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Summary 

 
In this study, a new type of seismic isolator, composed of rubber materials and 
sliding plates called adaptive rubber bearings (ARB’s), are proposed. In order to 
systematically investigate the mechanical behavior of an ARB, mathematical 
formulations for nonlinear analyses have been derived from the proposed con-
cept of the ARB. Based on the concept of the force equilibrium via the combina-
tion of rubber and the sliding core layer by layer, the mathematical formulations 
presenting the adaptive characteristics of the entire ARB system can be obtained 
by way of the series of connections of all layers in the entire device. By virtue of 
the derived mathematical formulations, the phenomena of the ARB isolator pos-
sessing adaptive features can be clearly understood even though it is a com-
pletely passive device. Numerical analysis which is in good agreement with ex-
perimental results infer that the effective stiffness and damping ratio of the ARB 
isolator change continually during an earthquake and are controllable through 
appropriate design. 
 
Key Words: Seismic isolator, rubber bearing, adaptive rubber bearing 
 
 
(Editor's Note: This article does not follow the usual two column format of IJOI 
in order to make the mathematical formulas more readable.)
 
 

Introduction 

 To reduce the seismic response of the existing or new built structures, seis-

mic isolation technology has been known as a promising technique. This has 

been verified through great amount of experimental and numerical studies. 

Among the techniques, two types of well-known seismic isolation systems, 

elastomeric-based system and rolling or sliding-based systems, have been proven 

to protect the structures from earthquake damage efficiently. In 1870, Jules 

Touaillon was first granted a patent for base isolation system. This system is lo-

cated between upper structure and its foundation with two spherical concave and 

a rolling ball. In1869, the American L. Sterne proposed a patent for railway pur-

poses. Although it was not intended as a means for seismic isolation, it is built 

up of soft India-rubber rings, and circular or other suitable shaped metal-plates. 
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 This patent is the pioneer of modern seismic isolator. In 1978, William H. 

Robinson of New Zealand proposed a base isolator called the Lead Rubber 

Bearing (LRB) by inserting a lead plug into a laminated rubber bearing which 

was proposed by L. Sterne in 1869. Among these technologies, the lead rubber 

bearing has been most popular. However, the LRB that uses a lead material has 

resulted in environment problems and been prohibited by many well developed 

countries. In addition, many researchers have urged that the temperature of the 

LRB will rise after absorbing seismic energy to weaken materials and functions 

of the isolators. This causes larger displacements than we would expect. Both 

LRB and HDRB possess a feature of too small damping for engineering practice 

and need supplemental damping from other dampers, which will cause increased 

expenses and longer construction time as well as need more spaces to install ad-

ditional dampers. 

 

 In order to solve abovementioned problems, this study proposes a new rub-

ber bearing called Adaptive Rubber Bearing (ARB). These isolators are the 

combination of rubber and the sliding core layer. The proposed rubber bearings 

are completely passive, yet possess adaptive characteristics of stiffness and 

damping. Compared with the traditional lead rubber bearings, the ARB has the 

following advantages: (1)using environmentally friendly materials; (2) having no 

problem of internal temperature rise; (3) Uniform stress distribution of the en-

ergy dissipation unit no stress concentration problem at the center of the support 

pad; (4) has a high damping ratio; (5) has self-adapting characteristics; (6) is 

easy to manufacture; (7) is light in weight; and (8) Under different levels of 

earthquakes, different rubber layers are deformed to achieve self-adaptation op-

timization; and (9) The vertical stiffness can be adjusted through the combina-

tion of different sliding materials, not only related to the rubber layer. In this 

study, experimental results are provided to verify the concept of the proposed 

device. The ARB has a damping ratio close to 60% at small displacements. Such 

high damping characteristics not only need no additional damping devices in the 

engineering application for enhancing the damping ratio, but also are simpler in 

design. In addition, the damping ratio of the ARB isolator change continually 

during an earthquake and controllable through appropriate design. 

 

Concept Of Proposed Adaptive Rubber Bearings 

 

Model overview 

 In this section, the major concept of ARB will be described as follow. 

As shown in Figure 1, the adaptive rubber bearing consist of alternate rubber 

layers and shim plates that similar to the traditional rubber bearings. However, 

the major different of the proposed isolators is a new sliding core, which is 

composed of sliding plates located at each layer of rubber to form the sliding 

surface that are confined by two adjacent shim plates. The friction coefficient of 

the sliding surface can be different from one sliding interface or rubber layer to 

another, which can control the timing of initiating the sliding motion of a sliding 

plate or rubber layer. There will be two situations as follow: 
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1. When the total horizontal force of a layer is less than the static friction force 

of the layer, the layer will not deform or slip horizontally, so the layer does not 

contribute any damping ratio to the isolator as a whole. In addition, the horizon-

tal stiffness of this layer is considered to be infinite. 

 

2. When the total horizontal force of a layer exceeds the static friction force of 

the layer, the layer will produce relative movement accompanied by rubber shear 

deformation, which can not only provide some damping, but also contribute 

flexibility to the isolation system. In addition, the relative sliding of two adjacent 

sliding interfaces will occur, which can provide a certain degree of friction 

damping. At this time, the mechanical behavior of the overall isolator should be 

a series of sliding layers located at different layers where movements exist. By 

adjusting the friction coefficients of different sliding interfaces, the effect of 

adaptive characteristics and high damping ratio can be achieved. 

 

 From the above, we can see that the isolator can adjust itself by adjusting the 

friction coefficient of each layer, the size of sliding surface and the thickness and 

material of rubber, and then combine the above parameters to adjust the isolator's 

different behavior under different magnitude earthquakes. 

 

Theoretical Effective Stiffness, Damping Ratio and Mathematical Model 

Nonlinear Mathematical Model for ARB Devices. 

 In this section, a nonlinear mathematical model is derived to simulate the me-

chanical behavior of the proposed seismic isolator.  

 

 Figure 2 shows that the total horizontal force of the i
th

 layer in the device is the 

sum of the shear force of the rubber material and the frictional force of the sliding 

plate.  

 

This is given as:  

 

firii ffF +=  (1) 

 

Based on the Wen's model, the following equation to simulate the mechanical 

behavior of the rubber material.  
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   Figure 1. Sketch of adaptive rubber bearing     Figure 2. Total force in a 

                layer of ARB 

 

where y

iF and 
iY represent the yield force and yield displacement, respectively; 

iα denotes the ratio of the post-yielding to pre-yielding stiffness; ci is the damp-

ing coefficient for defining the velocity dependent damping force of the rubber 

material; P

riF  defines the plastic force of rubber material at the previous time 

which is velocity independent and Zi and dZi denotes a dimensionless variable 

and increment that control the plastic behavior of the rubber material in the i
th 

layer and is given by: 
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where: 

( ) ( ) ( )( ) βγ +⋅= tZtdUt iii sgnQ                                (5) 

Ai, γi, and βiare dimensionless quantities that control the shape of the hysteresis 

loop. Note that many other mathematical models can be used to simulate the 

nonlinear behavior of the rubber material. 

 

If we set Zi=Zp + dZi, then Eq. (4) can be rewritten as: 
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where ZPi is the dimensionless variable at the previous time. 
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The solution to Eq. (6) is given by: 
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The frictional force of the sliding interface of the sliding plates in the i
th

 layer 

can be modeled by the following. 

 

)sgn( iiifi vWaf µ=  (8) 

where  )sgn( iv  is the sign of the sliding velocity of the i
th

 layer. 

Note that the total horizontal force of the device in the i
th

 layer is the sum of the 

shear force of rubber and the frictional force of the sliding plate. 

 

The following equation can be obtained by substituting Eqs. (2), (4) and (8) into 

Eq. (1): 
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Rearranging Eq. (9) yields: 
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(10) 

 

From Eq. (10), the displacement increment of the i
th

 layer can be obtained by: 
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 If the horizontal force sustained by the sliding plates is smaller than the fric-

tional force in the n
th

 layer, 
nnWa µ , the total displacement increment of the de-

vice is the sum of all layers except for the n
th

 layer in the isolator. This yields: 
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Rearranging Eq. (12), we obtain: 
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Rearranging Eq. (13) yields: 
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Therefore, if the n
th

 layer is not activated, the tangential stiffness of the whole 

device in the horizontal direction can be obtained as: 
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The damping force of the entire system, FD, can be expressed as: 
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 For a special case in which the same material properties are used in all lay-

ers, the tangential stiffness of the whole device in the horizontal direction can be 

obtained as: 
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(17) 

 

and the damping force is given by: 
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Where v is the total horizontal velocity of the device. 

Theoretical Effective Stiffness and Equivalent Damping Ratio for ARB Devices. 

 In this section, theoretical effective stiffness and equivalent damping ratio 

will be determined (Tsai et al. 2018). 

 

Referring to Figure 3 and 4, the enclosed area of the hysteretic loop of the rubber 

material is obtained as: 

 rii
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effri ukA ξπ 22=                                     (19) 

The enclosed area of the hysteretic loop of the sliding plate is given by: 

iiifiifi uWafuA )(44 µ==
                                 

(20) 

Figure 3. Hysteresis loop of a single     Figure 4. Hysteresis loop of a sliding core                                         

 layer of rubber material in a single layer 

 

The effective stiffness of the sliding plates is  

i
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The effective stiffness of a typical layer is 
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The horizontal force in a single layer is    
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Arranging the above equation yields 
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The total displacement of the isolator is 
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Arranging the above equation leads to 
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The effective stiffness of sole rubber layers is given by: 
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The governing equation in terms of effective stiffness for the entire bearing is given 

by: 
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The displacement of a single layer by substituting Eq. (28) into Eq. (24) can be ob-

tained as: 
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Substitution of Eq. (29) into Eq. (19) leads to the enclosed area of the hysteretic loop 

of rubber in a single layer 

2

1

2

















−
















+= 
≠
=

ii

N

ni
i

ri

eff

iirbrb

ri

eff

ri
ri Wa

k

Wa
KuK

k
A

effeff
µ

µπξ
                                (30) 

Substitution of Eq. (29) into Eq. (20) results in the enclosed area of the hysteretic 

loop of the sliding plate in a single layer 
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Combination of Eqs. (30) and (31) yields the equivalent damping ratio of the entire 

isolator 
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As a special case, when the same material properties are used in all layers, then the 

effective stiffness of the entire isolator with uniform properties can be expressed as:  

u
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µ
+=                                                  (33) 

The equivalent damping ratio of the whole rubber bearing is given by: 
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Comparison Of Experimental And Analytical Results  

 In this section, test results of a full-scale ARB are presented to validate the 

mechanical behavior of ARB in this study. Figure 5 shows the detail of full-scale 

ARB. The full-scale ARB is 700mm in diameter, and a 5 mm cover, 16 layers of 

rubber, a sliding core in 300mm, and 15 shim plates in 4mm. Each layers of 

rubber are 4mm thick and three sliding plates with the same thickness as rubber.  

 

Figure 5. Detail of full-scale ARB Specimen  Figure 6. Photo of testing machine 

  

 These sliding plates are located between two shim plates to form two major 

sliding interfaces. The choice of the material of sliding plates depend on their 

vertical stiffness, friction coefficient, strength, wear resistance, specific heat and 

melting temperature. Figure 6 shows the test set-up for the ARB located at 

Tauyan Laboratory of CECI Nova Technology Co., Ltd., Taiwan. The capacity of 

Biaxial Loading Test Machine is 9810kN in vertical direction, 981kN and a dis-

placement 225mm in horizontal direction. 

 

 Figure 7-10 show the hysteresis loops while the full-scale specimen is sub-

jected to 100%, 150%, 200% and 250% of shear strain in rubber, and under a 

vertical load 3740kN, known as vertical pressure 10MPa. 

 

Figure 7. Hysteresis loops at strain of 100%    Figure 8. Hysteresis loops at 

strain of 150% under pressure of 10MPa.        under pressure of 10MPa.   
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Figure 9. Hysteresis loops at strain of 200%    Figure 10. Hysteresis loops at    

strain of 250% under pressure of 10MPa.        under pressure of 10MPa. 

  

 Figures 11 and 12 respectively present the comparison of the analytical and 

experimental results of the effective stiffness and equivalent damping ratio of the 

ARB. The damping ratio is 55.99% at the shear strain of 50%, 49.37% at the 

shear strain of 100%and 35.09% at the shear strain of 250%, which compare 

with the analytical results. 

Figure 11. Effective stiffness at various levels    Figure 12. Damping ratio at various 

levels of strains under pressure of 10MPa.        of strain under pressure of 10MPa. 

 

 In addition, Figures 13 and 14 show the analytical results of hysteresis loops. 

The test results as shown in Figures 7 and 9 prove that the ARB isolator provides 

high damping ratio to absorb seismic energy and that a good agreement between 

the analytical and experimental results has been obtained. 

 

Figure 13. Analytical result at the strain of       Figure 14. Analytical result at the 

strain of 100% under pressure of 10MPa         200% under pressure of 10MPa 
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Conclusions 

 Innovative rubber bearings called adaptive rubber bearings were proposed in 

this study. The following conclusions can be drawn: 

 

1. The ARB isolators use lead- free materials that are environmentally friendly. 

 

2. The proposed rubber bearings are completely passive devices but possess 

adaptive characteristics. 

 

3. The decrease in equivalent damping ratio of the ARB with an increased dis-

placement is not considerable. 

4. The ARB isolator has much higher damping ratio than the LRB and HDRB. 

 

5. The mechanical behavior of the ARB can be well simulated by proposed 

formulations. 
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