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characteristicsof several elastomersby using small pads of the
elastomer bonded to flat metal bars or cylindrical discs. The
resultsof thesetestshavebeenreportedperiodicallyandare given
in the following: Kulak and Hughes (1992), Kulak (1992),
Hughesand Kulak(1994),Kulakand Hughes(1994a),Kulakand
Hughes(1994b), Kulak and Hughes (1995)and Kulak (1996).

Theearlier compoundsused inelastomerbearingstypicallyhad
dampingvaluesof approximately10%at a shear strain of 100%.
Extensive testing of these compoundshas been done and their
response characteristics are fairly well understood. However,
over the past five years, there has been an effort to increasethe
energy dissipation (damping) of the elastomer compounds to
address issues raised when long period ground motion is
considered. The typical design frequency range for isolation
systemsis from 0.5 Hz to 0.75 Hz, which also happensto be in
the frequency range for long period ground motion. Some new
compoundshave been developedwith dampingvaluesof 17%at
100%shear strain. The responsecharacteristicsof thesehigher
damping compounds need to be evaluated before they can be
employedwith confidencein seismicisolationbearings.

In 1988, an internatioml collaboration between the Shti
CorporationofJapanand Argonnewasestablishedto test fidl size
laminated elastomer bearings under a test building at Tohoku
University in Sendai Japan. The Natioml Science Foundation
sponsoredthe research efforts at ANL. One of the goals of the
project was to develop a low modulus, high dampingelastomer
for use under lighter-weight structures, such as the Tohoku
Universi~ building. A low modulus, high damping elastomer
wasdevelopedby Rubber Consultantsof theUnitedKingdomand
used in bearings that were installed under Tohoku University
building (Wanget al., 1993). Some results for the in situ creep
behaviorof thesebearingswas reportedby Coveneyet al.(1993).

This paper addresses the recovery characteristicsof one of the
new higher damping compounds and the implications on
acceptancetesting of isolators made from the compound. The
paper also reports on the effectsthat sevenyears of aginghad on
one of the elastomer specimens of the compound used in the
bearings installedat Tohoku University.

ELASTOMER. TESTING
This sectiondescribes the elastomer testingfacility, the types

of tests specimens and the compounds that were used in tlds
work.

Test Facility
A facility for testing small elastomer specimens has been

establishedwithin the Reactor Division at Argonne. The main
test apparatus is a high precision dynamic testing machine
manufacturedby Instron Corporation. The 8500seriesuniversal
testing machine is a servohydraulicmachine with a 55 kip load
frame, 5 kipactuator and can comfortablyperform tests over the
range of interest for seismic isolator response, which is from
0.005 Hz to 5 Hz. For the specimensused to date, strain level
testinghasbeenperformedup to 350%shearstrain, whichis well

beyond current practicedesignvalues. A pentiumcomputerhas
beenprogrammedtocontrolthe test, gatherthe data, andperform
postprocessing.

Test Suecimen Types
There are several different specimenconfigurationscurrently

inuse. TheASTM recommendsa four-barconfigurationthat has
four elastomerpads with dimensions 25.4 x 25.4 x 6.4 nun

(1 x 1 x 1/4 in.), as shown in Fig. 1. LTV Corporation of
Texas uses a three-bar configuration (Fig. 2) that has two
elastomerpads of the same dimensionsas the ASTM specimens.
A thkd configurationis used in the United Kingdom. The UK
specimenuses two 25.4 mm (1 in.) diameterby 6.4 mm (1/4 in.)
tlick cylindricalpadsbondedbetweenthree steelcylinders. ANL
hasfabricatedgripsfor all three specimenconfigurationsandcan,
thus, perform high precision dynamic tests on all specimen
cordigurations.

Recently,Murota et al. (1997)performedtests on four-barand
three-barshear specimensthat had elastomerpads made from the
samecompound. The conclusionsdrawn from the study on high
dampingrubbercompoundswere (1)for cyclicaltests, onlyslight
differences in elastomer response were found in the hysteresis
loops and (2) for failure tests, the four-bar specimen had a
slightlyhigher value for the breakiig stress.

The results repoited here were obtained from four-bar
specimens (ASTM type) for the recovery study and from the
three-steelcylindricalspecimen(UK type) for the aging study.

Elastomer Compounds
A variety of elastomer compounds have been used in the

manufactureof elastomericbearings. These compoundshave a
range of stiffness, damping, and temperature sensitivity. Low
stiffhesscompoundsare suited for light structures, whalestiffer
compoundsare best for heavierstructuresor where displacement
must be lixnhed.

Inhially, onlymtural rubberwasusedin seismicisolators. The
need to incorporate damping into the system was achieved by
eitherusingexternaldampingdevicesor incorporatingdissipation
directly into the isolator. The lead rubber bearing has a center
core of lead that provides energy dissipation. High damping
rubber bearings are compounded with fillers that provide
additionalenergy dissipationwhen the bearings are strained.

Over the past decade,ANL hasacquiredspecimensmadefrom
sevendifferentcompounds. The results presentedhere are from
two of thesecompounds. The recovery trots were performed on
specimens provided by ALGA of Italy, who worked in
conjunction with the Malaysian Rubber Producers Research
Association(MRPRA)to developthe compound. The compound
reported on here is an ultratdgh-damping elastomer with an
effectivedampingof about 17%at 10W shear strain.

The aging test was done on a rubber compounddevelopedby
the MRPRA(currently, TurrAbdul RazakResearch Centre) and
usedinbearingsmanufacturedby RubberConsultantsof Hertford
England, which were installed under the Tohoku University
building.
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Response Characterization
The mechanicalresponseof elastomerscan becharacterizedby

two quantities: shear modulus andenergy dissipatioddmping.
The shear modulusof the elastomer determinesthe fimdamental
horizontal frequency of the isolation system, and the energy
dissipationprimarily controls the amplitude at the fundamental
frequency. Several definitions have been used for the shear
modulus. Here an effective shear modulus, Gem,is used; it is
given by

(1)

where T~aXand Tminare the maximum positive and negative

shearstresses,respectively,and y~,Xand yminaretie mm

positiveand negativeshear strains, respectively.
The secondimportantquantity for predictingthe performance

of elastomeric isolation systems is energy dissipationduring a
cycle. Energy dissipatedper cycle is calculatedby numerically
integrating100data points from the hysteresis loop.

Another measure of energy dissipationhlamping is the
equivalent10SSangle, & which is given by

4Wd
sin6 =

n Ar Ay
(2)

where Wdis the energy dissipatedper cycle, whichis the area of
the hysteresisloop.

TEST DESCRIPTIONS AND DISCUSSION
The concerns in this paper were to evaluate the recovery

characteristicsof two different elastomer compounds. The first
tests evaluated the response of one of the newer ultra-high
dampingcompoundsto overstrain, that is strainbeyondthedesign
basis. The secondtest examinedthe changein shearstiffhessand
dampingof a specimenthat experiencedsevenyears of aging.

Recovew Tests
Initialmechanicalcharacterizationtestson specimensprovided

by ALGA of Italy were reported by Kulak and Hughes (1995).
The elastomer was compoundedto provide 17% damping at a
shear strain of 100%. This is significantlyhigher than the 10%
valueof previoushigh-dampingcompounds. Tests were devised
to studythe recoveryresponseof this compoundto strainsbeyond
the designlevelof 100%. Two tests were performedon separate
samples. The first specimenwas over strainedto 150%and then
retestedat the designstrain of 100%. The secondspecimenwas
over strainedto 300% and then retestedat 100%.

The tests were conducted in the following reamer. The
specimenswere carefully attached to the test machhe with the
minimumofprior deformation. Baselineresponsevaluesforboth
specimenswere obtainedat 100%shear strain at a frequencyof

0.5 Hz. Next, the specimenwas subjectedto the overstrainand
allowedto rest for four months. The specimenwas thenretested
at 100%shear strain for 20 fully reversed cycles. A second20-
cycletest wasperformedafter a 3 hr. recoveryperiod, anda third
20-cycletest performed 15 min. later.

The recoveryresponsefor the first specimen,which was over
strainedto 150%, is shown in Fig. 4, and it is seen that the first
specimen(150%maximumstrain) recoveredto within98% of its
initial loadingstiffnessafter the 4-month recovery period. The
recoveredvalueafter the 3 hr. rest period was about 91% of the
precedingtested value. The tests performed 15 min. later gave
near identicalresults.

The secondspecimenwas over strained to 300% and did not
recover as well as the specimen that was strained to 150%.
Figure5 showsthat the specimenonlyrecoveredto about82%of
its initiaIvalue, which may indicatethat the specimenmay have
sustainedpermanent internal damage.

Previous work on the softening and recovery of small strain
modulusfor fflledelastomershas been reported by Fletcher and
Gent (1953),Medalia (1978), and Coveneyand Ahmadi (1989).
Theseauthorsfoundthat recovery of small strain modulusin the
fwstfewminutesafter largestraindeformation(conditioning)was
very rapid thereafter, recovery continuedbut beyond about 20
minuteswasordersofma~tude slower. Furthermore,the larger
the strain ~plitude, the longer the small strain modulustook to
recover.

Aginq Test
Six UK type elastomer specimens were made as part of the
internationalcollaborationproject with Shimizucorporation. In
1990,thesespecimenswereinitiallytestedby RubberConsultants
to fmd the variationsof shear modulusand loss anglewith shear
strain. At the end of 1997, one of these specimenswas retested
(Coveneyet al., 1998)and the results are shownin Figs. 6 and7.
Figure 6 showsthat the shearmodulusincreased,on average, by
15% during the seven year period. Table 1 below shows the
increasewith strain level.

Table 1. Effect of Aging on the Shear Stiffness. InitialTest
Performed in 1990 and Second Test Performed in 1997.
(Data for Sixth Cycle at 0.5 Hz)

Strain Gn/Gn
(%) (I’&a) &a)

10 0.69 0.77 1.12

20 0.58 0.67 1.15

30 0.53 0.62 1.17

50 0.46 0.53 I 1.15 I
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This increase in stiffness would raise the system frequency by
7%; thus, since the original design frequency was 0.5 Hz, the
affect of aging would be to increase it to 0.54 Hz, which is
insignificant. The 10SSangle of the specimenwas also tested at
the begiming of the project and at the sevenyear interval. The
results are shown in Fig. 7 and tabulatedin Table 2 below.

Table 2. Effect of Aging on the Loss Angle. Initial Test
Performed in 1990 and Second Test Performed in 1997.

Strain 6% tiw an 16W
(degrees) (degrees)

I 0.1 I 11.6 I 12.4 I 1.07 I

0.2 10.0 10.5 1.05

0.3 9.2 9.5 1.03

I 0.5 I 8.3 I 9.1 I 1.10 I

Some informationon aging is available in the open literature,
and this data can be used to gage our results Aging
characteristicsfor a low damping rubber bearing were reported
by Nakazawaet al. (1991). Table 3 showsthe predctcd increase
in stiffnessdue to aging up to 100 years. For the designlife of
a nuclearpowerplant (60years), thebearingstiffnessisestimated
to increaseby 18%. Note, these values are for a low damping
compound and, thus, other compounds with high damping
characteristicscouldhave different values. Furthermore,part of
the change recorded in our tests may have been due to small
changesin test procedure. So an apparentincreasein stiffnessof
15%over a sevenyear period, approximatelydoublethe estimate
for the low darnpingcompound, is not an unexpectedresult.

Table 3. Estimated Aging Effeot on Shear Stiffness

I 10 I 7 I

KH

The specimens used in the above test contained two small
coupons(25.4mmdiameterand 6 mmthickness)of the elastomer
andprobablydo nottruly representthe degreeof agingthat would
occur in the bearing. Recently,Ahmadi et al. (1993)conducted
aging tests on 150 x 150X 30 mm blocks of a high damping
natural rubber at elevated aging temperatures. One of their
conclusionswas that the oxidative aging, which takes place
within about 5-8 mm from the surface, increases the stiffness
muchmore than the anaerobicaging that takesplace in the bulk.
Thus, oxidative aging may have occurred over 40-60% of the
specimen.On the otherhand, the aging tests reportedby Ahrnadi
wereconductedat elevatedtemperatures:7 daysat 100°C and 14
days at 70° C. The specimen tested here was kept at the
laboratoryambienttemperature,whichwasabout22° C. Inview
of this, theseresultswouldrepresentan upperboundon the aging
related increasein stiffness.

CONCLUSIONS
A series of tests has been performed on two different

elastomersthat were compoundedby different companies. The
testswereperformedto find the recoverycharacteristicsof a new
high modulus,ultmldghdamping compoundand to evaluatethe
effectof7 years of agingon an older low modulus,high damping.
compound.

Resultsfrom the recovery tests show that when the elastomer
is strained beyond the design strain (100%) by 50%, the
elastomerrecovers to within 90% of its designstiffnesswithii 3
hours and requires 4 months to recover 98% of the initial
stiffness. In contrast, when the elastomer is over strained by
200%, it onIyrecovers85% of its designstiffnessafier4 months.
These results indicate that bearings that are moderately over
strainedduringan earthquakewill be less stiff duringaftershocks
earthquakesthat would occur with 4 months. In addhion,
bearings that are higldy over strained during acceptancetesting
should not be used in isolation systems. An additional
observationfrom these tests is that the elastomercompoundsdo
recover, especially at or below the design strains and, thus,
scragging of a bearing before installation is not important. An
elastomericisolatorthat was installedabout4 monthsbefore an
earthquakeoccurred would probably behave more like a virgin
elastomerthan a scraggedelastomer.

The resuItsfrom aging tests on a low modulus, high damping
elastomershowedthat during a 7 year period the test specimen
had an increasein stiffnessof about 15%, which would increase
the system fkequencyby about 7%. However, because the
specimensweresmall,oxidativeaging wouldoccur over a higher
percentageof theelastomervolumethan wouldoccurin theactual
bearings. Thus, the stiffnessincreaseobservedin the test would
bean upper boundfor the bearings.

The research reported here provides data that is useful to
seismic isolation system designer and should help them to
evaluate elastomers. Also, t.hk research shows that as new
compoundsare developedthey must be thoroughlytestedto fully
characterizetheir mechanicalperformance.
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Figure 1. Configuration for an ASTM four-bar specimen.

I

Figure 2. Configuration for LTV three-bar specimen.

Elastomer (6mm thick)

* id
1 1/8” DIO.

—- . —- —. - —-

= - - ;r-w

-+8
. 3/4- 3/4-: “ 3/4”

k+~t=+ 1- Dia.

Figure 3. Configuration for UK specimen.
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