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ABSTRACT: This study proposed a quick earthquake damage evaluation method for RC piers using the short-
time transfer function (STTF) obtained from acceleration measurements. This research aims to confirm
whether the damage occurrence can be detected from the STTF and the damage degree (maximum
displacement) can be estimated from the predominant frequency of the STTF. First, the method was applied to
the shaking table test results. The predominant frequency decreased when the crack of concrete or the yielding
of the reinforcing bar occurred. Therefore, it was confirmed that the damage occurrence could be detected as
the reduction of the predominant frequency. The lowest predominant frequency during excitation was sensitive
to the maximum displacement, while the predominant frequency at the end of the exaction was not sensitive to
the maximum displacement. The method was also applied to the numerical analysis results. In conclusion, it
was confirmed that the method could detect damage occurrence, damage progress, and non-occurrence of
damage progress from the transition of the predominant frequency. Also, it was found that the maximum
displacement is proportional to the square of the ratio of the initial predominant frequency to the lowest
predominant frequency. The possibility to estimate the maximum displacement from the lowest predominant
frequency was illustrated.

Keywords: Quick Earthquake Damage Evaluation, RC Pier, Acceleration, Short-Time Transfer Function,
Maximum Displacement

1. INTRODUCTION [3] or the linear function of the maximum
displacement and the absorbed hysteretic energy [4].
When a large earthquake occurs, road bridges However, direct measurement of displacement is
play an important role in emergency repair and very difficult in large-scale structures such as road
rescue activities. Once the road bridge suffers bridges because displacement transducers require
damage, appropriate and smooth implementation of fixed reference points that are rarely available [5].
emergency response cannot be operated. Therefore, Moreover, the reference points also vibrate during
quick damage evaluation and quick repair are severe earthquakes, so the direct measurement of
essential. Usually, earthquake damage is evaluated displacement becomes almost impossible [6].
by visual inspection, but it lacks speed and Measurement of hysteretic energy is far more
quantitative criteria for damage evaluation. difficult since it requires a force-displacement
The bridge pier is the weakest member among relationship.
bridge components against horizontal excitation of As an alternative to direct displacement
earthquakes. Therefore, it is necessary to develop a measurements, displacement may be indirectly
method that can quickly detect and quantify the obtained by time integrations from acceleration
damage to the bridge pier. In the past decades, measurements. Several types of research evaluated
vibration-based damage evaluation methods using the maximum displacement from acceleration
accelerometers have attracted attention. measurements since acceleration is easily measured
Conventionally, the vibration-based damage without a fixed reference point. Various digital
evaluation method uses the fact that structural filters were used in various applications [6][7].
damage usually causes a decrease in structural However, the conventional digital filters have
stiffness, thereby producing a reduction in natural several drawbacks in the displacement
frequencies. Therefore, a reduction in natural reconstruction for structures with low dominant
frequency is  estimated by  acceleration frequency [6]. The method was proposed to
measurement and used to detect damage occurrence accurately predict velocity and displacement from
[1][2]. However, it is difficult to quantify the noise-contaminated acceleration and displacement
damage degree from the natural frequency. measurements [8]. However, the measurement of
In past research, the earthquake damage degree displacement itself is difficult.
was evaluated based on the maximum displacement Methods to estimate the maximum ductility
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factor from acceleration measurements also have
been studied. Kobayashi et al. [9] used the natural
periods before and after the earthquake. They
estimated the maximum ductility factor as the
square of the natural period ratio before and after
the earthquake. Their method assumes that the RC
piers follow the perfect elastoplastic model with
origin-oriented hysteresis characteristics. However,
there is no guarantee that the RC piers follow such
a hysteresis model. Similar research is also
conducted assuming that the RC piers follow the
bilinear model with Masing’s law [10].

Recently, damage detection methods using
time-frequency analysis have been studied. The
short-time Fourier transform (STFT) [11], Wavelet
transform (WT) [11][12], Hilbert transform (HT)
[13], Wigner-Ville distribution (WVD) [14] have
been introduced. The time-frequency analysis is
used to find the instantaneous spikes in acceleration
responses generated by the damage occurrence [12]
or to estimate the temporal change of frequency

characteristics of structures during earthquakes [ 14].

In most past research on the time-frequency
analysis methods, the main objective is to verify
whether the instantaneous predominant frequency
can be detected and a decrease of frequency can be
captured. The detected predominant frequency has
not been related to the degree of damage, such as
the maximum displacement or maximum ductility
factor.

With this background, this paper introduces the
short-time transfer function (STTF) for quick
earthquake damage evaluation of RC pier. The
STTF is obtained as the ratio of the STFT of two
acceleration measurements at the girder (pier top)
and the footing (pier bottom). The first objective is
to investigate whether the STTF can capture the
transition of predominant frequency of an RC pier
during small to large earthquake excitations, and
damage can be detected from the transition of the
predominant frequency. The second objective is to
investigate whether the predominant frequency can
be related to the maximum displacement,
quantifying the degree of damage. The proposed
method is verified using the shaking table results
and the numerical analysis results.

2. PROPOSED METHOD
2.1 Procedure of Proposed Method (Fig. 1)

The target structure is an RC pier composed of
a footing, a pier, and a girder, as shown in Fig. 1. It
is assumed that two accelerometers are installed at
the footing and the girder, and horizontal
accelerations are measured. The acceleration
measured at the footing is defined as input

Girder _4M_.__.U .ﬁ‘;
: : §. !

Hz)

Response Short—
Pier acceleration time
Fourier
transform

Footing W""““ ~p—

24

FREQUENCY(Hz

Input
acceleration
l Predominant
Maximum frequencies o
w
displacement Before earthquake: F, 3 .
w
‘ The lowest value: F, &
After earthquake: Fp o s 10
Damage TIME(s)
evaluation Short-time transfer function

Fig. 1. The procedure of quick damage detection

acceleration, and the acceleration measured at the
girder is defined as response acceleration.

The procedure of the proposed method is as follows.
At step 1, input and response accelerations are
measured during an earthquake. At step 2, the
method computes the short-time Fourier transforms
(STFT) of the accelerations. The STFT provides the
time-localized frequency information, such as
which frequency is predominant at which time [15].

At 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 contour values of Fig. 1 are
normalized so that the maximum value becomes 1
for each time step. The blue indicates 0, and the red
indicates 1. The red color shows the predominant
frequency for each time step.

At step 4, the method extracts the initial
predominant frequency before the earthquake Fj
(intact state), the lowest predominant frequency
during the earthquake F,, and the predominant
frequency at the end of the earthquake F from the
STTF.

The method relates the predominant frequencies
to the damage-related index (maximum
displacement). As the last step, the damage degree
is evaluated from the predominant frequencies.

2.2 Comparison with Past Research [9]

In the past research [9], the maximum ductility
factor (damage-related index) u is estimated as
u= (Ta/T)? )
where T and T, are the natural periods before and
after the earthquake. Eq. (1) is rewritten using the
predominant frequencies as

H= (FO/FB)Z 2
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Fig. 2. Shaking table test

where Fy and Fz are the predominant frequencies at
the beginning and at the end of the earthquake. The
lowest predominant frequency F is not used [9].

Eq.(1) is derived assuming that the RC pier
follows an origin-oriented perfectly elastoplastic
model. Therefore, Eq.(1) cannot correctly estimate
the maximum ductility factor when the assumption
is not satisfied.

3. EXPERIMENTAL VERIFICATION
3.1 Shaking Table Test [16]

3.1.1 Shaking table test

The proposed method was applied to the
shaking table test results of RC piers [16] (Fig.2(a)).
16 RC piers were manufactured under the same
design, numbered from specimen 0l to 16, and
simultaneously excited on the shaking table. The
original aim of this test was to quantitatively
evaluate the variations of the nonlinear behaviors
among 16 piers. The design drawing of the RC pier
is shown in Fig. 2(b). It is a 1/7.5 scale model of a
full-scale RC pier.

3.1.2 Input acceleration
Table 1 shows the input acceleration cases. The
case name defined in Table 1 will be used to

indicate the excitation case. The specimen was
firstly excited with random waves with small
amplitude to understand the linear vibration

characteristics.

Table 1. Input acceleration case

Wave Amphtude Observed
Order| Case name adjusted
name . phenomena
ratio
1 | Random(1)| Random
2 | Random(2) | wave with Linear
small behavior
3 | Random(3) amplitude
4 12.5% 12.5% Nonlinear
5 18.75% 18.75% behavior
6 10% 10% with small
7 15% 15% plastic
3 18%(1) 18%(1st) | deformation
(Crack of
9 18%(2) |Amplitude| 18%(2nd) | concrete
adjusted occurred.)
10 100%(1) JR 100%(1st) | Nonlinear
Takatori 100% behavior
wave (2nd, X | with large
o and Y plastic
1| 100%(2) component| deformation
swere | (Yielding of
inverted.) | reinforcing
bar
12 150% 150%
occurred.)
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Table 2. Predominant frequencies (Hz) concrete occurred, and nonlinear behavior with
The The lowest | L€ predominant small plastic deformation was observed from 12.5%
Case | predominant predominant frequency at the to 18%(2). Yielding of reinforcing bar occurred,
name | frequency at frequency Fu end of excitation and nonlinear behavior with large plastic
350 intact state Fo 5 5 g deformation was observed after 100%(1). The
=20 : : yielding of the reinforcing bar was recognized from
18.75% 3.7 4.5 - . . .
0% 33 24 the strain gauge value of the‘ re}nforc1ng bar. Since
15% 38 44 the 16 specimens showed s1m11ar results, and the
18%(1) 57 34 43 same 'tendency was obs§rved in b'oth the X and Y
18%(2) 32 4.4 dlregtlons, th}s study \ylll dpal with the results of
100%(1) 0.98 ) specimen 01 in the X-direction.
100%(2) 0.88 2.1
150% 0.78 2.1 3.2 Computation Condition of STTF
Then the amplitude-adjusted JR Takatori waves The measured input and response accelerations
were input in sequence. JR Takatori wave is an have a time interval of 0.005 sec and a duration of
acceleration record observed at the Takatori Station 32 sec. In the STFT, a rectangular window function
during the 1995 Hyogo-ken Nanbu Earthquake. with a time width of 5 sec was used. The Fourier
Since the specimen is 1/7.5 scale, the time axis of spectrum was smoothed using a Parzen window

with a width of 0.2 Hz. The STTF was standardized
so that the maximum value for each time step
becomes 1. As for the time window, 5 sec was
selected since it is the minimum time width that can

the acceleration record was compressed 1/+/7.5
times according to the scaling law [17]. The positive
directions of the X, Y, and Z-axes were set to the
north, west, and upward. The acceleration

amplitude was adjusted from 10% to 150%. The capture the predominant frequency.
acceleration observed on the footing for the case of . .
100%(1) is shown in Fig. 2(c). 3.3 STTF and Predominant Frequency Transition

Figure 3(a) shows the computed STTF of
specimen 01 in the X direction for a series of
excitation. The red color indicates the frequency
with the highest amplitude at each time. It is

3.1.3 Shaking table test results

The observed phenomena are summarized in
Table 1. The specimen showed linear behavior
during the random wave excitation. Cracks of
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possible to capture the transition of the predominant
frequency by tracking the red color. The
predominant frequency is continuous during a
series of excitation. Table 2 indicates the lowest
predominant frequency F,4 and the predominant
frequency at the end of the excitation F of each
excitation case.

3.3.1 Random wave excitation

In the STTF of the 1% random wave excitation
(Fig. 3(a)), the predominant frequency is almost
constant at about 5.7 Hz, which means that the
specimen showed linear behavior. The predominant
frequency at intact state /o was found to be 5.7 Hz.

3.3.2 JR Takatori wave excitation of 12.5%

In the STTF of 12.5% (Fig. 3(a)), the
predominant frequency is about 5.7 Hz at the
beginning, dropped rapidly at about 2.5 sec, reached
the minimum value of about 3.9 Hz (F4), then
gradually increased, and finally reached about
5.0Hz (F'5). Since the STTF at 2.5sec is the transfer
function from O to 5 sec, the occurrence of nonlinear
behavior at 5.0 Hz appeared in the STTF at 2.5 sec.

Figure 3(b) shows the strain history measured
by the strain gauge installed to the reinforcing bar
in the southwest corner at the height of 100mm. To
compare the time axis between STTF and strain
history, the time axis of strain was shifted 2.5 sec
earlier. From the strain history, the occurrence of
residual strain is observed. The strain value is
smaller than the yield strain of the reinforcing bar
and close to the yield strain of the concrete.
Therefore, the cause of the residual strain is the
stress redistribution due to a crack occurrence in the
concrete.

The occurrence of crack can be detected by the
decrease of the predominant frequency of the STTF.

3.3.3 JR Takatori wave excitation of 18.75%

Both F s and F3 of 18.75% were lower than those
of 12.5%, indicating the damage progress (Fig. 3(a),
Table 2). The slight increase in the residual strain
(Fig. 3(b)) is evidence of the crack progress. The
damage progress can be detected by the
predominant frequency of the STTF.

3.3.4 JR Takatori wave excitation of 10% and 15%

The input acceleration amplitudes for 10% and
15% are smaller than that of 18.75%. So, it is
expected that damage did not progress. To support
this, F4 and F of these cases are similar to those of
18.75% (Fig.3(a), Table 2). The residual strain also
did not increase and supported the assumption that
the progress of damage did not occur (Fig. 3(b)). It
was found that the STTF can detect the non-
occurrence of damage progress.

3.3.5 JR Takatori wave excitation of 18%(1) and (2)

27

In the STTFs of 18%(1) and 18%(2), F4 is lower
than and Fj is similar to those of 18.75% (Fig. 3(a),
Table 2). It means that 4 suggests the progress of
damage while Fp suggests the non-occurrence of
damage progress. As will be indicated in the next
section, the maximum displacements of these cases
were larger than 18.75%. So, the damage may be
progressed. Therefore, the predominant frequency
F 4 is a more sensitive index to detect damage.

3.3.6 JR Takatori wave excitation of 100%(1)

In the STTF of 100%(1) (Fig. 3(a)), the
predominant frequency dropped sharply to the
minimum value of about 1.0 Hz because the
yielding of the reinforcing bar occurred. Fig. 3(b)
indicates a large strain of 2000 g, which is close to
the yield strain of the reinforcing bar. Since the
reinforcing bar yielded in the case of 100%(1), the
predominant frequency decreased largely compared
to the cases from 12.5% to 18%(2) with no yielding
of the reinforcing bars.

3.3.7 JR Takatori wave excitation of 100%(2) and
150%

In the STTFs of 100%(2) and 150%, F4 is
smaller than and Fiz is similar to those of 100%(1)
(Fig. 3(a), Table 2). From this, it is found that F4 is
more sensitive to damage.

3.3.8 Summary

It was confirmed that the transition of the
predominant frequency during excitation could be
captured by the STTF. It was shown that the lowest
predominant frequency F is sensitive to damage
and can detect the occurrence of concrete cracks,
yielding of reinforcing bar, damage progress, and
also non-occurrence of damage progress.

3.4 Relationships between Predominant
Frequency and Maximum Displacement

The maximum displacement and the maximum
ductility factor are often used to evaluate the
damage. This study investigates the relationship
between the square of the predominant frequency
ratio ((Fo/F4)?, (Fo/Fg)?) and the maximum

displacement for each excitation case. The
predominant frequency at the intact state (5.7Hz) is
input to Fj.

Fig. 4(a) shows the relationship between
(Fo/F4)* and the maximum displacement. The result
for all cases is on the left side, and that from 12.5%
to 18%(2) is on the right side. An almost linear
relationship was observed.

Fig. 4(b) shows the relationship between
(Fo/F5)? and the maximum displacement. The linear
relationship was not observed. It was found that
Eq.(1) or (2) is not appropriate for the shaking table
test results in this study.
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Table 3. Material properties

.| Young’s . , | Shear
Density Poisson’s .
Member (ke/m’) modulus ratio | Section
& (N/m?) modulus
Pier 2.5x103[4.75x101° 0.2 1.2
Footing/Girder|2.5x103|4.75x102| 0.2 1.2
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From 12.5% to 18%(2), the maximum

displacement increased from 2.81 mm to 5.78 mm.
The increase of (Fo/F.4)? and (Fo/F3)*> was 0.34 and
0.13 for a lmm increase of the maximum
displacement. From 100%(1) to 150%, the
maximum displacement increased from 74.9 mm to
123.9 mm. The increase of (Fo/F4)* and (Fo/Fg)?
was 0.39 and 0.014 for a lmm increase of the
maximum displacement. The increase of (Fo/Fp)
becomes drastically small as the large maximum
displacement increases.

The above shows that (Fo/F4)? is a better index
to estimate the maximum displacement.

4. NUMERICAL VERIFICATION
4.1 Numerical Model

Since the previous chapter was limited to the
amplitude-adjusted JR Takatori waves, this chapter
numerically verifies the proposed method using
different earthquake ground motions.

The seismic behavior of the shaking table test
specimen was simulated by the finite element
analysis. The specimen was modeled using the
Timoshenko beam, as shown in Fig. 5(a). The pier
was modeled with nonlinear elements. The footing
and the girder were modeled with linear elements.
Node 1 was fixed for 6 degrees of freedom.

Table 3 shows the material properties. Young’s
modulus of the pier was determined from the
element test results [16]. The density was estimated
so that the first mode natural frequency matches the
predominant frequency at the intact state (Fo =
5.7Hz) of the experiment. General value was used
for Poisson’s ratio. The Young's modulus of the
footing and the girder was set large, assuming that
they are rigid. The cross-sectional area, the second
moment of the area, and the shear section modulus
were determined based on the design drawing
shown in Fig. 2(a).
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The degrading trilinear (Mutoh) model was used
for the moment-curvature relationship of the pier
(Fig.5(b)). The first and the second breaking points
correspond to the crack of concrete and the yielding
of the reinforcing bar. When the maximum
curvature is between the first and the second
breaking point, it shows the origin-oriented
hysteresis characteristics. When the curvature
exceeds the second breaking point, it shows the
maximum-oriented hysteresis characteristics.

Rayleigh damping was adopted. Damping
factors for 5.7Hz and 1.0 Hz were set 5% so that the
damping factor for the predominant frequency
during excitation becomes about 5%.

Newmark's £ method (f=1/4) was used for
numerical time integration. The computation time
interval is 0.005 sec.

4.2 Verification of Numerical Model

4.2.1 Analytical condition

The accelerations measured on the footing of
specimen 01 for cases from 12.5% to 150% were
connected. It was input into the numerical model,
and the response acceleration at Node 12 was
computed and divided for each excitation case. The
STTF was computed for each excitation case. h

4.2.2 Comparison between experiment and analysis

Figure 6 shows a comparison of the STTFs.
Results for 12.5%, 18.75%, and 100% (1) are
shown as examples.

First, the comparison is made for 12.5% and
18.75%, where only cracking of concrete occurred.
In the experiment, the predominant frequency
decreased then gradually increased. The
predominant frequency of the analysis decreased
simultaneously as the experiment, but then it kept
almost constant. Since the degrading trilinear model
shows origin-oriented characteristics up to the
second breaking point, the predominant frequency
was kept constant.

Table 4. Input ground motions

Type| Earthquake | Soil profile Observation point
name type type
Type| Interplate Type 1 Touwa

I-I | earthquake (Hard) (K-NET MYG003)
Type (Tge IZ)Ol.lfoff Type II Toyosato

[ap | thePacttic - fedium) | (K-NET MYG007)

coast of

Type| Tohoku Type 111 Furukawa
I-1IT | Earthquake) (Soft) (K-NET MYG006)
Type Type I Kobe Marine
II-1 Intraplate (Hard) Observatory
Tvpe earthquake Tvpe 11

yp (1995 Hyogo- P JR Takatori Station
11-11 (Medium)

ken Nanbu - -

Type Earthquake) Type 11 Higashi Kobe
11-111 (Soft) Ohashi Bride
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Fig. 7. Application to different ground motions

Next, the comparison is made for 100% (1),
where the yielding of the reinforcing bar occurred.
The STTFs of the experimental and analysis look
similar. The predominant frequency decreased and
then gradually increased. Since the moment-
curvature relationship after the second breaking
point shows the maximum-oriented hysteresis
characteristics, the increase of the predominant
frequency could be expressed by the analysis.

It is expected that the analysis accuracy will be
improved by modifying the moment-curvature
relationship between the first and the second
breaking points into the maximum-oriented model.

The increase of the predominant frequency for
12.5% and 18.75% could not be simulated.
However, the decrease of the predominant
frequency could be simulated by the analysis for all
excitation cases.

4.3 Application to Different Ground Motions

4.3.1 Input earthquake ground motion

The proposed method is applied to six
earthquake ground motion records shown in Table
4. They were named following the classification of
the Japanese specification for highway bridges [18].
Type I-I, Type I-11, and Type I-III are the interpolate
earthquake (type I) records observed on hard (1),
medium (II), and soft (III) soil. The earthquake
records observed during the 2011 off the Pacific
coast of Tohoku Earthquake were used [19]. Type
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II-I, Type II-1I, and Type II-III are the intraplate
earthquake (type II) records. The earthquake
records observed during the 1995 Hyogo-ken
Nanbu earthquake were used.

Since the specimen is 1/7.5 scale, the time axis
of the acceleration record was compressed 1//7.5
times according to the scaling law. The acceleration
records in three directions were input, but only the
X direction (NS component) results will be
investigated.

4.3.2 Results

The STTFs are shown in Fig. 7(a). The
predominant frequency is unclear, but the transition
can be read. The predominant frequency did not
gradually increase since the yielding of the
reinforcing bar did not occur.

Next, Fig. 7(b) shows the relationship between
the square of the predominant frequency ratio
(Fo/F4)* and the maximum displacement. The
results for interpolate and intraplate earthquakes are
shown with blue and green. The red dotted line
indicates the results of the shaking table test. The
blue and green marks almost overlapped on the red
line. It was confirmed that (Fo/F4)* is a highly
correlated index with the maximum displacement.

If the criteria for classifying the damage degree
from the maximum displacement are prepared for
each pier, the damage degree can be evaluated by
the STTF.

5. CONCLUSION

This study proposed a quick earthquake damage
evaluation method for RC piers using the short-time
transfer function (STTF) obtained from acceleration
measurements. The validity of the proposed method
was verified by the shaking table test results and the
numerical analysis of the RC pier.

First, the method was applied to the shaking
table test results where the RC pier was excited by
JR Takatori waves with various acceleration levels.
It was confirmed that the transition of the
predominant frequency during excitation could be
captured by the STTF. The predominant frequency
dropped sharply when the cracking of the concrete
or yielding of the reinforcing bar occurred. The
lowest predominant frequency F4 was found to be
sensitive to damage and could detect the occurrence
of concrete cracks, yielding of reinforcing bar,
damage progress, and also non-occurrence of
damage progress. The maximum displacement was
proportional to (Fo/F4)>» where Fy, is the
predominant frequency at the intact state and Fj is
the lowest predominant frequency. The maximum
displacement was not proportional to (Fo/Fp)*
where Fj is the predominant frequency at the end of
the excitation, and (Fo/F3)? was not sensitive for
large maximum displacement. This suggests the
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possibility to estimate the maximum displacement
from (Fo/F4)>.

Next, the method was applied to the numerical
analysis results with various input ground motions.
It was confirmed that the transition of the
predominant frequency could be captured by the
STTF, and the maximum displacement was
proportional to (Fo/F,)* irrespective of the input
ground motions.

In future work, we would like to establish a
method for automatically quantifying the
predominant frequency from STTF. Furthermore,
we would like to perform more shaking table tests
and numerical analysis with various analysis
models and various earthquake ground motions to
examine the performance of the proposed method.

It may be difficult to install two accelerometers
to all existing RC piers at the moment. However, it
may be possible to install two accelerometers to
important RC piers consisting of important road
networks. In addition, as the sensor technology
improves and the sensor cost decreases, the
applications will be more realistic. The
computational cost is also reducing these days, so
the quick evaluation of damage is also possible. In
a future study, we would like to develop methods to
reduce computation time by avoiding the same
computation and improving computational
efficiency.
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