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Abstract: It is of great practical importance to study the vibration response characteristics of super
high-rise buildings under an earthquake action to provide a basis for seismic design and later
maintenance of structures in coastal areas. During this study, the Shanghai World Financial Center
(SWEC)’s health monitoring system was utilized to monitor earthquakes of magnitude 6.4 in Taiwan,
6.0 in Japan, 7.2 in the East China Sea, and 4.4 in Jiangsu, in real-time. Through the improved Envelope
Random Decrement Technique (E-RDT), the dynamic properties of super high-rise buildings were
examined under different earthquake effects in terms of the acceleration power spectrum, natural
frequency, damping ratio, and mode shape. The results demonstrated that (1) the vibration responses
of the structure in X (East-West) and Y (North-South) directions under four earthquakes were
consistent, and with increasing floor height, the discreteness of the amplitude and acceleration signals
of vibration responses increased. (2) The first two natural frequencies of the structure in X and
Y directions decreased with the increase in amplitude, but the damping ratio increased with the
increase in amplitude. The minimum values of the first two natural frequencies are 0.1498 Hz and
0.4312 Hz, respectively, and the maximum values of the first two damping ratios are 0.0086 and
0.0068, respectively. (3) Under different earthquake excitations, the SWFC’s mode shape’s estimates
were similar, and their change trends in the X and Y directions were nonlinear as the number of floors
increased. The structure was not seriously damaged by the four earthquakes. This study can provide
helpful information for the seismic design of super high-rise buildings based on its findings.

Keywords: field measurement; seismic response; dynamic characteristics; super high-rise building

1. Introduction

As economic levels and living conditions continue to improve, people have put
forward new requirements for construction space and functional facilities. Due to their
lightweight, high-strength, and low-damping properties, super high-rise buildings are
becoming a hot spot in current construction. In 2020, China had 99 super-tall buildings with
a height of more than 300 m, accounting for 61.5% of all super-tall buildings worldwide [1],
such as the Shanghai Tower (632 m in height), Canton Tower (600 m in height), and Ping
An International Finance Centre (592 m in height). During periods of operating load,
strong winds, or earthquakes, these super high-rise buildings are subject to vibration
deformation with a specific frequency and slow static deformation. The performance of
these structures under dynamic loads depends on their structural characteristics, such
as their mass, stiffness, damping ratio, and natural frequency [2,3]. Thus, to validate the
structural design parameters of super high-rise buildings and to assess their operational
safety, it is necessary to analyze their dynamic characteristics.

With the rapid development of sensors and data acquisition and processing sys-
tems, it has become easier to monitor and evaluate the dynamic characteristics of large-
scale structures [4-9]. Field measurement is the most accurate and intuitive method to
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identify structural modal parameters. Numerous studies have been conducted on the
response characteristics of high-rise building structures since the 1980s. For example,
Kijewski et al. [10-12] developed a system for monitoring and analyzing the wind response
of three high-rise buildings in Chicago for an extended period. Using the monitoring data,
they analyzed the structural wind vibration response law and proposed improvements to
the traditional method of estimating wind vibrations in wind tunnel tests. By using the
modal parameter identification method under ambient excitation, Brownjohn et al. [13]
obtained frequency and modal information from a high-rise building in Singapore and
compared the results with finite element analysis results for different modeling schemes.
Based on a large number of measured data, Jerry [14] investigated the nonlinear characteris-
tics of structural damping varying with vibration amplitude and proposed a new damping
model. Li et al. [15] installed 30 accelerometers on the 6 floors of the Taipei 101 tower
(508 m in height) to form a health monitoring system, and they investigated the effects of
wind and earthquakes on the dynamic properties of buildings. Although many scholars
have conducted extensive research on the monitoring of dynamic characteristics of large
structures, most of the existing research has been conducted at a specific height of medium
and high-rise buildings, where there are few measurement points, and there is a lack of
full-scale monitoring of the dynamic characteristics of super high-rise buildings based on
the floor height.

Moreover, in recent years, dynamic parameter identification techniques based on
on-site measurement data have been developed significantly, including Peak-picking (PP)
methods [16,17], Frequency Domain Decomposition (FDD) methods [18], Random Decre-
ment Techniques (RDT) [19], and Bayesian statistics [20]. Yi et al. [21] measured the wind
field and structural wind-induced response of a 420 m super high-rise building in Hong
Kong during 12 typhoons. They then calculated the damping ratio based on the RDT.
The damping ratio was found to be discrete in the low-vibration region and stable in
the high-vibration region. Chen et al. [22] used the enhanced FDD method to analyze
the modal parameters of the measured data of the new TV tower in Guangzhou based
on the environmental vibration measurements at different construction stages and under
other excitation conditions. Their results were in good agreement with those of the finite
element model. Zhang et al. [23] employed the Bayesian statistical method to examine
the dynamic characteristics of different construction stages of Shanghai Tower (632 m
in height) and studied the influence of ambient temperature, building quality and other
excitation conditions on modal parameters. Zhou et al. [24] investigated the development
of meta-based structural vibration control techniques by manipulating the propagation
patterns of acoustic/elastic waves.

Despite extensive investigation, the existing modal identification methods are not
well studied to solve the amplitude correlation of nonlinear structural dynamic param-
eters, and the traditional random decrement technique has low accuracy for parameter
identification. Besides, the monitoring system installed on the high-rise building provides
limited information regarding the seismic response, and the characteristics of the super
high-rise building under an earthquake remain unclear. This study utilized the health
monitoring system of the Shanghai World Financial Center (SWFC) to collect real-time
structural vibration response data under the effects of four earthquakes, namely “Yilan,
Taiwan” (E1, magnitude 6.4), “Kyushu Island, Japan” (E2, magnitude 6.0), “East China Sea”
(E3, magnitude 7.2), and “Sheyang, Jiangsu” (E4, magnitude 4.4). We analyzed the effects
of different seismic parameters on the dynamic characteristics of the super tall building by
using the improved envelope RDT (E-RDT), Half Power Bandwidth (HPBW), PP, and FDD
methods. The study results can provide references for damage detection, model updating,
and seismic design of the building.
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2. Structure and Monitoring System
2.1. Structural Overview

The SWEC is located in Pudong New Area, Shanghai (Figure 1). The structure consists
of 101 floors above ground and 3 floors underground, with a total height of 492 m and
a diagonal arrangement of 57.95 m x 57.95 m in the floor plan (Figure 2), with a total
construction area of approximately 350,000 m? square meters. The main structure adopts a
triple-force resisting system, which is a giant frame structure that bears the overturning
moments caused by wind and earthquake and includes (1) a giant frame structure com-
posed of giant columns, giant diagonal braces and perimeter band trusses, (2) a reinforced
concrete core, (3) outreach arm trusses connecting the core and the giant structural columns.
Furthermore, two active mass tuning dampers were installed on the 90th floor of the SWEC
to suppress the vibration of the structure under strong wind and seismic loads [25].

N

Figure 1. Elevation view of the SWFC (Map Data © 2022 Google; image by Xu Wang).
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Figure 2. Floor plan of the SWFC: (a) upper floor plan (b) lower floor plan.

2.2. Sensor and Measuring Point Arrangement

To obtain the spatial dynamic response characteristics under the natural excitation
of the structure, 35 measurement points, including 24 3-component accelerometers and
11 2-component accelerometers, with a total of 94 channels, were deployed in the free
field, inside and outside the core near the SWFC. Acceleration sensors are located on floors
B3, 1F, 6F, 18F, 30F, 42F, 54F, 66F, 66F, 78F, 90F, 93F, 96F, 98F, and 101F (Figure 3). Cables
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connect them to the TDE-324QI data acquisition instrument in observation rooms of F18
and F90, which digitizes the data at a frequency of 100 Hz. The parameters of the acquisition
instrument and sensor are shown in Table 1. Among them, “A” is the three-component
accelerometer, “C” is the two-component speedometer, and B and F represent the basement
and the floor, respectively.
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Figure 3. Accelerometer layout on the SWFC.

Table 1. Data acquisition instrument and sensor parameters.

Device Name Product ID Dynamic Range Noise Level Sensitivity Working
Temperature
Seismic data >139 dB@50 sps/chn,
acquisition and TDE-324QI >135 dB@100 sps/chn, <1 LSB - —40 °C~+65 °C
transmission >131 dB@200 sps/chn
Short-period TDV-335 >130 dB <1% 2000 V x s/m —20 °C~+65 °C
seismograph
Acceleration SLJ100 >135dB <10-6.75 g +125V/g —25°C~+65 °C
transducer
Acceleration Double ended
transducer TDA-33M >145 dB <1% 2.5V /g, single —40°C~+65 °C
ansduce ended 1.25V/g

2.3. Dynamic Response Monitoring

The present study focuses on monitoring seismic response, and the health monitoring
system has been exposed to several seismic events and has successfully recorded the dy-
namic response of buildings during seismic events. For example, there was a 4.4 magnitude
earthquake of E1 in 2016, a 6.0 magnitude earthquake of E2 in 2016, a 7.2 magnitude earth-
quake of E3 in 2015, and a 6.4 magnitude earthquake of E4 in 2019. Using the monitoring
data collected from the four seismic events, which were presented above, the vibration
response of the SWFC building structure was analyzed using a sampling frequency of
100 Hz and durations of 300 s, 660 s, 660 s and 420 s. The seismic-related parameters are
presented in Table 2.
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Table 2. Specific seismic parameters.
Earthquake Di(i(-‘;r;ce Site Mangnitude (M) Measuring Time Duration (s) Axmax (cm/s?) Ay.max (cm/s?)
E1 (Yilan, Taiwan) 738.96 121.96° E, 24.52° N 6.4 8 August 2019 05:28 660 1.784 1.984
E2 (Kyushu, Japan) 909 130.84° E, 32.07° N 6.0 14 April 2016 23:03 660 0.656 0.474
E3 (East China Sea) 704.9 128.7° E, 31° N 7.2 14 November 2015 04:51 420 6.573 5.149
E4 (Sheyang, Jiangsu) 299.76 120.3° E, 33.7° N 44 20 October 2016 04:51 300 1.027 0.626

2.4. Modal Identification Method

Recently, modal parameter identification technology based on real measurement data
has received significant attention from the civil engineering and mechanical engineering
communities [26-29], among which RDT has gained widespread popularity in the area of
high-rise building modal parameter identification because of its superiority. However, the
traditional RDT cannot obtain satisfactory free decay curves for the amplitude dependence
of nonlinear structural dynamic parameters, thereby negatively affecting parameter identi-
fication. To address the above problems, we adopted the E-RDT and added an interception
threshold to maximize the use of response data and to improve identification accuracy.
Using this method, as well as the PP, HPBW, and FDD methods, the SWEC vibration
response was successfully identified under the influence of earthquakes.

2.4.1. PP Method

The PP method is an operational modal analysis method proposed by Bendat [16] and
Andersen [17], whose main steps are to convert the time domain signal of the characteristic
spectrum into the frequency domain signal by fast Fourier transform (FFT) transformation
and then to process the frequency domain signal to obtain the frequency response function.
Under the conditions of low damping and good separation of the characteristic frequency,
the natural frequency of the structure can be determined by the peak value of the response
spectrum. Because of its simplicity and ease of operation, this method has been applied
extensively in engineering.

2.4.2. HPBW

The HPBW method [30] solves the viscous damping ratio (i.e., the resonant peak of
the power spectrum of the structural response is used to find the intrinsic frequency of the
system). Then the system damping is obtained from its spectral line as follows:

wb - (L)a
=— 2 1
&= M
where w,; and wy, are the frequency values corresponding to the amplitude of the power
spectral density function before and after the intrinsic frequency A,/+/2, respectively, and
A, is the amplitude of the peak power spectrum at the inherent frequency ws.

2.4.3. FDD Method

The FDD method is a working modal analysis method proposed by Brincker et al. [18]
to identify the dynamic properties of buildings. The basic idea is to perform singular
value decomposition (SVD) on the power spectral density (PSD) matrix of the multi-output
measurement signal, where each distinct value corresponds to each modal order under
certain conditions, and then to analyze this single-degree-of-freedom power to obtain the
modal parameters. The FDD method is theoretically straightforward, simple, and practical.
The FDD method has been popular in mechanical and civil engineering fields because
of its clear theory, simple practicality, ability to calculate the modal vibration patterns of
structures, intense noise immunity, and similar modal resolution.
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2.4.4. E-RDT

The E-RDT method [31] is a time-domain data preprocessing method for extracting
the free attenuation vibration signal of the structure from its random vibration response
signal of the structure. To determine the change in the building with amplitude, these steps
should be performed:

(1) Modal decomposition of the original acceleration response time equation to obtain
the first-order modal acceleration response time equation 4; and the second-order modal
acceleration response time equation a;.

(2) The envelope A(t) is found for the measured response times of the structure
according to the Hilbert transform [32].

Al = \/yz(t) L] @

M) t—T

(3) Select multiple thresholds mj,j=1,2,3,..., n;usem;as the trigger condition to
intercept the amplitude curve A(t), find the points A;(t;) on the amplitude curve A(t) that
intersect m; and the corresponding moment’s t;,i =1, 2, 3,..., n, and also find the points
y;(t;) on the response time course y(t) corresponding to these moments, i = 1, 2, 3,..., n;

(4) Take the response time course of length T backward from each y;(t;) as a response
segment y;(t; + 7). If y;(t;) <0, theny;(t; + ) = —y;(t; + 7).

(5) To find the random decrement function D;(t), which corresponds to the ampli-
tude m;, all data response segments corresponding to (y;(t; + T)|y;(t;) = m;) with ini-
tial values smaller than m; corresponding to m;_1, mj1(yj—1(t + 7)|yj1(t;) < m;), and
(Yj1(ti + T)|yj41(t;) < mj) are also added to the summation average of Dj(7), which cor-
responds to the sought amplitude m;. Then, the stochastic decrement function is obtained
as follows:

N N
Dj(t) = - 1[(}/]‘71(&‘ +7) |yja(t) <my)] + %ZZl [(yti + 1) | Aj(ti) = m;)+

Y )
N izl[(yj-&-l(ti + 1) | yje1(t) < mj)]
(6) The random decay function is fitted to the theoretical free decay curve with three
splines, and the structure’s self-oscillation frequency and damping ratio corresponding to
the threshold m; are calculated.
(7) The amplitude correlation of the power characteristic parameters is obtained by
corresponding each of the received power characteristic parameters to the threshold m;.

3. Dynamic Response of the SWFC
3.1. Earthquake-Induced Response

The measured sensor data on the top 101 floors of the structure were selected for
analysis, and the acceleration response time history and motion trajectories in the X and
Y directions of the 101 floors of the building are depicted in Figures 4 and 5. From these
figures, the east-west (X-direction) and north-south (Y-direction) vibrations of the SWFC
are approximately the same under the four earthquakes, indicating that the stiffness of
the SWEC is similar in the X-direction and Y-direction. Besides, the vibration amplitude
changes abruptly in the first part of the vibration, and the acceleration response increases
suddenly and then decays gradually until it flattens out, which may be caused by the
fact that the observation site is located within a medium-strong seismic zone within the
North China tectonic block, and seismic intensity and peak acceleration decay according to
a law [33,34].
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From Figure 4a—d, the maximum acceleration response amplitudes of all 4 earthquakes
occur in the X-direction with 1.984, 0.656, 6.573, and 1.027 cm/s2, respectively, and in the
Y-direction, the maximum instantaneous accelerations of the structure are 1.784, 0.474, 5.149,
and 0.626 cm/s?, respectively. Among them, the acceleration amplitude is the largest under
the earthquake of E3. The seismic intensity level, measurement distance, and propagation
medium are the main reasons affecting the size of the seismic reaction.

To further investigate the variation law between acceleration amplitude and floor
height, based on the measured results, the relationship curves of the peak acceleration
response in X and Y directions with floor height under different seismic effects are shown in
Figure 6. Figure 6 shows that the change trends under the four earthquakes are essentially
the same. That is, with the increase of the floor height, the peak acceleration response in
the X and Y directions of the structure first increases to 40F, then decreases to 80, and the
growth rate becomes faster above 80F. The test system’s maximum acceleration amplitude
appears on the 101st floor. The result indicates that a super-tall building’s superstructure
is susceptible to vibration excitation, the amplitude of vibration response increases, and
the dispersion of acceleration signal increases gradually with the rise in floor height. It is
noteworthy that there is no apparent decreasing trend of acceleration peak near 40F of the
structure under the earthquake of E4. This may originate from the low seismic intensity
level and the close distance of the source from the SWFC (only 299.7 km), and may also
come from the fact that the giant frame and core concrete of the SWFC do not contribute to
structural nonlinearity.

110 110 110 110
100 100 100 ¢ 100
07 %0 20 —O— X direction 0
80 r . 80 —— X direction 80 —O—Y direction 80 —D—Xd?rection
70 | —O—Y direction 70 —O—Y direction 701 70| —O—Y direction
g 60t 5 60 5 60| L 60}
~ 50 = 50 LT? 50 S50t
40} 40 40} a0t
30+ 30 30 30 +
20 20+ 20} 20 |
10 } 10 + 10+ 10+
0tR | , . OF ot@, . . or&, . .
0 05 1 15 2 0 0102030405 01234567 0 0.2040.60.8 1
Acceleration (cm/s?) Acceleration (cm/s?) Acceleration (cm/s?) Acceleration (cm/s?)
(a) E1 (b) E2 (c)E3 (d) E4

Figure 6. The peak value of the SWFC acceleration response varies with the floor.

3.2. Acceleration Power Spectrum

The acceleration power spectrum is an essential statistical parameter to examine the
frequency domain characteristics of random vibration, which can reflect the statistical
average characteristics of vibration signal data [35]. According to the acceleration response
signal in Figure 4, fast Fourier transform (FFT) is employed to acquire the 101F power
spectral density under the action of four earthquakes (Figure 7). Figure 7 exhibits that
power spectrum curves in the X and Y directions have similar trends, and the peaks are
arranged regularly. The power spectrum value under the earthquake of E3 is the largest,
and its peak value increases as seismic intensity increases. A preliminary analysis of
the acceleration power spectra under four seismic effects was performed using the PP
method to obtain the natural frequencies in two orthogonal directional sway modes, and a
comparison of the natural frequencies identified using this method as well as the E-RDT
method is given in Table 3.
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Figure 7. Power spectra of the time—history responses of the SWFC.
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Table 3. Natural frequency of sway modes.
Frequency (Hz)
Earthquake Direction Mode .
PP E-RDT Difference (%)
o Mode 1 0.1494 0.1540 3.0
X—direction Mode 2 0.5497 0.4879 11.2
El Y directi Mode 1 0.1531 0.1532 0.07
—direction Mode 2 0.5186 0.4883 5.88
L Mode 1 0.1517 0.1530 0.85
X—direction Mode 2 0.5508 0.4559 17.20
k2 Yo direction  Mode 0.1533 0.1535 0.13
Mode 2 0.5217 0.4604 11.75
X directi Mode 1 0.1524 0.1514 0.66
—direction Mode 2 0.5500 0.4513 17.90
E3 direct Mode 1 0.1524 0.1526 0.13
Y—direction Mode 2 0.5190 0.4646 10.48
X direction Mode 1 0.1500 0.1504 0.27
Mode 2 0.5500 0.4556 17.16
E4 L Mode 1 0.1519 0.1524 0.33
Y—direction Mode 2 0.5222 0.4644 11.07

Table 3 displays that the PP method and E-RDT method have a smaller error at the
first-order natural frequency, and the results are similar. Under the earthquake of E4, only
the first-order natural frequency error is larger, which is 3.56%. In contrast, the error of
the second-order natural frequency identified by the two methods is large, ranging from
5.88% to 17.9%. Due to the subjective selection of the peak in the PP method, there is
a lower level of recognition accuracy, with certain limitations related to the recognition
of heavy frequency modes. As shown in Figure 7, the power spectrum overlaps at the
second-order natural frequency, which causes interference with identifying the natural
frequency. Furthermore, Figure 7e,f illustrate that under different modes, the natural
vibration frequencies of the structure in the X and Y directions are similar under the four
earthquakes, which further demonstrates the similarity between the structure’s stiffness in
the X and Y directions.

3.3. Natural Frequency Amplitude Dependency

Natural frequency is one of the important parameters used to describe the dynamic
characteristics of high-rise buildings, and it is very important to accurately determine
the size of the natural frequency in the structural design to evaluate the safety of the
structure [36]. To improve the data utilization, the correlation curves of the first two orders
of the natural frequency with amplitude in the X and Y directions of the SWFC under
four earthquakes were determined. This was achieved by using the E-RDT method based
on time-range data of the 101F acceleration response obtained in Figure 4, and by setting
20 intercepts from 0.1 times the standard deviation to 2.5 times the standard deviation
(see Figure 8).

Figure 8 shows that the first two orders of natural frequencies of the building decrease
with an increase in structural amplitude under each of the four earthquakes, among which
the decreasing trend of natural frequencies is most apparent under the earthquake of
E3. This is in agreement with Zhou et al. [37] and Li et al. [9]. This phenomenon can be
explained by the stick-slip model proposed by Davenport and Hill-Carroll [38]. When
the amplitude of the structural response is at a low level, the contact surfaces between
the structural members do not move, but when the amplitude of the structural response
increases to a specific value, a nonlinear response is generated and the contact surface steel
nodes begin to slip, thus resulting in weakened structural stiffness. With an increase in
structural amplitude, the number of sliding contact surfaces increases, leading to a decrease
in the natural frequency of the structure.
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Figure 8. SWFC natural frequency under earthquake.
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To compare the related characteristics of structural natural frequency amplitudes
under different earthquakes, the acceleration amplitudes under four earthquakes were
normalized by modal shapes, and the normalized amplitude-related natural frequencies are
shown in Figure 9. It can be observed that the differences in the magnitudes of the structural
natural frequencies during different earthquakes are minor. Except for the earthquake of
E3, the normalized curves of the natural frequencies of each order in other directions have
a gentle trend, and the maximum decrease rate is smaller than 0.9%, indicating that the
structure remains safe and stable under earthquake impact. There is a notable decrease
of 1.14% in the first-order natural frequency in the Y-direction under the influence of the
earthquake of E3, which may be because of the large amplitude of E3 with an intensity
class of 7.2, resulting in a greater fluctuation in natural frequency.
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Figure 9. Normalized natural frequency.

3.4. Damping Ratio Amplitude Dependency

Estimation of the structural damping ratio is essential for the selection of dynamic
parameters and the detection of structural damage in the design stage. Similar to identifying
natural frequency, the same E-RDT method was employed to attain the correlation and
normalization curves of the first two orders of damping ratio with amplitude variation of
the top structure of the SWFC under four earthquakes (Figures 10 and 11, respectively).
It can be seen that the damping ratios of the first two orders in the X and Y directions of
the SWFC under the four earthquakes increase to varying degrees with the increase of
the structural amplitude. However, with a further increase of the amplitude, the increase
rate of the damping ratio gradually slows down, and the damping ratio is discrete at
low amplitudes. This stems from the increased amplitude of the structure, which causes
more cracks in the structure, thereby increasing its energy dissipation due to a larger
dampening ratio. When comparing the four earthquakes, it is worth mentioning that the
damping ratio magnitudes in the X and Y directions are substantially different, and the
normalized curves fluctuate considerably. In particular, the first-order damping ratio in
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the X-direction is 0.77% (E3) and the second-order damping ratio is 0.68% (E1). In the
Y-direction, the first-order damping ratio is 0.86% (E1), and the second-order damping ratio
is 0.65% (E2). This indicates a difference in the energy dissipation of super-tall buildings in
response to earthquakes.
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Figure 10. SWFC damping ratio under earthquake.
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Figure 11. Normalized damping ratio.

Table 4 shows the comparison between the HPBW method and E-RDT method to
identify the damping ratio. As shown, the recognition results of the two methods are close,
but there are some differences between the individual results, with X-1st (E4) having a
maximum error value of 9.7% and Y-2nd (E2) having a minimum error value of only 0.9%.
This discrepancy may be caused by noise, which causes the HPBW method to pick up the
feature frequency, and thus, can blur the recognition of frequency differences, resulting in
some recognition errors.

Table 4. Damping ratio of sway modes.

Ratio (%)
Earthquake Direction Mode :
HPBW E-RDT Difference (%)

o Mode 1 0.6514 0.6041 7.30

X-direction Mode 2 0.6091 0.6366 451

El o Mode 1 0.6942 0.7041 142
Y-direction Mode 2 0.5679 0.5512 2.94

o Mode 1 0.6995 0.7075 1.14

X-direction Mode 2 0.6103 0.5630 7.75

E2 o Mode 1 0.7165 0.6522 8.97
Y-direction Mode 2 0.6384 0.6442 0.90

o Mode 1 0.6293 0.6762 6.93

X-direction Mode 2 0.5775 0.5473 523

E3 o Mode 1 0.6867 0.6674 281
Y-direction Mode 2 0.5474 0.5684 3.84

o Mode 1 0.6339 0.6029 4.89

X-direction Mode 2 0. 5217 0.5778 9.70

E4 Mode 1 0.6565 0.6200 5.56

Y-direction Mode 2 0.5370 0.5018 6.55
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3.5. Mode Shape

The FFD method was utilized to identify the overall mode shape of the measured
acceleration response signals under the four earthquakes, and the amplitude of the vibration
modes on the 101st floor of the structure was normalized to obtain the first three sway
mode shapes of the structure (Figure 12).
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Figure 12. SWFC mode shapes under four earthquakes.

According to Figure 12, the SWFC exhibits the same shape under different earthquake
effects. The first-order mode shape has one point with zero amplitude, the second-order
mode shape has two points with zero amplitude, and the third-order mode shape has three
points with zero amplitude; the first-order mode shape in X and Y directions shows an
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obvious non-linear increasing trend with the increase of floor height, and the non-linear
changing trend of the second-and third-order mode shape is more significant, but it does
not always increase; the sway mode shape in two orthogonal directions is the same, so
it can be seen that the difference between the stiffness of SWFC in the X direction and Y
direction is not large, which is consistent with the results of natural frequency analysis.

4. Conclusions

The dynamic characteristic parameters of the SWFC and their amplitude correlation
variation laws were investigated based on the measured data of the vibration response of
the SWFC under four earthquakes in Yilan, Taiwan (E1); Kyushu Island, Japan (E2); East
China Sea (E3); and Sheyang, Jiangsu (E4). The main conclusions were as follows:

(1) During the four earthquakes, there was a high level of consistency in the vibration
responses of the SWEC in the X and Y directions, and the maximum acceleration
response amplitudes all occurred in the X direction, which were 1.984, 0.656, 6.573,
and 1.027 cm/s?, respectively.

(2) Insuper tall buildings, the superstructure is highly sensitive to vibration excitation,
and the dispersion of vibration response amplitudes and acceleration signals increases
with the increase in floor height.

(8) The improved E-RDT method was verified and used to identify the dynamic char-
acteristics of the SWFC. The natural frequencies identified in the X-direction of the
SWEC were the same as those in the Y-direction, and the first-order natural frequencies
were about 0.151 Hz in the X-direction and 0.153 Hz in the Y-direction under four
earthquakes; the second-order natural frequencies in the X and Y directions were
about 0.46, except for the parts affected by the installation of sensor. Except for the
influence of the dampers installed in the SWEFC, the first- and second-order damping
ratios in the X and Y directions of the SWFC were smaller than 1%, indicating that the
stiffnesses of the two directions were similar.

(4) As the amplitude increased, the first two natural frequencies of the SWFC decreased
in the X and Y directions, and the damping ratios also increased to varying degrees.
In contrast to damping ratios, natural frequencies were less sensitive to changes
in amplitude.

(5) The mode shape of the SWFC under different seismic excitations was essentially the
same. The first-order mode shape in X and Y directions increased with the increase of
floors and exhibited a non-linear trend, while the non-linear trend of the second-order
and third-order modes was more significant but did not always increase.
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