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Abstract 
The seismic isolation mechanism of the core-suspended isolation (CSI) system comprises a double layer of inclined 
rubber bearings installed on top of a reinforced core structure. A multi-level structure is then suspended from a hat truss 
or umbrella girder constructed on the seismic isolation mechanism. The first building to use the CSI system was the 
Safety and Security Center in Tokyo, Japan, whose structural health monitoring system has detected and recorded 231 
earthquake motions since 2006, including the 2011 Tohoku Pacific Earthquake (2011-TPE). The present study 
estimates the dynamic characteristics of this CSI-equipped building in earthquakes, and the effects of the CSI system 
are revealed via the observed earthquake records. The temporal changes of the fundamental period and damping factor 
are estimated from the 2011-TPE; the fundamental period increases with the deformation of the isolation level, whereas 
the fundamental damping factor is only related weakly to that deformation. The 231 observed earthquake records reveal 
that the CSI system performs seismic isolation by reducing the response acceleration of the suspended structure by 
roughly a half for peak ground accelerations exceeding 30 cm/s2. Daily microtremor observations are used to diagnose 
earthquake damage; the fundamental frequencies in each direction remain almost constant and were not changed by the 
2011-TPE. 
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1. Introduction
The core-suspended isolation (CSI) system has been developed as an utterly new type of seismic isolation 
(SI) system [1, 2]. Unlike a conventional SI system, the isolation level of the CSI system is located at the top 
of the structure. The CSI system comprises a reinforced concrete core on top of which is installed an SI 
mechanism comprising a double layer of inclined rubber bearings to create a pendulum isolation mechanism. 
A multi-level structure is then suspended from a hat truss or umbrella girder constructed on the SI 
mechanism. The first CSI-equipped building was the Safety and Security Center in Tokyo, Japan (Fig. 1). 

The seismic response of a building can be observed by means of various vibrometers, and the dynamic 
characteristics of the structure can be evaluated through system identification techniques [3-18]. Structural 
health monitoring (SHM) is a technology for examining structures physically by using installed sensors and a 
data acquisition/transmission system [19-21]. SHM can examine the physical condition of a structure under 
normal conditions and then diagnose any damage or changes due to an earthquake. SHM is quite useful for 
determining whether an affected structure can be used as it is, or how serious the damage is immediately 
after an earthquake. In addition, SHM can show how earthquake-proof performance is achieved by 
monitoring the physical status of the structure directly. The effects of SI systems have been recognized 
widely through the SHM of SI buildings, and the dynamic characteristics (e.g., fundamental frequency, 
damping factor) of SI buildings have been evaluated by means of SHM [22-24]. 

The SHM system of this first CSI building (hereinafter referred to simply as the CSI building) has 
detected and recorded 231 earthquake motions since 2006, including the 2011 Tohoku Pacific Earthquake 
(2011-TPE). The SHM system has also been collecting a 2-min microtremor trace at midnight each day. In 
the present study, the dynamic characteristics of the CSI building in earthquakes are estimated, and the 
effects of the CSI system are revealed via the observed earthquake records. Earthquake damage is diagnosed 
based on changes in the normal dynamic characteristics as revealed by the daily microtremor observations. 
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2. Building equipped with core-suspended isolation
The present CSI building is shown in Fig. 1 and the design details are given in Table 1. The building’s SI 
mechanism comprises two layers each of four inclined rubber bearings installed at the top of a reinforced 
concrete core, from which three floors of office structure are suspended by high-strength steel rods [1, 2]. 

Fluid dampers as shown in Fig. 2 are installed between the core shaft and the suspended office 
structure at the second floor and rooftop levels. These dampers use a safety locking mechanism that is 
normally locked to brace the office structure against wind loads but that is released automatically in the event 
of an earthquake when the ground motion exceeds a threshold value. The latter is set as 5 cm/s2 and 8 cm/s2 
RMS over 1 s in the horizontal and vertical directions, respectively. 

(a) Photograph (left) and perspective drawing (right) of first CSI-equipped building

(b) Pendulum seismic isolation (SI) mechanism comprising two layers each of four inclined rubber bearings

Fig. 1 – First CSI building: the Safety and Security Center [2] 
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Maximum 
force 
[kN] 

Limiting 
speed 
[m/s] 

Lmin 
[mm] 

Lmax 
[mm] 

Stroke 
[mm] 

Damping 
coefficient 
[kN s/m] 

Lock 
force 
[kN] 

50 1.0 1480 2200 720 50 50 

Fig. 2 – Fluid damper with safety locking mechanism [2] 

Table 1 – Details of Safety and Security Center [2, 22] 

Floor area Total: 213.65 m2; first floor: 9.05 m2; second-to-fourth floors: 66.15 m2; 
penthouse: 6.15 m2 

Height Total: 18.75 m; first floor: 4.15 m; second-to-fourth floors: 3.0 m 

Core shaft Reinforced concrete wall; 200-mm thick; 400-mm clearance joint 

Suspended 
structure Total weight: 180 ton; steel rod column 42-mm diameter 

Rubber bearings 

Two layers each of four inclined rubber bearings 

Diameter: 300 mm; inner steel shims: 1.2 mm × 45; rubber layers: 2.1 mm × 46; 

S1 = 35.7; S2 = 3.11; G = 0.29 MPa; horizontal stiffness = 215 kN/m 

Allowable horizontal deformation: 155 mm 

Tilt angles Lower layer: φ1 = 9.9°; upper layer: φ2 = 6.6° 

Fluid dampers Two dampers at second floor and four at rooftop level in X and Y directions 

First-mode 
periods 5.08 s in X direction; 5.14 s in Y direction (design values) 

3. Structural Health Monitoring in CSI Building
An SHM system was implemented in the CSI building to detect the seismic performance [20]. Fig. 3 shows 
the sensor arrangements (seven accelerometers, two displacement meters, and one wind anemometer), and a 
block diagram of the SHM system in the building. This system detects and records seismic vibrations when 
the observed acceleration of any accelerometer in any direction exceeds 3 cm/s2 RMS for more than 1 s. 
When the control system receives the observed data from the sensors, the information display indicates an 
earthquake occurrence, and the fluid dampers are unlocked if the ground motion exceeds the threshold value. 
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Fig. 3 – Structural health monitoring (SHM) system installed in CSI building [20] 
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4. Response of CSI Building to 2011 Tohoku Pacific Earthquake 
4.1 Effects of 2011 Tohoku Pacific Earthquake on CSI System 
The maximum acceleration responses of the Safety and Security Center when subjected to the 2011-TPE are 
shown in Fig. 4. Although the acceleration responses were amplified at the top of the core structure, the CSI 
system reduced them: compared to those on the ground, the maximum accelerations on the floors in the hung 
structure were reduced to about half in the X direction and to about one third in the Y direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 – Maximum responses of CSI building [22] 

 
4.2 Dynamic Characteristics of CSI System from 2011 Tohoku Pacific Earthquake 
The dynamic characteristics of the building, namely the fundamental natural period and damping, were 
estimated from the 2011-TPE. An auto-regressive exogenous input (ARX) model [7, 11, 12, 16, 17] was 
applied to the observed acceleration waves by assigning the wave on the ground level as the input and the 
two waves on the office rooftop and on the office second floor as two outputs in each horizontal direction. 

Fig. 5 and Fig. 6 show how the dynamic characteristics of the building vary in the X and Y directions, 
respectively. Fig. 5(a) and Fig. 6(a) show the deformation wave of the isolation level in each horizontal 
direction, Dx or Dy, which was obtained from the difference between the double-integrated acceleration wave 
of the upper isolator and that of the top of core. The locking mechanism of the fluid damper (Fig. 2) was 
released automatically at the time of 45.17 s.  

Fig. 5(b) and (c) show the temporal changes of the estimated fundamental period T1x and damping 
factor h1x, respectively, in the X direction for every 10-s duration. Fig. 5(d) and (e) show the relationship 
between Dx and T1x and that between Dx and h1x, respectively. In the same way, Fig. 6(b) and (c) show the 
temporal changes of the estimated fundamental period T1y and damping factor h1y, respectively, in the Y 
direction for every 10-s duration, and Fig. 6(d) and (e) show the relationship between Dy and T1y and that 
between Dy and h1y, respectively.  

The overall values of T1x, T1y, h1x, and h1y evaluated from the total observed records are presented in 
Fig. 5(b) and (c) and Fig. 6(b) and (c). Fig. 5(d) and Fig. 6(d) indicate that T1x and T1y increase with Dx and 
Dy, respectively, while h1x and h1y vary widely and are related only weakly to Dx and Dy as indicated in Fig. 
5(e) and Fig. 6(e). 
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Fig. 5 – Variations of dynamic characteristics of CSI building in X direction 
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(a) Calculated deformation waves of the isolation level in X-dir. 
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(b) Estimated fundamental period in X-dir. for every 10-s duration
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(c) Estimated fundamental damping factor in X-dir. for every 10-s duration

2g-0017 The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 2g-0017 -



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan - September 13th to 18th 2020 

7 

Fig. 6 – Variations of dynamic characteristics of CSI building in Y direction 
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(a) Calculated deformation waves of the isolation level in Y-dir.

0.0

1.0

2.0

3.0

0 1 2 3 4 5 6

F
u
n
d
am

en
ta

l 
p
er

io
d
 i

n
 Y

-d
ir

.

Deformation of the isolation level in Y-dir. (cm)

(s)

(d) Relationship between deformation of
the isolation level and fundamental period in Y-dir.

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6

F
u
n
d
am

en
ta

l 
d
am

p
in

g
 f

ac
to

r 
in

 Y
-d

ir
.

Deformation of the isolation level in Y-dir. (cm)

(%)

(e) Relationship between deformation of the isolation
level and fundamental damping factor in Y-dir.

0.0

1.0

2.0

3.0

0 100 200 300 400 500

F
u
n
d
am

en
ta

l 
P

er
io

d
 i

n
 Y

-d
ir

.

Time (s)

(s)

2.53 s

!

(b) Estimated fundamental period in Y-dir. for every 10-s duration
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(c) Estimated fundamental damping factor in Y-dir. for every 10-s duration
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5. Effects of CSI System from Long-term SHM
5.1 Effects of CSI system from 231 Earthquakes
The SHM system of the Safety and Security Center (Fig. 3) records seismic vibrations when the observed 
acceleration of any accelerometer in any direction exceeds 3 cm/s2 RMS for more than 1 s. Furthermore, the 
control system unlocks the fluid dampers when the observed ground motion exceeds 5 cm/s2 RMS for more 
than 1 s in the horizontal direction, or 8 cm/s2 RMS for more than 1 s in the vertical direction. The SHM 
system has recorded 231 earthquake motions since 2006, including the 2011-TPE.  

Fig. 7 shows the amplification characteristics of the core structure relative to the ground level. The 
observed peak acceleration a

max

Top!core  on the top of the core structure is amplified up to six times as compared 
with a

max

Ground  on the ground level. The amplification factor amax
Top!core

amax
Ground  varies widely and has almost no 

relation to a
max

Ground  or the locked/released condition of the fluid dampers. 

Fig. 8 shows the isolation effects of the CSI mechanism that consists of two layers each of four 
inclined rubber bearings. The amplification factor is obtained as the ratio of the observed peak acceleration 
amax
Upper!isolator  on the upper isolator to a

max

Top!core  on the top of the core structure. The amplification factors 
amax
Upper!isolator

amax
Top!core  clearly decreases with a

max

Top!core  and falls below unity for a
max

Top!core  > 10 cm/s2 and below a 
half for a

max

Top!core > 30 cm/s2, which reveals the isolation effect of the CSI mechanism. Note that this isolation
effect is unaffected by the locked/released condition of the fluid dampers. 

Fig. 9 shows the SI effects on the second floor in the CSI building relative to the ground level. The 
other amplification factor is obtained as the ratio of the observed peak acceleration amax

2nd! floor  on the second 
floor to a

max

Ground  on the ground level. The amplification factor amax
2nd! floor

amax
Ground  decreases with a

max

Ground  and falls 
below unity for a

max

Ground  > 10 cm/s2, which is when the locks of the fluid dampers are released. Fig. 9 shows 
that the CSI system brings about the SI effect of reducing the response acceleration of the suspended 
structure by roughly half for a

max

Ground > 30 cm/s2.

Fig. 7 – Amplification characteristics of core structure relative to ground level 
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Fig. 8 – SI effects of CSI mechanism comprising two layers each of four inclined rubber bearings 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 – SI effects on second floor of CSI building relative to ground level 
 

5.2 Dynamic Characteristics from Daily Microtremor Measurements 

The SHM system has also been collecting a 2-min microtremor trace at midnight each day since December 
2006. Fig. 10 shows the estimated fundamental frequencies in the horizontal X and Y directions for 3898 
days when the fluid dampers were locked. The fundamental frequency in each direction remained almost 
constant over the observation period, exhibiting no distinct change after the 2011-TPE. These results imply 
that the building suffered no structural damage from the 231 observed earthquake events including the 2011-
TPE. 
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Fig. 10 – Variations of fundamental frequency estimated from daily microtremor measurements 

 

6. Conclusions 
The Safety and Security Center in Tokyo, Japan was the first building to use the CSI system. The SI 
mechanism for the building comprises two layers each of four inclined rubber bearings installed at the top of 
a reinforced concrete core, from which three floors of office structure are suspended by high-strength steel 
rods. Fluid dampers with a safety locking mechanism are installed between the core shaft and the suspended 
office structure at the second floor and rooftop levels. An SHM system was installed in the Safety and 
Security Center and has detected and recorded 231 earthquake motions since 2006, including the 2011-TPE, 
and has been collecting a 2-min microtremor trace each day. 

The 2011-TPE revealed the effect of the CSI system of the building. Compared with the maximum 
acceleration on the ground, the CSI system reduced those on the floors in the suspended structure to roughly 
a half in the X direction and a third in the Y direction. The temporal changes of the fundamental period and 
damping factor during the 2011-TPE were estimated based on an ARX model by assigning the wave on the 
ground level as the input and the two waves on the office rooftop and on the office second floor as two 
outputs in each horizontal direction. The fundamental period increases with the deformation of the isolation 
level, while the fundamental damping factor is related only weakly to that deformation.  

The 231 observed earthquake records reveal the SI features of the CSI system. The CSI two-layered 
isolator can reduce the peak acceleration on the upper isolator by half compared to the one on the top of the 
core structure for over 30 cm/s2, irrespective of the locked/released condition of the fluid dampers. The CSI 
system realizes the SI effect of reducing the response acceleration of the suspended structure to roughly half 
for the peak ground acceleration over 30 cm/s2. 

The 3898 days of daily microtremor measurements enable any building damage due to earthquakes to 
be diagonosed. The fundamental frequencies in the horizontal X and Y directions remain almost constant 
over the observation period and show no distinct change after the 2011-TPE. These results imply that the 
building suffered no structural damage from the 231 observed earthquake events including the 2011-TPE. 

 The CSI system has been developed as an utterly new type of SI system. The SHM system installed in 
the Safety and Security Center has revealed the dynamic properties of the building and shown the 
effectiveness of the CSI system at reducing the response acceleration of the suspended structure. These 
results can help future developments and applications of the CSI system. 
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