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Structural Health Monitoring (SHM) of a Base-Isolated High-Rise Building  

PartⅠ: System Identification (SI) Result of 2011 Tohoku Earthquake 

構造－振動 正会員 ○ 黄 鈺紫
＊１

正会員 佐藤 大樹
＊２

〃 陳 引力＊
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1. Introduction 
In these years, the application of structural health monitoring 
(SHM) has been growing at a high speed all around the world 
and played a critical role whether a structure is under 
construction, in service, or facing nature disaster like 
earthquakes or Tsunamis. In Japan, an earthquake prone country, 
SHM has been utilized since 1950s, and more than 850 
buildings have been installed SHM systems since 2021 [1].  
Besides, since Yachiyo-dai-house, the first seismic isolated 
building in Japan, was constructed in 1982, the number of 
seismic isolated buildings is gradually increasing in Japan, 
especially for high-rise buildings [2]. However, the research on 
SHM of seismic isolated buildings has limitation in the case of 
strong ground motion.  

In 2005, there was a base-isolated high-rise building, called 
J2 building, constructed in Institute of Science Tokyo. After the 
2011 Tohoku earthquake, an Mw 9.0 major earthquake, research 
has shown the estimation of the mode parameters of J2 building 
in the cases of the entire building and superstructure by system 
identification (SI) [3]. However, the behavior of isolation layer 
when encountering major earthquakes has rarely been analyzed. 
In this study, SI is conducted to isolation layer individually to 
discuss its effect during the 2011 Tohoku earthquake. 
 
2. Monitoring system in J2 building 
J2 building [4], a 20-floor base-isolated building with a height of 
91.4m, has been constructed in Institute of Science Tokyo (the 
former Tokyo Institute of Technology), Suzukakedai Campus in 
2005 (the left building in Fig.1). Besides, another building, J3 
building (the right building in Fig.1), was built in 2012 and then 
connected to J2 building. In order to focus on the dynamic 
behavior of J2 building only, the monitoring records before the 
year 2012 are used in this paper. 
  In J2 building, the isolation layer is located between the 1st 
and the 2nd floors, the foundation and the 1st floor are 

constructed in reinforced concrete structure, while the other 
floors are hybrid with steel beams and concrete filled steel tube 
(CFT) columns. Fig.2 illustrates the elevations of J2 building 
from two different sides. Besides, Mega-Braces ( -  

 

 
Fig.1 Photo of J2-3 building 

(Left: J2 building; Right: J3 building) 

  
(a) East view (b) West view 

Fig.2 Elevation of J2 building 
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が大きく負側に振れており、2 次、4 次モードに関しては
両者とも応答は同程度である。また、剛体回転∆= 𝐻𝐻𝐻𝐻の応
答の最大値は互いに同程度である。浮き上がり時間は、高

さ比 0が𝜏𝜏 = 4.48、高さ比 0.5が𝜏𝜏 = 3.67である。ベースシ
ア係数については、剛体モードである 1次モードは両者と
も 0である。高さ比が 0の場合は 2次、4次モード、高さ
比が 0.5の場合は 2次、3次、4次モードの応答が大きい。 
 図 7 は図 6 の時刻歴を基に、横軸に頂部水平変位、縦
軸にベースシア係数を取ったものである。高さ比が 0.5の
場合の方が頂部水平変位とベースシア係数の変化の幅が

大きく複雑な曲線を描いている。 
 

図 7 荷重変形関係 
 
3.5 塔状比とベースシア係数 

図 8に塔状比が 2,3,4,6の場合について、ベースシア係
数の最大応答を実線で、最小応答を点線で示す。図(a)は高
さ比が 0 の場合で文献 1)に示した結果と同じであり、図
(b)は高さ比が 0.5の場合である。横軸は基部固定の最大ベ
ースシア係数𝐶𝐶𝐵𝐵𝐵𝐵、縦軸は浮き許容の最大・最小のベース
シア係数である。高さ比が 0の場合は、塔状比が大きいほ
ど基部固定と比べたときの低減は大きい。また、𝐶𝐶𝐵𝐵𝐵𝐵の値
が大きくなるにつれ、最大値は単調に増加するが、基部固

定と比べて大きく低減している。高さ比が 0.5の場合は 0
の場合と比較して最大応答が大きく、塔状比とベースシア

係数の低減度合いに規則的な関係は見られない。塔状比が 

図 8 ベースシア係数 

 

2の場合は、𝐶𝐶𝐵𝐵𝐵𝐵の値が大きくなると基部固定と比べ、低減
が大きくなる。しかし、それ以外の塔状比では𝐶𝐶𝐵𝐵𝐵𝐵の値に
よっては、基部固定の応答を上回る。特に塔状比が 3と 4
の場合は基部固定の応答を上回る𝐶𝐶𝐵𝐵𝐵𝐵の範囲が広い。高さ
比を 0.5とした立面混構造は浮き上がりによる応答低減を
期待しにくく、場合によっては基部固定よりも応答が増幅

するような塔状比と振動の強さがあることが分かる。一方、

最小応答については、𝐶𝐶𝐵𝐵𝐵𝐵が大きくなると両者とも負側に
振れる。つまり、浮き上がりとは反対の向きにベースシア

が生じる。 
4. まとめ 

 本稿では、高さ方向に異なる 2種類の構造種別を組み合
わせた立面混構造をせん断棒で模擬した上で、理論式を導

出し、負荷低減効果を検討した。接地状態の 1次モードの
みで振動している状態から浮き状態へ移行し、着地するま

での最初の浮き上がりの半サイクルに着目した。結論を要

約すると次のようになる。 
(1) 単位質量当たりのエネルギの速度換算値𝑉𝑉 = 0.5m/s
とした場合、構造種別が切り換わる高さの全体高さに

対する比(高さ比)𝐻𝐻𝑙𝑙/𝐻𝐻 =0.3~0.6 では浮き上がりによ
りベースシア係数がむしろ増加する。一方、𝑉𝑉 = 1.0m/
sとした場合は、浮き上がりにより低減するものの、前
述の高さ比の範囲では低減は小さい。 

(2) 高さ比によって層せん断力係数の高さ方向の分布形
状は大きく変わる。 

(3) 高さ比が 0、0.5の時刻歴応答については、頂部水平変
位、剛体回転成分は 1次モードが卓越する。高さ比が
0.5 の場合は、0 の場合と比較して頂部水平変位およ
びベースシア係数において高次モードの応答が大き

い。 
(4) 高さ比が 0.5の場合は、基部固定に対するベースシア
係数の低減度合いと塔状比の大小に規則的な関係は

見られず、塔状比が 3、4、6の場合は振動の強さ（𝐶𝐶𝐵𝐵𝐵𝐵
の値）によってはベースシア係数がむしろ増大する。

これは、塔状比の増加に伴い低減が大きくなる均一(高
さ比が 0)の場合 1)と対照的である。 
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500mm×160mm×19 to 32mm) are equipped on both sides of 
J2 building (see Fig.2(b)), to enhance the horizontal stiffness 
of the superstructure.    
  On the isolation layer, several types of dampers are 
installed. In Fig.3, position A are the 1200 mm rubber 
bearings with conical spring, position B are steel dampers, 
two different shapes of 1100 mm rubber bearings with steel 
dampers are in position C and D, while the 1000 kN oil 
dampers are installed in position E. 
 

 
Fig.3 Layout of the isolation layer 

 

 
Fig.4 Locations of accelerometers 

 
  What’s more, a long-term dense SHM system has been 
installed in J2 building on the 1st, 2nd, 7th, 14th, 20th floors and 
isolation layer, and the locations of accelerometers are shown 

in Fig.4. The arrows in the figure indicate the respective 
directions in which acceleration data are recorded. For 
instance, the accelerator denoted by a red dot on the 1st floor 
captures accelerations in the X, Y, and Z directions through 
channel numbers F000, F001, and F002, respectively. 

 
3. Monitoring results of 2011 Tohoku earthquake 
The 2011 Tohoku earthquake, also known as Great east Japan 
earthquake, has been considered as the strongest earthquake 
ever recorded in Japan. The Mw 9.0 mainshock occurred on 
March 11, 2011, at 14:46 JST in the Pacific Ocean, 72 km east 
of the Oshika Peninsula of Tohoku region, Japan. About 20 
minutes after the mainshock, the Pacific coast in the north-
eastern of Japan was inundated by a tsunami up to 40.5 m 
height.  
  J2 building is located on the south-west of the epicenter of 
2011 Tohoku earthquake, with a linear distance of 404.16 km, 
as shown in Fig.5. Based on the response data recorded by the 
accelerometers with channel numbers F080 and F081 during 
this seismic event, the absolute peak top floor acceleration 
(PTA) in the X and Y directions are 88.58 cm/s² and 115.44 
cm/s², respectively. Similarly, the absolute peak ground 
acceleration (PGA) in the X and Y directions, obtained from 
accelerometers with channel numbers F000 and F001, were 
50.15 cm/s² and 67.26 cm/s², respectively. Besides, the 
acceleration time histories at various positions and directions 
throughout the building are presented in Fig.6. Additionally, 
the velocity and displacement time history would be 
calculated from the acceleration time history. As a result, the 
maximum acceleration and displacement responses of 
different floors can be summarized as Fig.7, offering an 
insight into the overall seismic performance of J2 building. 
 

 
Fig.5 The location of J2 building and the epicenter of 

Tohoku earthquake 
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(a) Top floor 

   
(b) Ground 

Fig.6 Acceleration time history during 2011 Tohoku 
earthquake 

 

    

Fig.7 The maximum responses of 2011 Tohoku earthquake 

 
4. System Identification (SI) 
By utilizing the response data of J2 building during 2011 
Tohoku earthquake, we conduct SI to analyze the dynamic 
characteristics of a base-isolated high-rise building during a 
major earthquake. Specifically, the natural frequency and 
damping ratio are estimated from transfer function, which 
serves as a fundamental concept determining the relationship 
of input and output of a system. In this paper, transfer function 
is calculated by the following equations. 
 

               |𝐻𝐻(𝑓𝑓)| = |𝐹𝐹out(𝑓𝑓)
𝐹𝐹in(𝑓𝑓) |  

 
𝜃𝜃 = 𝜙𝜙out − 𝜙𝜙in 

 
where 𝑓𝑓 is the frequency, |𝐻𝐻(𝑓𝑓)| is the amplitude transfer 
function, 𝜃𝜃 is the phase transfer function, Fin(𝑓𝑓) and 𝜙𝜙in are 
the Fourier spectrum of the input data and its phase angle, and 
Fout(𝑓𝑓) and 𝜙𝜙out are the Fourier spectrum of the output data 

and its phase angle. 
  In this paper, three scenarios are considered when choosing 
different input and output floors. The case of the entire 
building means that the input floor is the isolation layer 
(named as MF), and the output floor is the top floor. The case 
of superstructure utilized the input data from the 2nd floor and 
output data from the top floor. What’s more, the case of 
isolation layer is to consider the input data from MF and 
output data from the 2nd floor. The calculation principles of 
these three scenarios are shown in Fig.8. 
 

 
Fig.8 Calculation principles of transfer function 

 
  After calculating the transfer function, the result is 
conducted curve fitting by the following equations to obtain 
the natural frequency and damping ratio. 
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where 𝐻𝐻′ is the transfer function calculated by curve fitting, 
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500mm×160mm×19 to 32mm) are equipped on both sides of 
J2 building (see Fig.2(b)), to enhance the horizontal stiffness 
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two different shapes of 1100 mm rubber bearings with steel 
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and the curve fitting results of the three scenarios in X 
direction are shown in Fig.9. 
 

    Calculated amplitude          Calculated phase   
    Curve-fit amplitude        Curve-fit phase 

 

(a) The entire building 

 

(b) Superstructure 

 

(c) Isolation layer 
Fig.9 Transfer function during the 2011 Tohoku earthquake 

in X direction 
 
  By conducting SI for J2 building, with the comparisons 
among the entire building, superstructure, and isolation layer 
presented in Fig.10. 
 

  

     (a) Natural frequency         (b) Damping ratio 
 Fig.10 The SI results of J2 building 

 
  As shown in Fig.10(a), the natural frequencies in the first 
three modes for the entire building and isolation layer are  

almost the same and lower than those of the superstructure. 
However, in Fig.10(b), the damping ratio does not exhibit any 
discernible trend across within the first three modes. 
 
5. Conclusion 
This paper provides an overview of J2 building, a base-
isolated high-rise building located in Institute of Science 
Tokyo, detailing the structure of its isolation layer, and the 
long-term structural health monitoring (SHM) system. Using 
the response acceleration recorded during the 2011 Tohoku 
earthquake, system identification (SI) was performed to 
determine the natural frequency and damping ratio of this 
building in three scenarios, which are the entire building, the 
superstructure, and the isolation layer. 
  The SI results show that the natural frequency of the entire 
building is nearly identical to that of the isolation layer and 
significantly lower than that of the superstructure, but the 
damping ratio of each case doesn’t exhibit a specific 
relationship with the others.  
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