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ABSTRACT

Seismic base isolation has become an accepted design
technique for buildings to protect eagainst earthquakes. The
resilient-friction base 1solator (R-FBI) provides a new base
lgolation system. The response of a planer model of
one-storey shear type building isolated by R-FBI system to
real earthquake motion under different parametric variations
in investigated. The paremeters include: time pericd of the
superstructure (as fixed base), mess ratlo, and the
properties of R-FBlI system (1.e. demping, stiffness and
coefficient of friction). The responses are compared with
those of the corresponding flxed base system in order to
investigate the effectiveness of base isclation. It 1s shown
that the R-FBI system is quite effective in reducing the
selsmic response of ipolated structure against earthquake
excitation.

INTRODUCTION

The traditional method of providing earthquake resisgtance to a
structure 1is by increasing its strength as well as energy absorbing
capacity. However, during an earthquake many structures have suffered
structural and non-structural damages due to inelastic deformations. An
alternative method 1is to Iisolate the structure by the use of busge
isclators between the bese of the structure and its foundation. These
bage isolators have two lmportant characteristics: horizontal
flexibllity and energy absorbing capacity. Horizontal flexibility lowers
the fundamental frequency of the structure below the range of
frequencies which dominate in general earthquake excltation. Energy
absorbing caepacity reduces both relative displacements and selanmic
energy being transmitted to the structure. The effectliveness of various
types of base isolation in limiting the earthquake forces ln bulldings
has been demonstrated both experimentally [6,10] and analytically
{3,4,7,9]. An excellent review for the earller works and precent
investigations on base isolation is provided in References [1,5].

A variety of bmse lisolautlion devices including laminated rubber
bearing, frictional bearing and roller bearing have been developed. The
laminated rubber bearings are one of the most commonly used bearings.
Recently, friction-type base isolators have been developed and studled.
The most ecttractive feature of this type of isolator 1s that the
frictlion force is a natural and powerful energy-dissipation device. The
simplest such device is pure-friction, referred to as the P-F system or
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sllding type structure [11.12]. The more advanced devices Involve
pure-friction elements in combinatlon with laminated rubber bearings.
Among the various friection devices, the resllient-friction base
tsolators (R~FBI) system ls common [8].

Herein, the response of one-storey planner model of bullding
isolated by R-FBI system to real ground motlion 1ls obtalined and analyzed
for a parametric study. The objectives of the study are; (1) to
investigate the effectiveness of R-FBI system under a set of important
parametric variations and (ii) to study the difference between the
response behaviour of structure isclated by R-FBI system and linear
elastomerlic bearings.

STRUCTURAL MODEL

Figure 1 showe the structural system considered, which 1is an
idealized one-storey bullding model mounted on R-FBI base isolator. The
rigld deck mass ls supported by massless inextensible columns. The
columns are assumed to remain within the elastic range during the
earthquake excltatlon. This 1s a reasonable assumption, since the
purpose of base lsolation is to reduce the earthquake effects in such a
way that the structure remains within the elastic 1limits. The two
degrees of freedom considered are: lateral displacement of deck (x) and
lateral displacement of base isolator (xb). Further, the isolator ls

assumed to carry the vertical load without undergoing any vertical
deformation.

Description of R-FBI system

The reslllient friction bese isolator (R-FBI) system was recently
proposed by Mostaghel and Khodaverdian (8] as shown in Fig. 2. This base
isolator consists of concentric lsyers of teflon coated steel plates
that are in friction contact with each other and contains a central core
of rubber. In this base isolator, the interfacial friction force acts
parallel with the elestic force in rubber. The rubber core distributes
and gliding displacement and velocity along the helght of the bearlng.
The rubber core does not cerry any vertical loads and 1s not vulcanlzed
to the sllding rings. The system provides isolation through the parallel
action of friction, damping and restoring force. The R-FBI system is
characterized by the parameters: stiffness, demping constant and
coefficlent of friction. The experimental study for the friction of
teflon-steel Interface is reported in Reference.[2].

Eqmt.loni of motion

The mathematical model of the superstructure with R-FBI basge
1solator 1s shown in Flg. 3. The system bahaves like a fixed base when
there is no slliding in R-FBI system. The criteria for slliding and
non-sliding conditions are described later. Durlng the sliding state,
the equations of the motlon of the system subjected to earthquake
excitation are written as [7,8,9]:

m(5i+iib)+c:'r+kx=-m
’ g

(1)
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mb'>€b+cb:'cb+kbxb+ug(n+nb)sgn(>'tb) _
-c.%-kx--mb')ig (2)
in which m, k and ¢ are the mass, stiffness and damping of the

superstructure, respectively; x 1§ the displacement of superstructure
reletive to base mASS; nb is the mass of base raft or slab; cb 1s the

damping of R-FBI systenm; kb ie the stiffness of R-FB! system; sgn
denotes the signum function i.e. sgn(:'cb)-)'cb / |:'(b|; X, 1s the
displacement of bmse mass relative to the ground; 558 is the ground

acceleratlon due to gravity, The stiffness eand damplng of the
superstructure and isolator can be expressed as :

c=22fmw (3}

kK =mw (2)

ey " 2 Eb (n+n.b) w, (5)
2

kb = (m+l|b) L (6)

in which w and W, are the natural frequency of the superstructure

(considered as fixed base) and basge lsolation frequency, respectively. £
and Eb are the demplng constants of the superstructure and isolator,

respectively. The time period of the superstrycture (T) and Isolator
(Tb) are defined as below ;:

2n m
T= "-"— = 2 X (7)

2n m+nb
'I‘b - = 2n /—-k—-- (8)

b b

The stiffness and demping properties of the superstructure and
isolator are determined by aesigning appropriate values to the
parameters T, Tb’ € and Eb' .

Conditions for sliding and non-gliding states

In a non-sliding state, the iseolator force (friction+trubber) is
greater thm.: the total intertial force generated in the superstructure.

"

Therefore, X, =X, = 0 holds as long as

HEg > §+wb2x + -

-4 b m+lnbx

(8)
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Failure of non-sliding condition given by (9) indicates that
occurrence of slip and motion 1s generated and equation {2} is to be
considered in the solution. During sliding, whenever the relatlve
velocity becomes zero, the non-sliding conditlon given by equation (9)
must be checked in order to determlne vwhether the base raft remains in
the sliding phase or sticks to the foundation.

Incremental solution procedure

The coupled differential equations of motlon (Eqs. 1-2), are solved
in incremental form by employing Newmark’'s £ method assuming linear
variation for ascceleration over the short time interval, 8t. For the
time intervals during which transition from non-sliding (i.e. X, changes

the slgn)} to sllding state occured, the time step was reduced to
minimize the unbalanced forces created by the numerical approximation to
an mcceptably small value, The time step, &t for the sliding and
non-sliding mtates is taken as T/100. During the transition phases this
time step is subdivided so that at the end of time step the system Jjust
reaches to the other phase. The solution of the equations of motion
provides the time hlstories of x and X The time history of the

absclute acceleration of the deck 1s determined by the algebraic
addition ef %, xbo.ndx.

NUMERICAL STUDY

The response of the bass.-isolated system 1s investigated with
reapect to the following parameters: time period of the superstructure
(T); mass ratio (m/m); time perlod of the isolator (Tb); coefflclent of

friction af the lsolator () ; and damping of the isclator. The effect
of thess Mrameters wsre studled for NOOE component of El centro,
Californis carthquake of May, 1940 of duratlion 30 second. For base
isoiated” structure, the response quantities of interest are the
sowalute acceleratlon of superstructure (¥ + xb + ':Es) and the relatlve

displacement of the bese mass (xb). The former ls directly proportional

to the forces that are exerted on the structure. The latter 1s a measure
of displacemsnt between the base-isclated structure and the ground that
18 crucial to the design of the isolator. Figures 4 mand § show the
typlcal time histories of ths absolute acceleration of the deck and the
base displacement.

In arder to study the effectiveness of bage isolatlon, it is
convenient tc express the response in terms of a ratic rather than
plotting their wvalues. For thls purpose, response ratio R is deflned
as :

Peak absolute acceleration of the deck for lsolated system
R=

Peak absclute acceleration of the deck for fixed base system

The response ratic R is an index of the performance of base
isolation system and the value less than 1 Indicates that the base
isolation 1s effective.
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Effect of superstructure time periocd (T)

In fig. 6, the variation of R is plotted against T for pu = 0, 0.05,
0.1 and 0.15. As y increases, the ratio R increases showing that the
presence of high friction coefficient reduces the effectiveness of base
isolatlion. Also, as T increases, R increages indicating that the base
isolation is less effective for a flexible superstructure as compared to
stiff superstructure. For the case when p = 0 (i.e. the force
deformation behaviour the 1solator system = lineer), bese iseclation
provides maximum effectliveness 1n reducing the mbsolute acceleration of
the superstructure in the range T < 1 sec. Althrough p cannot be zero
for R-FBI system, the above result signifies that the 1inear elastomeric
bearing may be more effective than R-FBI system in reducing the response
of relatively stiff superstructure. Further, for higher value of M
(>0.1), it 1s observed that the base isolated system behaves almost llke
a f)lxed base syatem for relatively flexible superstructure (T > 1.2
gec).

in Fig. 7, the variatlion of base displacenent 18 plotted egainst T.
Figure clearly shows that the bese displacement is significently reduced
because of the presence of friction in the isolator.

For further parametric studles, the two values of u, l.e., 0 and
0.1 are considered. The difference between the paramstrie behaviours of
the two cases essentially shows the effect of friction element on the
response and lndicates the difference between ths igolation
characteristics provided by llnear elpstomeric bearings and R-FBI
systenms.

Effect of mass ratio (Ib/l)

In Fig. 8, R 18 plotted sgainst I.b/ll for Te 0.8 and 1 sec ond u =

O and 0.1. The ratlio R remains insensitive to the variation of mass
ratio for p = 0. However, for R-FBI system (with g = 0.1}, 1t increases
with the increase in nb/m ratio. This is expected since for higher

velues of mass ratio (due to increase of limiting force = 4 § time total
mmss) system remmina to stlck condition for most of the time. As =
result, more acceleration is transmitted to the superstructure and
therefore, the effectiveness of lsoclation is reduced.

Figure 9 shows the varlation of base displacement against nib/n. It

i observed from the figure that bage displacement is lnsensitive to the
variation of mess ratio. Further, the difference .between the basge
displacenent for T = 0.5 and { gec 1a not significant. However, 1t is
again seen that the presence of friction elements in the isolator system
reduces the base dlsplacement significantly {compare between p = 0 and
0.1).

Effect of imolator time period ('l‘b)

Figure 10 shows the variation of R agulnst Tb for T = 0.5 and 1

gec. when g = 0, the ratic R decreases with increese in the lsolator
time period showing more effectiveness of base isolatlon. Note that when
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Tb = 0.5 sec, the ratio R becomes greater than unity showlng

ineffectiveness of base isolation. Thls is expected since a very stiff
lsolator transmits more acceleration into the superstructure as compared
to flexible isolator. The ratio R for p = 0.1 remalns almost lnsensltive

to the variation of Tb'

In Fig. 11, the variation of the base dlsplacement 1s plotted
against Tb. The base displacement for g = 0.1 is significantly less and
remalns almost constant for all values of Tb. However, for p = 0, the

base displecement generally increases with the Increase in Tb. The

differense between the base displacements for T = 0.5 and 1 sec is not
significant.

Effect of damping constant of isclator, Eb

In order to study the effect of additional viscous damping on the
response of base-isolated structure, the dampling constant, Eb was varled

from 2 to 20 %. Figure 12 shows the variation of the ratlo R agalnst Eb.
R decreases mildly with the increase in Eb for Tb = 2 gec and u = 0.
However, for u = 0.1, it remains insensitive to the variation of £b.

This 1s because of the fact that the energy disslpation due to friction
is more dominant than the dissipation of energy due to additional
damping (due to rubber).

Figure 13 shows the variation of base displacement against Eb. The
base displacement decreases with the increase in £b when u = 0. However,

for o = 0.1, the base displacement remains insensitive to the variation
of §.
b

CONCLUSIONS

The response of a one-storey bullding 1solated by R-FBI system to
real ground motion ls analyzed for parametric study. The responses of
the isclated structure are compared with those of the same structure
with fixed base in order to Iinvestigate the effectiveness of base
isclatlon under different conditlions. From the trends of the results,
the following conclusions may be drawn: t

(1} Effectiveness of base Isolation decreases with the increase in the
superstructure time period.

(2) The effectiveness of base isclation decreases with the increase of
coefficient of friction and mass ratlo (mb/m).

(3) The effectiveness of base isolation remains insensitive to the
variation of the lsolater time period.

(4) The parametric behaviours of the structure isolated by R-FBI
system are distinctly different than those lsclated by linear
elastomeric bearlngs because of the presense of friction elements
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in the former.

{8} The presence of {riction elements in R-FBI system tends to reduce
the base displacement.

{8) The additional viscous damping upto a range of 20% does not
significently influences the response characteristics of the
structure isolated with R-FBI having a coeffictent of friction=0.1.

REFERENCES

t. Buckle, I.G., and Mayes, R.L.,"Seismic isolation : history,
application and performance-A world overview," Earthquake
Spectra, 6(2), 181-202, 1990,

2. Constantinow, M.C., John, €. and Harris, G.H., ‘"Frictional
characteristics of teflon-steel interfaces under dynamic
condltions”, Earthquake Engineering and Structural Dynamics,
Yel. 15, 751-758, 1987.

3. Jangid, R.5. and Datta, T.K., "Response of base isolated building
to random ground motlon", 8th Symposium on Earthquake Engineering,
Roorkee, India, Dec. 1980.

4. Jangld, R.S., "Response of base isolated building to random ground
motion”, M.Tech dissertation, IIT Delhl, 1890.

5. Kelly, J.M., "A seismic base Isolation : A review and
bibllography”,Soil Dynamics and Earthquake Engineering, 5, 202-218
(1986).

8. Kelly, J.M. and Hodder, S5.B, "Experimental study of lead and
elastomeric dampers for base isclatlon system in laminated Neoprene
bearings", Bulletin of the New Zealand National Soclety for
Earthquake Engineering, 15, 53-67 (1982).

7. Lin, B.C., Tadjbekhsh., I.G., Papageorgiou, A.S. and Ahmadi,G.,
"Performance of earthquake isolation systems", Journal of
Englneering Mechanics, ASCE, Vol. 116, 446-461, 1990.

8. Mostaghel], N. and Khodaverdian, M., "Dynamics of
resllient-frictlon base 1solator (R-FBI)", Earthquake Engineering
and Structural Dynamics, Vol. 15, 379-390, 1987.

9, Mostaghel, N. and Khodaverdlan, M., "Selsmic response of structures
supported on R-FBI system", Earthqueke Engineering and Structural
Bynamics, Vol. 16, 839-854, 1988.

10. NagarJjaiah, S., Reinhorn, A M. and Constant inou, M.C.,
“Experimental study of sliding isolated structure wlth upiift
restrailnt”, Journal of Structural Engineering, ASCE, Vel. 118,
1666-1682, 1992.

11. Qamaruddin, M., Arya, A.S., and Chandra,B., "Seismic response of

brick bulldings with sliding superstructures”, Journal of
Structural Engineering, ASCE, 112, 558-572, 1886.




54

12.

Bulletin of the Indlan Soclety of Earthquake Technology, June 1993

Qamaruddin, M., Rasheedduzzafar, Arya, A.S., and Chandra, B.,
"Seismic response of masonry buildings with sliding substructures”
Journal of Structural Englneering, ASCE, 112, 2001-2011, 1986.

/- DECK MASS

m _

/ BASE MASS
my Y R8I sYSTEM

e e

I
Xg tXp

l

I

|

Fig. 1 Structural Model

<



Seismic Response of Structure Isolated by R-FBI System BS

TOP COVER PLATE

TOP BOLT WOLE

—
/ TOP CONNECTING PLATE

RUBBER COVER

BOTTOM COVER
PLATE

PERIPHERAL RUBBER
CORES

Fig. 2 R-FBI bearing

A ke K

/]

? —\VVV\
Ao m m
q - B e

? AR C

S

Fig. 3 Mathematical mode! of the building with R-FBI system.



56 Bulletin of the Indian Soclety of Earthquake Technology, June 1993

//F-Fixed base
4

//— Base isolated

Absolute acceleration (m/sec?)
o -
H

L

-3
7 \’
T
4

Time (sec.

o
3

a
)

Fig. 4 Time variation of absolute acceleration of the deck:
T=18gec.,, m/m=1.5, Tp = 2 8eC., 4 = 0.1 and §p = 0.1

Base displacement (cm)

' ‘ ' b
Time (sec.)

-]
% -
i
[

1 sec.,
0.1

Fig. 5 Time variation of base displacement: T
me/m=1.5, Tob = 2 sec, 4 = 0.1 and Ep



Yer

Selsmic Response of Structure Isolated by R-FBI System

14 -
1.2}
o 1+
2
u |
o 08
@
2 osf
)
a
o oaf
o
0.1
oer
—&— 0.15
o 1 L i 1 4 L i L i 'l - . 1
O 02 04 0B 08 1 12 14 18 18 2 22 24 28
T(sec)

Fig. & Plot of regpongse ratic R against time period T,
for Tv = 2 gec, m/m = 1.5 and % = 0.1

20
5
161
'.é e u:o
N
L
3 0O —a— 0.%
]
- —a— 0.15
o
2 sl M
@

0 1 4 L i L .

0 02 04 08 0B 1 12 14 16 18 2 22 24 28
T (sec)

Fig. 7 variation base displacement against time period T.
for Tv = 2 Sec, mo/m = 1.5 gand %, = Q.1



58 Bulletin of the Indian Society of Earthquake Technology, June 1993

o8r
[+
o
by 08
o
1 9
2 oal
c e
[
Q
]
[0}
e 02
0 [ 1 L d. [l A 1
0 0.6 1 16 2 2.5 3 3.6 4

Mo /m

Fig. 8 Plot of response ratio R against mass ratio me/m.
for To = 2 sec and %» = 0.1

20
5 t-h\l\_l 4 L i }- 4 -
FERER Y.
[ s
g T u
@ — —
& - 0.5 0
5 10F — 1.0 (i
ol —— 0.5 0.1
° —— 1.0 0.1
@
g s
m
D L L 1 L I A L
0 06 1 16 2 2.6 3 3.6 4

Fig. 9 Variation base displacement against mass ratio mo/m.
for To = 2 sec and ¥ = 0.1

i~



Selsmic Response of Structure Isolated by R-FBI System B8

14

o]
-]

o
e ]
T

Response ratio R
o

s

1

Q
L]
T

=~

C 06 1 6 2 26 3 385 46 & &6 6

Tu(sec)

Fig. 10 Plot of respcnse ratio R against time period of isolator.
for m/m = 1.5 and % = 0.1

26
E
S eof
»
g
g 6r
0
o
a
N [+] 3
o
o
g -
g 5
0

0 06 1 165 2 26 39 385 4 45 & b5 8
To(sec)

Fig. n Variation base displacement against time pariod of isolator.
for m/m = .5 and £y = 0.1



60

Response ratio R

Fig.

Base displacement {(cm)

Fig.

Bulletin of the Indlan Society of Earthquake Technology, June 1983

o7
il
08
oa}
Oa4r To M
gk —— 4.0 ]
o —— 2.0 0
—»— 4.0 0.1
02F —m 2.0 0.1
i } + —~+
e N Fl § } § t T + f
0.1' Ll L) 1 T
O i i ! i i 1 'y 1 1 i
0 002 004 008 008 01 012 014 08 018 02 022
Eh
12 Plot of reaponse ratio R against damping of isolator.
for T = 1 sec and me/m = 1.5
26
Ts M
——— o
201 —— ¢
—— .1
—— 1
W6
10r
ofF D_-'_.H‘—.—ﬂ——ﬂ—-ﬂ-=ﬁ_—_=ﬁ
0 1 L 1 'l A1 1 L 1 i 1
0 00?2 004 006 008 01 012 014 0148 018 02 099
©p
13

Variation base displacement against damping of isolator.

for T

1 sec and mo/m 1.5



