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SUMMARY :
Many tall buildings in Tokyo metropolitan area were strongly shaken during the East Japan Earthquake, March

11, 2011. Most of them are less than 40 years oldhawme not experienced the shaking of such a strong level.

The base peak horizontal accelerations were up to 156, amdse than onthird of the one representing the

major earthquake stipulated by the Japanese seismic design code. The tall buildifgstessleconstruction
typically, concrete construction, or hybrid construction. Some of the tall buildings are instrumented with sensors
and their motions recorded during the event. This paper discusses the responses of the conventional
seismieresistant th buildings in Tokyo based on their motions recorded during the 2011 East Japan Earthquake.
This kind of buildings generally has low damping ratios, and experienced both large displacement and large
acceleration during the earthquake. The modal propesieh as vibration period, damping ratio and
participation function are identified, and the displacements of structures are obtained in terms of two different
methods based on and they are compared to each other.
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1. INTRODUCTION

On March 11, 2011the East Japan Earthquadfemagnitude 9.0 occurred off Sanriku coakflapan

It caused tremendous tsunahgizardin the pacific coast of eastern Japéiling more than 15,000
people, destroying andasting awaycities. The epicentewas129km from Senal, the largest city in

the northeast of JaparThe depth of thénypocenterwas 24 km.Strong motions with PGApeak
ground acceleratiorfarger than 20 cm/€ were observed over a very wide area from Ibaraki to South
Iwat§e. Tokyo is located 300 km away from the epicenter, and its statoosledPGA of 50 to 150
cm/s.

Where ground acceleration was large, except for some afesft ground, the responspectum
indicates shordominantperiod, which was probably the main reason for relatively small seismic
damage. @ the other hand, Tokyavhich is relatively farfrom the epicenter was subjected to the
ground motion of shottio long period components. Many tall buildings have been constructed for the
last 40 years in Tokyo, and the shaking they experienced is much stronger than those in the past.
Therefore, the response obsenareé believed to be the precursors for the parémce of the tall
buildings against the stronger shaking that will definitetgurin future Some tall buildings were
instrumented with accelerometess acceleration records obtained during the earthquake would be
one of the bestesourceso study tke building responsd&asai, 2011a)

Pursuant to these, the objective of the present paper is to clarify behavior of tall buildings in Tokyo,
based on the responses recorded during the 2011 Great East Japan Earthquake. The paper will analyze



acceleratiomecords o typical seismicallyresistantall buildings with relativelylow damping ratis.

The responseontrolled buildings whose damping ratios are increased by the new technology using
various types of dampensill be discussedn a companion papesf this conferencgKasai et al.
2012.

2. OVERVIEW OF BUILDINGS EXAMINED
2.1 ThreeTall Buildings Selected

In this paperthreeconventional seismicalyesistant buildingare selectedAll the selecteduildings

are higher than 60 meterswhich is commonly considered as the lower limit of height of hige

buildings in Japan. Time history analysis is compulsory for these buildumgsg structural design.
The number of floorsof the buildingsranges from 19 to 37. Note thatsome ofthe buildings
consideredn this papewill be anonymousconsideringhe request of building owners.

Table 1 shows structural types of buildings, fundamental periodsxefand y-directions, peak
accelerations of top and bastereinafter, the top means the highest rflabere theaccelerometeis
installed and the baseeansthe lowest floor instructureclosest to the ground levelhe vibration
periods are obtained from thansferfunction of acceleration of top to base; thegquencyatthe peak
value of transfer function idefined aghe natural frequencwgf structure.

Table 1.Basic information on buildings examined

Typg of | Number Height Period (s) Top Acc. (cm/g) | Base Acc. (cmB Amplif. Factor
No. Main of
Frame | Floors (m) X Y X Y X Y X Y
1 S 29 127.8| 2.96 3.09 235 316 91 89 2.58 3.55
2 S 20 86.5| 1.97 1.87 210 150 91 85 2.31 1.75
S 19 84.7| 1.82 1.95 290 385 66 69 4.38 5.58

2.2 Spectral Responses at Building Sites

According to statistic datef base accelerations recorded in ten building sites (Kasai et al. 204.2), t
peakacceleratiorat the base ranged frof2 to 142 cm/ and their average is about 80 ¢m/Bhe
peak acceleration response at top of the building ranged f0rtro B85 cm/<, and the average story
drift angle (ratio ofpeakdisplacement of top tits height) is 1/36 rad. at most.Response spectiat
baseacceleratiomecorded in Tokyo areaave smaltoefficient of variatiorof about0.2 at the middle
tolong period range.

It should be also noted that Tokyo and Osaka city relatively firom the epicenter, longperiod
earthquake motions were observddring the 2011 Great East Japan Earthquake. spreetral
characteristics in Tokyo differecbnsiderablyfrom the weltknown motion recorded during the 2004
Niigata Chuetsu Earthquakas understood from Figursb, thespectral velocitywasalmost uniform

for the vibration periods from 0.5s and 20s, and its magnitude exceeded even the largest spectral value
due to the 2004 Niata Chuetsu Earthquake that concentrated at the period abndt &hown)

Thus, unlike the responses during the 2004 quake,responses of the tall buildings in Tokyo were
dominated by not only the long period motion but also the shperiod motims during the 2011

Great East Japan Earthquake

2.4.Calculation of Displacements

By using the following twdifferent methods, the displacements of structure are calculated from the
recorded accelerations. The results are compared with each other incocdefirm their reliability
(Kasai, 2011a)

Method 1 performs doubiategrdion together with hpassfiltering in frequency domainlhe cutoff
frequency is typically 0.05 or 0.1Hz. Method 2 first obtains mpdapertiessuch as vibration period,
damping ratio, angbarticipationvector, by applying a basic system identification technique for the



story where recording was done. Then, the time histories of accelerations and displacements of mode 1
to 3 are calculated by ugg the base acceleration recorded, and msagatrpositions performed.

For all thethree seismicallyresistantbuildings consideredn this paper the displacements from
method 2 agreed well with those from method 1, and accelerationgriethod2 agred with those
recorded. Thus, the modal properties obtained are considered valid, and the contribution of each
individual mode to the total response system,and the effect of damping can berthermore
examined.

Note that method 2 is based tire assumgion of linear responseroportionaldamping, and real
number mode. The agreement between the two methods suggestsethaildings had linear or
slightly nonlinearbehavior during the earthquake as well as moderate amount of dampling.
Chapter 3thethreeselected buildings will be described in detail.

3. PERFORMANCE EXAMPLE S
3.1Building 1

Building 1 is aseismicallyresistan29-stay steel building constructed in 1989. It is a school building
of KogakuinUniversity, located in Shinjuku ward of central Tokyagurel shows the elevation and
plan of the building as well dscations of sensoiastrumentedqHisada, 2011)

As indicated in Table 1, the peak accelerations il ydirections were 91 and 89n/< at the base,

and 235 and 316 cnifst the top floor, espectively The ratio of accelerations of top to bas@amed

as fAaccel er at i o mheacoefedatior ampliicationoraisdor baitdingdl are 2.58 and

3.55, respectively. Thaverage drift angle.€., top floor displacement divided by the height) is 1/350
rad., and the structure remained eladtlee vibration periods for the first three modes are 2.96s, 1.00s,
and 0.52s for xdirection, and 3.10s, 0.94s, and 0.47s falirgdion, respectively. Likewise, damping
ratios are 1.7%, 1.8%, and 3.4% fordixection, and 2.1%, 1.6%, and 3.4% fordiyection,
respectively. Prof. Hisada of the University reported damping ratio of 0.01, based on the small
amplitude vibration test whiche conducted before 20{Hlisada, 2011)

Figure 2a shows ydirection pseud@cceleration response spectg of Building 1 (uilding
acceleration spectrumsolid line) and a component at building top flqoomponent acceleration
spectrum broken line)due to the ydirectionacceleratioa recorded at the building base and top floor,
respectively. Damping ratios are set to 2% and 3%, considering responses of building and
nonstructural component such as ceiling (KagalLlb) respectively. Similarly, Figre 2b shows
displacement spectrg of Building 1 puilding displacement spectryraolid line) and a component
(component displacement spectrumoken line), respectivelyhe two vertical axes on two sides of
each fgure are in reference to responsethefBuilding 1 and the component, respectively.

S of Building 1 at the 2nd (0.94s) and 3rd (0.47s) mode periods are large, suggesting possible
higher mode contributions to the accelerations in the building. 8lg@, of components resonant with

the 1st (3.09s) and 2nd (0.94s) modes are extremely high, and their values are 1,600 and 2400 cm/s
respectively. Time history analyses of such components have indicated many cycles of large
accelerations.

On the other handgé of both Building 1 and compent are highly dependent on the buildngst
mode period (3.09s). Note that broken line in Figelséndicates the component may move 400cm, if
it is flexible and resonate with the buildisglst mode.

Figure3a compares acceleration records at top floor and basdinegtion. The earthquake duration

is long, and is considered to be about 200 seconds3#igFor the first 90 seconds of the figure, high
frequency response of the top floor is apparent, arowed by the large number of cycles per unit
time. These are caused by the higbquency ground shaking, as shown by the base accelerations. In
contrast, or the last 110 seconds, low frequency response is dominant. The ground shaking is weak
(Fig. 3a), but its low frequency contenexcitedthe first mode and caused resonaesponse



Figures3b compares the top floor acceleration recorded with that calculated by method 2. The good
agreement suggests that the mode methoeffestive and the first thee modes are adequate in
response daulation for this case.ifure3c compars relative displacement of top floobtainedby

double integration of the record (method 1) with that calculated by method 2. éncsmias the peak
values by the both methatiffer a little, but the displacements agree well overall
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Figure 1. 29-storybuilding (Building 1).
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Figure 2. Responsapecta ofbuilding (solid lines) and component at top floor (broken lineguilding 1.

As is known, the contribution of each vibration mode depends on the type of response as well as the
story level determining participation vector. Sinlbe propeties and responses of each vibration mode
have been obtained, it is possible to discuss such contributions:

Figureda shows thecceleratiorof eachmode at the top floor. As mentioned earlier, it is dominated

by the 2nd, 1st, and 3rd modes in the oafexeight for the first 90 seconds. For the later 110 seconds,
the 1st mode response increases and become dominant, with slight contribution from the 2nd mode.
As Figure5b shows, for the 16th floor the 2nd mode is much more dominant, developing almost the
same acceleration as top floor. As for the displacement at top floo{fyighe 1st mode dominates
throughout the entire duration

3.2Buildings2, 3and 4

Building 2 is a 26story steel building constructed in 1994, and served as a government building. The
accelerometers are instrumented in 1befloor and 1%h floor, respectively As indicated in Table 1,

the peak accelerations in and ydirections wer®1 and § cm/< at the base, andl® and150 cm/<s

at the top floor, espectively Theacceleration amplification raoare 231 and1.75, respectively. The



average drift angle.é., top floor displacement divided by the height)Li§71 rad, and thestructure
remained elasticThe vibration periods for the first three modes &r@8s, 0.68s, and (B8s for
x-direction, andl1.86s, 062s, and (B6s for y-direction, respectively. Likewise, damping ratios are
1.9%, 4.1%, and 3% for x-direction, and.3%, 5.5%, and 3% for y-direction, respectively

300+ .
50 Top acceleration Baseacceleration
§ 0+ rbalabi v“‘icl\_“1“i‘;n‘“1“‘l“‘”‘\1 “ |H‘ulNl“l““lﬂlAAA“lAA'IAlAl'A'; V. N .
8 I‘\ I TUVVVUYYVY VIV VUV VUV VYV
-150+
%00 H|qh Frequene( » Low Frequency t(s)
= T T T T T T T 1
130 150 170 190 210 230 250 270 290 310 330
(a)Acceleratios recordecht top and base
300 — Mode superpositic
150 ‘ Actual Acc.
© 4
\Of’ 0- ahad ol PurTn A A \‘\‘\ ‘H'JH I I\ l Il h |i‘|1 l M7 “ l l‘ ‘ l.rll A"L"‘/A\"w\ A“A‘ AAVA\\A-\/‘ Ao AALA
g ! WA HI,H"””HHH' YUV VEYVYVYYYY VY
<150
1 t(s)
'300 T T T T T T T
130 150 170 190

210 230 250 270 290 310 330
(b) Comparisonacceleration obtained logode superpositions. actualrecordedacceleration

Mode superposition
— Double integral of actual

130 150 170 190 210 230 250 270 290 310 330
(c) Comparisondispt. obtained bymode superpositions. disptfrom double integral ofecorded acceleration

Figure 3. Acceleration records and accuracy of mode superposition method
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Figure 4. Contributions of the first three modes to acceleration and displacement of Building 1

Building 3 is a19-story steebuilding constructed in 199 andalsoserved as a government building
As shownin Table 1, the peak accelerations iaxd ydirections weres6 and69 cm/< at the base,
and D0 and385cm/< at the top floor, espectively Theacceleratioramplification ratie are4.38and



5.58 respectively. The average drift angle i81Brad. The vibration periods for the first three modes
are1.82s, 0.58s, and @B3s for xdirection, andl.95s, 066s, and (40s for y-direction, respectively.
Likewise, danping ratios are8.0%, 3.0%, and5.0% for x-direction, and2.4%, 3.1%, and 37% for
y-direction, respectively.

For all the buildingsexamined their acelerationsaand displacements are obtained from superposition

up to the 3rd mode, and accuracies are confirmed as in to be even better than those Blgumesin

3b. Such responses at top floor are shown by black linésgares5 and 6 for buildings 2 and 3,
respetively. In these three buildings, the acceleration (FBgmd6) is dominated byhe 2hdand 3d

modes for about 100 seconds, and by the 1st mode for later 200 seconds. Whereas, the displacement
(Figs.5 and6) is dominated by the 1st mode throughthwt shaking.

To improve the seismic performance of such kind of seismicaflistant buildings, retrofitting of
structures by adding damping devices has been widely Uibed,the responses are compared with
those ofhigher but possible damping ratio regenting a hypothetical case of using the dampers. The
modal period is unchanged, assuming small stiffness of the damper. The lstntodrdamping
ratios areuniformly set ta5% (8% for building 4)and superposition is repeatddhe results are shown

by redlines in Figure$ and6 for buildings 2 and3, respectively.
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Figure 6. Response ofilding 3 with different dampingatios (y-dir.)
3.3Summary of response of seismicabigistant buildings

In all thethreebuildings, their responses are considerdaiger (black lines) than those withigh
damping fedline). The peak accelerations and displacements are ald@and1.20 timesthose of

the high damping case. Moreover, betwesignificant ground shakings, the responset high
damping caseslecay much faster, and number of large cycles is reduced considerably. These help
reducing damage and fatigue of structural andstauctural component as well as fear or discomfort

of the occupants.nl order to quantify such an effect, root mean squar¢hefacceleration and
displacement at top are calculated, and their values appear to bd.@band1.37timesthose with

high damping, respectively.



Table lindicates very highacceleratioramplification ratiosfor taller buildings, in contrast tihe low
spectral acceleratiorier the long vibration period. This is due to contribution of higher modes, and, in
case of seismicesistant buildings, the damping ratissmuch smalllarge accelationresponsevas
observed in such kind of tall building8s a matter of fact, in structural design of buildings, design
criteria for displacements are usually set, but that for accelerations have rarely been explicitly stated
to-date. In spite, it haeen recognized that the excessive acceleration can cause large economic loss
due to the damage on the mstnuctural components and facilities. Obviously, the effect of
acceleration amplification in structure should be taken in structural design moresberi

4. DISCUSSIONS
4.1. Effect of longperiod earthquake

The soil base ofTokyo plains iscomposedf soft sedimentary layergndthe specific longperiod
componerg of earthquakewave may be amplified byhesesoft layers, and subsequently cause
undesirableéesonance of longeriodstructures such dall buildings and basisolated buildings.
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The supposed velocity spectrumtb long-period earthquakat damping ratio of 5%s 80to 120
cm/s, 3 to 4times tha recorded inTokyo during the2011GreatEast Japan Earthquakihe Japanese
government istriving to find social and technical solutions to the long pesartdhquakes

The accurately time history analyses superposing the modal respongiizzzd here for examining
the effects of the long period earthquake. A wi@ibwn EW-direction grourd motion recorded in
Tomakomaiduring the2003 TokachiokEarthquakés used (Figurd).

From Figure8a where damping ratio is 2%he S,, exceeds the PGA (72@m/<) in a wide period
rangeup to 9s suggeshg significant higher mode contributiots the building acceleratisnThe S
on the other hand shows mostly the 1st mode contribution to the building displacement.

These are in conformity with the peak responses summarized in Table 2: In case of Building 1 having
low damping, highaccelerationamplification ratio of 3.65 isobtained and acceleration history
contains multiple mode contributions. Compared with the values from the 2011 Great East Japan
Earthquake, the average drift angle is 1/212 and 1.65 times, although PGA is smaller amde8.82 t

Figure 9 shows the contribution of first three modes to the acceleration and displacement of top story
of Building 1.
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Figure 9. Contributions of the first three modes to acceleration and displacement of Bdilding

(a) Modal contribution to acceleration (unit: cm/s/s)

(b) Modal contribution talisplacementunit: cm)
Figure 10. Contributions of the first three modes to acceleration and displacement of Bilding

(a) Modal contribution tdop acceleration (unit: cm/s/s)

(b) Modal contribution tdop displacementunit: cm)
Figure 11. Contributions of the first three modesacceleration and displacementafilding 3

Significant responses ar&so found from other wo buildings. Figure 10 and Figure 1 show the
modal contribution to top acceleration and displacement for building 2 and building 3, respectively.
Based on these, it isnportantto realize the possible large accelerations during the long period
earthquake due to excitation of multiple modes, in addition to commonly concerned large
displacement due to the 1st mode excitatioraddition, the long p®d earthquakdnas longduration

which causes long vibration of structurgSonventional seismicallyesistantbuildings has low
dampingratios the decay oftructuralvibration takes much long timén such cases, the fatigue of
structuralmembersecane serious and should be pay much attention.



