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Abstract

Among different types of earthquake protective mechanisslestomeric base
isolators also called rubber bearings (RBade one of the most wethown systems that are
widely used in buildings and ibiges. They can regulate teeismicresponse of structures,
increase the public safety, and reduce the cost of repair and rehabibitapoovidinglateral
flexibility and dissipating the a r t h geoeagi. &Bssonsistof elastomac layers which
arereinforced with steel shims or fibreinforced polymer compositeSeeking performance
improvements, as well as cost and weight reduction led scientists to introduce different types
of RBs. However, most RBs possess weaknesses such as limited sheaapaaity, un
recovered residual deformation, and instability due to large deformations. Using superelastic
(ability to regain original shape upon unloading) shape memory alloy (SMA) in the form of
wire, bar, or spring is a solution to partially overcorhe aforementioned limitations. Its
unique characteristics such as a fdmpped hysteresis with zero residual deformation,
superelastic effect (up to 13.5% recoverable strain) and a suitable fatigue property make it an
ideal candidate for such application®bjectives of this thesisare to propose a new
generation BIA wire-based RBs (SMARB) anddevelopa novel constitutive model for such
smart isolators in order to accurately capture their shear hysteretic behditurthe
purpose of evaluating the permance of SMARBs in structural applicationshe seismic
fragility of a highway bridge isolated BlyMA-RBs was assesseéirst, a number of scaled
carbon fibrereinforced elastomeric isolators-EREIs) were manufactured and tested. Then,
based on the g@erimental observations, numerical simulations were generated using finite
element method (FEM). Results showed that incorporating SMA wires into naar&gh-
dampingrubber bearinggNRB, HDRB) slightly improves there-centring capability and
energy Gssipation capacityHowever, equippindead rubber bearing @B) with double
cross SMA wires significantly reduséhe residual deformation and noticeably enhances the
energy damping propertyt was also depicted that the developed hysteresis of SMAImode
can be characterized by three stiffnesses and two shear strain limits upon activation of SMA
wires. Findings revealed that SMA wires can increase the reliability of elastomeric bearings

and bridge system.
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Chapter 1 Introduction and Thesis Organization

1.1 General

Earthquake are one of the most unpredictable and diffietdtcontrol phenomena,
which havecatastrophic consequences to human civilization. In order to eliminate or reduce
the disastrous effects of earth§es one effective way is to use protective systems in
structures (e.g. buildings and bridgesth as base isolation mechanisms

Base isolators play an important role in vibration attenuation and seismic response
control of civil structures like buildingsor bridges against earthquakes. They can
significantly reduce seismic damages and prevent structures fitapsso Comprehensive
research habeen carried out on history and development of isolation systems ,(Ke#g;
Buckle and Mayesl990). In thissystem a device with high vertical and bending stiffresss
but very low horizontal stiffness is mounted between the substructure and the superstructure.
Rubber bearings are one of the most common base isolators with a cubic or cylindrical shape.
Their appication in ordinary lowrise buildings and highway bridges of developing countries
is increasing considerably (Ke)lg002).

In steelreinforcedelastomeric isolatar (SREIS), steel shimsan be replacewvith
fibre-reinforced polymer (FRP) composite pkia orderto reducetheir weight and make
them easy to handle during transportation and placenf€stly, 1999 and2002) The
production cost offibre-reinforced elastomeric isolators (FREIS) is also reduced a
potential savingdue to automated manuwtaring procesgKelly, 1999; Tsai and Kelly,
2002) SREls have axial and flexural rigidity while, FREIs are completely flexible under
bending due to the presencefibires (Kelly, 1999) Due to high strengtto-weight ratio of
carbonfibre-reinforced polyner (CFRPxomposite materials, carbétREIls are much lighter
than SHEIs with superior performance (Tsai and Kelly, 2002ence, they can be
implemented into a wide range of applications such as bridges, buildings, and other civil
infrastructures.

Shape ramory alloys (SMASs) are one kind of smart and functional materials that can
restore to their prdetermined and original shape after deformation via unloading or

applying thermal load. They have two solid phases; martensite or unstable phase in which



materal is at low temperature and austenite, parenthightemperature phase. In this
regard, four characteristic temperatures are defined to determine the temperature ranges for
starting and finishing the phase transformation between martensite and austenit
Superelastic and shape memory effects are two unique properties of SMAS. In superelastic
effect, the generated strain due to mechanical loading is fully recovered after unloading while
in shape memory effect, the mechanical deformation should be refpaaplying thermal
load and increasing its temperature. Thanks to the remarkable characteristics of SMAS such
as high damping performance and energy dissipation capacity, significant stiffness hardening
(variable stiffness), large ductility, long fatiglilee and corrosion resistance capability, they
are excellent candidates as damper or actu@messer and Cozzarelli, 1998¢ong and
Dargush 1997).More details will be presented @hapter2, section 2.4.

SMA, as supplementary component, can imprakie re-centring capability of
elastomeric isolators and as a result, extend their serviceClifei et al, 2005; Andrawes
and DesRoche2007; Ozbulut and Hurlebau2010.

1.2 Objectives

The primary goal and theriginal contribution of this thesis to kndadge is to
analytically develop a constitutive model for new smart stadliberreinforced elastomeric
isolators which are equipped with superelastic SMA wires. The proposed model can be
implemented in structural finite element softwares in ordexatoiratelysimulatethe shear
behaviar of such SMAbased rubber bearings (SMRBs) andcapture thg nonlinear

hysteretic respons&he objectives othis PhD research worére classified as follows:

1.2.1 PerformanceEvaluation of Carbon Fibre-Reinforced Elastaneric Isolators (C-
FREIS)

The coldvulcanization process, which is known as a fast and cost effective
manufacturing process, has beesed for producindibre-reinforced elastomeric
isolators (FREISs) in unbonded applications where the bgparinot fixedin its place

Here, the coldsulcanization process is used to fabricate a number of scaled size
carbonFREIs for bonded applicationgor the first time The effectiveness and

performance of &-REIs are explored by conductingferent types of tests inclirg



performance and sensitivity test®en, parametric (sensitivity) analyses are carried
out at two levels; experimental and numeric@his objective is defined in order to
attain an appropriate understanding of the behnwwbFREIs andcorrectly pereive
theiradvantages and limitations

1.2.2 Developmentof a Novel Shape Memory Alloybased Rubber Bearing(SMA-RB)

With the goal of improving the energy dissipation capaditgre-centringcapability
and as a result, the service ld€existing elastomeribearings, anovel seismic base
isolator is developed using shape memory alloy (SMA) witasthis passive
eathquake protective systelSMA wires are wound around the rubber bearings with

different configurations (e.g. straight, cross, and double cross)
1.2.3 Development of aNew Hysteresis Modefor SMA-RBs

By proposing a novel SMA wirbased elastomeric isolator, it is highly beneficial to
properly simulate its hysteresis. Existintaterialmodels cannot accurately capture
the response of such smart bearing®ecomes highly important when the seismic
performance of a structure isolated by SMRBs is evaluated Here, as a

complementary part of the previous objectisenew hysteresis model is developed

for SMA wire-based rubber bearings.
1.2.4 SeismicFragility As sessmentf a Highway Bridge Isolatedby SMA-RBs

Seismic fragility assessment of a structure is a common tool to evaluate the failure
probability of the structure under seismic evernis.fact, the probability that a
structural demand reaches or exceeds ¢hpacity ofa structure is estimated at
different levels of damage (limit/damage states)oider to study theffectof SMA-

RBs as a new developed isolation system, on the seismic fragility of isolated
structures, the vulnerability of multi-span cotinuous steegirder bridge isolated

with SMA-RBsis assesseanalytically as the last objective of thilsesis
1.3 Outline of the Thesis

In Chapter2 of this thesis,a literature review is performed on the base isolation
concept and different types of dameric isolators including steetinforcedelastomeric



isolators (SREIs)fibre-reinforced elastomeric isolators (FR§| and smart SMAased
rubber bearing6SMA-RB).

Before going to the experimental phase, itcastical to have a appropriate
understading of thebehaviourof elastomeric isolator€hapter3, as the first step, intends to
facilitate this consideration through d@esign of experimentsensitivity and regression
analyss, and a multicriteria optimization procesdn this chapterthe effect of several
factors such athe number andhe shear modulus of rubber layees well as the thickness of
reinforcementare investigated on the performancecafbonfibre-reinforcedhigh damping
rubber bearings (CFRIDRBS) using finite element methaddFEM). HDR has a complicated
behaviourcompared to other types of rubber suchnasiral low damping rubbeAs a result,
it is very challenging to simulate the responsé&ibR. However, by achieving a clear vision
of thebehaviourof such elastomeit will be easierto use the attained knowledge and extend
it to other types of rubber3.o accuratelysimulate the highly nonlinedrehaviourof HDR,
several material models aselected and comparéagether

The achievements of the previous chapter hbipk systematicallyof possible
scenariogo be defined in the experimental part of the thesipresented i€hapter4. A
number ofreducedscale carborfibre-reinforced elastomeric isolators €REIS) having
different numbers and thicknesses of elamtnoc and reinforced layers are manufactured and
tested under different loading conditions. A parametric study is conducted based on the
experimental results. However, because of the small size of samples, and limited number of
factors and specimens, itnet appropriate to use the reswdtshe design level. Aerefore, it
is necessary to perform a comprehensive study orbehaviourof full-size GFREIs by
considering an acceptable number of speciménis. goal is accomplishday modellingand
analyzirg G-FREIs using FEM. Similar procedurdollowed in materialmodelling of HDR
(in Chapter3) is used here to verify and validate the numerical results with experimental
ones. Then a parametric study (sensitivity analysis) is conducted based on FEM.

After studying the behaviourof elastomeric isolators reinforcesiith carbonfibre
fabrics, h Chapter5, new shape memory alloy wirbased rubber bearings (SMRB) are
proposed with different reinforcements; steel shims and cdibx@reinforced composites.
The goal of introducing SMARBs is to overcome weaknessés.g. limited shear

deformation capacitydf steel andfibre-reinforced rubber bearingesnd improve their self



centering and energy damping propettielse performance of such SMRBSs is evaluated
using FEM. Three different types of SMRBs are considered in this part; SMased
natural rubber bearing (SMARB), SMA-based high damping rubber bearing (SMA
HDRB), and SMAbased lead rubber bearing (SMARB).

By proposing novel SMA wirdased elastomerisolators, it is necessary to properly
comprehendand analyzetheir mechanicalresponsethrough hysteresisTherefore, as a
complementary part of the previous chapter, a new hysteresis model is develGbeqgbtier
6 for SMA-RBs in order to accurately capé their nonlineabehaviour It should be noted
that his mode| as a link elementcan beimplemented in any structunender static or
dynamic loadings ifinite elemenenvironment

In order tofind out thatsuch SMARBs are reliable to be useth struwctural
applications,their effect, as new isolation systems, shouldifwestigatél on the seismic
response of structures (e.g. buildings, bridges). Therdfmheckwhether or not thee new
rubber bearingsare efficientenoughin seismic isolation, théragility of a highway bridge
isolated by SMARBS is assessed in Chapter 7.

Finally, in Chapter8 of the thesisa summary along witltoncluding remarks are
presented and then, future works are discussed.

Figurel.1 summarizes the goals of this PhD thesis and relates main chapters to each

other by showing the topics which are covered in each section.
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Figure 1.1. Summary of the goals and topics covered irthiesis



Chapter 2 Literature Review

2.1 General

In order to seismically protect a structure frime devastating effects of earthquake,
different protective systems including active, hybrid, and passive vibration control systems
have been developedPassive systemsalie been extensively implemented in civil
engineering applicationdue to their easier operation where there is no need for external
power supplies (Ozbulut et aR007) Such systems ai@ategorized intdwo types;rubber
bearingsand sliding bearingsConventional elastomeric isolators or rubber bearings are
laminated devices consisting afternating layers ofubber andreinforcement In sliding
bearings, either flat or curved surfaces are in contact with each other in order to dissipate the
energy though a frictional mechanis(unde and Jangid, 20Q3)

The operation of important structures such as hospitals, filerstaind emergency
control centes during an earthquake is one of the most impogarametershat should be
considered in the consittion or retrofitting. Consequently, mcoupling a structure (e.qg.
buildings or bridges) from devastating effects of earthquakes has been one of the major
concernsfor engineers for a long time. Although, many efforts have been made by
introducing numerouglevices based on seismic isolation of structures, they are mostly
intricate and a limited number of them have been applied into buildings and Kctigs
1986; Buckle and Mayes, 1990Kelly (1986) studied a wide range of publications from
1900 to 198, which were related to seismic base isolatdie presened an extensive
literature review about seismic isolation and various types of base isolators used in
construction or rehabilitation of buildingsHe conducted his study by focusing on
characterists andapplicationsof base isolators

Seismic isolation systems can prevent or minimize the structural damages of
structures (e.g. buildingdyridges and viaducts)to provide a continuous operation by
regulating the seismic response of thiucture (Ozkaya et al. 2011). As shownin
Figure 2.1, these systemare placed between the substructure (e.g. foundation or pier) and

the superstructure (e.g. columns or dock)
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Figure 2.1. Applications of base isolation systems inlgajldings and (b) bridges

Using base isolation systems in bridges can improve the seismic performance of the
structure, increase the public safety, and reduce the cost air repd rehabilitation
(Ghobarah and Ali, 1988; Kikuchi and Aiken, 1997; Wilde et al., 2000; Chaudhary et al.,
2000; Hwang et al., 2002; Zhang et al., 2009; Ozbulut and Hurlebaus, 2010 and 2011,
Sa(;gae%ieral_itet al., 2013; Siqueira et al., 201Hase isolatorcan considerably decrease and
dissipate the earthquake energy transmitted to the structure by providing a damping
mechanismDue to a low horizontal stiffness (high lateral flexibilityhet/ can shift the
fundamental horizontal frequency of an isolatedcture away from the dominant frequency
range of earthquake by increasing the base period ofgeuthe main goals of using base
isolation techniques ate:

1 Preventthe structural collapse in severe earthquakes
1 Avoid or minimize the structural damagn moderate earthquakes
1 Providecontinuous operation in important buildings.

The efficiency of an elastomeric isolator is determined by evaluating its horizontal
flexibility, vertical stiffnessand damping capacity. Indeed, the shaemaviourof a rubbe
bearing under a combination of vertical pressure and cyclic horizontal loadings is a criterion
to indicate its performance. It was shown that by reducing the horizontal stiffness of the
rubber bearing, the period of the basolated structure increas€BoopchiNezhad, 2008).

In fact, when the horizontal stiffness decreases, the lateral flexibititgases and as a result,
it takes a longer time for the structurectime back to its initial position in one cycle.

Elastomeric isolators, which are udyglroduced in a rectanguléseeFigure2.2) or
circular shape, can be divided to conventional and modern dewepesding on the type of

the reinforcement (e.g. steel shimfibre-reinforced composites).



Figure 2.2. Elastomeic isolatorsin rectangulashapes

In elastomeric bearings, reinforcements provide adequate vertical rigidity to carry on
the compressive loads due to the weight of the superstructure and also prevent the horizontal

bulging of rubber layers. The elastomeric layers pl@Vateral flexibility as well as damping
property.

2.2 SteelReinforced Elastomeric Isolators(SREI)

In conventionalrubber beangs also called steekinforced elastomeric isolators
(SREIs) steel shims are bonded to rubber layier®rderto provide a high compressive
stiffness

Dependingon the material properties and auxiliary elements which are used in rubber
bearings to improve their energy dissipation capacREIS were developed and categorized
into different types such as leslamping natural ruter bearing (NRB), leaglug rubber
bearings (LRB), high damping rubber bearings (HDRB) and ball rubber bearing (BRB).
There are major concerns about these types of base isolators such as size, weight and cost.
Consequently, they are applied to large beglgnd high-rise buildings equipped with
expensive and important applianc&RkB, HDRB, and LRB have been widely used in
seismic response mitigation and control of structures subjected to ground motions (Warn and
Whittaker, 2004; Andrawes and DesRoch@6807; Bhuiyan et a).2009; Alam et al.2012;
Bhuiyan and Alam, 2(8).

2.2.1 Natural Rubber Bearing (NRB)

In low-dampingnatural rubber bearings (NRB#&lso called synthetic rubber bearings

naturalrubberor neoprene iseinforced with steel shinthrough a hevulcanization process

9



under heat and pressure in a m@itheim and Kelly 1999) Figure 2.3 shows alaminated

rubber bearingSteel shims are vulcanized to the rubber and surrounded by an elastomeric
cover layer.Two fixing plates made of steel are attached to the top and bottom of the
laminated pad. In order to mount the rubber bearing on the structure, steel supporting end

plates are used

Rubber

Supporting/
EndPlates \

Fixing Pates

Steel Shim

Figure 2.3. Laminated ubber bearing

These type of elastomeric isolators are extensively being used in buildings and
bridgeswhere supplementary components such as steel bars, viscous dampers, and frictional
devices are implementedlRBs possess critical damping ratios abow®®@ (Ozkaya et al.
2011).Natural lowdamping rubbefollows the behaviourof a hyperelastic material with low
amount of energy damping capacity. This type of elastomer has a low sensitivity to the
environmental conditionge.g. temperature), loading rateading history(scragging), and
aging Scragging refers to behaviourchange (i.e. stiffness and damping reduction) during
the initial cycles of motionwhich is stabilizeds the number of cycles increasgsnplicity
in manufacturing of such bearingsdonsidered asnather advantagéNRB shows almost a
linear behaviourup to shear strains above 100&ad its hysteretic response encourster
negligible change@\aeim and Kelly1999) As a result, NRBsan be easilynodelled The
main disadvantage of NRBs their need to a complementary element such as lead core for

providing extra amount of damping.
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2.2.2 High Damping Rubber Bearing (HDRB)

High dampng rubber bearings (HDRBgpnsist of steel shims as reinforcement and
high damping rubbeHDR) as elastomer foproviding horizontal flexibility and damping
capacity HDRBs have 120% equivalent viscous damping (Mariprii998). Elastomer
layers in the HDRB has much higher damping capacity compared to natural low damping
rubbers (Ozkaya et ak011).Thehigh danping property of the elastomeric isolatodige to
adding specific materials like extfme carbonblack, oils or resins and other proprietary
fillers to the natural rubbeN@eimandKelly, 1999. They alsopossess high intial shear
modulus compared to tMéRBs (Skinner et al.1993). By designing such base isolators, a
rubber compound with sufficient damping property without auxiliary damping devices such
as lead core was develop&tDRBs can undergo large shear strairels\{around 400%).

Because of the materials added to the natural rubber during vulcanization process,
HDRs have specific characteristics such as energy absorption and hardening properties
within a wide strain range from 1 to 400% (Yoshida et24l04). Asa result, it is difficult to
capture their mechanical properties like str&fsain relation and fatigue accurately. Many
studies have been performed foodelling the behaviourof HDR materials andHDRBs
based on the numerical and analytical approachegetl as experimental tests (Yoshida et
al, 2004; Amin et al. 2006, Bhuiyan et al. 2009). Results showed that although the
hyperelastic material model can simulate the response of natural low damping rubber, this
model cannot accurately capture thechmnicalbehaviourof HDR materials.

HDRBs possess lsighly nonlinearand complexehaviour(e.g. scragging referred to
a reduction in the stiffness and damping during the initial cycles of mo#brarge
deformations. Consequently, several consideratiamd assumptions should be taken into
account toanalytically model them Many theoretical and experimental works have been
performed to investigate the effects of different parameters on the dynamic performance of
HDRBs under various conditions such &ea strain and amplitude (Amin et,&006;
Bhuiyanetal.2 0 0 9 ; Dal | 0,R606; dsai@tra/@00R Aagmda eal., 2004).

Tsai et al. (2003) proposed a model to capture thedegiendent effects of HDRBs
using anal yt i(Wenll9768Yénroier to wedichte the proposed mathematical
model, different experimental tests were carried out and compared with results obtained from

numerical finite element formulations. It was observed that, the lateral-deftestion
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hysteresis loop ¢eulated by the modified model is so close to that obtained by experimental
tests under different shear strains. The model could also predicbtiiaearbehaviourof
HDRBs at various shear strains and frequencies by simulating the stiffening andyvelocit
dependency.

Dal | 6 Ast a(2006) gropésadganviscoelastic material model to simulate the
behaviourof rubber bearing under pure cyclic shear loads. Experimental results showed that
the dynamidbehaviourof HDRB includes a transient response follovissdstable hysteresis
loops as steadstate response. The lateral fodisplacement hysteresis loop with
Abutterfl yodo shaperaitse,a sfturmd tni eampad fiMusl d @ anidns d
effect in filled rubbersefers to a variation of theykteretic (stresstrain) curve depending on
the maximum load previously applied. This phenomenon is commonly applied to stress
softening.Based on experimental achievements a constitutive analytical model without the
limitations of previous models in caping the nonlinearitypehaviourwas proposed using a

rheol ogi cal mo d eil2006)Dal | 6 Asta and Ragn
2.2.3 Lead Rubber Bearing (LRB)

Among different passive earthquake protective systérad, rubber bearing& RBS)
with high energy dissipation capacity are esigely used in seismic isolation of structures
(Turkington et al. 1989; Ozdemir et gl2011; Bhuiyan and Alap2013). They consist of
elastomeric layers bonded to steel shims, fixing and supporting steel plates at the top and the
bottom, and a lead cotecated in the central pass shown irFigure2.4. The main role of
the |l ead core is to dissipate the wearthqual

whole elastomeric isolator and also confine theHglag in the middle of LRB.
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Rubber

Steel Shim

Lead Core

Figure 2.4. Leadplug rubber bearin(_RB)

Several analytical studies have been done on the efficiency ofplegadrubber
bearings (Hwang and Chip996). Doudoumis et a(2005) verified the accuracy of LRB
models analyzed through finite element method (FEM). They considered two models to
investigate the effect of lead cores constraint onhbibleaviourof rubber bearings under
vertical and cyclic horizontal loadings. Thesgcommended using such micromodels since
lead core changes the internal stress and strain distribution (Doudoumj2@0%). Abe et
al. (2004) experimentally studied the response of LRB, NRB and HDRB considering
different loading typessmall amplitudeuniaxialloadand large amplitude biaxial and triaxial
loads They showed that the vertical pressure has a significant effect on the restoring force of
LRB. Experimental results revealed that under a combination of constant vertical pressure
and lateral diplacement in two directions (triaxial loadinghe interaction effecbf the
loadings noticeably increases theeffective lateralstiffness and thesquivalentviscous
damping in the cases of NRB and HDRBHowever, the interaction of loading had a
negligible effect on the stiffness and damping ratid.RB. Therefore, they pointed out that
the interaction effect cannot be ignored at the design level.

2.2.4 Ball Rubber Bearing (BRB)

A new type of steeleinforcedlaminatedbearing,called ball rubber bearing (BRB
has been designed and manufactured by implementing small steel balls in a central hole of
NRB (Ozkaya et al.2011).In this type lead core is replaced with steel baB&kBs can
works as rubber and sliding bearings simultaneously due to the dampmpgrtgr of

elastomeric layers and friction generated between steel balls (Ozkaya2&ld). Results
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obtained from more than 200 different experiments throughséalle cyclic shear tests
showed that the effective horizontal and vertical stiffeesad damping capacity of BRBs

are higher than those of NRBs. The equivalent viscous damping of BRBs varies from 15 to
25%. It was also observed that almost 50% of the vertical pressure is resisted by its central
core. It means that BRBs could have lower sHaptor (i.e. ratio of loaded area to forfese

area of one elastomeric lay¢han NRBs. As a result, steel balls can carry larger portion of
the vertical compressive load and thus, internal friction and energy dissipation is enhanced
(Ozkaya et a).2011). High weight and relatively high horizontal stiffness compared to other
types of RBge.g. NRB, HDRB, and LRBare two main disadvantages of such elastomeric

bearings.
2.3 Fibre-Reinforced Elastomeric Isolators (FREI)

SRElsare the most common rubber begdnn useHowever,they are large, heavy
and expensiveg(Kelly, 2002) They are produced through a high cost process due to
vulcanization bonding of steel sh$ and rubber layers in a mol@he main concern about
these types of base isolators is their fediapplications which are in large bridges and -igh
rise buildingshaving heights of greater than 23with expensive and important equipment
because of their large size, high weight and ¢kstly, 2002) Kelly suggested that both
price and weight of SRIs can be decreased by replacing steel shims fibitl-reinforced
composite plateelly, 1999) Compared to &REIwhich should be produced according to
a designed sizdipre-reinforced elastomeric isolatolSREI9 can be produced in the form of
longrectangular strips and then cut to the required size using a standarsblmaritelly also
suggested to use micmave heating mechanism inside an autoclave instead of applying heat
and pressure in a mold. This technique can be done through an autoroatss$ @nd as a
result, significantly reduce the overall manufacturing cost in a mass prodistatiy,
1999) Rubber andibre-reinforced layers can be bonded together using avedt@hnized
bonding compound without any mold. As a result, lalexpense will decrease remarkably
via an automated manufacturing proceBserefore, it is understood that the main goal of
designing and producing FREIs is to reduce the cost and weight of elastomeric base isolators

in order to extend their applications to omiy and lowcost residential and public buildings
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throughout the world especially in developing countries and-hshseismic regions with
severe earthquakes.

A big difference between the two types of reinforcement used in conventional and
modern rubbebearings is the flexibility of the reinforcement. In contrast to the steel shims
with a high flexural rigidity,fibre-reinforced sheets are completely flexible under bending
(Kelly, 1999) This characteristic causes the FREI to show a rolling deformatider uateral
shear force and as a result, it produces lower forces in the transverse direction compared to
the REI. Therefore, FREI can be laterally deformed with a higher flexibilRRP
composite materials have low density and high stretagtireight matio. The density of epoxy
matrix composite reinforcedith 70% carborfibres is 1600 kg/mwhile, mild steel has a
density of 7850 kg/th As a result, FREIs, with superior performance, are significantly
lighter than SREIs(Moon et al., 2002) Reducing theweight of rubber bearings can
significantly facilitate manufacturing, shipping, handling and installation processes.
Consequently, a wide range of applications (e.g. public, residential, antsiovwuildings)
have been found for such modern and ligbtators(ToopchiNezhad et al., 20@§. Kelly
(2002) studied the possibility of implementing FRP composite layers in rubber bearings by
considering weight and cost. He clarified that FREI and SREI have comparable performances
and it is possible to produseich isolators with suitable mechanical propertiesly, 1999
and 2002) Tsai and Kelly(2002) studied the effect ofibres on the flexibility of base
isolators by presenting formulations for compressive and bending stééwfss=ctangular
FREIsbasedon analytical methodTsai and Kelly,2002) They assumed that the elastomer
is incompressible and isolator is in the form of infinite strip pad. Results indicated that the
lateral stiffness increasesittv increasing the shape factand decreases by ugirmore
flexible reinforcement.

Carbon fibres exhibit excellent mechanical characteristics such as high elastic
modulus (206800 GPa), high tensile strength (25@D00 MPa) and suitable fatigue life
without creep or relaxation, so they are desirable catedidas reinforcement of FRP
composite plees used in rubber bearingddon et al, 2002) Moon et al.(2002)fabricated
FREIs consisting of differerftbres (e.g. carbon, aramid, and glass) and compared them with
SREIs. Experimental results revealed thREFs are superior to SREIs in terms of vertical

stiffness, effective horizontal stiffness, and equivalent viscous damping. They observed that,
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compared to glass and aranfiires, carbonfibres are more effective in increasing the
vertical stiffness and ehequivalent viscous dampingoon et al.also manufactured circular
carbonfibre- and steeleinforcedrubber bearings with a same size in order to evaluate and
compare their performance. The diameter and the total height of both isolators are around
700mm and 350 mm, respectively. They skeolhat the carbon FREI has a vertical stiffness
of 3100 KN/mm which is three times higher than SREI. Moreover, the equivalent viscous
damping of FREI (15.85%) was found to be 2.5 times greater than that of SREI.(6.2%)
Another finding was that FREI has an effective horizontal stiffness of 3.24 kN/mm which is
lower than SREI with 3.43 kN/mm effective lateral stiffness. These characteristics depict that
the carbon FREI is more efficient in terms of both stiffness andygrkssipation capacity.
Dehghani Ashkezari et al(2008 designed and manufactured different specimens of
elastomeric bearings using layers of woven carlibnes to study their mechanical
characteristics and dynamiiehaviourunder compressive and shéaads. They foundhat
carbonfibres can dissipate energy through frictional movememtd provide additional
damping to the systenit was also determined that the vertical pressure can considerably
affect the damping coefficient of FREI, however, it megligible influence on the shear
response of FREIehghani Ashkezari et al., 200@nother important finding was that, if
cyclic lateral loading is repeated with amplitude less than the maximum load previously
applied, horizontal flexibility and eneygdamping properties will decrease due to stress
softenng phenomenan

Kang et al. (2003) probed the effect of lgadg in fibre-reinforced seismic isolators
based on experimental tests and analytical approaches. According to their findings, presence
of leadplug does not change the performance of rubber bearing significantly. Mordini and
Strauss (2008) conductesperimentawork on FREIs made of glagbre fabrics andHDR
to provide required information in their numerical simulations and analytical Imdde
robustness and consistency tbe proposed model was investigated by seismic response
analysis of a liquid storage tank equipped with a f&RforcedHDRB. Rubber bearings
with different geometries (e.g. number and thickness of rubber and rethftagers),
material models and loading and boundary conditions were tested to investigate their
operational characteristics (e.g. effective horizontal and vertical stifgeas well as

internal stresses in glasbres and elastomeric layers. They apgdliFREI in a fulscale
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structure using simple nonlinear elements rather than complex FE model to significantly
reduce the calculation time of seismic analysis. Results obtained from finite element analyses
showed that the acceleration is decreased andoé¢hied is altered in the basslated
structure (Mordini and Straus2008).

Zhang et al(2011)studied the mechanical propertieskREIls after manufacturing
and testing a number of samples. Specimens were subjected to vertical pressure for
calculatingthe effective vertical stiffness and compressive modulus. The effective horizontal
and damping capacity were determined by applying cyclic horizontal displacements. The
hysteretic curves for three FREIs with different thickness and number of elastomeric a
reinforced layers subjected to vertical and cyclic shear loads illustrated that the operational
characteristics oFREIs are comparable to those of traditional ones. FREIs have adequate
efficiencyin terms of the energy dissipation capacity (i.e. capaxdithe device in damping
t he earthquakeds e n e rstiffyess Therefdre, implemertingftheroini v e
the seismic baseolation is an applicable idea.

Rubber bearings are either fixed in between the superstructure and the substructure
using steel supporting plates (bonded application) or mounted without any connecting
mechanism and supporting plates (unbonded application). With the purpose of studying the
behaviourof unbonded €-REI, ToopchiNezhadet al. (2008) performed experimenitéests
and observed that a rollover deformation occurs in the laminated pad due to a very low
flexural rigidity of thefibre-reinforced layers. As a consequence, the lateral flexibility of
such unbonded EREI increases under cyclic shear displacementsrder to improve the
low damping capacity and inadequate (very low) horizontal stiffness of such rubber bearings,
they suggested thatDR or supplementary elements can be used. Focusing on the
compressivebehaviour of unbonded elastomeric bearings, VangElen et al.(2014)
explored the effect of geometric modifications on the vertical stiffness and the compressive
modulus of rectangular FREIs. They validated-dirBensional finite elementFE) model
using experimental results and performed a parametrity sThey observed that the vertical
performance degrades with both interior and exterior modifications, but it is more sensitive to
the exterior modification. The modifications were meant to improve the performance of the
unbonded FREIs in the horizontdirection by reducing the effective lateral stiffness and

increasing the energy dissipation capacity.
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In addition to experimental work, several analytical studies have been done to
describe thebehaviourof fibre-reinforced bearing pads urrdbending, compression, and
shear. Russo et g2013) proposed a geometric model to predict the deformaticirbd-
reinforced pads (unbonded applications) under shear and compression. Using experimental
tests conducted on a number of specimens, thesidened different types of rubber (e.g. low
and high damping neoprene); various reinforcements (e-girdmtional and quadti
directional carbonfibre fabrics); as well as aging and shape factor, and presented an
expression for the lateral stiffness oé ftbre-reinforced isolators.

The performance of FREIs made of carlidme fabrics and higlkdamping rubber
was assessed througknsitivity analyses by Hedayabezfuli and Alam (2018. They
considered 27 @®REls and performed several finite elemennudations validated by
experimental results in order to propose the most efficient rubber bearing through-a multi
objective optimization process. They developed regression models to predict the response of
C-FREIs. The seismic response of a thspan corihuous steel girder reinforced concrete
pier supported bridge isolated by the optimizedtREI was conducted through dynamic
time history analyses. Hedaydbezfuli and Alam (2013aobserved that the effective
horizontal stiffness and the equivalent vissa@amping are highly dependent on the shear
modulus of the elastomeric layers. In addition, the number of rubber layers and the thickness
of carbonfibre-reinforced sheets were found to have large effects on the vertical stiffness.
Based on experimentalsts and through a parametric stuéigedayatiDezfuli and Alam
(2013) examined the effect of mechanical and physical properties (e.g. shear modulus and
thickness of elastomer) on the response of the scaled FEREG in bonded applications.
Findings revealed that the equivalent viscous damping and the effective horizontal stiffness
are very sensitive to the shear modulus of the elastomer and the vertical stiffness is sensitive
to the shape factor. In another experimental stiithgayati Dezfuli and Alam(2014a)
manufactured bonded carbbbre-reinforced bearing pads in a cold vulcanization process in
order to investigate theffectiveness of the process and the performance of the bonded C
FREIs They observed that at 100% shear strain amplitude, a pdefminding occurs
between exterior rubber layers and supporting plates due to the rollover deformation. This

phenomenon did not lead to a malfunction in the bearing pads however; more comprehensive
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work needs to be performed on full size specimens by @bingu3-dimensional excitation

tests with extreme loading conditions.
2.4 Smart Rubber Bearings

2.4.1 Shape Memory Alloy (SMA)

Shape memory alloys (SMASs) are considered as smart and functional materials that
can restore their prdetermined and original shape aftiformation via unloading or by
applying thermal load. They have two solid phaseartensite or unstable phase in which
material is at low temperature, and austenite, parent ortéigperature phase. In this
regard, four characteristic temperatures afndd to determine the temperature ranges for
starting and finishing the phase transformation. The martensite start tempéviatuned the
martensite finish temperatur® ’, respectively represent the starting and finishing phase
transformation from wastenite to martensite. Similarly, for starting and finishing phase
transformation from martensite to austenite, the austenite start temperstuesad the
austenite finish temperaturé!, are defined, respectively. Superelastic and shape memory
effectsare two unique characteristics of SMAs. In the superelastic effeqirg 2.5a), the
generated strain due to the mechanical loading is fully recovered after unloading while in
shape memory effectFigure 2.5b), the mechanical deformation should be removed by
applying thermal load and increasing temperature of the alloy. The SMA materials will show
the superelastibehaviourif they are in the austenite phase. In otherdsp when the
temperature of SMA is above the austenite finish temperature, the strain generated in the

SMA will be fully recovered if it is lower than the maximum superelastic strain.
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Figure 2.5. Stressstrain curve for SMAS (a) superelastieffect, (b) shapememoryeffect
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When the temperature of SMA is below the austenite finish temperature, the
generated strain is not fully recovered upon unloading because a fraction or all of the alloy
remans in the martensite phase depending on the temperahdethe reverse phase
transformation (martensite to austenitl) such a situationncreasing the temperature of
SMA completes the transformation and the strain is fully recové&igdre2.5b).

SMAs have a larger hysteretic deformation and a higher elastic (superelastic) strain
compared to conventional alloys and metallic materials (Lago@f¥}8). The maximum
superelastic strairl}, in such materials caeven reach up to 13.5% (Tanaka et 2010).

SMAs are excellent candidates as dampers or actuators due to their remarkable
characteristics such as high damping @enfance large recoverable strain (up to 13%),
significant stiffness hardening (variab#tiffness), large ductility, long fatigue life, and
corrosion resistance caphty (Soong and Dargush, 199&jam et al., 2007).

There are different types of SMAs such as Ni€kighnium, Cubased shape memory
alloys and ferrous shape memory alloys whitdve the potential for smart structural
applications. Some mechanical properties like the elastic modalstite austenite finish
temperature4;) and the superelastic straid)(under the maximum applied strali4,) for a
number ofSMASs are listedn Table2.1.

Table 2.1. Mechanical characteristics of different shape memory a{lBy$As)

Alloy Uhax (%)  Q (%) Ea(GPa) A (°C) Reference

Ni Tig1 5.0 3.6 40.4 44.6 Strnadel et al. 1995
Ni Tisgs 5.7 4.6 45.3 53.0 Strnadel et al. 1995
Ni Tiso 3.1 2.2 117.8 77.8 Strnadel et al. 1995
Ni Ti 8.2 6.8 30.0 42.9 Boyd and Lagoudas 19€
Ni Tigs 6.8 6.0 62.5 -10.0 Alam et.Al. 2008
Ni Tigg1 6.5 55 39.7 0 Alam et.Al. 2008
Ti NigoCuyp 4.1 3.4 72.0 66.6 Strnadel et al. 1995
Ti Nig; Cuyg 4.1 3.1 91.5 50.0 Strnadel et al. 1995
Ti Nis 5Cug 3.4 2.8 87.0 60.0 Strnadel et al. 1995
Ti Nios Clps 10.0 2.5 14.3 73.0 Liu 2003
CuAlBe 3.0 2.4 32.0 -65.0 Zhang et al. 2009
FeMnAINi 6.1 5.5 98.4 <-50°C Omori et al. 2011
FeNiCoAlTaB 15.0 13.5 46.9 -62.0 Tanaka et al. 2010

The elastic modulus of the SMA represents the stiffness of the material in the
austenite phase. The maximum strép,, is defined as a strain at whitthe deformation in

the material can be fully recovered after unloading.
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2.4.2 Shape Memory Alloy-based Rubber Bearings (SMARB)

Elastomeric bearings are extensively being used in several applications, however,
they have some weaknesses such as limited shear sapacity, unrecovered residual
deformation, and instability due to a large deformation (Choi et al., 2005). Using SMA in the
form of wire (Dolce et al., 2000; Choi et al., 2005; Ozbulut and Hurlebaus, 2010; Hedayati
Dezfuli and Alam, 2013cral 2014), bar (Wilde etal., 2000; DesRoches and Delemont,
2002), or spring (Attanasi and Auricchio, 2011) is a solution to partially overcome the
limitations of conventional rubber bearings. SMAs can undergo an inelastic deformation due
to stressnduced phase trafsmation occurred in microscopic scale. Compared to the other
alloys and metallic materials, they have a larger hysteretic deformation without entering to
the plastic region and consequently, their energy dissipation capacity is higher. Therefore,
shape nemory alloy as a supplementargassive dampercan enhancehe re-centring
capability as well aghe energydamping capacity They canreduce forces and relative
displacements transmitted frotine substructure tdhe superstructure (Attanast al.,2008;
Ozbulut and Hurlebau2011).

Variable properties dBMAs (e.g. stiffness) make them suitable candidates to be used
under various exciting forces with different magnitudes and frequencies. In small external
loadings such as wind or small earthquakes, SM8ed rubber bearings can supply a stiff
link between the substructure and superstructure to prevent the damage in the elements of the
structure. In miesize earthquakes, SMBased elements enhance the damping capacity of
the rubber bearing due to stresduced martensitic (SIM) transformation. In strong ground
motions, in addition to providing additional hysteretic damping, they can confine the relative
displacement of the superstructure as a controller owing to its stiffness hardening after
finishing thephase transformation (Wilde et,&000). Wilde et al. (2000) combined a shape
memory alloy device witha laminated rubber bearingn order to increase the energy
dissipation capacity of the isolator and control the relative displacement of the elevated
highway bridgessolated by such bearing&ccording to the results, they found that although
the energy transmitted to the bridge through the proposed-&AdAd isolator is large
compared to that of a structure equipped withRB, the damage energy ofelbridge is

small.
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Several researchers have proposed different types of superelastib&dé smart
isolation devices in the past. Choi et @005)performed numerical study considering NiTi
SMA wire wrapped around an elastomeric bearing to improve-tentringcapability over
the LRB. However,at very large shear deformation (200% shear strain), this device will
mal function since wires experience rangd. al st
Although Dolce et al(2000)implemented SMA wes effectively in a base isolation device,
the manufacturingf the device was quite compleAnother SMAbased isolation device,
developed by Dolce et a(2000) showed high sensitivity and considerable variation in
forces with temperature, and ineféaicy inenergy dissipation capacityiu et al. (2008)
used a diagonal arrangement of large diameter SMA strands around the rubber bearing.
However, this arrangement did not improve riseentringcapability or the level of damping
compared to the origihaubber bearing. Attanasi and Aurichi{2011)proposed an isolation
device equipped with eight SMA coil springs, which is expensive due to its complex
manufacturing process and the use of expensive large diameter SMA sfitiagasi et al.

(2008) invedigated the possibility of using shape memory alloys in base isolation systems.
They compared thiehaviar of a proposed smart isolator with that of a traditidtiRB and

an equivalent linear elastic model. According to their resultsbémaviar of the smart
isolation device with flagsghaped hysteretic loops was similar to a system &éhktoplastic
hysteresis. They concluded that it is possible to replace existing LRBs with-b&sEs
bearing systems considering the amount of energy dissipation tyad®y suggested that
SMA-based restrainers can be applied to rubber bearings or friction pendulum systems in
order to providere-centring force and control the relative horizontal displacement and
upward force transmitted to the superstructure.

DesRoche and Delemont (2002) showed that utilizing elastomeric bearings with
SMA bars rather than conventional steel cable restrainers increases the efficiency of the
isolation system. SM#ased bearing mechanisms have higitentring capability as a
consequencef the superelastic and shape memory effects in SM#&anasi et al. (2008)
investigated the possibility of usifgMAs in base isolation systemBhey compared the
behaviourof a proposed smart isolator with that lIdRBs and an equivalent linear elastic
model. They showed that it is possible to replace Shbsed bearing systems with existing

LRBs regarding the amount of energy dissipation capacity. They found thatb@ksts
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restrainers can be applied to rubber bearings in order to pnevantringforce and control
the relative horizontal displacement and upward force transmitted to the superstincture.
addition to some limitations related to durability and aging, LRBs encounter a large amount
of residual deformation because of the plastically defdriead coreundersevere ground
motions (Dolce et al. 2000).Choi et al. (2005) proposed a new type of seismic base isolator
using shape memory alloy wires to overcome the disadvantageRBs. They applied an
SMA-based rubber bearing to a thisgsan cotinuous steel bridge in order to evaluate the
seismic performance of the proposed smart isolator and compare it with LRB. Results
showed that LRB experienced a large unrecoverable deformation while, the proposed SMA
based elastomeric isolator could restrthe deck from large relative displacement without
any permanent deformation under strong earthquake records. On the other hand, they found
that the amount of the energy dissipated through the proposed smart rubber bearing is less
than that of LRB. In tid regard, they explained that by increasing the size of SMA wires or
changing the heat treatment process, the energy dissipation capacity can be increased.

Suduo and Xiongyaf2007)introduced three types of SMBased dampers and one
base isolator usingickel-titanium SMA wires. They proposed theoretical models to estimate
thebehaviaur of the devices with high amounts of damping capatityarder to evaluate the
performance of these smart mechanisms on the seismic response control of structures, they
implemented SMAVIR damper and SMAased rubber bearing into structures. According to
the findings, SMAMR damper could regulate the seismic responses of a canopy roof
structure.Suduo and Xiongyaf2007)compared the performances of lattice shell structures
using SMAbased (smart) elastomeric isolator and conventional rubber bearings with those
of fixed supported structures. They found that not only the smart base isolators can
efficiently mitigate the seismic response in terms of acceleration, displacemeéntiternal
forces but also, they have superior performances relative to the existing rubber bearings.
They concluded that these intelligent systems have many advantages such as stability, high
energy dissipation capacity, good fatigue and corrosiontaeses capabilities and as a result
long service life.

Ozbulut and Hurlebaus (2011) probed the performance of a novel smart base isolator
consisting of rubber bearing and an auxiliary device made of SMA wires on the seismic

response of bridges against néald earthquakes. Elastomeric bearing provides vertical
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stiffnessand horizontal flexibility while, the SMAased device supplies additional energy
dissipation capacity as well ascentringcapability. The SMAbasedrubber bearing (SMA
RB) was implememd into a threspan continuous bridge and the whole system was
numerically analyzed under several nald ground motions matched to a design spectrum.
For simulating théoehaviourof nickektitanium superelastic wires, a temperatuaed rate
dependentmodel was used. They carried out several imstory analyses as well as a
sensitivity analysis on the seismic response of the bridge by considering different factors
such as the forward transformation strength and displacement, teggneamount oSMA
wires, the ambient temperature and the horizontal stiffness of the elastomeric isolator. It was
found that by changing the deck displacement, the acceleration and the base shear change
inversely at high values of forward transformation strength. Alssylts demonstrated that
the system is more sensitive to the negative changes of temperature than the positive ones.
Ozbulut and Hurlebau@011) concluded that the influence of temperature on the isolation
performance is very important and cannot be igdoAnother interesting finding was the
improved efficiency of the system by using{steained SMA wires (-1L.5%).

Recent numerical studies on the performance of Siged elastomeric isolators
show that using SMA in forms of wire and bars can effelstiaglvance the efficiency of
base isolators in terms md-centringcapabilityand energy dissipation capac{Bhuiyan and
Alam 2013; HedayatiDezfuli and Alam 201%). Hedayati Dezfuli and Alam (20168
performed numerical analyses on smart SMA sbiased NRBs considering different
arrangements for the wires. They investigated the effect of several parameters (e.g. type of
SMA, aspect ratio of the rubber bearing defined as the ratio of the height to the length,
thickness of SMA wires, and pstrain in wies) on the performance of the device. They
found that for lowaspectratio NRBs (atio of height to lengtk 0.38), it is more efficient to
use prestrained SMA wires in the straight configuration, while for khigipectratio NRBs
(0.38) using cross SMA wes with 2% prestrain leads to a better performance. They
concluded that the diameter of wires should be designed based on the requirements (i.e.
lateral stiffness and equivalent viscous damping) in order to have SMA wires with the best
performance as cqgmementary damperddDRBs behave quite differently compared to
NRBs, especially at high shear strain amplitudes. HedaRaizfuli and Alam (201%)
explored the effect of SMAs on the performance of NRBs and concluded that using SMA
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wires can be beneficiabtNRBs in terms of energy dissipation capa@nd re-centring

capability
2.5 Summary

In order to reduce the seismic demand on civil infrastructures several techniques are
commonly employed in seismic prone regions. Seismic isolation, which is one of the mos
popular techniques, is widely used to safeguard bridges from severe damages due to strong
earthquake events. A historical appraisal on seismic isolation systaegysrovided in the
literature. Various types of bridge isolators have been developed, tewleare in use all
over the world as effective earthquake resisting systems, includingrulebdr bearing
(LRB), high damping rubber bearifgiDRB), friction pendulum bearingFPB), magnete
rheological damper, and steel plate damper. The most popuktiasalevices are LRB and
HDRB. They have been usedbnildings andoridges for both new constructions and retrofit
projects. The premise of using these devices is to have high flexibility, which shifts the
natural period of the bridge structure to auealbeyond the critical period range of the
earthquake event. In addition, they are endowed with damping properties that prevent the
bridge piers and decks from undergoing excessive displacer@never, because of high
weight and cost of steetinforced elastomeric isolators (SREIs), they are mostly
implemented in large and expensive structures (e.g-risghbuildings, important structural
centes, and bridges)With the goal of extending the application of such base isolators to
residential and lowise buildings in both developed ad@veloping countried;REIswere
introduced. FREIs with much lower weight can be manufactured in the form of long
laminated pads through cesffective automated processes.

Nevertheless, most of these devices hawewn limitations related to ageing and
durability (e.g., rubbebased dampers), maintenance (e.g., viscous fluid dampers}elong
reliability (e.g., friction dampers), temperature dependent mechanical performance (e.g.,
rubberbased dampers, viscoelastdampers), and geometry restoration after a strong
earthquake (for most dampers). In this regard, the use of superelastic shape memory alloy
(SMA) can provide an effective solution to overcome several of these problems. Superelastic
SMA is a unigue mateal with the ability to undergo large deformation and potentially

recover its inelastic deformation upon stress removal. Itsstaged hysteresis, large
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recoverable strain and deformation capability, excellent endurance against fatigue, and
corrosion resitance make superelastic SMA an ideal material for utilizing it in seismic
protection devices.

Figure 2.6 preserd a big picture ofearthquake protective systeny introducing
smart SMAbased rubber bearingSMA-RBs), as illustrated in the figure, it is highly
important to establishn appropriate analytical moder suchRBsin order to simulate their
behaviar. As discussed iChapterl, section 1.2, this PhD thesis aims to address this topic
which has not ben covered in the literature.

Earthquake Protective Systems
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Figure 2.6. Earthquake protective systems
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Chapter 3 Multi -Criteria Optimization of Rubber Bearings Reinforced
with CFRP Composites

3.1 General

A material modelvasproposed for high damping rubb@iDR) in order to capture
its highly nonlinea behaviour under shear and compressive loadings with different
magnitudes and frequencids. this regard, a comparison between six different nonlinear
material models available in finite element softwaBISYS (ANSYS Mechanical APDL,
Release 14.0yascarried out formodellingthe HDR. The besfitted and the most accurate
material modeWwasidentified according to thkehaviourof HDRB which has been evaluated
through experimentagtudy The proposed modeVas validated by applying it to a steel
reinforced HDRB and comparing the lateral fordeflection hysteretic curve of the
elastomeric isolator obtained from experimental tests and numerical simulations. In the next
step various carborfibre-reinforced high damping rubber beariag(CFR-HDRBS) were
simulatedusing FEM. The effects of different parameters such as number of rubber layers,
thickness of fibre-reinforced polymer KRP) composite plates and shear modulus of
elastomerwere investigated on the performance oFEHDRBs through a sensitivity
analysis by proposing regression models for the respongheotievice. First, operational
characteristics (effective horizontahdvertical stiffneses and equivalent viscous damping)
of CFR-HDRBs were calculated. Then, depending on the importance level awh e
characteristidcriterion), a weightwasassigned to each of theamdthe performance of the

base isolatowasoptimized.
3.2 Material Modelling

Mechanical properties of HDRB amaodelled in ANSYS (ANSYS Mechanical
APDL, Release 14)0 Some of the nonlineamaterial modelsavailablein ANSYS are
classified inFigure 3.1. According to this chart, there are different models for hyperelastic,
viscoelastic, viscoplastic and inelastic ratdependent material ANSYS Documentation,
Release 14)0 Each material can be applied to a component using several models which are
indicated by grey boxes. Each model should be defined with a set of material constants. In
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addition to the following models, hypeiscoelastic materialmodels which are a

combination of the hyperelastic and viscoelastic models can be defined as well.

Nonlinear Materials

Elastic Inelastic Viscoelastic
. Prony
Hyperelastic Rate Rate
Independent Dependent Visseal
NeoHookean —| \
Isotropic Hardening Viscoplastic Curve Fitting

MooneyRivlin  —

Kinematic Hardening Perzyna

Ogden —

Chaboche

Curve Fitting —

Figure 3.1. Nonlinear material models in ANSY@NSYS DocumentationRelease 14)0

3.2.1 Bilinear Model

A bilinear material is considered as a nonlinear, inelastic and -sat&@nndependent
material. According to th&igure 3.2 which shows the stresdrain behaviourof a bilinear
material, three different stiffnesscan be defined; the elastic stiffness, in the elastic
region, the poselastic stiffnessk,, in the plastic region, and tledfective stiffness which is
ratio of the maximum forceF(ay) to the maximum displacement.{,). The termsdy, Fy, and

Qq denote yield displacement, yield foremd characteristic strengttespectively

Fmax
Fy
K
Qu ?
K Keff
dv dmax

Figure 3.2. Forcedisplacement relation for bilinear material §pted from(Ozkaya et a).2011))

The Bauschinger effect which represents a decrease in the yield strength of the

material by changing the direction of the strain can be included in tidelniBauschinger,
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1881). Bilinear model can be used for applications with small strain levels but, it cannot
accurately predict the response of the materials which undergoes a large amount of strain
(ANSYS Documentation, Release 14.8ince two equationsf state can be easily defined

with a limited number of material properties, a bilinear model can be easily applied to a
material. Also, the finite element analyg€€£A) are done in a shorter time compared to the
cases in which other material models ased.

In ANSYS, the bilinear model can be used with isotropic hardening plasticity or
kinematic hardening plasticity. In the kinematic hardening plasticity, the Bauschinger effect
is considered while in the isotropic one it is assumed that the yieldytrdoes not change
by altering the strain direction. For both options, the yield stress and the tangential modulus

should be defined in addition to the el astic
3.2.2 Hyperelastic Model

Hyperelasticity is usually assigned to the #tassotropic and nonlinear materials
which are almost incompressible in volume and undergo large deformations. Elastomers such
as rubber and some polymer materials can be categorized in this class. There are different
models for simulating théehaviourof such materials in ANSYS such as Nedookean,
MooneyRivlin and Ogden models.

Neo-Hookean model with two material constants; the initial shear modsjusnd
the incompressibility parametet)( has the simplest form of strain energy potential which is
defined as follows (Hoss and Marcz2K10).

@ 0 o (3.1)

G
wherel; is the first strain invariardf the rightCauchyGreen deformation tensor

MooneyRivlin model represents a strain energunction which contains
compressible and incompressible paifaie to taking the higher order parameters into
account this modelcan predict théehaviourof rubber materials more accurately compared
to the NeeHookean model. The incompressible part rgten as a polynomial of the strain
invariants while compressible part is a function of bulk modulus. Since it is assumed that the
hyperelastic materials are fully incompressible, the strain energy fun@tiois, simplified

according tdequation(3.2) (WadhamGagnon et a]2006; Hoss and MarczaR010)
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where C;j is the material constantedcribing the deviatoric deformation of the material
(ANSYS Documentation, Release 14.0 and |, are the first and second deviatoric strain
invariants, respectivelyi. andj can vary from 0 ton. By increasing the value of n, the
accuracy of the predicn is enhanced.-Barameter, fparameter and-paramnter models
correspond towvalues ofn equalto 1, 2 and 3, respectively. As an example, the strain energy
function for the 9oarameter MoonefRivlin model can be written as follows:

w 06 0o 6 O oc 6 0Oo 6 0 0 O 6 0O oo (3.3)
0 O o 0 O oc O oc 6 0O o O o
0O O o
and
5 & L - (34)

wheregs, d, ande are theP o i s gsaton thesmaterial incompressibility parameter, and the
initial shear modulus of the material, respively.

The Ogden material model proposed by Ogden (1972) is capable of approximating
large strain levels accurately. The strain can be increased up to 780kBY$
Documentation, Release 1%.Give different combinations from 1 to 5 terms can be defined
for the strain energy function. Although a higher parameter value can prediztaeiour
of material more precisely, it may increase the numerical complexity in fitting the material
constants. The strain energy function is written in terms of theipaingtretchesy, & andas
(Equation(3.5)).

) — zo h&é phkiBh (3.5)

whereg; andU are the material constants.
The material constants can be also calculated by the software when the curve fitting
option is used rather than pdefined models. In such situation, different sets of results

obtained from experimental tests should bevjgted as input. After specifying a material
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model by which thebehaviourof the material is simulated, the material constants are
computed via solving the constitutive equations corresponding to the selected material
model. In order to calculate the maatrconstants of a hyperelastic model in ANSYS,
uniaxial test, biaxial test, shear test, simple shear test and volumetric test should be carried

out.
3.2.3 Viscoelastic Model

Viscoelastic materials are nonlinear, elastic and viscous. By applying a shear or
tensle load,a viscous deformatioms generateds a function of time. Prony and Maxwell
models are two viscoelastic material models in ANSYS.

Prony model can be applied for estimating the shear and volumetric responses. For
the shear response, variation lo¢ tshear modulus is calculated by changing the time while,
for predicting the volumetric response, the bulk modulus decay is considered as a function of
time. In Prony model, by defining a Prony series, the shear or bulk modulus is computed over
the time. The Prony series for the shear modulus is given accordingqt@tion (3.6)
(Christensen1982; Mottahedi et 312010).

06 O "0Q (3.6)

whereJ and G; are the relaxation time constant and the corresponding shear modUlus at
respectively. Number of terms in the Prony series can be increased in order to enhance the
accuracy of the prediction. On the other hand, the codtplef the response is increased

and as a result, the processing time goes up considerably. A dimensionless material
constantsl] is defined as a ratio of the shear modulu§ & the initial shear modulu&,.

The initial shear moduluSy is:

‘O O O (3.7)
By rewriting theEquation(3.6):
5 20 Q (3.8)
| O o P | Y :

where
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After performing a relaxation shear test and determining the variation of shear
modulus versus time, the material constants for the Prorgssae specified.

In addition to the mentioned models, curve fitting option in which material constants
are calculated by solving the constitutive equations and fitting curves to the mechanical
properties of the material, also can be used in ANSYS. Btanne, in order to model the
shear and volumetribehavious of a rubber using curve fitting option, respectively, the
changes of the shear and bulk moduli versus time should be obtained through relaxation tests
and these experimental results are usdti@smput data. The maximum number of terms for

the Prony series used in the curve fitting option is 10.
3.2.4 Viscoplastic Model

A viscoplastic material is nonlinear, inelastic and strate dependent. In such
materials, the deformation is a function of thmading rate (Perzyna, 1966). When a
permanent deformation happens in a viscoplastic material, it continues to undergo a creep
flow through the time before removing the load. Shehaviouris not observed in the rate
independent plastic materials (Perzyri®)66). Ratedependency is very important in
transient analyses where the applied load is a function of time.

In ANSYS, there are different models for viscoelastic materials such as Perzyna and
Chaboche. It is recommended to combine these models witlednilor multlinear models
with isotropic hardening plasticity. In the Perzyna model, two material constants are used;
the straifrate hardening parameter and the material viscosity parameter. The strain rate
hardening effect is activated after plastielging by considering a yield surface. For
simulating the monotonic hardening and the Bauschinger effect, the Chaboche model can be
used ANSYS Documentation, Release 1/.Wield stress, two material constants for the first
kinematic model and two materiaonstants for the second kinematic model should be

defined for this model.
3.2.5 Hyper-Viscoelastic Model

Hyperviscoelastic models can be applied to materials which have both hyperelastic

and viscoelastic properties. ANS$8Bftwarehas a capability onodelling such materials by

32



combining hyperelastic and viscoelastic models. Berg$tBmyce, combined OgdéRrrony

and combined MooneRivlini Prony are thre models used in ANSYS. The hyper
viscoelastic model could capture tbehaviourof the highly nonlinear matials such as

HDR for the reason that, both hypereladighaviourand inelastic ratélependent shear and
volumetric responses of rubber subjected to a compressive loads and cyclic shear loads are
considered (Bergstrom and Boyd®98).

The BergstronBoyce material model can simulate the hysterdtghaviourof a
strainratedependent material (e.g. elastomers) with large elastic and inelastic strain levels
(Bergstrom and Boyce 1998). The inelastic shear response of the material can be simulated
through tlis model while just the elastic volumetric deformations can be captured. The
BergstromBoyce model describes a system with two parallel springs and one damper which
is series with one of the spring&ANSYS Documentation, Release 14.0"he Prony
viscoelast model can be combined with the Ogden or MoeRexin hyperelastic material

models as well.
3.2.6 Comparing Material Models

In order to specify an appropriate material modelH®R, a number oFEAs using
different material models fddDR are carried out teheck which model can be fitted more
accurately with the actual response of the elastomer obtained from experimeatalhest
complexity of the nonlineabehaviourof HDR and a large amount of elements used in the
FEAs lead to a timeonsuming simulatiorand the solution may diverge in some cases.
Therefore, aHDR layer with thicknesgo-length ratio of 0.05 as a simplified[2 model is
analyzed under a cyclic shear loading via ANSY¥@tware The bottom surface of the
elastomer layer is completely fixeohd the top surface is under a cyclic lateral displacement
with frequency of 0.254z and amplitude od = 100%. Shear strairg, is the ratio of the
elastomer thickness to the maximum lateral displacement of the top siigue8.3). The
element used for thdDR is PLANE182.
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Figure 3.4. Normalized shear force versus latat@placement foHDR layersimulated using
different material mdels; (a) HyperelastiMooneyRivlin), (b) Bilinear with kinematic hardening,
(c) Viscoplastic (Perzynajd) HyperviscoelastiqOgdenProny), (e) Hyper-viscoelastiqMooney

Rivlin andProny),(f) Hyper-viscoelastiqBergstromBoyce

Horizontal forcedeflection hysteretic curve for each material model is plotted in
Figure 3.4. By comparing the hysteretic response of 2R layer modelledand analyzed
with different material models, and according to the typical shelaaviourof this nonlinear
material, the most applicable model can be specifie@idare 3.4, the vertical axes are the
normalized lateral forcealculatedby dividing each valuef the loadby the maximum value
of the load As a result, the responses can be compared together in an easier way.

The rubber layermoddled by 9paramater MooneRivlin model which is

hyperelastic and rat@dependent does not show any hysteresis effect ifotbe-deflection
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response. For the bilinear model with kinematic hardening plasticity,HBR layer
undergoes a plastic defornmti when the lateral deflection exceeds the yield displacement.
Figure 3.4c, d and e illustrate the hysteresis responses of hyigeoelastic rubber. The
BergstromBoyce model and the combinedpdrameter Ogden and-parameter Prony
models could not capture the shémhaviourin the plastic region accurately while, the
combined 9parameter MooneRivlin and 2parameter Prony models can simulate the shear
hysteretic response precisely. The HDR layeodelled with the viscoelastic Perzyna
material model which is inelastic and ralependent shows a quasatic hysteresisfiect.
Thus, the second loop of the fordeflection curve is different from the first one (Burtscher
et al, 1998).

By comparing the loadeflection curve for each material model obtained from the
FEAs with the typical hysteresisehaviourof a HDRB subjected to the pure cyclic lateral
displacement with frequency of Hz and strain ranges from 40% to 200%g(re 3.5)
(Dal | 6 Ast,2008),1 can e dognad that the hypeiscoelastic models have a better
estmation of thebehaviourof HDR materials. The main reason is that both hyperelasticity
and ratedependency of the HDR under cyclic shdaformationsare considered in the FE
modelling Among three suggested material models; Mooney RRAony, OgdefPrany
and BergstronBoyce, the first one can predict the hysteré@haviourof HDR material
under cyclic shear loadings more precisely. The Modrielin option models
hyperelasticity and the Prony model could describe thedegendency of HDR under pure
shear loads.

Using curve fitting option in ANSYS, material constants of both MoeReyin and
Prony models can be determined from experimental data obtained from ASTM or ISO
standard tests. Here, data are gathered from the uniaxial teosigression tés, the
biaxial tension test, and the creep test conducted on fip&him, 2005) The uniaxial and
biaxial tests are used for material characterization of hyperelastic model while, the material

constants of viscoelastic model are determined through ¢lep test.
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Figure 3.5. Stable hysteresis loops at different strain amplitudes
(adaptedfronfDa |l | 6 Ast a20@Ghd Ragni

3.3 Numerical Validation and Verification

The proposed material model fBIDR is used ina steelreinforcedHDRB which is
numerically simulated ilANSYS. Lateral loaddeflection hysteretic loop of the HDRB is
determined througkEAand compared by experi ment al resu
Ragni(2006) The HDRB used in the experimeras two rubber layers, each of them with
thickness of Gmm, and one steel shim with thickness ah&. Two supporting steel plates
with 15 mm thickness restrain the device in the test sdiigure 3.6 shows the dimensions
of the HDRB.

260 15 15
} | = e e
170 | | 250
| | - e
230 12

Figure 3.6. Top and side views of a HDR@Bdaptedrom(Da | | 6 ARagm,20@6)H d

To model the HDRB in ANSYS, solid element, SOLID185, with 8 nodes and three
degees of freedom at each node is selectedhtsteel andherubber. The largeleflection

effect is considered in FE analysis in order to simulate the large deformation of rubber layers
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at large shear strain amplitudésgure 3.7 shows a HDRB with 8 rubber layers and Om3th

thick CFRP plates with a mapped mesh in ANSXSISYS Mechanical APDL, Release 14)

Blue, purple and red elements respectively illustrate steel, rubber, and CFRP materials. The
lower surface of the bottosteel supporting plate is fixed in all degrees of freedom. In order

to model the top steel plate to remain perfectly straight during loadings, all nodes on the
upper surface of this plate are constrained to move together zr(\tegical) direction while

they are free inthe two other directions. Th¢iDRB is analyzed under a given cyclic
horizontal displacement with frequency fof 0.49Hz, and amplitude od = 90% with no

vertical pressuresince no vertical load has been applied in the experifidht | | 6 Ast a ar
Ragni, 2006) The hysteretic shear response of the device is evaluated through a full transient
analysis during which the cyclic lateral displacemerinearly interpolated for each substep

from the value of the previous load step.

V%‘ ' =

| I At

Figure 3.7. HDRB with mapped mesh in ANSY@NSYS Mechanical APDL, Release 14)

The material constants bfyperviscoelastic model which is used for simulating the

behaviar of high damping rubber are listedTable3.1.
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Table 3.1. Hyperviscoelastic material model coasts

MooneyRivlin Model Prony Model
Cl(): 2.147 D_L: 0.765
Co1=0193 4 =0.041
C;1=-0.00 U, =0.061
Cy=0.108 U = 65.82
C02 =0047
C30 =0.038
C,;=-0.013

C12 = 00001
C03 =0.00

After modellingand analyzinghe HDRRB the hyséresis curves are plotted and then,
compared to the experimental results (Begire 3.8). Figure 3.8 shows agood consistency

between numerical and experimentsgults
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Figure 3.8. Lateral forcedeflection hysteresis curv® € 0 MPa,f = 0.49 Hz,5= 90%)
(Experimental results aadlapted fronf Dal | 6 Asta gnd Ragni, 200

Verification refers to the correctness of lesind validation indictes the accuracy of
prediction. Therefore, in order to verify the hypgscoelastic material model proposed for
HDRB, the hysteretic response of HDRB at different shear strain levels are estimated
numerically and then compared teetexperimental results. As can be observddgare3.9,

the FE modeis capable of accurately simulatitige hysteresis of HDRB.
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Figure 3.9. Lateral forcedeflection hysteresis curves of HDRBoat 43%, 90%, 155%, and 200%
obtained through FEM andpx r i me nt ( Remi,2000Ast a and

Based on the numerical results obtained from FE analyses, the effective horizontal
stiffness of the HDRB is 7.76 kN/mm, 5.67 kN/mm, 4.56 kN/mm, and 4.23 kN/mm for 43%,
90%, 155%, and 200% shear strain amplitudes, réspBc The maximum difference
between the numerical and experimental results in the horizontal stiffness is 5%, which
happens at 200% shear strain. According to both experimental and numerical results, the
maximum horizontal loads experienced at 43%, 9096%, and 200% shear strains are 34
kN, 51 kN, 71 kN, and 85 kN, respectively.

3.4 Sensitivity Analysis

In order to evaluate the performance @&FR-HDRBs three operational
characteristics can be considered. These specifications which identify the \stffioass
the horizontal flexibility and the energy dissipation capacity of the seismic base isolators are
vertical stiffness, effective horizontal stiffneasd equivalent viscous damping, respectively.

The effective horizontal stiffnesswvhich is denotedby Ky, is calculated according to

Equation(3.10) (Kelly, 1997%):

O O
o6 — (310
3 3

whereFnaxandFhnarethe mai mum positive and ngagative

andgnin are the maximum positive and negative shear displacements, respectively.
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To measure the equivalent viscous damping,the energy dissipated in each cycle
(EDC) which is the area inside the hesdsis loop of shear foraisplacement curve should
be computedNaeim and Kelly, 1999)

‘0006
R (3.1
¢‘v =
The vertical stiffness of &ibre-reinforced elastomeric isotat is given byEquation

(3.12) (Tsai and Kelly, 2002)
o — (3.12

whereA; is the crossectional area of theeinforcementt; is the total thickness of rubber in
the bearing and, is the instantaneous compression modulus of the FREI under a specific

level of vertical load. The effective compressive modulus of a rectangular isolator with the

plane size (length and width) ofdy 2b, is calculated usindgquation (3.13) (Tsai and

Kelly, 2002)
"YOoo ) OAI., E)é (313)
»p | @
o
6 p » ™wTEICPD TMXT O TEICL O T8 TPl W (3.14

in which & andz3 are the el astic modul us and Poi ss
respectively. Heret; andt, are the thickness of the equivalent sheet of reinforcement (total
thickness of reinforgaent layers) and the thicknessooferubber layer, respectively.

pOp °
000

(3.15)

whereG; is the shear modulus of the elastomer.
Sis the shape factor and dedhas the ratio of the bonded (loaded) area to the-force
free areaof one elastomeric layer. For a rectangular rubber bearing,gtusnetrical

parameter is calculated froguation(3.16).

0 w
YT e 819
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whereL andW are length and width of each rubber layer, respectively.
The kteral forcedeflection curveof each CFR-HDRBs is calculated. Then, the

performancecharacteristicare obtaied usng Equations(3.10) to (3.12).
Mechanical properties dibre-reinforced polymer (FRP) composite material made of

carbon and epoxy are listedTable3.2.

Table 3.2. Material properties foEFRP compositenaterial(Howie and Karbhari, 1994)

Elastic Shear . Tensile .
Coanstite Modulus Modulus PFgaltios S Strength Th('r%';;‘)ess
P (MPa) (MPa) (MPa)

Ex=73300 G,,=1761.0 3,,=0.310

Carbon/Epoxy E,=4613.8 G,,=1659.5 3,,=0.390 755
E,=4613.8 G,=1761.0 3,=0.019

0.31

Different physical and mechanical properties such as the thickness and the number of
rubber layes and FRP composite sheets as well as the shear modulus of elastomer can affect
the response of the carbfibre reinforced elastomeric isolator. In order to probe the effect of
each parameter on tehaviourof device, different regression models wi# proposed for
each operational characteristis different outptof the system.

Total height of the laminated elastomeric isolatidr, is a function of different
variables ad is computed according to theation(3.17):

(3.17)

O o0& 0¢& O
in which, te, ne, t andry are the thicknessf one rubber layer, theumber of rubber layers,

andthe thickness and number of FRP compogilates, respectivelyls is the thickness of
supporting steel plates mounted at the top and bottom of the dEigaee3.10).
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Figure 3.10. Fibre-reinforced ehstomeric isolator(a) plan view(b) side view
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Since the thickness of supporting plates is assumed to be constant in all cases and

number of reinforced sheetsnisi 1, the total height would be:
0 Qo o0& o0& p O (3.19
Here the performance of different elastomeric base isolators with fixed length, width

and height is compared to each other. Under this condition, for a constant height, shidknes

rubber layers can be computed as follows:

0 o ot
5 "Qok S - P (3.19

According to Equation (3.19), thickness of elastomeric layers is a function of

reinforcement thickness and number of rubber layers. Therefore, two physical characteristics
(tr and ne) in addition to shear modulus as a mechanical property are considered in the
sensitivity analysis. It shdadibe mentioned that other parameters such as the temperature and
the speed of loading also affect the performance of the elastomeric base isolator. The shear
modulus of the elastomer is a function of the service temperature and the hardness. When the
temperature rises, the shear modulus decreases for different values of hardness of rubber
according tdrigure3.11. Here a constant temperature of 23°C is considérkd strain rate

was consideredn the process o¥alidation of the HDR material model, however, it is not
considered aa variable factor) in the optimization process. Variation of temperature is also

not considered. Taking these two factors into account in addition to three mentioned factors
leads to aotal number of 125 runs in a full factorial experiment with five factors and three
levels for each. Hence, further study is required to in order to conduct a more comprehensive

investigation with this amount of alternatives (rubber bearings).
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Figure 3.11. Shear modulus of rubber as a function of temperature
(adaptedrom (GoodCo £ZTech, 201)

For each factor, three levels as low, medium, and high values are determined. As a
result, a full factorial exgriment with three factors and three levels can be designed. By
considering all combinations of three factors, each of them with three levels, a total number

of 27 runs should be observed in this experiment. The factors and their levels are listed in

Table3.3.

Table 3.3. Parameters and their levels considered in the sensitivity analysis

Level
Factor Symbol 1 5 3
N A 8 9 10
t; (mm) B 0.31 0.62 0.93
G, (MPa) C 0.6 0.7 0.8

The 3 full factorial design Wl be arranged inTable3.4. In this design, the number

of rubber layers, thickness of reinforced plates and shear modulus of elastomer are denoted

by ny, t; andG;, respectively.
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Table 3.4. A 3%full factorial design with 3 factors and 3 levels

Factor
Run n t G
1 8 0.31 0.6
2 9 0.31 0.6
3 10 0.31 0.6
4 8 0.62 0.6
5 9 0.62 0.6
6 10 0.62 0.6
7 8 0.93 0.6
8 9 0.93 0.6
9 10 0.93 0.6
10 8 0.31 0.7
11 9 0.31 0.7
12 10 0.31 0.7
13 8 0.62 0.7
14 9 0.62 0.7
15 10 0.62 0.7
16 8 0.93 0.7
17 9 0.93 0.7
18 10 0.93 0.7
19 8 0.31 0.8
20 9 0.31 0.8
21 10 0.31 0.8
22 8 0.62 0.8
23 9 0.62 0.8
24 10 0.62 0.8
25 8 0.93 0.8
26 9 0.93 0.8
27 10 0.93 0.8

In order to obtain an accurate model for the response of the eBRibh the main
factor effects (A, B and C), the second order effects B% and &) and the interaction
effects (AB, AG BC, and ABC) are considered in the calculations. The sizeulber

bearings(length, width and height) artie thickness of supporting steel plates are listed in

Table3.5.

Table 3.5. Geometrical propertiesf CFR-HDRBs

Item Symbol Value Unit
Length L 200 mm
Width w 200 mm
Height H 80 mm
Thickness of supporting platt {5 20 mm
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Figure 3.12 demonstrates the process of determining three outputs or responses
(performance characteristics of the laminated elastomeric isolator) for the system by
considering three factors as different inputs. Responses are calculated through aafiumber
numerical simulations in ANSYGANSYS Mechanical APDL, Release 14)

S Input |
e System ,,,,,,,,,,,,,,,,,,, LT OUtpUt """"""""""""
Physical and Mechanical |
Properties of €FREI | Numerical Simulation| | Performance of &REI
of C-FREI ﬂ> - Vertical stiffness,Ky,

- Numberof rubber layersp; |
- Thicknesof reinforcementt; Finite Element Method
- Shear modulus of rubber layé&s, : /

- Horizontalstiffness, Ky
- Eq. viscousdamping beq

Figure 3.12. Input and output of the system for performance analysis

3.4.1 Performance of (FR-HDRB

By determining two physical propertiesdaone mechanical property foFR-HDRB

as inputs of the systenfriure 3.12), 27 numerical simulations are performed udhigM.

as equivalent viscous damping. For elastomeric bearings used in the bridges, the allowable
pressure under permanent load is MiBa for the serviceability limit state (SLS) and 7.0
MPa for the ultimate limit state (ULS{500dCo ZTech, 2010)Here, each rubber bearing is
subjected to a constant vertical pressure dfiffa and a cyclic lateral displacement with
amplitude ofo = 100% and frequency df= 0.2 Hz. The amplitude is ratio of maximum
horizontal deflection to the total thickness of rubber layers. Since number and thickness of
rubber layers change for eaClFrR-HDRB, the magnitude of lateral displacement, which is
egual to the relative displacement of the supporting steel plates, varies in each run. In
Table 3.6, the performance characteristics (outputs) are specified for each rubber bearing as

an alternative.
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Table 3.6. Responses dEFR-HDRBs in 3 full factorial design
CFRHDRB Ky (kKN/mm) Ky (KN/mm) b (%)

1 114.1 0.410 15.03
2 147.3 0.414 14.95
3 185.5 0.417 14.88
4 132.3 0.434 14.60
5 174.5 0.441 14.56
6 224.6 0.447 14.52
7 153.5 0.458 14.45
8 207.3 0.468 14.42
9 273.5 0.479 14.40
10 132.7 0471 15.18
11 171.2 0.475 15.10
12 215.6 0.478 15.04
13 154.2 0.497 14.77
14 203.3 0.504 14.73
15 261.6 0.511 14.70
16 178.9 0.523 14.63
17 241.6 0.535 14.60
18 318.8 0.547 14.58
19 151.1 0.530 15.28
20 195.0 0.534 15.20
21 245.6 0.538 15.14
22 175.9 0.558 14.88
23 232.0 0.566 14.85
24 298.5 0.574 14.81
25 204.3 0.587 14.75
26 275.9 0.600 14.72
27 363.9 0.614 14.70

Based on the *3full factorial design as arrged inTable 3.4, the changes of three

normalized outputs are comparetbgether Figure 3.13). For each performance
characteristic, the normalized values in each colurerohtained by dividing the output of
each rubber bearing by the summation of 27
show that the vertical stiffness is much more sensitive to the number and shear modulus of
rubber layer and the thickness of FR&mposite plates compared to two other criteria.
Moreover, the equivalent viscous damping fluctuates within a limited range, vitnde

effective horizontal stiffness has an increasing trend.
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Figure 3.13. Normalized performance characteristics for diffel@RR-HDRBs

3.4.2 RegressionModels

The importance level of a factor for estimating the response (stiffness or damping of
rubber bearings) of the system can be evaluateedbars the -statistic value of that factor
which is calculated by dividing the coefficient of the factor by its standard error. The
coefficient andstatistic value for each factor including main effects (A, B and C) and their
second order and interactieffects (&, B, C?, AB, AC, BC and ABC) are calculated using

regression toolbox in Excelable3.7).

Table 3.7. Coefficients of each factor in the regression models

Effect Ky (KN/mm) Ky (KN/mm) b (%)
Coeff. t-Stat Coeff. t-Stat Coeff. t-Stat
Intercept 396.9 4.2 0.005 0.2 1477 36.1

N, -87.1 6.3 -0.003 0.1 -0.18 3.0

t; -41.0 0.4 0.018 0.7 -3.52 7.3
G -66.1 1.0 0.352 227 2.53 8.5
1% 4.9 7.9 0.0 0.8 0.004 14
t? 35.7 5.5 0.008 55 1.27 45.3
G2 -1.6 0.1 -0.018 5.0 -0.75 111
n .t -0.9 0.1 0.005 0.2 0.10 1.8
n..G 18.2 3.1 -0.002 14 0.2 0.7
.G -212.6 2.7 -0.038 2.1 0.32 0.9
n .G 33.4 3.8 0.009 4.7 -0.02 0.4

For predicting the vertical stiffness, number of rubber layers is the dominant factor
while, the shear modulus of elastomeric layers is the most effective factor feifebeve

horizontal stiffness. The equivalent viscous damping is influenced by all three main factors.

47



Higher order and interaction effects play an important role in estimating the horizontal and
vertical stiffneses of CFR-HDRBs By comparing the predied responses calculated from
regression models with actual values obtained from numerical simulations and based on the
t-statistic value for each coefficient, the simplified regression model for each response by

considering the more significant factorg @roposed as follows:

oc@&t 0°0 QW4 &
0 TNV O TNy TP P T8 oo T8 MEwd 'O QG & (3.20)

f PEX ™% 0dQ O pgp T™O TMHEO T™WQOO (32

where,n,, t;, andG; are the number of rubber layers, thickness of FRP composite, glates
shear modulus of elastomeric layers, respectively.

In order to validate the proped regression models and check their accueigit
new CFR-HDRBs with different values ofi, t andG; from the previously assumed values,
are considered and the predicted responses are compared to values computedrEivbugh
Length, width, height ah the thickness of supporting steel plates are kept constant.

Specifications of 8 new elastomeric isolators are listélchivle 3.8.

Table 3.8. Physical properties EFRHDRBs

Factor CFR-HDRBs
#1 #2 #3 #4 #5 #6 #/ #8
L (mm) 200 200 200 200 200 200 200 200
W (mm) 200 200 200 200 200 200 200 200
H (mm) 80 80 80 80 80 80 80 80
te (Mm) 5.11 4.09 4.67 3.64 5.11 4.09 4.67 3.64

t(mm) 05 05 1 1 0.5 0.5 1 1
ts (mm) 15 15 15 15 15 15 15 15
Ne 9 11 9 11 9 11 9 11
Ny 8 10 8 10 8 10 8 10

The relative error between the predicted responses (operational characteristics)

calculated fom the regression model and the results obtained fronkEAes are listed in

Table3.9.
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Table 3.9. Performance ftaracteristics of eigft FR-HDRBsobtained from FE analyses and

regression models

Vertical stiffness

Effective horizontal stiffness Equivalent viscous dampin

(KN/mm) (KN/mm) (%)
Kvrem  Kvreg.  QRei (%)  Khrem KiReg. el (%)  DBegrem  Pegreg. el (%0)
1 2038 2031 -3.32 0.523 0.523 -1.30 14.88 14.91 2.72
2 325.2 3287 -3.65 0.535 0.536 -1.58 14.80 14.82 4.04
3 2694 271.2 -4.87 0.575 0.575 0.88 14.64 14.67 2.04
4 4658 446.0 1.44 0.604 0.603 1.07 14.60 14.66 2.94
5 270.3 270.8 -4.01 0.679 0.671 -0.98 15.15 14.99 4.27
6 431.2 431.3 -2.59 0.694 0.687 -1.46 15.08 14.91 5.60
7 3584 360.9 -4.64 0.745 0.735 0.88 1494 14.80 3.21
8 6195 587.2 2.67 0.782 0.770 0.86 1490 14.78 411

Figure 3.14 to Figure 3.16 present the FE

proposed for each characteristic.

results along with regression models
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Figure 3.14. Vertical stiffness calculated through BRalysis and regression model

for 8 CFRHDRBs
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Figure 3.15. Effective horizontal stiffness calculated through FE gsialand regression model

for 8 CFR-HDRBs
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Figure 3.16. Equivalent viscous damping calculated through FE analysis and regression model
for 8 CFRHDRBs

Low relative errors for all criteria show that the proposed simplified regression
models could accurately predict the response of the sySieagein the simplified regression
models unimportant factoere eliminatedthe maximum error for the vertical stiffness, the
effective horizontal stiffnessind the equivalent viscous dampingreaseo 4.9%, 1.6% and

5.6%, respectively.
3.4.3 Effect of Number of Rubber Layers

The effect of number of elastomeric layeng) (on the performance d€FR-HDRBs is
investigated in this parfigure 3.17 depicts the changes of each output by increasing the
number of rubbetayers from 8 to 10 for three different cases in which two other factors
(thickness of reinforcement and shear modulus of rubber layers) are fixed at their low,

intermediate and high levels, respectively.
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Figure 3.17. Effect of number of rubber layers on the CGHRRBG6 behaviouy
(@)t;=0.31mm, G, = 0.6 MPa, (b) t; = 0.62mm, G, = 0.7MPa, (c) t; = 0.93mm, G, = 0.8MPa
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For all three cases, by increasing the number of rubber layers, the veitinatst
increases considerably while the effective horizontal stiffness rises slightly and the
equivalent viscous damping almost remains constant. For the first case, when the thickness of
reinforcement ) and the shear modulus of rubber laygsg) @re0.31 mm and 0.6MPa,
respectively, if the number of rubber layers increases from 8 to 10, the vertical stiffness and
the effective horizontal stiffness increase about 62% and 2%, respectively. For the second
case, these changes are 70% for the vertidateds and 3% for the horizontal stiffness. In
the last case in whidhandG; are at their high levels, the changeKofandKy are 78% and

5%, respectively.
3.4.4 Effect of Thickness of FRPReinforcement

The second physical property which affects the eflicyeof the CFR-HDRB with
unidirectional carbofibres is the thickness of FRP composite plakégure 3.18 shows the
changes of each output by increasing the thickness of reinforced sheets framm0t81.93
mm for three different cases in whichh andG; are fixed at their low, intermediate and high
levels. For all three cases, by increasing the thickness of reinforced plates, the vertical and

horizontal stiffnesssincrease while the equivalent viscous damplagreases marginally
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Figure 3.18. Effect of thickness dfibre-reinforced plates on the CHRDRB6 behaviour
(@)n.=8,G, =0.6MPa,(b) ne=9,G, = 0.7MPa, (c) n.= 10,G, = 0.8MPa

In the first case, when 8 rubber layers with shear modulus6d¥i®a are used, by
increasingt; from 0.31 mm to 0.93 mm, the vertical stiffness, the effective horizontal
stiffnress and the equivalent viscous damping changes about +35%, +12%1%nd
respectively. For the second case, these variations are +41% fa@rtical stiffness, +13%

for the horizontal stiffness anrB8% for the damping capacity. In the last case in whj@nd
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G, are at their high levels, the changeskaf Ky and beq are +48%, 4% and-3%,

respectively.
3.4.5 Effect of shear modulus of rubber layers

Shear modulus of elastomer changes libbaviourof a base isolatorfFigure 3.19
exhibits the changes in the performance charnatites by increasing the shear modulus of
rubber layers@;) from 0.6MPa to 0.8MPa for three different cases in whiochandt; are

fixed at their low, intermediate and high levels.
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Figure 3.19. Effect of sheamodulus of elastomer on thé-R-HDRB®6 behaviour
(@)ne=8,tt=0.31mm, (b) n. = 9,t; = 0.62mm, (¢) ne = 10,t; = 0.93mm

All three outputs the vertical and horizontal stiffnesss and damping capacity,
ascend by increasing the sheardwlas of elastomer. The rate of changebifis lower than
that ofKy andKp.

For the first case, when 8 rubber layers and éng1ithick FRP composite sheets are
used, by increasin, from 0.6 to 0.8MPa, the vertical stiffness, the effective horizontal
stiffness and the equivalent viscous damgpincreased by 32%, 29% and 2%, respectively.
In the case 0€CFR-HDRB with 9 elastomer layers and 0.6#m thick reinforced sheets, the
changes include33%, 28% and 2% increase in vertical stiffness, horizontal stiffness and
equivalent viscous damping, sggectively. Whenne and t; are at their high levels, the

variations ofKy, Ky, andbeqare almost same as the second case.

52



3.5 Multi -Criteria Optimization

3.5.1 Theory

In each multicriteria decision making (MCDM) problem there are a number of
alternatives A&;) and criteria ;). According to the main goal which is defined by the decision
maker or physics of the problem, each criterion should be maximized, minimized or
calibrated (when a target is defined) and the best case or the optimized alternative is specified
when all of the criteria are in their best conditions.

There are different weightin and scoring methods by which the ranking of
alternatives in a MCDM problem is determined. Weights can be assigned to each attribute by
the decision maker (direct assignment method) or can be calculated according to the
statistical data in the problem ¢ugh Entropy metho@Hwang and Yoon, 1981)he score
of each alternative is computed by taking all criteria into account using different scoring
methods such as weighted sum method (WSM) or TOPSIS which are twdnaeih
techniquegYoon and Hwang, 1995 he alternative with the highest score is selected as the
best one and is placed in the first rank when the goal of MCDM is maximizing all criteria.
On the other hand, the worst alternative has the lowest score.

The first step in the muHiriteria decsion making is to transform data in order to
have a problem with fAthe higher, the betteroc
all attributes. For example, if one criterioG)(is needed to be minimized while the others
should be maximizedyy reversingC;, the goal would be maximizing all criteria. Also, the
unit and scale of one attribute may be different from those of other ones. So, in the next step,
each criterion should be normalized. There are many methods for normaligtgreneach
criterion is divided by the summation of that criterion for all alternatives.

In the direct assignment method which is ubede the weight of each attributes

determined according to the qualitative evaluations tabulatédule 3.10
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Table 3.10. Assignment of values for a fbint scale

Attribute evaluation Value
Extremely Unimportant 0
Very Unimportant 1
Unimportant 3
Average 5
2
9

Important
Very Important
Extremely Important 10

The normalized weightof each criterion is calculated by dividing the evaluation
value of each one Iiye summatiornof values. If the normalized criteriopfor alternative is
denoted by@ij and the normalized weight fariterionj is indicated byV&, the score of

alternative (S) ushg WSM method is calculated by&ation(3.23):
% 0 6 (3.23

wheren is the number of total criteria considered in the MCDM problem.

The lower and upper limits of eaoperationakharacteristic are determinedsied on
the type of base isolator (NRB, HDRB etc.) and also the application in which the rubber
bearing is used (buildings or bridgelere HDRBsreinforcedwith carbonfibre fabrics are
implemented in a thregpan continuous steel bridge. The equivaMastous damping of
HDRBs is 1016% (Marioni, 1998) The lower and upper bounds of the effective horizontal
and vertical stiffnesses are identified according to the elastomeric bearings datasheet of
GoodCo ZTech Companywhich is thelargestmanufacturer bthe elastomeric and sliding
bearings for bridges in Canad§@oodCo ZTech, 2010) The minimum and the maximum
effective horizontal stiffness of laminated bearing (Series EL) with a minimum available plan
size of 300mm by 200mm and a height of 86hm is 0.82 kN/mm and 1.22kN/mm,
respectively. Since dimensions oFR-HDRBs are 200mm x 200 mm x 80 mm, the upper
and lower limits of the horizontal stiffness should be recalculated. According to the analytical
formula of Ky = G/Alte (Kelly, 1997) if the widh of the rubber bearing decreases from 300

mm to 200mm, the minimum and the maximum effective lateral stiffness respectively
reduces to 0.54KN/mm and 0.81XN/mm. Similarly, usingEquation(3.12), the vertical

stiffness decreases to 10%8/mm.
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The performance characteristics are selected as attributes for each rubber bearing
which is considered as an alternative. As a result, aenitiria decision making problem
has been defined with 27 alternatives #wdecriteria. Since the elastomeric isolators should
have sufficient verticaktiffnessunder a wide range of compressive loads, the vertical
stiffness Ky) should be maximized. Also, they should be more flexible in the horizontal
direction so, the horizaal stiffness Ky) should be minimized. The higher damping capacity
means the higher amount of energy dissipation. Accordingly, the damping caiagity (
should be maximized. Since the second criterion (the effective horizontal stiffness) should be
minimized while two others should be maximized, the effective horizontal stiffness for all 27
alternatives is reversed in order to transf
condition for all attributesConsequently, the ranking oF&HDRBs are easy determined
based on the highest and lowest scores.

According to the WSM method, the score of each alternative (rubber bearing) is

found as follows:
Y w0 w 0 w T (329
where, Igv I*E,q and IEeq are normaked vertical stiffness, normalized inversed

horizontal stiffness, and normalized equivalent viscous damping, respecﬂielyﬁz, and

VES are the normalized weights corresponded the first, second and third criteria,

respectively. The optimized CFRDRB which is the most efficient rubber bearing in terms
of verticalstiffness lateral flexibility and energy dissipation capacity should have the highest
score among 27 alternativesth different performance specifications.

Figure 3.20 shows the procedure of opieing the performance of FKR-HDRBs

through a multcriteria decision making process.
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3° Full Factorial Design Defining Criteria
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Factors Levels ) .
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Figure 3.20. Flow chart of multiobjective optimization

3.5.2 Optimization of CFR-HDRB

After inversing the effective horizontal stiffnes&d() and normalizing all criteria for
each CFR-HDRB, using weighted sum method ¢fEation (3.25)), the score of each
alternative (rubber bearind}, is calculated based on the normalized weights of each criteria
in Table 3.11. It should be noted that the equivalent viscous damping and the horizontal

stiffness are considered as extremely important and very important criteria, respeatidely
the evaluation value of vertical stiffness is assumed to be 4 (accordirapl®3.10. The

weights listed inTable3.11 are normalized using the summation of evaluation values.

Table 3.11. Assigned normalized weights to criteria

Criterion Weight
Vertical Stiffness 0.18
Horizontal Stiffness 0.39
Damping Capacity 0.43

Y me @é 8 (3.25)

By sorting the alternatives from highest to lowest scores, the best rubber bearing
which is placed in the®Irank is detemined. InTable3.12, five bestCFR-HDRBs are listed.
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Table 3.12. Properties of %to 5" rankedCFR-HDRBs

Specifications Stiffness Damping
Rank t; G Ky Kx b
ID n
' (mm) (MPa) (kN/mm) (kN/mm) (%)
1 A3 10 0.31 0.6 185.5 0.417 14.88
2" A9 10 0.93 0.6 273.5 0.479 14.40
3 A27 10 0.93 0.8 363.9 0.614 14.70
4" Al8 10 0.93 0.7 318.8 0.547 14.58
5" A6 10 0.62 0.6 224.6 0.447 14.52

According to this rankig, the optimizedCFR-HDRB, as the most efficient rubber
bearing has 10 rubber layers with shear modulus of\dR& andnine FRP composite plates
with thickness of 0.3Inm. Since the total height of all base isolators isn®d, the thickness
of each rubbelayer would be 4.72nm for the optimizedCFR-HDRB. For the five best
cases, the elastomeric isolator has the maximum number of rubber fayeld].

On the other hand, the worst alternative with the lowest score is an elastomeric

bearing with charaetistics listed infable3.13.

Table 3.13. Properties of thevorst CFRHDRB

Specifications Stiffness Damping
Rank D n t; G Ky Kh b
' (mm) (MPa) (kKN/mm) (KN/mm) (%)
27" A22 8 0.62 0.8 175.9 0.558 14.88

Based on the applied load which is a combination &Ma vertical pressure and
cyclic lateral displacement with frequency of 12 and shear strain of= 100%, the lateral
force-displacement hysteretic loopsr fthe optimizedCFR-HDRB and the ¥ best rubber
bearingare plotted irFigure3.21.
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Figure 3.21. Lateral forcedeflection hysteresis curve for th#dnd 2° best CFRHDRBs
(f=0.2Hz,0=1.0)

3.6 Summary

Elastomeric base isolators are able to minimize structural damage in moderate
seismic events and prevent structural collapse in extreme conditions such as severe
earthquakes. They considerably decrease and disdipe earthquake energy transmitted to
the structure by providing a damping mechanism between the substructure and the
superstructurdueto their very low horizontal to vertical stiffness ratio. HDRB is one type of
conventional elastomeric isolators which thin layers of high damping rubb@4DR) are
bonded to steel shim# this chapter, anaterial modelvas proposed for HDR in order to
capture its highly nonlinedrehaviourunder compressive and cyclic shear loadings. Among
different kinds of mateal models including bilinear, hyperelastic, viscoelastic and
viscoplastic ones; hypefiscoelastic modelvasthe besfiitted and the most accurate one to
predict the hyperelasticity and stramtedependenbehaviourof HDRB subjected to the
cyclic laterddisplacement.

The efficiency ofcarbonfibre-reinforced high damping rubber bearing (CHRRB)
was numerically optimized through a muttriteria optimization procesdfter validating
and verifyingthe hypetviscoelastic material modelith experimentaresults, the effect of
different parameters on thgerformanceof FREIs was investigated ttough a sensitivity
analysis In this regardyegression modelwere established for predicting tHeehaviourof

rubber bearingsThe performance o€CFR-HDRB was optimized by assigning different

58



weights tothe operational specificationsvhich are the effective horizontahnd vertical
stiffnessesand the equivalent viscous damping. Results gldtat the effective horizontal
stiffness and viscous damping are hygbdependent on the shear modulus of the elastomer

layers. Also, the number of rubber layers and thickness of FRP compositehgidtasge
effects on the vertical stiffness.
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Chapter 4 Performance ofFibre-Reinforced Elastomeric Isolators:

Experimental and Numerical Investigations

4.1 General

In Chapter3, with the purpose of acquiring an insight into the caarskeffect
relations between the input and output of the systerRREI), numerical investigations
(regression and sensitivity analyses) were performed wsesgn of experiments (DOE)
method through which the effect of three factors was assessed on the output (performance) of
the GFREI In this chapter, experimental investigations were conducted-BREIs as a
complementary part of the previous chapter.

This chapteraimedto introduce a simple and fast manufacturing prodes®loped
for fabricating carbon fibre-reinforced elastomeric isolatorsCFREI§ in bonded
applications.Moreover, the performance of sudibre-reinforced isolatoravas evaluated
through experimental and numerical investigatidnsorder to showthe efficiency ofC-

FREIs under different loading conditions, operational specifications -BREIls in the
vertical and horizontal directiongeredetermined through experimental tests. lis tegard,

nine 1/4 scale C-FREIs were produced and then the performance characteristics including
vertical and horizontal stiffnesseas well as energy dissipation capacity and equivalent
viscous dampingvere assessed through experimental investigatiBosidedC-FREIswere

fixed to the substructure and superstructure using steel supporting plates. Long strip
laminated pads consisting of rubber layers and cafiboa fabrics were fabricatedwithout

using a mold andut to smallsizes This techniquaediwces the time of the manufacturing
processand makes it simplér'he performance characteristiwsredetermined by conducting
vertical pressure and horizontal cyclic displacement tests. Furthermore, future investigations
were suggested regarding the perf@mce variation of @&REIls through a sensitivity
analysis.

The performance sensitivity d&-FREIs was experimentally assesse@he main
motivationwasthe lack of adequate information on the response sensitivity of bonded FREIs
which were manufactured in # proposed process. The effect of different parameters,
including the number of rubber layers, the thickness of cafitwa fabric, the vertical

pressure, and the rate of lateral cyclic displacemevds,investigated on the operational
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characteristics ofthe GFREIs. The sensitivity analysesvere performed by conducting
pressure and rate sensitivity tests. In the analyses, the shear hysteretic resporiRElsf C
were evaluated in order to calculate the effective horizontal stiffness and the equivalent
viscous damping.

In the next stepa detailed parametric study on the effect of various parameters
affecting the performance ddlll size C-FREIswasconducted numericallyFirst, full-scale
C-FREIsweremodelledusing finite element method (FEM) in ANSYANSYS Mechanical
APDL, Release 14). Then, GFREIs were validated and verified througthe performed
experimental tests. In a comprehensive study, a wide range-BfEEs were considered by
changing the plan size of elastomeric layers (length and wadthyell as the height of the
laminatedpad The vertical and effective horizontal stiffnesses as well as the equivalent
viscous dampingveredetermined for various combinations. In order to assess the sensitivity
of the response of -€EREIs in the verticabnd horizontal directions, the effect of three
factors the number and the thickness of rubber layars] the thickness of carbofibre
reinforced layersvereinvestigated on thbehaviourof rubber bearings. Since, three levels as
low, medium, and highyeredefined for each factor, nine casesreevaluated for €FREIs
with the same plan size, and a total number of 36 specimensconsidered for four

different sets of plan size.
4.2 Manufacturing Process

Nine 1/4 scale &REls are manufactured using theommercial high quality
neopreneavith a hardness of 55 Shore A and a minimum tensile strength oPA&Nd e c i y e d
by the CHBDC CAN/CSA S®6 (CHBDC 2006) bi-directional carbonfibre fabrics
(orientations 0/90°) with a tensile strength of 441Ba\JACP Compaites 2012) and steel
supportingendplates. All specimens have an identical width and length of 70 mm by 70 mm
but with different numbers and thicknesses of elastomeric and reinforcement Hyers.
shape factor (i.e. ratio of loaded (plan) area to foael (side) area of a rubber layer) is 11.7,
5. 8, and 3.9 for base isolators with elasto

mm, respectively.
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Bi-directiong?)
cambonfibre &
fabric

Figure 4.1. Manufacturing process @-FREIs (a) bidirectional carbofibre fabric between two
rubber layers, (b) attachirfdpre fabrics to rubber layers by adding glue (rubber cement), (c) cured
laminated pad, (d) laminated pewt with watefjet technology

Elastomeric layers are bonded todmectional (orientations 0/90°) carbdibre
fabrics using rubber cemeriRubber cement is a cold bonding compound made of elastic
polymers (typically latex). It is used to attach elastooiayers to bidirectional carboffibre
fabrics (sedrigure4.1). After fabricating a laminated pad consistingatiernating layers of
elastomeand reinforcementn the curing process, laminated pads are subjected to a uniform
pressure of 4 Ma for 24 hours at the room temperature without using a mold. Aogptdi
the rubber cement manufactureroés instructior
during 24 hours at room temperature and the rest is developed over the next Ttheays.
the laminated pads in the form of long strips are cut to the regsize (70 mm by 70 mm)
using the watejet (seeFigure4.1d) in order to create very smooth side surfaces and prevent
delamination between layers during the cutting process. Finally, in order to improve the
bonding between layers and prevent premature delamination that might occur during
shipping, installabn, or testing, side faces are coated with two layers of adhesive (rubber

cement).The same bonding compound is used to attach steel supporting plates to the C
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FREI. Nine C-FREIs with different numbers and thicknesses of rubber and cditiren

reinforced layers are depicted irrigure 4.2. Table 4.1 demonstrates the geometrical

properties of the manufactured rubber bearings.

(@

(b)

Figure 4.2. C-FREIs manufactured wit different properties
(a) A1; (b) B1; (c) C1; (d) Di(e) E1; (f) F1; (9)A3; (h) B4; (i) C2

Table 4.1. Physical and geometrical propertieS®FREIs

Plan size of  Plan size of H t ¢ ¢
C-FREI steel plates reinforcement (mm) (m?n) (m?n) (mfm) Ne " S
(mmxmm) (mm x mm)
Al 150 x 150 70 x 70 31.8 6.35 15 0.25 8 7 11.7
Bl 150 x 150 70 x 70 419 6.35 15 0.25 12 11 117
C1 150 x 150 70 x 70 43.4 6.35 3.0 0.25 8 7 5.8
D1 150 x 150 70 x 70 405 6.35 3.0 0.50 7 6 5.8
El 150 x 150 70 x 70 41.8 6.35 3.0 0.75 7 6 5.8
F1 150 x 150 70 x 70 455 6.35 4.5 0.25 6 5 3.9
A3 150 x 150 70 x 70 50.6 6.35 15 0.25 16 15 117
B4 150 x 150 70 x 70 545 6.35 15 0.25 17 16 117
C2 150 x 150 70 x 70 459 6.35 3.0 0.25 9 8 5.8

H: total height of GFREI; ts thickness of steel supporting platgsthickness of elastomeric layers;

ti: thickness of carbofibre fabrics;n.: number of elastomeric layers; number offibre-reinforced layers;
S: shape factor.
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4.3 Test Setup

The test setup is equipped with vertical and horizontal hydraulic jacks. Force and
displacement in the horizontal and vertical directions are measured in each test. Three load
cells, each of them with a capacity of 10,00@48.5 kN) measure the load ajpgd through
the vertical hydraulic jack. The computer receives the electrical signal generated by the load
cells and estimates the corresponding force. The same mechanism is implemented for
evaluating the lateral force applied through the horizontal hiidragck using one load cell.

Four laser displacement transducers (LDT) mounted at four sides ofRRECare used to
measure an average value for vertical displacenise¢ Figure 4.3). The horizontal
displacement is determined by a string potentiometer (SPOT), a transducer for measuring the
linear position of rubber bearings.

Different parts of test setup are identifiedrigure4.3 andFigure4.4. Eight bolts are
used to connect the steel supporting plates to the test setup and fieREEl @ its place. In
all tests, the vertical pressure is applied through the upper supporting plate which does not
move in the horizontal direction. The cyclic lateral displacements are applied to rubber
bearings through the lower supporting plate which hasonement in the vertical direction.
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Figure 4.4. Test setu@and related equipment
4.4 Experimental Tests

In order to explore the functionality of-EREIs, performance tests are conducted in

the vertical and horizontal directions.
4.4.1 Failure Tests

Before defining the loadingcenarios in cases of vertical pressure and lateral cyclic
displacements, failure tests are conducted in order to determine the capacity of the
manufactured €&-REIls in both vertical and horizontal directions. In this regard, two
specimens are chosen totbsted under extreme loading conditions.

In order to evaluate the verticaliffnesscapacity of GFREIs, specimen F1 as the
worst case is selected since rubber layers with maximum considered thickness (4.5 mm) are
used. GFREFF1 is subjected to a maxum of 6.1MPa vertical pressurerigure4.5 shows
three stages of the tests in which the base isolator is subjecteM Ba, B MPa, and 6.1
MPa. At 3 MPa vertical load, rubber layers bulges but no failure wasesl. However,
when the pressuricreasd to 6.1 MPa, elastomeric layergncounteredan extra bulging
becausefibre-reinforced layers could not prevent them from extra deformation (see
Figure 4.5c). After removng the load, local delamination between CFR and rubber layers
and also complete detachments between rubber layers and steel supporting plates were

observed.
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(b) (©

3

Figure 4.5. C-FREI-F1 under vertical pssures of (a) 0 Ha, (b) 3 MPa, and (c) 6.1 Ba

To determine the capacity of-EREIs in the horizontal direction,-EREFC1 is
subjected to a lateral displacement equals to 200% of the total thickness of rubbet;layers (
24 mm) while a constant 1.5Md4 vertical pressure is applied to the base isol&tigure4.6
demonstrates different stages at which the shear strain, defined as the ratio of lateral
displacement to total thickness of elastomeric layers, increases from 100% to 200% and then
is removed. It is observed that at all shear strain levels (from 10@®0%), first and last
rubber layers are locally detached from the steel plates as a result of rollover deformation
happened in the laminated pad. In addition, at 200% shear strainFige® 4.6c),
delaminaton occurred between rubber layers difwle-reinforced sheets. Consequently, it
can be observed that when the lateral displacement reaches$-izene 4.6d), a permanent
deformation happened in the rubber beadng to a complete debonding between CFR and

rubber layers.

Figure 4.6. C-FREI-C1 under a combination of 34 vertical pressure and lateral displacements of
(a) 100%t,, (b) 125%t,, (c) 200%t,, and (d) 0%

Based on the results obtained from the failure tests, it was decided to limit the
maximum vertical pressure and the shear strain amplitude tBa3avd 100%, respectively,
in order to complete all tests scenarios without any global failurghould be noted that
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sincé\specimens-EREIs C1 and F1 encountered unrecovergble damage during failure tests

they canngt be used \n experimental tebtereover, pecimen CGFREFC2 was damaged

during \ shipping process and as a resuMagnot usel.
4.4.2 Vertigal ' Compression Test
4.4.2.1 Test Ryocedure

The objegtives of the\vertical compression tgst are to evalugte the vertical stiffness
and the vertical d&flection of rubber bearing. This test is perfor under load control since
the vertical force i
values of design vertital pressuRgp, including 0.7%, 1.50, and 3.00Pa (3.7, 7.4, and 14.7

gontrolleduying the tests. For/eachRR hree tests with different

kN) were conducted. EREI\s [paded monotonically 4 the design pressure. Then, three
fully reversed cycles wit ‘ variation of 20% g1 the design pressure is applied with a
frequency offy = 0.2 Hz. \Finglly) GFREI is mgriotonically unloadedigure4.7 shows the

. . 1l . .
behaviarr of pressure changes\versus timgtfoee considered design pressures.

4

18] \/
o 4 \
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Figure 4.7. Variation of vertical pressu ex, time for three design pressures

After conducting the vyertical tests, the\ Qperational characteristics including the
vertical stiffnessKy, the compressive modulu, a s\s maximum vertical deflection at
the design pressurep, are/ determined. According \ ation (4.1), the compressive
modulus can be calculated from the vettistiffness b'ne from the tegtdaeim and

Kelly, 1999)

o %20 (4.1)
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wheret; is the total thickness of rubber layers ads the crossectional area of thigre-

reinforced layer which is bonded to the elastomer.
4.4.2.2 Vertical Characteristics

In order to determine the vertical stiffnesswell as the maximum vertical deflection,
changes of vertical force are plotted versus vertical deflection for e&dREC Figure 4.8
depicts the corresponding restuibs three different pressure levels (0M%a, 1.5MPa, and
3.0 MPa). The slope of the dashed lines is the tangent vertical stiffnessF&¥EL at the

corresponding design pressufable4.2 represents the vertical operational characteristics.

18 ‘ 18
S 15 B S s
g 12 - a g 12
2 9 2 9
S 6 S 6
o o
2 3 S 3
0 (] i I ] 0 v A ]
0 0.4 0.8 1.2 0 0.4 0.8 1.2
Vertical Displacement (mm) Vertical Displacement (mm)
18 18
é 15 é 15
g 12 g 12
(@]
L 9 L 9
o 7]
> 3 - > 3 -
0 0.4 0.8 1.2 0 0.4 0.8 1.2
Vertical Displacement (mm) Vertical Displacement (mm)

Figure 4.8. Vertical forcedeflection curves und€.75MPa, 1.5MPa, and 3.0 NPa pressures;
(a) C-FREFA1,; (b) C-FREI-B1; (c) C-FREID1; (d) C-FREIE1

Results show that for all-EREIs, the vertical stiffness increases with increasing the

design pressure. This fact is due to, first, the stiffening of rubber layers and second, the
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presence of bdirectional carbn fibres. Elastomeric layers bulge under vertical pressure and

as a result lateral iplaneforces are applied to tH@re-reinforced layers in both directions.

When the vertical pressure increases, the transverse shear forces between rubber and
reinforcement layers caugibres to be stretched more tightly. Therefore, the vertitihess

of fibre-reinforced layers enhances due to the stress stiffening. The nonlinear respGnse of
FREIs in monotonic loading and unloading parts is mainly because ohdhknear
behaviar of elastomer under compression. When the pressure reaches the targe®p/alue,
before starting the cyclic variations, a creep happens IrCtR&EI. In fact, the vertical
deflection continues to increase under a constant vertical (laadthe design pressure).
Rubber bearings undergo a plastic deformation in the vertical direction as the pressure is

released in the unloading phase. Thghaviarr can be seen iRigure4.8.

Table 4.2. Performance characteristics offREIs in the vertical direction

C_FREI tr I:V I:)D KV EC m/
(mm) (KN) (MPa) (kN/mm) (MPa) (mm)

3.7 0.75 52.9 129.4 0.28

Al 12 7.4 15 61.7 151.0 0.37
14.7 3.0 147.0 360.0 0.50

3.7 0.75 24.7 90.6 0.63

Bl 18 7.4 15 38.9 143.1 0.89
14.7 3.0 56.5 207.7 1.17
3.7 0.75 28.5 122.0 0.47
D1 21 7.4 1.5 41.1 176.2 0.67
14.7 3.0 47.4 203.2 1.01
3.7 0.75 28.5 122.0 0.55
El 21 7.4 15 38.9 166.9 0.81
14.7 3.0 54.4 233.3 1.15

The maximum amount of the vertical stiffness, at@Ba vertical pressure, is 147
kN/mm for A1 which has the minimum total thickness of rubber layers (12 mm) among four
rubber bearings (se€able 4.2). When the total thickness of rubber layer increases, the
flexibility of C-FREI in the vertical direction increases and accordingly, the vertical stiffness
decreases. AlthougB-FREIsD1 and E1 have the same total thickness of rubber layers, the
effective vertical stiffness of E1 is higher than that of D1 since E1 is made of thicker carbon
fibre-reinforced sheetd;(= 0.75 mm). Therefore, increasing the thickness of reinforcement
layers causes an increase in the verstffnessof C-FREIs againsthe vertical compressive

loads. Variation of compressive modulus can be described similarly. E1 has higher total
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thickness of elastomeric layers and compressive modulus compared to B1. This fact can be
interpreted by consideringquation(4.1). Both C-FREIs have identical crossectional areas

while, E1 has a greaté&t which cause&y to increase. The vertical deflection goes up with
increasing both the vertical load and the thickness of rubber layers. The maximu

displacement reaches around 1.2 mm for B1 and E1 under a vertical pressufd 3.0
4.4.3 Lateral Cyclic Test

4.4.3.1 Test Procedure

Cyclic test is performed under vertical load control and horizontal displacement
control by applying a vertical pressure and lateyalic displacements simultaneously. The
horizontal stiffness and the equivalent viscous damping are two performance specifications
of rubber bearing evaluated through this test. The horizontal stiffness deteriénes
flexibility of base isolatom thelateral direction The equivalent viscous dampirgpresents
the <capability of the device in di ssipatin
elastomeric isolator.

While the GFREI is under a constant vertical pressure of BBa, the cyclic
horizortal displacements are applied. At each amplitude of horizontal deflection including
25%¢t,;, 50%t,, and 100%;,, three fully reversed sinusoidal cycles are applied at constant
horizontal rate ofVy = 20 mm/s. Variation of vertical pressure and cyclic honial
displacement versus time are demonstratétignre4.9a andrFigure4.9b, respectively.

N

@ % 6

3 50 -

Vertical Pressure (MPe¢
N
Horizotnal
Displacement (%)
o

0 10 20 30 0 10 20 30
Time (s) Time (s)

Figure 4.9. Input load in the cydt tests;(a) vertical pressuréb) cyclic displacementat
shear strains d5%, 50%, and00%
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Knowing that he effective horizontal stiffness of-EREIls, Ky e, IS a function of
shear strain and is calculated fréguation(3.10), the effective shear modulu§.s, at each
shear strain amplitude)( is computedaccording tdEquationg4.2) (Kelly, 1997)

0 [ o

O - (4.2)
0

A is the crossectional area of the elastomeric layer which is in contact witHibhe-

reinforced layer. The equivalent viscous damping of rubber be&imgdefined as a ratio of

the dissipated energy to the elastiergy restored in the-EREI (Naeimand Kelly, 1999)
Py

Do (43)

in which Uy is the energy dissipated per cycle and equals to the area inside the lateral force
deflection hysteresis curve in each cycle &hds the energy restored in the rubber bearing

measured according Equation(4.4).
Y S0 o3 (4.9

whereqavg = (Gax* [Gnin])/2.

In order to show the whole cyclic test for each specimen, four stages are selected as
shown inFigure4.10. At the first stage, the rubber bearing is subjected to a constant vertical
pressure. Then, the maximum lateral displacement during the cyclic sinusoidal deflections is
depicted at stages two, threed four by increasinthe shear strain amplitude from 25%o
100%t, while the vertical pressure remains constant.
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Figure 4.10. C-FRElIs under cyclicgsts at different shear straiiig) applying constargressurg
(b) shear strain of 25%c) shear strain of 50%4d) shear strain of 100%

4.4.3.2 Horizontal Characteristics

The operational characteristics ofRREIs are obtained from the lateral force
deflection hysteresis curves plotted at different amplitugiggire 4.11 shows the hysteretic
shearbehavious of four C-FREIs. Table4.3 represents the effective horizontal stiffness, the
effective shear modulus, the dissipated energy, and the equivalent viscous damping of C
FREIls at three shear strains. The energy dissipated-BREs is tabulated for one cycle at

each shear strain amplitudgy.
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Figure 4.11. Shear hysteretic response 6FREls at 25%, 50%;,, and 100%

Table 4.3. Horizontal operational characteristids@FREIs at three shear straimplitudes

o} Kh Gei Uqg Ue b

CPREl )  (kwimm)  (MPa) () @ ()
25 0.375 0.918 3.1 2.1 11.8

Al 50 0.287 0.702 8.2 6.3 10.4
100 0.239 0.586 18.3 16.3 9.0

25 0.226 0.829 4.8 2.9 13.1

Bl 50 0.177 0.649 11.3 7.1 12.6
100 0.128 0.471 31.1 19.5 12.7

25 0.203 0.869 4.9 3.5 11.1

D1 50 0.165 0.706 11.5 8.8 10.3
100 0.132 0.564 30.9 26.7 9.2

25 0.212 0.911 54 3.7 11.6

E1 50 0.170 0.731 12.3 9.3 10.6

100 0.135 0.578 33.1 27.6 9.6

4.4.3.2.1 Effective Horizontal Stiffness

By increasing the amplitude of lateral displacement, a nonlitelaviar is
observed in the hysteresis curvésg(re 4.11). The effective horizontal stiffness has a

decreasingate whenthe shear straimcreasesThis is mainly due to a nonlinear softening
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behaviar in elastomer as a result of the rollover deformatrdmich is demonstrated in
Figure4.12 for C-FREFEL, as an example. At high shear strams (100%), the top and
bottom rubber layers are detached from the steel plates. Unlike the steel shims used in the
conventional elastomeric isolatorfiyre-reinforced layers almost have no flexural rigidity

and as a result, they can be deformed under large lateral displacements. This deflection which
can be seen iRigure4.12, for all GFREIs, applies a peelff forcedue to the tensile stress at

the top and bottom rubber layers near the edgeerated from coupling moment at large
shear strainsUnder such a condition, the stress between the elastomeric layer and the
supporting steel plate exceeds the bondingngtth of the glue used for attaching the rubber

and steel and consequently, detachment starts to increase from the edges. Results show that
the local delamination due to the rollover deformation mainly affects the effective horizontal
stiffness of the bageolators.

Rollover deformation

Figure 4.12. Deformation of GFREFE1 under the maximum applied shear strain amplitude (100%)
and a vertical pressure of 3R

The reduction in the effective horizontal stiffness vifittreasing the shear amplitude
is mostly due to the decrease in the shear modulus of elastomer and the rollover deformation.
Figure4.13 shows the reduction in the effective shear modulus of natural rubberragiariu

of shear strain.
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Figure 4.13. Effective shear modulus decay versus shear strain for f6iREls

Rubber bearings D1 and E1 have the lowest effective horizontal stiffness since they
have the maximunamount of total thickness of rubber layet3 &émong four GFREIs. It
shows that increasing the thickness of elastomers increases the lateral flexibility of the
device. Increasing the lateral flexibility of the elastomeric isolator leads to an increhse in
fundamental periods of the isolation system and accordingly improves its performance in
regulating thebehaviaur of the structure by shifting its natural period. On the other hand, the
lateral flexibility of the base isolator should be greater thamiramum value determined
through a design process; otherwise, the device undergoes a permanent residual deformation
and cannot work efficiently under cyclic loads. In such a situation, by determining the lower
and upper limits of the horizontal stiffnegs the design procedure, the lateral flexibility
(inverse of the horizontal stiffness) can be maximized by increasing the total thickness of

rubber layers.
4.4.3.2.2 Energy Dissipation Capacityand Damping Ratio

Although the dissipated energy in all-RREls incrases with increasing the
amplitude of the lateral displacement, the damping rditiojecreases. This fact can be
clarified according to the definition of the equivalent viscous damping which is proportional
to the ratio of the dissipated energy to theaesl energyEquation(4.3)). Since the increase
rate of the energy restored in theFREIs is greater than that of the dissipated energy, the
damping ratio decreases as listedable4.3. Pinched hysteresis loops are another reason of
decreasing the damping ratichen the lateral displacemenincreasesPinching refers to a
behaviarr in which hysteresis loops get thinner in the middle due to a sudden reduction in the

stiffness caused by the delamination. Tiehaviar can be clearly observed in the hysteresis

75



curves inFigure4.11. When the lateral displacement increases to 10086(oE 100%), the
central part of the loopget thinner compared to the loops with a shear strain of 25%.

Increasingthe thickness of rubber layancreaseshe energiesvhich aredissipated
and restored by the base isolators. If the amount of energies for D1 and E1, havitg same
are compad to each other, it will be understood that E1 has a higher capability in
dissipating and restoring energy at all shear strain levels. The reason is that, E1 has a higher
thickness ofibre-reinforced layer (0.75 mm) compared to D1 (0.5 mm). It can leepreted
that, carborfibre-reinforced layers with almost no flexural rigidity are the second source of
energy absorption and dissipation due to their frictional damping as a result of interfacial slip
between carbofibres (Kelly, 2002)

Here, an importat finding is that the damping ratios ofRKREIs are larger than the
damping of the natural rubber itself. This is due to the type of the reinforcement and the
interaction between the reinforced plates and rubber layers. In fact, the additional amount of
equivalent viscous damping is attributed to the carflore-reinforced polymer composite
layers. The bdirectional carboriibre fabrics are bonded to the elastomeric layers using the
rubber cement (glue) which is considered as the matrix for the CFRB.|Ay&r curing, the
fibre-reinforced layer still has a specific amount of flexibility under shear forces. Therefore,
in addition to the frictional damping due to the slip betwébres, the matrix (the cured
glue) absorbs and dissipates a certain amofuahergy and as a result, the reinforced layers
can increase the damping ratio of the elastomeric isolator compared to a case in which rigid

steel shims are used.
4.5 Experimental Parametric Study

In this section, two operational characteristics éfREIs n the lateral direction, (the
effective horizontal stiffness and the equivalent viscous damping), are evaluated through
sensitivity analyses. Theertical pressure, the lateral cyclic rate, the number of rubber layers,

and the thickness dibre-reinforcedlayers are factors considered in the parametric study.
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4.5.1 Vertical Pressure
4.5.1.1 Pressure Sensitivity Test Procedure

The objective of the pressure sensitivity tests is to evaluate the effect of vertical
pressure on the effective horizontal stiffness and thevalguit viscous damping of the base
isolator. The horizontal stiffness is a measure of lateral flexibility and the equivalent viscous
dampingr epresents the capability of the device
order to explore the effect ofgssure on the efficiency of the devicdfedent cyclic tests
are performed by changing the vertical compressive loadRd, @ MPa, and 3 NPa) while
other parameters are kept constant. Cyclic tests are performed under vertical load control and
horizontd displacement control by applying vertical pressure and lateral cyclic
displacements, simultaneously.

In each test, while the -EREI is subjected to a constant vertical pressBrethe
cyclic horizontal displacements are applied. At each amplitude ozdmbal deflection
including 25%t,, 50%t,, and 100%;, (t; is the total thickness of rubber layers), three fully
reversed sinusoidal cycles are applied at constant horizontal Mte=d20 mm/s. Variations
of vertical pressure and cyclic horizontal glecements versus time are demonstrated in
Figure4.14a and b, respectivelit should be mentioned that at shear strain levels higher than
100%, unrecoverable deformations occuBashsequentlythe shear straiamplitude limited
t0 100% in all tests.
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Figure 4.14. Input loads in the cyclic tests; (a) variation of vertical pressure over time,

(b) variation of shear strain over time (25%, 50%, and 100%)
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For each GFREI, three lateral foredeflection hysteresis curves are presented for
three vertich pressuresFigure 4.15 shows the shedsehaviourof the rubber bearings at
different shear strains and pressure levels.
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