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PERFORMANCE VERIFICATION OF SEISMIC ISOLATION DEVICES USED IN A BASE-ISOLATED BUILDING FOR 30 YEARS
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ABSTRACT

The authors have been carried out a series of experiments on the aging effects of laminated rubber bearings for 30 years using in an actual building which was first completed in Japan. This building is a four story RC structure with 25 rubber bearings and 12 sets of steel dampers as isolation devices. In these experiments, static loading tests and free vibration tests have been conducted using hydraulic jack at compression of this building in 1986, then in 1987, 2005 and 2016. The maximum deformation of 10cm, corresponding to the 100% shear strain of the rubber bearings, was adopted in every tests. From these test results, the increase of horizontal stiffness of 25 bearings were estimated as almost 9% after 30 year usage under actual circumstances. In order to evaluate the large deformation capacities of the bearings, two bearings were removed from the building and the element tests were carried out in 2017. The bearing used for 30 years performed not lower than 350% strain before its rupture. Through this research, it is confirmed that the natural rubber bearings use for 30 years maintain their characteristics of horizontal stiffness and deformation capacities sufficiently as were expected. 
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1. INTRODUCTION 

It’s been just 30 years since seismic isolation devices entered practical use in Japan. This means evaluations of their performance and verification of their durability over periods of up to several decades of actual use are not yet complete. To predict the dynamic behavior of base-isolated structures during earthquakes, it is important to create appropriate models of the dynamic properties of seismic isolation devices. For conventional models, we use properties obtained through loading tests with individual seismic isolation devices. But few studies have actually measured the dynamic and static properties of a seismic isolation device used in actual buildings. 
The administrative building of the Technical Research Institute of Okumura Corporation was built 30 years ago as Japan's first practical base-isolated structure. This study measured the shear stiffness and assess the age deterioration of the laminated rubber in a static loading test and a free vibration test of this building. 
Additionally, we removed laminated rubber bearings from the building, and perform a limit deformability testing of the bearing elements.


2. THE TARGET BUILDING AND SEISMIC ISOLATION DEVICES 

The base-isolated structure tested was built in September 1986 (Photo 1). The seismic isolation device consists of 25 natural laminated rubber bearings and 12 sets of steel dampers. Table 1 provides Specifications of the target building and the seismic isolation devices. Figure 1 shows the configuration of the seismic isolation device.
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Photo 1. Target building                                     Figure 1. Configuration of the seismic isolation device
 (Technical Research Institute of Okumura Corporation)

Table 1. Specifications of the target building and the seismic isolation device

	
	Specifications
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Natural Rubber Bearing

	Structure Type
	RC structure (4story)
Base Isolation
	

	Height
	15.5m
	

	Construction Area
	348.18m2
	

	Total Area
	1,330.1m2
	

	Seismic Isolation Device
	Laminated Rubber Bearing
	Natural Rubber Bearing φ500mm×25
	

	
	Damper
	Steel damper
φ50mm×12
	




3. LOADING TEST OF BUILDING 

3.1 Summary of the Experiment

To confirm the performance of the laminated rubber bearings only, we performed a static loading test and free vibration test with the steel dampers removed. We installed a loading device with two hydraulic jacks attached in the reaction body constructed on the north side of the building (Figure. 2) to apply loads to the building. We placed a displacement sensor in the building to measure the relative displacement of the upper structure and the foundation slab. We used the same loading device for testing at the time of its construction (Sept. 1986), in its 19th year (Sept. 2005), and in its 30th year (July 2016). Photo 2 shows the loading device installed onsite.

3.2 Static Loading Test

In the static loading test, the load applied was selected to avoid exceeding a horizontal displacement of 100 mm (shear strain γ of laminated rubber bearing = approximately 100%). We measured the load with load cells installed on hydraulic jacks. The horizontal displacement of the building was measured by a displacement sensor deployed at the point at which the load was applied.


3.3 Free Vibration Test

The free vibration test was performed by first imposing the specified displacement (100 mm) onto the building using the hydraulic jacks installed in the loading device, then instantly releasing the load to allow the upper structure to vibrate freely. In addition to the load and horizontal displacement, we measured acceleration using an accelerometer installed on the first floor.
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Figure 2. Loading device                                                   Photo 2. Loading device installation

3.4 Results of the Experiment

3.4.1 Static Loading Test

[image: ]Figure 3 shows the relationship between load and displacement in the static loading tests. All measured values of horizontal stiffness exceed the design value of 21.1 kN/mm. The values of horizontal stiffness measured in the displacement range of 50–70 mm, in which the change in stiffness of the laminated rubber bearings is small, were 22.0 kN/mm in both the 19th and 30th year, compared to 21.3 kN/mm at the time of construction. While the horizontal stiffness for the 19th year was 3 % greater than at the time of construction, the horizontal stiffness for the 30th year was the same as for the 19th year.

Figure 3. Relationship between load and displacement

To evaluate changes in the stiffness of the laminated rubber bearings at the respective displacements, we used a polynomial equation that approximated the relationship between displacement and load from zero to peak positive loading. Figure 4 shows the secant stiffness at each measured value of displacement calculated with this equation. The figure shows that stiffness in all years tends to decrease with increasing displacement. From the time of construction to the 19th year, stiffness generally increased; there was little change from the 19th to the 30th year.
Figure 5 gives the stiffness ratio at the time of construction and in the 19th year and the ratio at the time of construction and in the 30th year. We see that stiffness declines with increasing displacement. Calculations of the mean value of the ratio of stiffness to displacement in the displacement range of 0–100 mm gives a figure 8.7 % greater in the 19th year than at the time of construction, and a figure 9.7 % greater in the 30th year than at the time of construction. 
[image: ]













Figure 4. Stiffness of the laminated rubber bearings                              Figure 5. Stiffness ratio of the time of 
      at each displacement                                                                               construction to aging

3.4.2 Free Vibration Test

Figure 6 shows the time history waveforms of displacement in the free vibration tests. To eliminate the effects of initial displacement, we performed calculations for the time required for 10 cycles, excluding the initial cycle. At the time of construction, it took 18.48 seconds to complete the 10 cycles. At the 19th year, it took 17.83 seconds, or 3.5 % less time. Today, in the 30th year after construction, it took 17.67 seconds, or 4.4 % less time than at the time of construction. 
To evaluate changes in the stiffness of the laminated rubber bearings, we handled the base-isolated structure as one-mass-model. Calculations assumed that the period was equal to 1/10 of the time required to complete the 10 cycles and that the mass of the structure remains constant. The results of the calculations showed the horizontal stiffness of the laminated rubber bearings was approximately 7 % greater in the 19th year and approximately 9 % greater in the 30th year. 
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Figure 6. Time history waveforms of displacement (Free vibration test)
[image: ]











Figure 7. Change in period                                               Figure 8. Change in damping ratio

To evaluate changes in the stiffness of the laminated rubber bearings at each of the respective displacement levels, we determined the period and amplitude at each 1/2 cycle. Figure 7 shows the changes in periods evaluated for each amplitude (displacement). We see that the period becomes shorter with decreasing displacement. Despite some variations, the period at each amplitude in the 19th and 30th year is approximately 4 % shorter than at the time of construction.
Figure 8 shows the change in damping ratio evaluated at each 1/2 cycle. For displacements of 60 mm or larger, the damping ratio h equals to 0.02; for smaller displacements, the damping ratio becomes larger with decreasing displacement. For displacement of 20 mm, our results indicate h = 0.04. The damping ratio of the laminated rubber bearings remains relatively unchanged over time.

3.5 Comparison between Static Loading Test and Free Vibration Test

We calculated the value of the stiffness based on the relationship between mass and period in each amplitude in the free vibration test. Figure 9 presents a comparison between the obtained stiffness and secant stiffness for each displacement in the static loading test. Here, the mass of the building is assumed to be 2,150 tons, obtained as the mean value based on the relationship to the results of the static loading test. The change in stiffness obtained from the results of the static loading test is fairly consistent with that of the free vibration test.
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Figure 9. Comparison in horizontal stiffness

3.6 Comparison with the Predicted Values for Age Deterioration

In designing the present base-isolated structure, we based our predictions for age deterioration in performance of the laminated rubber bearings on heat accelerating tests (Yasui et al. 2007). The heat accelerating test is based on the Arrhenius equation, which converts the rate of change in properties observed at an elevated temperature for the duration of the experiment to a rate of projected change over a longer period at normal temperatures. The method assumes the rate of change for an arbitrary period of aging before a certain change in properties occurs can be calibrated using the natural logarithm. 
In a structure like a laminated rubber bearing, which consists of laminated layers of rubber sheets and steel plates, the deterioration of rubber due to oxidation is believed to take place only at the surface of the rubber layer. It is assumed that this deterioration will not progress into the interior of the rubber. Two types of heat accelerating test are performed at the design stage: a heat accelerating test1 performed in air for the aging of the surface of the laminated rubber; and a heat accelerating test2 performed in a nitrogen atmosphere for the aging of the interior of the laminated rubber. The results show that the horizontal stiffness of the laminated rubber bearing will increase by a factor of 1.17 in heat accelerating test1(equivalent to 120 years) performed in air and by a factor of 1.11 in heat accelerating test2 performed in a nitrogen atmosphere. 
Figure 10 compares the rate of change in stiffness due to aging obtained from the loading test on the building and the rate of change in stiffness predicted from the heat accelerating tests. The rate of change in horizontal stiffness due to aging obtained based on the results of the static loading test and free vibration test on building falls somewhere between the values predicted by heat accelerating test1 and test2. This confirms that the horizontal stiffness remains within the range anticipated at the time of construction and that the design retains a sufficient margin of safety with respect to the rate of change in stiffness, the maximum design value of which is 17 %.
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Figure 10. Stiffness transition ratio of the time of construction to aging


4. LIMIT DEFORMABILITY TEST OF THE LAMINATED RUBBER BEARING ELEMENT

4.1 Summary of Experiment

We removed laminated two rubber bearings from the building (Photo 3) to examine limit deformability in a compression shear test machine. Figure 11 is a schematic drawing of the loading system. This system is equipped with two and four actuator units in the horizontal and vertical directions, respectively, with a loading capacity of 6 MN and 25 MN, respectively, in the horizontal and vertical directions. The sum of the values of the load cells for each direction is considered to be the load; the mean value of the values measured by displacement sensors in each direction is regarded as displacement. The direction of load application is set to coincide with the direction of displacement of the building in the loading test. Table 2 presents the loading history. A bearing stress of 6.0 N/mm2 corresponding to a design load of 1,176 kN on the building is regarded as the vertical load; displacement corresponding to shear strain of γ = ± 100 %–±400 % relative to the total thickness of rubber is regarded.
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Photo 3. Removing laminated rubber bearings

Figure 11. Loading system

Table 2. Loading hystory
	Bearing  Stress
[N/mm2]
	Shear Deformation Ratio
γ[%]
	Shear Deformation [mm]
	Loading Rate
[mm/s]
	Repeat count

	6
	±100
	± 98
	5
	3

	
	±153
	±150
	
	

	
	±200
	±196
	
	

	
	±250
	±245
	
	

	
	±300
	±294
	3
	1

	
	±350
	±343
	
	

	
	±400
	±392
	
	
















4.2 Results of the Limit Deformability Test

Photo 4 shows external views of the laminated rubber bearing during testing. Figure. 12 illustrates the relationship between horizontal load and horizontal deformation. No anomalies are observed in the rubber up to γ = ±300 %. At the load of γ = ±350 %, a crack appears in the 45° direction relative to the direction of load application; however, no decrease in horizontal load is observed, and the axial force remains stable. A similar trend continued to be observed at γ = ±400 %. Due to the propagation of the crack, we concluded that the limit has been reached and terminated the test. Note that a crack had also appeared on the side opposite to that shown in Photo 4; this propagated along the perimeter. Less significant cracks were also visible near the point of perpendicular load application on the topmost rubber layer. 
A limit deformability test was performed 30 years ago on a laminated rubber bearing having the same specifications as the bearing tested in the present study (Tada et al. 1987). Figure. 13 compares the results of the two tests on the relationship between the load and deformation. The results confirm that a deformation capacity of γ = 370 %, comparable to the value 30 years ago, remains.γ=400%
γ=300%


Photo 4. External views of the laminated rubber bearing (γ=300% , γ=400%)
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Figure 12. Relationship between load and deformation                       Figure 13. Comparison in deformability


5. CONCLUSIONS

We investigated changes in the performance of laminated rubber bearings over time in a base-isolated structure for which 30 years have passed since construction. Our findings were as follows.
<Static loading test and free vibration test>
i. The results of static loading tests show that the horizontal stiffness of the laminated rubber bearings increased by approximately 9 % by the 19th year and by 10 % by the 30th year after construction.
ii. The results of a free vibration test show that the horizontal stiffness of the laminated rubber bearings increased by approximately 7 % by the 19th year and by approximately 9 % by the 30th year after construction.
iii. The results of a free vibration test show no significant change in the damping performance of the laminated rubber bearings by the 19th and 30th year compared to that at the time of construction.
iv. The rate of change in the horizontal stiffness of the laminated rubber bearings determined based on the results of the static loading test and free vibration test remains within the range expected based on the results of heat accelerating test.
< Limit deformability test of the laminated rubber bearing element>
v. The limit deformability of laminated rubber bearings after 30 years remains at levels similar to those at the time of construction.
These findings confirm that the laminated rubber bearings retain the required performance even after 30 years in use. In the future, we plan to carry out a loading test of the building every 10 years.
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Welcome

On behalf of the Anti-Seismic Systems International Society (ASSISi) and the Russian
Assodiation for earthquake engineering and protection from natural and manmade

hazards (RAEE) we warmly invite you to join us in St. Petersburg, Russia, on 1-6 July 2019 for

the 16th World Conference on Seismic Isolation, Energy Dissipation and Active Vibration
Control of Structures.

We believe this conference presents a unique opportunity for sharing the
latest international earthquake engineering knowledge and we encourage you to start
planning your contributions and attendance at the conference.

Please note the key dates for abstractand paper submission. As the conference date
draws closer the website wil be updated with details of the keynote
speakers, programme and other conference activities.

At the same dates in the parallel session the Xill Russian National Conference on
Earthquake Engineering and Seismic Zoning will be held

We look forward to welcoming you allin St. Petersburg!
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Abstract Submission Deadline - 01 december 2018
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