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Abstract

Complex frequency response functions and excitation–response relations for stationary random process are formu-

lated to estimate responses of multi-story superstructures isolated with resilient-friction base isolation (R-FBI) system.

The equivalent linearization technique is also used to linearize the nonlinear governing equations of motion of R-FBI

system occurred between the parallel actions of the resiliency of rubber and friction of Teflon-coated plates. In this

approach, the spectral density functions for both the relative displacement response and absolute acceleration response

of N degrees of freedom systems are derived. The applicability and accuracy of the proposed methodology are examined

by comparing the resulting responses obtained from this study with those calculated from time history analysis based

method. These two studies demonstrate good agreement in terms of characteristics of peak responses. Extensive sensi-

tivity analysis to find the influence of various important structural parameters on the behavior of structures isolated

with R-FBI system is also carried out.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Seismic isolation in ordinary buildings has been suc-

cessively adapted to provide flexibility for the reduction

of base shear forces. Implementing the innovative con-

cept to multi-story buildings requires both understand-

ing and predicting the characteristics of isolators as

well as the behavior of cushioned superstructures.
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Mostaghel [1–3] proposed the resilient-friction isolator

consisting of concentric layers of Teflon-coated plates

that provide friction during the seismic activity. A core

of laminated rubber bearing provides base isolation

through the parallel action of friction, damping as well

as restoring springs. Su et al. [4] developed a new base

isolator referred to as the sliding resilient-friction

(SR-F) base isolation system by replacing the elasto-

meric bearings of the Electricite de France (EDF) base

isolation system [5] by the resilient-friction base isolation

(R-FBI) system. Su and Tadjbakhsh [6] also investigated

performances of the SR-F base-isolated structures which

are modeled as nonuniform shear frame subjected to

several earthquakes and sinusoidal input motion with

the amplitude of 0.6g.
ed.
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Booton [7], Kazakov [8], and Caughey [9] developed

the equivalent linearization technique. Spanos [10] ex-

tended the application of the technique to relatively

large nonlinearities. Caughey [11,12] proposed that a

general nonlinear system can be replaced by a special

equivalent linear system when the exact stationary re-

sponse probability density function is known. Su and

Ahmadi [13] studied a rigid structure with a frictional

base isolation system subjected to random earthquake

excitation. Fan and Ahmadi [14] carried the response

analysis of a randomly excited nonlinear system based

on equivalent linearization technique and stochastic

averaging method. Lin et al. [15] compared the per-

formances of three different base-isolation system in

which the equivalent linearization technique is used to

linearize the nonlinear governing equations of motion.

In Lin�s work, the effective frequency of the entire sys-

tem is obtained by assuming that the superstructure be-

haves like a rigid body. Constantinou and Tadjbakhsh

[16] studied response of a sliding structure to filtered

random excitation. In 1990, Papageorgiou and Con-

stantinou [17] investigated response of sliding structures

with restoring force to stochastic excitation. Basu [20]

proposed a wavelet-based stochastic formulation for

the seismic analysis of a base-isolated structural system

which is modelled as a two-degree-of-freedom (2-DOF)

system. The ground motion has been modelled as a

nonstationary process (both in amplitude and fre-

quency) by using modified Littlewood–Paley basis

wavelets. Basu�s formulation is based on replacing the

nonlinear system by an equivalent linear system with

time-dependent damping properties. The expressions

of the instantaneous damping and the power spectral

density function (PSDF) of the superstructure response

have been obtained in terms of the functions of input

wavelet coefficients. Khechfe et al. [21] provide an

experimental study on the feasibility of base isolation

for seismic protection of nonstructural secondary sys-

tem. A one-sixth-scaled three-story building model with

a single-degree-of-freedom secondary system placed on

its third floor is employed. The secondary system is

base-isolated by a laminated rubber bearing (LRB)

base isolation system from the supporting floor. The

ground motion input is simulated by a shaking table

which generates three different types of signal including

sweeping harmonic sinusoidal, the S00E component of

the 1940 E1 Centro earthquake, and the simulated

white noise.

In this study, the response statistics of a structure

isolated with the resilient-friction base isolator are eval-

uated by linearization approximation. Extensive compu-

tational effort and time is necessary to study the

behavior of base-isolated structure based on conven-

tional time history analysis. In this paper, responses of

multi-story superstructures isolated with resilient-fric-

tion base isolation (R-FBI) system are calculated based

 

 

on complex frequency response functions and excita-

tion–response relations for stationary random process,

leading to considerable reduction in computational time.

Peak responses of the structure subjected to seismic

acceleration of the modified Clough–Penzien power

spectrum are then evaluated. Equivalent linearization

process is employed for the linearization of the nonlinear

governing equations that come from R-FBI system con-

sisted of the parallel actions of the resiliency of rubber

and friction of Teflon-coated plates. From the transfer

functions found from the linearized governing equa-

tions, the responses of interest including mean square

relative displacements of lumped masses with respect

to foundation and mean square absolute accelerations

of lumped degrees of freedom are calculated as a func-

tion of system parameters for both fixed and isolated

base conditions. The responses of both fixed and iso-

lated structures obtained from the analysis method

based on frequency domain are used to compare the

two different behaviors. Finally the sensitivity analysis

of performance of resilient-friction base isolation system

to various structural parameters is carried out and the

results obtained from the analysis of frequency domain

are compared and verified with the study performed by

Su and Tadjbakhsh [6].
2. Equations of motion and equivalent linearization

technique

An analytical model for a multi-story structure with

the resilient-friction base isolator (R-FBI) system is de-

scribed in Fig. 1(a) and (b). Superstructure is modeled

as planar liner system with classical damping by Lin

et al. [15]. Base isolation system is installed between

foundation and the basement of a superstructure as

shown in Fig. 1(a). Schematic diagram of a rigid struc-

ture with the resilient-friction base isolator is shown in

Fig. 1(b). The governing equations of motion for the

structures isolated with resilient-friction base isolator

are formulated based on the method of equivalent line-

arization developed by Caughey [9] since the response of

the structure isolated with R-FBI system is nonlinear.

Lin et al. [15] and Fan et al. [14] formulated approxi-

mate solution to the nonlinear response of a structure

with R-FBI system for a multi-story, lumped mass,

shear type building. The formulation of mathematical

equations of motion can be derived from the schematic

diagram of R-FBI system as shown Fig. 1(a) and (b).

The equations of motion for the superstructure can be

written as in Eq. (1) in which [M], [C], and [K] are the

mass, damping, and stiffness matrices of superstructure,

respectively.

½M �f€yg þ ½C�f _yg þ ½K�fyg ¼ �½M �f1gð€yb þ €ygÞ ð1Þ

where,



b _yb

Fig. 1. (a) Resilient-friction base isolator (R-FBI) system; (b) Schematic diagrams of resilient-friction base isolator (R-FBI) system.
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½M � ¼

mn

mn�1

� � �
m2

m1

2
6666664

3
7777775

½K� ¼

kn �kn

�kn kn þ kn�1 �kn�1

�kn�1 kn�1 þ kn�2 �kn�2

�kn�2 � � �
k3 þ k2 �k2

�k2 k2 þ k1

2
6666666664

3
7777777775

½C� ¼ 2ni
xi

½K�; i ¼ 1; . . . ; n

fygT ¼ fy1; y2; . . . ; yng

ni: damping ratio of the ith vibration mode, xi: natural

frequency of the ith vibration mode.

During the sliding phase for a structure, the govern-

ing equation at the base isolated by the R-FBI system

made of parallel actions of a resiliency of rubber and

friction of Teflon-coated plates is given by Mostaghel

[3] and Su et al. [18]

mbð€yb þ €ygÞ þ cb _yb þ kbyb þ ðmb þ m1 þ m2 þ � � � þ mnÞ
� l0g sgnð _ybÞ � c1 _y1 � k1y1 ¼ 0 ð2Þ

where

mb þ m1 þ m2 þ � � � þ mn ¼ mbð1þ NaÞ
only if m1 ¼ m2 ¼ � � � ¼ mn

yb is the displacement of the superstructure relative to

the foundation and l 0 is the Coulomb friction coeffi-

cient. The subscripts 1,2, . . .,n and b indicate the first,

second, . . ., nth and the base isolator degrees of freedom,

respectively. m1, m2,. . ., mn and mb are the masses at the
first, second, . . ., nth and base isolator degrees of free-

dom, respectively. Since the exact solution of the nonlin-

ear response described in Eq. (2) is difficult to obtain,

linearization technique is applied to find the equivalent

linear expression of Eq. (3) to avoid mathematical com-

plexity. xb is the natural frequency of the rubber element

of a base isolator and g is the acceleration of gravity.

The application of equivalent linearization method re-

places Eq. (2) by an equivalent linear system of Eq.

(3). Minimizing the mean square error function of Eq.

(4) with respect to ne, the equivalent damping of the sys-

tem, yields Eq. (5).

€yb þ 2ðnb þ neÞxb _yb þ x2
byb � 2n1x1a _y1 � x2

1ay1 ¼ �€yg
ð3Þ

error ¼ ð1þ NaÞl0g sgnð _ybÞ � 2nexb _yb ð4Þ

ne ¼
ð1þ NaÞl0g

2xb

E½yb sgnð _ybÞ�
E½ _yb�

ð5Þ

N is the number of degrees of freedom and a is the ratio

of the mass of the first degree of freedom to the mass of

base isolator (m1/mb). Eq. (5) becomes Eq. (6) when the

approximate displacement and velocity are Gaussian

zero-mean processes approaching stationary for a Gaus-

sian stationary zero-mean input process.

ne ¼
ð1þ NaÞl0g

2xb

2
R1
0

_ybf _ybð _yÞd _y
r _yb

ð6Þ

where, f _yb and r _yb are the probability density function

and the standard deviation of the velocity _yb.
respectively.

Integrating Eq. (6) yields the following Eq. (7) while

standard deviation is shown in Eq. (8).

ne ¼
ð1þ NaÞl0gffiffiffiffiffiffi

2p
p

x r
ð7Þ
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r _yb ¼
2
p ð1þ NaÞ2l02g2 þ 8nbxbpG0

h i1
2 � 2

p

� �
ð1þ NaÞl0g

4nbxb

ð8Þ

G0 is the spectral density of excitation for white noise

excitation. Since standard deviation r _yb is time-depend-

ent, ne is also time-dependent. ne becomes constant,

however, when the standard deviation r _yb reaches statio-

nariness in a very short time.

 

 

b b b
3. Response of base isolated multi-story structures to

stationary random excitation

3.1. Complex frequency responses

The excitation described by its acceleration €ygðtÞ is

applied to foundation. The present study examines a

total of 3(N + 1) responses including (N + 1) relative

displacements (y1, . . .,yn,yb) and the absolute accelera-

tion of the (N + 1) masses (€y01; €y
0
2; . . . ; €y

0
n;€y

0
b) and the

(N + 1) velocity at each degree of freedom. The quanti-

ties €y0i, €y
0
b are the accelerations of the (N + 1) masses with

respected to the base and the ground, respectively. There

are 3(N + 1) complex frequency responses, Hy1ðxÞ;
H _y1ðxÞ;H€y1ðxÞ;Hy2ðxÞ;H _y2ðxÞ;H€y2ðxÞ; . . . ;HynðxÞ;H _yn
ðxÞ;H €ynðxÞ;Hyb ðxÞ;H _yb ðxÞ;H €ybðxÞ. Upon substituting

these input–output relationships in terms of complex fre-

quency responses into the equations of motion, shown in

Eqs. (1)–(3), the following linearized equations (9) and

(10) are established.

ðx2 � x2
nÞHvnðxÞ � 2nnxnðixÞHvnðxÞ þ x2

nHvn�1
ðxÞ

þ x2
nHvn�1

ðxÞ þ 2nnxnðixÞHvn�1
ðxÞ þ x2HvnðxÞ ¼ 1

ð9Þ

lnx
2
nHynðxÞ þ 2nnxnðixÞlnHynðxÞ þ ðx2

n � x2
n�1 � x2

nlnÞ

� Hyn�1
ðxÞ � ð2nn�1xn�1 þ 2nnxnlnÞðixÞHynðxÞ

� ðxÞ þ xn � 12Hyn�2
ðxÞ þ 2nn�1xn�1ðixÞHyn�1

þ x2HynðxÞ ¼ 1 ð10Þ

where,

l1 ¼ a1 ¼
m1

mb

; l2 ¼ a2 ¼
m1

m2

; l3 ¼ a3 ¼
m2

m3

;

. . . ; ln�1 ¼ an�1 ¼
mn�2

mn�1

; ln ¼ an ¼
mn�1

mn

These equations can be rewritten in matrix form as

shown in Eq. (11).

½x��
ðnþ1Þðnþ1Þ

fHyg
ðnþ1Þð1Þ

¼ ½I �
ðnþ1Þð1Þ

ð11Þ

where fHygT ¼ fHyb ;Hy1 ;Hy2 ;Hy3 ; . . . ;Hyn�1
;Hyng.
The absolute accelerations at each degree of freedom

under consideration, are €y01; €y
0
2; . . . ; €y

0
n, and shown in Eq.

(12).

€y0i ¼ €yg þ €yb þ €yi for i ¼ 1; . . . ; n ð12Þ

The absolute acceleration at the isolator is also given

by Eq. (13).

€y0b ¼ €yg þ €yb ð13Þ

Rearranging the linearized system equations in terms

of acceleration and combining them with complex fre-

quency responses yield Eq. (14).

½M �f€y þ €yb þ €ygg þ ½C�f _yg þ ½K�fyg ¼ 0 ð14Þ

and, Eq. (15) is obtained from Eq. (3).

ð€yb þ €ygÞ þ 2ðnb þ neÞxb _yb þ x2
byb � 2n1x1a _y1

� x2
1ay1 ¼ 0 ð15Þ

Eqs. (14) and (15) apply to superstructure and base,

respectively.

The term, f€y þ €yb þ €ygg in Eq. (14) can be modeled as

eixtfH€yg in terms of complex frequency of absolute

acceleration responses where fH€ygT ¼ fH€y1 ;H€y2 ;
H €y3 ; . . .H€yn�1

;H€yng and also the first term in Eq. (15)

can be expressed as eixtfH€ybg.
Substituting these relationships and the input–output

relationships in terms of complex frequency responses

into Eqs. (14) and (15) provides the following

relationships.

H €y:n ¼ �x2
nHynðxÞ � 2nnxnðixÞHynðxÞ

þ x2
nHyn�1

ðxÞ þ 2nnxnðixÞHyn�1
ðxÞ ð16Þ

H €yn�1
¼ lnx

2
nHynðxÞ þ 2nnxnðixÞlnHynðxÞ

� ðx2
n�1 þ x2

nlnÞHyn�1
ðxÞ � ð2nn�1xn�1

þ 2nnxnlnÞðixÞHyn�1
ðxÞ þ x2

n�1Hyn�2
ðxÞ

þ 2nn�1xn�1ðixÞHyn�2
ðxÞ ð17Þ

. . .

H €y2 ¼ l3x
2
3Hy3ðxÞ þ 2n3x3ðixÞl3Hy3ðxÞ

� ðx2
2 þ x2

3l3ÞHy2ðxÞ � ð2n2x2 þ 2n3x3l3Þ

� ðixÞHy2ðxÞ þ x2
2Hy1ðxÞ þ 2n2x2ðixÞHy1ðxÞ

ð18Þ

H €y1 ¼ l2x
2
2Hy2ðxÞ þ 2n2x2ðixÞl2Hy2ðxÞ

� ðx2
1 þ x2

2l2ÞHy1ðxÞ � ð2n1x1 þ 2n2x2l2Þ
� ðixÞHy1ðxÞ ð19Þ

H €yb ¼ l1x
2
1Hy1ðxÞ þ 2n1x1ðixÞl1Hy1ðxÞ

� x2Hy ðxÞ � 2x2ðne þ nbÞðixÞHy ðxÞ ð20Þ
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These can be rewritten in terms of matrix form as

follows.

½ x��
ðnþ1Þðnþ1Þ

�f Hy
ðnþ1Þð1Þ

g ¼ ½H €y �
ðnþ1Þð1Þ

ð21Þ

Substituting Eq. (11) into these relationships, the

complex frequency response functions of acceleration,

fH€yg can be computed.

If the mean square spectral density of an output

process is expressed as Sx(x) then Wiener–Khintchine

[19] relation becomes

SxðxÞ ¼
1

2p

Z 1

�1
RxðnÞeð�ixnÞ dn ð22Þ

A slightly more compact form of Eq. (23) is achieved

by noting that the product of H(x) and its complex con-

jugate may be written as the square of the magnitude of

H(x). The power spectra of both displacement and

acceleration are obtained as shown in Eqs. (24) and

(25) when ground motion can be represented by the ideal

white noise spectrum of constant density S0.

SyðxÞ ¼ Hð�xÞHðxÞSxðxÞ ð23Þ

 

 

Ugðf Þ ¼ S0

1þ 4n2g
f
fg

� �2

1� f
fg

� �2
� �2

þ 4n2g
f
fg

� �2

8>>><
>>>:

9>>>=
>>>;

f
fc

� �4

1� f
fc

� �2
� �2

þ 4n2c
f
fc

� �2

8>>><
>>>:

9>>>=
>>>;

1

1� f
fm

� �2
� �2

þ 4n2m
f
fm

� �2

8>>><
>>>:

9>>>=
>>>;

ð27Þ
SyðxÞ ¼j HðxÞj2SxðxÞ ð24Þ

SyðxÞ ¼j HðxÞj2S0 ð25Þ

where Sy(x) is the mean square response power spec-

trum and S0 is the mean square acceleration in rad/s.

This is the desired relation between the spectral density

of the excitation x(t) and the spectral density of response

y(t). In case that the ground excitation is assumed to

have zero mean stationary value, the responses are also

zero mean processes with the corresponding variances,

as shown in Eqs. (26) and (27).

E½y2� ¼
Z 1

�1
SyðxÞdx

¼
Z 1

�1
fj HðxÞj2SxðxÞdxg

¼ S0

Z 1

�1
fj HðxÞj2dxg

ð26Þ

r ¼
ffiffiffiffiffiffiffiffiffiffi
E½y2�

p

3.2. Earthquake input motions

The realistic input ground motions with moment

magnitude of 7.3 are used to evaluate the performance

of the base-isolated structures. The modified Clough–

Penzien spectral model was fitted to the specific barrier

model of Papageorgiou and Aki (1983, 1985, 1988).

The power spectral density of earthquake input motion

based on the modified Clough–Penzien model is shown

in Fig. 2. Table 1 lists parameters of a second-order

linear low-pass filter of the modified Clough–Penzien

model described by the Eq. (27). The Mexico City

1985 earthquake was known to have dominant fre-

quency content at about 0.5Hz frequency and the peak

ground acceleration of the Mexico earthquake was

0.17g. The modified Clough–Penzien spectral model fit-

ted to the specific barrier model of Papageorgiou and

Aki shows that extensive energy is distributed in the fre-

quency range of 0–5Hz. On the other hand, the most

available major earthquake records exhibit that the en-

ergy is released in the much prolonged frequency range.

The behavior of base-isolated structures subjected to

the modified Clough–Penzien power spectrum and the

Mexico earthquake obtained by this study and Su

et al. are compared.
4. Verification of analysis results

4.1. Five degrees of freedom superstructure

The base-isolated building with six degrees of free-

dom is analyzed based on the proposed method. Exten-

sive sensitivity analysis is performed to understand the

behavior of superstructure isolated with resilient-friction

base isolator (R-FBI) system. The important parameters

include natural vibration period of base isolator and

superstructure, damping ratio of base isolator and

superstructure. Table 2 summarizes the structural

parameters used in this analysis.

4.2. Analysis results

The spectral densities of the relative displacement re-

sponse for the input motion described by the modified

Clough–Penzien model can be derived from Eq. (11)

and Eq. (24). They are plotted in Fig. 3. nb and ne
are the damping ratio of base isolator and equivalent



Fig. 2. Power spectral density of earthquake input motion (modified Clough–Penzien model).

Table 2

Parameters used for sensitivity analysis

Figures Parameters considered for analysis

Fig. 3(a), (b) n1 = 0.05, n2 = 0.07, n3 = 0.10, n4 = 0.12, n5 = 0.14

n1 = 0.1, n2 = 0.14, n3 = 0.20, n4 = 0.24, n5 = 0.28

Ts = 0.5

Fig. 4(a), (b) n1 = 0.05, n2 = 0.07, n3 = 0.10, n4 = 0.12, n5 = 0.14

Fig. 4(c), (d) ne = 0.2, nb = 0.2, Tb = 2.0

Fig. 5(a), (b) n1 = 0.05, n2 = 0.07, n3 = 0.10, n4 = 0.12, n5 = 0.14

Fig. 5(c), (d) Tb = 2.0

Fig. 5(e), (f)

Fig. 6(a), (b) n1 = 0.05, n2 = 0.07, n3 = 0.10, n4 = 0.12, n5 = 0.14

Tb = 2.0, ne = 0.05

Table 1

Parameters of modified Clough–Penzien spectral model fitted to different spectra

M logM0 (dynecm) S0 (cm
2/s3) fc (Hz) nc fg (Hz) ng fm (Hz) nm

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Specific barrier model (Papageorgiou, 1988)

7.3 27 865.80 0.17 1.0 4.03 3.56 3.56 0.71

6.7 26 336.43 0.34 1.0 6.48 2.98 5.05 0.71

6.0 25 134.88 0.80 1.0 4.79 0.75 10.22 1.42
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damping of the linearized system, respectively. Tb and Ts

are the fundamental vibration periods of a isolation sys-

tem and superstructure, respectively. Damping ratios for

the first mode through fifth mode used for the calcula-

tion of spectral densities of displacement response of

superstructure are listed in Table 2. The values of 10%

and 20% for both nb and ne are considered in this anal-

ysis in which the 2s as natural periods of base isolator

are used.

Magnitudes of power spectral density of displace-

ment response of fixed-base superstructure are com-

pared with those of the isolated superstructure in Fig.

3(a), indicating that base isolator absorbs the most dis-

placement of superstructure. It is also noted that the
shift of natural vibration period of an isolated system

indicates that base-isolation provides more flexible iso-

lated system as depicted in the shifted effective frequency

of the entire system, i.e., superstructure plus base-iso-

lated system. It is also found that displacement response

of the fixed-base structure is sensitive to the change of

the damping ratio of the structure while that of the

superstructure with isolator does not respond sensitively

to the change of structural damping. Eqs. (21) and (24)

yield the spectral density of absolute acceleration

response. Fig. 3(b) shows that acceleration response

obtained for superstructure without isolator is con-

siderably larger than that of a base-isolated superstruc-

ture. As in the case of displacement responses, the



Fig. 3. (a) Power spectral density of relative displacement response at 5th DOF (Ts = 0.5s); (b) Power spectral density of absolute

acceleration response at 5th DOF (Ts = 0.5s).

W.-K. Hong, H.-C. Kim / Computers and Structures 82 (2004) 2271–2283 2277
 
 

 

acceleration of the fixed-base structure is very sensitive

to the change of the damping ratio of a superstructure.

The considerable reduction of the peak response of

superstructures can be obtained as both the damping

ratio of the base isolator system and the equivalent

damping of linearized system increase. Even though

the base isolator is responsible for the primary miti-

gation of the acceleration, considerable acceleration is

absorbed by superstructure.

Fig. 4(a)–(d) show spectral densities of displacement

and acceleration responses of both the superstructure

and isolator for the different flexibilities of superstruc-

tures. In these figures the spectral densities are plotted

against natural period of superstructure (Ts) varying

0.1s through 2.0s. It is found that area of the density

curve representing the magnitude of both displacement

and acceleration response of base-isolated structures de-

creases as the superstructure becomes stiff.

An extensive sensitivity analysis is carried out to

investigate the behavior of base-isolated structures.
When the natural periods of base isolator and the super-

structure are both 2s, the base-isolated structure can be

treated as the fixed structure with natural period of 2s.

Fig. 5(a) and (b) show that the displacement and accel-

eration responses of the base-isolated structure with nat-

ural period of 2s for both the isolator and the

superstructure are found to be the same as those of fixed

structure with natural period of 2s for the damping

higher than 15% of base isolator and equivalent damp-

ing of the linearized system. Slight differences are no-

ticed for the damping ratio lower than 15% as shown

in Fig. 5(a) and (b). The relative responses at 5th DOF

and isolator are compared in Fig. 5(c) and (d), showing

the influence of the stiffness of the superstructure on the

reduction of base-isolated structures. It can be found

from Fig. 5(c) that the isolator takes major displacement

response for the natural period less than 1s of super-

structure. Even if the structure is isolated at base the dis-

placement response of the superstructure increases

rapidly when the superstructure becomes flexible with



Fig. 4. (a) Power spectral density of relative displacement response at 5th DOF for various Ts; (b) Power spectral density of relative

displacement response at base isolator for various Ts; (c) Power spectral density of absolute acceleration response at 5th DOF for

various Ts; (d) Power spectral density of absolute acceleration response at base isolator for various Ts.
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the natural period longer than 1.5s. This indicates that

the base isolator does not play a significant role to ab-

sorb seismic energy when the superstructure is too flex-

ible. These figures will help to determine the optimum

stiffness range of the superstructure for the seismic isola-

tion. The effective reduction of displacement response is

expected for the range of 0.5s through 1s of natural per-

iod of superstructure for any damping ratio. The accel-

erations at 5th DOF and isolator are compared in Fig.

5(e) and (f). Fig. 5(c) and (e) indicate that the displace-

ment and acceleration response of isolator exhibit rela-

tively slight variation compared with superstructure for

the change of the natural period of superstructure.

However, the damping ratio of base isolator and

equivalent damping of the linearized system are some

of the most important parameters that affect both the

displacement and acceleration of isolator as can be seen

in Fig. 5. Unlike the displacement, the acceleration re-

sponse of the almost equal magnitude is transmitted to
both the superstructure and isolator as shown in Fig.

5(e) and (f). Various types of sensitivity analysis are

now possible at a reasonable time and the corresponding

cost. Fig. 6 demonstrates the influence of stiffness of the

superstructure on the displacement and acceleration of

the base-isolated structure as a function of the damping

of base isolator. Fig. 6(a) shows that the rapid reduction

of the displacement of isolator is obtained as the isolator

damping increases for all natural period of superstruc-

ture. The isolator damping does not show much influ-

ence on the reduction of the displacement of the stiff

superstructure, for proper periods shorter than 1.0s. It

is, however, clearly noted that base isolator can reduce

the displacement response more effectively when super-

structure becomes stiff enough as shown in Fig. 6(a). It

is also found from Fig. 6(b) that the isolator damping

and the stiffness of the superstructure are the key para-

meters to reduce the acceleration of the base-isolated

structure. The acceleration response decreases as the iso-



Fig. 4 (continued)
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lator damping increases for all range of the natural per-

iod of a superstructure. A fast preliminary design is,

therefore, possible. A reasonable stiffness of the super-

structure and the ratio of isolator damping can be deter-

mined based on Fig. 6.

Su et al. [6] used a fourth-order Runge–Kutta–Gill

numerical technique for integrating the equations gov-

erning the modal amplitude of shear frame structure.

In their study peak responses of shear frame structure

isolated with various base isolation system subjected to

several earthquake ground input motions were calcu-

lated. The peak responses of structures isolated with

R-FBI system of the present study are compared with

the behavior of the Mexico earthquake obtained from

Su et al. as shown in Fig. 5. Su et al. performed an anal-

ysis in the time domain, and therefore the comparison

with this represents a validation of the proposed proce-

dure. Similar responding trend of peak relative displace-

ment and absolute acceleration are clearly observed

between the results of present investigation and Su�s
work although the magnitude of relative displacement
and absolute acceleration can not be directly compared

since the structures are subjected to different magnitude

of ground input motions. For the isolated structure, the

displacement of both the superstructures and isolator in-

creases as superstructures becomes more flexible. This

trend is true for both the present study and Su�s study

as shown in Fig. 5(a) and (c).
5. Conclusions

The analysis method based on frequency domain is

proposed to seek the peak responses of structure isolated

with R-FBI system, recognizing that time history analy-

sis based method for the analysis of base-isolated struc-

ture requires extensive computational effort as well as

time. The performances of multi-story structures iso-

lated with the resilient-friction isolation (R-FBI) system

are evaluated by an equivalent linearization technique.

Effective analytical approach is proposed to calculate

complex frequency response functions of N degrees of



Fig. 5. (a) Standard deviation of relative displacement response at 5th DOF; (b) Standard deviation of absolute acceleration response

at 5th DOF; (c) Standard deviation of relative displacement response; (d) Ratio of standard deviation of relative displacement

response; (e) Standard deviation of absolute acceleration response; (f) Ratio of standard deviation of absolute acceleration response.
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freedom systems. The excitation–response relations for

stationary random process are then accurately formu-
lated to estimate responses of base-isolated structures.

The results obtained from the analysis of frequency do-



Fig. 5 (continued)

Fig. 6. (a) Standard deviation of relative displacement response at 5th DOF and at base isolator for various Ts; (b) Standard deviation

of absolute acceleration response at 5th DOF and at base isolator for various Ts.
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main are compared with those obtained from Su�s work.
The summarized findings and characteristics of relative

displacement and acceleration for the variations of the

important structural parameters are as follows.

(1) Extensive sensitivity studies to find the influence of

various important structural parameters of both

isolator and superstructure on the behavior of

structures isolated with R-FBI system are possible

by the simplified method proposed in this study.

The important design parameters including opti-

mal stiffness of the superstructure and the damping

ratio of isolator can be determined, quickly and

accurately.

(2) Both the displacement and acceleration response of

a superstructure without isolator is much more sen-

sitive to the change of the damping ratio of the

superstructure while the displacement and acceler-

ation responses of a superstructure with isolator

are not significantly influenced by structural

damping.

(3) Increasing the damping ratio of base isolator and

equivalent damping of linearized system can more

effectively reduce displacement and acceleration

of superstructures than increasing the natural per-

iod of base isolator.

(4) The base isolator is more effective to mitigate dis-

placement than acceleration. Superstructure takes

relatively considerable acceleration response, while

only small displacement can be experienced by

superstructures especially for stiffer superstructures

(Ts < 1s.).

(5) The displacement and acceleration response of iso-

lator does not exhibit any notable variation for the

change of the natural period of superstructure, but

the damping ratio of base isolator and equivalent

damping of the linearized system are important

parameters that affect both the displacement and

acceleration of an isolator.

(6) The reduction of the displacement of flexible super-

structures (natural period larger than 1.0s) can be

effectively achieved by increasing the isolator

damping. Conversely, the displacement of stiff

structures is not influenced by the variations of

the isolator damping. However, the acceleration

response decreases as the isolator damping

increases for all range of the natural period of

superstructure.

(7) The behavior of base-isolated structures of this

study subjected to the modified Clough–Penzien

spectral model fitted to the specific barrier model

of Papageorgiou and Aki fits well with the behavior

of the Mexico earthquake obtained from the time

domain analysis by Su et al.
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