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ABSTRACT: In this study, the previously proposed earthquake damage assessment method for reinforced
concrete (RC) piers was verified through seismic response analysis of an entire bridge. The method measures
the acceleration histories at the bottom and top of the pier during earthquakes to estimate the ratio of the
initial natural frequency to the lowest natural frequency during earthquakes using time-frequency analysis
since it is related to earthquake damage. The previous study verified the method through numerical analysis
and shaking table test results of a single pier. However, since the actual pier is connected to the adjacent pier
and abutment via the girder, it is important to consider the dynamics of the entire bridge. Therefore, this
study verified the method through numerical analysis of the entire bridge. It was found that the method can
detect damage to each pier when accelerations in the bridge axis direction are used because the natural
frequency only changes for a damaged pier. On the other hand, the method cannot detect which pier is
damaged and can only detect if any piers are damaged when accelerations in the direction perpendicular to
the bridge axis are used since the natural frequency changed even for undamaged piers. It was verified that

the difference between the two directions was caused due to the constraint conditions of the bearings.
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1. INTRODUCTION

Road bridges are important in rescue and
restoration activities after earthquakes. Therefore,
a quick assessment of bridge damage after
earthquakes is necessary. The damage is often
inspected visually. However, inspecting damage
visually at night or in bad weather conditions is
difficult. Furthermore, the more extensive the
damage, the more time and human resources are
required for visual inspection.

Regarding the restoration of road facilities, in
the 2004 Niigata Chuetsu-Oki Earthquake, there
was an area where it took about a week until the
traffic restrictions were lifted [1]. Also, road
closures occurred in the 2016 Kumamoto
earthquake, and emergency restoration took time
due to the lack of necessary materials and
equipment [2]. The importance of reducing the
time required to restore the functions of road
networks has been reaffirmed. Therefore, prompt
earthquake damage assessment is important for
rescue and restoration activities.

Many earthquake damage assessment methods
for bridge piers have been proposed. Most simple
methods use changes in natural frequencies before
and after the earthquake [3-5]. Only two-time
measurement of pre- and post-earthquake is
required. However, since the natural frequency
recovers after the earthquake, the methods using
the natural frequency after the earthquake
underestimates the damage. Therefore, methods

based on real-time measurement have been
proposed [6,7]. A method of estimating the
maximum ductility factor of the pier using real-
time input and response acceleration measurement
has been proposed [6]. However, the method
assumes the nonlinear characteristics of the pier, so
the application is limited. A wavelet-transform-
based damage detection method also has been
proposed [7]. The method can detect damage
occurrence, but estimating the damage degree is
difficult.

The authors proposed an earthquake damage
assessment method that measures the input and
response acceleration in real time during the
earthquake [8]. The method detects damage using
the ratio of the natural frequency before the
earthquake to the lowest natural frequency during
the earthquake based on the time-frequency
analysis. The shaking table tests showed that the
natural frequency of the pier decreases due to
damage during an earthquake but gradually
recovers after the earthquake and that the lowest
natural frequency has a higher correlation with the
degree of damage than the natural frequency after
the earthquake. This suggests that measuring
natural frequencies in real time is important. The
authors have further developed the research and
proposed a method to identify the damage indices
that are highly correlated with damage [9].

So far, the validity of the author’s damage
assessment method has been verified by numerical
analysis and shaking table tests on single-pier
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models. However, piers are connected to adjacent
piers and abutments by girders. Therefore, the
damaged piers may affect the response of adjacent
undamaged piers. This study aims to validate the
author’s damage assessment method for bridge
piers by conducting a seismic response analysis of
the entire bridge. The effect of damaged piers on
the adjacent undamaged piers is investigated by
focusing on the constraint conditions of the
bearings between the piers and the girder.

2. RESEARCH SIGNIFICANCE

Most studies on earthquake damage assessment
methods for bridge piers focus on single piers and
do not consider the dynamics of the entire bridge.
However, the dynamics of piers when only the
piers are modeled differ from those when the entire
bridge is modeled. The significance of this study is
to focus on the effect of the dynamics of the entire
bridge on the damage assessment method for a
single pier. This study revealed that the constraint
conditions of the bearings between the pier and the
girder influence the results, and the method shows
different performance between the bridge axis
direction and the direction perpendicular to the
bridge axis.

3. DAMAGE ASSESSMENT METHOD

This section describes the previously proposed
damage assessment method for RC piers [8]. As
shown in Fig.1, a structure consists of a footing, a
pier, and a girder. Two acceleration sensors are
installed on the footings and girders to measure
horizontal accelerations. The acceleration of the
footing is defined as an input acceleration, and the
acceleration of the girder is defined as a response
acceleration. The procedure of the method is as
follows. In step 1, input and response accelerations
are measured during an earthquake. In step 2, the
method computes the short-time  Fourier
transforms (STFT) of the accelerations. In Fig.1,
the upper and middle graphs on the right side are
the STFT of the response and input accelerations.
In step 3, the method computes the short-time
transfer function (STTF) by dividing the STFT of
the response acceleration by the STFT of the input
acceleration. The STTF is normalized so that the
maximum value becomes 1 for each time step. The
lower right graph in Fig.1 shows the normalized
STTF (NSTTF), where blue indicates 0 and red
indicates the maximum value 1. By tracing the
maximum value of the NSTTF (red color), the
transition of the natural frequency of the pier can
be captured. The natural frequency decreases to the
lowest value of Fa due to damage and then
recovers to Fg after the earthquake. In step 4, the
method extracts the natural frequency before the

earthquake Fo (intact state), the lowest natural
frequency during the earthquake Fa from the
NSTTF. The method relates (Fo/Fa)?> to the
damage-related index (maximum displacement).
The previous study [8] revealed that when the
pier suffers slight damage, it is difficult to detect
damage using Fg since it recovers as high as Fo.
Even in such a case, damage could be detected
using Fa. Moreover, the possibility was found that
the maximum displacement can be estimated from
(Fo/Fa)?. The relationship between (Fo/Fa)?and the
maximum displacement is obtained, as shown in
Fig.2 in the previous study [8] using the shaking
table test result [10], in which amplitude-adjusted
accelerations were input. The notation "a%(n)" in
Fig.2 indicates that this is the n-th experiment
using an acceleration waveform whose amplitude
was adjusted by a factor of a (%). As shown in
Fig.2, a monotonically increasing relationship
exists between (Fo/Fa)? and the maximum
displacement. The maximum displacement is an
indicator of the degree of damage. By mapping the
relationship between (Fo/Fa)? and the maximum
displacement through numerical analysis a priori,
we can estimate the maximum response
displacement from (Fo/Fa)? during an earthquake.
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4. ANALYSIS MODEL OF ENTIRE BRIDGE
4.1 Overview

The method shown in Fig. 1 is developed based
on the results of shaking table tests and numerical
analysis on single piers. However, actual piers are
connected to adjacent piers and abutments by
girders, so it is necessary to consider the effect of
the dynamics of the entire bridge. This study aims
to verify the damage assessment method through
the numerical analysis of the entire bridge.

4.2 Analysis Model

A schematic diagram of the entire bridge is
shown in Fig.3(a). It is a 5-span continuous steel
girder bridge [11]. The x-axis is the bridge axis,
the y-axis is horizontal and perpendicular to the
bridge axis, and the z-axis is vertical. All degrees

of freedom at the base of the foundation were fixed.

Figure 3(b) shows the abutment and footing,
and Fig.3(c) shows the pier and footing. Figure
3(d) shows the analytical model of the entire
bridge. The abutments, piers, footings, and girders
are modeled with beam elements, and the bearings
are modeled with spring elements. Yellow circles
indicate nodes. In Figs. 3(c) and 3(d), only three
nodes (top, middle, and bottom) are shown for
each pier for simplicity. The actual model divides
the piers into eight elements in the lower half and
four in the upper half. Similarly, the girders are
divided into eight elements per span. The springs
representing the bearings have no height, so both
ends of the bearings have the same height.

The bearings are assumed to be rubber bearings.

The girder is elastically supported by the bearings
on both abutments and piers in the bridge axis
direction (x-axis). The girder is restrained by the
bearings on the abutments, and the girder is
elastically supported by the bearings on the piers
in the direction perpendicular to the bridge axis (y-
axis). The girder is restrained by the bearing in the
vertical direction (z-axis) and the rotational
direction around the x-axis and is not restrained by
the bearing in the rotational direction around the y-
axis and z-axis. The spring constants of the
bearings are shown in Table 1.

The material properties are set as follows.
Young's modulus of the abutments and piers was
set to 2.0x107 kN/m? and unit volume mass to 2.5
ton/m3. Young's modulus of the footings was set to
2.0x108 kN/m2, which is greater than that of the
abutments and piers, and the unit volume mass was
set to 2.5 ton/m3. The girders are steel with axial
stiffness of 6.82 kN, bending stiffness around the
y-axis of 4.77x10” kN/m?, bending stiffness
around the z-axis of 5.69 kN/m?, torsional moment
of 6.00x10” kN/m? and mass per unit length of

14.7 ton. The damping constants for each member
are set, as shown in Table 2.
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Table 1  Spring constant of bearings (kN/m)

Direction Abutment Pier

Bridge axis (x) 8.36x10° |2.408x10*

Perpendicular to bridge . 4
axis (y) Fixed |2.408x10
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4.3 Nonlinear Characteristics of Pier

The P2 pier, shown in red in Fig.3(d), is
modeled with nonlinear elements, and the other
elements are set linear. This study confirms
whether the damage to the P2 pier can be detected.
The moment-curvature relationship of the
nonlinear elements is modeled using the Takeda
model [12] shown in Fig. 4, and the parameters
for the Takeda model are shown in Table 3. K, is
the unloading stiffness after yielding occurred. K,
is the stiffness between the crack and yield point
on the opposite sign side of the curvature. ¢,, is
the maximum curvature, and ¢, and ¢, are the
curvature when yielding and crack occur.

4.4 Results of Eigenvalue Analysis

4.4.1 Bridge Axis Direction (x)

Figure 5 shows the mode shape in the axial
direction (x). The vibration of different members is
dominant for each mode. In the 1%, 2", and 5"
modes, the vibration of the bearing, girder, and
abutments is dominant, respectively. In the 3 and
4™ modes, the vibration of the P1 and P4 piers and
that of the P2 and P3 piers are dominant,
respectively. Since the 1%, 39, and 4™ modes have
large participation factors and the 3™ and 4" modes
have the same natural frequency, the Rayleigh
damping was set using these modes.

4.4.2 Direction perpendicular to the bridge axis (y)
Figure 6 shows the mode shapes in y direction.

Table 2 Damping factor of members

Girder 0.02

Bearing 0.03
Abutment / Pier (Linear beam) 0.05
Pier (Nonlinear beam) 0.02
Footing 0.2

Table 3 Parameters of the Takeda model

Direction| a az ?. Py

X 0.182 |4.06x10*|8.62x10%1.04x10°3

y 7.32x1073(1.05x103|3.89x10°/4.01x10*

Moment M

a Ky Un

Fig.4. Takeda model (Trilinear model)

The 3, 4t 6™ and 7" modes are the modes where
the vibration of the piers is dominant. Since the 3™
and 7™ modes have large participation factors, the
Rayleigh damping was set using these two modes.
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5. VALIDATING DAMAGE ASSESSMENT
METHOD BY  SEISMIC RESPONSE
ANALYSIS OF ENTIRE BRIDGE

5.1 Overview

A seismic response analysis of the entire bridge
was conducted, and the NSTTF (normalized short-
time transfer function) was obtained for each pier.
The initial natural frequency Fo and the lowest
natural frequencies during earthquake Fa are
estimated, and the relationship between (Fo/Fa)?
and the maximum displacement is examined.

5.2 Input ground motion and time integration

Three design ground motions for interplate

earthquakes (Type I-1-1, I-11-1, I-111-1) and three
design ground motions for inland earthquakes
(Type H-1-1, H-11-1, 1I-111-1) defined in the design

specification for the highway bridge are input [13].
The acceleration amplitude was adjusted by
multiplying 0.2 and 1 to consider the small and
large earthquakes. Therefore, a total of 12 ground
motions are considered. The acceleration
waveform of Type I-1-1 is shown in Fig.7. As for
time integration, Newmark £ method (£ = 0.25)
was used. A time interval of 0.001 s was used.

5.3 Time-frequency analysis

The input and response accelerations are
required to obtain the NSTTF. The acceleration
responses of the nodes at the base and the top of
the pier were used. Following a previous study [8],
the short-time Fourier transform was computed
using a rectangular window function with a time
width of 5.0 s, and smoothing was performed in
the frequency domain using a Parzen window with
a frequency width of 0.2 Hz.

5.4 Results in bridge direction (x)

5.4.1 NSTTF

Since the same tendency was observed for the
twelve ground motions, the NSTTFs for Type I-1-1
are shown in Fig.8 as an example. The P2 pier
cracked when the ground motion amplitude was
multiplied by 0.2 and yielded when multiplied by
1.0. The other piers are linear, so no damage
occurs to these piers. The left graphs are for the P1
pier, and the right graphs are for the P2 pier. The
initial natural frequencies of both piers are 9.81 Hz,
the 3 and 4™ mode natural frequencies. In both
amplitude levels, the natural frequencies of the P1
pier remained constant. On the other hand, the
natural frequency of the P2 pier decreased, and the
decrease in the natural frequency was greater for
the case with an amplitude multiplied by 1.0.
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In the bridge direction, only the NSTTF of the
damaged pier shows a reduction in natural
frequency, so it is possible to know which piers
have been damaged using the NSTTF.

5.4.2 Eigenvalue analysis corresponding to the
lowest natural frequencies of P2 pier

In the case with an amplitude of 1x (Fig. 8(b)),
the lowest natural frequency for the P2 pier is
around 3 Hz, while that for the P1 pier is a
constant of 9.81 Hz. The bending stiffness of the
P2 pier corresponds to the lowest natural
frequency during the earthquake El is estimated
using the moment-curvature relationship shown in
Fig. 9 as follows.

E]d — Mmax - Mmin (1)
Pmax — Pmin

M0 @nd M, are the maximum and minimum

bending moments. @, and @i, are the

curvature at the maximum and minimum bending

moments.

The eigenvalue analysis using the bending
stiffness of the P2 pier shown in Eqg. (1) is
conducted to examine the lowest natural frequency.
Figs.10(a) and (b) show the 2" and 4™ mode
shapes. In 2" mode (3.22 Hz), the vibration of the
P2 pier is dominant. In the 4" mode (9.81 Hz), the
vibration of P1, P3, and P4 piers is dominant.
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Before the earthquake, the vibration of P2 and P3
is dominant in the 3 mode (Fig. 5(c), 9.81Hz),
and the vibration of P1 and P4 is dominant in the
4™ mode (Fig. 5(d), 9.81Hz).

It is found that the natural frequency for the P1,
P3, and P4 piers does not change, and the NSTTF
for the P1 pier captured this phenomenon. The
natural frequency for the P2 pier only changed to
3.22 Hz, and the NSTTF for the P2 pier captured
this phenomenon.

5.5 Results perpendicular to bridge direction (y)

5.5.1 NSTTF

Since the same tendency was observed for the
twelve ground motions, the NSTTF for all piers for
I-I-1 when the ground motion amplitude is
multiplied by 1.0 are shown in Fig.11 as an
example. In the NSTTF for the damaged P2 pier,
the natural frequency decreases from about 13 Hz
to about 10 Hz. However, the natural frequencies
of the other undamaged piers also changed, from
about 13 Hz to about 10 Hz and about 14 Hz for
the P1 and P3 piers and increasing to about 14 Hz
for the P4 pier. The reason for this is verified by an
eigenvalue analysis that considers the reduced
bending stiffness during the earthquake.

5.5.2 Eigenvalue analysis corresponding to the
lowest natural frequencies of P2 pier

The bending stiffness of the P2 pier
corresponding to the lowest natural frequency is
estimated similarly to the case in the bridge
direction. Then the eigenvalue analysis is

conducted to examine the lowest natural frequency.

Figs.12(a) and (b) show the 3" and 4" mode
shapes during the earthquake. The vibration of the
P2 pier is dominant in the 3 mode (10.2 Hz). This
is why the natural frequency in Fig. 11(b) changed
from around 13 Hz to 10 Hz. The vibration of the
P4 pier is dominant in the 4" mode (14.2 Hz). This
is why the natural frequency in Fig. 11(d) changed
from around 13 Hz to around 14 Hz.

From Fig.12, the vibration of the P1 piers can
be slightly seen in the 3rd and 4th modes. This is
why the natural frequency in Fig. 11(a) splits into
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10 Hz and 14 Hz. From Fig. 12, the vibration of
the P3 pier can be seen in both the 3 and 4™
modes. Even though the deformation for the 4%
mode looks larger than that for the 3 mode, the
participation factor of the 3" mod is larger than the
4™ mode. This is why the natural frequency in Fig.
11(c) splits into 10 Hz and 14 Hz.
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5.6 Reason for the difference between directions

The natural frequency in the bridge axis
direction (x) only changes for the damaged pier
and is constant for the undamaged pier. Therefore,
the proposed method can detect which pier is
damaged and which is not damaged. On the other
hand, the natural frequency in the direction
perpendicular to the bridge axis (y) changes even
for undamaged piers. Therefore, the proposed
method cannot detect which pier is damaged and
only can detect whether one of the piers is
damaged. The reason for the difference in different
directions is as follows. The girder is restrained by
the bearing in the rotational direction around the x-
axis. Therefore, when the P2 pier vibrates in the y
direction, the P2 pier top rotates around the x-axis.
It makes the girder rotate, and the top of the other
piers will also rotate. Thus, the stiffness reduction
of the P2 pier due to damage affects the vibration
of the entire bridge. This is why the natural
frequency of the undamaged piers changes. In the
bridge axis direction, the P2 piers are free to rotate
around the y-axis and are elastically supported in
the y-axis direction. Therefore, even if the P2 pier
vibrates in the bridge axis direction, the vibration
is unlikely to be transmitted to other piers via the
girders. Therefore, the dominant frequency of
undamaged piers does not change.

5.7 Relationship between (Fo/Fa)? and
maximum displacement

Next, the relationship between (Fo/Fa)? and the
maximum displacement is examined. The result
for 12 input ground motions is shown in Fig. 13
for the P2 pier. The legend “Crack” shows the
result when the P2 pier suffered cracking. The
legend “Yield” shows the result when the P2 pier
suffered vyielding. The legend “Natural Freq”
indicates the lowest natural frequency during
earthquake excitation Fa, estimated by the
eigenvalue analysis using the decreased bending
stiffness. The plots of “Natural Freq (Crack)” and
“Natural Freq (Yield)” are on one smooth curve. It
shows the possibility of estimating the maximum
displacement from (Fo/Fa)? by calculating the
smooth curve priori by numerical analysis.
However, it is difficult to estimate Fa visually
from NSTTF since the NSTTF is unclear.
Therefore, we tried to read Fa automatically from
the NSTTF. The legend “Peak Freq of NSTTF”
indicates the lowest peak frequency at which the
transfer function takes the maximum value.
Unfortunately, “Peak Freq of NSTTF” and
“Natural Freq” does not match since the transfer
function does not necessarily take its maximum
value at the natural frequency. Therefore, the
method to automatically and accurately read Fa
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Fig. 13 Relationship between (Fo/Fa)? and
maximum displacement for P2 pier

from the NSTTF is necessary.

If it becomes possible to estimate Fa from
NSTTF, estimating the maximum displacement
from (Fo/Fa)? becomes possible by calculating the
relationship between (Fo/Fa)? and the maximum
displacement priori.

6. CONCLUSIONS

This study investigated the damage assessment
method for RC piers through the numerical
analysis of the entire bridge. The following are the
findings of this study.

1) In the bridge axial direction, the natural
frequency of the damaged P2 piers decreased
due to the damage, while the natural
frequencies of the undamaged piers remained
unchanged. Therefore, detecting which pier is
damaged and undamaged is possible.

2) In the direction perpendicular to the bridge
axis, not only the natural frequency of the
damaged P2 pier but also the natural
frequency of the undamaged piers changed. It
is possible to detect that one of the piers is
damaged, but it is not possible to detect which
pier is damaged.

3) The reason for the different trends between the
different directions could be explained based
on the support conditions of the bearings.

4) The plot of the relationship between (Fo/Fa)?
and the maximum displacement resulted in a
smooth, monotonically increasing curve.
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Therefore, estimating the curve priori may
make it possible to estimate the maximum
displacement from the lowest natural
frequency during excitation Fa.

5) The method to automatically estimate the
lowest natural frequency Fa from the NSTTF
needed to be developed.

This study assumed the damage to the pier. In
future studies, we would like to consider damage
to other members, such as bearings [14,15] and
and cables [16,17].
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