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ABSTRACT

The TAIPEI 101 skyscraper (508-m) is comprised of 101 floors above ground and five floors below ground. It is located
in the Hsinyi District of Taipei, Taiwan. The skyscraper is equipped with a 660-metric-ton tuned mass damper - the largest of
its type in the world. Both the skyscraper and the tuned mass damper swayed during Typhoon Fanapi on 19 September 2010.
Maximum vertical, E-W, and N-S displacements measured on the 90" floor were approximately 0.26, 4.71, and 9.04 cm,
respectively. The spectra of three-component seismograms recorded at the 74™ and 90™ floors above ground and the fifth
floor underground are analyzed. Fundamental and higher mode vibrations, with local peak amplitudes, can be clearly seen
on the spectra recordings. The frequency of the fundamental mode is about 0.15 Hz, which is the natural frequency for the
skyscraper. The fundamental mode of torsional vibration is at about 0.23 Hz. The vibrations observed are actually the com-
bination of translational and torsional vibrations. The two kinds of vibrations of the TAIPEI 101 skyscraper can be observed
and identified either from spectral amplitudes of accelerations or from rotational motions.
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1. INTRODUCTION

The three primary concerns for building engineers are
structural integrity, the comfort and safety of a building’s
occupants, and the building’s contents. Aside from fire, the
foremost threat to all three is vibration. A major cause of
building vibration is earthquake-induced ground motions.
Chen (2003) reported that a distant earthquake (M,, 7.0) in
2002 caused two massive construction cranes on TAIPEI
101 to fall from the 56™ floor to the ground. Other factors
include: strong winds, volcanic eruptions, explosions, and
landslides. Wind-induced building vibrations were studied
by several groups of researchers (Li et al. 1998, 2000, 2003,
2004, 2005, 2007; Xu and Zhan 2001; Liu and Tsai 2010).
Among those studies, typhoon-induced building vibrations
have been observed for the 325-m Di-Wang Tower in Shen-
zhen, China by Xu and Zhan (2001) and Li et al. (2004), and
the 30-story PS Building in Taipei, Taiwan by Liu and Tsai
(2010). For the 30-story building, Liu and Tsai (2010) also
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found that building vibrations caused by the 1999 M; 7.6
Chi-Chi, Taiwan, earthquake were higher than those caused
by Typhoon Aere on 20 August 2004. In addition, building
vibration can result in the production of seismic P waves as
was shown for the landing of the space-shuttle Columbia at
Edwards Air Base in 1989. The shock wave caused by the
landing of the space shuttle resulted in high-rise buildings
vibrating in downtown Los Angeles to the point of produc-
ing a seismic P wave that was recorded at the University
of Southern California and the IRIS-Terrascope station in
Pasadena (Kanamori et al. 1991).

Every year over 10 typhoons occur in western Pacific
Ocean regions and Taiwan experiences, on average, more
than 4 typhoons yearly (Wang et al. 2005). Typhoons usu-
ally cause serious damage in the Taiwan region. The build-
ings can be influenced by typhoons and strong winds, even
though direct damage does not exist. Hence, the studies of
typhoon- and strong winds-induced vibrations are an impor-
tant topic for Taiwan’s geoscientists and engineers because
there are many high-rise buildings in Taiwan. In this study,
the vibration data recorded at the TAIPEI 101 skyscraper
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are analyzed to investigate the effects of typhoon-induced
vibrations on this super tall high-rise building.

2.DATA COLLECTION

TAIPEI 101 is a skyscraper located in the Hsinyi Dis-
trict of Taipei, Taiwan. It is the second tallest building in the
world. The building is comprised of 101 floors above ground
and five floors below ground (Haskett et al. 2003; Shieh et
al. 2003; Joseph et al. 2006). The height of the main build-
ing is 455 m, atop of which is a spire that gives the building
a total height of 508 m. The building is equipped with three
tuned mass dampers (TMDs) (Haskett et al. 2003). The first
is a 660-metric-ton ball installed between the 87% and 91*
floors and observable from public viewing platforms on the
88" and 89" floors. The second and third lesser TMDs are
both 4.5 metric tons and provide passive motion dampening
in the spire. The TMDs function to reduce vibration caused
by earthquakes and typhoons (Haskett et al. 2003). Taiwan
is particularly prone to both. Since July 2010, the Institute
of Earth Sciences (IES), Academia Sinica has operated a
building array at TAIPEI 101, designed to routinely mea-
sure building vibration and monitor the effects of typhoon-
force winds and earthquakes.

On 19 September 2010, Typhoon Fanapi, a medium
strength typhoon generated in the Western Pacific (Fig. 1a),
with an eye reaching the south east coast of Taiwan, was
one of the strongest typhoons to hit Taiwan in 2010, caus-
ing flooding in southern Taiwan and disrupting transporta-
tion and power systems in some locations. The typhoon had
maximum sustained wind speeds of 162 km hr', gusting up

to 198 km hr'! (CWB 2010). After passing over the southern
end of the island of Taiwan, the typhoon moved into the
Taiwan Strait and arrived on the southeast coast of mainland
China on September 20. Although the eye of the typhoon
was some 300 km south of Taipei City, it still brought strong
winds to the city with peak gusts of ~90 km hr'. Only mi-
nor damage, however, was reported for northern Taiwan.
Wind gusts in Taipei were strong enough to cause both the
TAIPEI 101 skyscraper and its main 660-metric-ton TMD
to sway.

Building vibrations were continuously recorded by the
TAIPEI 101 building array (hereafter TBA). The locations of
sensors in the TBA are shown in Fig. 1b. The TBA consists
of four stations: two force balance accelerometers (T1S3
and T1S4) (Kinemetrics 2002) are emplaced, respectively,
in the northeast and southwest corners of the 90" floor; and
two broadband velocity sensors (T1S2 and T1S1) (Hutt et al.
2008) are emplaced in the southwest corner of 74™ floor and
the fifth floor below ground, respectively. In addition, two
R-1 rotational seismometers are emplaced, respectively, on
the southwest (T1S3R) and on northeast corners of the 90
floor (T1S4R). All of the stations record signals continu-
ously at 100 and 20 samples per second, respectively. Time
synchronization is maintained in the main processor based
on time received according to the NTP (network time pro-
tocol) through communication with an internet time server.
For the two types of seismometers, there is a very broad
frequency range of uniform response to external stimuli.
The sensitivities of the velocity and acceleration sensors are
2.384 x 10 cmsec”! count! and 2.337 x 10* cm sec? count™!,
respectively. The R-1 rotational seismometer has a resolu-
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Fig. 1. (a) Track of the 2010 Typhoon Fanapi (solid line) and locations of typhoon centers (solid circles) per every six hours (CWB 2010). The red
square marks the city of Taipei. The insert shows locations of the TAIPEI 101 skyscraper (solid triangle). (b) Locations of sensors in the TAIPEI 101
building array. T1S1 and T1S2 are velocity sensors, T1S3 and T1S4 are accelerometers, and T1S3R and T1S4R are rotational seismometers.
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tion of 1.2 x 107 rad sec™! (eentec 2007).

3. DATA PROCESSING AND RESULTS

Continuous three-component records of building vi-
brations with 20 samples per second recorded at the TBA
are analyzed. Figure 2 shows the N-S component records
of building vibrations recorded at T1S1, T1S2, T1S3, and
T1S4 on 19 September 2010. Vibrations gradually in-

crease from 04:00 coordinated universal time (UTC) to
05:00 (UTC) and are then maintained at a strong level until
15:00 (UTC). After which time, vibration begins to subside
to background levels. The peak velocity at T1S2 is about
two orders of magnitude larger than that at T1S1. The main
building’s TMD swayed twice: one at about 06:17 (UTC)
(labeled “A” in Fig. 2) and the other at 11:53 (UTC) (la-
beled “B” in Fig. 2) with the latter level of swaying being
larger. Maximum peak ground accelerations in the vertical,
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Fig. 2 The N-S component records of building vibrations caused by Typhoon Fanapi: (a) at T1S1 on the fifth floor underground, (b) at T1S2 on the
74" floor, (c) at T1S3 on the 90™ floor, and (d) at T1S4 on the 90™ floor. The building TMD swayed twice at about 6:17 (labeled “A”) and 11:53

(labeled “B”), respectively, during the typhoon.
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E-W and N-S directions on the 90" floor were 1.26, 3.35
and 8.98 cm sec?, respectively, at ~11:53 (UTC). Displace-
ments, double integrated from accelerations, were estimated
to be 0.26,4.71, and 9.04 cm in the vertical, E-W and N-S
directions, respectively.

The data presented in Fig. 2 from the TBA are quite
complicated. To retrieve significant information provided
by the TBA, data must be processed carefully. DC-offset
was eliminated by subtracting the mean amplitude from
the raw data. The data were divided into 24 one-hour time
intervals and each time interval was again subdivided into
eighteen 204 .8-sec non-overlapping windows. The data of
each window were Hamming tapered and then subject to a
fast Fourier-transform. The Fourier amplitude spectra were
not smoothed in each window. The spectra of the eighteen
windows were averaged to form the spectra of an hour, thus
reducing the variance. This produced 24 one-hour spectra.
The frequencies associated with the peak amplitudes of each
one-hour spectrum were almost identical among the 24 one-
hour spectra, although the peak amplitudes changed from

one spectrum to another. Figure 3 clearly demonstrates sim-
ilar patterns of spectra and same frequencies with local peak
amplitudes for the 24 one-hour spectra of building vibrations
at T1S2 along three components. Hence, the 24 one-hour
spectra estimated from the records of 19 September 2010
were further averaged to obtain the hourly spectra. In order
to obtain the same scale, two acceleration spectra at the 90"
floor were divided by the angular frequency to produce the
velocity spectra. The velocity spectra in the frequency range
from 0.05 to 8 Hz along three components on 19 Septem-
ber 2010 are demonstrated in Fig. 4. Note that the spectral
amplitudes are relatively significant because they are ob-
tained from stacked data. In spite of the differences in am-
plitudes, the frequencies with the local peak amplitudes are
almost identical along the three components. Obviously, the
maximum spectral amplitude is 918.38 cm at f; = 0.15 Hz.
The higher modes of vibrations below 2 Hz appear at f;, =
0.23,f,=043,1;=058,f,=0.78,f;=1.03,f; = 1.25,f, =
1.62, and fy = 1.90 Hz. The higher modes with f > 2 Hz can-
not be easily delineated.
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Fig. 3. Twenty-four one-hour spectra of building vibrations at T1S2: (a) for the Z component, (b) for the E-W component, and (c) for the N-S

component.
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Fig. 4. Spectral amplitudes of building vibrations: (a) for the Z component, (b) for the E-W component, and (c) for the N-S component. The spectra
at different stations are shown by lines with distinct colors. Several vibration modes with the local peak amplitudes are denoted by open circles.

When buildings are subjected to strong winds or earth-
quake ground shaking, torsional (rotational) vibrations (or
rotation about the vertical axis) will be produced in addition
to translational vibrations. Figure 5 shows the accelerations
at T1S4 and rotational motions at TIS4R of the TAIPEI
101 skyscraper induced by the 2010 Typhoon Fanapi on the
northeast corner of the 90™ floor. The accelerations along
the two horizontal components were larger than those along
the vertical component. The maximum peak ground acceler-
ation was about 8.8 cm sec? on the NS component at T1S4.
On the contrary, the rotational motions along the vertical
component were larger than those along the two horizon-
tal components. The maximum rotational motion was about
3.7 x 10* rad sec! on the vertical component at TIS4R.
The rotational motions (Fig. 5b) during the typhoon were
relatively low in comparison with the translational motions
(Fig. 5a).

The spectral amplitudes of accelerations and rotational
motions in the frequency range from 0.05 to 8 Hz along the

three components on the northeast corner of the 90" floor
are shown in Fig. 6. The spectral patterns of accelerations
along the three components were very similar, except for
a fact that the spectral amplitudes along the two horizon-
tal components were larger than those along the vertical
component (Fig. 6a). The maximum spectral amplitude for
each component appears at f, = 0.15 Hz, which is almost the
natural frequency of the skyscraper (Haskett et al. 2003).
The local peak amplitudes along the three components at
related frequencies can be clearly delineated. The values
of peak amplitudes along the three components and their
related frequencies are displayed in Table 1. For the tor-
sional vibrations as shown in Fig. 6b, the maximum spectral
amplitude appears at f = 0.23 Hz, which is the fundamental
mode of torsional vibrations. It should be noted that a small-
er spectral amplitude of torsional vibrations on the vertical
component appears at 0.15 Hz, which is consistent with the
fundamental mode of translational vibrations. In spite of the
differences in amplitudes, the torsional frequencies with the
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local peak amplitudes appear at 0.15,0.23,0.42,0.58,0.78, tral value appears at f, = 0.15 Hz, which is the frequency
091, 1.02 and 1.30 Hz. of fundamental mode and also the natural frequency (or
the natural period of 6.8 sec) of the building TMD (Has-
kett et al. 2003), for the three components at T1S1, T1S2,

4. DISCUSSION T1S3, and T1S4. The spectral amplitudes for the fundamen-
In Fig. 4, several major vibration modes, each with lo- tal mode at T1S2, T1S3, and T1S4 are almost equal along
cal-peak amplitude, can be delineated. The maximum spec- each of the three components. The peak spectral amplitudes
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Fig. 5. Three-components records of building vibrations caused by Typhoon Fanapi: (a) for accelerations and (b) for the rotations on the northeast
corner of the 90™ floor.
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Table 1. The values of peak amplitudes along the three components (Az;, Agwi, and Ays;) and their related frequencies (f;,i =0, 1, 2,

..., 9) at station T1S4 and T1S4R.

Acceleration (T1S4) Rotation motion (T1S4R)
i VA E-W N-S VA E-W N-S
f; Ay f; Agwi f; Ansi f; Ay f; Agwi f; Axsi

0 0.151 44.89 0.151 656.12 0.147 843.72 0.151 0.00158 0.146  0.00665 0.151 0.00592
1 0.244 1.35 0.244 26.05 0.230 90.32 0229  0.01678 0.230  0.00038 0.244  0.00017
2 0.430 16.59 0.430 7943 0.420 90.45 0425  0.00041 0425 0.00134 | 0430 0.00116
3 0.576 0.58 0.581 6.72 0.581 2701 0.581 0.00197 0.581 0.00010 | 0576  0.00009
4 0.776 9.94 0.776 26.54 0.762 42.96 0.776 ~ 0.00012 0.762  0.00062 | 0.762  0.00030
5 - - - - 0918 13.56 0913  0.00050 - - - -

6 1.025 11.34 1.025 40.79 1.016 3791 1.021 0.00031 1.021 0.00064 1.025  0.00056
7 1.245 2.50 1.250 8.13 1.255 20.94 1299  0.00025 1250  0.00007 1265  0.00008
8 1.626 3.02 1.631 2.90 1.587 8.32 1.670  0.00015 1.582  0.00008 1.587  0.00007
9 1.904 191 1.895 6.83 1.865 7.87 1.987  0.00008 1.870  0.00007 1.899  0.00006

are the largest, the second largest, and the smallest, respec-
tively, for the NS-, EW-, and vertical components. For the
higher modes of vibrations, on the contrary, the spectral am-
plitudes at T1S2, T1S3, and T1S4 vary significantly from
one mode to another. The horizontal spectral amplitudes
are higher than the vertical ones when f < 2 Hz while the
differences in spectral amplitudes between the horizontal
and vertical components are reduced. This might be due
to a fact that the loading forces on the building caused by
the typhoon are mainly horizontal, especially in the lower
frequency regime. For the vertical component, the spectral
amplitudes at T1S3 and T1S4 are slightly higher than those
at T1S2. For the two horizontal components, the spectral
amplitudes at T1S3 and T1S4 are slightly higher than those
at T1S2 when f < 2 Hz, yet in opposition when f > 2 Hz.
Although the fundamental mode at f, = 0.15 Hz apparently
appears in the three components at T1S1, the amplitudes at
f, and f; in the three components are very small and cannot
be seen clearly. It should be noted that the spectral ampli-
tudes along the three components at T1S1 are much smaller
than those at T1S2, T1S3, and T1S4. This indicates that, as
expected, typhoon-induced vibrations of the building were
strongly attenuated underground. Soil-structure interaction
may also play an important role on small vibrations on the
underground level.

The spectral amplitudes of higher-mode vibrations
should be smaller than those of fundamental-mode vibra-
tions, and decrease with increasing frequency. However,
the observed spectral amplitudes vary with frequency as
shown in Figs. 3, 4 and 6. The vibrations observed might
be a combination of translational and torsional vibrations.
For the TAIPEI 101 skyscraper with 101 stories, the build-
ing has 202 translational modes and 101 torsional modes.
The two building modes might be coupled (a mode that has
motion contributed by other orthogonal directions) or com-

pletely uncoupled. Only the first few building modes are
discussed in this study. For the fundamental building mode,
the maximum spectral amplitudes of translational motions
on the two horizontal components (Figs. 3b, 3¢, 4b, 4c, and
6a) and a small spectral amplitude of rotational motions on
the vertical component (Fig. 6b) appear at f, = 0.15 Hz. This
indicates that the fundamental mode shows a translational
vibration along the horizontal components with a small rota-
tional vibration. Conversely, the second mode at f =0.23 Hz
(Fig. 6b) is the fundamental mode of torsional vibration
with a small translational vibration (Figs. 3b, 3c, 4b, 4c, and
6a). Figure 7 shows the variations of normalized peak am-
plitudes for the translational (T1S4) and torsional (T1S4R)
modes on the southwest corner of the 90™ floor. It should
be noted that in the first seven modes, the peak frequencies
of spectral amplitudes of accelerations and rotational mo-
tions are very similar but the peak amplitudes are inversely
related to each other in each pair of modes. Therefore, both
the translational and torsional vibrations of the TAIPEI
101 skyscraper can be observed and identified either from
spectral amplitudes of accelerations or rotational motions as
shown in Fig. 7. This phenomenon can also be observed in
the vibrations of the TAIPEI 101 skyscraper induced by the
2011 Tohoku, Japan earthquake (Chen et al. 2012), in which
the peak amplitudes of translational and rotational motions
were inversely related to each other in each pair of modes.
Installation of an accelerometer and rotational seismometer
at the same site of the building will improve our understand-
ing of building vibrations.

5. CONCLUSIONS

This study examined the effect of strong winds gener-
ated by Typhoon Fanapi on 19 September 2010 on the super
tall TAIPEI 101 skyscraper located in the Hsinyi district of
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Taipei, Taiwan. The study examines data from a newly in-
stalled seismic building array. The skyscraper is equipped
with a 660-metric-ton tuned mass damper (TMD) in the
main building between the 87" and 91 floors. The TMD
is the largest of its type in the world. Both the skyscraper
and the TMD swayed during the typhoon. Maximum verti-
cal, E-W, and N-S displacements measured on the 90" floor
were approximately 0.26, 4.71, and 9.04 cm, respectively.
In addition, the spectra of three-component seismograms
recorded at the 74" and 90" floors above ground and the
fifth floor underground were analyzed. Fundamental and
higher mode vibrations, with local peak amplitudes, could
be clearly seen in the spectra. The frequency of the funda-
mental mode was approximately 0.15 Hz, which is the natu-
ral frequency for the skyscraper. The fundamental mode of
torsional vibrations was at about 0.23 Hz. The vibrations
observed are the combination of translational and torsional
vibrations. Both the translational and torsional vibrations of
the TAIPEI 101 skyscraper can be observed and identified
either from spectral amplitudes of accelerations or from ro-
tational motions. This study will be of interest to building
engineers who are concerned with the construction of super
tall skyscrapers and the safety of building occupants and the
building’s contents.
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