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ABSTRACT

The strength of lead rubber bearings (LRBs) can be reduced by “lead core heating” caused by their absorption of seismic energy. The purpose of this study is to clarify strength degradation in LRB in the event of a long-duration earthquake such as the 2011 Tohoku Earthquake in Japan. In this paper, the yielding force of the LRB is defined as the sum of the intercept force of the RB and the yielding force of the lead core. Various dependency tests and cyclic loading tests with temperature measurement of lead were conducted for the RB and LRB specimens with diameters of 250 and 500 mm. From the tests, the evaluation formula for the yielding stress of the lead could be described by the temperature of the lead and shear strain rate of LRB with high accuracy. Dynamic loading tests were conducted for LRBs of real size in order to confirm the validity of the proposed formulae. Two kinds of analysis methods were used to consider the heat diffusion, namely the Constant Flux Solution and the Finite Difference Method. From the examination above, it was confirmed that the proposed formulae could accurately predict the mechanical behavior of LRB under cyclic loading.
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1. INTRODUCTION 

Records of long-duration earthquake with long-period characteristics and with strong ground shaking, observed in the 2003 Tokachi-Oki and the 2011 Tohoku Earthquakes, revealed that seismically isolated buildings may be exposed to seismic motions containing long-period components. In such situation, the seismic isolation device goes through severe cyclic deformation. In the case of lead rubber bearings (hereinafter “LRBs”), the energy absorption performance is degraded by the temperature rise of the lead core caused by long-term hysteretic energy absorption. To find ways to improve LRB performance against the earthquake, it is important to understand various dependences in yielding force of LRB. Yielding force is an indicator that expresses the energy dissipation performance of LRB. Takenaka and Kondo et al. (2008) derived, through dynamic cyclic loading tests, a formula that expresses the relationship between temperature of edge of lead core and yielding force. The same researchers developed a heat-mechanics interactive behavior analysis technique that considers the lead-core heating and thermal conduction to the rubber bearings using Finite Difference Method technique (hereinafter “FDM”). M.C. Constantinou et al. (2009) developed another heat-mechanics interaction behavior analysis that considers the lead-core heating and thermal conduction to the rubber bearings using Constant Flux Solution technique (hereinafter “CFS").
The above-described existing studies have established that yielding force of LRB will vary depending on temperature. However, no sufficient insight is obtained into the following questions:
(1) Effects of rubber bearing nonlinearity on yielding force of LRB. 
(2) Relationship between yielding force and temperature of lead core under high and low temperature conditions.
(3) Effects of loading velocity on yielding force of LRB. 
The present study experimentally investigates the above questions to propose formulae representing the yielding force of LRB. The study substantiates the formulae by cyclic loading tests, earthquake response wave loading tests and comparison of these test results with heat-mechanics interaction behavior analysis.


2. EVALUATION METHOD FOR NONLINEARITY OF RUBBER BEARING AND 
YIELDING STRESS OF LEAD CORE

It is known that rubber bearings (hereinafter “RB”) before lead core insertion exhibit degrees of nonlinearity depending on the specimen geometry and loading conditions. The intercept force generated by nonlinearity, which is very small compared to the yielding force of LRB, generally has not been considered.
However, the effect of intercept force of RB on yielding force of LRB becomes relatively greater when LRB is subjected to cyclic loading, where energy dissipation causes heating of the lead core and reduces its yielding force. As shown in Figure 1, the present study, based on an assumption that the effects of the intercept force of RB must be considered, defines the intersection of the hysteresis loop obtained from the force-displacement relationship of RB and the horizontal force axis as the intercept force of RB. 
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Figure 1. Definition of intercept force of RB, yielding force of LRB and yielding force of lead core.

Equation 1 defines yielding force of LRB as the sum of lead core yielding force and RB intercept force:

                                                                                               (1)

Where  (N) = Yielding force of LRB;  (N) = Yielding force of lead core;  (N) = Intercept force of RB;  (N/mm2) = Yielding stress of lead core;  (mm2) = Shear area of lead core;  (N/mm2) = Shear stress of RB; and  (mm2) = Shear area of RB.
The present study investigates the shear strain, strain rate and temperature dependence of intercept force of RB to derive formulae expressing the shear stress of RB. Further, it investigates yielding force of LRB dependence under the same condition by inserting a lead core into the tested RB specimen. Finally, yielding force of lead core, , is obtained by subtracting RB intercept force, , from LRB yielding force, , to derive formulae expressing the yielding stress of lead core, .


3. TEST PLAN

3.1 Selection of testing apparatus and specimen

The testing specimens are illustrated in Figure 2. The specifications of the specimen used are outlined in Table 1. To investigate RB and LRB shear strain dependence and strain rate dependence, a 3MN biaxial testing apparatus is used. To investigate temperature dependence, 1MN biaxial testing apparatus placed in a test chamber with controlled environmental temperature as shown in Figure 3 is used for temperature dependence investigation. Specimen temperature is measured as shown in Figure 2 to obtain the temperatures of the lead core center and rubber layer. Horizontal force is measured with a two-axis load cell placed on top of the specimen so as to obtain measurements free from friction force of horizontal loading table. To simulate the real-life condition where the bearings are installed under an actual building, heat insulator is placed on top of and under the bearings.
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Figure 2. Cross sections of lead-rubber bearings. 
(Red markers [ ] indicate the positions of thermocouple sensors)

Table 1. Basic geometrical parameters of lead-rubber bearings

	Parameters
	Unit
	LRB dia. 500
	LRB dia. 250

	Rubber diameter
	mm
	500
	250

	Rubber shear modulus
	N/mm2
	0.392
	0.392

	Rubber thickness
	mm
	3.033 layers
	2.024 layers

	Shim plate thickness
	mm
	2.232 plates
	1.423 plates

	End plate thickness
	mm
	352 plates
	202 plates

	Lead core diameter
	mm
	100
	50

	Number of lead core
	−
	1
	1


Deformation 
value 
of bearing
Air conditioner
Vertical actuator
Horizontal actuator
Bi axial load cell
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Environmental temperature control room
Bearing


Figure 3. Conditions of testing apparatus.

3.2 The evaluation method for shear stress of rubber bearing

As the yielding force obtained from LRB testing, shown in Equation 1, would include RB intercept force components, RB testing is conducted before LRB testing to investigate the shear strain, strain rate and temperature dependences of RB shear stress. To evaluate the loading shear strain and strain rate dependences of RB shear stress, a test outlined in Table 2 is conducted on a 500 mm-diameter RB before lead core insertion. Here, 𝑉𝛾 (−/s) denotes the strain rate at the time of intercept passage under sinusoidal loading, and is expressed by Equation (2) with the loading shear strain as 𝛾 (−) and the loading period as 𝑇 (s): 

                                                                                                                                                 (2)

Table 2. Test conditions in shear strain and strain rate dependency

	Pressure
N/mm2
	Shear strain 
%
	Shear strain rate 
−/s
	Period (Sin) 
s
	Temp.
°C
	Number of cycles

	15
	50 (TP.1)

100 (TP.1)

200 (TP.2)

250 (TP.3)
	0.03
	
	about 30°C
(uncontrolled)
	4

	
	
	0.39
	
	
	11

	
	
	0.79
	
	
	21

	
	
	1.57
	
	
	

	
	
	3.14
	
	
	

	
	
	6.28
	
	
	

	
	
	12.6
	
	
	

	(The cases of 6.28 and 12.6 (−/s) shear strain rate 
have not been enforced under the condition of 50% shear strain.)



To minimize the effect of the experiencing repeated deformation of each specimen, three specimens are used for testing. Strain rate dependence testing is implemented with different shear strain percentages on the respective specimens; at 𝛾 = 50% and 𝛾 = 100% on the first specimen (TP.1), 𝛾 = 200% on the second specimen (TP.2), and 𝛾 = 250% on the third specimen (TP.3). To evaluate the temperature dependence of RB shear stress, a test outlined in Table 3 is conducted on a 250 mm-diameter RB specimen before core insertion. Two specimens are used so as to run temperature dependence testing with different strain conditions on the respective specimens, at 𝛾 = 100% on the first specimen (TP.4) and 𝛾 = 200% on the second specimen (TP.5). To evaluate the effect of strain rate on temperature dependence, testing is conducted for five different strain rates under various temperature conditions. Environmental temperature dependence testing is started from higher temperature conditions and proceeds to lower temperature conditions. Strain rate dependence testing is started from lower rate conditions and proceeds to higher rate conditions. 
Based on the findings from the above testing conducted on two specimen sizes, formulae expressing RB shear strain are derived with shear stress, strain rate and specimen temperature considered.

Table 3. Test conditions in temperature dependency

	Pressure
N/mm2
	Shear strain 
%
	Shear strain rate 
−/s
	Period (Sin) 
s
	Temp.
°C
	Number of cycles

	15
	100(TP.4)

200(TP.5)
	0.06
	
	40
20
0
−10
−20
−30
	5

	
	
	0.31
	
	
	

	
	
	0.79
	
	
	

	
	
	1.57
	
	
	

	
	
	3.14
	
	
	



3.3 The evaluation method for yielding stress of lead core of lead rubber bearing

An LRB created by inserting a lead core into the tested RB receives testing under the same conditions as those for RB specimens to evaluate yielding force of LRB and temperature of lead core center. As shear stress of RB and yielding force of LRB have been separately obtained from the previously described tests, yielding stress of lead core can be obtained from Equation 1. Formulae expressing yielding stress of lead core are derived from temperature of lead core center and its relationship from other loading conditions.


4. TEST RESULTS AND CREATION OF FORMULAE

4.1 Test results of rubber bearings and formulae

4.1.1 Shear strain and strain rate dependence of shear stress of rubber bearing

Of the Table 2 test results, where 500 mm-diameter RB specimens are tested at varying loading shear strain percentages (𝛾) and strain rates (𝑉𝛾), the hysteresis loops of 𝑉𝛾 = 3.14 (−/s) at 𝛾 = 250% are shown in (a) of Figure 4. (b) of Figure 4 shows the relationship between intercept force and inner rubber temperature in each loading cycle. At all the strain rates tested, the force-displacement relationship did not exhibit any change in response to the cyclic loading and the RB intercept force remained at a constant level. Increase in the inner rubber temperature was approximately 2°C, which establishes the fact that the amount of inner rubber temperature increase during RB testing is not very large.
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Figure 4. (a) Force-displacement relationships and (b) history of intercept force and temperature of inner rubber 
in the case of 500 mm-diameter RB testing at 𝛾 = 250% and 𝑉𝛾 = 3.14 (−/s). 

[image: C:\Users\K690XN\AppData\Local\Packages\Microsoft.Office.Desktop_8wekyb3d8bbwe\AC\INetCache\Content.Word\D500-ShearStainRatio.wmf]Figure 5 shows the relationship between shear stress of RB and 𝑉𝛾 at each 𝛾 based on the findings from all the tests outlined in Table 2. It is clearly demonstrated that shear stress of RB becomes greater as 𝛾 and 𝑉𝛾 become larger. 


Figure 5. Relationships between shear stress and shear strain rate. 

Assuming a constant initial specimen temperature of 30°C, based on the finding that the amount of temperature increase in response to cyclic loading is not very significant, Equation 3 is derived to express shear stress of RB 𝜏𝑅𝐵 (30°C, 𝛾, 𝑉𝛾) (N/mm2) at loading shear strain 𝛾 (−) and strain rate 𝑉𝛾 (−/s):

                                                                                         (3)

The results obtained from the formulae are superimposed in Figure 5. Equation 3 successfully expresses changes in shear stress of RB in the 500 mm rubber-diameter, 100 mm lead core-diameter specimen in response to changes in 𝛾 and 𝑉𝛾. 

4.1.2 Temperature dependence of shear stress of rubber bearing

Table 3 shows the conditions of the test conducted on a 250 mm-diameter RB specimen at varying environmental temperatures. Among the conditions, Figure 6 highlights the hysteresis loops of loading shear strain 200% / strain rate 3.14 (−/s) at environmental temperatures of −20, 0, 20 and 40°C. It demonstrates that the intercept force will be greater as the specimen temperature gets lower. This tendency is most pronounced at −20°C. Figure 7 shows the intercept forces obtained from 𝛾 =200% testing to describe the change rate of the intercept force based on 20 °C. The effect of 𝑉𝛾 variation is not significant in the range from 40°C to 0°C. On the other hand, in temperature ranges of −10°C and below, the rate of change becomes greater as 𝑉𝛾 gets larger.


Figure 6. Force-displacement relationships of 250 mm-diameter RB for 200% shear strain tests
under strain rate 3.14 (-/s) at environmental temperatures of -20, 0, 20 and 40°C.
[image: C:\Users\K690XN\AppData\Local\Packages\Microsoft.Office.Desktop_8wekyb3d8bbwe\AC\INetCache\Content.Word\D250-200%-温度依存評価式-2-color.wmf]

Figure 7. The change rate of the intercept force based on temperature of 20 °C at 200% shear strain tests.

4.1.3 Formulae of shear stress of rubber bearing

Equation 4 is created to express temperature dependence of shear stress of RB, with a selective focus on the 𝛾 = 200% findings considering the superior seismic response characteristics. Values obtained from the equation are superimposed in Figure 7.

 
                                                                                                                                                                          (4)


Here, 𝑇𝑅𝐵𝑠 (°C) is the initial specimen temperature and 𝑓𝑅𝐵 (𝑇𝑅𝐵𝑠) is the change rate of the intercept force based on 20 °C when the initial specimen temperature is 𝑇𝑅𝐵𝑠. 
Equation 4 is generally successful in expressing the temperature dependence of intercept force of RB. From Equations 3 and 4, the shear stress of RB is obtained as Equation 5 as a function of initial specimen temperature 𝑇𝑅𝐵𝑠 (°C), loading shear strain 𝛾 (−) and strain rate 𝑉𝛾 (−/s):




                                                                                                                                                                         (5)
Note that the applicable range is limited to the following:

 (°C),    (−),   (−/s)

4.2 Test results of lead rubber bearings and formulae

4.2.1 Shear strain and strain rate dependence of yielding stress of lead core



Figure 8. Force−displacement relationships; (a) shear strain 100%, strain rates(−/s) (a1) 0.03 and (a2) 3.14,
(b) shear strain 200%, strain rates(−/s) (b1) 0.03 and (b2) 3.14.



Figure 9. Relationships between yielding stress and temperature of lead core
under various strain rate tests for (a) shear strain 100%, (b) shear strain 200%.

Among the test results on a 500 mm-diameter LRB specimen at varying loading shear strain 𝛾 and strain rates 𝑉𝛾 shown in Table 2, (a1) and (a2) of Figure 8 highlight the hysteresis loops of 𝛾 = 100% / 𝑉𝛾 = 0.03, 3.14 (−/s) while (b1) and (b2) highlight the equivalent hysteresis loops based on 𝛾 = 200% test results. In (a1) and (b1), where 𝑉𝛾 is lower, yielding force of LRB does not decrease in response to cyclic loading and was approximately the same at both 𝛾 = 100% and 𝛾 = 200%. On the other hand, in (a2) and (b2) where 𝑉𝛾 is faster, yielding force of LRB is greater at the start of cyclic loading and then gradually decreases as the number of loading cycles increases. Figures 9 show the relationship between shear stress of lead core and temperature of lead core center based on the results at (a) 𝛾 = 100% and (b) 𝛾 =200%, respectively. Note that the shear stress of lead core used here is the value obtained from Equation 1. The figures show that shear stress of lead core increases as 𝑉𝛾 becomes faster but decreases as the temperature of lead core center becomes higher. It is also shown that the increase rate of temperature of lead core center is larger at faster 𝑉𝛾 rates, reaching 301.1°C at 𝛾 = 200% and 𝑉𝛾 = 12.6 (−/s) (the temperature is 294.6°C upon intercept passage in the final cycle).

4.2.2. Temperature dependence of yielding stress of lead core 

Among the results of the test conducted on a 250 mm-diameter LRB specimen at varying environmental temperatures shown in Table 3, Figure 10 shows the hysteresis loops of loading shear strain 𝛾 = 200% and strain rate 𝑉𝛾 = 3.14 (−/s) at temperatures of −20, 0, 20 and 40°C. It is highlighted that both the first-cycle yielding force and the amount of decrease in response to cyclic loading are greater at lower environmental temperatures. Figure 11 (a) shows the relationship between yielding stress of lead core and temperature of lead core center at 𝛾 = 100% and 𝑉𝛾 = 0.06 (−/s). Testing in a −30°C environment at a lower speed reduced the amount of temperature of lead core center increase to approximately 5°C. The level of yielding stress of lead core at the temperature of −25°C can be confirmed. yielding stress of lead core decreases at higher environmental temperatures and exhibits a high degree of correlation with the temperature of lead core center. Figure 11 (b) shows the relationship between yielding stress of lead core and temperature of lead core center at 𝛾 = 200%, 𝑉𝛾 = 3.14 (−/s) and varying environmental temperatures. 
It is highlighted that the lead core temperature increases, and the yielding stress of lead core decreases in response to cyclic loading and also that the relationship between yielding stress of lead core and temperature of lead core center changes depending on the environmental temperature. For example, the shear stress of lead core with the temperature of lead core center of 50°C when tested in a −30°C environment was 13.7 N/mm2, but the same was 10.2 N/mm2 when tested in a 20°C environment. While lead core temperature is represented by its center temperature in these tests, the temperature distribution inside the lead core, which is relatively uniform in the initial loading stage, changes in response to cyclic loading so that the amount of temperature increase is actually greater in areas around the center of the core than in the peripheral areas of the core. However, difference in yielding stress is relatively smaller at higher environmental temperatures and was not significant between the test results when the environmental temperature was 20°C and when the same was 40°C.



Figure 10. Force−displacement relationships for shear strain 200% with strain rate 3.14 (-/s) 
at environmental temperature of (a) -20°C, (b) 0°C, (c) 20°C, (d) 40°C. 





Figure 11. Relationship between yielding stress and temperature of lead core
 (a) under 0.06 (−/s) strain rate for 100% shear strain tests and (b) under3.14 (−/s) strain rate for 200% shear strain tests
 at environmental temperatures of −30, −20, −10, 0, 20 and 40°C

4.2.3. Formulae for yielding stress of lead core

Figure 12 shows the relationship between yielding stress of lead core and temperature of lead core center obtained from the above tests at various strain rates 𝑉𝛾. At each 𝑉𝛾, the relationship exhibited high levels of correlation regardless of the specimen size, the degree of shear strain or the environmental temperature.


Figure 12. Relationship between yielding stress 𝜏𝑃𝑏 and temperature of lead core center 𝑇𝑃𝑏 
described in each strain rate of tests

Finally, Equation 6 is obtained to express yielding stress of lead core 𝜏𝑃𝑏 using strain rate 𝑉𝛾 and temperature of lead core center 𝑇𝑃𝑏, the results of which are superimposed on the diagrams of Figure 12. Equation 6 successfully expresses the test results on 250 mm- and 500 mm-rubber diameter specimens in the broad temperature range from −25°C to 300°C.



Note that the applicable range is limited to the following:                                                                              (6)

 (°C),    (−/s)

4.3. Comparison with existing formulae

Existing studies showing the relationship between lead core temperature and yielding force have proposed formulae that are described in temperature ranges of up to 327.5°C, or the melting point of lead, while the ranges of lead core temperature that were actually observed in experiments of LRB are: (a) 15°C to 150° (Takenaka et al. 2008), (c) 20°C to 235° (Kitamura et al. 2012), and (d) 10°C to 270° (Muramatsu et al. 2016). Kalpakidis et al. expressed the relationship (b) derived by using the relationship between the tensile stress of the lead test piece and the temperature with the initial effective yielding stress of LRB (Kalpakidis and Constantinou 2009). For higher temperature ranges that have not been observed in testing, the equation for (a) extrapolates 0 as the yielding force at the lead melting point and those for (c) and (d) extrapolate an approximate curve up to the lead melting point. These existing formulae therefore may fail to correctly evaluate the LRB yielding force behavior in very high and very low temperature ranges.
On the other hand, the formulae proposed by this study considers loading velocity and the lead core shear area-to-RB shear area ratio (𝐴𝑃𝑏/𝐴𝑅𝐵) in evaluating LRB yielding force, which differs from the existing formulae. 
To compare our formulae from those from the existing studies, specific LRB geometry and loading conditions (shear strain, period) must be given. Here, a 1,000 mm-diameter, 200 mm-lead core diameter LRB and 100% shear strain and a period of 4 seconds are selected for the comparison.
Figure 13 shows the relationship between the yielding stress of LRB and the temperature of lead core together with existing formulae. The yielding stress of LRB is obtained by diving the LRB yielding force derived from Equations (1), (5) and (6) by lead core shear area.
The temperature ranges that are actually observed in experiments are shown with thick lines while those that have not been actually observed are shown with thin lines.
Compared to the existing formulae, the formulae proposed in this study exhibit smaller amounts of yielding stress decrease. One of the reasons for this may be that formulae (a) and (c) have been derived using the results of temperature of edge of lead core, where the temperature tends to shift to lower regions than when temperature of lead core center is used. Formula (b) have been derived using the results of tensile test of lead. Formula (d), which is based on temperature of lead core center as opposed to temperature of edge of lead core, provides an evaluation similar to that by the formulae proposed in this study.
[image: C:\Users\K690XN\AppData\Local\Packages\Microsoft.Office.Desktop_8wekyb3d8bbwe\AC\INetCache\Content.Word\既往式との比較-wcsi.wmf]

Figure 13 Comparison of proposed formula and previous research.


5. VERIFICATION OF THE VALIDITY OF FORMULAE AND CFS ANALYSIS TECHNIQUE 

5.1 Verification method

To evaluate the validity of Equations (1), (5) and (6), which are formulae for shear stress of RB and lead core, an analysis is run with the formulae incorporated for comparison with actual experiment results. For the analysis to determine the temperature of lead core in heat-mechanics interaction analysis, two analysis techniques, Constant Flux Solution (CFS) and Finite Difference Method (FDM), are used. Comparison of actual test results with the results obtained from the CFS and FDM will be used to verify the validity of the formulae. Further, the applicability of CFS will be evaluated by comparing between the results of CFS and FDM. 

5.2 Comparison between test results and analysis results

In order to evaluate the validity of the formulae and the analysis techniques, investigation on a real-size specimen outlined in Table 4 is conducted in addition to those shown in Table 1 used for developing the formulae. Four test cases outlined in Table 5 are used. Variously conditioned tests including sinusoidal and earthquake response wave loading tests on specimens with 250 mm to 1,000 mm diameters, with initial temperatures from −20°C to 31°C, shear strain percentages from 100% to 175%, and 50 to 3 seconds periods, are compared with the analysis results.

Table 4. Basic geometrical parameters of lead-rubber bearings

	Parameters
	Unit
	LRB dia. 800
	LRB dia. 1000

	Rubber diameter
	mm
	800
	1000

	Rubber shear modulus
	N/mm2
	0.392
	0.392

	Rubber thickness
	mm
	6.026 layers
	7.029 layers

	Shim plate thickness
	mm
	4.425plates
	4.328 plates

	End plate thickness
	mm
	432 plates
	482 plates

	Lead core diameter
	mm
	160
	200

	Number of lead core
	−
	1
	1

	Aspect ratio (S2)
	−
	5.1
	4.9



Table 5. Test conditions

	Case
	Specimens
	Conditions

	I
	LRB dia.250
	σ=15MPa, γ=100%, T=4s Sin wave, 5cycles, (−20°C)

	II
	LRB dia.800
	σ= 6MPa, γ=100%, T=50s Sin wave, 4cycles, (31°C)

	III
	LRB dia.800
	σ= 6MPa, γ=100%, T=3s Sin wave, 50cycles, (28°C)

	IV
	LRB dia.1000
	σ= 3MPa, γmax= 175%, Eq. response wave, (23°C)

	
σ: vertical pressure, γ: shear strain, T: period,
Temperature in parentheses indicates initial temperature of LRB




Figure 14 Comparison of force–displacement relations, cumulative energy dissipation and temperature of lead core.

Figure 14 shows hysteresis loops, the time-based transitions in cumulative energy dissipation and temperature of lead core obtained from the test results, CFS and FDM for Case I in low-temperature environment as well as for Cases III and IV with numerous repetition cycles. Both CFS and FDM successfully reproduce the reduction in yielding force in response to cyclic loading, the changes in cumulative energy dissipation and the increase of temperature of lead core that has been observed in variously conditioned tests. Results from the two analysis techniques are substantially the same.
The above comparisons demonstrate that CFS and FDM using the formulae proposed in this study successfully express the changes in energy absorption due to cyclic loading obtained from the tests and the increase in lead core temperature. It is also confirmed that the results of CFS are substantially the same as those of FDM, demonstrating its applicability to circular LRBs.


6. CONCLUSIONS

The present study conducted various experiments using RB and LRB specimens in order to gain an accurate understanding of the changes in LRB energy absorption performance when cyclic loading is applied. As a result, the following conclusions were obtained. 
[1] Shear strain, strain rate and temperature dependences of the intercept force of RB specimens have been demonstrated by experiments, based on which the formulae are proposed. 
[2] Yielding stress of lead core was extracted from the test results of LRB and RB specimens, and the formulae for yielding stress of lead core with the temperature of lead core center and strain rate over a wide temperature range of −25°C to 300°C were proposed. 
[3] The analysis methods CFS and FDM using the proposed formulae for yielding stress of lead core can successfully reproduce the test results on from scaled-down to real-size specimens. 
[4] Comparison between CFS and FDM demonstrates that the CFS successfully reproduces changes in LRB energy absorption performance in response to cyclic loading and also changes in lead core temperature. 

Based on the above, the formulae for yielding stress of lead core proposed in this paper can more accurately reproduce the reduction of yielding stress of LRB in response to cyclic loading than the existing formulae, enabling more appropriate designing for actual phenomena against long-duration earthquakes with long-period characteristics. By use of CFS analysis technique, almost same results of FDM analysis technique will obtain with more ease.
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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!

Important Dates

Abstract Submission Deadline - 01 december 2018
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