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ABSTRACT

In recent years, there has been various research and development in Japan regarding seismic isolation structures for earthquakes and inland earthquakes that produce excessive ground motion, including long period earthquakes. The high-performance oil damper we are currently developing is designed to prevent collision with retaining walls by controlling displacements taking place under seismic large-amplitudes earth motion, which we consider is able to be effective in newly constructed base-isolated buildings and existing base-isolated buildings.
This report describes, as summarized below, high-performance oil dampers, experimental results with a prototype machine and results of examination by time hysteresis response analysis. As a result, it was confirmed that this oil damper is capable of controlling displacements within the design range, without impairing seismic effects, for both newly constructed base-isolated buildings and existing base-isolated buildings.
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1. INTRODUCTION

In Japan, various research and development (on topics including prevention of collision to retaining walls, impact damping devices, fail-safe methods, and response displacement control) have been conducted in recent years concerning seismically base-isolated structures which are designed to resist when exposed to long period earthquake motions and inland epicentral earthquakes. Generally, as a means of limiting escalation of displacement of the isolation layer in seismic waves exceeding design values of seismic action, using more dampers is a potential solution to control displacement. In this case, however, it is likely that the seismic isolation effect may be reduced at standard seismic motion levels which are used for design in Japan. To cope with this problem, we are now developing a high-performance oil damper (velocity-dependent, multi-staged oil damper) which is designed to achieve a seismic isolation effect in the design range, but when faced with extreme seismic motions also, to control isolation layer displacement so that the structure is prevented from colliding with retaining walls. We consider that this new oil damper may be used effectively in both newly constructed base-isolated buildings and existing base-isolated buildings to improve their isolation performance further. 
This paper summarizes a high-performance oil damper, test findings of prototype oil dampers and reviews results from time hysteresis response analysis. 

2. SUMMARY OF OIL DAMPERS 

Generally, there are two kinds of oil dampers as shown in Figure1, velocity-dependent linear type and binary type.
The oil damper developed for this project, making full use of merits of the functional mechanism (the design of a valve only) of a conventional oil damper, does not need drastic remodeling, while enabling multi-staged velocity shifting. As shown in Figure2, the damper thus designed has a variable range of damping force characteristics, so that the damper produces a small attenuation to seismic force in the design range and a high attenuation in the range of motions of high amplitudes (high velocity). 
In addition, the damper is able to select characteristic A or characteristic B, i.e. the upper limit and lower limit in the remodeled oil damper for an existing base-isolated building.
Characteristic A stands for a base-isolated structure with small clearance and characteristic B with large clearance.
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Figure 1. Characteristics of damping force for conventional oil dampers
Figure 2. Characteristics of damping force for high performance oil dampers



Figure3 shows the structure of a high-performance oil damper. The oil damper consists of an inner tube, outer tube, piston rod, piston, damping valve and hydraulic oil.
The piston rod is connected with the piston, and the yellow parts (chambers A and B) in the inner tube in the diagram are filled hermetically with hydraulic oil. Damping valves (pressure regulating valve and relief valve) are built in the piston and cylinder on the bottom side to generate damping force according to a given velocity. The structure of the oil damper is the same as of a standard oil damper. Considering that it is technically difficult to make the damping coefficient higher at a given velocity, we have developed and used dedicated valves which are most suitably adapted to this damper.
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Figure 3. Diagram of a high performance seismic isolation oil damper
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3.1 Performance test of a test oil damper

In order to understand the damping characteristics of a high-performance seismic isolation oil damper, we developed a full-sized prototype damper (characteristic B, maximum damping force 1200 KN, max. velocity 150 cm/s), and conducted a test to confirm performance. We hereunder report the test findings. The prototype oil damper used, a 2000 KN damper, has the following specifications: maximum amplitude +/-500 mm, dynamic maximum excitation force 1000 KN/150 cm/s, 2000 KN/50 cm/s or greater)

3.2 Summary of the prototype oil damper

The high-performance oil damper is provided with almost the same mechanism as an existing oil damper, except for the valves which are specially designed to meet the requirements of the project damper, so the valve in question features additional components which are not provided on a standard valve, capable of changing the properties of movement during the mid-course of valve stroke.
With this configuration being applied for the primary damping range, it is possible to actually achieve the damping properties as shown in Figure2.
The structural base of the oil damper currently in development is that of the bilinear type 1000 KN of a conventional standard damper. Table 1 shows the specifications of the new damper in comparison with the conventional standard damper. The test sample and the details of experiment are shown in Figure 4.

Table 1. Comparison of specifications between prototype damper and standard damper

	Item
	Symbol
	Unit
	Current standard
	Prototype damper

	Primary damping
coefficient
	C1
	kN/(cm/s)
	25
	6.67

	
	C1’
	kN/(cm/s)2
	－
	0.11

	Secondary damping
coefficient
	C2
	kN/(cm/s)
	  1.695
	2.0

	Shifting load
	Fc
	kN
	－
	400

	Shifting velocity
	Vc
	Cm/s
	－
	60

	Relief load
	Fr
	kN
	800
	1100

	Relief velocity
	Vr
	cm/s
	32
	100

	Maximum load
	F max
	kN
	1000
	1200

	Maximum velocity
	Vmax
	cm/s
	150
	150
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Figure 4. Prototype damper and test set up


3.3 Description of experiment

The experiment was conducted for the following items. Excitation conditions are shown in Tables 2 and 3.
(1)  Experiment confirming damping loads
This experiment is designed to establish a damping force-speed relationship (F-V characteristic) as planned, by applying sinusoidal wave excitation.
(2)  Experiment of characteristic-shifting  
This experiment is intended to confirm shifting velocity as well as change before and after the moment of velocity shifting.
(3)  Experiment confirming frequency-dependency 
This experiment is to confirm the frequency-dependency, through a test at the same velocity with several frequencies.
Table 2. Table of experimental excitation conditions (primary damping range)
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Table 3.  Table of experimental excitation conditions (Secondary damping range)
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3.4 Experimental findings

Figure 5 shows load-displacement relationships per velocity, and Figure 6 plots lines when the experimental maximum load is taken as F-V characteristic; in the graph, the upper portion is on the compression side and the lower portion on the tensile side. Hysteresis characteristics take a shape which is assumed according to velocity. There is a dead zone at the time of expansion-compression shifting, but it is possible to remove this zone by adjusting the balance of the built-in valve.
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Figure  5. Load-displacement relationship (0.5Hz)                            Figure 6. F-V characteristics


(1) Experiment confirming damping load and confirmation of characteristics shifting  
In the primary damping range, it is observed that at the low velocities of 20 cm/s and 40 cm/s, the test results deviate slightly from the expected value of +-10%. In other ranges, they are included in the zone of +/-10%. With regard to shifting of velocity from low to middle and high, reaction behavior varies as expected.
(2) Frequency-dependency test
In the ranges of C1 and C2, there is no frequency dependency. Even in the range of C1’ where the damping coefficient is increased (steep slope), the frequency dependency is small. 


4. TIME HYSTERESIS RESPONSE ANALYSIS

4.1 Subject buildingHigh-damping rubber bearing：1100 dia.（X0.6R）
Shear modulus：0.620 N/mm2
Total thickness of rubber layer：200 mm
Numbers of bases: 14s

[image: ]
The subject building is a base-isolated RC structure of 15 stories, with high damping rubber bearings at the base. The total weight and natural period of the building are respectively 123,186 KN and 4.09 s (40 cm) and the yield shearing coefficient of the isolation layer is as =0.03. 
Figure 7 shows a diagram for the subject building.




Figure 7. Subject building (RC 15/0)

4.2 Input seismic motion

The following data was used as seismic waves to be studied for this research. There were 7 kinds of waves in total, 4 seismic waves from the Osaka area and Chubu area (OA1, CH1, OSKH02 and AIC003) on the assumed incidence of extreme earthquakes taken along the Nankai Trough, 2 seismic waves as an epicentral earthquake in land, representing the incidence in the Uemachi fault zone (UMTA4B2EW1) and Kumamoto earthquake (2016/416) :KMM004EW), and 1 wave as an standard seismic motion level.
The seismic waves used are listed in Table 1 and pseudo velocity response spectrums in Figure8.
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Table  4. List of seismic waves
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Figure 8.  Pseudo response spectrums


4.3 Analysis model and cases studied

The analysis model used is a single column row, multi-degree-freedom model where the upper structure is designed to be linear to identify the effects of a high-performance oil damper, while the high-damping rubber bearing (type X06R) is a Kikuchi-Aiken model which is capable of taking account of limit deformation. The oil damper is a Maxwell type model with improved software able to reproduce F-V characteristics a high-performance model possesses.
The damping of the upper structure is 2% to the foundation with no dampers. Seismic response is analyzed in the X direction. Various case studies are shown in Table 5.
CASE-0 is an standard model ; CASE-1A and CASE-1B consists of CASE-0 model + 10 units of oil damper with characteristic A, and CASE-1B of CASE-0 model + 10 units of oil damper with characteristic B. 
In CASE-1C, 10 conventional bilinear oil dampers are respectively compared with a high-performance oil damper for the study of performance. 

Table 5. Various study cases
[image: ]
4.4 Analysis results

The maximum response distribution for each input seismic motion are indicated in Figures 9 to11. Figures 12 and 13 show the maximum response velocities and displacement time-hysteresis waveforms at the level of the seismic isolation layer, and the hysteresis loops for high damping rubber bearing and the oil damper in CASE 1B are shown Figures14 and 15.  Figure16 shows accumulated absorption energy amounts.
The standard model (CASE-0) shows a large acceleration response was produced under a hardening effect which results from a large deformation exceeding γ = 400% in the seismic isolation layer at the time of an active fault earthquake.
Under this phenomenon, both characteristics A and B of oil dampers (CASE-1A and CASE-1B) demonstrate a remarkable reduction effect in terms of response acceleration, response displacement and response layer shearing force coefficient.
As shown in Figure 11, there is no sign of increase in acceleration velocity response at the standard input seismic motion level for design (AWL2), and CASE-1A and CASE-1B demonstrate a larger seismic damping effect than the existing old damper (CASE-1C). Observing the fact that characteristic B is able to decrease seismic layer displacement by approximately a maximum of 10% than Characteristic B, it can be said that this characteristic B is able to be used effectively for the existing base-isolated structure not having sufficient isolation capacity. Since response displacement (clearance) of the seismic layer and the response of the upper structure is in a “trade-off” relationship,” it is necessary to take a maximum displacement in order to gain an effective seismic isolation.
The maximum response velocity of the seismic isolation layer is very large at the standard model, 210 cm/s in max., but installing these oil dampers makes it possible to reduce the velocity to approximately 130 cm/s, lower than the velocity limit of 150 cm/s for oil dampers.
The temperature increase of oil dampers which is calculated from accumulated absorption energy in Figure 16 is 9.1oC (surface temperature 29.1oC: AI003), is less than the temperature limit of 80o C.


[image: ][image: ][image: ]Figure 9.  Maximum response distribution（CASE-0,CASE-1A,1B）【OSKH02・OS1・CH1・AIC003】
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[image: ][image: ][image: ] Figure 10.  Maximum response distribution（CASE-0,CASE-1A,1B）【UMTA4-B2EW1・KMM004EW】
Figure 11.  Maximum response distribution（CASE-1A,1B,1C）【UMTA4-B2EW1・AWL2】
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Figure 12.  Maximum response velocity of the seismic isolation layer93.93cm
56.68cm


Figure 13.  Time hysteresis waveforms for displacement of the seismic isolation layer（KMM004EW）

Figure 14.  Hysteresis characteristics of seismic device（CASE-1B：AIC003）

Figure 15.  Hysteresis characteristics of seismic device（CASE-1B：KMM004EW）

[image: ]Figure 16.  Accumulated absorption energy amount（CASE-1B：AIC003）


5. CONCLUSIONS

As a means of controlling vibration of buildings due to extreme ground motions, we have developed high-performance oil dampers, and conducted a test to validate performance for analysis and reviewed test findings. As a result, these dampers are confirmed to be able to control displacement of a building without impairing seismic isolation effects within the design range, when they are installed in a newly-constructed base-isolated building or existing base-isolated building. 
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Seismic wave Abbreviated

Max.

acceleration
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2

）

Max. velocity
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Duration

(s）

Nankai trough  OS1 263.0 45.9 655.3

Nankai trough  CH1 265.0 59.4 655.3

Nankai trough  OSKH02 133.0 58.0 640.0

Nankai trough  AIC003 545.4 68.6 640.0

Uemachi fault UMTA4B2EW1 387.0 97.4 41.0

Kumamoto earthquake(2016）KMM004EW 346.7 80.5 300.0

Seismic motion for design AWL2 347.8 52.7 120.0


image14.emf
Subject building Seismic isolation device Seismic damping force characteristics

CASE-0 15/0 HDR (14 units)H=200mm

CASE-1A 15/0 HDR (14 units)+OD1(10units）H=200mm Damping force characteristic (A)

CASE-1B 15/0 HDR (14 units)+OD2(10units）H=200mm Damping force characteristic (B) 

CASE-1C 15/0 HDR (14 units)+OD3(10units）H=200mm Conventional oil damper 

HDR :high damping laminated rubber bearing (X0.6R), H:total rubber thickness, OD1 :high performance seismic oil damper (characteristic A)

OD2 : high performance seismic oil damper (characteristic B), OD3 : oil damper (bilinear type)
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