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Experimental Study on Influence
of Hardening of Isolator in
Multiple Isolation Building

Kohei Fujita*, Toshiya Miura, Masaaki Tsuji and Izuru Takewaki

Department of Architecture and Architectural Engineering, Kyoto University, Kyoto, Japan

An innovative multiple isolation building system is proposed, and the influence of hard-
ening in seismic isolators on the response of a multiple isolation building is investigated
by shaking table vibration tests for a scaled structural model. From the observation in
recent earthquake disasters in far-fault ground motions, e.g., the 2011 off the Pacific
coast of Tohoku earthquake, a significant concern is reminded that the long-period
and long-duration ground excitation may cause severe damages to the existing base-
isolated buildings. In order to enhance the seismic vibration suppression performance of
these buildings, the multiple isolation structure has been developed recently as one of
the innovative solutions. The multiple isolation structure is defined as a seismic-isolated
building, which has multiple isolation stories by inserting supplemental isolators in the
middle story in addition to the base. In this paper, the advantages of the proposed
multiple isolation system subjected to an extremely strong far-field earthquake ground
motion as the worst scenario are studied by the vibration test for a scaled model. In the
scaled model, a non-linear restoring-force characteristic (hardening) is provided by the
geometrical non-linearity, which can be realized by inserting linear springs in the direction
perpendicular to the vibration direction. The influence of this hardening property on the
structural responses is studied by comparing with the responses of the same model
without hardening effect. In the comparison with the base-isolated building, the funda-
mental seismic vibration suppression performances are evaluated in terms of the transfer
functions of both a multiple isolation system and a base isolation system to the base
input by sweeping frequencies of stationary sine waves using a controllable compact
shaking table. In the numerical simulations, the effect of the friction in the isolation layers
is also investigated.

Keywords: base isolation, multiple isolation, hardening effect, vibration test, seismic suppression performance,
innovative base isolation

INTRODUCTION

The multiple isolation system has been proposed recently to upgrade the performance of seismic
vibration suppression of existing base-isolated buildings (Pan et al., 1995; Pan and Cui, 1998;
Chey et al,, 2013; Tsuji et al., 2014; Tracy and Ashkan, 2016). Although the base isolation system
for building structures is well known as an effective mechanism to control the inter-story drifts
and accelerations of superstructures (Naeim and Kelly, 1999; Ariga et al., 2006; Takewaki, 2008),
there exists a great concern that the long-period and long-duration ground motions may cause
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severe damage to isolators. In order to prevent the damage to
seismic isolators and the collision to retaining walls due to the
large deformation of the isolators, various approaches have
been studied so far, e.g., mid-story isolation system (Sueoka
et al., 2004; Wang et al., 2012), inter-story isolation system
(Ryan and Earl, 2010), inter-connection system (Dua and Jain,
2004; Murase et al., 2013), and so on. The multiple isolation
system is one of these solutions where the deformation of the
base isolators can be decreased by distributing a part of the
input energy to the mid-story isolators. So far, some researchers
have investigated the multiple isolation system numerically (Pan
et al,, 1995). However, to the best of the authors’ knowledge, the
multiple isolation system has never been applied to the project
of seismic upgrading of the existing base-isolated buildings or
the new construction.

It is known that there exist hardening phenomena in the seis-
mic isolators (natural rubber bearings and lead rubber bearing).
The hardening property often causes the increase of the shear
stiffness of isolators in a large deformation range (Kikuchi and
Aiken, 1997; Kikuchi et al., 2010). Therefore, it seems important
to evaluate the structural safety of the base-isolated building
under the influence of such non-linearity of the isolators (Alhan
and Gavin, 2004). When we take into account, the influence of
the seismic isolator’s hardening property in the large deforma-
tion range caused by extremely strong far-field ground motion
with long period, it should be discussed whether the response
of the superstructure may also increase compared with the case
without hardening. However, since the modeling of the isolator’s
restoring-force characteristic, including the hardening effect,
is still difficult in the strong non-linearity domain, a simplified
analytical model of isolators should be investigated in more detail
in the response evaluation.

This paper presents an experimental study on the multiple
isolation system. It is compared with the base-isolation system,
especially in terms of the influence of non-linearity (hardening)
in the restoring-force characteristic of isolators. The vibration
test using a shaking table is implemented for scaled structural
models. The scaled base-isolated model is also used to assess the
basic properties of the multiple isolation system. Furthermore,
the non-linear restoring-force characteristic in the scaled model
is provided through the geometrical non-linearity by placing the
linear springs in the direction perpendicular to the vibration
direction. By considering various isolators and combination
of various springs, the influence of the hardening effect on the

response is investigated experimentally for the multiple isolation
model and base-isolated model. In the numerical simulation,
the observations from the experimental results are investigated
in detail.

MULTIPLE ISOLATION MODEL WITH
HARDENING EFFECT OF SEISMIC
ISOLATORS

A simplified seismic analysis of conventional base-isolated
buildings can be conducted by regarding both the superstructure
and the base isolation story as a one-degree-of-freedom (1DOF)
system. The basic seismic performance of the base-isolated build-
ing can be investigated by using such 2DOF model. Figure 1A
shows the relationship between an actual base-isolated building
and its simplified 2DOF structural model. In a similar way, the
multiple isolation building can be reduced into a 4DOF model
as a simple analytical model as shown in Figure 1B. This 4DOF
model is composed of a base isolation layer, a mid-story isolation
layer, a superstructure below the mid-story isolation layer, and
a superstructure above the mid-story isolation layer. Two kinds
of scaled structural models, i.e., the multiple isolation model
and the base isolation model, are designed to investigate the
multiple isolation system experimentally. Figure 2 shows the
elevation of these scaled structural models. In order to compare
the seismic vibration suppression performance of the multiple
isolation structure with that of the base isolation structure in the
experimental study, the base-isolated structural model is given
by fixing the mid-story isolation layer in the multiple isolation
structural model. Therefore, the structural property of this base-
isolated structural model is the same as that of the multiple
isolation model except the existence of the mid-story isolation
layer. Figure 3 shows the overview of the scaled multiple isolation
model on the shaking table.

In order to investigate the mechanism of response suppres-
sion in the multiple isolation system and the influence of the
hardening of isolators in the multiple isolation building by using
a scaled structural model, the mechanical demands of the isola-
tion layer in the scaled structural model have been set. This
can be summarized as follows: the relatively small horizontal
stiffness compared with the superstructure, the large stroke, the
resistance to the vertical loading, and the appropriate damp-
ing. Furthermore, in order to consider the hardening effect of
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FIGURE 1 | Simplified analytical model of isolated buildings: (A) base-isolated building and (B) multiple isolation building.
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FIGURE 2 | Elevation of scaled structural models: multiple isolation
model (left) and base-isolation model (right).

FIGURE 3 | Overview of scaled multiple isolation model.

the isolators, a mechanical system to provide the non-linear
restoring-force characteristic in the isolation layer has been
introduced.

As a seismic isolator in the scaled structure model, a linear
slider (BSG-H10) is used to provide a large horizontal stroke in

the scaled structural model. The maximum stroke of this isolator
is 11 mm in the half amplitude. The isolation layer is supported
by four isolators placed in the corner on the base. This place-
ment of the isolators can be resistant to the overturning moment
caused by the large deformation of the superstructure. It is also
confirmed that the friction of these isolators can provide the
appropriate hysteretic damping. Figure 4 shows the photo of the
linear slider.

A restoring-force characteristic in the isolation layer is given
by the tension springs. Two different placements of the springs
are introduced, so as to consider the influence of the hardening
of the isolators. First, the tension springs are inserted in parallel
with the vibration direction as shown in Figure 5. This placement
of the springs provides the linear restoring-force characteristic Fi

FIGURE 4 | Linear slider (BSG-H10).
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FIGURE 5 | Placement of tension spring (linear restoring-force
characteristic).

Frontiers in Built Environment | www.frontiersin.org

June 2016 | Volume 2 | Article 12


http://www.frontiersin.org/Built_Environment/
http://www.frontiersin.org
http://www.frontiersin.org/Built_Environment/archive

Fujita et al.

Experimental Study on Multiple Isolation Building

for the horizontal displacement y of the isolation layer, which can

be described by
E = 4ky M

where k denotes the spring constant. In another spring placement,
the tension springs are inserted perpendicular to the vibration
direction as shown in Figure 6, which can provide a geometrical
non-linearity. The non-linear restoring-force characteristic F, in
this isolator placement can be described by

E=a{k(JE 7 -L )+ £} 2= @

I+y

where Ly, fo, and L are a free length, an initial force, and an attached
length of the tension spring, respectively. Table 1 shows the list of
the tension springs used in the scaled structural model. Figure 7
shows the comparison of restoring-force characteristics Fy and F,
evaluated by the specified spring constant shown in Table 1. The
combination of the tension springs is summarized in Table 2.
The non-linearity of the restoring-force can be observed from
Figure 7B.

The superstructure as the isolated story is composed of the
spring steel plates and steel angles as shown in Figure 8. The end
of the spring steel plate is fixed to the floor plates by steel angles.
By neglecting the rigid part in the spring steel plates fixed by
steel angles, the restoring-force of the non-isolation layer can be
derived as

_ 4Ebt’
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FIGURE 6 | Placement of tension spring (non-linear restoring-force
characteristic).

TABLE 1 | Linear spring property.

ID Spring Pretension Free Maximum
constant (N/mm) (N) length (mm)  size (mm)
Spring 1 0.094 0.716 40 93.8
Spring 2 0.476 1.420 25 36.2
Spring 3 2.170 5.280 25 35.3

where b, h, t, and E denote the width, height, thickness of the
spring steel plate, and Young’s modulus, respectively.

EXPERIMENTAL RESULTS

Static Loading Test for Evaluation of
Restoring-Force Characteristic of Isolated
Layer

The static loading test is planned to confirm the basic character-
istic of the isolation layer where the tension springs are inserted
by two different ways as shown above (Figures 5 and 6). The
properties of the restoring-force characteristic and the friction
in the isolation layer can be evaluated in the static loading test.
The setup of the static loading test is illustrated in Figure 9. In
the static loading test, the mid-story isolation layer is fixed and all
components are installed, which can provide the vertical loading
to the isolators. The base isolation layer is pulled directly by a
loading machine. The relationship between the restoring-force
and the displacement in the isolation layer can be evaluated by
the recorded data from a load cell attached to the load supporting
equipment and a laser displacement sensor.

Figure 10 shows the obtained non-linear restoring-force
characteristic of the isolation layer where two different combina-
tions of the tension springs (Models 2 and 4 defined in Table 2)
are compared. In Figure 10, the restoring-forces simulated in
Eq. 2 using the specified spring properties are also shown. In this
simulation, the influence of the friction force is neglected. From
this figure, the results in the static loading test are well simulated
within an allowable accuracy by using the specified spring prop-
erties. Furthermore, the hardening in the restoring-force charac-
teristic can be observed also in the experimental results. It may be
concluded that the stiffness of the isolation layer can be estimated
by using the specified spring stiffness as shown in Table 1. In
addition, the friction force can be observed from the difference
between the positive and negative loadings’ paths in Figure 10.
However, the estimated friction coeflicient in the isolation layer is
not identical in these two different spring combinations. This may
be caused by unavoidable setting error at the supporting member
of tension springs and the temperature dependency of the friction
by lubricant in the linear sliders. Since it is difficult to control
these various uncertainties, the friction force at the isolators, i.e.,
a friction coefficient, cannot be determined in this static loading
test. In the numerical simulation, the friction coefficient is identi-
fied parametrically.

Sweeping Test for Evaluation

of Transfer Function

The sweeping test where the input frequency is gradually varied
in the specified frequency range is applied to estimate the natural
frequencies and the transfer function of the scaled structural
models. A compact shaking table is used for the vibration tests.
In the case where the amplitude of the acceleration is controlled
to be constant in all frequency range, the displacement of the
base input becomes small in a high frequency domain, which
causes a difficulty in the measurement of the deformation at
the superstructure and the displacement of the isolation layers
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FIGURE 7 | Restoring-force characteristic of isolation layer: (A) linear and (B) non-linear.
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TABLE 2 | Isolation layer property.

Model ID Linear/ Selected spring Stiffness (N/mm)
non-linear

Model 1 Linear Spring 1 0.376 (linear)

Model 2 Non-linear Spring 2 0.406-0.697 (non-linear)

Model 3 Non-linear Spring 1 + spring 2 0.782-1.073 (non-linear)

Model 4 Non-linear Spring 3 1.680-3.040 (non-linear)

Spring steel plate
(0.11kg)

200mm

Steel angle
(0.06kg)

FIGURE 8 | Components of isolated story.

due to the measurement limitation of the sensors. Therefore, in
the sweeping test, the horizontal displacement amplitude of the
shaking table is controlled to be almost constant even in the high
frequency domain. The acceleration and displacement in each
story, including the isolation layers and the shaking table, are
measured by accelerometers (AS-2GB, Kyowa-Dengyo) and laser
displacement sensors (IL-300, Keyence). The transfer function of
each story to the base input is evaluated in a conventional way
by using the ratio of the ensemble average of the cross spectrum

Loading equipment

i o g

Load cell

Base isolation

Laser displacement sensor

FIGURE 9 | Static loading test.

between the base input and the floor response to that of the
power spectrum of the base input. The inter-story drift transfer
function indicates the transfer function of the inter-story drift
to the base displacement. In addition, the acceleration transfer
function indicates the transfer function of the floor acceleration
to the base acceleration.

Figure 11 shows the comparison of the inter-story drift and
acceleration transfer functions of the base-isolated model with
those of the multiple isolation model. The restoring-force charac-
teristics of the isolation layers are non-linear in both the multiple
isolation model and the base-isolated model. The non-linear
restoring-force characteristics are given by Model 4 defined in
Table 2. From these figures, when the structural property of the
mid-story isolation layer is the same as that of the base isolation
layer, the fundamental natural frequency of the multiple isolation
model is smaller than that of the base-isolated model. The differ-
ence of the fundamental natural frequency can also be observed
from the numerical eigenvalue analysis using the initial stiffness
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of the isolation layer. Furthermore, the inter-story drifts of both
isolation layers and non-isolation layers are decreased in the
multiple isolation model. This advantage in the multiple isolation
model comes from the energy consumption at the mid-story
isolation layer. As for the acceleration response, the peak value of
the acceleration transfer function at the isolated story below the
mid-story isolation layer in the multiple isolation model becomes
smaller than that of the base-isolation model. Therefore, the
multiple isolation system is effective to enhance the habitability
in lower stories in terms of the acceleration.

25

| T
Model 4

20

15

[ Simulation results

[N

results

L

10

Restoring force [N]

Model 2

0 2 4 6 8 10 12
Displacement [mm]

FIGURE 10 | Comparison of restoring-force characteristic of isolation
layer from static loading test with simulation.

Vibration Test Using Long-Duration
Stationary Input

Although the sweeping test is useful to obtain the transfer func-
tion of the structure, the structural response measured in the
sweeping test may include the transient responses due to the
limited measurement duration. For evaluating the property of
the frequency response in an accurate manner, a stationary sine
wave input that has a single specified frequency is input to the
scaled structural models. The transfer function of the isolated
models, especially focused on the fundamental natural frequency,
is evaluated from the ratio of the root mean square (RMS) of the
recorded floor responses to that of the base input in each specified
frequency.

Figure 12 shows the comparison of the transfer functions
of the multiple isolation model, including the isolators of the
non-linear restoring-force characteristic (Model 2), with that of
the multiple isolation model, including the isolators of the linear
restoring-force characteristic (Model 1). Since these multiple
isolation models are designed to have almost the same initial stiff-
ness, the frequency response of these multiple isolation models
can be compared in the same frequency range. From Figure 12, it
can be observed that the variation in the transfer function in the
multiple isolation model with non-linear restoring-force charac-
teristic is small in the frequency range around the fundamental
natural frequency. As seen in the amplitude of transfer functions,
both the inter-story drift and acceleration in the multiple isola-
tion model with the non-linear restoring-force characteristic can
be decreased compared with those of the model with the linear
restoring-force characteristic. This may result from the difference
of the hysteretic damping in the multiple isolation model with
non-linear restoring-force characteristic due to the friction in
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FIGURE 11 | Comparison of multiple isolation model with base-isolated model: (A) inter-story drift transfer function and (B) acceleration transfer

function.
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the supporting members. However, in the sweeping test, since Figure 13 presents the influence of the combination of the
this difference in terms of the amplitude of the transfer function  stiffnesses of the base isolation layer and mid-story isolation layer.
cannot be observed clearly, more investigation may be needed. In these figures, three different cases are investigated where the
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stiffnesses of the base isolation layer are the same and the stiff-
nesses of the mid-story isolation layer are varied. The restoring-
force characteristic of the base isolation layer is given by Model
3 in Table 2. The restoring-force characteristic of the mid-story
isolation layer is varied using Model 2 (Soft), Model 3 (Normal),
and Model 4 (Hard). As seen in Figure 13, the inter-story drift
of the base isolation layer and the superstructure’s acceleration
below the mid-story isolation layer can be decreased in the case
where the stiffness of the mid-story isolation layer is smaller than
that of the base isolation layer. Therefore, for enhancing the seis-
mic performance of the base-isolated building, the stiffness of the
mid-story isolation layer is recommended to be small compared
with the stiffness of the base isolation layer. In addition, when the
stiffness of the mid-story isolation layer is the same as that of the
base isolation layer, the floor responses (both inter-story drift and
acceleration) at the fundamental natural frequency are increased
compared with other combinations. This has also been confirmed
in the sweeping test.

NUMERICAL VERIFICATIONS

For verifying the observations from the vibration test, the numeri-
cal simulation has been conducted through the time-history
response analysis. The mass matrix M is constructed based
on the measured mass at each floor and supporting members.
Detailed values of masses are shown in Figure 8. The stiffness
matrix K for the isolated model with the linear restoring-force
characteristic is obtained from the story stiffnesses in Eqs 1 and
3. On the other hand, the restoring-force for the isolated model,
including the non-linear restoring-force characteristic, is directly
derived using Eq. 2. In addition, the damping matrix C as the
structural damping is assumed to be given by the tangent stiffness
proportional damping in the non-linear time-history analysis.
The damping ratio at the fundamental natural frequency is given
by 0.02.

The Coulomb friction at the linear slider is taken into account
in the numerical simulations. Since the static friction coeflicient

is difficult to identify as seen in the static loading test, the static
friction effect is given as linear to the inter-story velocity y in the
time-history analysis when the inter-story velocity is relatively
small. The friction force at the isolation layer is given by

(l )/ |Z vlim)

| —uMgsgn(y)
F(y)= 4
v { 7k ) v

_:uMg j//vlim

where p, M, g and vim denote the friction coefficient, total
mass above the isolators, acceleration of gravity, and limit value
vim = 107> m/s, respectively. Finally, in the case where the restor-
ing-force characteristic of the isolation layer is non-linear, the
following equation of motion is considered in the time-history
response analysis.

My +Cy +Ky =—Mrii, —F,(y)-F() (5)

where Fy(y), F(y), r, and #, denote the restoring-force in the isola-
tion layer evaluated from Eq. 2, the friction force in the isolation
layer, an influence coefficient vector, and the base acceleration,
respectively.

The transfer function of the isolated building is given by the
ratio of the RMS of the time-history data of floor responses and
that of the input excitation. The input excitation is provided as a
long-duration stationary sine wave having only one predominant
frequency where the displacement amplitude is fixed according to
the allowable peak-to-peak amplitude of the objective model. By
altering the input frequency, the transfer function of the isolated
models, including the hardening property, can be derived. The
friction coefficient was parametrically examined by providing
the observed transfer function in the numerical simulation.
Figure 14 shows the comparison of the acceleration transfer
functions derived by using various friction coefficients from
p = 0.002 to 0.02 with that observed in the Section “Vibration
Test Using Long-Duration Stationary Input” It can be observed
from Figure 14 that the peak frequency in the transfer function
of the multiple isolation model with non-linear isolators moves
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FIGURE 14 | Comparison of simulated acceleration transfer function with observed transfer function: (A) multiple isolation model with linear
restoring-force characteristic and (B) multiple isolation model with non-linear restoring-force characteristic.

B
® 10 _ .

5& 1= 0.002

? 5 5 Observed

S5

= o 0 i : ]
L 05 T/ 15 2 2.5

s 10 _u=002

&

22 °

— @®©

O — 4

) 0 — -

o] 0.5 1 15 2 2.5

Frequency[Hz]

Frontiers in Built Environment | www.frontiersin.org

June 2016 | Volume 2 | Article 12


http://www.frontiersin.org/Built_Environment/
http://www.frontiersin.org
http://www.frontiersin.org/Built_Environment/archive

Fujita et al.

Experimental Study on Multiple Isolation Building

A
=2
£ _ 2
n <
. O 1
=5 0 1 1
Rz} 1 12 14 16
S
g7 ——
3 2
= ® 1
& 0 1
@ 1 12 14 16
Frequency[Hz]

acceleration transfer function.

FIGURE 15 | Verification of influence of isolator hardening on transfer functions at isolation layers: (A) inter-story drift transfer function and (B)

B = with hardening
o = Without hardening
D

T8 T 1

%5 :

=] 1

=5 0 ] I | ] 1
2 1 12 14 16

o
.

Base Isolation
layer

1 12 14 6
Frequency[Hz]

Mid-story »
isolation layer

o arow s

Base isolation
layer

Base isolation
layer

1 12 14 16 18 2
Frequency[Hz]

acceleration transfer function.

FIGURE 16 | Verification of influence of various stiffness combinations at mid-story isolation layer: (A) inter-story drift transfer function and (B)

== Hard === Normal == Soft

Mid-story =
isolation layer

o
—_

12 14 16 18 2
Frequency[HZ]

to higher frequency as the amplitude caused by a smaller friction
coeflicient becomes larger. This property of the transfer function
is specific to non-linear systems with hardening restoring-force
characteristic. From these observations in Figure 14, the friction
coefficients in the multiple isolation models can be identified and
used in the following numerical simulations.

Figure 15 shows the comparison of the simulated inter-story
drift and acceleration transfer functions in the multiple isolation
models. The friction coefficient is identified as p = 0.01. In this
figure, the linear and non-linear restoring-force characteristics
are investigated in both the base isolation layer and the mid-
story isolation layer. The corresponding experimentally derived
transfer functions are presented in Figure 12. It can be confirmed
from Figure 15 that both the inter-story drift and acceleration
amplitudes of the transfer function in the multiple isolation
model with the non-linear restoring-force characteristic are
decreased compared with the multiple isolation model with
the linear restoring-force characteristic. This difference in the
transfer function was also observed experimentally in Figure 12.

Figure 16 shows the verification in terms of the influence
of the stiffness combinations. The friction coefficient is fixed as
p = 0.008 in all cases. The corresponding experimental result is
shown in Figure 13. From these simulations, it can be confirmed
that the amplitudes of the transfer function in terms of the
inter-story drift and the acceleration at the base isolation layer
can be decreased in the case where the stiffness of the mid-story
isolation layer is smaller than that of the base isolation layer. This
investigation was also derived in experimentally in Figure 13.

CONCLUSION

The influence of the hardening property of seismic isolators in a
multiple isolation building has been investigated by the shaking
table test of a scaled structural model and the numerical simula-
tions. Conclusions are summarized as follows.

(1) From the experimentally obtained transfer functions of the
multiple isolation structure with a non-linear restoring-force
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characteristic, it was confirmed that the structural responses,
such as inter-story drifts of isolated stories near the funda-
mental natural frequency, can be decreased compared with
the multiple isolation structure with a linear restoring-force
characteristic. Similar results were also observed in the
numerical simulations. However, it was difficult to simulate
numerically the time-history response of the scaled struc-
tural model due to the effect of hysteretic damping effect of
the isolation layers.

The seismic vibration suppression performance of the multi-
ple isolation structure was assessed by the shaking table test
from the following point of view. In the case where the stiff-
nesses of the base isolation layer have the same values in the
multiple isolation structure and the base-isolated structure,
the fundamental natural frequency of the multiple isolation
structure becomes lower than that of the base-isolated struc-
ture. This shifting of the fundamental natural frequency may
contribute to the effective seismic upgrading of the existing
base-isolated building by reducing the risk of resonance with
long-period ground motions. In addition, this shifting is also
favorable for the input with a large spectral value in the short
period range (approximately 0-2 s). The inter-story drift of
the base isolation layer of the multiple isolation structure
and the acceleration at the isolated stories below the mid-
story isolation layer can be reduced for the stationary sine
wave, i.e., a long-duration and long-period ground motion,
compared with the base-isolated building.

The influence of the stiffness of the mid-story isolation
layer on the seismic vibration suppression performance was

2

3)
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