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Abstract—A seismic isolation pad produced by utilizing tiveap
tire rubber which contains interleaved steel raicify cords has been
proposed. The steel cords are expected to funstioitar to the steel
plates used in conventional laminated rubber bgarifihe scrap tire
rubber pad (STRP) isolator is intended to be usedoiv rise
residential buildings of highly seismic areas of tdeveloping
countries. Experimental investigation was conduatedunbonded
STRP isolators, and test results provided usefatmmation including
stiffness, damping values and an eventual instgtofi the isolation
unit. Finite element analysis (FE analysis) of STR&lator was
carried out on properly bonded samples. These tybesolators
provide positive incremental force resisting capagp to shear strain
level of 155%. This paper briefly discusses thecdodeformation
behavior of bonded STRP isolators including stgbdf the isolation
unit.

Keywords—base isolation, buckling load, finite element asty
STRP isolators.

I. INTRODUCTION
T is growing concern for the designer to reducestismic

This result appears to show that the examined S3&t&ors
were insufficient for the practical use of scrap tubber pad in
building isolation. In this paper, the results ojperimental
tests conducted on unbonded square STRP isolatwis
FEanalysis conducted on bonded square STRP iselarer
presented to investigate the factor to improveptadormance
of STRP isolators. The hyperelastic material caortstased in
FEanalysis were derived by conducting uniaxial immgest of
dumbbell shape rubber samples. The experimentafdsalts
were used to compute the mechanical propertidseoST RP-6
isolator including stiffness and damping valuess@&hon the
results of experimental test, the initial axial gsere was
estimated by conducting the critical buckling |@adi stability
analysis. Furthermore, stiffness of the isolatoas womputed
using the established relationship and compareu tvé result
of FEanalysis. The results of FEanalysis also p®vihe
information about stress state within the STRPaisol

Il. STRPISOLATORS

demand instead of increasing the earthquake resista oply the rubber from the tread part of the scremias used

capacity of the structure. This can be achievegioyiding

certain degree of flexibility in the structure mgialling certain
devices having low horizontal stiffness which isceknown as
the base isolation. The application of this tecbgglall over

the world is limited to the important and valuasieictures due
to its weight and incurred cost [1],[2]. Experierafethe past
earthquakes in developing countries suggests ligaseismic
performance of the structure could be significamtiyproved

by the introduction of a simple seismic isolatigistem either
at the construction or during the retrofitting saghis would
result in fewer building failure and decreased lo¢dives

during the past earthquake events [3].

A new type of seismic isolation system has beemdhiced
using the scrap tire rubber as easily availableeradtat low or
negligible cost [4]. In literature, it can be fouth@t the research
on scrap tire pad has been initiated by Turer .€f4al In the
previous study, the researchers produced the spagamples
and tested in vertical compression and in horidsttaar. The
experimental test was conducted only stacking &éngpdes one
on top of another without using the adhesive. The toe
usually contents synthetic fiber as reinforcingdsor

Due to this reason, Turer et al. have mentionetthigascrap
tire pad sample begins failure in compression ataB.5MPa
axial stress.
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to prepare the specimen samples. The experimesghas
conducted on the STRP samples just stacked onemmoft
another without applying the adhesive. The unbonded
application allows rollover deformation. This rolier
deformation decreases the effective horizontalngtifs of the
isolator during the increase in lateral displacemethich
further increases the efficiency of the isolatigatem provided
that stability is achieved [5]. The numerical intigation
through finite element analysis was carried ouanalyze the
bonded STRP samples. These bonded samples would be
produced by stacking one on top of another witraihy@ication

of adhesive.The scrap tire rubber pad having physic
dimensions of 100x100x72 mm (STRP-6) and 100x100x48
mm (STRP-4) were produced as shown in Figs. 1rd)(b).
Each sheet of STRP layers consists of five laydrsteel
reinforcing cords interleaved in the rubber bodieTubber
has shear modulus of 0.89MPa and hardness of 66niater

[6], [7]. The material and geometrical properies presented

in Table I.

TABLE |
MATERIAL AND GEOMETRICAL PROPERTIE$6], [7]
Material properties
Shear modulus of the tire rubl@s 0.89 MPa
Young’s modulus of the steel coriss 200 GPa
Poisson’s ratio of the steel reinforcing coods 0.3

Geometrical properties (mi

Size of the STRP = 100x100
Thickness of a single STRP layer = 12
Total thickness of STRP-6 = 72= 60
Total thickness of STRP-4 = 48= 40
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Fig. 1 a) Six layers(STRP-6) isolatorb)four lay€33 RP-4)c) Single
layer STRP isolator

I1l.  EXPERIMENTAL SETUP AND TEST

Figure 3 shows schematic view of the test set ughvivas
designed to perform both the vertical and horiZioltading
test. The STRP-6 isolator was placed between tiperuand
lower steel plate surfaces of the load test sefimg. vertical
load was applied to the specimen by the verticalrduylic
actuator in displacement control. The vertical laydic
actuator had a maximum loading capacity of +400kid a
maximum displacement capacity of +50mm in the watti
direction. The horizontal load was applied in disgiment
control by a horizontal hydraulic actuator withoad capacity
of +400kN and a maximum displacement of +125mm.

P
Fy Top support

Bottom support

A

Fig. 2 Loading setup for STRP isolator

T LT paanti
Reaction frame

Strong reaction wall

iVerticaI actuator
Horizontal actuator
<>

STRP sample

Strong floor

Fig. 3 Schematic view of test set up

A. Compression Test

The compression modulus and the maximum vertical
deflection of the bearings were evaluated throuegitical
compression testing. The STRP-6 specimen samples we
tested under vertical displacement control. Thesispen was
monotonically loaded to the equivalent vertical ctorof
91.9KN and is equivalent to 9.19MPa vertical presson
STRP-6 sample. In the final stage of the vertiestihg, the
specimen was monotonically unloaded. Additionallgder a
constant vertical compressive pressure the isdatoere
subjected to horizontal static shear loading.Tisé results are
shown in Fig. 4.

10

80

60

Copmpressive Force [kN]

Displacement [mm]
Fig. 4 Vertical load-deflection relationships of BH-6

B. Shear Test

The purpose of the monotonic shear tests was loaeahe
maximum shear deformation capacity and possibidueakslip
of the unbonded STRP-6 isolator at constant véiioeal. The
specimen sample was tested at six maximum shear
displacement amplitudes of 12mm, 24mm, 36mm, 48mm,
60mm, and 62mm. These displacement amplitude cyates
applied at a constant vertical pressure of 5MPairguthe
complete experimental testing, no residual slip wlserved.
Results of monotonic shear test are shown in Egand 6.
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Fig. 5 Force-displacementrelationship of STRP-f@eeinental
results
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Fig. 6 Deformed STRP-6 at 103% lateral deformation

IV. STABILITY AND BUCKLING LOAD

During the strong earthquake shaking, seismictsmaave
to sustain large shear deformation and have to taiaithe
stability. This requires the determination of i axial load
on the isolator at its extreme deformation conditibhe main
purpose of the study is to investigate whethe&FRP isolator
needs additional improvement in order to incredse axial
load carrying capacity or it can withstand the bxizad
designed for low rise residential building. Theckmiess of the
single STRP is 12 mm on an average. By using t&aseP
layers, sufficiently large size bearing productisnpossible.
Increasing the number of layers shall increase iséator
thickness which helps in lengthening the time pkrad the
structure [8]. However, the shear flexibility of ethshort
columns can lead to relatively low buckling loadsiethh may

be further reduced for greater shear deformatiohe T

assessment of stability of seismic isolation bepignessential
in order to ensure that the single bearing or whsbtation
system along with the building structure is stadblging the
large earthquake events which produce large
displacement. In order to evaluate the stabilitthe isolation
system, the extreme buckling load on isolator duemtreme
lateral displacement shall be evaluated. Generblfyingx's
theory is used to evaluate the critical bucklingddor a single
isolation unit [9]. The current approach to caltelde critical
load on an isolator is to use the Haringx’s thexmgivenby (1)
which is further modified for increased shear defation [10].

(GAg)erf Py
Pyo=—i®l| g 4g4—E 4 1
cro 2 (GAs)eff €Y)

n?(El
E = % (2)
where PE is the Euler's load, GAs)ess is the effective shear
rigidity, (El)ef is the effective flexural rigidityE is the bending
modulus,G is the shear modulus of rubbéis the moment of
inertia of the bearing about the axis of bendinghais the
effective height of the rubber bearing includinblvar and steel
and the values depends on the boundary conditiothef

2415-1734
No:2, 2012
h
(GAs)ey = GA () ©
h
EDess = Bl (1) @
T
whereE; is the bending modulus given by (5)[11].
E, = E;(1 4 0.74252) (5)

wherékg, is the elastic bending modulus of rubber,
approximately equal to four times the shear mod8is
shape factor shown in (6) and (7).

The shape factor of the bearing is given by

(6)

wheré), is the loaded area arflis the force free area. For
square bearing with side and single layer thickneds the
shape factdis given by

S = b 7
=% (7
The compression modulus is given by

E. = nGS? (8)

wheren is a constant that depends on the shape of thienbea
and equal to 6.73 for a square bearing.

later@l order to account for the large displacement rdurdarge

earthquakes, some approximation formula have beeiset in
the above formulations [9]

Ar

PCZPcr07 €©)]

whereP,is the critical load in the current configuratid®,, is
the critical load on the undeformed configuratidris thebase
area of the bearing a8l is the projected base area of the
bearing in its current configuration as shown ig.F[12]

isolation bearing. If; is the total thickness of rubber, then shear

rigidity and flexural rigidity can be expressed as
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Fig. 7 Stability and overlap area

The calculated critical load using the dimensionsl a
material constants of STRP-6 samples is showngn &i
The critical buckling load can be converted to tioeninal
axial stress, i.e. the vertical axial pressure eab Zateral
deformation, as shown in Fig. 9.

From Figs.5 and 9, the estimated critical nomimélestress
has a close agreement with the experimental reJtle
estimated initial stress to achieve 60mm laterspldicement is
about 5.7MPa and the axial stress applied duriegekt was
5MPa. The force-deflection plots for all tests ddobave a
positive incremental force-resisting capacity taused as base
isolation device [13]. The force displacement ielathip
obtained by experimental test provide positivesémental
force resisting capacity up to 60mm lateral disptaent and it
drops to negative scant stiffness.
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Fig. 8 Relationship between the theoreticalcritlmatkling load and
lateral displacement for STRP-6

This result indicates that the initial axial stresstimated
using the buckling load analysis can be considaseference
values even the samples were prepared without iaygpthe
adhesive. The shape factor of the tested samplesld and
aspect ratio 1.4 which results in lower lateralplisement
capacity. Due to this reason, the STRP-4 samp&epm@pared
bystacking theSTRP layers one on top of anotheh wie
application of adhesive in between the layers wihias aspect
ratio greater than two.
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Fig. 9 Nominal axial stress calculated from théaal buckling load
for STRP-6

In this regard, the STRP-4 samples may sustairetdeyel
of lateral deformation compare to STRP-6.
methodology was adopted to estimate the initighlastress on
STRP-4 and is shown in Fig.10 and 11. The estimaiidl
axial pressures of 8.6MPa wereutilizedin FE analysf
STRP-4 isolator.
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Fig. 11Nominal axial stress calculated from thé&eal buckling load
for STRP-4

V. FINITE ELEMENT ANALYSIS

The hyperelastic material constants used in then&lysis
were derived by a uniaxial tension test of dumblsélhpe
rubber samples and are presented in Table II.

TABLE Il
MOONEY-RIVLIN MATERIAL CONSTANTS
Ci0=0.40000

Co1 = 1.22315
C11=10.18759

Rubbermaterial
constants (MPa)

Two horizontal rigid bodies (lines) were definedtla¢ top
and bottom of the STRP isolator to represent tipesiructure
and substructure, respectively. In this model,wbeical and
horizontal loads were applied on the top suppdre top
support was allowed to move in vertical and horiabn
directions while the bottom support was considered fixed
support. In this contact model, the contact betwhersupports
and the STRP isolator was modeled by the Coulonction
law with a coefficient of friction 0.8. The coeffant of friction

The STRP is composed of a rubber body with embedd¥®s selected such that no slips occur between dnéact

steel reinforcing cords. Finite element analysistifp STRP
was conducted using general purpose finite elerseftivare

[14]. The rubber part was modeled using quadriédtelements.

The reinforcing steel cords were modeled by rel@ments.
The hyperelastic material model described by trersenergy
density function expressed by (10) with the ideéatifconstants
was utilized to model the rubber body.

(10)

W = Cyo(ly = 3) + Cor(I = 3) + €y (I = 3) (I = 3) + Cop(ly = 3)% + C3o(1; = 3)° + -

support and the rubber. The STRP isolator is notlbd to the
top and bottom support contact surfaces and itkove
deformation was allowed.

At the initial stage of the analysis, the targetnpoessive
pressure of 8.6 MPa was applied with different éncental
steps. Then the horizontal load was applied withdbnstant
compressive load until a target lateral displacemens
achieved. Due to the rollover deformation, the affe
horizontal stiffness decreases with increased dhter
deformation. This results in elongation of the tipsgiod of the
isolation system, as well as an eventual instgbit the

wherd;and |, are the first and second invariants of the straiflisplacement level of 62mm, corresponding to 153%as
tensor, andCyo, Co1,C11 Can,andtso are the material constantsstrain (based on the thickness of rubber). Theltesi FE

known as the Mooney-Rivlin material constants wiiele the
unit of stress.

The steel reinforcing cords in finite element maddteated
as bars of linear elastic isotropic material[7] twitnaterial
properties given in Table |. The orientation of twrds with
respect to globat-axis is shown in Fig. 12.
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Fig. 12 Layout of steel reinforcing cords in a $inigyer STRP
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analysis are presented in Figs. 13 through 16.
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Fig. 13 Contour of normal streSs, (MPa) in the rubber layers of the
STRP-4 isolator at 155% lateral displacement
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Fig. 14 Load-displacement relationship of the STRP-

A. Finite Element Analysis Results and Discussion

The vertical stiffness of the STRP-4 was calculdtedsing
the conventional established relationstidp = EA/t.. The
vertical stiffness with the values given elsewharthis article
is 144145.7kN/m. Similarly, the horizontal stiffrsesf STRP-4
isolator using the conventional relationstfpy, = GAMt,, is
222.5kN/m. The horizontal effective stiffness oétBTRP-4
isolator using the FE analysis result correspondin@Omm
lateral deformation is 293.95N/m. The ratio betweertical
and horizontal stiffness is calculated as 490.4is Tesult
indicates that the STRP-4 isolator can be use@ss isolation
device considering a specification explored in Eode 8 [15].
The lateral load displacement relationship for S¥RiBolator
is shown in Fig. 14. As seen in this figure, theRETisolator
behaves nonlinearly due to the rollover deformatitnis type
of deformation decreases the effective horizontfihess with
increased lateral displacement. When stiffnessésahsed, the
period of isolation consequently increased whichn dee
considered as increase in isolation efficiencythie design of
seismic isolators, the isolator should produce tp@si
incremental force resisting capacity throughoutethtire range
of the lateral displacement [13]. This means that $TRP-4
isolator can be used as base isolation device hieee the
target lateral displacement up to 62mm (155% ofhiekness
of rubber). The stress state and shear strairiliibn within
the STRP-4 is shown in Figs. 13 and 15 respectively

Fig. 15 Shear strain distribution within the STRBdlator at 155%
lateral displacement
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Fig. 16 Load-displacement relationship of the ST&Remparison
between finite element analysis and experimentallte

In order to validate the finite element model,
force-displacement relationship obtained from FHaiswas
compared with experimental test result for STRBefaitor. As
seen in Fig. 16, a reasonable agreement was foetmcebn the
experimental results and the FEanalysis resultsvener, for
lower level lateral displacement, the accuracyheffEanalysis
is noticed to be lower than the experimental resdlhe reason
behind this may be the negligence of strain depandef the
steel reinforcing cords and rubber material [SFEB analysis.
The hyperelastic material constants derived by uhiaxial
tension test results assumed to be the real repiedse of the
tire rubber. The results of FE analysis were usexhliculate the
effective horizontal stiffness and stability anédydDue to the
rollover deformation, the effective horizontal &t#ss
decreases with increase in lateral displacementtwhirther
elongates the natural period of the structure. liera close
agreement between the critical buckling load and HE
analysis result. These STRP-4 isolators have pesiti
incremental load resisting capacity up to sheairstievel of
155%. The STRP-4 isolator is considered stableoulateral
displacement of 155% (based on the thickness diagbThe
ratio between the vertical and the horizontal séffs is greater
than 150 so that the isolator can be used as bals¢ion device
[15]. Vertical axial pressure of 8.6MPa can be aered
appropriate for low rise building structures.

VI. CONCLUSION

A new type of seismic isolation system using STREr¢p
Tire Rubber Pad) has been introduced as a costtigtie
material with a wide availability, intended to ksed in low rise
residential buildings of highly seismic areas « tfeveloping
countries. The compression tests and monotonia $bading
tests on unbonded 6-layer STRP isolator specimease w
conducted, and the test result shows that the S§&iBtors
have horizontal load capacity up to the shear rsti@iel of
100%. A good agreement between the result of #abil
analysis of the STRP isolators considering accogrftr large
horizontal displacements and the test resultstigiodgd. Finite
element analysis of a 4-layer bonded STRP isolatticates
that STRP isolators can show acceptable performdnatecan
be used as a base isolation device for earthquakegtion of
low rise residential buildings. However, the resutif FE
analysis have to be verified by experimental testirhich is
planned in the future research.
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