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Abstract: This paper investigates the analytical results of the seismic response of multi-span pre-
stressed concrete (PSC) I-girder bridges under seismic loads. To perform numerical analyses, a
three-span PSC I-girder bridge with a width of 12 m, a total length of 100 m, and a maximum span
length of 40 m was modeled, and a virtual location was selected to consider the soil properties of
the area where the bridge was constructed. The seismic load acting on the PSC I-girder bridge was
applied in consideration of the soil properties around the pier and the wave passage effect of the
bedrock in the artificial seismic load generated, according to the U.S. Nuclear Regulatory Commission
(NRC) standard. The analysis results confirmed that the seismic load, with consideration of the soil
properties and wave passage effect, generated the maximum response acceleration and bending mo-
ment at the deck of the bridge—152% and 232% greater than without considering them, respectively.
Therefore, in order to ensure the earthquake resistance of the bridge, the soil properties of the area
where the bridge will be built and the wave passage effect of the bedrock must be considered.

Keywords: wave passage effect; PSC girder bridge; seismic analysis

1. Introduction

The Circum-Pacific belt, also known as the Ring of Fire, has recently been active,
so earthquakes of varying intensity are frequently occurring in various regions around
the world. Earthquakes such as the 2001 Indian Gujarat earthquake, the 2005 Pakistan
earthquake, the 2008 Sichuan earthquake, and the 2011 East Japan earthquake have caused
200,000 casualties and caused enormous loss of life and property [1-3]. In addition, the
increased frequency of strong earthquakes raises questions about whether existing infras-
tructure is sufficiently safe from strong earthquakes.

Infrastructure such as bridges, dams, and nuclear power plants requires a lot of
time and money to plan, design, and construct. In addition, such infrastructure plays
an important role in a nation’s economy, including transportation of goods, electricity
production, and preparedness for droughts and floods. If such infrastructure is damaged
by earthquakes, it can have a huge impact on the national economy, beyond the structures
simply not functioning properly. Therefore, ensuring the earthquake resistance of such
infrastructure should be considered extremely important.

The seismic capacity of infrastructure should be evaluated comprehensively, consider-
ing not only their strength and deformability, but also the soil-structure interaction (SSI),
which is the mutual interaction between soil (ground) and a structure built on it [4]. This is
because seismic waves generated from bedrock increase in peak acceleration and change in
natural frequency depending on the properties of the soil. The earthquake that occurred
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in Mexico City in 1985 is a representative example [5]. Therefore, recent studies related to
the seismic response of structures are necessarily conducted in consideration of the soil’s
essential properties [6-12].

The seismic wave travels through the bedrock with a time difference due to the shear
wave velocity of the bedrock, which causes a difference in the characteristics of the seismic
load that accelerates the ground on which the foundation of the structure is placed. In
particular, the wave passage effect cannot be ignored when the bedrock is extremely deep
or is not sufficiently hard [13-17]. Therefore, the wave passage effect of earthquakes is an
important consideration in the seismic design of a variety of long infrastructure such as
bridges, pipelines, and tunnels [18].

The purpose of this study was to investigate the seismic response of a bridge with
multiple supports under seismic loads, considering both the soil properties of the area
where the bridge was constructed and the wave passage effect. To this end, the seismic
load acting on the bedrock was prepared to meet the design criterion presented in the
standard of the U.S. NRC. In order to reflect the soil properties of the area where the piers
are installed in the initial seismic load generated in this way, a ground response analysis
was performed using DEEPSOIL—a site response analysis program. Furthermore, the
wave passage effect was reflected by considering the shear wave velocity of the bedrock
for each support. Prior studies on the seismic response of bridges during earthquakes
have been conducted by applying each parameter individually [19-23], but studies that
consider both the amplification and the wave passage effect of seismic waves due to the
soil characteristics are insufficient. Therefore, in this study, the seismic response of the
bridge during earthquakes was investigated by considering both soil properties in the area
where the bridge is located and the wave passage effect of the seismic wave at each support.
Figure 1 shows an overall flowchart of the analysis performed in this study.
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Figure 1. Overview of the seismic analysis for a PSC girder bridge.

2. Background

A pre-stressed concrete (PSC) girder bridge is a type of bridge in which a slab is placed
on an I-shaped pre-stressed concrete girder; most of them are applied to spans of 20 to 40 m,
and they are the most widely used because their construction cost is lower than that of
girder bridges made of steel. In particular, PSC I-girders are mainly used to construct
highway bridges or bridges that pass over streams, where the length between piers does
not exceed 40 m and there is no restriction on the space under the bridge. In this study, a
virtual PSC girder bridge and the area where it would be constructed were set up; a general
PSC I-girder bridge is shown in Figure 2.

When evaluating the dynamic response of a bridge during an earthquake, the most
important factor to be considered is the seismic load acting on the bridge. Prior studies
were conducted experimentally or analytically by applying seismic waves obtained from
earthquakes such as El Centro, Ofunato, and Hachinohe to structures [24-27]. However,
each real seismic wave has its own characteristics, which may cause different results
depending on the natural frequency of the structure [28]. Therefore, in this study, artificial
seismic loads were prepared using the seismic load generation method so as to be applicable
to infrastructure proposed by the U.S.NRC, and the steps of the seismic load generation
method suggested in the standard are as follows:
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(1) The response spectra generated by the seismic load should cover the design response
spectrum shown in Figure 3. However, for the frequency of up to five points, the
response spectrum generated by the seismic load may have a smaller value than the
design response spectrum;

(2) When the response spectrum of the seismic load is smaller than the design response
spectrum, the value of the response spectrum of the seismic load shall not be less than
10% less than the value of the design response spectrum. In addition, even if the value
is large, the value of the response spectrum of the seismic load should not be larger
than 30% of the design response spectrum;

(38) Theinterval for generating the response spectrum is proposed in two cases, as follows:

e When calculating spectrum values based on seismic loads, the frequency interval
for calculating spectrum values must be sufficiently small. Table 1 shows the al-
lowable frequency intervals for calculating the response spectrum using multiple
damping ratios;

e  When calculating the spectral acceleration from the seismic load for a single
damping ratio, the allowable frequency interval shall be calculated over 100 or
more points of the frequency, with equal intervals on a log scale.

(Upper Slab)

Girder
Prestressing

Tendon

Figure 2. PSC girder bridge.

Table 1. Suggested frequency intervals for calculation of response spectra.

Frequency Range Increment Frequency Range Increment
(Hz) (Hz) (Hz) (Hz)
0.2~3.0 0.10 8.0~15.0 0.50
3.0~3.6 0.15 15.0~18.0 1.00
3.6~5.0 0.20 18.0~22.0 2.00

5.0~8.0 0.25 22.0~ 3.00
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Figure 3. Horizontal design response spectra scaled to 1 g horizontal ground acceleration.

The artificial seismic load generated by SIMQKE—an artificial seismic load generation
program—does not meet the criteria presented in the U.S. NRC standard. Lilhanand
and Tseng [29] proposed a method of generating an artificial seismic load that is similar
to the design response spectrum by applying a modification function, and verified that
it affords sufficient reliability. Therefore, in this study, the seismic load generated in
SIMQKE was modified using the modification function used in the prior study, and the
modification function and modification time-history curve used in this study are as shown
in Equations (1) and (2) and Figure 4.

f(t) = i exp(—wiBi(t; — ) (287 -1 sin(wj(t; —t)) — 2B%3,/1 — B cos(wj(t; — t)) (1)
\/1-p?
w; = wj\/1 - B? 2

where w; is the i-th natural frequency, j; is the damping ratio, and ¢; is the time at which
the spectral response occurs.
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Figure 4. Time-history curve using modified function.

As shown in Figure 5, the seismic waves generated to meet the U.S.NRC standard
are propagated to the ground surface throughout various soil layers. While the generated
seismic wave is propagated to the ground surface, it can be amplified or diminished by
reflecting the surrounding soil properties, and its characteristics can be changed [30-32]. To
estimate the amplification of this seismic wave, the DEEPSOIL program [33] was employed
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in this study to perform a site response analysis. In the ground response analysis, the
peak acceleration, shear deformation rate, shear wave velocity, and damping ratio of
each soil layer were calculated, and the seismic load transferred to the free field was
finally estimated.
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Figure 5. Propagation, amplification, and wave passage effect of seismic load.

The effect on the spatial variation of a seismic load is determined by wave passage and
wave scattering, and the effect on the wave passage of the seismic load is determined by
the shear wave velocity of the bedrock when the seismic load travels through the bedrock.
Since the time difference occurs when the seismic load transmitted through the bedrock
passes through the bedrock, the characteristics of the seismic load acting on the foundation
of the structure change [34]. If the bedrock is very hard, the effect of the spatial variation of
the seismic load can be negligible, because the seismic load travels very rapidly, but if it is
located at considerable depth or it is not sufficiently hard, its effect should be considered.
Therefore, in this study, seismic loads with a time difference of At were applied to the first
pier (point B) and the second pier (Point C) of the PSC girder bridge, as shown in Figure 5.
At this time, At was calculated based on the shear wave velocity of the bedrock.

3. Comparison of Seismic Load

In this study, the seismic response of PSC I-girder bridges under seismic load, con-
sidering the soil properties and wave passage effect, were investigated. To this end, the
seismic loads acting on the bridges were first evaluated. The four seismic loads used in the
evaluation are as below:

Seismic Load 1: El Centro record;

Seismic Load 2: Seismic load generated by SIMQKE;

Seismic Load 3: Seismic load generated by SIMQKE, modified to meet U.S. NRC standards;
Seismic Load 4: Seismic load considering the soil properties of the location where the
bridge was installed using DEEPSOIL—a site response analysis program for seismic load
modified to satisfy the USNRC.

3.1. Artificial Seismic Load

The artificial seismic load (called Seismic Load 1) and the response spectrum calculated
from it are shown in Figure 6. Seismic Load 1 was generated with a total time of 20.48 s, a
time interval of 0.005 s, and a peak acceleration of 0.30 g.



Appl. Sci. 2022,12, 1415

6 of 16

Artificial Time-History Response Spectrum
04 1000 —r

£

—Design
—Aritficial

|
j

Acceleration (g)

Spectral Acceleration (

0.0 5.0 10.0 15.0 20.0 25.0 0.10 1.00 10.00 100.00
Time (sec) Frequency (sec)

(a) (b)

Figure 6. Initial time-history and response spectra: (a) initial time-history; (b) response spectrum
using initial time-history.

When comparing the design response spectrum prepared by complying with the U.S.
NRC standard and the response spectrum calculated by the Seismic Load 1, it was observed
that the response spectrum was up to 45.0% larger than the design response spectrum
in intervals below 1 Hz. Furthermore, the maximum value of the response spectrum of
Seismic Load 1 was ~23.0% smaller than that of the design response spectrum between 10
Hz and 33 Hz. Therefore, in the case of a time-history analysis of bridges using Seismic
Load 1, the possibility of over- or underevaluating the response depending on the natural
frequency of the bridges should be taken into consideration.

3.2. Modified Artificial Seismic Load

The seismic load generated by SIMQKE was modified to meet the criteria presented
in the U.S. NRC standard (Seismic Load 2), as shown in Figure 7a. A response spectrum
was calculated using Seismic Load 2 and compared with the design response spectrum, as
shown in Figure 7b. The modified seismic load using the modification function proposed
by Lilhanand and Tseng [29] is the same as Seismic Load 1 in total time and time interval,
and the peak acceleration is 0.301 g, confirming that it has approximately the same peak
acceleration as Seismic Load 1. However, because the response spectrum produced from
the modified seismic load is at least 0.08-26.0% larger than the design response spectrum at
an interval of 0.01 Hz to 100 Hz, the response spectrum meets the design criteria. Therefore,
when the time-history analysis of the bridge is performed using Seismic Load 2, the seismic
load suggested in the design standard is considered to be acting on the bridge regardless of
the natural frequency of the bridge.

Modified Time-History with U.S. NRC Response Spectrum
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03 : =4
CRY) I . I 8
E o1 1Y TR IW] £ 100 === L
g0 N % i
5 -0.1 | i 2
g-02 Bl | e
-0.3 :‘3 I
0.4 i i & \
0.0 5.0 10.0 15.0 20.0 250 0.10 .00 10.00 100.00
Time (sec) Frequency (sec)
(a) (b)

Figure 7. Modified time-history with U.S. NRC and response spectrum: (a) modified time-history;
(b) response spectrum using time-history with U.S. NRC.

3.3. Modified Seismic Load Considering Soil Properties

The seismic loads from the bedrock to the ground surface can be amplified or di-
minished depending on the properties of the soil. Therefore, it is necessary to accurately
estimate the seismic load transmitted to the ground surface by performing a ground re-
sponse analysis that reflects the properties of the soil for the seismic load observed in the
bedrock [35]. The location of the bridge considered in this study was randomly selected,
and the soil properties at the bridge site referred to the study of Ahn et al. [35]. The
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ground consisted of granite weathered residual soil of ~5.0 m thickness, silt sand of ~7.0 m
thickness, and a bedrock layer. The soil characteristics applied in the study are shown in
Figure 8.

Silty Sand

V, : 267.85m/sec
v : 20kN/m? .
G/G,,,,. Damping Curve :

Ref. Korean Geotechnical Society
Bedrock

V, : 1500m/sec

v : 22kN/m?

Damping : 2.5%

Figure 8. The soil type at the bridge’s location.

In order to estimate the seismic load considering the soil properties of the bridge
construction area, an equivalent linear seismic site response analysis was carried out.
Equivalent linear ground response analysis is a linear analysis method that performs
iterative calculations to consider the nonlinear dynamic properties of the soil, and was
performed using the commercial program DEEPSOIL [35]. Considering the soil properties
of the bridge’s installation area, the seismic load with a peak acceleration of 0.301 g modified
to meet the U.S. NRC (Seismic Load 2), as shown in Figure 9a, was amplified by ~35.0%
and transformed into a seismic load with a peak acceleration of 0.406 g (Seismic Load 3).
Furthermore, as shown in Figure 9b, the response spectrum between 0.4 Hz and 3.6 Hz
increased by up to 170%, while the response spectrum between 3.6 Hz and 20 Hz decreased
by up to 37%. These results indicate that even if the seismic load is prepared so as to
meet the design criteria, the PSC girder bridge could be underestimated or overestimated
because the properties of the seismic loads vary depending on the soil properties of the
area where the bridge is constructed.
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Figure 9. Modified time-history with soil properties and response spectrum: (a) modified time—
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history with soil properties; (b) response spectrum using time-history with soil properties.

4. Discussion

This paper compared the seismic responses of the PSC girder bridge when subjected to
the El Centro record (referred to as Seismic Load 1), the artificial seismic load generated by
SIMQKE (Seismic Load 2), the artificial seismic load modified to meet the U.S. NRC design
standard (Seismic Load 3), and the seismic load considering the soil properties (Seismic
Load 4). In addition, the shear wave velocity of the bedrock, considering the soil properties
and the wave passage effects, was used as a variable to estimate the seismic response of the
bridge. The shear wave velocity of the bedrock was 500 m/s, 571 m/s, 667 m/s, 800 m/s,
1000 m/s, 1333 m/s, 2500 m/s, and 4000 m/s, and the wave passage effects were 0.08 s,
0.07s,0.04s,0.03 s, and 0.02 s.
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4.1. FE Model for the PSC Girder Bridge

As shown in Figure 10a,c, the PSC I-girder bridge used in this study has three spans,
where each span has a width of 12 m and a total length of 100 m, and the maximum
inter-span distance is 40 m. The FE bridge model is detailed in Figure 10b,d,e. The FE
model for I-girders, beams, and piers was built using beam elements, and the number of
beam elements used was 331. Details of material constitutive models used for the I-girders,
beams, and piers are shown in Table 2. The boundary conditions of the FE model are fixed
at the abutment and the bottoms of the piers. Furthermore, in order to consider the bridge
shoes installed at the connection of the bridge deck and the pier cap, the bridge deck and
the pier cap were connected with a spring element.

unit : mm
12,000

1750 8500 1750
i
=3 b
an
=3
1
‘875 5@2050=10,250 875
(@) (b)
100,000 unit : mm
30,000 40,000 30,000

Figure 10. PSC girder bridge model for seismic analysis: (a) section properties; (b) section for the
FE model; (c) side view of the PSC girder bridge; (d) side view of the PSC girder bridge for the FE
model; (e) isometric view of the PSC girder bridge for the FE model.
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Table 2. Material properties using the FE model.
Compressive Modulus of Poisson’s Weight
Strength (MPa)  Elasticity (MPa) Ratio Density (kN/m?3)
Girder 35.0 29,755.0 0.18 24.5
Cross-Beam 24.0 26,964.0 0.18 24.5
Pier 21.0 26,094.0 0.18 24.5

4.2. Modal Analysis of the PSC Girder Bridge

The dynamic properties of the bridge were investigated by performing an eigenvalue
analysis, and the results are shown in Figure 11 and Table 3. Figure 11c,e show the
mode shapes of natural frequencies of 3.215 Hz and 5.428 Hz in the bridge’s x-direction.
Figure 11a,b show the mode shapes of natural frequencies of 1.784 Hz and 2.463 Hz in the
bridge’s y-direction. Figure 11d,f show the mode shapes of natural frequencies of 5.138 Hz
and 20.389 Hz in the bridge’s z-direction.

(a) (b)

NATURAL PERIOD
(SEC)

0.194619
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Figure 11. Mode shape, natural frequency, and mass participation at each translation: (a) Mode 1;
(b) Mode 2; (c) Mode 4; (d) Mode 7; (e) Mode 8; (f) Mode 12.
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Table 3. Natural frequency and mass participation.

Mode No Natural Mass Participation (%)
' Frequency (Hz) X-Translation Y-Translation Z-Translation
1 1.784 0.000 13.000 0.000
2 2.463 0.000 65.250 0.000
3 2.484 0.000 0.000 0.000
4 3.215 69.810 0.000 0.000
5 3.881 0.000 0.000 6.050
6 4.709 0.000 1.670 0.020
7 5.138 0.000 0.000 51.500
8 5.428 22.910 0.000 0.000
9 6.651 0.450 0.000 0.000
10 7.773 0.000 10.070 0.000
11 11.995 3.880 0.000 0.000
12 20.389 0.000 0.020 23.590

4.3. Seismic Response of the PSC Girder Bridge According to Seismic Properties

In the FE model of the bridge considered in this study, the seismic load in Figure 6a
was acting on the x-translation of the bridge, and the acceleration response at the deck of the
bridge was evaluated. In addition, the response spectrum was calculated using the seismic
load acting on the bridge and the acceleration response on the deck of bridge generated by
the corresponding seismic load. Figure 12 shows the response spectrum generated by the
seismic load acting on the bottom of the foundation, as well as the acceleration response
generated at the deck of the bridge. It can be seen that the response spectrum generated
by the acceleration response of the deck of the bridge is amplified at 3.215 Hz, 5.428 Hz,
and 11.995 Hz, which are the natural frequencies of the 1st, 2nd, and 3rd modes in the
x-direction of the bridge, respectively. This is because the response acceleration of the
bridge is amplified by resonance in the natural frequency in the x-direction of the structure.

(¢) Bridge Response
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Figure 12. Time-history and response spectrum: (a) modified time-history with soil properties;
(b) response spectrum using time-history with soil properties; (c) response time-history at the deck
of the bridge.

The response of acceleration and the maximum bending moment at the ground and
deck of the bridge are shown in Figure 13 and Tables 4 and 5 for when Seismic Load 1,
Seismic Load 2, Seismic Load 3, and Seismic Load 4 are acting on the PSC I-girder bridge.
The peak acceleration of each seismic load was 0.357 g for Seismic Load 1, 0.300 g for
Seismic Loads 2 and 3, and 0.406 g for Seismic Load 4. The maximum bending moments
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of the bridge under Seismic Loads 2 and 3, with the same peak acceleration of 0.300 g,
were 2308.36 kN-m and 3223.90 kN-m, respectively, showing a difference of ~139%. It
was confirmed that different member forces can be calculated according to the response
spectrum acceleration of the natural frequency of the bridge under the seismic load of the
same peak acceleration. Therefore, it was observed that even with identical acceleration
for the seismic load, member forces depend on the seismic load and the natural frequency
of the bridge. The response acceleration of the bridge was compared when Seismic Loads
1 and 3 were applied. From the results, Seismic Load 1 had a ~119% higher maximum
response acceleration than Seismic Load 3, but the latter had a ~120% higher maximum
bending moment than Seismic Load 1. This phenomenon might take place because, as
mentioned above, the seismic load and natural frequency of the bridge affect the results.
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Figure 13. Comparison of response spectrum and maximum bending moment at each seismic load:
(a) response spectrum of the PSC girder bridge; (b) maximum bending moment.

Table 4. Comparison of peaked acceleration and spectral acceleration at ground.

.. Peaked Spectral Acceleration
Seismic Load Acceleration
1st Mode 2nd Mode 3rd Mode
El Centro 0.357 0.732 0.739 0.561
Initial Artificial Time-History 0.300 0.670 0.823 0.581
Considering U.S. NRC 0.300 0.867 0.868 0.655

Applied Soil 0.406 1.009 0.728 0.464
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Table 5. Comparison of peaked acceleration, spectral acceleration, and maximum bending moment
of the PSC girder bridge.

Seismic Load

Peaked Ratio Spectral Acceleration Maximum

Acceleration (%) 1st Ratio 2nd Ratio 3rd Ratio

Bending

Mode (%) Mode (%) Mode (%)  ioment(kN-m)

El Centro
Initial Artificial
Time-History
Considering U.S. NRC
Applied Soil

0.609 170.588 3387 462705 1.268 171583 0.615  109.626 2683.60
0.549 183.000 3.275 488806 1499 182139 0.658  113.253 2308.36
0.782 260.667 3302 380.854 1.955 225230 0.826 126.107 3223.90
0.836 205911 3954 391873 1.762 242.033 0.880  189.655 3561.83

Comparing the member forces under the four seismic loads applied to the bridge, the
seismic load considering the soil properties had the greatest maximum bending moment
among the seismic loads, at 3561.83 kN-m. This is because the peak acceleration acting on
the ground, the response spectrum acceleration calculated from the natural frequency of
the bridge, and the response acceleration generated from the bridge all have large values
compared to other seismic loads. Therefore, in order to ensure the safety of the bridge
considering the uncertainty of the seismic load, it is necessary to take into account the soil
properties of the area in which the bridge is constructed, while complying with the seismic
design code.

4.4. Seismic Response of the PSC Girder Bridge According to the Wave Passage Effect

Assuming the bedrock shear wave velocity of Seismic Load 4 as 500 m/s, 571 m/s,
667 m/s, 800 m/s, 1000 m/s, 1333 m/s, 2500 m/s, and 4000 m/s, and applying wave
passage effect as 0.08 s, 0.07 s, 0.06 s, 0.05s, 0.04 s, 0.03 s, 0.02 s, and 0.01 s, respectively,
the seismic response of the bridge was compared, as shown in Figure 14 and Table 6.
We observed that insignificant differences appeared in the maximum bending moment
during the increase in the wave passage effect from 0.00 s to 0.05 s. However, after 0.06 s,
the maximum bending moment dramatically increased, and it was confirmed that the
maximum bending moment increased by ~150% at 0.08 s compared to 0.06 s.

Table 6. Comparison of peaked acceleration, spectral acceleration, and maximum bending moment
of the PSC girder bridge.

Wave Passage Effect

AT:0.00 s
AT:0.01s
AT:0.02s
AT:0.03 s
AT:0.04 s
AT:0.05s
AT:0.06 s
AT:0.07 s
AT:0.08 s

Peaked Accelerafion Spectral Acceleration I\Z:I)amxerlffgji]nli )
1st Mode 2nd Mode 3rd Mode
0.836 3.954 1.762 0.880 3561.83
0.835 3.950 1.757 0.879 3605.90
0.830 3.917 1.729 0.873 3638.98
0.833 3.936 1.746 0.877 3626.76
0.803 3.748 1.588 0.848 3635.79
0.782 3.614 1.479 0.828 3637.15
0.758 3.448 1.347 0.803 4009.57
0.730 3.253 1.196 0.773 4675.18
0.698 3.029 1.028 0.739 5344.66
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Figure 14. Comparison of response spectrum and maximum bending moment considering the wave
passage effect: (a) response spectrum of the PSC girder bridge; (b) maximum bending moment;
(c) deformation shape.

The response spectrum calculated from the response acceleration of the bridge shows
small differences in the 1st, 2nd, and 3rd modes of the bridge, until 0.04 s of the wave
passage effect. However, from 0.05 s, the response spectrum began to decrease in the major
mode of the bridge, and in the 2nd mode of 0.08 s of the wave passage effect it reduced by
~58% compared to the 2nd mode of 0.00 s. This is because even if identical seismic loads
act on the bridge, the acceleration in the opposite direction acts on the two piers due to
the wave passage effect, as can be confirmed by the displacement shape of the deck of the
bridge shown in Figure 14c. Based on the above results, to ensure the stability of the bridge
under seismic loads, the wave passage effect should be considered under a shear wave
velocity of bedrock of 1000 m/s (At: 0.05 s) in the area where the bridge is constructed.

5. Conclusions

In this study, the seismic response of a PSC I-girder bridge under seismic loads, con-
sidering the soil properties and the wave passage effect, was investigated. The seismic
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response of a PSC I-girder bridge was analyzed using the El Centro record, an artificial
seismic load generated by SIMQKE, a seismic load modified to meet the U.S. NRC stan-
dard, and a seismic load considering the soil properties of the area where the bridge was
constructed using the DEEPSOIL program.

The peak acceleration of the four seismic loads was 0.357 g, 0.300 g, 0.300 g, and
0.406 g, respectively, while the maximum response acceleration of the bridge was 0.609 g,
0.549 g, 0.782 g, and 0.836 g, respectively. In addition, the maximum bending moment in
the bridge was calculated to be 2308.36 kN-m and 3223.90 kN-m, respectively, under two
seismic loads with the same peak acceleration of 0.300 g, which was confirmed to have
a difference of ~139%. The response acceleration calculated for the bridge when the real
seismic load (El Centro) and the seismic load modified to meet the U.S. NRC standard were
applied was compared. The real seismic load (El centro) had a ~119% larger maximum
response acceleration than the seismic load modified to meet the U.S NRC standard, but
the maximum bending moment of the real seismic load (El Centro) was ~120% greater than
that of the seismic load modified to meet the U.S NRC.

The behavior of the PSC girder bridge was analyzed by considering the shear wave
velocity for seismic loads and considering the soil properties. After the wave passage effect
of 0.06 s, the maximum bending moment dramatically increased, and at the wave passage
effect of 0.08 s, a roughly 150% maximum bending moment appeared. When the wave
passage effect was 0.05 s, the response spectrum calculated from the response acceleration
from the bridge decreased in the 1st, 2nd, and 3rd modes of the bridge, and the response
spectrum at the 2nd mode of the wave passage effect at 0.08 s had ~58% of the response
spectrum compared to the 2nd mode of 0.00 s.

Therefore, in order to ensure the safety of the bridge, considering the uncertainty of
the seismic load, it is necessary to take into account the soil properties of the area in which
the bridge is constructed, while complying with the seismic load design code. In addition,
the wave passage effect calculated using the shear wave velocity of the bedrock in the area
where the bridge is constructed should be considered in order to ensure the earthquake
resistance of the bridge.

However, for the seismic loads applied in this study, it was assumed that the soil
properties of the area where the bridge is installed were the same at all points, because the
DEEPSOIL and ProShake programs, which are currently in use, apply a one-dimensional
equivalent linear seismic site response analysis. The site response analysis program can
consider the soil properties in the area where the bridge is constructed according to depth,
but it cannot consider the soil properties converted to the horizontal direction. Therefore, in
order to confirm the dynamic behavior of the bridge as being similar to that of the real one,
it is considered that additional research on the response analysis of the two-dimensional
equivalent linear site should be conducted.

In addition, the transmission speed of seismic load transmitted to the bridge varies
depending on the wave passage effect transmitted from bedrock, the depth of ground, and
the characteristics of each stratum. It is therefore necessary to further study the transmission
speed of seismic load, depending on the depth of the ground and the characteristics of
the stratum.
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