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lb..:-iwlalion isfoundelTC<:I;'·ein ~ll<'inSlorsinnal""'f'O'1scoflJl'U<:Iu<n...illlma>.se.;CI:fllricity"' ....,,'u...jel.1<."d toe. ,.,hquakes. In rhrs
.rudy . dy....mic characlcri.tic. of an """e nt,;c fi,'c-s,ore y ben<hmar1<modd , ,....I.oIC'" ,,-nil b miTI:Ilc'd ",~r hrarinJ" t LRB) and lead W IC:
ruN>erbearing.s (LC RR). 'w re coom ined using . ,h •• er tallie and four dilTertnl rmu nd molioo... TM rOflI>.j....ke-<n " t. m ~rformallC. of
l k 13;mel lCkB isolator wa, cvolu.h,d . II " a. obse rved ,lIal both lnms\-ctK .oo1~1 N.""f'O""'C'"fIT~&(nl flranl l y red uced ,, 'itb the
.ddi ti" " or an LRB or LCRR i,o lah.'\Isys tem regard le<.<of groond motion inpUI. ll ollicv.r. th. LRFI.. as ident,fied. o he mure clT""l i,," than
I.CRll in n,dueing relative lursional , nille. mudel rcloti" e displacCTTKnts•• ecd er. tiot" and angular .c ccle"' i,,us. atld therelore, pnwided :l
b<'ucr protoclion of lhc , up"15tructoJe ., td ilsc ontcnl,

INTRODUCTION
Ground motions rrod O\.~d by severe earthqua l<L'Sare ollen
quae damagin g 10 structures and their co ntems. Co n\ entional
eanh quake-resisumtdesignsuIlL'flfO\: usonlhestreng lhening
of struc tures to resist such di, lul'banc..... and avoid struc lural
conepse. whi'[st lill ie anc mion ia givcn to tbe preve ntion of
da mab'e· U' ingsuch desi gn arrroachcs, il i,almo, ti mpll" ible
to consuu ct compretcry " ean hqecke-proof" strucrures shara re
blllhrcaw nable ill custand aeMhct ically acccptable

Sc ismi<;isola tion of the building structure is an efflcicut
design scheme tha t ca n sue<.'t.").$fully red uce earthq uake
loading 10 improve safety and reduce building da mage ( I).
A scism icall)' iso laled slru<;lu~ can ha \'e a fundament al
fn:'1ueney co llsi....'Tllblyl.w. ·crlhan the fundam ental fl'l."quency
ofthe sarne structure beilt ...itboutisolation andalsolowerth en
lhe usual prctlum inanlfn,q u.end es of a lypieal earthquake (2 ]
Th isis achie\ ed by moum ing the structure on a sc t of iso lalors
that pro"i de low b orizoma l , til1'n" ,s, thereby shifting the
fundamcn talfre<Jucney of the slr uctureto amuchluw...r v~ l uc .

Asa rcsuh,most defonna lions occurwi lhilll hc iso ialionkvcl ,
all<lwing the supc rslruc turc to rcmain essenlia lly undefor mcd
and able 10 move like a rigid hody. This techn ique prevents
damage 10 the st ructural ant! non structur al com po ncnts cfthe
building II].

However; a real "'·orld strucmrc is usually ecc entric ,
meani ngits ct'nlrcof slilr",:~ i s o II'Cl fromi ts crll\re .. flTlllS>
Some slruL1urcs arc inhere ntly cec<::nlric, due to an as) m mclrie
lloorplan{usuall y diL1a ted bY lhe needs of lhcbuilding
occ upancy) lcading to an asym mclric la)'oul of the struc tural
membe rs, orma)' 1Ieccccn trie d uc 10 Ihc lucatiun of stairwclls
endlift-shafts, ctc. Whc n a lranw crse mod e is cOlll' lcd toa
rotationa l mode. arising fromth... ecccnt rieil y, thC lorsiunal
eompo ncnl of scism ic responses will be amplified if ccJ1ain
co ndition s are mct

Up to now, studies of lhe seis mic behaviou r of asym metric
Slnl crure5,c>pcciallyusingshaker labletcsts, havehcenvery
l im ited.Asa l'l.'Sult.undcf'!<umd ing oftherolcandcn"''<.1iven~''''-'

o f rubber bea rings in prolL'C1ingeccenlricstroelurcs ha.\
remain...d limited . Con"equen tly, expe rimcntal stud ies on thc

response ofeccentric struc tural systems wuh base isolalors
....iIlprov idc"aluable i nsi ghllOth ist~"Chniquc.Wdl-cond u.etcd

e~pe:rimL'fllalion ....ill provide da ta for ana l)'sis and design
o f suc h structures isola ted with rubber b.:arings . Thi s paP""
dcsc rthes asenesofshakCTlabletcstsdL",ignc-d to e\"aluate
lhc se ismic pt.'rform ance of an eccentric five-'lO re)" bu ilding
m,"kl subjecte d to vari ous sim ulated ea rthquake inputs. Tile
effective ness of two rubhcr isolation sy<tem. against tors ional
response is inws tigatL"C1in de tail lu a" ist lUJ1hcr dew lol' menlof
new and etfe ctive iso lation systems fu r asym metri c structure s.

EXPERB-1ENTAL STUUIK"i

Ftve-stcrey benchm ark sled model

l'iguJC1, [ ce. ntric fi.e ·""rcymodcl ....ith isol. ' '' rs

The expenmcntal benc hma rk building model, huving
dimens ions uf 1.5111 x 1.0111 X Jm.odesigncd by Sumal i [J ],
offers the flexihi lity needed lU lUoo el and les l varinu~ bu ilding
configurations. Th e ecce ntric mode l was created by add ing a
IOtal of 350 kg mass 10 u",,"side of a sym metrical concen tric
Sled frame we il;hing 1200 "g, as shown in Figure I. The
addition al 350 " g rna' s con sisted of 140 steel disks equall y
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Rear side

RESULTS A~n DISCUSSION

From sldc
Figure 3, Location or accdc11Imote", and I.VfHs in plan

Accelerometer I . LVDT I

• Accele rome ter 2

rubberl>caring le'el. lhe2"" andthe5"'floorle,dsrcSp......li, c1y.
A funbe r accelero meter and l VDT ccmbmation "'as irn;tl<lI.:d
otlth~ sh'lker la h1c lomc:u;uf<'lhetablerespoo"C

A lUIal of 14 channels of data were therefore recorded

usi nll 1"' 0 YO KOG AWA A nalpelS. The shake r tablu "as
driven in ll>c lonl£itudinal direc tion of the Ih,<;-,toreyJT>(l(\.:I.
To dct~nnine a suitable input exeitalion to the tab le, mot ion
records from lour earth'lua kes were used: EI Centro (l <J94),
Hachinohe( I 90R), 50% -inlcnsily Kobe ( 1995) a"d Nurthridge
( 1994) , Measured max imum acceleration s lin the , haker
table were 0.4 2g. O.23g, 0.4 1g and 0.45g rep resen ting lhe
above four earthquakes res[1'-....tivcly. To mainlain dynam ic
similitude, each record was com pressed in t im.: by a fa<:tor of 3
to ~n Sllre 1he fi rsl tnlldc fre'llle n cy ofthemodelwas co" sislellt
....ith dominan t frequenc y of the earthquake record . That is,
l h~ dom i" anl freque ncies ofthe , imulated eart h'luakes ....ere
incl"l'a", d hy a facl<lrllf 3

The shaker tablerests were con ducted .., ingbothllxed·hasc
and base, iso laled struc tures, ""ith lhe elll".:!im cntal se t_llp lill'
the LR(), iso lak-d Ii'e-sturey bcnc hmarl< model On the shak~r

lable>ho,,'nin Fig ure I .

r- ,...---.:':--VDT 2

di.slril>uled 011the front side of each floor. This produ ces an
ecee ntric i1yo fO. 125L, w helT Lis the widrb oftb e Bo...r, This
leve lofC<.'Cenlrici ty is rcga rdedll.s moderateeccen1rieity.

The laminated robber bearings ( LRB) used in rhts study
cn m,ist('dof2.5 thin rullbo:r slledswith a she<:t thickness of
2.2 mm and 2.5 thm layer ed steel plates eac h 1.8 mm thicl .
The rut>ncr sbeers were vulcanized and bonded unde r press ure
and heat so as to alternate Wilh each lhin ~ 1~1 plate. Th e dTed
echjeved by indud ing the inne r stcd plak s is to contro l the
shapc factoror each ela stomeri c rubbcr layer, so as to preve nt
latera l bulg ing. a,;b ievi" g a "e rtica l stifTness approximately
5(~l l irnes the lateral stiffness of 22 0 kNrn ·l . Thi s ensures a

large \'Crtica l load carry ing capacity. Horizontal flexibility is
pro vided througb shear de format iOlt of the individua l rubl>cr
shee ts , The overall dimensions ofthe lami nated bear ing used
for the ex peri menl were 120, 120 , l rx'mm. Two thick.
mounling s1ecl plales (200 x 200x20 mm) were bonded to
the botto m and lop surfaces ofe aeh lamin ated bear ings so as
t... provide for conn'....tion fixings 10 the shak.cr table and to the
supcrstrue t ure,asshownin f igurc l .

The configura tion and dimensi"n s of lead core rubber
bearin g' (LCRB) (Fi~urc 2) were the ....me as I.R R hut a lC1ld
plug with a diameter of 30 mm was inSl.'r1ed ir noa machined
hole al lheccnternfeachbearing .l nadd'1ion10 1h~c1astomer1c

chara.:teris1ics orusc LRK type, a furthc r energy dissipalill n
mechan ism can be ach ieved with the LC RB due 10 the plasuc
defo rma tion of the lead plug. A lead rubbe r bearing also
provides initial rigidily under lateral l>I.'rv iec 11100 ... slleh as
during wind loads . due IU lhe high sli rrn~!>.'i prim 10 yielding
of the lead plug. In thaI arrange ll":" t, howe"er, the energ y
<hs.sipatio n mec hanism is llCti..-at,..J u l1lyatier the ka d plull.has
yielded, Lead rubber bea rings also pro vide a greate r restoring
efT«.1. to re-eenlre lhe isolatvrs at their o ti l:inal loeal ions after
normal se rvice loads

CHARACT ERISTICS 01-' RU88ER REARIS G
ISOLATORS

Figure 2. Pholoofan indi..-idual lead con: I1lbberhn"n,

Sha ker table test ing
TC"ts "'~re carri~"" OUI using the unidirecnonal shakc r

table fac ility at Unive rsity of Tech nology, Sydn ey, Th e plan
dimensionsofth~ lableare3m ll3m . The lablealluwsmvvement

in a horilonlal dif<'elionoperut<'dbya hydrau lic actuator wilh
a mnimum acceleration of 2.5g (ha re table) . with a maximum
s lrok~ and pislon velocit y of ±l ()() mm a" d 550 mm.s'l
l'I,.... !"<'cli,·cly. As shown in Figure 3. twn ae~....leromcter and twn
LVOT ( linea r variable displac ement transducer) measurement
locanons were utiliz ed for each survey measurement level .
Two aeccle rnmclcrs and twn LVDTs were located at <;a<'h uf thc

Theeffecti v en~."s o f lhe hase i"<llal ion slstems ,,'as nal uatcd

bye<lmparing lhesu\l~1.ura ltra n..\·~'fl.I:and lon;ional responscs
of lite tWO mode ls - isola ted and non_isolated - for ca<:h
load case. Th is was determined by mea ....ring thc variation
in maxim um rela tive displacement with fI<xlI' he ight in the
di .....aic n of shake r for eac h mode l. For lhe l'KXl. iso latedmodc l
lhis WaSdefined as the floo r dis placement relative to the shaker
lablc,a nd for lhe iso lated mod el as d ispl.....e rne ntt'l: lat i~e lothc

base of column pads
Tho<: results are show n in Figure 4. It can he see n that

relat ive displac ement increases with the fI" or heigh t. as
el\p«t~d. A comparison of max imum relative di. placcmenls
between front side and rear sides ofthe mmlels reveals larger
values for the fron t than the rear , am ibulahle 10 a higher
ma, s distribu lion " n the fron l side. Time hi' lories of t'l:lativc
displacement at 5' h floor level due h, EI Cetllm earthqua kc are
shown in Figure 5. Clearly, both LRB and l C RB i,,, l a1 o~ arc

effec tive in Kdue ing the relative move ments o f lh<:mode l in
both displacement ampl itude and lime . Howe..-er, LRll iso lal<;>r
is the superio r isola tor, The smalle r improvement loearthquake
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- Barrl nlme; . - Le RS ooblat;
_LR8i!lOlatc:d;

Fi",,,, 4. "'~na1ioro nf rN~im~m ....... ,,~ d;~ ...~h
flnt'll'bC'ight

rc:sflono;eachieved by ' he IXR H- i !oOla'~... m,~tc1 i~ aurillulablc:
\0 its IIOO-linear suffn ess chorac tcristic, ""I~~ high initial
stiITnt:Ss j'mainlaillCdulllil theel aslicli mito f thc kadcorc is
reached, h"" 'ev"r lh" su~riur"amrin8 ent,1SoflllclCRtJ

j" ,lalOr are vicibtein the ,limiuished lime effects
Considering l'i i\urc 4 furthe r, il is " "(>llI"l'" l lhal tile high

inilial stllln",,, ufthc U:R H i 'iO la l,,r ap~""'I,,ha ve p rov ilkd

lin k control of relal' \ (' dJ\j)laccm....,. for lhe I"w et' inle'''ity
k13d C'lL'iC of Il ac hlllo hc. but also for SQ% Kobe .....here
loads " '0:0: cclll1f'l1Tl1ble ",'jlh Fl-Cernro. This lNy indicate .
dilfrn:na: in I"'" fmjuencyronlnllof l l3chmohc. ho","C'\·er in
.ncases .he imrnm:d o.bmping~Aio of~ l CRR
i~la1<lr "' flUldbe "'--"1in~ raridtknIy of OOiCi lblion in
!he build ing W\Kfur~ .

h ,..-.: S. T~ t.Nuroa ol n:bl::I~d~ on~ S
...... Ell·m&I""""......~

Tllrliiona l anslt ....0 U>ai .... dwacteriL.e Ih.: IonioN.I

bcN.. 'iour ofthc mood . Th r.. i••imply ddlnedn!he rowional
angk o(lTMJ\Icmmlo(!heriltidftoor diaphragmo( lhcrnodel.

g etauve lOBional '1,,&10: i, ddi ned a~ the di ff~'n......-e in

l"r~ioKl31 an~1c: hc1wccn lhe fiflh floor and the base (iwlat ioo

level ). "' hich ~ hract<,ri l<' the IOni" n.a1 d<'foll1'\ation '.n thin
the hu ilding nlO<lcl. V,ma lion of ma,imum rejanve ton iona l

angle with flour heigh t for each case is present ed in Fillllll:
b . It is clear that a ~ i lln i l ican t reduct ion in model tursin nal

angle Cli O 1>0: I'btained whe n either LCRFl or LRH iso la1on all:
i n'La I I <,d . ~is"la led lTlnddsl>o:have lTlore l i kc a rigjdb"dy

lhandocs thcbarc framc. ln the i" ,lat<,."d ca"" . rubbe r bearing s

absorbnl<"'loflhe ttltalll ""itln al eomponent. ...-sultinginunl y
a '>ffia11 10f5;ul1J1~"Olnl'<......,n l " (energy being lran!oln itted into

thcbuilding. Morro vCl. thc:effec tiveness n f LC RH is allTIOSt
as good as lIut of LRR. The:U1pac ityofisoialul'S to redUC'C'
"'OI'S~ damaj!r i, ach il.""cdby \"m.U ringlhe fundamental

bon7Ol1W (rrq~ <If tho: i",>l3tor is far lower than tho:

domiTl3nlfnqlJmC'ingcnrnt lcd by carthqWlkes
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- Hn cl rnme; LCR R isolated;

- · - U l.ll i.......ed ;

Figure 6 , varial;"" o fn: IaIi'e l'JO;i"r.. I ....~ I~ ...ith floor hei~hl

Time histories of tile mode l torsion al angle fOl the fillh
" oor under 50¥. imen~ ily Kobe car1hquake are depicted in
Figure 7. Ma)l;rnurn t(ll'5ional angle fOfl he bareframe rcacht.-S8
maximum ofO.4 ~ d egree~ compared with 0.23 and 0.25 degrees
IhTLRB ,mo.! LeRn is..lated models rc~pcclivcly. In addition,
decay nf thc torsiona l angl.: vihn,tionclli:clsi ,consi.krnb ly
faster for the isolate d mmk ls than it is in the barc framc

Timehistories of mo<!d.c~'C lcral i "n atthe backof fifthfloor
subjeclcd tn50% intcn, ityNort hridge enrthquakcareplotll'di n
Figurc Scand the full test data arc prcwlMd in Table I

Mu imum angular accelerations of base floor (rubber
bearing), second and fifthfl<Km; of bareframe, LRB and LCRB
isolak....model s under the four earthqu akes are SlImmarizoo in
Table 2. Angular accelerations vfbv th LRB arKILCRR isolated
mood s show ...,nsidcrably k)wcr <lll l<....m1<,."S for all ean hquah."
andflo " r lcvcls, w mparc d wilh lhl ofba reframe. FOIinslanCe.
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f ijJ:utt7. Time hiSlOricsor mood It,,,,ioNl anlllc:under K<>Ilc
eanbquak e.

muimumllngular acU' lmI lion on fifth noorofbatt"fl'lllTl\;ulllkr
Hachino!le can hquake anx,unls lo 16.7 rad_s·2, while tbos.eof
l RR and l CRB isolated model< are only 3 .~6 and ~.36 rad.
S·2 respectively . It is al>o clear that LR" is morc effective in
reducin g llnl!'"lara cc.:lerali" nlh an LCRIJ

In considerin g the LRB and Le RB char.lCleristics it mUSI
be emphasised that Le Rn IS stiffer al h". dcfl<'\.1ions and
therefore more stable than LRB under nom)a1 w(lrking loads
such as wind. Th is is an oUlcome of Ihe presence of a rigid
lead core . For situation s where sillbilily ofthe structure isof
conce"" such as wilh increased 1lCillht. the use of LCRB over
LRB may he prefem......

Abs olute dc[o nn alion and torsional angle o j" rubber
bearings are presented in Table 3. In c<llllparilill LRn and
LCRR, a lall!er absolute rullbcr dcforrnauon and torsional
angle o f the mode l i, ola\<.... by LRBare seen which Is related
tosmallerlorllinnal stinncss oflhe l.RB .Th c resuh sa lso show
lhal LCR R is mure stable than LRR due w lhc prescll<'e of a
rigid lead corc. Therefore , when s l~hi l i l y o f the smn fure is of
concern the usc of LCRR over LRR is f~.,;"mm~ndcd

Ac:OUSliesAuslr1l/ia
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EI CelllTOun hquah
Ru , LRB LCRB

Ra"" Fn;ml 0 .46 0.77
.~k 0 .' 2 O.M," h onl 1.21 o..n n.1I2
.~k 0 .77 0 .4'1 0.65

s' F~' 2.07 B.W 1.3,
~, 1.1, 0." 0.83

Hachinohe eartho.iWlke
Bu , LRB lOR

F~, OJ , 0 .71
~, 0.30 0.>0,..
F~, 063 0 3< Ow
B;ad . 0" 0 .33 03'1

s F"'1I1 I." 0 <0 11>1
Bd 1.08 0.<0 0.76

50'* KobeeMtlt Qu.u.e
Bu . LRB lOB

&~ Fronl 0." UO
~k OW 1,13,..
F~' 1.)8 0.'" ' .<0
~k 1.42 0." ,..

" F_ 2.26 O.q l 2.11
~, 2,43 0.82 1.72

~Sunhrid,ee~u».c.... LRR lOR- F~' 0.10 088
Buk 0> 1 0 .6',.. f ron l 1.24 0.10 1.1'
~k 1.00 0." 0.78

" h on l 1.&7 0.79 1.77.... 1.'19 0.66 un

1... J. " bwIu te dcf"" .... ioo( rnml and ......ionIIl.ngk
id!:Jn'r) lOfrubbnbcu"'ll >

FJ CcnlTOean hqualc
Bare LRR Le B.

Ra.w HO ' .32
2" 11.3 ' .46 9.24

" 17.2 5.1111 13.7
Hx hinohe carthquakc

Ru , LRB Le BR
&~ 2.66 H I
2" 8.71 2." 4.72

" .., J.s6 ' .36
SO'I Kobe~wc.... LRR lOR.... ' ''' 8.26,.. 17.7 s.e 12.18

" 3O~ 6.72 16.80
501> Sonhrid&ee~c.... LRR LeBR
R.. ". 13.16
2" 17.3 - oe 1J.30

" 28.2 H 2 24.3t>

Ti.....I_1

" - ,

j ~ ~':j
To_ lweI

figUfc8 , Ti"", hislofiel;uf'.:ukr.t"",lIlhcrur"f fifthfloor
YI1doerNnnhridt<cea""'c

23.27
16.1'
3·08
22.71

Rear
~ idc

18.16
12.119
16.62
13.77

5O'* Kohc LR8 26.26 0.468
LCRB 17.16 0.118

SO'{- LRB 3.5.26 0.402
~gc LCRB 23.60 0.08'
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CONCLUSIONS
In this study, a series of shaker tab le tests were conducted
0 11 non-isolated rnodet, LRI:J-isolated and LCRB-isolaled
eccen tric models . The objective of the tests was to evaluate
lhl'bcnd il to building SlJuI'lurcsof thl' inl'Orl'o raliullof LRB
and LCRB isolators 10 mitigate against to rsional dam age
under strong ground motions. Both LRB and LCRB have been
shown lu rcducel"rsi onal<kfOllllation, relat ive displal'ement,
accelerat ion and angular acce leralion within lhe model
structu res. Important differences betwe en the two isolator
types were iden tified. The LRB was found to be similar to
LCRB in protecting torsional deforma tio n of the model bUI
was more effective than LCRB in reduc ing model relative
displacement. LCRB rendered a smalle r tors ional angle and
abso lute deformation of the base isolation system, a more
sla bl~ structura l sysl~m. Therefore, base isolation ca n greatly
reduce tors ional as well as translational response of building
structures
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