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Abstract

Japan has been hit by several large earthquakes in the past three decades, including the 1995 Hyogoken-Nanbu
earthquake (the Kobe earthquake), the 2011 off the Pacific coast of Tohoku earthquake (the Great East Japan
earthquake), the 2016 Kumamoto earthquake, the 2018 Osaka North earthquake, and 2018 Hokkaido Eastern lburi
earthquake, etc. A huge number of super-high-rise residential buildings were constructed during this period, mainly in
the urbanized areas in the Kanto and Kansai regions. Strong motion records in the buildings are indispensable to
investigate dynamic characteristics of the structural responses during massive earthquake, as has been reported and
emphasized in many papets. addition, the resilience of buildings has attracted attention from the standpoint of the
seismic design of the upper structure along with the piles and foundation. Therefore, it is expected to grasp the dynamic
characteristics of the pile-building system based on the earthquake observation records. However, there are few cases
where strong motions of ground-foundation-building are observed simultaneously, and furthermore, it is necessary to
grasp the dynamic characteristics of the pile-building system and to grasp the characteristic fluctuation by long-term
earthquake observation records.

In this study, earthquake observation records obtained from three super-high-rise RC buildings equipped
earthquake observation systems that have simultaneously monitored the pile tip, ground surface, and upper building for
more than 10 years were used. These buildings incorporate moment resistance frames using high-strength materials.
Based on these records, we examined the dynamic characteristics and long-term characteristic fluctuations. The target
buildings are located in the Kansai and Kanto regions, and have been obtained from small and medium-scale
earthquakes to relatively large earthquakes It is possible to analyze with Long-term earthquake observation records for
small-, medium-, and large-scale earthquakes were analyzed.

The large earthquakes in the long-term earthquake observation records were used to clarify the dynamic
characteristics of the pile-building system and the upper structure. The records for a building in the Kansai region that
was hit by the 1995 Hyogoken-Nanbu Earthquake were analyzed in detail the large fluctuations in dynamic
characteristics caused by the 1995 Hyogoken-Nanbu earthquake and subsequent earthquakes, and the records for
buildings in the Kanto region that were hit by the 2011 off the Pacific coast of Tohoku earthquake were analyzed in
detail the large fluctuations in dynamic characteristics caused by the 2011 off the Pacific coast of Tohoku earthquake
and the earthquakes before and after it.

Keywords: Earthquake observation, Super-high-rise reinforced concrete (RC) building, Long-term earthquake records,
Dynamic characteristics
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1. Introduction

Japan has been hit by several large earthquaktee ipast three decades, including the 1995 Hyogoken
Nanbu earthquake (the Kobe earthquake), the 20 th@fPacific coast of Tohoku earthquake (the Great
East Japan earthquake), the 2016 Kumamoto eartegulé& 2018 Osaka North earthquake, and 2018
Hokkaido Eastern Iburi earthquake, etc. A huge remmif super-high-rise residential buildings were
constructed during this period, mainly in the uibad areas in the Kanto and Kansai regions. Stnooiion
records in the buildings are indispensable to itigate dynamic characteristics of the structurapomses
during massive earthquake. The dynamic charadtarist high-rise reinforced concrete (RC) buildiragsd
their fluctuations have been extensively reported?| 3]. The resilience of buildings has attracéention
from the standpoint of the seismic design of thpaustructure, piles, and foundation. It is expédhat the
dynamic characteristics of the pile-building systeam be determined based on earthquake observation
records. However, there are few cases where tbagstmotions of a ground-foundation-building system
have been observed simultaneously. It is necegsadetermine the dynamic characteristics of the-pil
building system and the long-term temporal variabased on earthquake observation records.

In this study, the vibration characteristics imtlequake observation records are investigatedhi@ret
super-high-rise RC buildings equipped an earthqudlservation system that has simultaneously mator
the pile tip, ground surface, and upper buildingrfmre than 10 years. Based on these records, avaieed
the dynamic characteristics and long-term charstieffluctuations. The target buildings are in tkansai
and Kanto regions. Long-term observation recordained for small-, medium-, and large-scale eaidkqs
were analyzed.

2. Profilesof Buildings

The investigated structures were three super-hghRC buildings, two in the Kanto region and améhie
Kansai region. Fig.1 shows the location of thes@dimgs. These buildings are located within the aand
Osaka plains, in which thick sedimentary layerglisaeismic bedrock.
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Fig. 1 — Construction site maps of buildings in Kento and Kansai regions investigated in this pape
Plots E,G N indicate the buildin namedlisted in Table

These buildings are equipped with strong-motiosepiation systems. Seismic accelerometer records
were simultaneously obtained at multiple locatioreanely the pile tip, the ground surface, and dpeand
first or basement floors, including any mid-levieldrs. Table 1 lists the profiles, names, numbestofies,
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structural type, and strong-motion observation rofor the buildings. Fig. 2 shows the locations of
seismometers in each building.

Buildings E, G, and N were constructed in 2000,619nd 1989, respectively. They incorporate
moment resistance frames using high-strength nadderi

Table 1 — Profiles of buildings examined in thisdst

No. of Pile type Strong-motion observation

stories (pile/wall lengtl) locatior

ml;’ile tip, ground surface, 1H,
14F, 24F, anRF

Pile tip, 1F, 10F, and 28F

Building | Region

E Kanto 33 Steel pipe-concrete hybrid belled pile (47.0

Cast-in-place concrete belled pile (44.9 m

G Kanto | 28 ard continuous underground VI (452 m)

Pile tip, ground surface, 1H,

N Kansai| 31 Cast-in-place concrete pile (23.0 m
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Fig. 2 — Profiles otbuildingsandlocations of stron motion obsrvatior

3. Strong-motion Records
3.1 Accelerograms and response spectra

Fig. 3 shows the accelerograms obtained at thédldops of the three buildings during major earthkps
The maximum values for buildings E and G (Kantoioeywere recorded during the 2011 off the Pacific
coast of Tohoku earthquake and those for buildingKidnsai region) were recorded during the 1995
Hyogoken-Nanbu earthquake (measured peak accelgraB00 cm/y.

Fig. 4 shows pseudo-velocity response spectra basethe ground surface records in the EW
direction with a damping factor &f= 5%. For buildings E and G, the spectral amplitudes4@®&0 cm/s for
the period range of 1-2 s, which is near the nhpegdod, during the 2011 Tohoku earthquake. Faldng
N, the spectral amplitudes are 80-120 cm/s forpim@od range of 1-2 s, which is near the naturailope
during the 1995 Hyogoken-Nanbu earthquake.
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Fig. 4 — Pseudo-velocity response spectra of recbnaotions on the ground surface
where colors of lines correspond to those in Fig. 3

3.2 Peak floor responses

The distributions of the peak floor acceleratiores @otted in Fig. 5 for five earthquakézuildings G and N
generally show first-mode vibration. For buildingfer which seismograms were recorded at the lef/éie
fourth floor, the effect of second-mode vibratiaande seen. This indicates that the amplitude ektiort-
period components of ground motion was significant.
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Fig. 5 - Peak floor respcse:

4. Temporal variation of dynamic characteristics
4.1 Temporal variation of natural frequencies aatliral modes

The dynamic characteristics (i.e., natural freqie=s)cof super-high-rise RC buildings are known &y
according to the level of input earthquake exaitafi2]. The temporal variation of the natural fregaies
and natural modes of the RC buildings was invest@jaising motion recorded at several floor levélse
multivariable output-error state-space (MOESP) metas used to identify the dynamic characterisiics
the buildings during an earthquake [#]otions recorded at the pile tips were used astidata. Motions
recorded at the bases and upper floors of theibgadincluding the top, were used as output daignals
with a 10-s duration were used for system iderifan with multiple 5-s intervals.

Fig. 6 shows the variation of natural frequenciesrd) major earthquakes observed at each building.
The horizontal axis shows maximum relative disptaest at the top from the pile tips within a 10-sadion.
For buildings E and G, the natural frequenciestihalty decreased during the 2011 Tohoku earthqu&e
building N, the natural frequencies similarly dexsed during the 1995 Hyogoken-Nanbu earthqu@ke.
decrease in the natural frequencies was due tmdhknear behavior of the upper floors of the binitgs
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Fig. 6 — Variationof natural frequencieof buildings
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(e.g., cracking of the structural members of themmut-resisting frame). The natural frequenciesaufhe
building decreased by about 20-30% when the reatisplacement reached its pedkis result is

consistent with a previous study [2].

Fig. 7 shows the temporal variation of the relathisplacement at the top and the natural modestatio
The natural mode ratios are shown for each se¢tinthe height direction) of the buildings. Eacletimn
was set at the top, bottom, or middle accordinthéoarrangement of the sensors shown in Fig. 2e&ohn
building, the ratio of the natural mode greatly miyed when the relative displacement reached alfbah3
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on the top floor.The ratio of the lower section increased and thah® upper section decreased, which is
considered to beaffected by the degree of nonlinearity (e.g., tbatised by the cracking of structural
members in the building height directiojuring earthquakes with a relatively small disptaeat, the
variation of natural mode ratios was not distinct.

4.2 Variation of torsional response

The torsional response of building E was calculdteth the acceleration record for the top floor dhe
variation for each earthquake was investigated. &ighows the definition of the torsional resporae [5,

6], which was calculated from the relative displaeat between the center and the east side of RF §Fi
(a)). The torsional response rate was calculated usih§-alz low-pass-filtered waveforniig. 8 (b) shows

a part of the waveform of the relative displacementhe RF center and the RF east side subjectdioeto
low-pass filter processing. The torsional respaiase was calculated based on the time at whiclphiase
matched among the peaks whose absolute values @idhl maximum and minimum values were 0.1 cm or
more, as indicated by red circles.

torsional response rate
= abs ({FUE - RFUC) / abs éFUc)

reUc reUc: relative displacement of RF center
reUE: relativedisplacemnt of RF east sic

RFUE

(a) Torsional response r:
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Fig. 8 — Definition of torsional response r.
20 2.0 2.0 2.0 2.0
o
©
’0
% 15 % 1.5 Py % 15 % % 15 % 1.5
g10 §° g 10 s g 10 g 1.0 10
= = °e = = 0® 5 o
i s | Pl
gos |2 Sos P 205 gos (B Sos [’
’a Bo & o t ) 3
Ay g ’
@
0.0 0.0 00 e2%E8 00 0.0 e
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100 0.1 1 10 100 0.1 1 10 100
relative disp.[cm] relative disp.[cm] relative disp.[cm] relative disp.[cm] relative disp.[cm]
(a) 2005.07.23 (b) 2005.08.16 (c) 2011 off the Pacific (d) 2014.05.05 (e) 2015.05.30 west of
northwestern Chik Miyagi-oki coast ofTohokt near lzi-oshims Ogasawara Islan

Fig. 9 — Variation oftorsional response r:
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Fig. 9 shows the variation of the torsional resgorsge Because of the L-shaped plan of building E, a
torsional response was induced; the values arelyriess than 0.5. In addition, the torsional res@nrate
did not show a clear variation due to the changéduilding stiffness seen in the natural frequenoyg a
natural mode ratio, and the trend did not change #fie 2011 off the Pacific coast of Tohoku eantic,
which induced the maximum relative displacement.

4.3 Variation of swaying and rocking ratios

The swaying and rocking ratios due to soil-struetimteraction were examined for buildings G andrNe

sway deformation was obtained using the horizorgkltive displacement of 1F from the pile tip. Fig)
shows the definition of the rocking ratio. The rimgkdeformation was calculated by multiplying tle¢ation
angle calculated from one or two 1F vertical refatlisplacements from the pile tips by the buildigght.

The swaying and rocking ratios were calculated gisir0.8-Hz low-pass-filtered waveform to extract th
behavior of the translation first natural mode..Fi@ (c) shows a part of the waveform of the hariab
displacement of the top floor and the vertical Bispment of 1F subjected to the low-pass filteccpssing.

The ratio was calculated based on the time at wthiehphase matched among the peaks whose absolute
values of the local maximum and minimum values viZzcen or more, as indicated by red circles.

displacement by rocking displacement by rocking
= (1FUDUW - 1FUDUE) /18.2m x 78.65 m =1rupU /1045 mM x 89.3m
1rupUw: relative UD displacement of 1F west side 1rupU: relativeUD displacement cl1F

1rupUe: relativeUD displacerent of 1F east si
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Fig. 10— Definition of swaying and rocking rat
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Figs. 11 and 12 show the variation of swaying esaking ratios for buildings G and Nror each
building, the swaying ratio was about 10% or las$ the rocking ratio was about 30% or ldSgen after the
1995 Hyogoken-Nanbu earthquake and the 2011 offPduefic coast of Tohoku earthquake, the general
trend did not change. The nonlinearity of the pitel the deformation of the ground were not distinct
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Fig. 12— Variation of swayincand rockingratios (building N)

5. Conclusions

The dynamic characteristics and long-term char@tierfluctuations for three high-rise RC buildings
equipped with seismic observation systems weresiigeged using long-term seismic records. The ahtur
frequencies decreased significantly in the Kantgiome buildings during the 2011 off the Pacific doaé
Tohoku earthquake and in the Kansai region buildingng the 1995 Hyogoken-Nanbu earthquake. The
decrease in the natural frequencies was due toneanlbehavior, such as that caused by the craditige
structural members of the moment-resisting frante Mmatural frequencies of each building decreased b
about 20-30% when the relative displacement reaitkgoeak.The natural mode ratio for each section (in
the height direction) changed significantly wherekative displacement of about 30 cm occurred entdip
floor. The ratio of the lower section increased and th#&i® upper section decreased, which is considered
be affected by the degree of nonlinearity (e.gat ttaused by the cracking of structural memberghén
building height direction). A torsional responseswgenerated in the L-shaped building; however, the
calculated torsional response did not show a claaation due to the change in building stiffnesersin the
natural frequency and natural mode ratio. The smgayatio was about 10% or less and the rocking rats
about 30% or less. Even after earthquakes witrelargplitudes, the general trend did not change tlaend
nonlinearity of the pile and the deformation of greund were not distinct.
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