthquake source parameters that represent the dominant earthquake scenario in the
seismic hazard were used in the selection of seed time series. Criteria used to sort, prioritize, and
select seed time series for the bedrock analysis spectra from the PEER Center NGA-West2 Ground
Motion Database included the following for all suites:

e Magnitude (Mw): 7.0 — 8.6;
e Rupture distance: 0 — 50 km;

5.1.3 Selection of Non-correlated Suite

The first suite was selected based on the mean duration values from the DPEs and the other
parameters listed above. For the two sites the mean duration values from the DPEs are as follows:
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o Ds-75: 7.3 seconds
o Ds.g5: 15.51 seconds

The suite using these duration bounds is shown in Table 16.

Table 16. Non-correlated suite of time histories

RSN Earthquake Name Station Name Mw Dégé;" Ds.g506 (S€C)
728 | Superstition Hills-02 | \VemIandFire | g 11.9 235
806 Loma Prieta Sunnyvale - Colton | ¢ 9.9 25.3
Ave.
827 Cape Mendocino Fortunsl;/gortuna 7.0 11.3 18.7
900 Landers Yermo Fire Station 7.3 10.9 18.9
1193 Chi-Chi, Taiwan CHY024 7.6 13.8 27.0
1244 Chi-Chi, Taiwan CHY101 7.6 135 304
2114 Denali, Alaska TAPS P;E)p Station | 7 g 9.1 295
4859 | Chuetsu-oki, Japan | Mitsuke Kazuiti Arita | ¢ o 17.8 20.4
Town
6911 Darfield, New HORC 7.0 7.0 9.5
Zealand
6953 | Darfield, New Zealand | ' 29¢S Road Pumping | 11.2 22.0
Station
8606 El Mayor-_Cucapah, Westside Elementary 79 101 253
Mexico School

5.1.4 Selection of Correlated Suites

¢ is calculated using the deaggregation results from the PSHA to calculate a deterministic median
pseudo-spectral acceleration and standard deviation using the four NGA-West2 GMPEs (shown
in Figure 5.4. ¢ is depicted between the median and 84™ percentile deterministic spectra. The UHS
(and scaled UHS) are compared to this deterministic scenario to calculate the number of standard
deviations from the median, to get the actual e.

To develop the fragility curves scale factors of 2, 2.5, 3, 3.5, 4, and 4.5 were applied to the UHS,
the correlated Ds.7s% and Ds.-g5% were calculated, and additional time histories selected. The values
of ¢ used for the correlated duration can be found in Table 17 and the correlated duration values
are in Table 18. The time histories for each of the scale factors and sites are outlined in Table 19
through Table 24. The main focus of this selection process was the duration values, so the
magnitudes and other parameters of the suites are not as close to the deaggregation results. The
difference between the mean duration used for the uncorrelated suite and the mean durations used
for the correlated suite increases as scale factor increases.
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Figure 5.4. Deterministic spectra and depiction of epsilon for the highway overpass

Table 17. € values (number of standard deviations from deterministic median ground
motion) for the Highway Overpass (0.35 sec)

Scale Factor €
1 2.53
2 3.77
2.5 4.17
3 4.50
3.5 4,77
4 5.01
45 5.22
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Table 18 Correlated Duration values for the Highway Overpass Site

Highway Overpass
Scale Factor| Ds-759% (sec) | Ds-g5% (Sec)
1 5.02 12.14
2 4.20 10.80
2.5 3.96 10.40
3 3.78 10.09
3.5 3.64 9.83
4 3.52 9.62
4.5 3.41 9.43

Table 19 Suite of time histories for the UHS scale factor of 2, Highway Overpass

RSN Earthquake Station Narme Mw D 5750 Ds.-95%
Name (sec) (sec)
173 'mpe”g'ﬁva"ey' El Centro Array #10 6.5 5.3 12.8
181 'mpe”g'ﬁva"ey' El Centro Array #6 6.5 5.3 115
778 Loma Prieta Hollister Differential Array | 6.9 4.2 13.3
803 Loma Prieta Saratoga - W Valley Coll. 6.9 4.1 111
1116 Kobe_ Japan Shin-Osaka 6.9 4.5 11.6
1120 Kobe_ Japan Takatori 6.9 6.0 11.3
1158 Kocaeli_ Turkey Duzce 7.5 6.1 11.8
2650 | CMCMTaman- TCU116 6.2 4.9 12.3
3748 Cape Mendocino Ferndale Fire Station 7.0 6.2 13.6
4894 Chuetsu-oki_ Kashiwazaki NPP_ Unit 1: 6.8 6.0 10.4
Japan ground surface
8123 Christchurch_ Christchurch Resthaven | 6.2 4.4 11.2
New Zealand
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Table 20 Suite of time histories for the UHS scale factor of 2.5, Highway Overpass

RSN Earthquake Station Narme Mw D 5750 Ds.-959
Name (sec) (sec)
173 'mpe”ggva”ey' El Centro Array #10 6.5 5.3 12.8
181 'mpe“g'Gva"ey' El Centro Array #6 6.5 5.3 115
803 Loma Prieta Saratoga - W Valley Coll. 6.9 4.1 111
. Jensen Filter Plant
982 Northridge-01 Administrative Building 6.7 4.0 125
1116 Kobe_Japan Shin-Osaka 6.9 4.5 11.6
1120 Kobe_ Japan Takatori 6.9 6.0 11.3
1158 Kocaeli_ Duzce 75 6.1 11.8
Turkey
1197 Chi-Chi_ CHY028 7.6 48 8.7
Taiwan
2650 Chi-Chi_ TCU116 6.2 4.9 12.3
Taiwan-03
4894 Chuetsu-oki_ Kashiwazaki NPP_ Unit 1: 6.8 6.0 10.4
Japan ground surface
Christchurch_ .
8123 New Zealand Christchurch Resthaven 6.2 4.4 11.2
Table 21 Suite of time histories for the UHS scale factor of 3, Highway Overpass
RSN Earthquake Station Name Mw D 575 Ds.os0
Name (sec) (sec)
Imperial
181 Valley-06 El Centro Array #6 6.5 5.3 115
778 Loma Prieta Hollister Differential Array | 6.9 4.2 13.3
803 Loma Prieta Saratoga - W Valley Coll. 6.9 4.1 111
. Jensen Filter Plant
982 Northridge-01 Administrative Building 6.7 4.0 125
1063 Northridge-01 Rinaldi Receiving Sta 6.7 4.3 9.1
1116 Kobe_ Japan Shin-Osaka 6.9 4.5 11.6
1158 Kocaeli_ Duzce 75 6.1 11.8
Turkey
1197 Chi-Chi_ CHY028 7.6 48 8.7
Taiwan
2650 Chi-Chi_ TCU116 6.2 4.9 12.3
Taiwan-03
3746 Cape_ Centerville Beach_ Naval 70 16 10.6
Mendocino Fac
4115 Pardied-02_ | parkfield - Fault Zone 12 | 6.0 4.0 9.7
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Table 22 Suite of time histories for the UHS scale factor of 3.5, Highway Overpass

Record Earthquake . D 5.750 Ds.-95%

Number Name Station Name Mw (sec) (sec)
181 'mpe“gleva”ey' El Centro Array #6 6.5 5.3 115
803 Loma Prieta Saratoga - W Valley Coll. 6.9 4.1 11.1

. Jensen Filter Plant
982 Northridge-01 Administrative Building 6.7 4.0 125
1063 Northridge-01 Rinaldi Receiving Sta 6.7 4.3 9.1
1116 Kobe_ Japan Shin-Osaka 6.9 4.5 11.6
1197 Chi-Chi_ Taiwan CHY028 7.6 4.8 8.7
2650 Chi-Chi_ TCUL16 6.2 4.9 123
Taiwan-03
3746 Cape Mendocino CenterwlleFlzgach_ Naval 7.0 4.6 10.6
3943 Tottori_ Japan SMNO015 6.6 3.7 9.9
4115 Parkfield-02_ | parkfield - Fault Zone 12 | 6.0 4.0 9.7
8123 Christchurch_ Christchurch Resthaven 6.2 4.4 11.2
New Zealand

Table 23 Suite of time histories for the UHS scale factor of 4, Highway Overpass

Record . D 5.750
Number Earthquake Name Station Name Mw (sec) Ds-9506 (S€C)
181 Imperial Valley-06 El Centro Array #6 6.5 5.3 115
803 Loma Prieta Saratogg(;I\I’V Valley | g9 41 11.1
Jensen Filter Plant
982 Northridge-01 Administrative 6.7 4.0 125
Building
1063 Northridge-01 Rinaldi Receiving Sta | 6.7 4.3 9.1
2650 Chi-Chi_ Taiwan-03 TCU116 6.2 4.9 12.3
2655 Chi-Chi_ Taiwan-03 TCU122 6.2 3.3 9.0
3746 Cape Mendocino Centerville Beach_ | 7 4.6 10.6
Naval Fac
3943 Tottori_ Japan SMNO015 6.6 3.7 9.9
4115 Parkfield-02_ca | "arkfield 12F ault Zone | ¢ 4.0 9.7
4131 Parkfield-02_ca | Farkfield-Vineyard | ¢ 4.3 8.7
- Cany 1W
8123 Christchurch_ New Christchurch 6.2 44 112
Zealand Resthaven
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Table 24 Suite of time histories for the UHS scale factor of 4.5, Highway Overpass

Record . D 5.75%

Number Earthquake Name Station Name Mw (se0) Ds.-959 (S€C)
181 Imperial Valley-06 El Centro Array #6 6.5 5.3 115
802 Loma Prieta Saratoga - Aloha Ave | 6.9 4.1 9.4
803 Loma Prieta saratoga - WValley | 6.9 4.1 111

Jensen Filter Plant
982 Northridge-01 Administrative 6.7 4.0 125
Building
. Sylmar - Converter
1085 Northridge-01 Sta East 6.7 3.8 7.4
2655 Chi-Chi_ Taiwan-03 TCU122 6.2 3.3 9.0
3744 Cape Mendocino Bunker Hill FAA 7.0 3.6 134
3746 Cape Mendocino Centerville Beach_ |, 4.6 10.6
Naval Fac
3943 Tottori_ Japan SMNO015 6.6 3.7 9.9
4115 Parkfield-02_ca | Parkfield iZFa“'t Zone | g 4.0 9.7
4131 Parkfield-02_cA | "arfield - Vineyard | ¢ 43 8.7
- Cany 1W
5.2 OPENSEES MODEL

The typical highway bridge model is based on a typical Caltrans bridge located in Northern
California. The bridge has a single concrete pier and a concrete box girder deck of two spans
supported by concrete seat abutments. A schematic of the bridge, reflecting the numerical
modeling layout in OpenSees, is shown in Figure 5.5. The deck is modeled using an elastic-beam
column element and the pier is modeled using a beam with hinges element to capture the nonlinear
behavior of the pier. A cross-section of the pier is presented in Figure 5.6. The concrete and steel
reinforcement materials are modeled using Concrete02 and Steel02 to capture material
degradation. The concrete compressive strength is 4 ksi, while the steel expected yield strength is
defined as 69 ksi. A fiber section including core confinement, unconfined cover and longitudinal
steel bars is defined for the plastic hinge section of the pier. The length of the plastic hinge, L,, is

calculated using Equation (4.1) proposed by Priestley and Park (1987).
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Figure 5.5 Typical highway bridge damage model
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Figure 5.6 Typical highway bridge pier cross-section.

The abutments are modeled using a simplified abutment model as described in Caltrans (2019)
Section 6. The abutment backwall is modeled with a rigid beam perpendicular to the span,
supported by three springs at each end of the beam. The longitudinal behavior is modeled using
two materials, a compression-only springs in parallel with an elastic perfectly-plastic gap spring
and an elastic spring based on the bearings, combined in parallel. The transverse behavior of the
abutments is modeled using an elastic-perfectly plastic material by modifying the longitudinal
stiffness and load capacity using wall effectiveness and participation coefficients, ¢, = 2/3, and
Cw = 4/3 (Maroney and Chai, 1994). The vertical behavior is modeled with a compression-only
elastic spring and a very large stiffness. The abutment modeling parameters are calculated
following Caltrans (2019) Section 6 and equations are replicated here for reference. The stiffness
and yielding force of the longitudinal spring, K,;; and P,;,;, is calculated using Equation 5.1 and
4.2, where wy,, and hy,, are the width and the height of the abutment backwall, and Ry, is the
skew reduction factor due to the skew angle, 8. The Transverse stiffness and yielding force, K;;
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and Py, are calculated using Equation 5.4 and 5.5. Table 25 shows the summary of model
parameters and a schematic of the abutment springs is presented in Figure 5.7 for clarity.

Kapi = Wpy (5.5hp,, + 20)Rg, (5.1)

Papr = Wpy (%) Rk (5.2)
-6

Ry = ess (5.3)

Kope =1/3XCp X Cyy X Koy (5.4)

Pupt =1 /3%XCpL X Cy X Py (5.5)

Table 25 Typical Highway Bridge Properties.

Bearing Property

Backwall width, wy,, (ft) 47.3
Backwall Length , hy,, (ft) 5.5
skew angle, @ (deg) 25
Skew reduction factor, Ry 0.64
Longitudinal bearing stiffness, K, prg (Kip/in) 57.6
Longitudinal gap, Agqy, (in) 15
Longitudinal stiffness, K ,j; (Kip/in) 131,500
Longitudinal yield force, P,y (Kip) 425,200
Transverse stiffness, K p¢ (Kip/in) 39,030
Transverse yield force, P, (Kip) 126,000
Plastic hinge length, L,, (in) 20
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Figure 5.7 Typical highway bridge — Abutment model springs.

5.3 TYPICAL HIGHWAY BRIDGE PERFORMANCE

The performance of the typical highway overpass is evaluated by the same process described in
Chapter 4.3 by calculating the damage probability for pier 1. The overall bridge performance for
the typical highway bridge focuses solely on the pier drift for the purpose of comparing both
ground motion selection methodologies. The typical bridge pushover curve of the overpass bridge,
with the occurrence of damage states is shown in Figure 5.8, showing the pier strength degradation
with increasing drift. The observed fractions of damage states resulting from the numerical
analysis of both ground motion sets are presented along with the fitted fragility curve for the bridge
pier. Figure 5.9 shows the fragility curves resulting from the non-correlated data set while Figure
5.10 shows the pier fragility curves resulting from the correlated ground motions. In the case of
the correlated ground motions, there is high number of observations of DS-3 even at a scale of 1.0,
as such there is not an adequate spread of data to generate a fragility curve, and the curve shown
should not be used to derive statistics of performance.
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Figure 5.8 Typical highway bridge pushover curve showing DS-3 and DS-5.

A comparison of the fragility curves developed for both ground motion sets is presented in Figure
5.11. For DS-5, the analysis considering the duration correlated ground motions leads to reaching
the median damage probability at a scale factor of 1.68 as compared to a scale factor of 1.39 for
the non-correlated IDA analysis. This shift is a 17.3% increase in the intensity expected to reach
the median DS-5 probability and shows that considering ground motion duration correlation in the
scaling reduces the damage expected in the structure for the typical highway overpass. For DS-3,
however, due to the lack of data to get an accurate dispersion of the correlated set no significant
changes to the median probability of collapse can be observed. The average number of cycles is
calculated over the non-correlated and correlated suites at scale factors of 1.0, 2.0, and 3.0 and
presented in Figure 5.12. Here there is a clear reduction in the number of cycles the pier
experiences with increasing scale factor. As such, the reduction in damage probability from the
non-correlated to the correlated data set is attributed to this reduction in the number of cycles the
structure experiences.
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Figure 5.9 Typical bridge, DS-3 and DS-5 probability with fitted fragility curves under
non-correlated ground motions.
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Figure 5.10 Typical bridge, DS-3 and DS-5 probability with fitted fragility curves for under
correlated ground motions.
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Figure 5.11 Typical bridge damage fragility curves for DS-5 under non-correlated and
correlated ground motions.
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Figure 5.12 Comparison of average number of cycles under non-correlated (NC) and
correlated (C) records at scale factors of 1.0, 2.0, 3.0.
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6 CONCLUSIONS

This report focuses on developing fragility curves, with and without considering duration
correlation, for a major toll bridge with a period of 1.6 seconds and a typical overpass with a period
of 0.5 seconds. The first objective is to determine if considering duration correlation in ground
motion selection appreciably changes the hazard input for analysis. Given this hazard change, the
second goal is to evaluate changes in the fragility damage curves for the two bridges.

Ground motion duration is negatively correlated to intensity in the hazard analysis. The duration
correlation is largest at shorter structural periods and decreases with increasing structural period.
Multiple suites of ground motions were selected both with and without accounting for duration
correlated to spectral acceleration. The first suite was chosen using magnitude, distance, other
secondary earthquake parameters, and non-correlated durations and then scaled directly with
values of 2, 2.5, 3, 3.5, 4, and 4.5. The second set of ground motions was formed by selecting six
additional suites based on scaled hazard spectra considering the duration correlation. The bridge
performance was compared using the fragility curves resulting from these sets of ground motions
to assess the effect of correlation coefficients on the probability of reaching DS-3 and DS-5 for a
major toll bridge and a typical highway overpass located in Southern California and in Northern
California.

The performance of the bridges was evaluated by comparing the fragility curves of the model
subject to the non-correlated and the duration correlated ground motions. The major toll bridge
resulted in the median probability of reaching DS-3 and DS-5 at intensity values 29.2% and 37.4%
larger when subject to the correlated suite of ground motions than those with the non-correlated
suite. The overall bridge performance is based on a single worst-case component. However, the
figures in section 4.4.3 show that other individual components follow the same trend and generally
have lower damage probability when duration correlation is accounted in the hazard selection
process. The performance of the typical highway bridge was evaluated by comparing the fragility
curves for the model subject to the non-correlated suite of ground motion and the duration
correlated ground motions. From the fragility curves, the median probability of DS-5 using the
correlated ground motions occurs at a 17.3% higher scale factor than traditional IDA. This shift in
the median probability shows that the non-correlated traditional IDA leads to an underestimation
of the bridge performance at the major damage state.

The difference in the duration correlation for both bridges can be observed by comparing the
correlated duration values in Table 4 and Table 18. The major toll bridge has a small reduction in
duration with each increasing scale, due to a large fundamental period, with a -0.66 seconds
difference in Ds.gs from a scale of 1.0 to scale of 4.5. The typical highway overpass, however, has
a larger reduction of -2.71 seconds in Ds-9s from a scale of 1.0 to a scale of 4.5. The effect of this
difference in duration correlation can be directly observed in the structural response by comparing
Figure 4.18 and Figure 4.19 of the major toll bridge with Figure 5.12 of the typical highway bridge.
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The difference in the number of cycles is significantly larger in the case of the typical highway
OVerpass.

The case studies of both the major toll bridge and the typical highway overpass indicates a
reduction in the damage probability when considering duration correlations. This suggests IDA
without considering duration correlation underestimates the performance of both structural
systems. A summary of the effects of both case studies is summarized in Table 26. Both sites have
similar seismicity and soil type but differ in period and structural behavior. While the longer period
of the toll bridge leads to smaller changes in duration when considering the correlation, it has lead
rubber bearings which have strength deterioration with larger number of cycles. This results in
both bridges having a change in performance. The typical highway overpass is influenced by the
large duration correlation at its period while the major toll bridge with even a small correlation is
heavily influenced by its structural behavior. This study shows that, while the magnitude of effects
of incorporating ground motion duration correlation is influenced by both period and structural
response, it is nontrivial in location with large ground motions.

Table 26 Increase in median DS intensity measure when duration correlation is considered
for both case study bridges.

Damage state Major toll bridge Typical bridge

DS-3 29.2% -

DS-5 37.4% 17.3%
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APPENDIX A

Al INDIVIDUAL CORRELATION RELATIONSHIPS

This section includes supplementary figures to Chapter 2 for individual normalized correlation

coefficients.

Table A.1.1. Coefficients for calculating duration correlation for ASK14 between the three

DPE’s
AS96 B09 AS16
Coefficient Ds.-05% Ds-05% Ds.05% Ds.95%
Dsse | (T<02 | (T202 | Dssssn | (T<02 | (T202 | Dsrsy Ds oss
sec) sec) sec) sec)

T, 0.2 0.2 0.2 0.2 0.2 0.02 0.02
T, 0.2 0.4 0.04 04 11 0.2
Po 10.28514 10.204103 10.281047 10.242399 0515151 | -0.491436
x4 03205 | 0909\ 03306 | 0312 | 05101 | 03521 | 04623 | 03329
X, | 0068727949 | 0065 | 00341 | 00715 | 0064 | 00547 | 02256 | 0.2242
X3 0.105 0105 | 0105 | 0105 | 0105 | 0105 | 0.1132 0.15
X4 100 100 100 100 100 100 | 1923409 | 229.889
Xs 5 5 5 5 5 5 86857 | 4.5895
Xg 00099 | 0.0099 | 00099 | 00099 | 00099 | 00099 | 00283 | -0.0398
x; 0.2 0.2 0.2 0.2 0.2 0.2 0.20005 | 0.20005
Xg 08 0.25 05 06 0601 | 0852 0.0448 0.75
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Figure A.1.2. ASK14 and B09 correlation for Ds.75%
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Table A.1.2. Coefficients for calculating duration correlation for BSSA14 between the three

DPE’s
AS96 B09 AS16
Coefficient Ds-059 Ds-05% Ds.75% Ds.750 Ds-95% Ds-959%
Ds.759% (T<02 Ds.-75% (T<02 (T<03 | (T=03 (T<03 (T=03
sec) sec) Sec) sec) Sec) sec)
T, 0.01 0.01 0.01 0.04 0.01 0.02
T, 0.2 0.075 0.2 0.4 0.75 0.2
Pa -0.2434 -0.1123 -0.2792 -0.1978 -0.420438 -0.420438
Xy 0.0244 0.3000 0.3630 0.3000 0.29 0.29 0.324 0.324
Xq 0.1577 0.0919 0.1815 0.0950 0.21 0.26 0.24 0.27
Xq 0.1715 0.2700 0.1535 0.2600 0.094 0.094 0.095 0.095
Xy 104.2162 46.2400 138.5398 60.0000 547 547 163.058 163.058
Xg 4.6886 2.8838 7.0838 5.0000 28.42 28.42 8.085 8.085
Xg 0.0167 0.0148 0.0187 0.0147 0.039932 0.025 0.0188 0
X 0.2001 0.2100 0.2001 0.2100 0.21 0.21 0.21 0.21
Xg -11.7363 -0.0175 0.0089 -0.0170 -0.545 -0.545 -0.883 -0.883
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Figure A.1.7. BSSA14 and AS96 correlation for Ds.75%
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Table A.1.3. Coefficients for calculating duration correlation for BSSA14 between the three

DPE’s
AS96 B09 AS16
Coefficient | Dss% | Ds-75% Ds-95% Ds.759 Ds.75%
(T<1 (T=1 (T<02 (T<1 (T=z1 Ds-95% Ds.75% Ds-g5%
sec) Sec) sec) sec) sec)

T, 0.01 0.01 0.01 0.01 0.01 0.01
T 0.2 0.075 0.2 0.075 10 04
Ba -0.336155 02023799 -0.322126 -0.255674 -0.562385 -0.255674
Xy 0.4688 | 0.1601 | 04260 | 04514 | g1524 | 0.3600 0.3188 0.4600
X, 0.2079 | 0.0098 | 0.1870 | 01968 | .o0a | 0.1570 0.1550 0.1770
X3 0.0715 | 0.1000 | 00539 | 00753 | g.o790 | 0.0630 0.0939 0.0780
Xy 1408 1400 1398 1410 1400 1506 1497 186
Xc 50.8939 | 51.1183 | 51.3400 | 46.7987 | 51.1400 46.4900 46.4224 8.3000
Xg 0.0300 | 0.0000 0.0300 0.0297 0.0300 0.0240 0.0238 0.0276
X 0.5000 | 0.0001 0.2100 0.2001 0.2100 0.2100 0.2001 0.2100
Xg 0.0010 | 0.0000 0.0011 0.0009 0.0011 0.0009 0.0009 0.1750
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Figure A.1.15. CB14 and AS16 correlation for Ds-75%
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Figure A.1.16. CB14 and AS96 correlation for Ds-9s%
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Table A.1.4. Coefficients for calculating duration correlation for BSSA14 between the three DPE’s

AS96 B09 AS16
Coefficient | Ds75% Ds.75% Ds-75% Ds.75% Ds-95% Ds-75% Ds-75% Ds-5% Ds-95%
(T<75 | (T275 | Dsuosw (T<5 (T25 | (T>02 | (T<03 | (T=203 (T< (T>15 800)
sec) sec) sec) sec) sec) Sec) sec) 1.5sec)

T, 0.01 0.01 0.01 0.01 0.01 0.01
TE 0.01 0.075 0.01 0.075 0.1 0.75
Pa -0.26283 -0.1496 -0.269975 -0.2105 -0.515948 -0.516563
Xq 0.4159 0.4819 0.4570 0.4159 0.4819 0.4580 0.4160 0.4780 0.4580 0.4890
Xq 0.1858 0.1200 0.2200 0.1858 0.1200 0.2200 0.1860 0.2500 0.2200 0.4630
Xq 0.0949 0.0949 0.0580 0.0949 0.0987 0.0630 0.0950 0.1080 0.0630 0.0630
Xy 1345.8630 | 1345.8630 | 382.0000 | 1345.8630 | 374.0900 | 382.0000 | 1345.0000 | 345.0000 | 382.0000 382.0000
Xg 53.1738 53.1738 12.9800 53.1738 12.5176 12.9800 53.1700 17.3500 12.9800 12.9800
Xg 0.0184 0.0184 0.0140 0.0184 0.0195 0.0190 0.0184 0.0250 0.0190 0.0190
X 0.2001 0.2001 0.2001 0.2001 0.2001 0.2100 0.2100 0.2100 0.2100 0.2100
Xg -0.0037 -0.0037 -0.2200 -0.0037 0.2055 -0.2204 -0.0040 0.0230 -0.2200 -0.8590
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Figure A.1.20. CY14 and B09 correlation for Ds-759
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Figure A.1.22. CY14 and AS96 correlation for Ds-9s
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Figure A.1.23. CY14 and B09 correlation for Ds-959
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Figure A.1.24. CY14 and AS16 correlation for Ds-9s
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A.2 GROUND MOTION TABLES

The tables here show a summary of the ground motion records used in the correlated and non-
correlated suites for analysis at each hazard level.

Table A.2.1 Non-correlated suite of ground motions for 2475-year hazard.

RSN Earthquake Name Station Name Mw
828 Cape Mendocino Petrolia 7

1158 Kocaeli_ Turkey Duzce 75
1509 Chi-Chi_ Taiwan TCUO074 7.6
1787 Hector Mine Hector 7.1
3748 Cape Mendocino Ferndale Fire Station 7

3934 Tottori_ Japan SMNO002 6.6
3965 Tottori_ Japan TTRO08 6.6
4031 San Simeon_ CA Templeton - 1-story Hospital 6.5
5818 Iwate_ Japan Kurihara City 6.9

6890 Darfield_ New Zealand Christchurch Cashmere High School 7
8063 Christchurch_ New Zealand Christchurch Botanical Gardens 6.2

Table A.2.2 Correlated suite of ground motions for 2475 -year scale of 2.0 hazard.

RSN Earthquake Name Station Name Mw
173 Imperial Valley-06 El Centro Array #10 6.5
1116 Kobe Japan Shin-Osaka 6.9
1120 Kobe Japan Takatori 6.9
1158 Kocaeli Turkey Duzce 7.5
1492 Chi-Chi_ Taiwan TCUQ052 7.6
3748 Cape Mendocino Ferndale Fire Station 7

4874 Chuetsu-oki_ Japan Oguni Nagaoka 6.8
4894 Chuetsu-oki_ Japan Kashiwazaki NPP_ Unit 1: ground surface 6.8
6962 Darfield_ New Zealand ROLC 7

8063 Christchurch_ New Zealand Christchurch Botanical Gardens 6.2
8118 Christchurch_ New Zealand Papanui High School 6.2
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Table A.2.3 Correlated suite of ground motions for 2475 -year scale of 2.5 hazard.

RSN Earthquake Name Station Name Mw
173 Imperial Valley-06 El Centro Array #10 6.5
1116 Kobe Japan Shin-Osaka 6.9
1120 Kobe Japan Takatori 6.9
1158 Kocaeli_ Turkey Duzce 7.5
1492 Chi-Chi_ Taiwan TCUO052 7.6
3748 Cape Mendocino Ferndale Fire Station 7

4229 Niigata_ Japan NIGH12 6.6
4874 Chuetsu-oki_ Japan Oguni Nagaoka 6.8
4894 Chuetsu-oki_ Japan Kashiwazaki NPP__ Unit 1: ground surface 6.8
8063 Christchurch New Zealand Christchurch Botanical Gardens 6.2
8118 Christchurch New Zealand Papanui High School 6.2

Table A.2.4 Correlated suite of ground motions for 2475 -year scale of 3.0 hazard.

RSN Earthquake Name Station Name Mw
173 Imperial Valley-06 El Centro Array #10 6.5
1116 Kobe Japan Shin-Osaka 6.9
1120 Kobe Japan Takatori 6.9
1158 Kocaeli_ Turkey Duzce 7.5
1492 Chi-Chi_ Taiwan TCUO052 7.6
3964 Tottori_ Japan TTROO7 6.6
4229 Niigata_ Japan NIGH12 6.6
4874 Chuetsu-oki_ Japan Oguni Nagaoka 6.8
4894 Chuetsu-oki_ Japan Kashiwazaki NPP__ Unit 1: ground surface 6.8
8063 Christchurch_ New Zealand Christchurch Botanical Gardens 6.2
8118 Christchurch New Zealand Papanui High School 6.2
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Table A.2.5 Correlated suite of ground motions for 2475 -year scale of 3.5 hazard.

RSN Earthquake Name Station Name Mw
173 Imperial Valley-06 El Centro Array #10 6.5
1116 Kobe Japan Shin-Osaka 6.9
1120 Kobe_Japan Takatori 6.9
1158 Kocaeli Turkey Duzce 7.5
1492 Chi-Chi_ Taiwan TCUO052 7.6
3964 Tottori Japan TTROO7 6.6
4117 Parkfield-02_ CA Parkfield - Fault Zone 15 6

4228 Niigata_ Japan NIGH11 6.6
4874 Chuetsu-oki_ Japan Oguni Nagaoka 6.8
4894 Chuetsu-oki_ Japan Kashiwazaki NPP__ Unit 1: ground surface 6.8
8063 Christchurch_ New Zealand Christchurch Botanical Gardens 6.2

Table A.2.6 Correlated suite of ground motions for 2475 -year scale of 4.0 hazard.

RSN Earthquake Name Station Name Mw
173 Imperial Valley-06 El Centro Array #10 6.5
1111 Kobe_ Japan Nishi-Akashi 6.9
1116 Kobe_ Japan Shin-Osaka 6.9
1158 Kocaeli_ Turkey Duzce 7.5
1492 Chi-Chi_ Taiwan TCUO052 7.6
3964 Tottori_ Japan TTROO7 6.6
4117 Parkfield-02_ CA Parkfield - Fault Zone 15 6
4228 Niigata_ Japan NIGH11 6.6
4874 Chuetsu-oki_ Japan Oguni Nagaoka 6.8
4894 Chuetsu-oki_ Japan Kashiwazaki NPP_ Unit 1: ground surface 6.8
8063 Christchurch_ New Zealand Christchurch Botanical Gardens 6.2
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Table A.2.7 Correlated suite of ground motions for 2475 -year scale of 4.5 hazard.

RSN Earthquake Name Station Name Mw
173 Imperial Valley-06 El Centro Array #10 6.5
768 Loma Prieta Gilroy Array #4 6.9
1111 Kobe Japan Nishi-Akashi 6.9
1116 Kobe Japan Shin-Osaka 6.9
1158 Kocaeli_ Turkey Duzce 7.5

3964 Tottori Japan TTROO7 6.6

4117 Parkfield-02_ CA Parkfield - Fault Zone 15 6

4228 Niigata_ Japan NIGH11 6.6

4874 Chuetsu-oki_ Japan Oguni Nagaoka 6.8

4894 Chuetsu-oki_ Japan Kashiwazaki NPP__ Unit 1: ground surface 6.8
8063 Christchurch_ New Zealand Christchurch Botanical Gardens 6.2
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A3 MAJOR BRIDGE - NON-CORRELATED SETS - FRAGILITY
CURVES

Supplementary fragility curves to section 4 are presented resulting from the non-correlated data
set. The plots show the observed fractions of reaching a damage state against the scale factor of
each suite of ground motions, along with the curve fitted to the data for each element. Included
here fragility curves for isolated piers and non-isolated piers at DS-5.
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Figure A.3.1 DS-5 probability for bearings on each isolated pier with fitted fragility curves
under non-correlated ground motions.
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Figure A.3.2 Major toll bridge, isolated piers damage probability with fitted fragility
curves for DS-5 under non-correlated ground motions.
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Figure A.3.3 Major toll bridge, non-isolated piers damage probability with fitted fragility
curves for DS-5 under non-correlated ground motions.
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A4 MAJOR BRIDGE - CORRELATED SETS - FRAGILITY
CURVES

Supplementary fragility curves to section 4 are presented resulting from the correlated data set.
The plots show the observed fractions of reaching a damage state against the scale factor of each
suite of ground motions, along with the curve fitted to the data for each element. Included here
fragility curves for isolated piers and non-isolated piers at DS-3 and all fragility curves for DS-5.
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Figure A.4.1 Major toll bridge, isolated piers damage probability with fitted fragility
curves for DS-3 under correlated ground motions.
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Figure A.4.2 Major toll bridge, non-isolated piers damage probability with fitted fragility
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Figure A.4.4 Major toll bridge, isolated piers damage probability with fitted fragility
curves for DS-5 under correlated ground motions.
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Figure A.4.5 Major toll bridge, non-isolated piers damage probability with fitted fragility
curves for DS-5 under correlated ground motions.
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