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1 INTRODUCTION 

At 14:46 on March 11, 2011, the East Japan Earth-
quake of magnitude 9.0 occurred off the Sanriku 
coast of Japan.  The East Japan Earthquake exem-
plifies how effective seismic protection technologies 
are at preventing earthquake damage, such as seis-
mic base isolation and supplemental damping, have 
been increasingly used in Japan since the 1995 Great 
Hanshin Earthquake, with a hope to better protect 
not only human lives but also building functionality 
and assets. 

In Kanto area where moderate shaking occurred, 
the responses of low- to mid-rise base-isolated build-
ings were similar to those observed in the past earth-
quakes. On the other hand, high-rise base-isolated 
buildings have shown for the first time the special vi-
bration characteristics which had been expected but 
not observed until the 2011 East Japan Earthquake.  
Thus, this paper will focus on a high-rise base-isolated 
building to discuss such characteristics. 

2 BASE-ISOLATED TALL BUILDING AND 
MONITORING SYSTEM 

2.1 Seismically Isolated Tall Building 

Figure 1 illustrates the elevation of the 20-story 
seismically isolated building, and it is called as “J2-
building”. Example Building is an office building of 
Tokyo Institute of Technology located in Yokohama, 
Kanagawa Prefecture (Kikuchi et al. 2005). Figure 2 
shows the plan of the isolation floor of Example 
Building. The foundation and 1st floor of this build-
ing are RC structure. The other floors are hybrid 
with steel beams and CFT columns. 

In the isolated floor of this building, several types of 
dampers are installed. The 1,200 rubber bearings 
with conical spring (Figure 3a) are installed in the 
position (a) as shown in Figure 2. In the position (b), 
the steel dampers (Figure 3b) are attached, and the 

 rubber bearing with the steel dampers 
(Figure 3c & 3d) are installed in the position (c) and 
(d), respectively. In the position E, the 1,000kN oil 
dampers (Figure 3 (e)) are installed. 

So called Mega-Braces (□ - 500mm x 160mm x 
19 to 32mm) are installed on the both sides of 
building because the horizontal stiffness is neces-
sary to maintain the seismic isolation effects.  Be-
cause this building is very slender shape with the 
height of 91m and aspect-ratio of 5, tensile force in 
the rubber bearing becomes a critical design prob-
lem. If this tall seismic isolated building suffers a 
major earthquake, the large up-lift forces may de-
velop at the multi-layer rubber bearings due to the 
tensile force cause by the large overturning mo-
ment. To avoid the large tensile forces, the bearings 
are enabled to do up-lift in this isolated system 
(Figure 3 a). 

2.2 Monitoring System 

Figure 4 shows the monitoring system. In this long-
term monitoring system, the accelerometers are 
placed on the ground surface, 1st, 2nd, 7th, 14th, 
20th floor. This instrument is broad, thus the time 
history of displacement can be computed by numeri-
cal integration. The displacement transducers are in-
stalled to measure the displacement of the isolation 
devices. To measure the large and/or small inter-
story displacement in the isolated story level be-
tween 1st and 2nd floors, a trace recorder is used in 
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combination with the other measurement devices 
(see Figure 5). The trace recorder is fixed to the steel 
beam at the bottom of the superstructure while the 
stainless steel board, on which the behavior of the 
isolated story is drawn, is fixed to the concrete slab 
at the top of the substructure. The strain gages are 
installed at the columns and the Mega-Braces. Oil 

damper force and deformation are measured. To 
measure the up-lift of the isolator as shown in Figure 
4(a), the displacement transducers and the video 
camera are placed. 

Output voltage of accelerometers, displacement 
transducers and strain gages are A/D converted by 
data loggers installed at each floor, transmitted to da-

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Rubber Bearing and Damper (unit: mm) 
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Figure 4  Monitoring System 
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ta servers through a LAN, and recorded continuous-
ly. The clock on data server is set using a GPS signal 
data on each data logger via the LAN. 

3 RECORDED DATA 

The time history of the recorded acceleration at the 
ground and 20th floor are shown in Figure 6. Peak 
ground accelerations were 51.4 gal and 67.1 gal in 
the X- and Y-direction.  Peak accelerations at the 
20th floor were 87.7 gal and 116.6 gal in the X- and 
Y-direction. The acceleration magnification ratios 
(AMR) are 1.7, and they are slightly high. The rea-

son is that the input earthquake motion was lower 
than the design level.  The pseudo-acceleration 
spectra for the recorded acceleration at the site is 
shown in Figure 7. 

Figure 8 showsw the comparison of the isolated 
story drift obtained from trace recorders as shown in 
Figure 5 and from wire type displacement sensors.  
As shown in Figure 8, these are almost identical, it is 
consequently indicate that these measurement devic-
es are accurate.  As shown in Figure 8, the isolator 
devices are deformed 69mm and 91mm to X- and Y-
direction, and the torsional behavior of isolator level 
is small since the two results of SW and NE posi-
tions are almost same. 

 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 

 

Figure 8. Trace recorder (black lines) vs. wire type displacement sensors (red lines). 
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Figure 7. Response spectra for base motions in X and Y directions 
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4 SYSTEM IDENTIFICATION AND 
INTERPRETATIONS BY MODAL ANALYSIS 

In order to estimate the high-rise building particular-
ly, the two cases, whole structure and superstructure, 
listed in Table 2 will be discussed in this section. 
Due to a space constraint, the output of only 20th 
floor will be indicated in Figures 9 to 11. 

4.1 System Identification 

Natural frequencies, damping ratios and modal par-
ticipation vectors are computed by curve-fitting the 
idealized transfer function assuming steady-state re-
sponse to the empirical transfer function estimated 
from acceleration data. The amplitude of the empiri-
cal transfer function is ratio of Fourier spectrum am-
plitude spectra at the top and base (or 2nd floor) of 

the building. Moreover, the phase angle of the em-
pirical transfer function is the ratio between real and 
imaginary parts of the Fourier spectra. Example of 
transfer function amplitude and phase angle, along 
with the fitted idealized curve, is shown below in 
Figure 9. 1st mode vibration periods and damping 
ratio of are estimated as listed in table 3 

4.2 Modal Analysis 

Dynamic analysis by modal superposition was con-
ducted using the first three estimated modal frequen-
cies, damping ratios and modal participation vectors.  
A comparison of top-level displacement and acceler-
ation from modal analysis and recorded response in 
both base-isolated case and seismic resistant case are 
shown in Figure 10, respectively. The displacement 
was obtained from the acceleration record by double 

 
 
 
 
 
 
 
 
 

 

 
 
 
 
 

 

Table 2. 1st mode vibration periods and damping ratio 

Period (s) Damping ratio Period (s) Damping ratio

Base-isolated case (total building) 2.92 0.070 2.98 0.105

Seismic resitant case (only superstracture) 2.01 0.021 2.15 0.046

X-direction Y-direction

Table 1. Acceleration records used as input and output for transfer function, and dynamic properties identified 

Case 1 Case 2

 Input Accelerations  Records from 1st floor (ground), below isolator  Records from 2nd floor, above isolator

 Output Accelerations  Records from 2nd, 7th, 14th and 20th floors  Records from 7th, 14th and 20th floors

 Obtained Dynamic Properties  Whole building (including isolation system)  Superstructure only

* Dynamic properties mean vibration periods, damping ratios and participation vectors from the 1st mode to 3rd mode 

* 

Figure 9. Example of transfer function and curve-fitting in X-direction 
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integration together with hi-pass filtering in frequen-
cy domain. The cut-off frequency is typically 0.05 
Hz. The modal analysis results are reasonably close 
to those observed in the earthquake, validating the 
results of the system identification method and 
measurement system. 

4.3 Effect of Base-Isolation System 

The case that there is no base-isolation system in this 
building is discussed.  Assuming the base-isolator as 
rigid, the superstructure model obtained from Section 5.1 
is subjected to the acceleration record of base level. 

Comparison of base-isolated case and seismic-
resistant case is shown in figure 11. Although the 
difference of displacement between the seismic-
resistant case and the base-isolated case is not so 
large, the acceleration of the seismic-resistant case is 
twice as much as that of the base-isolated case.  
Therefore the base-isolation system has functioned 
effectively. 

5 NONLINEAR BEHAVIOR DUE TO STEEL 
DAMPER YIELDING 

Using acceleration data and the estimated inertial 
mass of the structure, hysteretic response of the iso-
lation level was also computed, as shown in Figure 
12. The absolute accelerations of each floor were es-
timated by the acceleration records of 2F, 7F, 14F, 
20F and linear interpolation. The relative displace-
ments above and below the isolation plane were es-
timated by the difference of absolute displacement 
which is computed by double integration of the ac-
celeration records. The hysteresis is shown for three 
distinct phases of excitation, clearly showing the lin-
ear and bilinear nature of the response caused by the 
steel damper. The envelope curves are in excellent 
agreement with the design curves, therefore the steel 
damper has functioned as previously supposed. Alt-
hough the linear stiffness before large deformation is 
same as design curve of steel damper (see Figures 
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12a & 12d), the linear stiffness after large defor-
mation declines slightly (see Figures 12c & 12f). 

Figure 13a shows the relative displacement above 
and below the isolation plane, and Figures 13b & 
13c show the results of the autoregressive with ex-
ogenous inputs (ARX) method (Isermann & Münch-
hof 2011) using the accelerations of the ground and 
20th floor. The dynamic properties vary over time, 
depending on the level of displacement in Figure 
13a. Therefore larger isolation effect could be ex-
pected against the larger earthquake motion. During 
the maximum displacement excursions, between 80 
and 110 seconds, the building frequencies including 
isolation are declining. The estimated first mode 
damping ratio also shows significant variation over 
the duration, and appears to be between 0.07 and 
0.15 during significant shaking. These changes of 
the dynamic properties during shaking are due to the 

bilinear characteristics of the isolation system. The 
frequencies obtained from ARX are lower than the 
values obtained from curve fitting (Section 5.1).  
The reason is that whole data is used in the case of 
curve fitting, but divided data is used in the case of 
ARX. 

The vibration periods and damping ratios are estimat-
ed by the curve fitting method in 5 times, (a) micro-
tremor measurement, (b) March 9 earthquake, (c) March 
11 East Japan Earthquake, (d) March 11 afterquake and 
(e) microtremor measurement. Earthquake motions (b) 
and (d) are almost half level of Earthquake motion (c) 
and the results are shown in Figure 14. The larger earth-
quake motions become, the more base-isolation effect 
become, high damping and long period.  Therefore 
larger isolation effect could be expected against the larg-
er earthquake motion.  

6 CONCLUSION 

Dynamic properties of a high-rise base-isolated build-
ing were discussed by using records which were ob-
tained on March 11, 2011. Major findings are: 
 In the two cases (total structure and only super-

structure), natural frequencies, damping ratios and 
modal participation vectors were estimated by 
curve-fitting of transfer function. Moreover the 
accuracy of the estimated values was confirmed 
by comparison between recorded data and dynam-
ic analysis of modal superposition.  

 It was confirmed that the base-isolation system 
has functioned effectively. In particular, the isola-
tion system was supposed to reduce acceleration 
response by half.  

 The steel dampers are mainly used in isolation 
floor as energy dissipation device, therefore the 
hysteresis of isolation floor clearly showed the bi-
linear nature of the response. Larger isolation ef-
fect could be expected against the larger earth-
quake motion. 
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Figure 13. Variation of dynamic properties 
(a) isolation system displacements, (b) first mode 
natural frequencies and (c) first mode damping ratios  
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