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Abstract

A pile top seismic isolation system is used for constructing base-isolated buildings. In this system, seismic isolators are set
on the pile’s top directly, and piles are connected with thin foundation girders or a mat slab. In recent years, many logistics
centers in Japan have been constructed using this system because it enables significant cost reductions in underground
construction.

However, this system does have some problems. For example, the laminated rubber bearing’s bottom part easily
undergoes bending rotation because the thin foundation girders have low stiffness. This tendency becomes more
pronounced in the case of soft ground. If bending rotation occurs, the laminated rubber bearing’s horizontal stiffness
reduces under the influence of the horizontal component of the axial load, and its inflection point moves downward from the
center height of the device (usually, the point does not move). This, in turn, significantly affects the structural characteristics
of the pile top seismic isolation building. In addition, it has been noted that the horizontal stiffness and rotational stiffness of
the laminated rubber bearing show deformation-dependent nonlinearity.

In order to evaluate such special behaviors of the pile top seismic isolation building appropriately, it is required to
consider the dynamic soil-structure interaction and the nonlinearity of the laminated rubber bearing. In particular, analytical
models that can consider the geometric nonlinearity and various nonlinear characteristics caused by the bending rotation of
a laminated rubber bearing have been proposed. However, highly specialized knowledge is needed to use these models, and
such knowledge is difficult to incorporate into general-purpose design software. Therefore, it’s not considered sufficiently
their effects in conventional structural design at present.

This paper describes the seismic behaviors of laminated rubber bearings in a pile top seismic isolation buildings
through numerical experiments by considering the nonlinearity of the laminated rubber bearing and the dynamic soil—
structure interaction.

The parametric analytical study is performed by the elasto-plastic earthquake response analysis. The analytical model
is of the fishbone type, and it represents one span of the logistics center. It consists of a superstructure, seismic isolated
layer, thin foundation girders, a pile, soil-pile springs, and free field. The laminated rubber bearing model is based on
Haringx’s theory, and this model is constructed using three matrices: horizontal stiffness matrix, geometric nonlinear matrix,
and rotational stiffness matrix.

The following conclusions are obtained through numerical experiments on the pile top seismic isolation building.

1. The dynamic characteristics of the laminated rubber bearing are quantitatively evaluated depending on the
characteristics of the substructure. In addition, it is shown that their values are affected by the influence of the
correlation between the horizontal deformation and the rotational angle of the laminated rubber bearing.

2. It is clarified that the dynamic characteristics of the laminated rubber bearing can be evaluated using a simple
indicator called the rotational stiffness ratio. In addition, their values are evaluated by considering the
dependency of the axial load on the laminated rubber bearing.
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1. Introduction

A pile top seismic isolation system is used for constructing base-isolated buildings. In this system, seismic
isolators are set on the pile’s top directly, and piles are connected with thin foundation girders or a mat slab. In
recent years, many logistics centers in Japan have been constructed using this system because it enables
significant cost reductions in underground construction.

However, this system does have some problems. For example, the laminated rubber bearing’s bottom part
easily undergoes bending rotation because the thin foundation girders have low stiffness. This tendency becomes
more pronounced in the case of soft ground. If bending rotation occurs, the laminated rubber bearing’s horizontal
stiffness reduces under the influence of the horizontal component of the axial load, and its inflection point moves
downward from the center height of the device (usually, the point does not move) [1, 2]. If the inflection point
moves, the sharing ratio of the bending moment between the upper and the lower structural members becomes
uneven. This, in turn, significantly affects the structural characteristics of the pile top seismic isolation building.
In addition, it has been noted that the horizontal stiffness and rotational stiffness of the laminated rubber bearing
show deformation-dependent nonlinearity [2].

Recently, analytical models that can consider the geometric nonlinearity and various nonlinear
characteristics caused by the bending rotation of a laminated rubber bearing have been proposed [2, 3]. However,
highly specialized knowledge is needed to use these models, and such knowledge is difficult to incorporate into
general-purpose design software.

This paper describes the evaluation results of the dynamic characteristics of laminated rubber bearings by
earthquake response analysis considering the nonlinearity of the laminated rubber bearing and the dynamic soil —
structure interaction.

2. QOutline of Dynamic Analysis
2.1 Analytical Model of Pile Top Seismic Isolation Building

Figure 1 shows the dynamic analytical model. The analytical model is of the fishbone type, and it represents one
span of the pile top seismic isolation building. It consists of a superstructure, seismic isolated layer, thin
foundation girders, a pile, soil-pile springs, and free field.

The superstructure model comprises a mixed structure (RC columns and steel girders). All frames of the
superstructure model are elastic beam elements. The compressive strength of concrete f. at RC columns is 36
N/mm?, and Young’s modulus is calculated from the compressive strength [4]. Young’s modulus of steel is
205000 N/mm® [5]. The seismic isolated layer is constructed using a steel damper and a laminated rubber
bearing. The steel damper has a normal bilinear model; its yield displacement is 2 cm, and its yield shear force is
240.4 kN (Figure 1). The laminated rubber bearing is a natural rubber bearing; an overview of its parameters is
shown in Table 1. The axial load that acts on the laminated rubber bearing is 8000 kN (axial stress: 10.2 N/mmz).
The laminated rubber bearing model is described in detail later.

The thin foundation girder, pile, and ground conditions are the parameters used in the dynamic analysis,
because these have various influences on the bending rotation of the laminated rubber bearing. The thin
foundation girders have an RC structure. The model of the thin foundation girders contains elastic beam
elements. The compressive strength £, of concrete is 36 N/mm?’. Table 2 shows the section size of the thin
foundation girder. Table 2 also shows the relative stiffness ratio of the thin foundation girder (FG/1G). Two
types of piles are used: steel pile and RC pile (Table 2). The model of the pile contains elastic beam elements.

The parameters of the free field and soil-pile springs are the N-value of the ground. The velocity Vs of the
secondary wave of the ground is calculated using the N-value (Table 2) [6]. The stiffness kg of the soil-pile
springs is calculated using Eq.(1), which was proposed by Francis [7].
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Table 1 — Overview of NRB Table 2 — Parameters of dynamic analysis
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Fig.1 — Analytical model Fig.2 — Strain dependency of ground (G- y, h-y)

Esand v, represent Young’s modulus and Poisson’s ratio (v, = 0.48) of the ground, respectively, and B,
E,, and I,represent the diameter, Young’s modulus, and geometrical moment of inertia of a pile. /7 represents the
thickness of subsurface layers that are partitioned. [, represents the coefficient of a pile group. p represents
the soil density (p = 1.8t/m>). Vs of engineering bedrock is 450 m/s. The soil-pile springs in the subsurface
layers have a hyperbolic model. The ultimate strength of the subgrade reactions in the subsurface layers is

calculated using Broms’s equation [7]. The free field is a large lumped mass model with cross-sectional area of
10000m”. The subsurface layers have an H-D model [8], and Figure 2 shows the strain dependency [9].

2.2 Analytical Model of Laminated Rubber Bearing Considering Nonlinearity

In this paper, the analytical model of the laminated rubber bearing is based on Miyama’s method [2]. Miyama
defined the deformation of a laminated rubber bearing as shown in Figure 3 and proposed the stiffness matrix of
the laminated rubber bearing based on Haringx’s theory [10]. The stiffness matrix is constructed using three
matrices: horizontal stiffness matrix [Ky], geometric nonlinear matrix [Kp], and rotational stiffness matrix [Kg]

(Eq.(2)).

0, X
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Fig.3 — Deformation of laminated rubber bearing

Q4 and Qp, M and M3, x4 and x5, and 6, and 6, represent the shear forces, bending moments, horizontal
displacements, and bending rotational angles at points 4 and B, respectively, in Figure 3. P represents the axial
load that acts on the laminated rubber bearing (= 8000 kN), and / represents the total height of the laminated
rubber bearing (= 400 mm).

It is possible to consider the geometric nonlinearity (P- A effect and the influence of the horizontal
component of the axial load) using the matrix [Kp]. K, represents the horizontal stiffness of the laminated rubber
bearing considering the dependency of the axial load (Eq.(3)). P.. and A4, represent the axial buckling load and
effective plane area of the laminated rubber bearing, respectively. K, represents the rotational stiffness of the
laminated rubber bearing considering the dependency of the axial load and the dependency of the horizontal
displacement and material nonlinearity (Eq.(4)). I, represents the effective geometrical moment of inertia of the
laminated rubber bearing.

Kh=KS{1—(iJ}, (KV=G'AGJ 3)
PCr l n‘tV

rY E, I
K, ZKM{I—(P—WJ }% By s [Krc :TJ “4)

¢, represents the dependency of the horizontal displacement (Eq.(5)); it represents the ratio of the

geometrical moment of inertia of the overlapping part (upper and lower surfaces) and total area (Figure 4).

b, _4 lﬁd +26, cos’ 0, _B s 0, cosd, ~Sin 0,c08° 0, |, | cosd, == (5)
T\ 2 6 2 D

Fig.4 — Overlapping part of upper and lower
surfaces of laminated rubber bearing
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¢, represents the material nonlinearity (Eqs.(6) and (7)). Z and o represent the section modulus and
tensile yield stress of the laminated rubber bearing, respectively. 6, represents the rotational angle at which the
tensile stress of the outermost laminated rubber bearing reaches o, (Eq.(8)). « and S are parameters that are
related to the shape of ¢ (a =10, f =40 [11]). Figure 5 shows the shapes of ¢_ and ¢_ .

4, =1 (6/<6,.6=0,-6,) (6)
b-——— (4>0) )
1+Z[: —1Ja

z(P/a+ o))
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v (=x/D) 0/,
(a) Dependency of horizontal displacement (b) Material nonlinearity

Fig.5 — Nonlinearity of the rotational stiffness K,

2.3 Seismic Wave

The seismic wave used in the dynamic analysis is simulated using the response spectrum on engineering bedrock
of the building standard law in Japan. The response velocity spectrum S, level when the damping ratio is h =
0.05 is 0.8 m/s. This wave is simulated with a random phase. Figure 6 shows the time history and response
velocity spectrum of the seismic wave.
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(a) Time history (b) Response velocity spectrum

Fig.6 — Seismic wave
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3. Results of Dynamic Analysis
3.1 Results of Eigenvalue Problem

Figure 7 shows the mode shapes derived by the eigenvalue problem (N-value: 10, breadth of thin foundation
girder: 2 m). In this case, the stiffness of the seismic isolated layer is the equivalent stiffness at which the shear
strain is 100%, and the stiffness of the free field’s shear springs is the equivalent stiffness based on the shear
strain of the ground. The 1st mode is caused by the shear deformation of the seismic isolated layer. The 2nd
mode is caused by the ground’s vibration. Table 3 shows the list of natural periods (breadth of thin foundation
girder: 2 m).

Wit s Table 3 — List of natural periods (s)
Red s Novalie | Ist | 2nd | 3rd | 4th | 5t
Nvalue : 10 1 3.265 | 2383 | 0.815 | 0.582 | 0.367
Breadih of Girder : 2m Steel 5 3.225 | 2.058 | 0.814 | 0.465 | 0.367
Level of foundation rder Ple 10 3.205 | 1.133 | 0.814 | 0.367 | 0.288
oI5 320% 15 3.197 | 0.882 | 0.814 | 0.367 [ 0.288
2nd: LSS 20 3.192 | 0.813 | 0.685 | 0.367 | 0.288
it 0307 3.275 | 2.382 | 0.816 | 0.582 | 0.367
o st 2038 RC 5 3.225 | 2.057 | 0.814 | 0.466 | 0.367
o 081ds Pie 10 3.203 | 1.133 | 0.814 | 0.367 | 0.288
5t 0.288s : ‘ ‘ 15 3.194 | 0.882 | 0.813 | 0.367 [ 0.288
s s 005 1 15 20 3.189 | 0.813 | 0.685 | 0.367 | 0.288

Fig.7 — Mode shapes

3.2 Horizontal Stiffness of Laminated Rubber Bearing

Figure 8 shows an example of the hysteresis loop (shear force—horizontal deformation relation) of the laminated
rubber bearing. This figure also shows the hysteresis loops that are calculated using the horizontal stiffness
matrix [Ky] and geometric nonlinear matrix [Kp]. It has been noted that the horizontal stiffness of the laminated
rubber bearing is reduced by the rotation of the bottom part. As shown in Figure 8, the horizontal stiffness of the
laminated rubber bearing is reduced by the negative hysteresis loop of the geometric nonlinear matrix [Kp].

The equivalent horizontal stiffness K, of the laminated rubber bearing is derived by the hysteresis loop
using the least squares method. Figure 9 shows K., /Kj, which is the ratio of the equivalent horizontal stiffness
K., and the horizontal stiffness K (Eq.(3)) with no rotational deformation. In this figure, the horizontal axis
shows the relative stiffness ratio of the thin foundation girder (FG/1G). As shown in this figure, the reduction
rate of K,/Kj is large if the N-value is small. For a steel pile, the maximum reduction rate of K,,/K;, becomes
~13%. On the other hand, for an RC pile, the maximum reduction rate of K.,/K, becomes only 2%.

1
00 %ﬁ
400 '
i S
_ 0.95 - A 0.95
§ = — —__ \S % ——N-value : 1
€35 - . = - < -8 Novalue : 5
g 1 0.9 0.9
= ~ / —&—N-value : 10
-300 | ——Total shear force 4 ——N-value : 15
400 - —Shear force by [K},] matrix Steel pile RC pile —%—N-value : 20
—=Shear force by [K] matrix 0.85 T 0.85
-500 : :
Horizontal deformation (cm) 0 0.01 0.02 0.03 0.04 0.05 0 0.0l 0.02 0.03 0.04 0.05
Relative stiffness ratio (FG/1G) Relative stiffness ratio (FG/1G)
Fig.8 — Hysteresis loop of Fig.9 — Relationship of X,,/Ky; and
laminated rubber bearing relative stiffness ratio (FG/1G)
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3.3 Distribution Ratio of Bending Moment of Laminated Rubber Bearing

For pile top seismic isolation buildings, the relationship between the bending moments of the laminated rubber
bearing and the three types of matrices in Eq.(2) ([Ky], [Kp], and [Kg]) is shown in Figure 10. As shown in this
figure, the horizontal stiffness matrix [K;] and geometrical nonlinear matrix [Kp] distribute the bending moment
to the upper and lower sides of the laminated rubber bearing evenly. On the other hand, because the bending
moment caused by the rotational stiffness matrix [Kz] has a uniform distribution, the inflection point of the
laminated rubber bearing moves downward. As a result, the upper and lower side bending moments of the
laminated rubber bearing become uneven. To quantitatively evaluate the distribution of the bending moment of
the laminated rubber bearing caused by the movement of the inflection point, the ratio of the bending moment
M, of the upper side of the laminated rubber bearing and the bending moment M, with no rotational deformation
is given by Eq.(9).

ay = - ©)

With regard to the laminated rubber bearing, Figure 11 shows an example of the graph overlapping the
time history data of the horizontal deformation and the time history data of ¢,,. As shown in this figure, when

the horizontal deformation crosses the horizontal axis, the value of «,, varies greatly. This phenomenon occurs

because there are cases in which the rotational deformation of the laminated rubber bearing is large even if its
horizontal deformation is almost zero. This can be understood from Figure 10.
On the other hand, as shown in Figure 11, when the horizontal deformation is large, the value of «,,

becomes stable. In actual structural design, the value of «,, becomes important when the bending moments

caused by the P- A effect and the shear force of the seismic isolated layer are large. In other words, the value of
a,, becomes important only when the horizontal deformation of the laminated rubber bearing is large.

Therefore, for &
bearing, «,, is evaluated by averaging the ¢, data when the horizontal deformation of the laminated rubber

which represents the maximum horizontal deformation of the laminated rubber

max 2

bearing is more than 0.9x0, .

Maincreases
by [KRr] matrix Ma

= L0

Bending momet Bending momet Bending momet Me
by [Kn] matrix by [Ke] matrix by [Kr] matrix | Mo J

Fig.10 —Bending moments with three types of matrices in Eq.(2)
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Fig.11 — Relationship between «,, and horizontal deformation of laminated rubber bearing
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Figure 12 shows the relationship of ¢, (distribution ratio of bending moment of laminated rubber
bearing) and the relative stiffness ratio of the thin foundation girder (FG/1G). As shown in this figure, for a steel
pile, the maximum value of «,, becomes ~1.5. On the other hand, for an RC pile, the maximum value of ¢,,
becomes only ~1.08.

Figure 13 shows an example of the orbit representing the relationship of the rotational angle and the
horizontal deformation in the laminated rubber bearing. The high correlation between the two can be seen for a
steel pile. However, almost no correlation is seen for an RC pile. In the pile top seismic isolation building, the
correlation of the horizontal deformation and the rotational angle of the laminated rubber bearing varies
depending on the characteristics of the substructure. The difference of K.,/K; and «,, according to the type of
pile is also due to this correlation.

s ‘K @el pile s RC pile
1.4 1.4
1.3 N ‘\ < 1.3
= S . .
S 12 B 12 ——N-value : 1
; —&—N-value : 5
11 - 11 —&—N-value : 10
1 1 ——N-value : 15
—¥—N-value : 20
0.9 0.9 - t 1
0 0.0l 0.02 003 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
Relative stiffness ratio (FG/1G) Relative stiffness ratio (FG/1G)

Fig.12 — Relationship of «,, and relative stiffness ratio (FG/1G)

0.015

Rotational angle (rad)
Rotational angle (rad)

Horizontal deformation (cm) Horizontal deformation (cm)

Fig.13 — Orbit of rotational angle and horizontal deformation in laminated rubber bearing
(N-value: 1, breadth of thin foundation girder: 2 m)

4. Evaluation of Dynamic Characteristics of Laminated Rubber Bearing
4.1 Evaluation Using Rotational Stiffness Ratio
This chapter proposes that the dynamic characteristics of the laminated rubber bearing be evaluated using simple
indicators such as the rotational stiffness ratio [1].

Because the stiffness of the 1F girder is sufficiently high, it is considered that the upper side of the
laminated rubber bearing does not rotate (i.e., rotational angle €, =0). Using the stiffness matrices in Eq.(2), the
shear force O, that acts on the upper side of the laminated rubber bearing is formulated by Eq.(10).



16™ World Conference on Earthquake Engineering, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

Ky 'heg—geB (10)

0,= Kh(xA _xB)_

0 =x, —Xx,, the equivalent horizontal stiffness K., considering the rotational deformation of the laminated

rubber bearing is formulated by Eq.(11), and K.,/K; (ratio between the equivalent horizontal stiffness K., and the
horizontal stiffness K, (Eq.(3)) with no rotational deformation) is formulated by Eq.(12).

0 1 0
Keq ZFA:KII _E(Kh 'h+P)FB (11)
S S A L (12)
K, 2K, s

Using the stiffness matrices in Eq.(2), the bending moment M, that acts on the upper side of the laminated
rubber bearing is formulated by Eq.(13). When the rotational deformation of the laminated rubber bearing does
not occur, the bending moment M, of the laminated rubber bearing is formulated by Eq.(14). Therefore, the
distribution ratio ¢r,, of the bending moment of the laminated rubber bearing is formulated by Eq.(15).

K, -htP o K, h*+P

M, == 0,-K.0, (13)
K, h+P
Moz—%-é (14)
o, =Ma_y L 4K 10 (15)
M, 2\, -n+P )5

When the axial load P on the laminated rubber bearing is constant, the unknown value in Eq.(12) is 8,/6 .

The unknown values in Eq.(15) are 8,/5, ¢, and ¢_ (Eq.(4)).

Kobayashi et al. proposed a simple indicator called the rotational stiffness ratio, and they quantitatively
evaluated the characteristics of the laminated rubber bearing through static analysis [1]. The rotational stiffness
ratio K,/Kjp is an indicator that divides the rotational stiffness K. (Eq.(4)) of the laminated rubber bearing by the
rotational stiffness Ky of the substructure. Figure 14 shows the outline of the rotational stiffness ratio K,./Kp. In
this paper, the rotational stiffness ratio is defined as K,»/Kp including the influence of the axial load P (Figure
14).

Shear Force @Axial Load

In this paper,
Rotational Rotational
Stiffness Ratio Stiffness Ratio

e = K keo=iefi- ()]
i

Fig.14 — Outline of rotational stiffness ratio

Rotational Stiffness
of Substructure

Ks

From the results of all dynamic analyses, the values of 8,/ could be derived by the least squares
method. Figure 15 shows the relationship of 6,/ and K,»/Kp. As shown in Figure 16, the rotational stiffness
Kp of the substructure is derived as the equivalent rotational stiffness from €, by dynamic analysis and the
M — 6 curve obtained from static analysis using the analytical model of the substructure. As shown in Figure 15,
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because the high correlation between the two can be seen, it can be understood that they have a linearly
proportional relationship.
Therefore, K,p/Kp can be considered an indicator that correspond to 6,/06 . By using the results of

dynamic analyses, the relationship of K,»/K and K.,/K; (shown in Figure 9) is shown in Figure 17. As shown in
this figure, it can be understood that K.,/K, can be predicted using the rotational stiffness ratio K,»/Kz, because
K,p/Kp and K. /K, have a linearly proportional relationship. For example, if you want to design the reduction rate
of K.,/Kj to be less than 10%, the value of K,»/K must be less than ~0.3.

Next, the distribution ratio ¢,, of the bending moment of the laminated rubber bearing is studied using the

rotational stiffness ratio. As seen from Eq.(15), the values of not only &,/ but also ¢, and ¢_ are unknown.
Therefore, for the distribution ratio «,,, Eq.(16) is considered an indicator (because the influence of ¢, is small,
only ¢, is considered). The horizontal deformation x input to ¢, is the maximum horizontal deformation o,
of the laminated rubber bearing in the dynamic analysis.

¢rc (61nax ) K rP
. (16)

B

By using the results of dynamic analysis, the relationship of Eq.(16) and «,, (shown in Figure 12) is
shown in Figure 18. As shown in this figure, «,, can be predicted using Eq.(16) because they have a linearly
proportional relationship.

M
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Fig.15 — Relationship of ¢, /d and K,»/Kg Fig.16 — Rotational stiffness K by static analysis
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Fig.17 — Relationship of K.,/K;, and K,p/Kp Fig.18 — Relationship of «,, and ¢, (é‘max ) K,./K,
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4.2 Dependency of Axial Load

Eqgs.(12) and (15) both contain the axial load P, and they reveal the dependency of the axial load. Therefore,
dynamic analysis is performed using the same conditions as those described previously by setting two different
axial loads: 6000 kN (axial stress: 7.6 N/mm®) and 10000 kN (axial stress: 12.7 N/mm?).

By using the results of dynamic analysis, the relationship of K,»/Kj and K.,/K; is shown in Figure 19, and
the relationship of Eq.(16) and «,, is shown in Figure 20. As shown in Figure 19, when the axial load P is large,
the reduction rate of K.,/Kj is large. This can be understood from Eq.(12). On the other hand, as shown in Figure
20, when the axial load P is large, the value of «,, is small. Considering Eq.(15), this phenomenon is considered

to occur because the decrease in «,, occurs with the increase in the axial load P.
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1 17 6000KN :
6000KN : y=-0.18x+1 1.6 +—— y=413xt (Novalue 1) et
y=3.32x+1 (N-value : 5-20) s
0.95 15 . e
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T 4 10000kN : y=-0.34x+1
& 085 ¥ x ~a_ 12 |
OP=6000kN(N-value:1)
0.8 1.1 ' P=6000kN(N-value:5-20)
M P=6000kN 1 | ©P=8000kN(N-value:1) |
0.75 @ P=8000kN 10000kN :  P=8000kN(N-value:5-20)
) _ 0.9 + y=3.14x+1 (N-value: 1) -+ AP=10000kN(N-value:1) -
o AP I?OOOkN 0g " 2.42x+1 (N-value : 5-20) APZIOOOOkN‘(N—value:S—ZO)
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.05 0.1 0.15 0.2
KrP/KB (/)rc(amax).KrP/KB
Fig.19 — Relationship of K.,/K; and K,»/Kp Fig.20 — Relationship of «,, and ¢, (5,..) K., /K,
(Dependency of axial load) (Dependency of axial load)

5. Conclusion

In this paper, the dynamic characteristics of laminated rubber bearings in a pile top seismic isolation building are
quantitatively evaluated through earthquake response analysis.
The following conclusions are obtained through numerical experiments using the analytical model
considering the nonlinearity of the laminated rubber bearing and the dynamic soil-structure interaction.
1) K./K,and a,, are quantitatively evaluated depending on the characteristics of the substructure. In addition,
it is shown that their values are affected by the influence of the correlation between the horizontal
deformation and the rotational angle of the laminated rubber bearing.

2) It is clarified that K.,/K; and «,, can be evaluated using a simple indicator called the rotational stiffness

ratio. In addition, their values are evaluated by considering the dependency of the axial load on the laminated
rubber bearing.
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