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ABSTRACT

March 11, 2011, the East Japan was attacked by the 2011 off the Pacific coast of Tohoku
earthquake (the Great East Japan earthquake). Almost 30,000 people were killed or missing
by that earthquake and the subsequent monster Tsunami as of April 11, 2011. This paper
reports several aspects of this devastating earthquake. It has been reported that long-period
ground motions, which had been predicted by many researchers, occurred at Tokyo, Nagoya
and Osaka. The response characteristics of high-rise buildings to the recorded long-period
ground motions are discussed from the viewpoint of resonance and critical excitation. It is
shown that high-hardness rubber dampers are very effective for the reduction of vibration
duration in addition to the reduction of vibration amplitude.
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INTRODUCTION

The most devastating, Killer earthquake in Japan after the 1923 Great Kanto earthquake
occurred March 11, 2011 (Architectural Institute of Japan (2011)). The moment magnitude is
9.0 which is the largest so far in Japan. It is said that the recording system for low-frequency
component of ground motions was not sufficient in Japan and records outside Japan were used
to determine the magnitude. Almost 30,000 people were killed or missing by that earthquake
and the subsequent monster tsunami as of April 11, 2011. The maximum height of the tsunami
is reported to be almost 40m. It is remarkable in this earthquake that the number of collapsed
or damaged buildings and houses remains not clear because most of the damages result from the
tsunami.

This paper explains the characteristics of that earthquake and discusses the response
characteristics of assumed super high-rise buildings (40 and 60-story) in Shinjuku, Tokyo during
this earthquake from the viewpoint of long-period ground motion. The issue of long-period
ground motion and its impact on building structural design was raised in Mexico, USA and
Japan during 1980-1990s (for example, Heaton et al. 1995, Kamae et al. 2004, Ariga et al. 2006).
A set of simulated long-period ground motions was provided in December, 2010 by the Japanese
Government (the Ministry of Land, Infrastructure, Transport and Tourism (MLIT) (2010)) for
the retrofit of existing high-rise buildings and as a design guideline for new high-rise buildings.
In this paper assumed 40-story and 60-story steel buildings are subjected to the long-period
ground motion recorded in Shinjuku, Tokyo during the 2011 off the Pacific coast of Tohoku



earthquake.

The criticality of the long-period ground motions can be investigated based on the theory
of critical excitation (Drenick 1970, Takewaki 2004, 2006). This theory is intended to
overcome the difficulty resulting from the uncertainty of earthquake ground motions (Geller et
al. 1997, Stein 2003). The credible bounds of input energy responses are obtained by using the
critical excitation method with the constraints on acceleration and velocity powers. It is shown
that the long-period ground motions can be controlled primarily by the velocity power and the
ground motion recorded in Tokyo during the 2011 off the Pacific coast of Tohoku earthquake
actually included fairly large long-period wave components.

CHARACTERISTICS OF THE 2011 OFF THE PACIFIC COAST OF TOHOKU
EARTHQUAKE

First the characteristics of the 2011 off the Pacific coast of Tohoku earthquake are
described. The fault slip area and the slip magnitude are shown in Fig.1. The comparison of
slip fault size is shown in Fig.2 among the Sumatra earthquake 2004, the Great Kanto
earthquake 1923, the Hyogoken-Nanbu earthquake 1995 and the Off the Pacific coast of Tohoku
earthquake 2011. Because the fault slip area was huge in this earthquake, extremely wide areas
in the East Japan were affected by this earthquake. The representative ground motions along
the Pacific coast of East Japan are illustrated in Fig.3. It can be observed that two or more
wave forms exist in some areas and the duration of most ground motions is over 2 minutes.
This means that the fault slips occurred repeatedly in wide areas. Actually it is reported that
three main fault slips occurred in this series of events. Fig.4 indicates the epicenter map of
earthquakes during 30 days after March 10. The maximum ground accelerations and velocities
from K-NET and KiK-net (NIED, Japan) are shown in Fig.5. It is reported that the ground
acceleration over 2.5g was recorded in Tsukidate, Kurihara City, Miyagi Prefecture (see Fig.6).
However it is also made clear (Fig.7) that the predominant period of this ground motion is
smaller than 0.3(s) and this ground motion did not affect most buildings so much.
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Fig.1 Stations used for inversion and slip distribution (arrow indicates the epicenter) taken from
NIED (2011a)
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Fig.2 Comparison of slip fault size among Sumatra earthquake 2004, Great Kanto earthquake
1923, Hyogoken-Nanbu earthquake 1995 (Kobe) and Off the Pacific coast of Tohoku
earthquake 2011 (data from Asahi newspaper (2011a))

s . National Research Institute for Earth Science
Characteristics of near-source ground motions and Disastcr Provention
A1°N} _—‘ 7\ - - WTHOS 207110071 1A 4E40 Semms inleewty - 431
| AR AR ‘ 114 -
< . . % NS Ipaﬂll ik
W w“ '\ o~ ]
U aimon | " ,
A bed v e Sl s
Wiy e 1T TR | 81
-"'; L — o s fgal] | BT -

-3ed

WTDE JOVIGIT AR St bty 4T3

22 4
\Nsh;.u | B

39°N
4
Sa 2294 -
.' FATIOR JUTUSIAN Y M) S ienaty | 54T
570 .
\ B
NS [gal —w————-

/N 270) g
| LT T e————y ¥
| 570 =

NS fpai] w———_ = - '_,'
570 £

TN

YOS 3099501 034 e i 30
\ an
NS pai] W—— .
4114

\ [T PP R —
7, N

S [gal] iy b | A

[ —— L
568 4
R . . L

—
139°E 140°E

Near-source acceleration waveforms
display two remarkable phases of
ground maotion which suggest the
existence of a least two arcas of large ship,

In the northern part of the source area the 3044 z
first phase is predominant while in the South WS [gal] _*“_*______ =
ihis phase is not visible, -
304 =
These two phases of ground motion suggest L s i - =
Targe slip areas in the North and South regions 3
respectively. a0y
The remarkable differences in grow characteristics of N fpal | i ‘ LI =
intensity values for the Miyagi and Ibaraki regions indicate -329 - =
they originate from different slip areas, R T R T ———p
A small ground motion phase is observed between the two 212
large distinct phase al some stations (FKS013, FKS004, NS [gai] | _.....%,.4_.,. .
MYGO17, MYGOIS). =
2124
Other secondary phases are also observed suggesting a very o 100 Ta0 Temals)
complex source process 6

Fig.3 Characteristics of ground motions taken from NIED (2011a)
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Fig.4 Epicenter map during 30 days after March 11 taken from NIED (2011b)
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Fig.5 Maximum ground acceleration and velocity from K-NET and KiK-net taken from NIED
(2011c)
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Fig.6 Acceleration record at Tsukidate (MYGO004) in Kurihara City, Miyagi Pref. exhibiting the
maximum ground acceleration (2933gal: synthesized from three components) among those in
K-NET and KiK-net stations taken from NIED (2011c)
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Fig.7 Velocity and acceleration response spectra for 5% damping of the ground motions recorded at
Tsukidate (MYGO004) taken from NIED (2011c)



RESPONSE SIMULATION OF SUPER HIGH-RISE BUILDINGS IN TOKYO
Ground motions in Tokyo

Fig.8 shows the velocity waveforms of the long-period ground motion recorded at K-NET,
Shinjuku station (TKYO007). It can be observed that the maximum ground velocity attains
about 0.25(m/s) and the ground shaking continues for over several minutes. The corresponding
velocity response spectra are shown in Fig.9. It is understood that shaking of period of 5-6
seconds is predominant in addition to 2 seconds.

In order to investigate further the characteristics of that record, the Fourier amplitude
spectra of acceleration and velocity records have been computed. Fig.10 shows the Fourier
amplitude spectra of accelerations and Fig.11 illustrates those of velocities. It can be observed
that the velocity is predominant in longer period ranges. Fig.12 presents the comparison of the
actual input energies (5% damping), the credible bounds (Takewaki 2004, 2006) for acceleration
constraints (acceleration power (Housner and Jennings 1977)) and the credible bounds for
velocity constraints (velocity power (Housner and Jennings 1977)) for () NS component and
(b) EW component. The intersection point indicates the predominant period. 4 and 6 seconds
are such predominant periods and this supports that the ground motion recorded at K-NET,
Shinjuku station (TKY007) actually included fairly large long-period wave components. For
comparison, Fig.13 shows the corresponding figures for EI Centro NS 1940 and JMA Kobe NS
1995 (Hyogoken-Nanbu earthquake). The intersection point exists in rather shorter period
ranges.
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Fig.8 Long-period ground motion recorded at K-NET, Shinjuku station (TKY007) taken from
NIED (2011a)
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Fig.9 Velocity response spectra of ground motions at Shinjuku station (TKY007) taken from
NIED (2011a)
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Fig.10 Fourier amplitude spectra of acceleration ground motion at K-NET, Shinjuku station
(TKYO007): (a) NS component, (b) EW component
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Fig.11 Fourier amplitude spectra of velocity ground motion at K-NET, Shinjuku station
(TKY007): (a) NS component, (b) EW component
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Fig.12 Actual input energies (5% damping), the credible bounds for acceleration constraints and
the credible bounds for velocity constraints for the ground motion at K-NET, Shinjuku station
(TKY007): (a) NS component, (b) EW component
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Fig.13 Actual input energies (5% damping), the credible bounds for acceleration constraints and
the credible bounds for velocity constraints for (a) EI Centro NS (1940), (b) JMA Kobe NS
(1995)

Response simulation of super high-rise buildings in Tokyo

In order to investigate the influence of this ground motion on high-rise buildings, two
assumed buildings of 40 and 60 stories have been treated. The 40-story building has the
fundamental natural period of T;=4.14s and the 60-story building has that of T;=5.92s. The
damping ratio is 0.01. Furthermore, it is well accepted that the passive dampers are very
effective in the reduction of earthquake response in high-rise buildings. The 2011 off the
Pacific coast of Tohoku earthquake may be the first plate-type earthquake to have affected super
high-rise buildings in mega cities. For the purpose of clarifying the merit of visco-elastic
dampers (high-hardness rubber dampers (Tani et al. 2009)), the buildings of 40 and 60 stories
without and with these high-hardness rubber dampers have been subjected to the long-period
ground motion recorded at K-NET, Shinjuku station (TKY007).

Fig.14 shows the maximum story displacements and interstory drifts of an assumed
40-story building of T;=4.14s to ground motion at Shinjuku station (TKY007) (frame response:
elastic or elastic-plastic). On the other hand, Fig.15 illustrates the maximum story
displacements and interstory drifts of an assumed 60-story building of T;=5.92s to ground
motion at Shinjuku station (EW component of TKYO007) (frame response: elastic-plastic,
without or with high-hardness rubber dampers (Tani et al. 2009)). It can be observed that the
high-hardness rubber dampers are very effective in the reduction of vibration amplitude.
Fig.16 presents the comparison of time histories of top-story displacements of an assumed
60-story building of T;=5.92s to ground motion at Shinjuku station (EW component of
TKYO007) during the 2011 off the Pacific coast of Tohoku earthquake (frame response:
elastic-plastic, without or with high-hardness rubber dampers). It can be understood that the
high-hardness rubber dampers can damp the building vibration in an extremely short duration.

It is reported recently (Asahi newspaper (2011b)) that a 54-story building (height=223m:
fundamental natural period=6.2s (short-span direction), 5.2s (long-span direction)) with passive
oil dampers in Shinjuku experienced the top displacement of 1.08(m) during the 2011 off the



Pacific coast of Tohoku earthquake. The vibration duration was over 13 minutes. It is also
stated that that building would have undergone the top displacement of 1.4(m) if the passive
dampers would not have been installed. This fact corresponds well to the result explained
above.
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Fig.14 Maximum story displacement and interstory drift of an assumed 40-story building of
T1=4.14s to ground motion at Shinjuku station (TKY007) during the 2011 off the Pacific coast
of Tohoku earthquake (frame response: elastic or elastic-plastic)
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the Pacific coast of Tohoku earthquake (frame response: elastic-plastic, without or with
high-hardness rubber dampers)

10



€ 1000 n

£ T O

+ MU RRTRIAY

& 500 i

£ lir,

O] III|||

o

©

o 0

)

© i

e A

» 500 '|‘ L]0 | i

o AN no damper

,‘_3 'i|| damper double
-1000 ' :

0 100 200 300 400 500 600
Time (s)

Fig.16 Comparison of time histories of top-story displacement Of an assumed 60-story
building of T,=5.92s to ground motion at Shinjuku station (EW component of TKY007)
during the 2011 off the Pacific coast of Tohoku earthquake (frame response: elastic-plastic,
without or with high-hardness rubber dampers)

CONCLUSIONS
The following conclusions have been obtained.

(1) The 2011 off the Pacific coast of Tohoku earthquake is the most devastating earthquake in
Japan after the 1923 Great Kanto earthquake. This earthquake is the first one which
attacked mega cities after the construction of super high-rise buildings. However this
earthquake is not the most influential one because the influence depends on the plate
(including epicenter) on which mega cities lie.

(2) The long-period ground motion recorded at K-NET, Shinjuku station (TKYO007), Tokyo
contains fairly large long-period wave components and has a frequency content of broad
band. This can be observed from not only the velocity response spectra (and Fourier
spectra) but also the earthquake input energy spectra taking into account of the concept of
the critical excitation method.

(3) The high-hardness rubber dampers can damp the building vibration during long-period
ground motions in an extremely shorter duration compared to the building without those
dampers.

(4) The word ‘unpredicted’ is often used in Japan after this great earthquake. It may be true
that the return period of this class of earthquakes is 500-1000 years and the use of this word
may be accepted to some extent. However, the critical excitation method is expected to
overcome this irrational concept in the future.
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