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Evaluation of the Impacts of Different Ground Motion Selection and
Scaling Approaches on Seismic Performance of Bridges

Esra Zengin, Saiid Saiidi, and Yousef Bozorgnia

Natural Hazards Risk and Resiliency Research Center (NHR3), University of California, Los Angeles (UCLA), Los Angeles,
California, USA

ABSTRACT ARTICLE HISTORY

This paper investigates two ground motion selection and scaling (GMSS) Received 20 September 2024
methods for assessing the seismic performance of bridges in high seismic Accepted 19 January 2025
regions in California. It compares the traditional GMSS approach using elastic KEYWORDS

probal?lllstlc seismic hazard analy5|s. (PSHA) with a novel methqd based' on Bridge response; ground
inelastic PSHA, scaling ground motions to spectra across varying ductility motion selection and scaling;

levels. Nonlinear response history analyses of a 3-span bridge using 25 inelastic PSHA; ductility;
ground motions show that the inelastic PSHA-based method can reduce seismic performance;
dispersion in responses, increasing confidence in seismic performance esti- residual drift ratio

mates. The traditional approach may produce conservative or unconserva-
tive results due to mismatches between scaled and target spectra.

1. Introduction

Ensuring the safety and resilience of the bridges requires a thorough understanding of their seismic
performance, which can be reached by nonlinear response history analysis (NRHA) utilizing a set of
ground motions compatible with a target spectrum across a specified period range. In traditional
ground motion selection and scaling (GMSS) approaches, the ground motions are typically selected
based on general parameters of the controlling scenario event, such as magnitude, source-to-site
distance, and site characteristics. In the “amplitude scaling” approach, the spectral ordinates of the
selected ground motions are scaled using constant factors. The efficacy of the GMSS approaches
shapes the behavior of the fragility curves and impacts seismic risk assessments of structures.
Commonly used GMSS methods often utilize the relatively conservative Uniform Hazard Spectrum
(UHS) as the target spectrum, derived from probabilistic seismic hazard analysis (PSHA) based on the
elastic response of a single-degree-of-freedom (SDOF) oscillator. To address the inherent conserva-
tism of the UHS, an alternative, the Conditional Mean Spectrum (CMS), has been proposed for
seismic performance assessment and record selection (Baker 2011). As an improvement over CMS, the
Conditional Spectrum (CS), which considers the aleatory variability of ground motions, has been
suggested to provide a more comprehensive perspective on seismic risk assessment (Jayaram, Lin, and
Baker 2011). While most GMSS approaches use elastic spectral ordinates as the intensity measure
(IM), alternative IMs like peak ground motion parameters and damage indices have been investigated.
Monteiro et al. (2019) demonstrated that the Fajfar index (Iv), peak ground velocity (PGV), and root
mean square velocity (vVRMS) yield lower dispersion across fitted fragility curves for a population of
bridges. Some studies have developed GMSS approaches incorporating advanced scalar and vector
IMs (Kohrangi, Bazzurro, and Vamvatsikos 2016; Tarbali, Bradley, and Baker 2019; Zengin 2022;
Zengin and Abrahamson 2020a, 2020b; Zengin and Abrahamson 2021). Bradley (2010) introduced
a generalized conditional intensity measure (GCIM) approach explicitly considering various IMs

CONTACT Esra Zengin @ esrazengin@g.ucla.edu @ Natural Hazards Risk and Resiliency Research Center (NHR3), University of
California, Los Angeles (UCLA), Los Angeles, CA 90095, USA
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beyond spectral accelerations, including cumulative absolute velocity, Arias Intensity, and significant
durations. Recently, Bahrampouri et al. (2023) proposed a methodology to incorporate the inelastic
response of an SDOF oscillator in PSHA, addressing limitations associated with relying solely on
elastic responses. This approach adopted a constant ductility inelastic spectrum, where the seismic
coefficient (Cy) corresponding to the ratio of the yield strength (Fy) to weight (W) of an inelastic
SDOF oscillator matches with the specific displacement ductility demand (u) (i.e. the ratio of the
maximum displacement of the inelastic SDOF oscillator to the yield displacement) induced by ground
motions. In this context, the effects of yielding, plastic deformation, and hysteretic energy dissipation
were considered, leading to a more realistic yet simple representation of the inelastic behavior of the
structure. The inelastic PSHA was performed using the ground-motion models (GMMs) specifically
developed for inelastic SDOF systems. Bahrampouri et al. (2023) proposed an amplitude-scaling
GMSS method that adjusts ground motions to be compatible with both elastic and inelastic spectra
across different u levels. Their approach also controls the variability of the selected motions with
a specified target standard deviation.

This study investigates how traditional elastic PSHA-based and novel inelastic PSHA-based GMSS
approaches influence the seismic performance of a three-span bridge designed according to Caltrans
Seismic Design Criteria (SDC 2019). By analyzing a modified Arroyo de la Laguna bridge across sites
with varying seismicity, i.e. Los Angeles, San Francisco, and San Bernardino, this study examines the
impact of different GMSS approaches and target spectra definitions on key structural performance
metrics, such as column drift ratios, as well as on damage states, fragility curves, and drift hazard
curves. Additionally, the study investigates the effects of pulse characteristics on residual drift ratios,
offering insights into how these characteristics can impact the seismic response of the bridge and its
long-term safety following seismic events.

2. Probabilistic Seismic Hazard Analysis of the Sites

Site-specific elastic and inelastic PSHA for ten California sites, assuming rock conditions with a shear
wave velocity of Vszo =760 m/s, were conducted by Bahrampouri et al. (2023). The elastic GMM used
was NGA-West2 Campbell and Bozorgnia (CB14) (Campbell and Bozorgnia 2014), while a new GMM
for inelastic SDOF systems was developed by Bahrampouri et al. (2023). Utilizing the new inelastic
GMM and UCERF3 (Field et al. 2014) seismic sources, PSHA was performed for inelastic Cy spectra at
each site. Among the ten sites, Zengin, Saiidi, and Bozorgnia (2023) selected five sites based on their
5% damped pseudo-spectral acceleration (PSA) levels, considering the PSA ratio (for Ty = 2475 years
divided by that for Ty = 975 years). Here, the target period was set at 1.0 second, corresponding to the
transverse period of the bridge model used in this study. The seismicity ranking of sites, determined by
Tr =975 years (i.e. 5% probability of exceedance in 50 years), indicated the following order: San
Bernardino had the highest seismic hazard, followed by Oakland, Los Angeles, San Francisco, and
Long Beach. For brevity, the part of the study presented in this article focuses on findings from three
representative sites from the list of five: Los Angeles, San Francisco, and San Bernardino.
Comprehensive details can be found in the study by Zengin, Saiidi, and Bozorgnia (2023). The target
spectra, i.e. CMS and UHS, were computed for five return periods (Tg = 200, 475, 975, 2475, and 5000
years). Different sets of ground motion were selected and amplitude-scaled to “match” the target
spectra at the five Ty levels, as discussed in the subsequent section. Table 1 provides the PSA (T=1.0's)

Table 1. Target PSA (T= 1.0 s) [g] corresponding to each T for each site.

Return Period (TR) (years) Los Angeles San Francisco San Bernardino
200 0.17 0.17 0.24
475 0.28 0.26 0.40
975 0.41 0.35 0.56
2475 0.61 0.50 0.81

5000 0.80 0.62 1.03
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Figure 1. UHS of inelastic , for different p levels at two Tg levels for San Bernardino.

values, representing elastic target IM levels for each return period. When comparing high and low
seismicity sites, specifically San Bernardino and San Francisco, it is observed that the PSA (T'=1.0s)
for San Bernardino at Ty = 975 years is approximately 1.6 times higher than that of San Francisco. This
UHS corresponds to the design spectrum for Safety Evaluation Earthquake (SEE) as per the
Caltrans SDC.

Figure 1 illustrates the UHS for inelastic Cy at various ductility p levels for San Bernardino at two
Ty levels. In this case, Cy(for 1= 1) represented the seismic coefficient required to prevent structural
yielding (i.e. elastic behavior), whereas Cy(for p=pi) corresponded to the ordinate values on
a constant-ductility inelastic spectrum, matching the target ductility pi. As expected, Cy demand
decreases with increasing p (e.g. Bozorgnia and Bertero 2004; Bozorgnia, Hachem, and Campbell 2010;
Zengin et al. 2024). These spectra served as the targets for the GMSS approach utilizing inelastic PSHA
results, as detailed in the subsequent section.

3. Ground Motion Selection and Scaling Approaches

In the analysis of inelastic SDOF oscillator responses a subset of 7203 ground motions from the NGA-
West2 database was utilized (Bozorgnia et al. 2014; Mazzoni, Bozorgnia, and Bahrampouri 2023). The
records were within the closest rupture distance (Rp) of 80 km, which generally is important for
engineering applications. The candidate database for ground motion selection was further constrained
using the disaggregation results from PSHA. It was noted that the dominant scenario earthquake
magnitude (M) and R, values varied with Ty levels, ranging from M 6.5 to M 8.0 and 0 to 20 km,
respectively. To achieve better fits between the spectral shapes of the records and the target spectra,
M ranging from 5.5 to 7.9 and R, from 0 to 40 km were considered, without imposing site class
restrictions. The ground motions were limited to a maximum scale factor of 5.

The first amplitude-scaling GMSS approach employed in this study, referred to as elastic PSHA-
based GMSS, scales ground motions to be compatible with the average spectrum of the target UHS or
CMS derived from elastic PSHA. The second approach, called the inelastic PSHA-based GMSS, scales
the ground motions to be compatible with multiple target spectra representing different ductility levels
obtained from the inelastic PSHA. This approach can simultaneously match both the desired target
mean and standard deviation for elastic and inelastic-PSHA-based spectra. It uses a method called the
Kullback-Leibler Divergence (KLD) criterion to select ground motions that are compatible with the



JOURNAL OF EARTHQUAKE ENGINEERING 941

target spectrum (Bahrampouri et al. 2023; Kullback and Leibler 1951). The KLD criterion quantifies
information loss when approximating one distribution with another, avoiding subjective weighting
and improving standard deviation handling compared to traditional methods. A greedy search
algorithm was used to select ground motions, starting with those best matching the target mean and
iteratively refining the selection based on a cost function.

Twenty-five ground motions were scaled to match their spectra with the target spectra over
a period range of 0.4 to 4.0 seconds. The target standard deviation was set to one-half of the standard
deviation (i.e. 0.5sigma) of the CB14 GMM to maintain consistent record-to-record variability (i.e.
spectral variability) within the suite of ground motions. This approach aimed to achieve uniform
spectral variability across different GMSS methods. A similar level of variability could be achieved
based on the sum of squared errors (SSE) comparing the natural logarithmic spectral accelerations of
the 25 ground motions with the elastic target spectrum, but SSE was not used.

Initially 20 ground motions were scaled using the RotD50 component (Boore 2010). Between the
two horizontal components, the components that best matched the target spectrum were selected for
the NRHA of the bridge model. It was assumed that the critical bridge responses could be captured by
input motions that were applied in the transverse direction to simplify comparisons between GMSS
methods, isolating the effects of record selection and scaling without the added complexity of
bidirectional ground motions. There was no distinction between pulse-like and non-pulse-like records
in the selection of the 20 ground motions as long as the spectral shape closely matched the target. It
was observed that the subsets with Ty values less than 2475 years typically included only a few records
with pulses (1 to 4). However, as the Ty values reached or exceeded 2475 years, the number of pulse
records in these subsets increased significantly (3 to 10). The findings indicated that sites with high
seismicity, such as San Bernardino, had more pulse records, and their pulse period (T},) values were
generally greater than 3T;. In addition to the 20 ground motions selected using different GMSS
approaches, a separate subset of 5 records was explicitly chosen from a pool of pulses T}, ranging from
0.5 to 2.0 seconds (Shahi and Baker 2014), based on SSE criteria to ensure the inclusion of at least five
records with pulse characteristics that may influence the bridge’s response.

Figure 2 illustrates a suite of motions selected and scaled using both the traditional elastic PSHA-
based GMSS approach (left panel) and the inelastic PSHA-based GMSS approach (right panel) for
UHS as the target at Tr =975 years for Los Angeles. Here, the differences between the means and
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Figure 2. Comparisons of the spectra of the suite mean and standard deviation with the targets for elastic and inelastic UHS
representing different displacement ductility levels, at Tg = 975 years, for Los Angeles, using the elastic PSHA-based GMSS approach
(left panel), and the inelastic PSHA-based GMSS approach (right panel).
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Figure 3. Comparisons of the spectra of the suite mean and standard deviation with the targets for elastic and inelastic CMS
representing different displacement ductility levels, at Tg = 975 years, for Los Angeles, using the elastic PSHA-based GMSS approach
(left panel), and the inelastic PSHA-based GMSS approach (right panel).

standard deviations (i.e. error) were calculated as the difference between the suite and target mean
(and standard deviation, o) in natural log units. These errors are plotted alongside the spectra. While
the elastic PSHA-based GMSS approach aimed for compatibility between elastic record spectra and
target spectra, the inelastic response spectra of the scaled records were also compared with the inelastic
UHS targets at different p levels (ranging from 1 to 5) to evaluate the extent of mismatches with the
inelastic targets. The results indicated that the elastic PSHA-based GMSS approach resulted in a good
match with the elastic target spectrum; however, generally it tended to overestimate the target mean
inelastic spectra at various p levels and failed to accurately capture the target o especially at long
periods. The inelastic spectra are shown at 1 = 2 and 4. Error trends at u = 3 and 5 were similar but not
included for brevity. As seen, the inelastic PSHA-based ground motions demonstrated a very good
agreement with both the target mean and standard deviation across multiple response spectra,
showing greater consistency.

Figure 3 presents the comparisons for the target CMS cases with a conditioning period of 1.0
second. It was observed that the elastic PSHA-based GMSS approach slightly overestimated the target
mean of the inelastic response spectrum at high p levels and poorly captured the target standard
deviation over the specified period range. On the other hand, the inelastic-based GMSS for CMS
showed good agreement with the target means and standard deviations. It was noted that depending
on the target hazard level and constraints imposed in the GMSS process, the elastic CMS-based
approach yielded either comparable or overestimated results compared to the inelastic approach.
Detailed comparisons for elastic and inelastic PSHA-based GMSS approaches for each site, Ty level,
and target spectrum can be found in Zengin, Saiidi, and Bozorgnia (2023).

4. Bridge Description and Three-Dimensional Model

The structural drawings of the Arroyo de la Laguna bridge were used as the basis of the bridge model
studied herein. The bridge comprises three spans (90 ft side spans, 130 ft middle span). The bridge
superstructure includes six California Wide Flange girders (CA WF60) with a total width of 64 ft. Piers
consist of three 60“diameter columns connected to 24” diameter Cast-in-Drilled-Hole (CIDH) piles.
The skewed abutment at 40° has a seat-type design supported by 30” diameter CIDH piles. This study
employed several assumptions to maintain the broad applicability of the model and avoid introducing
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details that would make the analysis overly specific to a particular bridge category. These assumptions
were made to ensure that the focus remained on assessing the effects of GMSS methods on structural
responses, rather than on variations in structural parameters. The structure was assumed to be cast-in-
place with integral bent caps. A zero skew angle was assumed, as investigating the effect of skew angle
on GMSS approaches for bridges was beyond the scope of this study. Column base details were
assumed as two-way hinges allowing unrestrained rotational movement in two principal directions,
acting as “pins.” Such “pin” details are commonly used in the column bases of many California bridges
to reduce foundation costs. Figure 4 illustrates elevation and plan views of the modified bridge model,
along with girder cross-sections, column, and hinge cross-sections. It is important to note that the
column height and cross section in the bridge model were adjusted to achieve a transverse period of
1.0 second.

The columns in Ordinary Standard Bridges (OSB) are classified as Seismic Critical Members
(SCMs) where plastic hinge mechanisms take place, whereas the decks, girders, and cap beams are
designated as capacity-protected (CP) members that behave elastically even during column plastic
deformation (SDC 2019). In this study, the nonlinear behavior of the bridge was simulated through
a three-dimensional (3D) model developed using the OpenSees software (Mazzoni et al. 2006;
McKenna, Scott, and Fenves 2010). For columns, fiber-section Euler-Bernoulli force-based beam-
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Figure 4. (a) Elevation view of the bridge model (b) Plan view of the bridge model (c) Cross sections of the girder, column and hinge.
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column elements with distributed plasticity (forceBeamColumn) were utilized. These elements account
for the interaction between axial force and bending moment at the section level, and numerical
evaluations were performed at five Gauss-Lobatto integration points distributed along the length of
the column (Neuenhofer and Filippou 1998; Scott and Hamutguoglu 2008). Concrete02 (Yassin 1994)
and Steel02 (Menegotto and Pinto 1973) uniaxial material models were employed, with the stress-
strain relationship for confined concrete based on the theoretical model by Mander, Priestley, and
Park (1988), neglecting the tensile strength of the concrete. Parameters defining the stress-strain
behavior can be found in Zengin, Saiidi, and Bozorgnia (2023). Torsional stiffness in the column fiber
section was considered by assigning it to the backbone curve using the Eqs. 0.2 X Geone X Jeo1» Where
Geonc represents the shear modulus of concrete, and J,,; denotes the polar moment of inertia. The
torsional stiffness was reduced by 80% to account for the cracking of the column cross-section
cracking (Aviram, Mackie, and Stojadinovic 2008; Shoushtari et al. 2021). The P-delta effect was
incorporated into the bridge model to consider the interaction between axial loads and lateral
deflection. For the superstructure of the bridge, elastic beam-column elements (elasticBeamColumn)
with parameters like cross-sectional area, elastic modulus, shear modulus, moment of inertia, and
torsional constant were used. The grillage-beam technique, chosen for its simplicity and accuracy over
3D finite-element models, represented the superstructure as interconnected beams. The torsional
constants of the beam elements were reduced by half, assuming no interaction between axial force and
bending moment in perpendicular directions. To account for the cracking effects, deck and girder
elements had 40% of their sectional rigidity. Additionally, rigid connections (rigidLink beams) were
assigned among the cap beam, girder, and deck elements to maintain structural continuity. At each
end of the superstructure, roller support was defined to mimic the behavior of a seat-type abutment
after shear-key failure.

The column displacement ductility capacity was 5.01 using the moment-curvature (M-¢) relation-
ship obtained from OpenSees. The bridge system displacement ductility capacity was determined
using OpenSees by the transverse displacement-controlled pushover analysis, which involved applying
reference horizontal loads at the center of the pier caps with a target displacement level set at a 10%
drift ratio. The results indicated a displacement ductility capacity of 10.0, with the column drift ratio at
failure identified at 9.3%. The first vibration mode of the bridge was a rotational mode with a period of
1.31 seconds. The second and third modes represented transverse and longitudinal modes, each with
a period of 1.0 second. The fourth mode corresponded to symmetric-bending modes with a period of
0.18 seconds. Figure 5 illustrates the mode shapes of the 3D bridge model, utilizing mass and last
committed stiffness proportional Rayleigh damping. A 5% damping ratio was applied to the 1°* and 3™

Mode 2 Mode 4

Figure 5. The first four mode shapes of the bridge model.
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modes. Our observations indicated that the symmetric design of the bridge and equal stiffness of the
bents led to almost zero in-plane rotation. This was determined by calculating the ratio of the
difference between abutment transverse displacements (obtained from NRHA) to the bridge length.
The near-zero in-plane rotation indicated that the rotational mode of the bridge (i.e. the first mode)
was not activated.

5. Distribution of Structural Response Parameters

The column drift ratio (CDR), transverse displacement ductility demand (pp), and residual drift ratio
(RDR) were considered as structural response parameters. CDR was calculated by taking the ratio of
the maximum transverse displacement at the top of the column to the column height. pp was
determined by calculating the ratio between the maximum displacement at the top of the column
and the yield displacement obtained from static pushover analysis. RDR was computed by dividing the
permanent transverse displacement at the top of the column by the column height.

Figures 6-8 depict cumulative distribution functions (CDFs) for CDR, pp, and RDR using elastic
PSHA-based and inelastic PSHA-based GMSS approaches across three sites at Tg = 975 and 2475 years.
In high-seismicity sites like Los Angeles and San Bernardino, elastic PSHA-based UHS ground motions
resulted in comparable or slightly higher mean and dispersion values in CDR and up compared to the
inelastic PSHA-based motions at T = 975 years. In contrast, for lower seismicity site, i.e. San Francisco,
both GMSS approaches yielded similar results. At Ty = 2475 years, the average | in San Bernardino was
around 5, while in Los Angeles, it ranged between 2.5 and 3.0. It was observed that the inelastic PSHA-
based GMSS approach reduced the dispersion in CDR and pp, for the highest seismicity site, i.e. San
Bernardino, compared to the elastic PSHA-based GMSS. However, in Los Angeles, both GMSS
approaches typically generated similar results, albeit with a slight underestimation in elastic PSHA-
based motions.

Elastic PSHA-TR=975 yrs Elastic PSHA-TR=2475 yrs
Inelastic PSHA-TR=975 yrs Inelastic PSHA—TR=2475 yrs
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Figure 6. CDFs of CDR, pp, and RDR obtained from elastic PSHA- and inelastic PSHA-based GMSS approaches at Tg = 975 and 2475
years in Los Angeles.
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Figure 7. CDFs of CDR, pp, and RDR obtained from elastic PSHA and inelastic PSHA-based GMSS approaches at T = 975 years
and Tg= 2475 years in San Francisco.
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For target CMS, ground motions selected by different GMSS approaches produced comparable
distributions of CDR and pp, for both return periods. This resulted from the good agreement between
the mean spectra of elastic PSHA-based motions and the target inelastic spectra across various
ductility levels for the specified Ty levels. While these results offer insights into the behavior of the
bridge at two Ty levels, a more comprehensive analysis, particularly for fragility curve estimations,
should consider multiple return periods. In comparing CMS and UHS cases, CMS-based motions
produced lower mean structural responses, particularly at higher seismic hazard levels (e.g. Tr = 2475
years). This is expected since UHS, representing multiple scenarios, tends to produce higher spectral
accelerations and, consequently, more conservative mean response estimates.

For RDRs, the mean values for Los Angeles and San Francisco remained below 0.2% at Tg =975
and 2475 years. However, for the high-seismicity San Bernardino site, mean RDRs reached approxi-
mately 0.21% at Ty = 975 years and 0.6% at Ty = 2475 years. Although mean RDRs were below the 1%
post-earthquake serviceability limit set by some design codes like Japan (JSCE 2000), large dispersions,
observed in the upper tails of the CDF plots, led to the 1% RDR being exceeded in sites with high
seismicity. The high variability observed in RDRs compared to CDR and pp suggests that RDRs are
more sensitive to the specific characteristics of the ground motions, particularly in high-seismicity
areas. The findings indicate that pulse characteristics could be one of the key factors affecting the
response, as discussed in the following section.

Welch’s t-test was employed to assess whether the differences between the means from two
different GMSS approaches were statistically significant. This test facilitates the comparison of
means from different samples without assuming equal variances (Welch 1947). The results revealed
that the mean differences in response metrics between the two methods were not statistically
significant at the chosen significance level (p > 0.05). While this finding suggests that the inelastic
PSHA-based GMSS method and the traditional elastic PSHA-based method produce statistically
similar results, the analysis aimed to assess not just statistical significance but also the broader trends
and effectiveness of the proposed GMSS approach. Despite the lack of statistically significant differ-
ences, the proposed GMSS method shows efficacy in reducing response variability and improving the
consistency of bridge response predictions, particularly in high seismic zones. The following sections
of the paper provide further insight into these aspects.

5.1. Sensitivity of Residual Drift to Pulse Records

The comparisons between T, and RDR for pulse records from elastic and inelastic PSHA-based GMSS
approaches in San Bernardino at Ty = 2475 years are presented in Fig. 9. The plots also show average

San Bernardino TR=2475 yrs [UHS] San Bernardino TR=2475 yrs [CMS]
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Figure 9. Comparisons of pulse period (Tp) and residual drift ratio (RDR) for elastic and inelastic PSHA-based GMSS approaches in San
Bernardino at Tg = 2475 years.

Tp (s)



948 e E. ZENGIN ET AL.

San Bernardino TL=2475 yrs (Elastic UHS) San Bernardino T,=2475 yrs (Inelastic UHS)
-3 T -3 :
R? non-pulse=0.54 R? non-pulse=0.41 °
4+ R?pulse=0.56 — -4+ R?pulse=0.79 @
5t -5
3 o
26t 26t
4 4
7H 7} ‘//
>
Y o ¢ Non-pulse 8t // ¢ Non-pulse
® Pulse o ® Pulse
-9 " P O " L -9 " " L "
-4.5 -4 -3.5 -3 2.5 -2 -4.5 -4 -3.5 -3 -2.5 -2
In(CDR) In(CDR)

Figure 10. Relationships between natural logarithms of CDRs and RDRs obtained from pulses and non-pulses using elastic and
inelastic UHS-based GMSS approaches in San Bernardino at T = 2475 years.

RDRs from pulses, considering all pulse-like ground motions within the pool of 25 motions. The San
Bernardino case was chosen because both GMSS approaches included more than ten pulses, allowing
for meaningful statistical interference. It was observed that the UHS-based subsets had a higher
number of pulses compared to CMS-based subsets. The results indicated that, on average, pulses
produced higher RDRs than pooled motions, as shown in the CDF plot in Fig. 8. For instance, elastic
UHS motions had pooled RDRs of 0.51%, while pulse RDRs reached 0.63%. Similarly, in the case of
inelastic UHS motions, pooled RDRs were 0.62%, and pulses resulted in 0.82%. These observations
were consistent with the results of the shake table test (H. Choi et al. 2010; Phan et al. 2007). The
results also demonstrated that pulses with Tj, >3T, could yield RDRs exceeding 1%. This suggests that
T, values not coinciding with the elongated period of the structure could still result in significant
structural responses, which can be attributed to the amplitude of the pulses. These findings highlight
the need to account for pulse effects and RDRs in seismic design to improve bridge resilience post-
earthquake (Zengin et al. 2025).

To understand the effect of the distribution of CDRs on RDRs, the relationships between the
natural logarithms of CDRs and RDRs are illustrated in Fig. 10. The plots include both pulses and non-
pulses obtained from UHS-based GMSS approaches in San Bernardino at Ty = 2475 years. The linear
regression fitted to the data points, along with the corresponding coefficient of determination (R?)
values, are also shown. The positive trends and relatively strong correlation between pulse CDRs and
RDRs suggested that pulses tended to produce higher CDRs than non-pulses, leading to higher RDRs.
The findings revealed that while a GMSS approach can reduce dispersion in CDRs, it may not reduce
dispersion in RDRs, especially with pulse records.

6. Probabilistic Seismic Performance and Risk Assessment

Fragility curves, crucial in earthquake engineering for assessing structural vulnerability, have been
developed through analyzing diverse data sources, including experimental, numerical, and field data
(E. Choi, DesRoches, and Nielson 2004; Padgett and DesRoches 2008; Vosooghi and Saiidi 2012).
These curves estimate the conditional probabilities of EDPs exceeding predefined damage limit states
at different seismic hazard levels. Previous studies employed various EDPs, such as column-curvature
ductility, drift ratio, RDR, yielding of reinforcement, and abutment deformation for probabilistic
seismic bridge assessment (Mackie and Stojadinovi¢ 2001; Muntasir Billah and Alam 2015; Padgett
and DesRoches 2008; Ramanathan, DesRoches, and Padgett 2012). In this study, the seismic perfor-
mance of the three-span bridge was evaluated based on CDR. For the bridge damage states (DSs),
experimental fragility curves defined by Vosooghi and Saiidi (2012) were adopted as the capacity-
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Table 2. Definitions of the damage states.

DSi Definitions

DS, Flexural cracks

DS, Minor spalling and possible shear cracks

DS; Extensive cracks and spalling

DS, Visible lateral and/or longitudinal reinforcing bars; and

DSs Compressive failure of the concrete core edge (imminent failure)
DSg Failure

Table 3. Median and logarithmic standard deviation values of CDR-based DS fragility curves.

DS, DS, DS; DS, DSs
S 0.0165 0.028 0.043 0.060 0.079
B, 0.425 0.332 0.264 0.303 0.353

based limit state model. Their work was based on data from 32 bridge columns, primarily tested on
shake tables, and resulted in fragility curves for six EDPs corresponding to six damage states (DSs).
These DSs ranged from flexural cracks (DS;) to failure (DSg). The six different EDPs considered were
the maximum drift ratio (MDR), RDR, frequency ratio (FR), inelasticity index (II), maximum long-
itudinal steel strain (MLS), and maximum transverse steel strain (MTS). These damage states were
defined based on the severity of damage observed in the columns of the bridge. Table 2 provides the
definitions of all DSs. Table 3 lists the median (S.) and logarithmic standard deviation (f,) values of
CDR-based DS fragility curves.

6.1. Probability of Exceedances of Damage States

The probability that the demand is exceeding the capacity (see Table 3) for a given IM level (Nielson
2005) can be expressed as follows:

P[D>C|IM] = ® " @_d) 1)
> = - N7
\/ /312)\11\4 +p:

where @ denotes the cumulative standard normal distribution, S, is the mean estimate of the demand,
Bpjms corresponds to the logarithmic standard deviations of the demand. The total uncertainty is the

square root of the sum of the squares of these standard deviations.

The probabilities of CDR exceeding DS thresholds (P(CDR>DS;)) at Ty = 975 years and Ty = 2475
years were depicted in Fig. 11 for each site. At Ty = 975 years, the elastic PSHA-based GMSS approach,
using UHS, generally resulted in more conservative DS exceedance probabilities, especially at high-
seismicity sites. In contrast, the inelastic PSHA-based GMSS approach provided less conservative
estimates. For CMS-based ground motions at Ty =975 years, the elastic PSHA-based approach
resulted in slightly lower mean and dispersion in structural responses, which led to lower DS
exceedance probabilities compared to the inelastic approach.

At Ty =2475 years, the inelastic PSHA-based GMSS approach often produced DS exceedance
probabilities that were similar to or slightly higher than those from the elastic PSHA-based GMSS,
especially at higher DS. This difference is influenced by how demand and capacity distributions
interact. Except for San Bernardino, the elastic PSHA-based approach generally provided comparable
or slightly higher exceedance probabilities than the inelastic approach. Comparing UHS- and CMS-
based cases, CMS-based ground motions from both GMSS approaches led to lower DS exceedance
probabilities, especially for DS; levels at Ty = 2475 years.

The findings indicate that at T = 975 years, the three-span bridge is prone to flexural cracks in Los
Angeles and San Francisco, with potential minor spalling and shear cracks in San Bernardino. At Ty =
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Figure 11. The probabilities of CDR exceeding DS thresholds at Tg =975 years and Tg = 2475 years.

2475 years, the bridge is more likely to experience minor spalling and shear cracks in Los Angeles and
San Francisco, while extensive cracks and spalling may occur in San Bernardino. Saini and Saiidi
(2014) associated DSs with bridge functionality. At DS, the bridge remains fully operational with no
repairs. DS, may not impact functionality but requires repairs at plastic hinge locations. DS; leads to
closure and repairs for the entire column. Damage severity and required repairs would increase with
higher DS levels.

6.2. Analytical Fragility Curves

By utilizing discrete probabilities computed from Eq. 1 at five Ty levels, the lognormal distribution was
fitted to these probabilities through minimizing the SSE between the actual and fitted values. Figure 12
depicts fragility curves derived from UHS-based ground motions with different GMSS approaches
(left panel) and CMS-based ground motions (right panel). San Bernardino fragility functions had three
DSs; for other sites, curves included only DS; and DS, because DS; threshold exceedances were
observed in a limited number of instances. Tables 4 and 5 list the median Sa (0) and the logarithmic
standard deviation values (B) of the UHS-and CMS-based fragility curves for each site, respectively.
The 0 represents a 50% probability of exceeding a specific DS level. A higher 8 value implies that the
bridge can withstand earthquakes of higher intensity. The B dictates the slope of the fragility curve.
Reduced dispersion results in steeper curves, typically indicating a decrease in exceedance probabilities
at lower Sa levels and an increase at higher Sa levels.

The results revealed that inelastic UHS-based motions generally resulted in comparable or reduced
dispersion in fragility curves compared to elastic UHS-based motions, with some exceptions. The
inelastic PSHA-based GMSS approach typically reduced conservatism observed with the elastic
PSHA-based approach. However, when evaluating CMS-based fragilities, the impact of GMSS
approaches on conservatism and dispersion varied by site and was not consistent. Generally, UHS-
based fragility curves showed lower 0 values than CMS-based counterparts, indicating increased
vulnerability, especially at higher DS levels. The fragility curves derived considering only demand
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Figure 12. Fragility curves including demand and capacity uncertainties for different GMSS approaches.
Table 4. Parameters of UHS-based fragility curves including demand and capacity uncertainties.
DS;-Elastic DS;-Inelastic DS,-Elastic DS,-Inelastic DSs-Elastic DSs- Inelastic
PSHA PSHA PSHA PSHA PSHA PSHA
Site 6 B 6 B 0 B 0 B 6 B 6 B
Los Angeles 0.40 0.53 0.42 0.44 0.66 0.40 0.65 0.40 - - - -
San Francisco 0.36 0.47 0.38 0.51 0.53 0.30 0.57 0.38 - - - -
San Bernardino  0.38 0.43 0.39 0.46 0.57 0.33 0.59 0.33 0.78 035 0.79 0.32
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Table 5. Parameters of CMS-based fragility curves including demand and capacity uncertainties.

DS;-Elastic DS;-Inelastic DS,-Elastic DS,-Inelastic DS;-Elastic DS;- Inelastic
PSHA PSHA PSHA PSHA PSHA PSHA
Site 0 B 0 B 0 B 0 B 0 B 0
Los Angeles 0.41 0.58 0.44 0.52 0.71 0.45 0.76 0.51 - - - -

San Francisco 0.38 0.55 0.39 0.56 0.64 0.46 0.66 0.41 - - -
San Bernardino  0.39 0.52 0.37 0.49 0.64 0.41 0.61 0.42 0.98 0.45 0.93 0.43

uncertainty showed similar differences between GMSS approaches. Excluding capacity uncertainties
slightly reduced vulnerability (shifted curves rightward) and decreased dispersion of the fragility curve
(Zengin, Saiidi, and Bozorgnia 2023).

6.3. Seismic Risk Curves

The seismic risk curve, or EDP hazard curve, results from convolving the fragility curve with the mean
seismic hazard curve. The annual rate of exceedance for a CDR threshold level (Acpr(x), namely the
seismic risk curve, can be computed using Equation 2 (Kiureghian 2005; Krawinkler and Miranda
2004). This study employs a discrete summation approximation to calculate the annual rate of
exceedance for a specified CDR threshold level x.

ACDR(-X) = ZP(CDR>.X‘IM = zm,)AAIM(zm,) (2)

where P(CDR>x|IM = im;) corresponds the probability of exceeding a specified CDR level, x, for
a given IM = im;. AApg(im;)= Ay (im;)- Ay (imii1) denotes the approximation for the annual rate of
occurrence of IM being equal to im;. The CDR responses were derived from distinct sets of scaled
ground motions for each target IM level. It was assumed that the structural response at each IM (or Ty
level) followed a lognormal distribution.

Figure 13 compares CDR risk curves for the bridge across different GMSS approaches at each site.
When using UHS as a target, it was observed that the elastic PSHA-based GMSS approach produced
slightly higher or comparable annual rates of exceedances of CDR compared to the inelastic PSHA-
based GMSS approach. When using CMS as a target, the elastic PSHA-based GMSS produced slightly
unconservative results compared to the inelastic GMSS approach in the site with the highest seismi-
city, namely San Bernardino, while opposite patterns were observed in Los Angeles and San Francisco.
These observations validated the trend noted in the fragility curves. However, the differences were
generally not substantial, given that the fragility curves for the three-span bridge used in this study
were closely aligned.

The results indicated that the differences in seismic risk curves were affected by the chosen target
spectra definitions, namely UHS and CMS, especially at higher CDR levels (i.e. CDR > 0.03). CDR
curves from CMS-based motions typically demonstrated a lower bound (in terms of both annual
probability of exceedance and CDR) compared to UHS-based motions. This suggests that the UHS-
based approach is generally more conservative in assessing seismic risk, leading to a higher annual rate
of exceeding a CDR level.

7. Conclusions

This study assessed the impact of two GMSS approaches, one utilizing traditional elastic PSHA-based
target spectra and the other using inelastic PSHA-based target spectra with various ductility levels, on
the seismic responses of a three-span, three-column bent, typical bridge designed according to
Caltrans SDC. The investigation focused on five California sites with different seismicity, three of
which are presented in this article due to limited space: Los Angeles, San Francisco, and San
Bernardino. Comparing the column drift ratio (CDR), displacement ductility (pp), and residual
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Figure 13. Comparisons of CDR risk curves based on different GMSS approaches. The solid line corresponds to the inelastic PSHA-
based GMSS approach, and the dashed line depicts the elastic PSHA-based GMSS approach.

drift ratio (RDR) at return periods (Tr) of 975 and 2475 years revealed that using elastic PSHA-based
UHS motions led to responses comparable to, and somewhat higher than, those obtained using
inelastic PSHA-based motions at Tg = 975 years. At Ty = 2475 years, the inelastic PSHA-based UHS
motions tended to reduce the dispersion in structural response compared to the elastic PSHA-based
UHS motions, especially in the site with the highest seismicity (San Bernardino). Using CMS as
a target, both GMSS approaches yielded comparable mean CDR and pup, responses, attributed to the
inelastic spectra of ground motions selected based on the elastic approach showing good agreement
with the target inelastic spectra across various ductility levels. The findings also indicated that the
RDRs were significantly affected by the characteristics of the pulse motions, highlighting the impor-
tance of considering these effects in seismic design of bridges.

The results showed that fragility curves based on CDR derived from inelastic PSHA-based
UHS generally slightly reduced the dispersion, particularly in the highest seismicity site, San
Bernardino, enabling more accurate estimation. Seismic risk curves followed similar patterns
as observed in fragility curves. Generally, elastic UHS motions resulted in comparable or
slightly higher (i.e. conservative) annual rates of CDR exceedances compared to inelastic UHS
motions. The level of conservatism in the elastic CMS-based fragilities and risk curves varied,
depending on the degree of mismatch between recorded and target inelastic spectra. The
reduced dispersion from the inelastic PSHA-based UHS makes this method attractive when
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designers try to avoid unnecessary conservatism associated with the elastic UHS motions.
Comparisons of seismic risk curves highlighted the significant impact of selected target
spectra, UHS and CMS, especially at higher CDR levels exceeding 3%. In particular, the CMS-
based risk curves tended to yield lower annual rates of exceedances than the UHS-based
counterparts.

The findings of this study revealed differences between the GMSS approaches, with implications for
fragility curves and risk curves, emphasizing the need for careful selection of GMSS approaches and
target spectra when assessing seismic performance and risk of bridges. The study also highlighted the
potential benefits of recent developments in inelastic PSHA-based target spectra and GMSS approach
for reducing dispersion in structural responses, especially in high seismicity sites. The expense of such
an advantage is a somewhat more complex analysis of seismic hazard using inelastic target spectra. The
use of inelastic PSHA-based target spectra may be justified in special cases when a higher degree of
certainty is desired.

The fragility functions and seismic risk curves in this study are tailored to the simple representative
bridge configurations, seismic hazard levels, and assumed boundary conditions, providing
a foundation for future 3D multi-component analyses. Future research should also address uncertain-
ties such as geometry, material properties, various bridge types, and the number of ground motions.
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