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Abstract

When an earthquake occurs, semi-active seismic isolation structures with designed controllers have the potential to reduce
deformations significantly more than passive seismic isolation structures. In this study, shaking table tests for a semi-
active isolation structure using a variable damper were conducted in an effort determine if excessive deformation of base-
isolation systems could be prevented under near-fault pulse ground motions such as those occurring at JR Takatori Station
during the 1995 Southern Hyogo Prefecture Earthquake and in Sylmar during the 1994 Northridge, California Earthquake.
The steel frame semi-active isolation structure used in this study was 7 m long, 5.5 m wide, 2.3 m high, and weighed
about 14.9 t. The superstructure was supported by linear guides, and a natural rubber bearing was set between the
superstructure and the shaking table. A magnetorheological (MR) fluid damper was used to apply variable dampening.
The target responses of the superstructure were realized by controlling the damping force of the MR damper. During the
first part of the study, characteristic tests of the MR damper were conducted, and its responses were modeled from those
results. Next, the shaking table tests were conducted to create a system identification of the isolation structure. From these
results, various semi-active controllers were designed for the isolation system, and the isolation performance of the
targeted semi-active isolation system was then evaluated using shaking tests for various earthquake ground motions. All
the tests in this study were performed at "E-Defense" 3-D Full-Scale Earthquake Testing Facility located in Miki City,
Hyogo Prefecture, which is operated by the National Research Institute for Earth Science and Disaster Resilience (NIED).
This paper describes the MR damper, the semi-active isolation system, and the experimental methods used for those
shaking tests.
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1. Introduction

It is possible that even advanced seismic isolation structures could experience large deformations in their
isolation layers during certain earthquake ground motions. In such cases, structures equipped with semi-active
controls are thought to be capable of not only reducing the effects of such deformations but also reducing
response acceleration needed to maintain the functions of the structures [1]. Therefore, in order to evaluate the
performance of a seismic isolation structure using a magnetorheological (MR) fluid damper [2] equipped with
semi-active controls, various large-scale shaking table tests were conducted at E-Defense [3]. In this paper, the
MR damper, the semi-active isolation system, the experimental methods used for the shaking tests, and other
related factors are reported [4,5,6,7,8,9].

2. Semi-active Seismic Isolation Test Specimen

Fig. 1 shows a photograph of the test specimen used for semi-active seismic isolation shaking tests installed
on E-Defense, whereas Fig. 2 shows a schematic drawing of the test specimen.

Fig. 1 — Semi-active seismic isolation test specimen

The test specimen used in this study was 7 m long, 5.5 m wide, 2.3 m high, and weighed about 14.9 t.
The actual superstructure [10] was a 1 x 1 span steel frame structure supported by H300 steel beam columns
at the four corners and V-shaped braces installed at each of the four sides. Therefore, the superstructure can be
treated as a configuration with sufficient rigidity for testing in a seismic isolation system.

The seismic isolation system provides horizontal one-way seismic isolation. The superstructure was
supported by four linear guides. A natural rubber bearing was installed at the beam center in the width direction,
and an MR damper was installed on the opposite side of the beam. Semi-active seismic isolation was achieved
by controlling the dampening force of the MR damper. The allowable displacement of the seismic isolation
system was = 250 mm.
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Fig. 2 — Schematic drawing of semi-active seismic isolation test specimen
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3. Measurements

Various measurement values including input acceleration, superstructure response acceleration, isolation layer
displacement, natural rubber bearing load, MR damper load, and linear guide load were collected during the
semi-active seismic isolation system shaking table tests. Fig. 3 shows the arrangement of the main
measurement sensors. The natural rubber bearing load was measured by installing a three-component load cell
below the natural rubber bearing, whereas the linear guide load was measured by installing four three-
component load cells below the linear guides, as shown in Fig. 4.

The MR damper load was measured by installing a load cell at the tip of the MR damper rod, while a
magnetostrictive displacement meter was used to measure both the displacement and velocity of the MR
damper rod during testing.
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Fig. 4 — Arrangement of four three-component load cells for linear guide load

4. Test specimen characteristics

4.1 Natural rubber bearing

Table 1 shows the production specifications of the natural rubber bearing, and Fig. 5 shows the displacement-
load hysteresis of the bearing when it was excited by sine waves with a period of 2, 3, and 4 s. From these
results, the natural rubber bearing stiffness was estimated to be 42.3 kN/m, which is harder than the production
specification, and the seismic isolation period of the test specimen was calculated to be about 3.7 s.

Table 1 — Natural rubber bearing production specifications

Item Standard value
Rubber outer diameter (mm) 128
Rubber thickness (mm) 12.5
Number of rubber layers 8
Rubber total thickness (mm) 100
Internal steel plate thickness (mm) 2.0
Rubber material G 0.28
Shear modulus (N/mm?) 0.28
Primary stiffness (kN/m) -
Secondary stiffness (kN/m) 38.5
Critical strain (%), critical deformation (mm) 400, 400 or more

4
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Fig. 5 — Displacement-load hysteresis of natural rubber bearing during sine wave excitation

Fig. 6 shows the displacement-load hysteresis for the natural rubber bearing during the shaking table tests.
Here, it can be seen that the bearing stiffness is almost the same as during the sine wave excitation tests.
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Fig. 6 — Displacement-load hysteresis of natural rubber bearing during shaking table tests

4.2 Linear guides

Fig. 7 and Fig. 8 show the hysteresis for the linear guides during the shaking table tests. More specifically, Fig.
7 shows the results when the input is a small level random waveform, and the relative displacement is small,
while Fig. 8 shows the results using the artificial BCJ-L2 seismic waveform. When the displacement is small,
the load characteristics of the linear guides correspond to stable friction. However, they are slightly unstable
during the large seismic wave shaking table tests. Using these results, the total friction force for the linear
guides could be estimated at approximately 3 to 4 kN.
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Fig. 7 — Displacement-load hysteresis for linear guides during small random wave
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Fig. 8 — Displacement-load hysteresis for linear guides during BCJ-L2 seismic wave

4.3 MR damper

The MR damper uses a magnetorheological fluid and controls the damping force by changing the current
applied to the coil, which then changes the coil's magnetic field. In order to confirm the performance of the
MR damper, unit excitation tests of the device were conducted. In these tests, the MR damper was loaded with
sine waves input by an actuator, and various data were recorded. Fig. 9 shows the load displacement and load
velocity relationships for the MR damper. From those results, it was confirmed that the MR damper could be
modeled using a Bingham plastic model that includes a dashpot and a friction element in parallel. Hence, the
controllable force of the MR damper was obtained by the Bingham plastic model expressed by Eq. (1).

Fyr = (—=0.1711% + 2.522] — 0.247)sgn(%,) + (0.501I + 0.859)%, (1)

Here, Fyg is the MR damper generation force, /is the applied current, and x; and x; are the displacement and
velocity of the rod, respectively. Fig. 9 also shows the result calculated from Eq. (1). The obtained results show
that the experimental and modeling results are in good agreement, which confirms the validity of the model.
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Fig. 9 — MR damper characteristics (including the Bingham plastic model)

5. Input ground motion

Shaking table tests were conducted with one horizontal direction excitation. The input ground motions were
the El Centro NS waveform (El Centro) recorded during the 1940 Imperial Valley earthquake, the JR Takatori
Station NS waveform [11] (JR Takatori) recorded during the 1995 Southern Hyogo Prefecture earthquake, and
the Sylmar NS waveform (Sylmar) recorded during the 1994 Northridge earthquake. The input level was set
at 150% for El Centro, 40% for JR Takatori, and 50% for Sylmar in consideration of the allowable
displacement of the seismic isolation system. The seismic intensity of all input ground motions was set at 6-
Lower based on the Japan Meteorological Agency measurement scale. Fig. 10 shows the time histories of the
input ground motions, and Fig. 11 shows the acceleration response spectra.
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Fig. 10 — Time histories of input ground motions
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Fig. 11 — Acceleration response spectra for input ground motions

6. Shaking table tests

E-Defense shaking table tests were conducted using the semi-active seismic isolation test specimen described
above. In these tests, various semi-active controls were used for the MR damper, and the results obtained were
compared to the input current when the MR damper was fixed. In order to confirm the dynamic characteristics
of the seismic isolation test specimen, a Bode diagram of the test specimen response acceleration occurring
when the MR damper input current was constant is shown in Fig. 12. From these amplitude characteristics, it
can be seen that the seismic isolation period was around 3 s. It should be noted that this period is shorter than
the result calculated from the characteristics of each member, probably because the seismic isolation period
could not be accurately identified in these tests due to the unstable friction characteristics of the linear guides.
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Fig. 12 — Dynamic characteristics of seismic isolation test specimen (Bode diagram)
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Fig. 13 shows the acceleration response spectra for the input waveform during the shaking table in the
first and last tests. This figure also shows the response spectra for the target input waveform. The results
indicate that the input waveform of the shaking table accurately matches the target input waveform In the
shaking table tests using other semi-active controls, the input waveform also coincides with the target
waveform. Therefore, the input conditions to the semi-active seismic isolation test specimen in each shaking
table test can be considered nearly the same.
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Fig. 13 — Acceleration response spectra for input waves on shaking table and target wave

7. Conclusion

In this paper, we reported on the test specimen, measurement methods, and table test conditions used during
shaking table tests for semi-active seismic isolation structures at NIED "E-Defense" 3-D Full-Scale Earthquake
Testing Facility. We also confirmed that the input conditions were the same in each semi-active seismic
isolation test. The in-depth details of each semi-active seismic isolation test will be reported in other papers.
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