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Abstract This paper makes use of different ground motion selection and scaling
methods for the identification of predominantly first-mode engineering demand
parameters (EDPs) of bridges under earthquake excitation. Two groups of ground
motions are selected for this purpose. The first group, expected to result primar-
ily in the first-mode response, is selected using the conditional mean spectrum
(CMS) method. The second group, which serves as the reference for comparison,
is selected to match a chosen scenario response spectrum. Since the shape of the
chosen scenario spectrum allows higher mode response, the ground motions in
this second group are considered as the ground motions with higher mode effects.
Both groups of ground motions are selected using a method that seeks to match
the mean and variance of the target spectrum. Comparison of the nonlinear time-
history analysis responses from the two groups for three chosen ground motion
scenarios indicates that higher mode effects are more pronounced on column dis-
placements and deck accelerations than the column shear forces.

1 Introduction

The nonlinear structural response of bridge systems, similar to most complex
structures, is intricate that it is often highly sensitive to the selection and modifica-
tion of the input ground motions. This paper makes use of different ground motion
selection and scaling methods for the identification of predominantly first-mode
engineering demand parameters (EDPs) of bridges under earthquake excitation.
Two groups of ground motions are selected for this purpose. The first group,
expected to result primarily in the first-mode response, is selected using the condi-
tional mean spectrum, namely the CMS method. The second group, which serves
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as the reference for comparison, is selected to match a chosen scenario response
spectrum. Since the shape of the chosen scenario spectrum allows higher mode
response, the ground motions in this second group are considered as the ground
motions with higher mode effects. Both groups of ground motions are selected
using a method that seeks to match the mean and variance of the target spectrum.
Nonlinear time-history analyses were conducted for selected highway bridges
modeled in OpenSees [1] using the two groups of ground motions. Comparison of
the nonlinear time-history analysis responses from the two groups for three chosen
ground motion scenarios indicates that higher mode effects are more pronounced
on column displacements and deck accelerations than the column shear forces.
Therefore, the column base shear is likely a first-mode-dominant EDP.

2 Bridge Structures and Analytical Models

Three highway bridge structures, reflecting common practice in California, are
used in this study. These bridges are: (1) Jack Tone Road Overcrossing (Bridge
A), a bridge with two spans supported on a single-column bent, (2) La Veta Avenue
Overcrossing (Bridge B), a bridge with two spans and a two-column bent, and (3)
Jack Tone Road Overhead (Bridge C), a bridge with three spans and two three-
column bridge bents. Extensive simulations were conducted on these bridges [2]
using OpenSees [1], on which the modeling assumptions adopted herein are based.
OpenSees [1] has a sufficient element and material response library and empowers
scripted execution of repetitive nonlinear time-history analyses (NLTA) through
which the model parameters and input ground motions can be systematically var-
ied. The bridge models used in the simulations are depicted in Figs. 1 and 2. Seat-
type abutments, shear keys, expansion joints, column-bents, and the superstructure
are included in the model. For a detailed explanation of the employed modeling
assumptions, refer to the descriptions in [3].

Two approaches are considered for abutment modeling: detailed and simpli-
fied. In both approaches, the longitudinal responses of the backfill and the expan-
sion joint, the transverse responses of the shear keys, and the vertical responses
of the bearing pads and the stemwall are all explicitly considered. In the detailed
modeling approach (Fig. 3a), five nonlinear springs, connected in series to gap ele-
ments, are used to model the passive backfill response and the expansion joint.
The strength and initial stiffness of the soil springs are determined according to
Caltrans SDC [4]. The shear key response is modeled using a nonlinear spring
with a tri-linear backbone curve. The vertical response of the bearing pads and
the stemwall is modeled by two parallel springs that represent the stiffness of the
bearing pads and the stemwall. In the simplified modeling approach, the number
of nonlinear springs connected in series to the gap elements is reduced to two as
shown in Fig. 3b, and the shear key response is modeled using an elastic-perfectly-
plastic backbone curve.



Seismic Response of Bridges ... 149

+ElsaticBeamColumn Element
+Not-Cracked Section

e ——
Rigid Element ( Weightless)y—"
. {-Elusiil:!-!camCqunn Element

‘-Rigid Torsional
| Nonl BeamColumn El

\ «UniaxialMaterial:) Conerete01 (Coreand Cover)

> Steel02 (Rebar )

Rigid Element ( Weightless )

Transverse: Coneretc02 (withouwt Gap, No Tension)
Vertical: Bilincar Elastic (No Tension)
Longitdinal: HyperbolicGap (with Gap)

Fig.1 Modeling of bridge B [2]

Fig. 2 Modeling of the analyzed bridges [3]. a Bridge A, b bridge B, ¢ bridge C
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Fig. 3 Springs and gap elements used to model various components of the abutment [3].
a Detailed modeling, b simplified modeling

3 Ground Motion Selection

For each bridge, three earthquake scenarios are considered, namely those with 2,
10 and 50 % probabilities of exceedance (POE) in 50 years. The attenuation model
by Campbell and Bozorgnia [5] is used to approximate these three hazard levels.
Figure 4 shows Uniform Hazard Spectra (UHS) of the three hazard levels and their
approximations for the site of Bridge B.

The CMS [6], which is a response spectrum associated with a target value of
the spectral acceleration Sa at a single period, serves as the target spectrum for the
first group of ground motions. In this study, this single period is the fundamental
period of the considered bridge. The second group, which serves as the reference
for comparison, is selected to match the spectrum predicted by the attenuation
model of Campbell and Bozorgnia [5]. Figure 5a shows the response spectrum
by the attenuation model from Campbell and Bozorgnia [5] that approximates the
UHS at hazard level of 10 % POE in 50 years for Bridge B, i.e. the target spectrum
for the second (reference) group. Also shown in Fig. 5a is the CMS [6] anchored
at the fundamental period of Bridge B of 1.1 s, which is the target spectrum for
the first group. As mentioned before, both groups of ground motions are selected
using a method proposed by Jayaram et al. [7] that seeks to match the mean and
variance of the target spectrum (Fig. Sb). With a target distribution, Monte Carlo
simulation is used to probabilistically generate multiple realizations of response
spectra, and then recorded ground motions whose response spectra individually
match the simulated response spectra are selected. Furthermore, a greedy optimi-
zation is applied to improve the match between the target and the sample means
and variances. This is performed by replacing one previously selected ground
motion at a time with a record from the database that generates the best improve-
ment in the match. For a detailed explanation of this method, refer to [7].
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Fig. S Uniform hazard spectrum and CMS for 10 % POE in 50 years for the site of Bridge B. a
Median, b median and variance

4 Simulation Results

As discussed above, there are two approaches for abutment modeling: detailed
(Fig. 3a) and simplified (Fig. 3b). For each of the two abutment modeling of each
of the three bridges, 40 ground motion records are selected for each of the three
scenarios per each of the two ground motion groups, and NLTA are conducted
with the selected ground motions, which yield a total of 2 x 40 x 3 x 2 = 480
simulations per bridge for the three considered bridge systems. The maximum col-
umn drift ratio, base shear, and deck total acceleration are selected as the EDPs.
Figures 6, 7 and 8 present the ratios of the median EDPs from the ground
motions of the first group (CMS) to those from the ground motions of the second
reference group. Because the first and second groups are the first-mode dominant
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Fig. 7 Ratios of median EDPs for the two abutment modeling cases of bridge B. a Simplified
modeling, b detailed modeling

and higher mode response reflecting ground motions, respectively, the smaller the
ratio, the more the considered EDP is affected by the higher modes. It is observed
that the ratio for the column base shear is close to 1.0 and almost invariant for
both modeling cases and the three scenarios. On the other hand, the ratios for
the column drift and deck acceleration are always less than 1.0 and reduce as the
hazard level and the corresponding nonlinearity level increase. Accordingly, it is
concluded that the higher mode effects are more pronounced on column displace-
ments and deck accelerations than on column shear forces. Moreover, the effects
of higher modes on the column drift and deck acceleration increase with increas-
ing nonlinearity. However, the column base shear is likely to be a first-mode domi-
nant EDP, independent of the hazard level.

For the 10 and 2 % POE in 50 years cases, the first mode dominancy of the
column base shear can be explained by the fact that it is limited by the base
shear capacity of the column (direct shear or the shear force limited by flexure).
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Fig. 8 Ratios of median EDPs for the two abutment modeling cases of bridge C. a Simplified
modeling, b detailed modeling

However this explanation is not valid for the 50 % POE in 50 years scenario,
where the response is below the column base shear capacity, indicating that the
column base shear is not affected from higher modes also in the linear range.

It is noted that the comparison is not recorded for Bridge C with detailed abut-
ment modeling for the hazard level of 2 % POE in 50 years. This is due to the fact
that 7 out of 40 ground motion records in the second group failed to converge,
despite significant efforts to improve convergence [8].

The results in Figs. 6, 7 and 8 are supportive of the statement that the higher
modes affect the response of bridges to a greater extent than that of buildings as
indicated in [9]. Furthermore, examining the obtained results from a ground motion
selection aspect, it can be stated that the CMS method underestimates the column
drift ratio and the deck total acceleration with respect to the ground motions selected
to match the UHS. In order to evaluate the accuracy of these methods, an estimate
of the true response can be obtained using the concept of high-end prediction (HEP)
[10, 11]. However, this investigation is beyond the scope of the presented study.

5 Summary and Conclusions

This study employed different ground motion selection and scaling methods to
identify the predominantly first-mode engineering demand parameters (EDPs)
of bridges under earthquake excitation. For this purpose, the median maximum
responses of three selected EDPs, namely column drift ratio, the column base
shear, and the deck total acceleration, from two groups of ground motions, were
investigated. The responses from the first group, selected using the conditional
mean spectrum, were expected to represent the first-mode-dominant response.
The responses from the second group, with the spectrum shape allowing higher
mode responses, were considered as responses including the higher mode effects.
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A method that seeks to match both the mean and variance of the target spectrum
was utilized for selection of ground motions for the two groups. Comparison of
the responses from 1440 nonlinear time-history analyses obtained from the two
groups for three representative ground motion scenarios, i.e. 50, 10 and 2 % prob-
ability of exceedance in 50 years, on three bridge systems with two approaches
to model their abutments, indicated the higher mode effects are more pronounced
on column displacements and deck accelerations than on column shear forces, the
effect of higher modes increases with increasing nonlinearity and the column base
shear is a first-mode-dominant EDP, independent of the hazard level.
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