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Random response of linear Base Isolated Systemsnted on elastomeric

bearings, subject to horizontal random excitatiagesanalyzed in comparison

with the one of the fixed-base structures. Consgidethe superstructure motion
described by its first modal contribution, a twayotke-of-freedom equivalent

linear model, under stationary Gaussian excitatimglelled by the modified

Kanai-Tajimi power density spectrum, has been usedhe analysis. The

response sensitivity to design parameters for tiperstructure and the isolators
have been evaluated for a wide range of paramedgtsnum viscous damping

and isolation degree values which minimize stradttegsponse are also obtained.
Some implications of these results for the designd code requirements are
discussed.

INTRODUCTION

The objective of this study is to compare the saislmndom response of Base Isolated
Systems (BIS) with the one of the conventional &iBase Structures (FBS).

As known, base isolation is a mean of protectinddings against earthquakes which
mainly consists in reducing the transmission ofzwtal ground motion to the buildings by
using special support devices interposed betweerfdundations and the superstructure.
The effectiveness of Base Isolated System (BISgndp on the interface low-pass filtering
capacities of the excitations entering the suparire. The filtering effect is stronger if the
isolation layer supporting the superstructure prsse fundamental vibration frequency
much lower than both the superstructure and groooiion predominant frequencies.

The filtering concept generally requires some krealgke of the input signal which might
occur during the life time. However, the exact ecteristics of the earthquake ground
motion that may occur at a given site cannot beéipted. Seismic excitations dramatically
differ from each other being characterized by d mandomness. Consequently, the filtering
action has to be applied to an unpredictable etmitdnaving an aleatory frequency content.

Design of FB structures for seismic loads is mabdged on experienced performance
of constructions in past earthquakes.
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Current design codes for FB structures have beealaged with the aim of ensuring
life safety during major earthquakes acceptingresite damage in the constructions.

Seismically-Isolated buildings need different dasigriteria in order to provide an
acceptable protection level against both potegtsdismic damaging and collapse.

Considering the young state of the art of Baseatswi, the small number of systems
effectively tested by severe earthquakes andgdéngcular sensitivity of these systems to
the seismic motion, random vibration approach ghdwsve a central role in establishing
the general design criteria and code requiremétaaever, not much work has been carried
out in the field of Base Isolated System randonpease. Constantinou and Tadjbaknsh
(Constantinou 1985) have investigated the optinlumdamental BIS period under random
excitations. Lin et al. (1989-1990) used the Clotgimzien model of stochastic input to
study the response of various isolation systenaswmay similar to the approach followed in
this paper. Optimum damping has been recently tigaged by Inaudi and Kelly (Inaudi
1992) and by Ahmadi et al. (Ahmadi 1993) using aetéht approaches. Pinto and Vanzi
(Pinto 1992) presented a probabilistic analysiswinich a critical sensitivity to the
superstructure strength factor has been pointedvdatburton (Warburton 1992) presented
an interesting review on several vibration reducstrategies.

In this investigation, the response of Base Isdl&@gstems with elastomeric bearings,
subject to a stationary Gaussian random proceasaly/zed. The stationary filtered white
noise modelled by Kanai (Kanai 1957) and Tajimijifial1960) and modified by Clough
and Penzien (Clough 1975) has been used as ttteastac model of seismic excitation.

The analysis was focused on a response comparetareén isolated and non isolated
structures. The investigation was carried out bwlyming a two-degree-of-freedom
equivalent linear model, considered as the simgeseral isolated building model when
the superstructure is represented by i Modal contribution. The probabilistic
characteristics of the response (mean, covariamce ppwer spectral density) of Base
Isolated linear systems have been evaluated tmexhe sensitivity of the response to the
design parameters. The parametric study is focusedhree particular points whose
consequences are particularly relevant in establishthe design criteria and code
requirements:

- the influence of the isolating degree as defimgéalazzo 1991;

- the influence of the equivalent viscous dampinthea isolation interface;

- the influence of the fundamental non isadlastructure period.

The first two points are relevant in establishitng toptimum isolating degree and
damping factor to choose the appropriate isolaigstem to be applied to the structures.
Further considerations are also derived in ord@stablish the favorable applicability range
of the isolation strategy.

STOCHASTIC MODEL OF SEISMIC EXCITATIONS

In this study, the horizontal ground acceleratigft)a is modelled as a stationary
Gaussian filtered white noise random process wittero mean and characterized by its
Power Spectral Density (PSD){3v).

As known, PSD is the Fourier transform of the aatoelation function RY() :
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The mean square value or variance of the grounelexetion is given by:
.= Ela,() (B,( 9] = R,(0 = fSag(w)dw (2)
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Fig. 1: Modified Kanai-Tajimi Power Spectral Densit
The formulation of Power Density Spectrum of theabte ground accelerations (fig.1),

proposed by Kanai and Tajimi (Kanai 1957, Tajimé@Pand later modified by Clough and
Penzien (Clough 1975), by applying a low frequeliltgr, is used in this study:

Sag (W) = Hch(w) D_|2KT (w) 50 3)

where H.gw) is the Clough & Penzien low band frequency fitjeren by:
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H(w) is the Kanai and Tajimi filter given by:
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So is the white noise power density consideretiéenktanai-Tajimi model.
In this modelwy, and&y are respectively the natural frequency and dampitig describing
the soil deposit characteristieg, and&; describe the low band filter introduced by Clough-
Penzien. Three types of soils were considerederattalysis by assuming the following in
the spectrum model:
Firm soll : wy=314 rad/sec;Eg: 0.55



Medium soil : Wy =15.6 rad/sec£g= 0.6

Soft soil : wy=10.5 rad/secﬁg: 0.65
For all cases the Clough-Penzien modification l@amd frequency filter characteristics are
assumed asy = 1 and¢; = 0.7.

EQUIVALENT LINEAR MODEL OF BASE ISOLATED SYSTEMS

Consider the two-degree-of-freedom equivalentimaodel represented in fig.2, which
can be considered as the simplest model to refreserore general isolated multi-storey
building if the superstructure is representeditdyst natural vibration mode.

As shown by Kelly (Kelly, 1996) by retaining only® mode of the fixed-base structure
the approximate 2-DOF model gives results that \aeegy close to the ones obtained
considering a M-DOF model.

my Us (1)
KsCs —+ Vs(t) X =m/(ms + my) mass ratio
Mo Up(t)
o ® la=w/w, isolating degree
——= Vb (®)

Fig. 2 : Base Isolated model

As known, while the isolator behaviour is generalbn linear the superstructure should
be generally designed to remain in the linear ramgder the strongest design excitation
(Pinto 1992, Palazzo 1993). Several equivalentalimaodels for the isolator behaviour
using effective stiffness and viscous damping Hasen carried out and used by isolation
design guidelines (Fuller 1991 ; Hwang 1993 ; SEAQEntative 1986 ; General 1989 ;
Partial Draft 1994 ; UBC 1991 ; AASHTO 1991 ; JRW1992 ; NZMWD 1983) .

By using such type of equivalence criteria the eystoehaviour is described by the
coupled linear second-order differential equations

MpUp + MgUg+ ¢ up— 'Ud+ Kpvp=0 ()

where y is the ground displacement; ,m g, k;, respectively represent the mass, the
equivalent damping and stiffness referred to tlodatsrg base; @ ¢, k, respectively are
the Bt modal mass, damping and stiffness of the supetste; u and v respectively
represent the absolute and relative displacemkirtas been shown (Kelly 1990, Palazzo
1991) that, ifw, and w, indicate the superstructure and isolated systenudamnental
frequencies, parameter + wJ/w,, defined as isolating degree, regulates the bebawaf an
isolated system. The mentioned authors showed thatfluences the decoupling capacity
of the superstructure motion in respect to the iggdduworizontal movement.

Equation (6) can also be represented in the stateedprm :
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where x represents the four-dimensional state vector wnd respectively indicate the
absolute and relative displacement vectors given by

b e[ vel]

The following matrices :

[ el el

represent the system in the state-space reprasentahile the followings matrices

5 - mg O 1 Cs —Cg Q- mg O 1 k¢ O
Img my 0 cpl|. |mg my 0 kyp
respectively represent the damping factor matfiand the frequency matri.

The transfer functions of the system (7) are obthimg applying the Fourier transform
assuming the initial conditions to be zero:

X@ _tico-A)B

H =
@ Ug(w) (8)

whereX(w) and U(w) respectively represent the Fourier transform(gfand y(t).

The complex frequency responskl(w) relates the system response to the ground
motion. Therefore the response spectral densityové&gt(w) is related to the acceleration
spectral density |(w) by :

Sout(®) =H(w)" Bag(w) H(w) " / w? (9)

Some background information regarding the procedare be found in Soong (Soong,
1993). Therefore, the mean square of the respongeas by:

05u = | Sou(w)dw (10
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COMPARATIVE RESULTS

Using the power density spectrum described abdwe,rbot mean square or "rms"”
response of the model with and without isolatioss been evaluated for several values of
main parameters. The calculated rms response vallidbe base isolated model are
normalized with respect to those of the corresponfiged-base model. The analysis has



been focused on the evaluation of the influencéhefisolating parametersy,(Ep) on the
seismic response for several values of fixed-basetaral periods I

In all cases a standard 2% damping factor has t@esidered in the superstructure.
Figures 3-10 show the influence of dndé, on relative displacements, absolute velocities
and accelerations. Results show that the isolampihg plays a significant role in reducing
the isolator relative displacement, absolute acatt: and velocity (Figg. 5-6).
Diagrams clearly show that by increasing the ismtatiamping factog,, the base response
is always reduced while the superstructure respoFeehes minimum values for particular
damping factors (Figg. 3-4,7-10). Therefore theeea@timum values of isolation damping
factors which minimize the superstructure respomaeying with the superstructure main
period T, as shown in the two-dimensional diagrams. Themaph damping factok,,
mainly influences relative displacements, absolgtocities and absolute accelerations.
Results show that the optimum damping factor whighimizes both the superstructure
acceleration and relative displacement slightlyesaby about 25 % of critical damping for
usual caseDptimum damping levels can be defined as thosehwmimimize the relative
displacements of the superstructure. The optimulnevaf the isolation damping factor
increases quite linearly with the superstructuréennpariod varying from 20% for 0.10
sec. to 50% for F2.70 sec.. Figures 11-18 show the influence of ltie¢ isolating degree
l4 and fixed-base periodsTon the system response. Results show that byaisiog the
isolation degree, positive effects on the supectire response are always produced.
However, for most cases of interest having originad-base periods in the range 0.4 to 1
sec. by choosing; values greater than 3-4 doesn’t produce any diigeificant benefit. On
the other hand base relative displacements stromgiyease with the 4l increment,
particularly for superstructures having a long ratwibration period. With respect to
superstructure accelerations greater benefits aghan isolating low period structures than
long period ones. The almost flat dependence ob#ise displacement response in the range
of high values of isolating degree and originaligeTswould have been less predictable.As
shown in figures 13-14, the rms isolated base dcgwhent ratio to the non isolated structure
strongly increases with the isolating degree inrdoege of small damping values.The rms
base relative displacement can significantly bgdarthan the one of the non isolated
structure, but its ratio significantly decreasgsrereasing the damping fact§y. The same
ratio tends to be lower for structures having avated original I period. For a given
isolation damping factor, the superstructure retatilisplacement is already substantially
reduced for isolation degrees greater than 2.5eBTar» 2t/ 0y It is important to notice
that in all investigated cases the superstrugesponse is always more favorable than the
one of non isolated structures.The influence ohbdgandé, isolation parameters, plotted
in figures 19-20, confirm the results describedvabd-rom these figures it is possible to
notice that the influence of the damping factoithe isolating system is greater for long
period structures than for short period ones. Theggin these cases the choice of a value
close to the optimum damping is more important. Bhedy of the results allows the
evaluation of the reduction effects on the supecttire response produced by a well
isolation system by about 70%-80% respect to the isolated seismic response. The
influence of the foundation soil on the stochastgponse is represented in figures 21-25. In
the case of soft soil results indicates that theebits on the superstructure response due to
the isolation are lightly reduced but the baseldsgments are strongly increased respect to



the case of firm or medium soil. Figure 25 showes itims response ratios of BIS compared
to the one of non-isolated structures versusythreass ratio and the originalperiod.
Observing the diagram the mass ratio does not have a significant effecthan seismic

response.
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CONCLUSION

Results regarding the response comparison betwass isolated systems and fixed-base
structures subject to a stationary Gaussian prpeeedelled according to the modified
Kanai-Tajimi power density spectrum, lead to thiéofeing conclusions:

1 - The linear base isolated system random resperpeessed in term of ratio to the
correspondent non isolated system has been evdlaa@ plotted for a wide range of
parameters in order to be used as a preliminangmeshart. Since isolators exhibit a
significant hysteretic behaviour, the presentesltefiave some limitations having replaced
the governing set of non-linear differential eqoas by an equivalent linear one.

2 - Results have shown a great influence on the Bi#lom response of the isolation
damping factor and the isolating degree.

3 - Optimum damping factors of the isolation systemhich minimize relative
displacements depend on the original period ane islolating degree. The optimum
equivalent viscous damping factor increases with $uperstructure fixed-base period
varying from 20% to 50%.

4 - The optimum values are greater than those gkyeronsidered and used in the

applications. From a technological point of vielwseems extremely hard to reach optimum
damping values by only using rubber bearings atigsbkting interface eventhough high-

damping rubber is used. Therefore, in order tazeaptimum damping factors, it seems to
be more convenient to combine isolators in pdrallh other damping devices. Therefore

supplementary hysteretic or viscous dampers shbelddded to the isolators in order to
reduce the isolation interface displacements.



5 - The evaluated effect of an isolation dampingatgr than 5% doesn't correspond to the
scaling procedure considered for damping by the UB@1.

6 - Structures having fundamental non isolatedopleriess than the ones where the spectral
amplitude is maximum, need a higher value of iswdpdegree in order to obtain
significant advantages from the isolation and ttoeeeshift out the frequency range where
the spectral amplitude is high.

7 - For structures having non isolated periodstgrethan ones where the power density
spectra have maximal amplitudes, an isolating aegriethe order of 3-4 is generally
sufficient to reduce the superstructure responsabbwut 70%-80%.

8 - Long period structures can also be favoraldjaied with a low isolating degree and
optimum damping.

9 - In all isolated cases, the superstructure mespas always more favorable than the
correspondent non isolated structure. Thereforasblating degree should be designed as
high as the isolator displacement limit allows.

10 - Soft soil effect generally leads to double Hase displacement response of the BIS
placed on firm soil.
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