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ABSTRACT

The earthquakes of L’Aquila (2009) and Haiti (2010) showed, once again, the dramatic
consequences of setsmic events stoking brittle, heavy and poerdy constructed buidings.
Wotldwide, the high number of earthquake casualties still motivates structural engineers
to search for effective seismuc prevention technologies that can be adopted on a large
scale. This work is onented to introduce an mnovative base isolation systerm: Recycled
Rubber-Fiber Reinforced Bearings (RR-FRBs). These devices consist of several layers of
recycled rubber, and are reinforced with sheets of composite matenals. Compared to
traditional tubber isclators, the weight and the cost are reduced by using fiber-
reinforcements, no end-plates, and no bonding to support surfaces. The use of a flexible
reinforcernent, together with the absence of any constraint to the support surfaces,
eliminates the presence of tensile stresses in the beanng under shear actions. Thus allows
using a low quality rubber, as the one obtained from exhausted tyres or industmal
leftovers. These materials are available everywhere m large quantities, they are
mexpensive, and can be easily transformed with sunple industoal processes.
Consequently, RR-FRBs are a very low-cost technology. With the scope of assessing the
use of RR-FRBs for seismic protection of buildings, this dissertation presents a
comprehensive theoretical and experimental study. Firstly, closed-form expressions
describing the compression and shear behavior of RR-FRBs are analytically obtained
based on linear-elastic theory. These solutions are meant to be applied as design formulas
for the devices. Finite Element Analyses (FEAs) are then performed, and the results are
used as benchmark for the analytical expressions. A third phase of the research i1s
dedicated to the expemmental charactenization of the recycled rubber. Based on derived
material properties, analytical and FEAs results, prototypes of RR-FRBs are designed,
manufactured and tested. The acquired knowledge of the behavior of the bearings is used
to analyze a case study. Inelastic time-history analyses are performed on a prototype
representing a common residential building typology. Numerical results show the high
potential of such low-cost 1solators in reduang the seistruc damage to housing structures.
It is hoped that the outcomes of this research could contonbute to mtigate human life

losses in developing countries located in earthquake-prone regions of the world.
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LINTRODUCTION

1.1 MOTIVATION

Many large urban areas, especially in developing countries, are extremely vulnerable to
setstmic events. Every day new housing buildings need to be constructed in nations with a
significant population growth. Moreover, old existing builldings are generally vulnerable in
case of an earthquake. Only to provide an example, cities such as Istanbul, Tehran, and
Lima have thousands of buildings that were designed only for gravity loads, with no
spectfic provisions for lateral loading, In historic downtowns, masonry buildings m the
range of two to six stories are very commorn. Most of these structures have been
constructed prior to the introduction of modern setsmic codes. Some of them are
valuable buildings and cannot be demolished and replaced. Retrofitting them by
conventional methods would be costly and highly distuptive.

Based on these considerations, it 1s deemed that the mtroduction of a low-cost
seistic 1solation system can have a very high timpact on the sodety. In fact, technology
that can be easily produced by a relatively simple manufacturing process would stimulate
base isolation applications for new censtructions, as well as for the retrofiting of existing
buildings.

1.2 OBJECTIVES AND SCOPE OF THE RESEARCH

Seismic 1solation technology 1s currently applied mainly to computer centers, clup
fabrication factories, emergency operation centers, and hospitals. The isolaters used in
these applications are expensive, large and heavy. In some cases an individual device can
weight more than one ton. To significantly extend to housing, schools, and commercial
buildings this valuable earthquake-resistant strategy, it 1s necessary to reduce the iselators’
cost and weight. The prmary weight i an isolator 1s due to the reinforcing steel plates,
which are used to provide vertical stiffness. A typical rubber isolator has two large
endplates (thickness around 20 mm), and several thin reinforcing plates (thickness arcund
2 mm). The high cost of producing conventional devices results from the labour mvolved
in preparing them. In fact, the steel plates need to be bonded to the rubber layers with a
vulcanization process. The steel plates are cut, sandblasted, aad cleaned, and then coated

with a bonding compound. Next, the compounded rubber sheets with the mnterleaved
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steel plates are put mto a moeld and heated under pressure for several hours to complete

the manufacturing process [Gent 2001].

The main concept behind the research work herein presented is that the weight

and the cost of an 1solator can be diminished by eliminating the steel reinforang plates

and replacing themn with fiber reinforcernent. The novel idea 1s that a further substantial

cost reduction is possible by using a recycled rubber compound as the one obtained by

exhausted tyres or industnal leftovers. An mnnovative technology 1s therefore presented in
this dissertation.

Dufferent are the scopes of this work.

To mntroduce RR-FRBs as a cost-effective alternative to conventional existing
devices.

To provide practical analytical tools for the study of RR-FRBs’ mechanics.

To assess the performances and the characteristics of RR-FRBs by means of
Finite Element Analyses (FEAs), also for a comparison with the results of the
developed analytical models.

To determine recycled-rubber matenial properties with a campaign of laboratory
tests.

To conduct experimental analyses on real-scale RR-FRBs prototypes in order to
determine the optimal configuration in terms of rubber compound and
composite materials used for reinforcement.

To assess the suttability of the proposed technology to decrease the seismic
demand on a residential building,

The above objectives are achueved by:

a)

b)

reviewing charactenstics of existing rubber devices and comparing themn versus
the innovative ones;

deriving closed-form solutions for the compression and shear behavior of
flexible remnforced rubber bearings. The obtained solutions are based on
prmnciples of mechanics of solids, and represent a generalization of the classical
theory currently used to describe the steel-reinforced 1solators;

performing advanced numerical analyses of rubber beanngs with flexible
reinforcement. The simulations are carried out with the general-purpose fimite
element program MSC.Marc 2005 [MSC.Software 2004];

implementing an expermental campaign for tensile and shear tests of several
recycled rubber compounds. The different rubber mixtures vary in density,
chermical formulations of rubber aggregates (from tyres: SBR - Styrene Butadiene
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Rubber; from industmal leftoverss EPDM - Ethylene Propylene Diene
Monomer), and physical configurations of the rubber particles (fiber, grains);

e) evaluating the possibility of substituting the epoxy resmn of Fiber Remforced
Polymers (FRPs) with a polyurethane matrix, as this is a common binder for
recycled rubber;

f)  implementing a testing program on bearing prototypes. Specimens are realized
with different combinations of dimensions, rubber mixtures, number of layers,
reinforang materials (Carbon and Glass FRPs);

g} carrying out tune history analyses of a building isolated with traditional and
mnnovative bearings to compare the setstnic dernand on the superstructure for the

different cases.
1.3 OUTLINE OF THE WORK

The report 1s organized into nine Chapters, whose contents are boefly herem described.
A graphical representation of the structure of the thesis 1s reported in the flow chart of
Figure 1.1.

The first Chapter dlustrates the objective and scope of the study. It gives the
general background motivation for a comprehensive study on RR-FRBs and illustrates
the methedology developed in the research.

Chapter 2 presents a synthetic overview of base 1sclations concepts. Traditional
devices charactenstics are described, together with the innovative features of the
proposed bearings.

Atming to describe the behavior of FRBs in compression, in Chapter 3 simplified
analytical models are proposed. The framework of the theoretical models is the well-
known pressure solution proposed by Kelly in several works {eg,[Kelly 1999], [Kelly and
Takhirov 2002]). In these works, sclutions are given for pads of stop and square shape in
compression. In the Chapter an extension of the formulations is proposed for circular
beanngs and for pads of genenic shape. It is also shown how each formulation can be
derived starting from the generic shape case. Theoretical solutions for strp shape and
squate beanngs are re-arranged in order to propose consistent formulations and
strnilarities 1 the results with different shapes models.

The FEAs of Chapter 4 are used as benchmark of the theoretical formulations
for bearings of different shapes and dimensions both under compression and shear.

The theoretical solutien for shear 1s presented in Chapter 5. In this section
design formulas for determining FRBs’ dimensions are also provided.

Chapter 6 presents the results of an extensive experimental campaign on rubber
and FRPs. Tests were performed to charactenize the behavior of recycled rubber in

tension and shear, Moreover, also fiber reinforcerment were tested especially to investigate
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the possibility of substituting the, commonly used, epoxy matrx with a pelyurethane
binder.

The manufacture of real RR-FRBs prototypes and their testing is described in
Chapter 7, wherein the behavior of bearings with different reinforcements, rubber types
and geometries 1s analyzed m compression and shear.

A case study of a residential building application for seismic isolation is illustrated
in Chapter 8. The buillding, already described in a previcus PEER report by Tamwangsa
and Kelly [1996], 15 used as benchmark in this research. The performances of the building
with different base-solation configurations are investigated. The companson 1s made
between the structural demand reductions obtaned by Laminated Rubber Bearings
(LRBs), Friction Pendulum System (FPS) and RR-FRBs. The numerical assessment
indicates a very satisfactory performance of the proposed bearings.

Finally, Chapter 9 surmumnarizes the most mmportant results for the research.
Conclusions are presented, as well as considerations and suggestions for further research

and future developments.

Parts of this orgmnal research have been already published in scientific wotks., The
formulations proposed in the Chapter 3 have been presented in [Calabrese ef af. 2012],
while the content of Chapters 3, 4 and 5 of the thesis has been published as a Pacific
Earthquake Engineering Research (PEER) Report by Kelly and Calabrese [2012].
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2.BASE ISOLATION: A BRIEF INTRODUCTION

2.1 INTRODUCTION

As an engineered application, base isclation is a relatively recent achievement. In fact,
even if the possibility of decoupling the motion of the upper structure from the ground
motion was supposed by different ancient civilizations, the first modern and scientific
applications of the technology were realized only about fifty years ago [Kelly 1997]. In
this Chapter are briefly covered the main concepts related to the seisrmuc protection of the
structures by base isolation. Basics theoretical principles are reported, together with a

descrption of the devices commonly in use.
2.2 PRINCIPLES OF BASE ISOLATION

A detaled discussion of base isolation theory i1s given in several well consolidated
references, (eg,[Naein and Kelly 1999]). For this reason, in this paragraph only a few
concepts are recalled. It is also noted that, despite wide varation in details, base 1solation
techniques basically follow two approaches.

The first approach consists in the introduction of an isolation layer with low
honizontal stiffness. This layer is comrneonly placed between the structure and the
foundation. The effect of a low honzontal stiffness at the isolation level is the decoupling
of the building response from the honzental components of the ground motion. As
result, an 1solated structure has a first dynamic mode invelving only deformation at the
solators level, the structure above being nigid. The higher modes do not participate in the
motion as they are orthogonal to the first mode and to the ground motion. An
tmplication of this dynarmic behavior 1s that the energy content at high frequencies of
selstmic events cannoet be transmitted mto the structure. For the concept expressed, base
solation is not based on energy dissipation, but rather on energy deflection. Generally,
the effects of base isclation are described by analyzing the dynamic behavior of a two-
degrees of freedom system, as the one represented m Figure 2.1. The mass of the

superstructure of the system is 22, and the mass above the isolation level 15 #22,. The
stiffness of the structure 15 £, and its damping s ¢, . The stiffness and the damping of
the isolation layer are £, and ¢, . Assuming that = <, but of the same order of

magnitude, in the hypothesis of
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o, [ =0(107) (2.1)
where
£ £
a)f e a)f == (2.2)
+ 772'5 i

and considering a systern with low damping, the uncoupled medal equations of motion

can be derived. From the equations of motion, base isolation displacernent and mterstory-

drift can be easily obtained [Naeiun and Kelly 1999].

= = ::_
| FEEEEEETTEET TR

In the previous assumptions it 1s demonstrated that, for a typical design spectrum, the

1solation system can be designed for a relative base displacement of 55 (a){;)ﬁ;,)fmd the

building for a base shear coefficient of & , (m&,ﬁb’ ), where

£y

B, (2.3)

2w, (m + a2, )
When compared to the fixed base case, for a constant veloaity spectrum, the reduction in
base shear is equal to the frequencies ratio @, /a); . Moreover, 1t 15 also demonstrated that

the first frequency of the two-degrees of freedom systermn 1s almost equal to @, .

[t 15 important to mention that base 1solation works for linear systems also if they are
undamped. Damping s needed only to control a possible resonance at the isclation
frequency and to reduce the honzontal displacernents of the isolators. Moreover, it 1s
analytically and experimentally demonstrated that when additional damping 1s added to
the 1solation system, the increased energy dissipation does not always lead to a decreased

response of the structure. On the contrary, high energy disstpation at the 1solation level
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induces acceleration in the higher modes of the system. An high level of damping is not
only unnecessary for base isolation, but also detrimental [Kelly 1999].

The second approach commonly used for base isolation consists in limiting the
shear force transmitted to the structure across the isolation interface. This 1z done using
sliders with a low lewel of friction. Howewver, friction must be significantly high to sustain
wind loading and small earthquakes without sliding. In this type of isolation systemn, the
sliding displacements can be controlled by using a concave sliding surface or by laminated

rubber bearings.
2.3 BASE ISOLATION COMPONENTS

£ variety of seismic isolation beatings have been developed and implemented over the
years. Most common bearings can be classified into two typologies: (a) elastomeric and
(b) sliding. For both categories, this section briefly illustrates the main characteristics of

the devices.
2.3.1 Rubber Bearings

£omabber bearing consists of a rubber block reinforced with many thin steel shims and

two thick steel endplates (Figure 2.2).
Bclt heles Inner mabber
Se : ‘ /
- Remnforaing steel plate

7
/ ,/,x

Cover mubber

~ Flange plate

Figure 2.2 Schematic of Laminated Rubber Bearing.

These devices have a large field of applications. They are used in mechanical and
autormotive engineering for wibration control and in civil engineering for seismic isolation,
vibration control and for the realization of expansion joints. Their invention is due to the

famous engineer Eugéne Freyssinet (1879-1962) that obtained a patent in 1954 for the
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technology [Freyssinet 1954]. The essential charactenstic of the elastomeric 1sclators is
the very large ratio of the vertical stifftness relative to the honizontal stiffness. This feature
15 given by the remnforang plates. Such plates prevent lateral bulging of the rubber, but
allow the rubber to shear freely. The steel reinforcement also provides enhanced
resistance of the iselator to bending moments, usually referred to as the “tilting stiffness™.
This important design quantity makes the isolator stable also for large vertical loads [Simo
and Kelly 1984]. Commonly the layers of rubber have thickness mn the range of 3 to 10
mm and the steel plates of 2 to 5 mm. A rubber cover 1s provided to protect the internal
rubber layers and steel plates from environmental degradation [Lake and Lindley 1967]. A
characteristic of these isolators 1s the shape factor 5, defined as the ratio of the loaded
area over the free area. For circular 1solators the usual shape factors value are in the range
of 30 to 40, with maximum values of 45. In Japan are generally used devices with larger
shape factors than in other countmes [Pan ef @/ 2005]. This 1s pomary done for the
purpose of avoiding buckling in large deformations, and to ensure large vertical stitfness

in order to minimize overturning effects. The second shape factor, S, , for a circular

bearing 1s generally around 5. For a arcular device, £, is the ratio of the diameter over
the total thickens of the elastomer.

The key parameters i the design of laminated-rubber beanngs are the gravity
load carrying capacity, the lateral stiffness and the maximum achievable lateral
displacement. For the carrying capacity, the vertical loads induced by the displacernent of
the structure need to be considered. The stifftness of the beanngs directly influences the
natural pericd of the structure. The maximum lateral displacement is lhimited by the
overall stability of the device or the allowable strain in the elastomer. The horizontal
stiftness and buckling of the steel reinforced isolator 1s modeled by an equivalent beam
theory. This model assumes that a bearing with many discrete pads can be 1dealized as a
continuous composite beam. The plane sections normal to the undeformed axis are
considered to remnain plane but not normal to the deformed axis, given the very low shear
stiffness of the rubber and the flexural nigidity of the steel reinforcernent.

The main drawbadlks of this technology are 1ts high production cost and the large
weight of the devices. The latter 15 due to metallic shums and end plates. The high cost
results from the labor invelved in prepating the steel plates and the assembly of the
rubber sheets and steel plates for vulcanization bonding in a mold. The steel plates are
cut, sandblasted, acid cleaned, and then coated with a bonding coempound. Next, the
compounded rubber sheets with the interleaved steel plates are put into a mold and
heated under pressure for several hours to complete the manufacturing process.

Manufactures offer different types of rubber in terms of shear modulus, usually
from 0.35 to 1MPa. The design maximum shear strain is set to about 250% to 300%. The
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dependency of vertical and lateral stitfness on creep, aging, vertical stress, shear strain,
temperature, load history, frequency of loading cycles 1s verified by test senes (eg,[Kelly
and Quiroz 1990]). For rubber beanngs are used natural or synthetic elastomers. The
rubber and consequently the beanngs can be categorized as: (a) low-damping; and (b}
high-damping.

Low—damping natural rubber bearings exhibits nearly linear shear stress-strain
behavior up to, approximately, 150% shear stramn. For these devices the energy
dissipation 1s proportional to the velocity, therefore they can be modelled by equivalent
viscous damping. The damping ratic for beanngs used i bndge engineenng 1s commenly
in the order of 5% to 10% of the critical at 100% shear strain. Given their quasi elastic
force-displacement relationship, the devices are usually assumed to have recentenng
capacity and almost constant stiffness. Typically, supplemental damping devices are used
1 parallel with low-damping natural rubber bearings to limit the displacements.

Modern high-damping rubber bearnings can produce damping up to 25% of
critical at 300% shear strain [Pan e @/ 2005]. This 1s cbtained using special dissipative
tubber compounds. However, high-damping rubber 1s more susceptible to property
changes dunng cyclic loading and to aging effects. Different models to capture the by
directional behavior of high damping laminated rubber bearngs have been proposed
(¢.g.,|Grant ef a/. 2005]).

Another common rubber device 1s known as Lead-Rubber Bearing (LRB). This
system was first introduced and used in New Zealand 1 the late 1970s [Robinson 1977]
[Robimsen 1982]. A common force displacement loop for LRBs 1s depicted in Figure 2.3.

\
Lead Rubber Bearing
e
=,
8
G
[
-100 i i i | i
-6 -4 -2 0 2 4 6
Displacement (in)
Figure 2.3 Hysteresis loops for a Lead Rubber Bearing (Courtesy of Prof. J.M.Kelly,

University of California, Berkeley).
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The construction process of lead-rubber bearmgs differs from rubber bearings only by a
lead-plug that is press-fit into a central hole in the bearing, The plastic shear deformation
of the lead plug dissipates energy, enhancing the dissipation capabilities of the device. In
tact, lead behaves approzimately as an elasto-plastic solid and yields m shear at a stress of
about 10MPa. As shown i Figure 2.3, the energy dissipation mechanism is prirnary
hysteretic. In Section 8.3 a hilinear model for LRBs is discussed and used for the

preluminary design of a structure with different 1solator configurations.
2.3.2 Friction Pendulum System

The FPriction Pendulum System (FPS) 1s a fricion-type sliding device. It consists of a
single articulated shider moving on a concave surface. Figure 2.4 15 a sectional view of a
FPS bearing. The system uses gravity as restoring force. An high mutial lateral stiffness
before shiding has to be provided to resist wind loads. The main charactenistic of a FPS 15
that the 1solated period is only dependent on the curvature of the surface, and 1t is not
affected by the weight of the superstructure. The trutial stiffness significantly decreases
once shiding 1s mitiated. However, in order to reduce mitial lateral stiffness values, that
may promote higher modes vibration, FPSs can also be mounted on top of rubber
bearings. The coeflicient of friction depends prirnary on the vertical pressure and sliding
veloaities. It decreases with vertical pressure while the dependence on sliding veloaities 1s
less significant and tends to stabilize for velocities not smaller than 0.1m/s [Pan ef 4.
2005]. The single pendulum bearing mantains constant friction, lateral stiffness, and
dynarnic period for all levels of earthquake motion and displacements. A bilinear model
for FPS bearings 1s discussed in Section 8.3 for the study of a prototype building 1solated
with different devices. A larger displacernent capacity for these devices can be aclueved
by mcreasing the concave surface dimensions, but this causes a substantial cost increase.
To reduce the cost and the dimensions of FPSs, evolutions of the technology have been
proposed and validated. For mstance, the double frictien pendulum systern introduced by
Constantinou [2004] consists of a combination of two friction pendulum systems. More
recently other shding surtfaces have been added to the system, the result is the Tple
Fricion Pendulum (TFP). A 3D view of a TFP bearing is shown in Figure 2.5, In the
triple pendulum bearing, the three pendulum mechanisins are sequentially activated as the
earthquake motions become stronger. Small earthquakes and high frequency ground
moticns are absotbed by the inner pendulum. For stronger earthquakes, both the bearing
friction and perod increase, resulting in lower bearing displacernents and lower structure
base shears. For the extreme events, both the bearng [nction and lateral stiffness
increase, reduang the beanng displacement. This behavior 15 obtained by using different
radi of the sliding surfaces and ditferent coetficients of friction. For a severe event, the

plan dimensiens of a triple pendulum bearing can be up to 40% of an equivalent single
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surface device. Different models have proposed and expedmentally validated to descrbe
the nonlinearities and the kinematic of TFP bearings (pg. [Becker and hizhin 2012)).

slider

/
Lﬂ Enclosing

- cyhnder
- ""-ﬁ\\k‘
Concave .
; Beanng
S1LILace mateﬁal
Fioue 2.4 Schematr ®presemtabon of a Focton Penduhm System (FPS) bearmg,

TDP plate —

Asticulated slider '---...________-*

Innerslider

Bottom plate

Fioume 2.5 Three dinensonal wew of a Tople Foction Pendulum { TFP) bearmg { fom [D a0
er af, 2015.]).

23.3 Fiber Reinforced Bearings

£ Fiher Reinforced Beatring (FRE) in its displaced confisuration is showm in Figure 2.6,
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A FRB is a rubber device where the traditionally used steel remnforcernents are replaced
by fiber layers. These devices have been used mainly as bridge expansion joints. Studies
on this technology started soon after World War I as a consequence of the need for a
new generation of brdge bearngs. In fact, the widespread use of bridges with long
frammes or curved and skewed structures increased the demand of structural devices
leading to the development of more performing structural bearings [Caltrans 1994]. The
experimental behavior of FRBs is been investigated by Kelly and Takhirov [2002]. A
conclusion of the experimental campaign was the need of further studies to assess the
possibility of using FRBs as seismic devices for base isolation of residential buildings in
less develeped countoes. In fact, the main advantages of tlus technology are a lower
weight and a lower cost when compared to more common rubber isolators. These two
characteristic are very advantagecus in order to promote setstmuc 1solation applications on

large scale.

Top plate

Fiber reinforcement
Rubber layer

Bottom plate

Figure 2.6 Displaced configuration of a Fiber Reinforced Bearing (Courtesy of Prof.
J.-M.Kelly. University of California, Berkeley).

For FRBs, the weght reduction s possible by using composite fiber matenals for the
reinforcement layers. These materials have an elastic stiffness that is of the same order of
the steel one, but they have a much lighter weight. The cost saving is due to a less labor-
mntensive manufacturing process (compared to the one needed to produce traditional
rubber bearings) which 1s allowed by the use of fibers. Another benefit of using fiber
reinforcement 15 the possibility to build isolators in long rectangular strps, whereby
mdividual isolators can be cut to the required size. In fact, all isolators are currently
manufactured as either circular or square in the ristaken beliet that it the 1solation system
for a building is to be sotropic, it needs to be made of symmetncally shaped 1solators.
Moreover, in some cases, rectangular isolators in the form of long strips would have
distinct advantages over square or crcular isolators. For example, when 1solation is

applied to buildings with structural walls, additional wall beams have to be used to carry
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the load from isolator to iselator. With rectangular shaped devices, it could be possible to
build the structural walls directly on top of the bearngs, avoiding the use of connection
beams. Moreover, thanks to the fiber remnforcement, FRBs could be easily cut to the
required shapes and dimensions. In this way rectangular bearings could be obtamed by
long rectangular strips, and this 1s another sigmificant economic advantage for the
industrial production of these devices.

In FRBs, the fiber reinforcernent is made up of many individual fibers grouped
in strands and coiled into a cord of sub millimeter diameter. The cords are more flexible
in tension than the individual fibers; therefore, they can stretch when the beanng is
loaded by the weight of a building. On the other hand, they are completely flexible in
bending, so the assumption made when modeling steel remnforced isolators that plane
sections remain plane no longer holds. In order to predict the vertical stitfness, the stress
distribution in the reinforcing layers and the deformation under loading of FRBs, the
extensional flexibility of the fiber reinforcement needs te be incorporated into the
theoretical solutions.

In this work the use of recycled rubber for a further reduction of the production
costs of FRBs 1s proposed and investigated. Analytical models for the description of
FRBs in compression (Chapter 3) and shear (Chapter 3) are numerically {(Chapter 4 and
Chapter 8) and experimentally validated (Chapter 6 and Chapter 7).



3. FLEXIBLE REINFORCED BEARINGS UNDER
COMPRESSION

In this Chapter, the behavior of Fiber Reinforced Bearings under compression is
descrbed. A simplified solution 1s given to determine the vertical stiffness, the stress in
the remforcing layers and the deformation in the elastomer. The theoretical sclution
mncludes compressibility of the rubber and stretching of the reinforang layers. A solution
ts derived for stop, circular and rectangular isolators. It is alse shown a theoretical
formulation for pads of generic shape, from wlich all the other cases can be denved. The
results of the theoretical models are compared to Finite Element Analyses in Chapter 4.

3.1 INFINITELY LONG STRIP ISOLATORS

3.1.1 Equilibrium in Elastomeric Layer

A layer of elastomer in an mfinitely long, rectangular isolator 1s shown in Figure 3.1, The
elastomeric layer has a width of 2b and a thickness of £. The top and bottom surfaces of

the layer are perfectly bonded to flexible reinforcements that are modeled as an
equivalent sheet with a thickness of Z,. A coordinate system (x, y,f{) 1s established by
locating the origin at the center of the layer and the y coordinate direction is attached to

the mfinitely long side. Under the compression load P i the g direction, the

deformation of the elastormer is in a plane strain state so that the displacernent

component in the y direction vanmishes. The displacement components of the elastomer
in the » and 7 coordinate directions, denoted as # and w, respectively, are assumed to

have the form
4z2
u(x,f{)zuo(x)[lt—szr ul(x)
(3.1)
w(x7)=»(3) (3.2)
In Equation {3.1), the term of #, represents the kinematic assumption that
vertical lines in the elastomer become parabolic after defommation; the honzontal

deformation is supplemented by additional displacement #,, which 15 constant through
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the thickness andis intended to accommodate the stretch of the reanforcement. Equation
(3.2) represents the assurmnption that horizental planes in the elastomer remain planar after
deformation. The elastorner iz assumed to have linearly elastic behawior with
incompressibility. The assumption of incompressibility means that the summation of
notmal stran cotnponents 1s negligble and produces a constraint on displacements in the
torm

+w =0
P T ¥ (3.3)

whete the comimas itnply partial differentiation with respect to the indicated coordinate.
substitution of Equations (3.1) and (3.2) into the above equation gives

4:7‘_2
 , {1—?J+ wtw,= ]

(3.4)
Integration through the thickness of the elastomer from 7= —#{2 to g =#f2 leads to
3 3
Hﬂ,x +_H1,x = _E"r
2 2 (3.5)

in which £, 15 the nominal compression strain defined as

A

¢ (3.6)

Figure 3.1 Infinitelr bbng ectangnlar pad showing dimensions.
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The stress state in the elastomer 1s assumed to be domnated by the internal pressure p,

such that the normal stress components 7__and T, are assurmed as

(3.7)
Under these stress assumptions, the equilibrium equation of the elastomer in the »x

direction

2K, s (38)
1s reduced to

7P,x g sz,z =0 (39)
The assumption of linearly elastic behavior for the elastomer means that

L= G(h‘:z + w:x) (3.10)

with & being the shear moedulus of the elastomer. Using the displacement assumptions
i Equations (3.1) and (3.2), the above equation becormes

7, =—8Gu, ~
? (3.11)
which gives, from Equation (3.9),
_ 8G
e t_z%

(3.12)
Differentiating the above equation with respect to x and then combining the result with

Equation (3.5) to eliminate the term of #, _, we have

L 12G

P =T (k1 =2.) (3.13)

3.1.2 Equilibrium in Reinforcing Sheet

The deformation of the elastomeric layers bonded to the top and bottom surfaces of the

reinforang sheet generates the bonding shear stresses o, on the surfaces of the
reinforaing sheet, as shown in Figure 3.2.

In an infinitesimal width of the reinforcing sheet, g, the internal normal force
pet umt length in the x direction, I, 1s related to these bonding shear stresses through
the equilibrium equation

dr, + {crxz ¢ — O,

L Y
3

)
o2 (3.14)
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The shear stresses acting on the top and bottom surfaces of the reinforcing sheet

can be derived from Equation (3.11)

_ 8¢ = 8 o
=y =_i__ i Ets =i:__ 0
e ; i 2f (3.15)
Substitution of these into Equation (3.14) gives
3=
‘F;x = __‘&rﬂ
! (3.18)

The displacement in the reinforcement is related to the internal normal forces through
the linearly elastic strain-stress relation such that

Iz
tf2 o
12 G F(x)
t, 5
O-XZ
Figure 3.2 Forces in reinforcing sheet bonded to layers of elastomer.
o s ol
A
Brle

(3.17)

where Ef iz the elastic modulus of the reinforcement, and F is the internal normal

force per unitlength in the y direction. Combined with Equation (3.16) gives

_ 8
# s Ef‘ff‘f #
(3.18)
The complete system of equations is
_ B,
T eE

; (3.19)
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3 34
”O,x + _ﬂl,x -
2 21 (3.20)
838G
”1,3:3: :7E ; t’uo
77 (3.21)
with boundary conditions or symmetric conditions as follows
#(0)=0 (3.22)
s Q= (3.23)
. ($8)=0 (3.24)
F(£8)=0 (3.25)
Combiming Equation (3.20) and Equation (3.21) to eliminate #,, gives
12¢& 12G A
”1,xxx = ”‘l,x = i
Efl’fi Efiff £ (3_26)
We define
12GH°
“= E. t.¢t
7 (3.27)
leading to
2 : A
—u, = A+ Beoshaxfb+ Csinhoxfb+—x
3 ? (3.28)
Symimetry sugpests that A= 0, B=0 , giving

) Z
#, = Csinh Oﬁx/b + =0
¢ (3.29)
From Equation (3.17) we have

o A
F=Ewm,=E, [?C cosh ch/bJr?}

(3.30)
which with F=0 on x=2# leads to
A h b
F(x):—Efi (1MJ
f cosha (331>

The force and the displacement patterns for the reinforcement and the force in the

reinforcement for varicus values of « are shown in Figure 3.3 and Figure 3.4. As the
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reinforcernent becomes more flexible, the displacerment tends to be almost linear in x

and the force 1s almost constant.
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Figure 3.3

Displacement pattern for fiber reinforcement for various values of o

Figure 3.4
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3.1.3 Solution of Pressure and Effective Compressive Modulus

Equation (3.30) with ' =0 on x =%/ leads to

A[ bsinhax/b]
ul(x):— x——
i & cosha (332>
3 Absinhos/b
;,O(x):;—/
o cosh o (3.33)

Also, using Equation (3.13) and the boundary condition 7, =0 at x =% gives
A E.z; [1 coshax/bj

z 7 COSh(X (334)
The load per unit length of the stup, P, 1s given by
T Eftf 2-5[[1 coshiﬁx/bjdxé:
! 0 cosnd £ (3 35)
2E. ¢ '
:#b((x—tanhoc)é
(243 z

This result can be mterpreted as an effective compression modulus, £, , given by

E .z
Ezii— ff{l_tal’]ha}

We note that when @ — 0, ‘e, Ef — 0, we have E, — 4GS as for rigid remnforced

bearing, The formula also shows that E, < 4GS8? for all finite values of Ef.

The effect of the elasticity of the reinforcement on the vanocus quantities of
interest can be ilustrated by a few examples. We normalize the compression modulus,
E,, by dividing by 4GS ‘. giving from Equation (3.36)

E 3 (1tanha]
94

4G52 - 052 (337)
which is shown in Figure 3.5 for 02 £5; note how the stiffness decreases with

decreasing E e
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E /4652

Figure 3.5 Variation of effective compression modulus with &% in infinitely long strip pad.

3.1.4 Flexible Reinforcement and Compressibility

In cases of large shape factors, to estimate E, including compressibility in a manner

consistent with the assumptions of the previous analysis, the equation of

mcompressibility is replaced by

o + g{z = 72
K (3.38)
where K is the bulk modulus. Integration through the thickness leads to
_ﬂO,x -+ ﬂl,x +%: 6'5

(3.39)
This 15 then supplemented by the same equation of stress equilibrium and by the equation
for the forces in the remnforcement. The system of equatien for the combimed effects of

reinforcement Hlexibility and compressibility is now

_ 8Gny,
U (3.40)
8Gu,
ul,xx =
Efifi

(3.41)
Vi

_”O,x Jrfffo +E: g,

(3.42)
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Two dunensionless parameters, a=1/12sz/Eftft and ﬁ:\f12Gb2/Ktz , deterrmine

the comparative significance of flexibility in the remnforcement and compressibility in the

elastomer.

In terms of & and £, Equation 3.40 and Equation 3.41 become

ﬁj :352%52
(K w3 (3.43)

" = —£a2ﬂ0/b2
3 (3.44)

Datferentiation of Equation 3.42 once and substitution of p and # from Equations 3.43

and 3.44 gives
(052 + [i’z)
#y e ———#; =0
b (3.45)
from which we have
#, = Acosh A".x/b+BsinhA".x/b (3.46)
where
V=a'+ (3.47)
In turn, using Equation 3.40 and Equation 3.41 gives solution for p and # i the forms
20° 2 o
= f—a—ZA cosh Asc/b + f—a—ZB sinh Ascfb+ Cyx+ D
34 34 (3.48)
and
2 5 25"
2 f—ﬁ—A sinh Aox/b + f—ﬁ—B cosh Axfb+C,
K 3 b 3 Ab (3.49)

The constants of mtegration are, of course, not mdependent of each other but are related

through the basic equations. Substitution of three solutions into Equation 3.49 gives
2 A )
g;(Asmh A".x/b + Bcoshﬂ.x/b)+

2
—%%(Asinhﬂx/b%—Bcoshﬂ.x/b)—

5 3

+C| — —ﬁ—(Asinh ﬁ,x/bJr Bcosh ﬁ,x/b) +C,=¢€,
3 A (3.50)

The coefficients of sinh ﬁx/b and cosh ﬁx/b varush and the resultis C, +C, = ¢, .
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For the particular problem of compression of the strip it 1s convenient to use the
symmetry of the solutions. Thus #,and #» are anti-symmetric and p 1s symmetric on
—b S =+b . Tt follows that A=0and D=0 gving

#, = Bsinh A".x/b

(3.51)
>
= —Ea—EB sin Aecfb+ C,
= (3.52)
2
2. _Eﬁ—Bcosh/'I,x/b+ g~
- 7 (3.53)

The boundary conditions for B and C, are that the pressure p at the edges x==%5 is

zero and that the stress in the reinforcement Ef”1 . also vanishes at the edges. Thus

7 o2
B - C, =0
3 b (3.54)
5 g2
f—ﬁ—Bcoshﬁ,f C,=-¢,
5 Ab (3.55)
giving
3 A 1
o2 2 o
2a°+ f° coshA (3.56)
3
Ci=——ss,
a+F (357)
and the solution becomes
" :ibsinh ﬂ,x/b g
2 «acoshd (3.58)
a’ x  sinh Asefb
# =b— = == g
a + [\ b Acoshi (3.59)
and
2 Jis [1 coshﬁ,x/b}
Pl &
K a+p cosh A (3.60)
Integration of p from Equation 3.60 gives
3
tanh A
E-k—2 [1 }
a + A

(3.61)
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If the effect of compressibility 1s negligible, then P—0and A=, resulting in

122G
Kp?=—
t (3.62)
giving
B - Eftf [1_‘[31’]1'105]
‘ s o

(3.63)
whuch 1s the same as the result in the previous section. On the other hand, if the flexibility
of the reinforcement is negligible, then & — 0 and A—=p, giving

tanhﬂ}
b

If the compression modulus is normalized by 4GS?, then from Equation 3.63 1t comes

B s [ wh(eep)

E, K[l—
(3.64)

[

1GST a+ ﬁﬂ (@ )

(3.65)
which demonstrates that the vertical stiffness is reduced by both compressibility in the

elastomer and flexibility i the reinforcement. Figure 3.6 shows the vanation of
normalized effective compression modulus with ¢ and £, while Figure 3.7 shows the
variation of normalized effective compression modulus with f for various values of «,

from a=0 to ¢ =3.
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Figure 3.6
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Figure 3.7

Mormalized effective compression modulus as a function of oo and B

Variation of normalized effective compression modulus with @ and 5, in an
infinitely long strip pad.
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3.2 CIRCULAR PAD

3.21 Deformation of 'ad under Com pression

The circular pad shown in Figure 3.8 has a radius of B and a thickness of ¢, in which we

locate a cylindrical coordinate system, (r, 6',{), in the middle surface of the pad. The

displacements of the elastomer along the » and » directions, denoted as #,, are assumed

to have the forms

4{2
()= )12 ()
wlo,g)=w(z) (3.66)
In the first equation, the term of 4 represents the kinematic assumption of quadratically
varied deformation of the wertical lines in the elastomer and is supplemented by

additional displacement # to accommodate the stretch of the reinforcement The second

squation represents the assumption that horizontal plane remain planar after deformmation

in the elastomer.

i
|
=

]

FI J — p— \iﬁ‘
< 1 N |

Figure 3.8 Coordinate system for a circular pad of radius K.
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If the assumption of mcompressibility were to be made, further constramnt on the

three components of strain, 8,89, 8, , in the form &, + &, + &, = 0 would be needed; but
when the material 15 assurned to be compressible with bulk modulus K, this constraint is
replaced by

2

§, +6ytE, =——
(3.67)

where p is the pressure i the elastomer. The three normal strains are given by

. dr B ar 7 ar
1 1 427 11
r 7 !
_ aw
=
& (3.68)

leading to

(3.69)
which, when integrated through the thuckness with respect to #, leads to
dy, 1 3 d 1 34 3
[—O+—HO }+—[ﬁ+ —ul]———P
darr 2\ dr r 2 2K (3.70)

The stress state 1s assumed to be derminated by the internal pressure, p, such that the

normal stress components, g,,04,0, , differ from —p only by terms of order
(1‘2/1{2)},5.&,

(3.71)

The shear stress component, T, which 1s generated by the constraints at the top and

bottorn of the pad, 1s assumed to be of order (t/R)p . The equation of stress equilibrium
in the rubber aleng the radial direction

do. 4T o -0
r+ 72+r 9:0

ar dz r (3.72)

reduces to
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a’r,z _ i
® & (3.73)
The assumption of elastic behavior means that
=G
T =5 Tn (3.74)
in which G is the shear modulus of the rubber and Fos 1s the shear strain with
82
Ve ="35#
S (3.75)
These give
4 3Gu,
7 (3.76)

The internal forces per unit length i the remnforcing sheet are denoted by N, in
the radial rdirection and N, m the tangential direction. If the sheet is made of fiber
reinforcement, the individual fibers are replaced by an equuvalent sheet of reinforcement

of thickness 7 o As shown in Figure 3.2, the internal forces of the equivalent reinforcing

sheet ate related to the shear stresses on the top and bottom of the pad through the

equilibrium equation

dN, N _—Ny
e T?,Z| ¢ + Trzl = O
& . s 3.77)
From Equations (3.74) and {3.75) 1t results
. _ 8Gu, . | _ 8Ga,
4 4 LA
=3 2z = 2z (3.78)

giving
dlN, i N, — N, 7_86310
ar ¥ t (3_79)

The extensional strains in the reinforcement are

du 1
[ = _1555 ==

dar 4 (3.80)
which are related to the mternal forces through the elastic modulus Ef and Poissor’s

ratio v of the equivalent sheet and 1ts thickness Z, such that

N, —vN, ;gg _ —vIN_+ Ny

E.f E.f
P s 4 (3.81)

5t =



FLEXIBLE REINFORCED BEARINGS UNDER COMPRESSION ) |

and by inversion
E. .t E. ¢
N, :f—fz(gf +vg) )5N9 :f—’;(vs;f + s;,f)
1-v 1-v (3.82)
Substitution of these relationships inte the equation of equilibrium for the renforcemnent,

Equation (3.79), gives

sy = r (3.83)
_ 1 du #
)6 oy g0

which reduces to

3R* (d°uy ldw, = 3R*(d(due, 1
%0272112 dr’ +r dr 77"_2 :72052 ; ?Jr:”l
(3.84)

in which a non-dimensional pararneter o can be defined as

) 12(1—v2)GR2

2

“ E
Y
7 (3.85)
A second non-dimensicnal parameter ﬂ 15 defined as
5= 12GR?
Kr* (3.86)

in terms of which the equilibrium equation of the elastomer can be written as

d(P/K) _2/6)2”0

dr ~ 3R? (3.87)
It 1s convenient at this point to collect together the three equations for the three

unknown functions #,, # and pin the form,

d(p/K) _ 28°m

dr 3R? (3.88)
d [dztl 1 }_ 20’
F\d 7 3R’ (3.89)
20 dny 1 dny 1 A
Sy || Sy el
3 dr 7 dr 7 i K (3.90)

Differentiation of the third equation and substitution of p and » from the first and

second equation leads to
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2(du, 1 ‘45
_[ﬁ+_%}%%:0

It 15 now clear that two apparently unrelated effects of stretching of the
reinforcernent and compressibility of the elastomer affect the solution in the sarne way:

the parameter & solely determines the effect of stretching and £ that of compressibility.

At this pointitis converident to define another parameter A through

s (3.92)
The solution of Equation (3.91) 1s
wy(r)= AL (A(7/R))+ BK, (A(r/R)) (593

where A4 and B are constants of integration and I, K, are modified Bessel functions
of the first and second kind of order #. In turn, substitution of this into the first two

equations provides the solutions for p and # in the forms

25° [ AL (A(7R))+
== M,R[BKE (;,(r/l)%))) } G (3:94)
and
207 (AL (A(#7/R))-| €, D

The constants of integration A4, B, C,, C,, and D are not independent but are related

through the compressibility constraint equation. Substitution of the three solutions into
Equation (3.70) gives
14

—[—Z(/M (A(r/R))+ BiK, (4 (r/R)))}

3| rdr

zel 14 antds) )]
e “‘96)

20 | [ AL (A{r/R))-
34R HHSKE (A( r/R))) H -

+C, =g,

The first expression becomes
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%[;%(Aﬂl (Ar/R)+ BiK, (}w/R))} =

L(rfR) =20, R+

3r —r[%}q (Ar/R)

rA
57 Kl(ir/R)+EKo(ir/R)-

= -[{%}K&MR)]

(3.97)

r
2 A 2 A
==A—I1 (Arf/R)+=B=K, [ Ar/R
2 221, 2BEK, (i)
The second term becornes by the same process
A

2a” A
= [AEIO (ArfR)+ Bk, (M/R)}L C, +0

(3.98)
which with

__28
PR =Rl (AR« B, (O/R)) e

leads to the result that the terms multiplied by A4 and B both vamsh, D drops out, and

we find

Bt g (3.100)

If the pad is annular, # <7 < /4, then there are four houndary conditions for the
four constants A4, B, C;, and D namely,

N (a)=0 N (5)=0

pla)=0  p(b)=0 (3.101)
If the pad is a complete circle of radius R, ie, 0Sr<R, we have N (R}=0 and
p(R): 0, and boundedness of #and p at »r=0. In fact, by the assumption of radial
symmetry, ztl(O): 0.

1(2)

X

Since Kl(x)—>ln as x— 0, we must have B=0 and D=0. With these

stmplifications the solutions for the complete circular pad become

#, (r) g Fy (/l(r/R))

(3.102)



34 FLEXIBLE REINFORCED BEARINGS UNDER COMPRESSION

plK=- 2 (AL (2(7/R)))+ €,

3AR (3.103)
20 8l
;’4(’:‘”):*— AL A ?‘/R SE S
1 312 ( 1( ( ))) 2 (3.104)
The condition that the pressure is zero at the boundary r=R means that
24° .
Cyp= SR AI,{A); thus the pressure is given by

_25 1 (A(r
/K= MRA(IO(;L) I (A(7/R))) (3.105)

The remarmning constant of integration must be determined from the requirement that the

radial stress in the reinforcement is zero at the edge, =K. From Equation (3.81) it

s L (A(/R))+
5{272& A 1 +l(857C1)
3AR | jJ(T/R)lﬁ(ﬂv(?"/R)) 2 106
s 2a 1 . 1.
g = 3ARA—A(?~/R)11()“( /R))} 2(«%} &)
thus
2 Io(f“(’"/R))+
oy — -
Nr(r)z ffié 3AR _mji(}“(r/R))
. ;
+(1+v)=(g -C,)
2 (3.107)
o5 P vi, (i(r/R))—
N, (r)= Bt |73aR +10;—£Il(i(r/R)) N
1_ 2
’ +(1+V)%(S£*C1)
The requirement that Nr(R)ZOmeans
e A
2L )= (1ev)le
(3.108)

leading to
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A_gf(1+v) 1 (3.100)
- 2 20° 1—v '
— | I, (4 Li4d) | —
MRLO( )
BT TP 5 ray
AR 2
il I
zﬂ(i'”) = ¥ (+V)11(ar)
2 a[fo(m«)_ - Il(fxr)}
ar (3.110)
I (ar)- — L{ar)
E.t 0 1
N, (r)= =2 =
2(1-v) # IO(aR)f—;Il(aR)
o (3.111)
-V
B vi (or)+ I (o)
Ny(r)=5l 1 =
20-v) 41 p(er)- 221 (aR)
&R (3.112)
3.2.2 Compression Stiffness and Pressure Distribution
The vertical stiffness of a rubber bearing 1s given by the formula
K :E”A (3.113)
£

»

where 4 1s the area of the bearing, ¢, 1s the total thickness of rubber in the beanng, and
E 1s the instantaneous compression modulus of the rubber-steel composite under the
spectfied level of vertical load. The value of E, for a single rubber layer 15 controlled by

the shape factor, 5, defined as 5 = the loaded area/free area, a dimensionless measure

of the aspect ratio of the single layer of the elastomer. For a arcular pad of radius R and
thickness ¢,

S=Rf2 (3.114)
To determmine the compression modulus, E , p 1s integrated over the area to determine

the resultant normal load, P; £ 1s then given by
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E, = P[ e, (3.115)
where .4 = 7R is the area of the padand &, = A/i 1s the compression strain.

The total axial load P is

R
P 27Tj p(r)rdr
0

(3.116)
Wherep(r) from Equation (3.103) can be written as
8GEK
= A(I,(A)- I, (A(+/R)
vis (% ol ) (3.117)
which with Equation (3.104) becomes
3
e IO D]
At (3.118)

which, when A4 is substituted from Equation (3.98), becomes
2
I (A)—=11A
e [pZn)

A8 50 Iol(ﬂ,)+ 2B 14 v

3R —%L(ﬂ) TR 2

P=aR

L(4) (3119

e (1+v)
2
Using Equation (3.115), one finally has

E, =24GS* (1+v)-
L(2)-25,4)] -
@ |1 (- )]s )

In erder to confirm the accuracy of this result it 1s useful to exarnine number of

special cases. For the limit case of K —@ and f—=% in which A=a and the

compression modulus 1s

E =24GS*(1+v)

(3.121)
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and if & —» 0 this reduces to 652 independent of v as it should. For the other special
case where Ef —>00,c12 — o0, and v drops out, A= £, and the compression modulus

becomes
{IU (8)- 51 (ﬁ)}

z
In the case where §— 0, E tends to 6GS® as before

Fipure 3.9 is a three-dimensional plot of the normalized effective modulus as a

B =Ames®

function of @ and £ Plots of the full equation for varying @ and for several values of
£ are shown in Figpure 310. Figure 311 1s a plot of the normalized effective modulus as
a function of @ for f#=0and v=0,1/3.

Mormalized effective compression modulus as a function of o and B

Figure 3.9 Nornmalized effective mwodulus as a function of @ and &.
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3.3 RECTANGULAR PAD

3.3.1 Equilibrium in Elastomeric Layer
A layer of elastomer i a rectangular isolator 1s shown in Figure 3.12. The elastomernic
layer has a thickness of . Its side length parallel to the x axisi1s 22 and to the y axisis

2b . Top and bottom surfaces of the elastomeric layer are perfectly bonded to flexable

reinforcements that were modeled as an equivalent sheet of thickness £ letu, v, and
w denote the displacements of the elastomer in the x, y, and 7 coordinate directions,

respectively. In addition, # and # denote the displacements of the reinforcement in the
x and y directions. Under the compression load P m the 7 direction, the

displacements of the elastomer are assumed to have the form

”(xaya‘/z)=H&X:J)(l—%}%(x,ﬁ

o5, 1) =4 <x,y>[1—ti2J+ (%)

w(>, 3,2) = 2(%)

(3.123)

2a

Figure 3.12 Reference system for a rectangular pad showing dimensions.

In Equation (3.123), the terms of #, and 7, represent the kinematic assumption of
quadratically vaned displacements and are supplemented by additional displacements

and #,, respectively, which are constant through the thickness and are intended to

accormmodate the stretch of the reinforcement. The elastomer i1s assumed to have linearly
elastic behavior with incompressibility. The assumption of incompressibility produces a

constraint on displacernents in the forrm
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Fs

+r 4w =0
e TP T B (3.124)

where the commas imply partial differentiation with respect to the indicated coordinate.

Substituting Fquation (3.123) into the above equation and then taking integration

through the thickness from = — t/2 to g = t/2 leads to
2

i K2 =5 7y, o "y 4 Py, = &,
3( ) ’ (3.125)

i which g, :[:w(—t/Z)—w(t/Z)]/f 15 the nominal compression strain. The stress state

in the elastomer 1s assumed to be domunated by the internal pressure, p, such that the
stress components of the elastomer are [Kelly 1997]

Ty Ny Wil gy B

Ty ™0 (3.126)
The equilibrium equations in the x and y directions for the stresses of the elastomer are
then reduced to

L T F =0

Pyt T =0 (3.127)
Using the displacement assumptions in Equation (3.123), the shear stress components of

the elastormer become

8G
O—xz = _t_gﬂof{

8
Ty = 73_27"0%

(3.128)
with G being the shear modulus of the elastomer. Substitution of these into the
equilibrium equations of Equation (3.127) leads to

838G
i 7t_2”0
_ 8G
Rx*—;;%

(3.129)
Ditferentiating Equation (3.129] with respect to & and y, respectively, and then adding

it up yields

Dot by ==y, +2,)
(R f - h’O,x 2}0,
ol ! (3.130)



FLEXIBLE REINFORCED BEARINGS UNDER COMPRESSION 4

3.3.2 Equilibrium in Reinforcing Sheet

The internal forces acting in an infinitesimal dx by 4y area of the reinforcing sheet are
shown in Figure 3.13, where N_ and Nﬂ are the normal forces per unit length in the
x and _y directions, respectively, and Njg 1s the in-plane shear force per unit length.
These mternal forces are related to the shear stresses, Ty and o, on the surfaces of
the reinforcing sheet bonded to the top and bottom layers of elastomer through two
equilibrium equations in the x and y directions

dN, . dy+dN, dx+ (0o,

- oy =0
e==if? “*Lqﬁ) 4 (3.131)

dN dy+ dN dy+ (o | doedy =0

—a
iz K L:W) (3.132)
Substituting Equation (3.128) mto the above equations, and then combining the
results with the equilibrivn equations of the elastomeric layer in Equation (3.129) to

eliminate #, and #,, leads to

Nxx,x + Nbgfjj = )j),x
Ny, t Ny =28,

(3.133)
Nyy+dNyy
VA 3 *
Gyz (ag) 1 ]
— = =
% Nxy $ 4 U2
Z A t 01 ]
z=t/2
2 - te NXY+N
7=
= = yjz R
Oxzjz—
£ - —b" - —p
Nos b NN
7=-t/2 te
Oxz|z=t/2
dx
Figure 3.13 Forces in reinforcing sheet bonded to rectangular layers of elastomer.

The displacements in the reinforcement are related to the internal normal forces through
the linearly elastic strain-stress relation such that
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E,z

_ 07
N_.= - (fdljx + VIJLJ)

E.z
Nﬂ:—ff(ﬂljjﬂ—l/ﬂljx)

2
=¥ (3.134)
where Ef and » are the elastic modulus and Poisson’s ratio of the reinforcement. The

in-plane shear force has the following relation with the displacements

HERY
pi
”_Z(HV)(”“H“) (3.135)

Substitution of Equations (3.134) and (3.135) into Equation (3.133) leads to

(1—V2)t

—
”1,3:3: + Vﬂl,jx + _(ﬂl,jj + ﬂl,sgf ) = —P,x
2 et
77 (3.136)
2
1—y (1 -V )t
"y +V14L39 +—(74ij +ﬂl’xx):—E > P,jf
e (3.137)
differentiating Equations (3.136) and (3.137) with respect to x and y, respectively, and
adding them yields
(1— v )t
q,xx + q,_y_y :E—(P,xx +P,ﬂ)
z
e (3.138)
in which, for clarification, the term g is used to denote
ey (3.139)

Combining Equatien (3.125) with Equation (3.130) to elimunate the terms of #,
and #, and using the definition of ¢ in Equation (3.139), gives

32

12(;(P”"‘ +P’”) (3.140)

Substitution of this into Equation (3.138) leads to

P,x:ocx +2P,:ogy +P,yﬂ *&'2 (ijx +P:J‘J’):0

g=&,+

(3.141)

3.3.3 Approximate Boundary Conditions

In Equation (3.126), the in-plane shear stress of the elastorner, 2 15 assumed to be

negligible
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0y =Glu,+2,)=0 (3.142)

Substituting the displacement assumptions in Equation (3.123) into the above equation
and taking integration through the thickness of the elastomeric layer leads to

%(%J +%!x)+(ﬂljj +ﬂ1,x)“0 (3.143)

The last term, @, + 0, 15 the in-plane shear strain of the reinforcement, which 1s of the
second order and the in-plane shear force of the reinforcement, Njg , 1s negligible.

Therefore, we can assume

)

w( )= (3.144)
(3.
e

N () () (3.145)

Nﬂ,}(g’)’) @,}(g:vy)
Another equation relating the pressure of the elastomer with the internal normal forces of

the remnforcement 1s established by adding Equation (3.134), which gives

1-v
= N +N
q Efff ( 00 ﬂ)
(3.146)
and combining this with Equation (3.140) to eliminate ¢ leads to
? 1
=—|N_+N
el Bt ] E”( »)E
(3.147)

According to the assumption of pressure dominance given mn Equation (3.126),
the stress boundary conditions of the elastomeric layer give
pl*a, y)=0
p(xth)=0 (3.148)
The stress boundary conditions of the reinforcernent give
N, (ia, y) =0
N (2, ib) =0

k (3.149)

The boundary condition p( ) 0 means px(x,ib)zo which, when substituted
mnte Equation (3.144), gives N, (ir ,y) bemg constant. From the boundary condition

Nﬂ(x,ib):O 1t 15 known that N (ir +b ) 0, thus
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N, (ta,5)=0 (3.150)

Brnging thus into Equation (3.147) and using the boundary condition Nﬂ(ia,y): 0
from p(x,irb): 0 lead to
12G

Pxx ig’j =i gtﬁ'
w(20:0)= 77 (3.151)

The boundary condition p(x,ib):O gives Nﬂ(ia,y

) bemng constant. From the
boundary condition Nﬂ (x,ib) , it 15 known that Nﬂ (ia,ib) =0, thus

Noee (20, £8)=0 (3.152)

Bringing this into Equation (3.147) and using the boundary condition Nﬂ (x,irb): 0
and p.. (x,ib) =0 from P(x,ib) =0 leads to
126G

P, \x,th)=— g,
» )= (3.153)

Note that N@, 15 not neglected when we denive the governing equation of the pressure in

Equation (3.141). To solve for the pressure m this governing equation, we use the

approximate beundary conditions of the pressure in Equations (3.151} and (3.153), which
are derived by assurning that the derivatives of N@ at the edges are negligible and stemn

from the assumption that the stress field of the elastomer 1s domnated by the pressure.

3.3.4 Sclution of Pressure

To solve for the pressure, p(x,y) 15 decomposed into two pressute components

Pi(%))and y2) (X>J’)

(= p)=p(x9)+ po(,9) (3.154)

The boundary conditions for the pressure in Equations (3.148), (3.151), and (3.153) are
split mte two sets. Each pressure compenent satisfies a different set of boundary
conditions. The first set of boundary conditions 1s

2 (£a,y)=0;p,  (£a4,y)=0;
126
pl(x,ib):O;pLﬂ(x,ib):— g Zl

(3.155)

and the second set of boundary conditions 15
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126G
2 (%8, 9)=0; p, . (*8, y)=— e

2y (2, 2b) =05 p,  (26%b)=0 (3.156)

Adding the boundary cenditions m Equation (3.156) yields the same boundary conditions

defined mn Fquation (3.148). These pressure components are solved from the same

governing equation in Equation (3.141), that 1s

P‘l,xxxx + Zpl,mgyy + PLMJ‘ o 052 (Pl,xx i Pl’jj): 0 (3 157)

Pasccee * 2 rseay * oy~ & (Prsec + P2y )= 0 (3.158)

Because the compression leading 1s symumetric with respect to the x axis and y axs, the
pressure components are even functions of x and y. The first pressure component can
be assumed to be a cosine sertes of y
2i(%3)= T O p)cos s,
n=1 (3.159)
where the amplitude fl(m) 15 an even function of ¥ and

(-3
a H—— =

2% (3.160)
Substituting Equation {3.159) into Equation (3.157) and using boundaty conditions at
x =g m BEquation {3.155), ﬁ(”) 15 solved to have the form [Tsai and Kelly 2001]

f(?z)( )=g 244 (—1)7H (cosh}/ﬂ_y 3 cosh 2 ¥
' Cmet (n—l/Z)Lcosh}fﬁb cosh 3.4

J (3.161)
with

B =Nri +a’ (3.162)

The second pressure component can be assumed to be a cosine senes of y

(%0 3)= 3 1 (x)cos7,
=i (3.163)

where the amplitude fz(”) 15 an even function of x and

. [,1_1]2
' 2)% (3.164)

Substituting Equation (3.163) mnto Equation (3.158) and using boundary conditions at
x =xg m BEquation {3.153), fz(”) 15 solved to have the form [Tsai and Kelly 2001]



46 FLEXIBLE REINFORCED BEARINGS UNDER COMPRESSION

s e a2
¢ o (n_l/Z)Lcosh}fﬂa cosh 3, a (3.165)

with

- _ 2

Bo=Nr.+e (3.166)
Substitution of pl(x,vy)in Equation (3.159) and p2(x,y) in Equation (3.163) mto

Equation {3.154) gives the solution of the pressure p(x,_y)

24657 (. eV = (1)
plx0)=¢ E[H—J Zlm

7(oa) b
{cosh}/ﬂ)’ cosh /1, y ]cosh}/,zx— (3.167)
. cosh;f x coshﬁﬂx

coshy,b cosh /5’ ab

coshy ¥,& cosh Eﬂa

in which 5 is the shape factor of the rectangular layer of the elastorer defined as
ab

Y

(3.168)
3.3.5 Effective Compressive Modulus

The compression stiffness of a rectangular isolator 15 given by K, :EEA/tY where
A =4ak is the area of the isclator, ¢, total thickness of the elastomer in the isolator, and
E, effective compressive modulus for a single bonded layer of elastomer, defined as
E :P/( ASE). Using the assumption in Equation (3.126), the resultant compression
load P has the form
b oa b oa
P=] [ogddy= | | p(x, y)ddy
mlimd whizd (3.169)
Bronging the pressure sclution p(x,y) in Equation (3.167), the effective compressive
modulus becomes
2
F - 24GS5* [1+3} $ 1
aaf \ b aci(n- 1/2)
[tanh ;1/,z ~tanh f, b tanhy 2 tanh ﬁ a
hb Fut B (3.170)
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When the aspect ratio a/b tends to zere, Equation (3.170} 1s reduced to

1365 (H tanhaa}
7 lafp=0 (ag)Q

xa
(3.171)

which 15 the effective compressive modulus of the mtimtely long strip isolator. When a

tends to zero, Equation (3.170) becomes

1oy’ © 1
E -
e gt [ bj Z::(n 1/2)

tanh Vb 1 bz tanhjf a 1
¥,b cosh” 7, b az V.0 coshzzg.a (3172)

which 1s the effective compressive modulus of the rectangular elastomer with the tignd

reinforcement. From Equation (3.170), it 1s known that the ratio Eﬂ/(GSz) 1s a function

of oz and the aspect ratio gfb . The variation of EE/(GS'Z) with ea 1s pletted in Figure

3.14, which shows that the effective compressive modulus decreases with increasing aca .
To have an high compressive modulus, the value of aa must be small. Figure

3.14 also reveals that a larger value of a/b produces a larger value of the etfective

compressive modulus. For clanfication, the in-plane stiffness of the remnforcement is

defined as le f/ , from which Equation (3.121) becomes

Gt
aa=2 [12°2
i /ef
(3.173)
Substituting the shape facter S in Equation (3.168) and 2 in Equation (3.173)
mnte BEquation (3.170), the normalized effective compression modulus EC/G can be
expressed as a function of the ratios .a/b, .a/t and éf =7 . When .a/t tends to mtiity,

Equation (3.170) becomes

2 ke 1 [taﬂh}fmbthanh;na

lafrmo 20, ,2:1(”71/2)4 7,b ;ﬂg J (3.174)

The curves of EE/G versus éf /Gt are plotted mn Figure 3.15 for .a/b = 0.5 and several

a/t values, which shows that the effective compressive modulus increases with an

increase in the reinforcement stiffness until reaching the asymptotic value in Equation

(3.172). The curve of the smaller shape factor reaches a plateau at the smaller value of
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/éf/Gz‘. The curves of EC/G versus a/i are pletted in Figure 3.16 for a/bz 0.5 and
several éf /Gt values, which shows that the effective compressive modulus increases

with increasing shape factor until reaching the asymptotic value as in Equation (3.174).
The curve of the smaller value of /ef /Gt reaches a plateau at a smaller shape factor.

T
a/b=0
mm———a/h=0.2 |
s 3/h=0.5
———— ab=1.0 |
T I
N/_‘ |
2 |
% |
= T
= I
77777777 ||
|
I
4.5 5
oa [-]
Figure 3.14 Variation of effective compressive modulus with @z in rectangular pad.
4
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E ﬁ‘;i? o
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(&3
m
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Figure 3.15 Variation of effective compressive modulus with reinforcement stiffness in

rectangular pad (cz/b = 0.5) .

To study the varation of the effective compressive modulus with the aspect ratio .a/b,

the ratio of the compressive modulus between the rectangular layers (a/b>0) i
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Equaticn (3.170) and the infirutely long stop layer (a/b = 0) in Equation (3.171) 1s
plotted 1 Figure 3.17, which reveals that the effective compressive modulus varies almost
linearly with the aspect ratio a/b .

i

10 ge==============
g KA/ (Gt=10
10° [ ———— k/(Gt)=100 A e e iy
E: s k/(Gt)=1000
s T i k/(Gt)=10000
o ‘ ‘
u e
[
alt[]
Figure 3.16 Variation of effective compressive modulus with width/ thickness in rectangular
pad (cz/b = 0.5) :
g
EJ_U
a
8
LIJU
ahb [-]
Figure 3.17 Ratio of effective compressive modulus of rectangular pad to infinitely long strip

pad (a/& = O) versus aspect ratio.

Utilizing the regression analysis on the data calculated from the exact formula in
Equatien (3.170), an approximate formula for the effective compressive modulus of

rectangular reinforced layers is established [Tsai and Kelly 2001]
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’ (Oda)2 k xa
2
{ p {—0.59 +0.0260a+0.074(0xa) +}}
] -

b| —0.022{ea ) +0.0019(xa)’

- :12652(1 tanhaa}.

(3.175)
Because the range of the @2 values used in the regression analysis is between 0 and 5, the
effective compressive modulus in Equation (3.175) 1s only applicable to the range of

0 £ e £5. The maximum error is sraller than 4% in this range.

3.4 GENERAL SHAPE PAD

3.4.1 Equilibrium in Elastomeric Layer
Consider a layer of elastomer in an arhitranly shaped pad of thickness 7 and locate a
rectangular Cartesian coordinate system (x, y,f{) in the middle surface of the pad as

shown in Figure 3.18. The displacements of the elastomer along the coordmate directions

are
zt(x,y,f{):zto(x,y)(l—ﬁhzz/tz)+zt1(x,y)
v(x,y,f{): 7y (x,y)(l—4f{2/t2)+ :ul(x,y)
w(x, pz)=w(z)
(3.176)
Remermbenng that
2
& +6, +&, =—+
v (3.177)
where K 1s the bulk modulus and
£, =4, 17—2 g,
’ (3.178)
452
Sﬂ :ﬂo,j[ %J‘I‘ ’”Lj
(3.179)
B = P (3.180)

in which the commas imply a partial differentiation with respect to the mdicated
coordinate. Substituting 1n Equation (3.177), Equatien (3.178), Equation (3.179), and
Equation {3.180), we have

45° 45°
# 1——% S I 1—i +r  tw :—i
0,3 / = 29 f2 s 1 K
(3.181)



FLEXIBELE REINFORCED BEARINGE UNDER COMTPRESSION 51

When integrated through the thickness this gives

%y oo +y0,__)‘ +%(“1,x +y1J) = é[ﬂ_ﬁj

2\t K (3.182)

where, 4 | is the change of thickness of the pad (positive in compression).

Z.n
A
’  tan X
P i r [ \ i y jan >
Y A | / / ; iA*'Z il
(b)
Figure 3.18 Constrained rubber pad and coordinate system.

Assuming that the stress state is dominated by the internal pressure, p, the equations of

equilibrivm for the stresses

T +7 +7 =0
ey M, ¥ ot L

me+fﬁj+?mg—0

Q%x+;%J+T%QZU

(3.183)
reduce under this assumption to
THQ,Q = _TW,H = _P,H
Toee = Fps =Py (3.184)

Assuming that the material s linear elastic, the shear stresses 7, and 7,, are

related to the shear strains, p,, and p ., by

'rszj/Hz

T =l (3.185)

with & being the shear modulus of the material; thus,
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82
T =G, —=
Xz 0 812
Ty =G, _255
z (3.186)
The equilibrium equations now become
8,
Txx,x = 2 = S
i
8Gw, »
T = =i
’ 7 :
S ’ (3.187)

3.4.2 Stress in the Reinforcement

The individual fibers are replaced by an equivalent sheet of reinforcement of thickness ¢ I
. The internal state of stress m the remforcing layer 1s dencted by the force field
IS £ gf . Equiliboium requires that

F +F>sw+X:O

o (3.188)
Pt Fy , + ¥ =0 (3.189)
where
X=-1 +7
Stz N (3.190)
Y= Ty sid Ty L:,i
2 2, (3.191)
From Equation (3.186) we have
8Gu, 8Ga,t
Tag|, 2= 5 Tag|,__ 2= n
=3 : =g + (3.192)
and
8Gr, 8wt
Tyz|z:4_f = 5, 5z L:_i = oy
2 2 (3.193)
from which
B BGn v = 3G,
t ? (3.194)

Remernbenng that



FLEXIBLE REINFORCED BEARINGS UNDER COMPRESSION

F E
ol === f2 ((c,ic +V8§y)
z 1-v
T (3.195)
F E
F_Zw S (o b
Ty = £ g (gﬂ +V8xx)
4 (3.196)
BB
b Eo]
£ 2(1+v) 5197
where
e, TThy T THs (3.198)
it can be derived that,
7
Vi
k= s [uhx + V’”L_}f:|
- (3.199)
i E
F ==Ll vtV
7o1- L1+ v (3.200)
Lol
JF
i = |:M1 . +2 x]
2+a) (3.201)
3.4.3 Complete System of Equation
Substituting these relations i Equation (3.188) and Equation (3.189) grves
IS E) 11—v* 8G
J J; # . vy x+——(u1 + 2 ) + ”020
1—» ’ o ey VY & i (3.202)
I.E 11—1? 3Gy
i 2= 0 _
. {vl’ﬂ +vay, + Ty (ule +.v1,xx) + p =0 -
A complete systern of five equations in five unknowns is derived
- 8Gwm, _p
e o (3.204)
3G,
T~z Py
4 (3.205)
tE e

(3.206)
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t,E 11—v* 8G
S 7+ Va +——Vu +7 + j!}020

Ly 1,0 2 14 v 1, yoe 1, e /
(3.207)

3 31 A
oty + Hnrn,) -4 2L

= aLE & (3.208)
The unknowns are #,,#7,,#%,7, p. Considering the mfinitely long rectangular pad of

Figure 3.1 for which »#, =0 and», =0, the complete systern of equations, in accerdance

with Section 3.1 reduces to

~ 8Gw,
bs #* (3.209)
8Gu,
Mo TR S
e (3.210)

3 3[4 p]
”o,x +_”1,x =l T TS
2 2\t K (3.211)



4. FINITE ELEMENT ANALYSIS OF UNBONDED
BEARINGS

4.1 INTRODUCTION

Many studies of the global behavior of steel reinforced rubber bearings by means of FE
analyses have been conducted. Seky ef ol [1987] investigated qualitatively the princpal
strain distributions in an elastomeric beanng denoting the tubber-steel interface as the
most likely farllure regron. Thus result was confirmed by means of experimental campaigns
[Kelly 1991]. Takayama ef af. [1994] analyzed the poncipal stramn and stress distrbutions
for different values of the mean vertical pressure, Sumo and Kelly [1984] considered the
stability of multilayer elastomeric bearings within the framewotk of two-dimensional
tinite elasticity through a finite element formulation which 1s capable of accounting for
very general boundary conditions. Only few studies, however, have been conducted on
the finite elernent analysis of FRBs. In this Chapter the load-displacernent behavior and
stress state of strp-shaped, square and circular FRBs are analyzed using extensive Finite
Flement Analyses (FEAs). Results of FEAs are compared to the theoretical solutions
derived i Chapter 3. A sertes of FEAs was conducted using the general-purpose firute
element program MSC.Marc 2005 [MSC.Sottware 2004].

Modelling the ultimate behavior of FRB 1s challenging for finite element codes
because the problem mvelves a lot of settings such as the change of contact conditions,
sliding, large strain (elastomeric behavior) and near-incompressibility of the rubber.
Furthermore, the problem requires robust contact and self-contact capabilities because
the bearing deforms enough to fold over upon itself, Use of traditional finite elements
that have not been tailored for incompressibility analysis will produce extremely poor
solutions due to ill-conditioning resulting from division by very small numbers. More
impoertantly, the pathological behavior called volumetnic mesh-locking 1s very likely to
occur. The so-called mixed methods used in modern finte element treatrnents of
incormpressible and nearly-incompressible materials are based on the Hellinger-Reissner
and Hu-Washizu variational principles [MSC Software 2000]. In mixed methods, both the
stress and stains are treated as unknowns.

The results of the analyses presented 1 this report are based on the widely
popular mixed method proposed by Hermann [1965]. A restncted case of the general
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Hellinger-Reissner vanational ponciple 1s used to denve the stiffness equations. The
software used to tun the analyses 1s expressly designed to study elastomernic matenials:
they can be represented with popular material laws as Mooney-Rivlin and Boyee-Arruda,
and a builtin curve fitting used that computes coefficients from stress-stramn data.
Moreover specialized element types autornatically address mumerical issues to get accurate
solutions to large strain problems. The FE analyses consisted of two-dimensional models
under the plane strain assumption for stop-type bearings and three-dimensional models

for the other considered geometries.
4.1.1 Material and Mechanical Properties of the Bearings

For the two-dimensional models, the fiber reinforcement i1s modeled using a rebar
element: it 1s a tension element of a linear elastic 1sotropic matenal with Young’s modulus

E=14000 MPz, and thickness £, =0.07 mm (SsET1) and G=0.7 MPa (SET1). For the
three-dimensional models, the remforang shim are modeled as four nodes thin shells (i.e,
no flexural rigdity) of constant thickness with Young’s modulus E= 14000 MPa and

Poisson’s ratic equal to zero.

The rubber 15 modeled by a single-parameter Mooney-Rivlin material (Ze, Neo-
Heookean) with stramn energy function that is described by the shear modulus
G =0.7 MPa, and the bulk modulus &= 2000 MPza.

In incompressible Mooney—Rivlin solids, the strain energy density tunction, W, 1s

a linear combmation of two mvariants of the left Cauchy-Green deformation tensor

W =C (L -3)+C, (T, -3) -

In Equation (4.1), C1 and C2 are empirically deterrmined material constants, and I and

E are the first and the second invanant of the deviatoric component of the left Cauchy-

Green deformation tensor

L=T" P L=+ &+ 2y o) (+3

Ty L, 1= R AR 4 R s
where Fis the deformation gradient. For an incompressible material, [ = 1.
The constants C1, C2 are detenmined by fitting the predicted stress from the above
equations to expermental data. For a special case of uniaxial tension of an incompressible

Mooney-Rivlin material, the stress-strain equation can be expressed as

0':2((1+ 8)*(1+8)72)(€1+ 52(1+g)71)

The imtial shear modulus 1s

(4.4
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G:2(C1+C2) (45)
It the material 15 incompressible, the initial tensile modulus E 1s calculated by
E:6(C1+C2) 46)

As mentioned above, the two-dimensional analysis 1s carnied cut under the plane
strain assumption. In the plane models the rubber is modeled by the use of four-node,
1soparametric, quadrilateral elements (element type 80 in Marc). The element uses bilinear
mnterpelation functions, and the stramns tend to be constant throughout the element.
Hence, the use of a fine mesh i1s required. The pressure field 1s constant in this element.
The stiffness of this element 1s formed using four-pomt Gaussian integration. This
element is designed to be used for incompressible elasticity only. It can be used for either
small stramn behavior or large strain behavior using the Mooney or Ogden models.

For the three-dimensional medels, the rubber 1s described by eight-node, 1soparametric,
three-dimensional brick elerents with tolinear interpolation (element type 84 in Marc).

The element 1s based on the following type of displacement assumption and mapping

from the (x, y,7)space into a cube in the
X=a,+al+an+altaln+tals+all+aind (4.7)
F=by+ b8 + b+ b+ b Gn+ b+ bS5+ b OnE (4.8)

Either the coordinate or function can be expressed in terms of the nodal quantities by the

integration functions

X=3X0

= (4.9)
@1:%(17;)(147)(14) @2=%(1+§)(17ﬂ)(1*é”)
e O L G CT
@ =2 (1-£)(1-0)(1+€) B=o(1rE)1-n)1+E)
@7,%(“(;)(1“7)(“5) @8:%(1—«5)(1“7)(“?)

These elements use eight-point Gaussian integration as shown in Figure 4.1. Element 84
has one extra nede with a single degree of freedom (pressure). This elernent uses a rmixed
formulation for incompressible analysis.

Latge strain theory was emploved for all the analyses. The kinematics of
deformation 1s described following the Updated Lagrangian formulation (Ze, the
Lagrangian frame of reference is redefined at the last completed iteration of the current

mncrement). Furthermeore, a full Newton-Raphsen solution method 1s used. Analysis of
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elastomeric bearings includes both neonlinear material and nonlinear geometric effects,
since the bearings can undergo high shear strains during an earthquake

% +3
o R A L4
e o L4
2 3
Figure 4.1 Integration points for element type 84 in MSC.Marc 2005 [MSC Software 2004].

4.1.2 Contact Bodies, Boundary Conditions

The top and bottom support surfaces are modeled as rigid lines/surfaces. The contact
between the rubber and the support surfaces is modeled by Coulomb friction with
=09 for shear tests and #=0 for compression tests. The MSC.Marc 2005 has a
CONTACT option that detects deformable body to deformable bady or deformable
body to nigid body contact as can occur under compression and large shear strains where
the elastomer can contact the remnforcing shims [MSC.Software 2004].

4.2 INFINITELY LONG STRIP ISOLATORS
4.2.1 Geometrical Properties

Finite element models of FRBs with different shape factors are defined (5=B/2tr=43.48;
39.13; 34.78, 26.09; 21.74; 43.48). The different values of the shape factor are obtamed by
increasing the values of the base of the device (B = 250; 300; 350; 400; 450; 500mm). The
longitudinal dimension of the bearings is 750mm. As shown in Figure 4.2, each device is
made of twenty-eight rubber layers with twenty-nine interleaf fiber sheets. Each rubber

layer is 5.75mm thick (: £, ) , and each fiber sheet is 0.07mm thick (: t; ) for the first set
(SET1) and 0.25mm thick for the second set (SETZ). The geometrical characteristics are
reported m Table 4.1, and the finite element discretization is shown in Figure 4.3. It

conssts of square fournode elements with side length of 2mm and 1s denser at the
contact interface.
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29 fiber layers %
:
o
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B
Figure 4.2 Strip type bearing showing reinforcements and dimensions.
Table 4.1 Geometrical properties of the long strip bearings.
B H t: tr s
[mm] [mm] [mm] [mm] ]
500 43.48
450 0.07 39.13
(SET1)
Q 400 3478
5 180 575
4 350 3043
0.25
300 (SET2) 2609

250 2174
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143

nane

Figure 4.3 Model mesh and layout of the reinforcement layers [el. type 143].

4.2.2 Compression Results

For design purposes, it 1s particularly important to predict the vertical stiffness and the
collapse condition of FRBs under compression. Under compression, collapse of the
bearing can occur for global failure due to buckling of the device, local mptures of the
reinforcement or detachment of the rubber from the fiber sheets. Therefore, an accurate
knowledge of the global charactenistics of the device and of the stress distributions at the
rbber-fiber interfaces and n the fiber reinforcement 1s necessary.

Approximate analytical solutions for a pad confined by ngd and flexible
reinforcements subjected to axial loads have been proposed (eg,[Kelly 2002]). Among
these, the pressure solution, previously reported (Chapter 3) for strp-type bearings,
seems to be particularly suited to prowvide a simple formulation of the vertical stiffness
and to describe the stress state in elastomernc bearings. The goal of this section 1s to verify
the wvalidity of the results provided by the pressure solution by comparng them with
results from FE analyses.

Figure 4.4 and Figure 4.5 are the contour maps of the equivalent stress obtained

from analysis with MSC.Marc 2005 for bearings 250 and 500 (tf =0.07 mm) under pure

compression. The contours show a stress concentration in the core of the beanngs. Fora
given compressive force P (average pressure=P/A=3.45MPa) in the considered range of
bases, the maximum equivalent stress in the core of the beanng is unaffected by the

change of the dimension of the device. Therefore, the stress in the core of the bearing is
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the same when the base dunension i1s modified. However, as expected, a new
arrangement of stress distribution along the base length can be observed when the
dimensions are changed. As a result, for bigger bearings as we move towards the free

edges, the stress drops less aggressively than for smaller ones.

Inc: 10
Time: 2500e-001 MSC

1.000e+002
3 000e-+007

8.000e+001

7. 000e-+0071

6.000e+001

5 000e-+0071

4 000e-+0071

3.000e+001

| 2.000e-+0071
1. 000e-+001

5.200e-003 A

b

Equivalent of Stress 1

Figure 4.4 Von Mises stress contours at peak vertical force in a bearing of base B = 250mm
[SET2 (¢,=007 mn) .

CompShear

Figure 4.6 and Figure 4.7 show the stress contours 1n the fiber layers. Note that
due to the frictional restramt of the supports, the fiber layers closest to the supports are
in compression. In the vertical direction the force displacement behavior 1s linear in the
considered range of load.

The results from FE analyses can be compared to the pressure solution results.

Recalling a result of Chapter 2, the vertical stiffness of the bearing, K-, and the tensile

stress in the reinforcement, O'f(x) , can be written as

K= (EFA)/tf” @.11)
B coshaxj

a =gE.|1
f(X) ’ f[ coshad

4.12)

where

2 _
a —1ZG/Efz‘fz‘ 413

and
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Figure 4.5
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Von Mises stress contours at peak vertical force in a bearing of base B = 500mm

[SET2 (2, =007 ).
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Figure 4.6

v

Tension contours in the fiber reinforcement (B = 250mm; ‘ o, =3.45 MPa; SET2).
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Figure 4.7 Tension contours in the fiber reinforcement (B = 500mm; &, = 3.45 MPa; SET2).
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The previous formulae refer to the hypothesis of incompressibility of the rubber. Taking

the compressibility into account, 1t gives

E =K Ji (1_tgnh)tj

7 2
o +h A (4.15)
where K 1s the bulk modulus of the elastomer,
126G
p= s’
K (4.16)

A=y’ + @.17)

Table 4.2 summarizes the model characteristics and the results of the pressure
solution. The wvalues reported in the Table 4.2 are plotted in Figure 4.8. For the
considered range of bases {eq. shape factors), the vertical stiffness is linear with respect to
the shape factor. Figure 4.8 1s a plot of the vertical stiftness as a function of the shape

factor for the twelve bearings of different geometries and reinforcement configurations.

Table 4.2 Model characteristics and pressure solution results (long strip bearings).
Geometncal and Mechanical Properties
B [mm] 250 300 350 400 450 500
[mm] 180
L [mm)] 750
4 fra] 0.07 (SETT)

0.25 (SET2)
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# layers [-] 29
: [ gi); (SET 1)
A7 (SET 2)
E, [MPa] 14000
G [MPa] 0.70
Compression of Pad with Rigid Reinforcement

E =4GS* S=bft
E, [MDPa] 108293  1559.42 212254 277230  3508.69 4331.72
i [N/mm] 1140919 1971509 3130683 4673206 6653342 9127356

Compression Stiffiness with Compressibility of the Elastomer
E,=K(1-tanh 8/8) B*=12G¥*[Ks

SET 1 (K=2000MPa)

B [-] i) 153 1.78 2.04 2.29 255
E. [MPa] 658.29 809.58 94060  1051.90 114577 1224.92
K. [N /mm] 693539 1023520 1387352 1773163 2172814 2581018

SET 2

B [-] 1.31  1.575636 1.84 2.10 2.36 2.63
E. [MPa] 682.37  834.8608 965.72 1076.09 1168.63 1246.34
K, [N/II]ID] 740639 1087373 1467451 1868746 2283149 2705508

Compression Stiffiness with Flexible Reinforcement
. Eftf(l_tanhaj =
el e o= 125
Ef ifl

SET 1
o [ 4.59 551 6.43 7.34 9.18
E. [MPa] 120.60 126.19 130.19 133.19 13552 137.39
Ko [N /mm] 127059 159541 192028 224515 257003 289491

SET 2

o [-] 2.46 2.96 345 394 4.93
E. [MPa] 340.49 376.57 403.26 42359 439.49 452.25

K, [N/mm] 369562 490469 612775 735607 858636 981738

Flexible Reinforcement and Compressibility

2
E =K B (1_tanh/l

a’+ p* A } Ly
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SET 1 (K=2000MPa)

B [ 1.27 1.53 1.78 2.04 2.29 2.55
Py [ 476 572 6.67 7.62 8.58 9.53
E. [MPa] 113.10 118.11 121.69 124.37 126.45 128.12
K, [N/mm] 119160 149319 179481 209643 239806 269969
SET 2
B [] 1.31 1.58 1.83 210 2.36 263
Py [ 279 335 391 447 5.03 559
E. [MPa] 284.90 310.41 329.02 343.08 354.05 362.83
., [N /mm] 309229 404302 499954 595796 691700 787625
X 105 Vertical test results (SET1 ws SET2)
10 l | L T | T T T T =
I | | | I [
mm_man FResitr=0.07mm) | | !
E‘ 8 weneeees FRCpgiiet 07mmy — + ! o —— —|
= —8— FRegn ir=0.07mm) 1 . |
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g ®| == Remngrnatmm = e l | | l
aentee” | | | | | |
= i FRestr=0.25mmy =" | | I ! ! I
b 41€ S WSS SR D [ S S -
E " S FRCPS(if=U.25mm) : : : : I I |
g : : : I L - ugnﬁtf%:;';'ﬁiﬁ::?;::
> 2o T e, g s ]
QG R il i : | i | 1
| | | | | | | | | |
| | | | | | | | | |
0 L | L \ L L | \ \ |
20 22 24 26 28 30 32 34 36 38 40 42
shape factor [-]
Figure 4.8 Vertical stiffness (FE analysis versus pressure solution).

In Figure 4.8, the gray and the black lines refer to SET1 and SETZ2, respectively. The
continuous lines (FRpps) are plots of the FE analysis results, FRps and FRCps are the
theoretical vertical stiffness results of FRBs for mcompressible and compressible material
respectively. It can be observed how there 1s a significant agreement between the
performed FE analyses and the results of the Pressure Solution. However, the FE
analyses give higher values of vertical stiffness. This could be addressed to a stiffening
contonbution of the quadratic mesh.

Figure 4.9 and Figure 4.10 show the plot of tensile stress as a function of the
dimensicnless length of the device, x/B , for the mud-height fiber layer—swhere the
stresses are the largest—{for B=250mm and B=500mumn, respectively. The gray lines refer
to 7, =007 mm (SET1) while the black lines refer to Z; =0.25 m (SET2). In each

Figure the solid lines represent the pressure solution results and the dashed lines
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represent the FE analyses results. The pressure solution and the FE analyses curves have

the same trend.

Stress distribution in the reinforcement (B=250mm)

120 ‘ ‘
Psif=0.07
w 1008
% - Psif=0.25
v gol ~* FEAw=g o7
i) —=e—= FEA 0 25
E 60} - ———L__ S B
= | |
o | |
£ | |
T S e
1] =,
@ te-eevsesessesesee
E L ; L =T,
£ 20— L et o P
| |
| |
0 1 I
0 0.05 0.1
x/B [-]
Figure 4.9 Stress distributions in the reinforcement (FE analysis versus pressure solution)

for B=250mm.

Stress distribution in the reinforcement (B=500mm)

stress in the fiber layer [MPa]

Figure 4.10 Stress distributions in the reinforcement (FE analyses versus pressure solution)
for B=500mm.

Hewever, 1t 1s noted that, for the considered wvalues of shape tactor, the pressure solution
gives higher values of vertical stiffness than the FE analyses. The results alse show that
the pressure solution loses accuracy as the shape factor increases. This 1s 1 agreement
with other research findings. Kelly and Takhirov suggest that the loss of accuracy is due
mainly te the assumption of incompressibility of the matenal, and that the results
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presented there can be considered valid only for low values of the shape factor (S < 5)

[Kelly and Takhirov 2002].

The pressure solution results (dashed lines) show a good agreement with the
output of the FE analyses. In Figure 4.11 the ratic between the stresses derived by the FE
models and the stresses demved by the pressure solution is plotted aganst the

dimensionless  length x/B. The pressure solution gives accurate results for the

descrption of the stress of the fiber in the bearing’s core. Towards the free edges of the
beanngs, for a length of appreximately the 10% of the base, the FE and the pressure
solution results are different. This difference 15 very low for bearings with lower shape

tactors, but it is significant as the shape factor mereases.

Adimensional stress distribution in the reinforcement (FEA/PS)
7 \ I I

FEA/PS (B=500mm)
FEA/PS (B=250mm)

adimensional stress FEA/PS [-]

2 P s e
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| I

A e o e i (e R R B por e T
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| I
[ I

0 ! 1

0 0.05 0.1 0.15

Figure 4.11 Non-dimensional stress (FE/pressure solution) against non-dimensional length

(x/B).

4.2.3 Shear Results

In order to investigate the ultimate behavior of the bearings, in the second part of the
analyses, a constant vertical load 1s applied, and then the honzontal displacement is

mncreased. Figure 4,12 and Figure 4.13 are Von Mises stress contour maps for B=250mm
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and B=500mm [SET1, (z‘f =0.07 mm )|, respectively, at a displacement that corresponds

to the peak force m the load-displacement curve.

Inc: 33
Time: 8 260e-007 MSC A
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CompShear
Equivalent of Stiess

Figure 4.12 Von Mises stress contours at peak horizontal force in a bearing of base
B=250mm.

The aforementioned Figures clearly show the favorable respeonse of an solator
that 1s not bonded to the top and bottom supports. This 1s due to the elimination of
tension in the elastomer. In a bonded bearing under the simultanecus action of shear and
compression, the presence of an unbalanced moment at both top and bottom surfaces
produces a distribution of tensile stresses in the triangular region outside the overlap
between top and bottom. The compression load 1s carried through the overlap area, and
the triangular regions created by the shear displacement provide the tensile stresses to
balance the moment. These tensile stresses must be sustained by the elastomer and also
by the bonding between the elastomer and the steel remforcement plates. It is inportant
to recall that the provision of these bonding requirements is the main reason for the high
cost of current designs of isolator bearings for buildings and bridges. With the
elimmation of these tensile stresses, the bonding requirements for this type of bearings
are reduced.

For bearings B=250mm and B=500mm (SET1), a concentration of stress in the
cores 1s evident. The stress at peak honizontal force 1s twice the one due to compressive
load. For different geometries, the maximum value of stress 1s the same. Changing shape

factor has the only effect of changing the distribution of the stress in the bearing. Figure
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4.14 and Figure 4.15 are the stress contours in the reinforcement at peak horizontal force

for which the previous considerations are still valid.

Ine: 30
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Figure 4.13 Von Mises stress contours at peak horizontal force in a bearing of base
B=500mm.

CompShear

Figure 4.16 plots the horizontal load as a function of the horizontal displacement for the
six bearings of SET1 under a vertical pressure of 3.45MPa. The maximum horizontal
displacement of the 500mm bearing 1s approximately the double of the one
cotresponding to 250mm bearing, while the peak force 1s the quadruple. Figure 4.17
shows the horizontal load versus the dimensionless horizontal displacement. The peak
lateral displacement that the bearings exhibit 1s approximately equal to half the base.
Figure 4.18 15 a plot of the shear stress versus shear strain curves. These curves are straight
lines up to the value of the lateral load for which roll-off starts to occur.

A progressive reduction of the lateral tangent stiffness is then observed with further
increase of the lateral load. From the obtamned results it can be stated that the numerical
models can accurately reproduce the response of the devices at large deformations but,
the distortion of the mesh makes the analyses grossly mnaccurate. Moreover, some
analyses also fail due to individual mesh elements turning inside out and pre-specified
convergence criteria not being satisfied. This problem could be solved by employing
remeshing, but the program has no algorithm that can be used to automatically remesh
the rebar elements. Therefore, the ultimate theoretical displacement cannot be easily
verified because of the very large distortion in the mesh. The values describing the
ultimate behavior for the bearings SET1 are summarnized m Table 4.3.
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Figure 4.14 Tension contours in the fiber reinforcement at maximum shear (B=250mm).
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Tension contours in the fiber reinforcement at maximum shear (B=500mm).
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Horizontal test results at 3.45MPa vertical pressure
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Figure 4.16 Force-displacement curves for different base widths of the devices.
Horizontal test results at 3.45MPa vertical pressure
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Figure 4.17 Force-displacement/ base curves for different base widths of the devices.
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Horizontal test results at 3.45MPa vertical pressure
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Figure 4.18 Stress-strain curves for different base widths of the devices.
Table 4.3 Ultimate performances of the bearings (SET1) under horizontal load.

B 8 Fli s A AJB
[om] [-] [EN] [MPa] Jmm] [ [%]
500 4348 1705 045 204 04 11
450 3913 1399 041 195 04 11
400 3478 1041 035 190 05 11
350 2609 7717 029 167 05 09
300 2174 5213 023 136 05 08
250 4348 3292 018 104 04 06

4.3 CIRCULAR BEARINGS

4.3.1 Geometrical Properties

Finite element models of FRBs with different shape factors are defined (S=& /44—~ 10.13;
12.17; 14.18; 16.21; 18.23; 20.26). The ditferent values of the shape factor are obtained by
mncreasing the values of the diameter of the device (& = 250; 300; 350; 400; 450; 500mm).
As shown m Figure 4.19, each device is made of twentyrune fiber layers with twenty-

eight interleat rubber sheets. Each rubber layer 15 5.75mm thick (: s ), and each fiber
sheet 15 0.07mm thick (= if)for SET1 and 0.25mm thick for SET2. The geometrical

charactenistics are shown in Table 4.4. The FE discretization is shown in Figure 4.20,
conststing of 8 + 1-node hexahedron elements with side length of ~2mm.
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Figure 4.19

Figure 4.20

Table 4.4

29 fiber layers

180mm

H=

O

Circular type bearing showing reinforcements and dimensions.

Model mesh and layout of the reinforcement layers (elements 143).

Geometrical properties of the circular bearings.

D H it tr S
[mm] [mm] [mm] [mm] [-]
500 20.26
450 18.23
0.07
g 400 SET1) 1621
E 180 575
Z 350 025 1418
(SET?2)
300 12.17

250 10.13
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4.3.2 Compression Results

The goal of this section is to verfy the validity of the results provided by the pressure
solution by comparing them with results from FE analyses. The contour maps of the

equivalent stress in cross sections of a rubber layer obtained from analysis with

MSC.Matc 2005 for bearings 250mm and 500mm, (l‘f =0.07mm) and (z‘f =O.25mm)

under pure compression (peak vertical force = average pressure = P/A = 3.45MPa) are
plotted from Figure 4.21 to Figure 4.24. The plots show the results on half of the bearing,
From Figure 4.25 to Figure 4.28 the stress contours in the fiber layers are shown. In the
vertical direction the force displacement behavior is linear in the considered range of
load. The results from FE analyses can be compared to the results of the pressure

solution.

Ine: 17
Time: 1.5002+000 MSCX,

4 296001
3.866e-001
3436001
3.007e-001
25782001
2149001
1.290e-001
86132002

4371002

2.911e004 he

L.

Equivalent of Stress 1
Figure 4.21 Von Mises stress contours at peak vertical force in a cross section of a rubber
layer (lefi=core, @®=250mm — SET1 t =0.07mm).

CompShear
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Von Mises stress contours at peak vertical force in a cross section of a rubber
layer (left=core, @=500mm — SET1 tf =0.07mm).
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v

L.

Von Mises stress contours at peak vertical force in a cross section of a rubber
layer (left=core, ®=250mm - SET2 tf =0.25mm).
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Von Mises stress contours at peak vertical force in a cross section of a rubber

layer (left=core, @=500mm - SET2 tf =0.25mm).
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Tension contours in a fiber reinforcement (P=250mm — SET1 t£ =0.07mm

o, = 3.45 MPa).
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Tension contours in a fiber reinforcement (@=500mm — SET1 tf =0.07mm

o, =345 MPa).
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Tension contours in a fiber reinforcement (P=250mm — SET2 tf =0.25mm

g, = 3.45 MPa ).
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Inc: 22
Time: 1.5002+000
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Figure 4.28 Tension contours in a fiber reinforcement (@=500mm — SET2 tf =0.25mm
o, =3.45MPa).

Recalling Chapter 3, the vertical stiffness of the beaning, K-, can be wntten as
K, =(EA)/t, (4.18)
For circular bearings

E, =24GS$*(1+v)-
W(2)-2140)
a2|:10()u)—1;]/ 11(1)}+/;2 Y 2)

in which I, and I, are modified Bessel functions of the first and second kind of order #,
8= @/41, , and

(4.19)

Bty (4.20)
» 12GR?
K .21)
12 — a2 _I_ﬂZ

(4.22)

Table 4.5 summarizes the model characteristics and the results of the pressure solution.
Figure 4.29 is a plot of the load displacement relations for the twelve bearings of different
geometry/reinforcement. The values reported in Table 4.5 are plotted in Figure 4.30
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where the vertical stiffness is a function of the shape factor for the twelve bearngs of
different geometry/ reinforcement. The gray curves refer to SET'1 bearings and the black
curves to SET2. Continuous lines describe the pressure solution results for flexible
reinforcement and the dashed lines refer to flexible remnforcement and compressibility.
Contimuous marked lines are the FE analyses results. The gray and the black lines
refer to SET1 and SETZ, respectively. The PS and PS+C lines are the theoretical vertical
stiffness results of FRBs for mcompressible and cormpressible materials, respectively. As
can be seen from the plots, the FE analyses results and pressure solution outputs are in
good agreement. It is noted that the FE analyses gives hugher values of vertical stiffness

because of a stiffening contribution of the hexahedric mesh.

Table 4.5 Model characteristics and pressure solution results (circular bearings).
Geometrical and Mechanical Properties
D [mm] 250 300 350 400 450 500
H [mm] 180
e [om] 0.07 (SET1)
0.25 (SET2)
n layers [-] 29
ol 17 BT 2
Er [MPa] 14000
v [ 0
G [MPa] 0.70
Compression Stiffness with Flexible Reinforcement
SET 1
E. [MPa] 50.04 5251 54.25 55.55 56.54 57.33
K [N/mm] 14218.00 2148500 30216.00 40406.00 52055.00 65162.00
SET 2
Ee [MPa] 142.04 158.64 171.00 180.39 187.73 193.56

I [N/mm] 40362.00 64914.00 9523500 131220.00  172830.00  220000.00

Flexible Reinforcement and Compressibility

SET 1 (K=2000MPa)

E. [MPa] 48.56 50.92 52.58 53.82 54.77 55.53

L [N/mm] 13799.00 2083500  29286.00 39151.00 50428.00 63116.00
SET 2

E. [MPa] 130.42 144.51 154.93 162.85 169.03 173.96

<, [N/mm]  37059.00 59130.00 86287.00 118460.00  155620.00  197730.00
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v 10° Vertical test results
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Figure 4.29 Vertical test results (FE analysis versus closed-form pressure solution). Gray lines
are the solutions for SET1 while black lines are the solutions for SET2.
v 10° Vertical test results (SET1 vs SET2)
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Figure 4.30 Vertical stiffness results.

Figure 4.31 1s the plot of non-diumensional stiffness KJ/O_QB/KJ/OO7 as a function of
the diameter, @ The solid line represents the pressure solution result and the dashed

line represents the FE analysis outputs. The FE analyses and pressure sclution outputs
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are m good agreement (see Figure 4.32), although the FE analyses give higher values of
vertical stiffness because of a stiffering contobution of the hexahedral mesh. For

t= 0.25 mm , 1t 15 evident that the ratio between the different solutions increases with
mncreasing the nominal dinension of the device: the compressibility of the rubber 15 the

main quota of the deformation so that it cannot be neglected [Chahoub and Kelly 1986]
[Chahoub and Kelly 1990].

3.6 ‘ :
|
--€-- FEM K g 25/K0 07 ]
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Figure 4.31 Non-dimensional stiffness versus diameter.
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Figure 4.32 KyFEM/KyPS as a function of the diameter.
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4.4 SQUARE BEARINGS

4.4.1 Geometrical Properties

Finite element models of square type FRBs with different shape factors are defined
(S=B/4£—10.87; 13.04; 15.22; 17.39; 19.57; 21.74). The different values of the shape
factor are obtained by mcreasing the values of the base of the device (B = 250; 300; 350,
400; 450; 500mm;} keeping a constant height. As shown in Figure 4.33, each device 15
made of twenty-eight rubber layers with twenty-nine interleal fiber sheets. Each rubber
layer 1s ~5.7mm thick (=4), and each fiber sheet is 0.07mm thick (=4) for SET1 and
0.25mumn thick for SET2. Figure 4.33 shows a cross section of the model of the square-
type FRB mvestigated i this study. The geometrical characteristics are shown mn Table
4.6.

29 fiber layers
:
o0 %
Il
s
Figure 4.33 S8quare type bearing showing reinforcements and dimensions.

The tinite element discretization 1s shown in Figure 4.34. As assumed in the
pressure sclution, also the FE models assume that there 15 no friction between the rubber
and the top and bottom surfaces, and that the bearings are loaded in pure compression
only. As a consequence, each layer of the beanng can deforms evenly under compression,
and 1t is sutficient to model only a single layer of the device to fully describe the behavior
of the bearing [Koh and Kelly 1989]. For the speaific load condition, the model is
doubly-symmetric: the symumetry with respect two orthogonal planes is therefore applied
as boundary condition. The three-dunensional meshes consist of eight-node,
1sopararnetric, three-dimensional brick elements with trilinear interpolation (element type
84 in MSC.Marc 2005 [MSC.Sottware 2004]). Four layers of elements were used through
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the thickness, and the size of the mesh along the base was chosen to have a ratic of

distortion approximately equal to one.

Table 4.6 Geometrical properties of the square bearings.
B H te te S
[mm]  [mm]  [mm] [mm] [
500 21.74
450 19.57
0.07
400 (SET1) 17.39
180 5.75
350 0.25 15.22
(SET2)
300 13.04
250 10.87

Figure 4.34 Model mesh for a single pad (element type 84 in MSC.Marc 2005 [MSC.Software
2004]).
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4.4.2 Compression Results

The results from FE analyses can be compared to the results of the pressure solution.
Recalling Chapter 3, the vertical stitfness of the beanng, K., can be written as

K, =(EA)fs,

(4.23)
For a square bearing
_96GST = 2 [tanh ¥, _tanh ﬂﬁg]
/2 2 2
e Sy e Be ) g
(4.25)
(4.26)

B,=r, to’ (4.27)

[tis again recalled that the previous formulae refer to the hypothesis of mcompressibility
of the rubber. Table 4.7 summarizes the models characteristics and the pressure sclution
results for square type beanings. The values reported in the Table 4.7 are plotted in Figure
4.35 and Figure 4.36. For the considered range of bases (eq. shape factors), the vertical
stiftness 1s linear with respect to the shape factor. Figure 4.35 15 a plot of the vertical test
results. Figure 4.36 1s a plot of the vertical stiffness as a function of the base (eq. shape
factor) for the twelve bearings of different geometry/reinforcement. The gray lines refer

to 7, =0.07mm (SET1) while the black lines refer to f,= 0.25mm (SET2). In each

Figure the sclid lines represent the pressure solution results, and the lines with markers
represent the results obtained with the numencal models.

Figure 437 i1s a plot of the non-dimensicnal vertical stiffness (FE
model/pressure solution) as a function of the base. Figure 4.38 is a plot of the non-
dimensional vertical stiffness (FE model/pressure solution) as a function of the

base/diameter for the square and the drcular bearings.
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Table 4.7

25

vertical force [M]
2] N

-

0.5

Figure 4.35

Model characteristics and pressure solution results (square bearings).

Geometrical and Mechanical Properties
B [mm] 250 300 350 400 450 500

H  [mm] 180
" P 0.07 (SET1)
0.25 (SET2)
nlayers [ 29
s [t 6.37 (SET 1)
6.17 (SET Z)
E:r  [MPa] 14000
G [MPa] 0.70
Compression Stiffness with Flexible Reinforcement
SET 1
o [ 0.02
E.p=sy [MPa] 120.60 126.19 13019 13319 13552 137.39
SET 2
o [ 0.04

Eo=9 [MPa] 34049 37657 403.26 42359 43949 452.25

«10° Vertical test results

L] B=350mm .
——————————— B === B=400mm |
B=450mm 1
777\ =——tt— B=500mm

| =e=r=e= B=250mm |

PRL B=450mm .
_________ ot TV m—— B=500mm

o e —

vertical displacement [mm]
Vertical force—vertical displacement.
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. w10 Vertical test results (SET1 vs SET2)
T |
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| —@— FEM{f=0.25mm) _ 11 __
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w

. . o
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Figure 4.36 Vertical stiffness versus base.

Nondimensional stifihess KvFEMIKvPS Vs Base

1.8 T

G t{=0.07
1, o b ———mm—m———— e

nondimensionall stiffness KvFEVTIKvPS [-]

base [mm]

Figure 4.37 KwFEM/Kz/PS as a function of the base.
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Nondimensional stifiness KvFEN{K s Base

vPS
1.8 i | ‘
| | —&— tf=0.07 SQUARE
B prosssm— | —©—=0.25 SQUARE |
P . s } USRI, N— -=6-= tf=0.07 CIRCULAR

=--8-- t{=0.25 CIRCULAR

nondimensionall stiffness KvFEVTIKvPS [-]
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base- [mm]

Figure 4.38 K, ren /Kypj as a function of the base-diameter for square and circular bearings.






5.ULTIMATE DISPLACEMENT OF UNBONDED
BEARINGS

5.1 INTRODUCTION

The most important aspects of FRBs are that they do not have thick end plates, they are
not bonded to the top and bottom support surfaces, and their reinforcements are flexable.
These features at first sight rmght seem to be deliciencaes of their design, but they have
the advantage of eliminating the presence of tensile stresses in the bearing by allowing it
to roll off the supports. This reduces the costly strngent bonding requirements that are
typical for conventional bearings. The FRBs can deform without damage if displacements
of setsrmic magnitude are applied because the top and bottom surfaces can roll off the
support surfaces and no tension stresses are produced. The unbalanced moments are
resisted by the vertical load through oftset of the foree resultants on the top and bottom
surfaces. In conventional bonded bearngs, the compression 1s carmied through the
overap region between top and bottorn surfaces, and the unbalanced moment 1s carried
by tension stresses in the regions outside the overdap Figure 5.1. In unbonded FRB, the
moment created by the offset of the resultant compressive loads, P, balances the moment

created by the shear, I as shown in Figure 5.2

P Tension

Region
M, %

|

| -~ -
i Compression
| .
| Region
|
|
|
L

Tension
Region

Figure 5.1 Bonded bearing under compression and shear.
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e Iy

i
************ o
I iiiiiiiiiicg 4
P
Figure 5.2 Normal and shear stress distributions on the top and bottom faces of the

unbonded bearing in its deformed shape.

5.2 LiMrT DISPLACEMENT CRITERIA

In this section two limiting displacement criteria are introduced:

e ovenll Stabﬂity;

e 1o contact with horizontal subgrade.
The averall stabﬂity represents the displacement at which the pezk value of horizontal
force is reached in the horizontal load-displacement path. After the peak is reached, the
bearing can be displaced further. Experimental results [Kelly 1999] demonstrated that the
roll-off response is limited by the fact that the lateral free edges of the bearing rotate
from the vertical towards the horizontal with increasing shear displacement. The limit of
this process is reached when the onginally vertical surfaces at each side of the bearing
come in contact with the horizontal surfaces at both top and bottom. Further horizontal
displacemens beyond this point can only be achieved by slipping. The friction coefficient
between rubber and other surfaces can often take very large values, possibly as high as
one. For this reason, slip can produce damage to the bearing through tearing of the
surfaces and heat generated by the sliding motion.

5.2.1 Stability of Horizontal Displacement

The basic assumption for the behavior of these bearings under horizontal displacement is
that the areas of the roll-off are tree of stress and that the area below the contact region
has constant shear stress, as shown in Figure 5.3. The basic hypothesis for the analysis of
these bearings is that the regions that have rolled off the rigid suppotts are free of stress,
and that the volume under the contact area has constant shear stress. Under these
assumptions, the active area that produces the force of resistance 7 to displacement A

is B—A_ and thus the force (per unit width of the bearing) is P=G;/(B—A), but
y=A/z , thus F= G(B—A)A/,tr . Consequently, the force displacement curve has

Zero slope Whel’l
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dF G
—=—(B-24)=0, ie,when A=F/2 (3.1)

This implies that the bearing rermnains stable (positive tangential force-displacement
relationship) as long as the displacement is less than half the length in the direction of the
applied load. As a result of the limiting displacement analysis, it is possible to establish a
simple design criterion for this type of bearing [Kelly ez 2/ 2012]. The key is to determine
a maxirmum required design displacement that would nonmally depend on the site, the
isolation period, and damping, Indicating with A such displacement, then the
requirement for positive incremental horizontal stiffness is that the width B of the
bearing in the direction of the displacement is at least twice the displacement, ze. Bz 24 .

—
H =Gy
¥
I~ e
A B—-A
Figure 5.3 Unbonded bearing under shear load.

5.2.2 No Contact with Horizontal Subgrade

In FRBs, the fiber sheets are much more flexible compared to the steel reinforcing
current designs of buillding isolators. Under horizontal load this flexibility allows the
unbonded surfaces to roll off the loading surfaces. Thus the maximum displacement for a
bearing of this type can be specified as the pomt where the vertical free edges become
parallel to an honzontal plane. In a normal case, where the bearing thickness 1s small in
comparison to the in-plane dimension in the direction of loading, this can be estimated
by studying only the deformation of one side and neglecting the interaction between the
deformations at each end.
The basic assumptions used to predict the limting shear deformation are:

s the material is incompressibile;

s the plates are completely flexible;

e the free surfaces of the roll-off portions are stress free.
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The first two points are reasonable hypotheses for the elastomeric and for the
reinforcement of these bearings. The third assumption means that the displacement swhen
the wertical surface touches the horizontal support is equal to the length of the curved arc

of the free surface.

hy a
:
Y
X
7|
143
Figure 5.4 Schematic representation of the deformed bearing.

The geometry assumed in the derivation is shown in Figure 5.4. The thickness of
the bearing is one, and the horizontal projection of the curved free surface is 2
IF 5 is a parabolic arc, then in the coordinate system o, ¥ shown in the Figure, the

curved surface is given by
2

y== x=g' 6.2)

&

The area of the region enclosed by the curved arc of length KT
o 2
A=l e Ly -La =

The requirement of incompressibility means that the wolume before and after

deformation is preserved, thus

1 2 3

—5 =—g, or g==>" 4

2 3 4 o
The length of the curved are, I, is then given by

iz

ds=(dP +d°) (5.5)

where
2ocdc
&= = (>.6)

and
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" 1/2

p x

5=j0(1+ - J de (5.7)
a

Using the change of vanable #= 2%/:512 and dv=2 /azcﬁc , it gives

52 (e at) (5:8)
= H i ¥
2

ol

Let #=smh(?), then
2 A
§ = _"2 [ o shi gy (5.9)

Since cosh(lf)2 = 1/2(cosh(2t)+ 1), this leads to

2

S:%[sinh(t)cosh(i)Jr /]

arcsinh( 2/ )
0

(5.10)

12
and substituting cosh(/)= (1+ sinh(t)2 ) ,» & can be expressed as

2 1/2
2( 4 2
§= 1[—[1 g —EJ + arcsin b [—]] (5.11)
41 a a a

The incompressibility condition requires that § =44/ 3. This leads to an equation for

172
2 16 2 4
atCSiﬂfﬂ{—j:——[l‘F—E} (5.12)

a 3a a a

in the form

Replacing 2/ a with 7 and inverting the equation leads to a transcendental formula for

tsinhH%—(l—i—tz )UZH (5.13)

which after selving for 7 gives ¢ and in tumn 5. The solution to an ligh degree of
accuracy 1s £=1.60, #=125 and §=1.67 . This is the overall shear strain. The
conclusion 1s that in broad terms these bearings can experience a displacement equal to
the thickness of the rubber before they run the risk of damage by shding,

The shear tests conducted m MSC.Marc 2005 [MSC.Software 2004] for the
different bearings (Section 4.2.3) show that the peak honzental displacement is
approximately half of the base length. The theoretical model, which 1s used to determine
the peak honzontal displacement, gives good results even when compared to the FE

t , where

analyses with non-zero vertical load. It 1s noted that for a fixed axial load, the shear load
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goes through a maximum as the shear deflection 1s further increased. The displacement at
which this maximum cccurs decreases with increasing axial load. Therefore, it can be
concluded that further FE analyses are necessary to precisely evaluate the influence of the
vertical load on the horizontal behavior of the bearings. Moreover, this study was
conducted considering the shape factor, 5, as the only varable. Analytical results showed
that although shape factor is an unportant geometncal parameter that charactenizes the
mechanics of the beanngs, there are other pararneters — such as the slenderness of the
bearing — that should be taken into account to fully descobe the global behavior of the

device.



6. MATERIAL TESTING

6.1 INTRODUCTION

As demonstrated by Kelly [1999], low-cost tubber bearings can be produced using natural
rubber and fiber reinforcernents.

For setsmic isolators, remnforcements with Fiber Remnforced Polymers (FRP)
seern to be particularly suiTable: they offer excellent corrosion resistance, high stiffness to
weight ratio, good fatigue properties, non-magnetic properties, ease of transportation and
handling, Mereover, they need low energy consumption dunng fabrcation [Micelli and
Nanm 2003].

For a further reduction of the production costs of FRBs, in the following it 1s
mvestigated the possibility of replacng natural rubber with a Tyre Derived Matenial
(TDM). TDMs mvolve the reuse of matenals avalable everywhere, leading to
environmental friendly products. In this Chapter expenmental tests conducted at
Department of Structural Engineening — University of Naples are introduced and the
mecharical behavior of a tyre derived rubber like material 15 discussed.

TDMs deserve special interest because the reuse of tyres 1s one of the most
mmportant topics in recycling and Envircnmental Engineering. According to the
Furopean Tyre and Rubber Manufacturers Association [ETRMA 2011], in 2006, the
European Union generated approximately 3213 million tons of scrap tyres.

The 30% of these scrap tyres 1s used as Tyre-Denved Fuel, the 27.5% is used as recycling
materials in Civil Engineering works, almost the 20% is disposed to landfill or is illegally
damped and the remaining quota 1s traded or sold abroad.

Also, the energy recovered from exhausted tyres by waste to energy plants 1s a quarter of
the energy needed for their production and the process itself raises obvicus pollution
concerns.

Moreover, tyres are not desired at landfills. This 1s due to their large volume and 75%
void space, which quickly consume areas and, trapping methylene gasses, makes tyres
bubble to the surface damaging landfill liners that are generally mstalled to help keep
landfills contained from polluting local surface and ground water. In response to these

problems researchs on uses of scrap tyres have created many new markets and mnovative

applications [Makarov and Drozdovsk: 1991].
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The US Army Corps for Engineers used tyres to protect marshland on Gaillard
Island, Alabama, from wave action, enabling the plants to establish their root system. The
US Environmental Protection Agency has conducted research projects on scrap tyres
mncluding rubberized asphalts and protection systems against erosion of bridge piers. The
US Department of Energy has conducted research on mnovative scrap tyre uses. They
mvestigated the development of methods for treating rubber from scrap tyres in order to
use it as automotive seals and gaskets, sealants, adhesives. Recycled rubber 1s also used to
make absorptive sound barriers, playground surfaces, and for athletic and recreaticnal
applications.

The drawback 1s that the rubber treated with these processes requires much more
energy than the polymers it replaces.

Ditferent kinds of materials can be obtained by recycling used tyres. For the
scope of produang low-cost seismic isolators, it 1s evident that a matenial of sunple and
versatile production technelogies can be very appealing. The production process of the
TDM considered in this work as valuable material for malang low-cost isolators,
comprises the following phases:

a) tyres are shuddered into chips, mostly 50mm in size using a rotary shear shedder
with two counter-rotating shafts;

b) tyre chips enter a granulator and are reduced to a size smaller than 10mm while
most of the steel cords are liberated by a combmation of shaking screens and
wind shifters;

¢} the rubber granules are selected to fit the desired design mix;

d) polyurethane binder is added to the rubber granules mix until the mixture
becomes an hormogencus compound,

e) pads of required size and shape are obtained by hot pressing or cold forging of
the compound.

For hot pressing the compound is first leveled by a roller and then it 1s pressed. For
binding optimization, hot stearn 1s used and pressure 1s applied until the polymerization
of the binder is complete. Cold forging requires the rmixture to be pressured in dies.
Figure 6.1 shows the final product forged in different shapes.

The industrial process previously described seerned particular feasible for the
production of low-cost devices because it involves easy to implement technologies.
Moreover, it requires low energy consumption and low labor demand. It 1s also noted
that by changing rubber inert, binders, temperature, applied pressure, it is possible to
produce matenals with different mechamical characteristics. The elastomers used i the

process are tyre derived as the Styrene Butadiene Rubber (SBR) or mdustnal leftovers as
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the Ethylene-Propylene Diene Monomer (EPDM), a rubber used for the production of a

wide variety of seals.

Figure 6.1 Tyre Derived Materials produced by Isolgomma Srl (VI, Italy).

6.2 MECHANICAL TESTS ON RECYCLED RUBBER

The physical properties of recycded rubber compenents are greatly influenced by the

technologies used in their manufacture.

6.2.1 Tensile Tests

A set of tensile tests was performed amming to deterrine the tensile strength of the
proposed matenal.

ASTM D412 [ASTM D412 2006 describes the procedures to evaluate the
uriaxial properties of rubber. According to the standard, since the experiment 1s intended
to fail the specimen, durnbbell shaped samples should be used to prevent fallure of the
rubber in the clamps. Specific size requirements are descibed m order to compare the
mecharical behavior of different samples.

Since it 15 particularly difficult to manufacture a TDM in a dumbbell shape, and
there 1s also no need to refer to an absolute specific size requirernent, tests are performed
on straight specmens. The specimens characteristics are listed in Table 6.1. The length of
all the tested specimens is 1, =350mm. The width and the thickness are 20mm. Since
specimen clamps give an indetemminate state of stress and strain in the regon
surrounding the clamps (due to gripping), the specimen straining, L/Lo, is measured on
the specimen, away [rom the extrermities where a pure tension strain state 1s occutnng

(Ls=100mm).
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The tests were carried out using displacement control. The test pieces were
stretched at a constant rate of velocity until fallure. The rate of displacement 1s
500+50mm/min. From Figure 6.3 to Figure 6.5 the tensile tests results are presented.

The measured quantities are reported in Table 6.2.

Rubber for setsmic 1solators has a tensile strength higher than 15MPa [UNI 6065
2001]. Needless to say that the tensile strength of the Isolgomma Sil (VI, Ttaly) TIDM is
low when compared to natural rubber. Nevertheless its strength depends on the density
of the compound. It 1s higher for higher densities and 1t 15 a function of the nert shapes.
Fiber type rubber has higher strength and ultimate deformation than samples of the same
density but with different inert shape. Also, for what concerns the ultimate deformation,
this 15 lower than that of natural rubber (generally considered higher than 300% [UNI
6065 2001]).

For the TDM, the ultimate deformation 1s in the range 0.4-1%. This is some
orders of magmitude lower than that of natural rubber and it 1s clear enough that no
conventional devices could be produced using this low-cost material. In fact a visual
mspection of the tested samples clarified that the polyurethane binder fails at the grains

interface, without any faillure surface dividing the grains.

tensile tests on rubber - fiber of SBR

tensile stress [MPa]

tensile strain [%]

Figure 6.3 Tensile test results on fiber of SBR specimens of different density [kg/m”"3].
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tensile tests on rubber - grains of SBR

tensile stress [MPa]

tensile strain [%]

Figure 6.4 Tensile test results on grains of SBR specimens of different density [kg/m”"3].

tensile tests on rubber - big grains of EPDM

1.2+ o0~ B Fmmm e —

I
m——m—= 700 :
e 500 :

tensile stress [MPa]

tensile strain [%]

Figure 6.5 Tensile test results on big grains of EPDM specimens of different density
[kg/m"3].
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Table 6.2 Tensile tests results.
Avg, Avg,
Rubber Type No.  Density tensile ultimate
stress strain
[] []  [ke/m’] [[E] [7o]
4 400 112 0.95
. 4 600 0.70 0.78
Fiber of SBR 7 o PR 0.06
4 900 0.19 0,64
4 GO0 0.73 0.47
Grains of SBR 4 700 0.29 0.45
4 200 0.22 0.42
4 G600 0.73 0.80
Big grains of 1 700 0.29 0.69
EPDM
4 200 0.22 0.56

Nene of the grains was broken. For fiber type compounds few fibers per section
broke. As a matter of fact, this phenomenon gives higher strength and ultmate

deformation capacities to the mixture with respect to the one containing grains.
6.2.2 Shear Tests

In order to implement hyper elastic material models, and to understand the mechamcal
behavior of recycled rubber matenals, shear tests on recycded rubber were carned out at
Tun Abdul Razak Research Centre (T'TARRC) in Brickendonbury, Herttord, UK. Samples
were tested with the classical dual up sunple shear tests commonly used in tyre mndustry.
Figure 6.8 shows the complete test setup.

This test procedure does not allow for the measurement of compressibility and it
15 not falure omented [Brown 2006]. The purpose of the expemment is to obtan
mnformation in order to correctly model the behavior of the material i the working range
of strain and stresses. Rubber test pieces were supplied by Isolgomma Sil (VI, Italy).
Speaimens with different densities and compounds were tested.
Table 6.3 summanzes types and dimensions of the samples used for shear tests.Samples
were loaded in compression and then sheared. The test program is presented in Table 6.4,
From Figure 6.9 to Figure 6.11 shear tests results are presented. The hysteresis plots from
the tests constitute Appendix A.
As expected, i1t 15 dear from the tests that higher density specimens have higher shear
stiffness.
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Table 6.3 Specimens for shear tests.

Sample No. Density Aggregates Planar Dimensions Thickness

[ [ [kg/m?] [] [mm x mm] [mm]
80% SBR fibers
2l : 2l 20% EPDM grains

95% SBR fibers
600 1 600 5% EPDM grains

500 1 soq  B0% SBR fibers et <A
20% EPDM grains
50% SBR fibers
G800 1 800 50% EPDM grains

i

Figure 6.8 Machine for shear tests on rubber.
Table 6.4 Shear tests program.
STATIC TESTS
Vertical Vertical Shear strain amplitude based on nitial Deformation Rate
Load Stress rubber thickness
[kN] [MPa] [%e] [mm /min]
0.75 0.16 33; 64; 100 8
DYNAMIC TESTS
Vertical Vertical Shear strain amplitude based on initial Frequencies Number of
Load Stress rubber thickness 4 Cycles
[kN] [MPa [Vo] [Hz] []
25 0.55 5, 25; 50: 75 0.5031

10 ¢
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The material shows very little degradation: following cyces are almost
coinadent. The shear stiffness varies with the frequency and the amplitude of the applied
displacement. Shear test results underlined that this material behaves almost like natural
rubber. In fact, it exhibits a secant shear modulus in the range 0.4-1.1MPa for a
deformation of 100% (Figure 6.9].

static shear tests

T T

—e— 800 1M cycle |
—6— G800 3" cycle
—--0-- B300 1M cycle
==@-= 5300 3 cycle
=0--500 1" cycle

=@=500 3 cyele

= Sen, =@ 500 11 cycle
% =@ 500 3" cyele |
~ .
: dr‘.‘*e,h Y
| | 'bﬁ‘v
---------- e
| = )
" L Ll :um@
e e s =
| |
| |
l |
1 1
80 90 100
maximum shear strain [%]
Figure 6.9 Shear modulus from static tests.

Moreover, only by changing the density of the rubber aggregates, it 1s possible to change
the shear stiffness and the damping properties of this low cost material.

The most interesting characteristic that this TIDM extubits in shear 15 that, when
the vertical load increases, the shear stiffness is meodified significantly due te high
mterdocking of the rubber grains. This characteristic of the rubber is of extreme interest
for setsmic 1solation: a Recycled Rubber-Fiber Reinforced Bearing will have an horizontal
stifftness related to the applied vertical load. In other words, when the applied vertical
load on an isolator mecreases, its horizontal stiffness will ncrease thus leading to a
virtually zero eccentricity systermn and an unchanged period of 1sclation.

Damping 1s computed knowing the Energy Dissipated per Cycle (EDC). Results
are shown in Figure 6.11. The frictional behavior of the gramns gives high damping

characteristics to the materal.
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Figure 6.10

Figure 6.11
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6.3 TENSILE TESTS ON FIBER REINFORCED POLYMERS

For setsmic isolators, reinforcements with Fiber Remnforced Polymers (FRP) seem to be
particulazly suitable. As reported before, they offer excellent corrosion resistance, high
stiffness to weight ratio, good fatigue properties, non-magnetic properties, ease of
transportation and handling, low energy consumption during fabncation [Micellh and
Nanni 2003].

Conventicnally, FRP sheets are made of ararmid, carbon, or glass fibers. For
catbon fibers 1t is generally used an epoxy matrx. Since the main 1dea behind the
production of RR-FRBs 1s that of bonding fibers layers and rubber pads using a
pelyurethane binder (the same used to mmake the TDM), an expenmental investigation
was carried out to deterrmine the influence of the polyurethane resin on the tensile
strength, the elastic modulus and the ultimate strain of FRP sheets where the
conventional epoxy resin 1s substituted by a polyurethane matrix. A particular protocol
was used in order to address the followings 1ssues:

a) anchorage defect/sheet slip;

b} falure cutside the test length because of musalignment.

The gripping systems were sand blasted steel plates clamped on the FRP preces using
of an epoxy adhesive paste as in Figure 6.12.

The tensile tests were carried cut by gripping the plates in the wedge gnps of the
testing mmachine. Tests were performed under displacerment control, using a umversal
testing machine. The speamens were aligned with the grip axis. An electronic
extensimeter with 5lmm gauge length (0.025mm) accuracy was mounted at the center of
gauge length to measure the displacements.

Stramn gauges were also attached in order to compare the stramn data with
extensometer readings. The load, displacement, and strain data were recorded by a data
acquisition system.

In this testing configuration, tensile stresses are applied to the specimens’ end.
Nene of the specunens failled cutside the test length because of excessive gripping loads.
Samples with different matrices and same geometrical dimensions were tested.

All FRP sheets were of equal thickness, as confirmed by accurate measurements,

therefore the mean value of the denved cross section area was considered as
representative of the set.
In Table 6.5, the geometries and other relevant properties of the samples are
presented. The results of tensile tests show an elastic behavior of the sheets up to failure,
Figure 6.14. This 15 a typical behavior of FRP composites. All specimens failed through
rupture of the fibers.
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Table 6.5 Fiber specimens for tensile tests.
Fiber Type Matrix Type No. Nominal Thickness Width Free Test-Length
B 0 H jmen] o] o)
Glass polyurethane 1
Catbon  polyurethane 5 0.16 25 250

Carbon polyepoxide 1

Figure 6.12 Production of RP specimens for tensile tests.

Table 6.6 reports tensile tests results. It is clear from the tests that good tensile
strength can be obtained using a polyurethane matrix.

Anyway, results differ significantly from the traditional epoxy matrix behavior.
This mainly due to the fact that all the polyurethane impregnated samples were hand
manufactured. The misalignment of the fiber strands produced differences in the tensile
result.

Tensile tests contirmed that it is possible to produce carbon fiber reinforcements
wete the conventional epoxy matrix is substituted by a polyurethane one: tensile strength
and ultimate deformation of the two materials are comparable.

It is important to mention that this results concern only the mechanical behavior
of the new fiber material. Other studies are needed to investigate durability, corrosion

resistance and carbon strands performance when immersed in a polyurethane adhesive.
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Universal testing machine used for tensile tests on FRP sheets.

Figure 6.13

tensile tests on Fibre Reinforced Polymers
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Tensile tests on fiber sheets.

Figure 6.14
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Tensile test results.
Fiber Type Matrix Type No. o E g,
[ ] [] [MPa] [MPa] [%]

1 447 50459 9
1479 150652 11

3666 286659 13

Table 6.6

Glass polyurethane
Carbon  polyurethane 5
Carbon  polyepoxide 1







7.TESTS ON PROTOTYPES

7.1 INTRODUCTION

Several samples of Recycled Rubber-Fiber Reinforced Bearings (RR-FRBs) were
manufactured and tested in compression and shear to venfy if the approach was practical.

All bearings were made by Isolgomma Sd (VI, Italy). All specimens were of
square shape. However a variety of dimensions was adopted. The experimental research
was conducted to study the behavior of the bearings in compression and shear at various

level of vertical pre-load.

7.2 COMPRESSION TESTS

7.2.1 Experimental Setup

The bearings were tested at the Department of Structural Engineering (DIST) of the
University of Naples Federico II. For compression tests it was used a universal testing
machine MTS 810. The machine is suitable to perform tests both in compression and in
tensicn. [t includes an axial hydraulic actuator with a maximum capacity of 500kN and a
sttoke of 150mm. Both displacement control and force control procedures can be
tollowed. The vertical load 15 applied through the upper leading plates that distributes the
torce from the vertical actuator to the test bearings. Table 7.1 shows the universal testing

machine charactenistics.

Table 7.1 MTS 810 characteristics.
Axial Hydraulic Actuator Capacity Stroke Hydraulic Grip System Data Acquisition
[lN] frzm] [MP4] ;
=00 150 = 16 bit at 5KHz max.

The data acquisition and the centrol of the hydradlic actuator for the testing
machine are performed by a seftware running on a personal computer. The typical data
sampling was 25 points per seconds, and 1t could be changed according to the loading
rate and duration of the test. The applied vertical load was averaged from two load cells.

The relative vertical displacement between the end plates of the specinen was averaged
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from four Linear Vanable Displacement Transducers (LVIDTs) located at the four
comers of the plates as in Figure 7.1.

The average vertical stiffness of the bearings was obtained from compression
tests carried out under load control. Vertical tests were carned out under load control.
The loading histonies of the vertical tests are presented m Figure 7.2,

The loading steps reported in the Figure are needed to accommeodate the viscous

response of the devices.

= Load cell

Figure 7.1 Universal testing machine modified to accommodate the recycled rubber
bearings.
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Figure 7.2 Load-patterns for vertical tests,

7.2.2 'Test Specimens

Eleven spectmens with ditferent reinforaing layers and configurations were tested. The
prototypes are of square shape with slightly different in-plane dimensions, but with a
constant total height. All the specimens had no rubber cover. Table 7.2 reports the
charactenistics of the tested devices.
The total thickness of rubber was 60mm, a constant for all the testes RR-FRBs.

The rubber in use was of the two types (SG600 and B800). The SG600 was made of
Small Grains (SG) of SBR in a density of 600kg/m?. The B800 was produced using Big
grains of SBR in a density of 800kg/m?. The performances of this two materials are
discussed in the previcus Chapter.
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Table 7.2 Fiber-reinforced test bearings.
Cross-section of the Reinforcing
Bearing Type /2
3 :
= =
: : : g
" & = B g U
; a 5 £ 1
2 a 2
% E & €
g £
Q &
i r
L] §l [ Tl [mom] [oom]
rpad(BG)250 B800 - 0 60 250 250
rpad(SG)250 SG60A0 = 0 G0 250 250
rpad(BG)300 B800 - 0 60 300 300
1L3(BG)300 B800 Steel shim 1 60 300 300
1ILCEBG)300 B300 CFRP 1 60 300 300
ALC(BG)300 B300 CFRP 3 G0 300 300
4L.C(3G)250 SGG60O0 CFRP 4 60 250 250
ALGEBG)250 B300 GFRP 3 G0 250 250
3LG(5G)250 SG600 GFRP 3 60 250 250
4LG(5G)250 SG600 GFRP 4 G0 250 250
7LG(34G)250 SGG600 GFRP 7 60 250 250

7.2.3 Summary of Results

The compressive force — displacement curves for all the bearngs at different levels of
vertical pressure are presented in Appendix B.
Figure 7.3 shows the results at peak vertical pressure for the different beanings.
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vertical load vs vertical displacement
(all specs. at maximum wertical load)
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Figure 7.3 Vertical test results.

For steel and fiber reinforced bearings, the resulting vertical compressive stress-
strain curves is highly nonlinear with significant run-in before the full vertical stiffness
was developed. The nonlinear response 1s primarily due to the nonlinear behavior of the
elastomer 1n compression [Robert 1988]. The mitial run—n response was detected for
Natural Rubber Fiber Reinforced Bearings (NR-FRB) where it depends on 1ssues related
to workmanship and initial lack of straightness in the fiber layers [Kelly 2008]. To reduce
the mitial run-m effect an orthogonal mn plane tensien should be applied to the bi-
directional fabric prior to being bonded to the elastomeric layers. In other words,
prestressing is required.

The procedure consents te reduce the iitial run—in the lead deflection response
[Toopchi-Nezhad ef 2. 2009].

For the reported tests, no particular precautions were used. Moreover, the initial
run-in was of little concern as the bearings developed adequate vertical stiffness under the
expected vertical load. Vertical test results are shown in Tables 7.3 - 7.5,

Since the dimensions of the bearings are different, it 1s useful to tabulate the

vertical stiffness in terms of the effective compression modulus, £, , as defined by

Equatien 7.1.
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g P
AE, (7.1)
Table 7.3 Vertical test results for 2-3MPa vertical pressure.
Specimen Area Load Step  Pressure Secant Compression Vertical
Stiffiess Modulus Frequency
[07] [iN] [MPa] __ [N/mm] [MPa] [Hz]
rpad(BG)250 0.063 125 188 2-3 23271 22 6
rpad(3(3)250 0.063 125 188 2-3 20627 20 6
rpad(BG)300 0.090 180 270 2-3 55624 37 8
1L3(BG)300 0.090 180 270 2-3 81893 55 10
1LCBG)300 0.090 180 270 2-3 84112 56 10
3LC(BG)300 0.090 180 270 2-3 124706 83 12
4LC(5G)250 0.063 125 188 2-3 57287 55 10
ALG(BG)250 0.063 125 188 2-3 56155 54 9
3LG(SG)250 0.063 125 188 2-3 23148 22 6
41.G(34G)250 0.063 125 188 2-3 41118 39 8
TLG(SG)250 0.063 125 188 2-3 57870 56 10
Table 7.4 Vertical test results for 3-4MPa vertical pressure.
Specimen Area Load Pressure Secant Compression Vertical
Step Stiffness Modulus Frequency
[m?] [kN] [MPa] __ [N/mm] [MPa] [Hz]
rpad(B(G)250 0.063 188 250 3-4 18032 17 5
rpad(8G)250 0.063 188 250 3-4 18997 18 5
rpad(B(G)300 0.090 270 360 3-4 55046 37 7
1LS(BG)300 0.090 270 360 34 78125 52 8
1LC(BG)300 0.090 270 360 34 91743 61 9
3LC(BG&G)300 0.090 270 360 3-4 178926 119 12
4LC(3G)250 0.063 188 250 3-4 102796 99 11
3LG(BG)250 0.063 188 250 3-4 41391 40 7
3LG({8G)250 0063 188 250 34 23020 22 5
ALG(8G)250 0063 188 250 34 82237 79 10
TLG(8G)250 0.063 188 250 34 105932 102 11
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Table 7.5 Vertical test results for 4-5MPa vertical pressure.
Specimen Area Load Pressure Secant Compression Vertical
Step Stiffness Modulus Frequency
] [N]  [MP]  [N/mm]  [MP] [Hz]
rpad(BG)250 0.063 250 313 4-5 121927 117 10
rpad(8G)250 0.063 250 313 45 34511 33
rpad(BG)300 0.090 360 450 45 62112 41
1L3(BG)300 0.090 360 450 45 85551 57
1ILC(BG)300 0.090 360 450 45 90000 60
3LC(BG)300 0.090 360 450 4-5 250000 167 12
4L.C(SG)250 0.063 250 313 4-5 163613 157 12
3LG(BG)250 0.063 250 313 4-5 19832 19
3LG(SG)250 0.063 250 313 45 54348 52
4LG(5G)250 0.063 250 313 45 68681 GG
7LG(8G)250 0.063 250 313 4-5 115101 110 10

The fact that at the same pressures the E, value for tpad(BG)300 1s hugher than
for tpad(BG)250 is due to a larger influence of free ends in the larger pad. This effect 1t 1s
also evident when the behavior of beanngs with a stmular reinforcement and different in
plane dimensions is analyzed.

It is also evident for all the speamens a systematic increase in stiffness and B,
with increasing pressure. The behavior 1s not linear with the pressure: as the compression
increases, the fiber sheets tend to straighten out the fiber strands, thus increasing the
effective fiber stiffness.

Given the vertical stiffness, K

¥ 2

of the bearing under vertical pressure p, the vertical

trequency, f,, can be calculated as

1 [K g
feo 2
2z \ pA4

(7.2
where A is the plan area of the specinen and g 1s the acceleration of gravity.

According to the results in Tables 7.3-7.5, the bearings have vertical frequencies
in the range 4-12 Hz.

It must be noted that the bearings where not designed for a specific application.
Rubber layers where bonded to different reinforcing sheets to evaluate the capability of
different reinforcing matenals in changing the vertical stiffness of the prototype devices.
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Figure 7.4 Vertical test results.

Carbon reinforced bearings performed better than glass reinforced ones. Glass
sheets appeared to be made of a very poor quality material with actual fibers constituting
orly 20-25%. The rest were holes and the layers were dearly inadequate for these
applications. Even if the elastic modulus of glass FRP strands is lower than carbon FRE,
by using glass reinforced sheets composites with an high areal density, sufficient verfical
stiffness and strength could be provided with an accessible price for low-cost
applications,

The introduction of reinforcing layers is always effective in increasing the vertica
stiffness of elastomeric devices. From Figure Bl to Figure B3 the load displacement
relations for unreinforced rubber blocks are shown
From the tests, it resulted that when high vertical loads are applied, the unreinforced
blocks are highly damaged after loading. In fact the curves show large enerpy dissipation,
and damage was wisible after testing Moreover, FREBs perform better than Steel
Reinforced Bearings (SRBs) (Figure B.4 and Fipure B.5). This is most likely due to a
better adhesion of the fiber layers to the mbber surface Since using a fiber reinforcement
it results a lower rubber deformation, the TDM is not damaged after testing and a purely
elastic behavior can be obtained (Appendiz B).

A steel reinforced square isclator with the same geometry of 3LC{BG)300,

ignoring compressibility effects, would have an effective compression modulus B, of
108MPa (G=11MFa).
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7.3 SHEAR TESTS

7.3.1 Bearings Design and Properties

Shear tests were conducted on 3LG(3G)250 and 7LG(SG)250 specimens. It is recalled
that the bearings have the same plan dimensions of 250 by 250mm, with a total rubber
thickness of 60mm, as shown in Figure 7.5.

60mm

WV
250mm 250mm
3 GFRP layers 7 GERP layers
Figure 7.5 Sizes of the tested elastomeric bearings.

Figure 7.6 is a photograph of the tested devices. The bearings have the same total
tubber thickness, fiber-layers thickness, no cover and footprint dimensions, but differ in
the number of rubber layers and shims, and therefore in their total height.

Figure 7.6 RR-FRBs tested in shear.

The recycled rubber used for their manufacture is composed of 50% SBR fibers
and 50% EPDM grains, with a density of 800kg/m? (G800).
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7.3.2 Description of T'est Setup and Protocol

The 1sclators were not bonded on top and bottom. A constant vertical load and fully
reversed cycles of honzontal displacements were applied. By carrying out the tests, the
force—displacement loops were obtained and, consequently, the effective horizontal
stiffness, the effective shear modulus and the viscous damping.

To test the response of the bearings to loading conditions that would result from
earthquake shaking, four cyclic signals with vanious amplitudes ranging from 20% up to
80% shear strain were used. Table 7.6 shows the test protocol.

Table 7.6 Displacement-controlled tests for Recycled Rubber Fiber Reinforced Bearings.
P g & % & & 5 7
I B

w 7]
H O [mm) (%] [mm/s] [Hz [MPa] [kN]
1 3LG(5G)250 12 20 05 0.04 1 625
2 3LG(5G)250 12 20 05 0.04 1 625
3 3LG(S8G)250 12 20 0.5 0.04 1 625
4 3LG(8G)250 12 20 0.5 0.04 2 1250
5 3LG(5G)250 24 40 05 0.02 1 625
6 3LG(S8G)250 24 40 05 0.02 2 1250
7 3LG(5G)250 36 60 1.0 0.03 1 625
8 3LG(3G)250 36 60 1.0 0.03 2 1250
9  3LG(S8G)250 36 60 1.0 0.03 3 1875
10 3LG(3G)250 48 80 1.0 0.02 2 1250
11 3LG(5G)250 43 80 1.0 0.02 3 1875
12 3LG(5G)250 43 80 1.0 0.02 3 1875
13 TLG(SG)250 12 20 05 0.04 1 625
14 7LG(SG)250 12 20 0.5 0.04 2 1250
15 7LG(3G)250 24 40 05 0.02 1 625
16 7LG(3G)250 24 40 05 002 2 1250
17 7LG(SG)250 36 G0 1.0 0.03 2 1250
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Horizontal tests have been petformed at the Mechamcal Engneenng
Department of the University of Naples Federico Il The tests apparatus 1s shown in
Figure 7.8. The same equipment can be used as a 11D shaking table machine as i Figure
7.7,

Figure 7.7 Instrumentation setup for 1D shaking table tests.

Vertical frame

Vertical
) actuator
Wertical
shide Horizontal

slide

Test specimen
Horizontal actuator
Horizontal frame

Figure 7.3 Instrumentation setup for horizontal tests.
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The machine has two hydraulic actuators, one in the honzental direction and the
other in the vertical direction. In the apparatus, the vertical load is transferred by an
hornizontal plate, the lateral displacement 1s applied to the basement of the machine which
can shde freely on roller bearings. The maximum force of the vertical actuator 1s 190kN.
The honzontal actuator has a maxirmum stroke of 200mm and a maximnun force of 50kN
with a maximum speed of 2.2m/s. The bearing is located between two rigid steel plates
with no bonding or fastening at its contact surfaces. Lateral displacements are imposed
with an honzontal hydraulic actuator attached to the lower plate. A load cell 1s used to
measure the lateral loads corresponding to the different lateral displacernents unposed on
the bearing, Two LVDTs are used to measure the relative vertical displacements between
the lower and upper plates. All tests are conducted at room temperature and the data was
sampled at 250 Hz.

The data acquisition and contrel of the hydraulic actuators are performed by a software
package on a personal cemputer.

The horizontal tests are performed with different shear strain amplitudes of 20%, 40%,
60%, 80%. The displacement is imposed at a speed of 0.5mm/s and three cycles are
applied for each of the shear strain amplitudes.

7.3.3 Resulis of Horizontal Tests

Some results of the honzontal tests performed on isolator specimens are shown in
Appendix C as honzontal force versus displacerment curves. As shown in the Figures, by
mncreasing the number of cycles of loading; the value of honizontal stiffness marginally
decreases 1n all tests. This stress softening is not associated with the Mullins effect which
occurs 1n filled mubbers. In filled rubber, the Mullins effect reflects a breakdown of weak
bonds between rubber molecules and filler particles [Gent 2001]. In recycled rubber
compounds, the breakdown occurs at the interface between the binder and the granules,
deterrmining a softenung of the TDM.

The horizontal stiffness, K, , for conventional seismmuc 1solation bearings 1s given

by Equation 7.3

K, == (1.3)

where & is the shear modulus, ~4 1s the plan area of the bearng, and 7 is the total
thickness of the rubber.

The applicability of this formula 1s very limited for the bearings in this study.
The bearings are not bended to the top and bottom support surfaces and have flexible
reinforcermnents. Consequently, when they are sheared, fiber layers bend, and the bearing

rolls off the top and bottom surfaces at opposite corners, as in Figure 7.9.
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During the roll off, the shear area reduces, producing a decrease in stiffness. In this work,
the shear strain for an unbounded bearing has the same definition as that for a bonded
bearing (relative horizontal displacement of the supporting surfaces divided by the total
height of the rubber). It is neglected the fact that the corners of the unbounded bearing
roll off and that the bearing can actually slip. This effect become more evident for taller
devices.

Figure 7.9 Specimen 7LG(SG)250 at peak shear deformation.

The two properties of interest are the effective lateral stiffness and EDC of the
bearings at various amplitudes of vertical loads and lateral displacements.

Generally, the effective lateral stiffness is calculated based on the peak-to-peak
lateral response in each cycle of the test. Since in some of the tests, the bearings slide on
the horizontal surfaces, in order to compare the performances of the different bearings,

the stiffness is herein computed as a secant value at a displacement A(F,j max) , as in

Equation 7.4.
F

(5.max)
A(E, ) 08

’éb,A =

in which A(F/y,max) 1s the displacement where the maximum shear force is recorded

Table 7.7 shows the shear test results as effective shear modulus and EDC.

The values of effective shear stiffness of all fibers reinforced isolators are almost
equal for several shear strain amplitudes, a given vertical load and the same frequency of
shear loading. The shear modulus is lightly affected by the number of reinforcing layers.
In Figure 7.10 the varations of the average EDC versus shear strain amplitude 1s
compared for all prototypes. For a certain shear strain amplitude and frequency of shear
loading (excluding the sliding cases) the EDC increases with the vertical load.
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Table 7.7 Shear test results,
s 8 s E ¢ ¥
2 & F 4= 2 o5 B
" 7]

[-] -] [mm] [%] [MPa] [Hz] [kN-mm] [N/mm]
1 3LG{5G)250 12 20 1 004 200.0 2067
2 3LG(5G)250 12 20 1 004 187.6 1620
3 3LG(5G)250 12 20 1 004 180.1 161z
4 3LG(34G)250 12 20 2 0.04 2446 2068
5 3LG(S34G)250 24 40 1 0.0z 629.6 1422
6 3LG(5G)250 24 40 2 002 804.5 1640
7 3LG(5G)250 36 @0 1 003 1835.4 1339
8 3LG(5G)250 36 a0 2 003 1639.7 1429
9 3LG(S4G)250 36 a0 3 003 1915.8 1617
10 3LG(8G)250 48 80 2 002 2433.6 1485
11 3LG(3()250 48 80 3 002 3141.8 1449
12 3LG(5G)250 48 80 3 002 3074.3 1175
13 7LG(5G)250 12 20 1 004 1795 1941
14 7LG(53()250 12 20 2 0.04 2427 2271
15 7LG(5G)250 24 40 1 0.0z 1142.8 1851
16 7TLG(3()250 24 40 2 002 767.6 2542
17 7LG(3G)250 36 @0 2 003 2346.4 1846

When a fiber renforced isolator is subjected to shear loading, bending of the
reinforcemnents causes a planar cross section not to remain plane, which 1s in contrast to
the behavior of common steel reinforced 1solators [Kelly 1999]. The mterfacal slip of
single fibers against each other in the threads produce a sigruficant amount of frictional
damping in reinforcement fibers.

Dufferently from Fiber Remnforced Natural Rubber Isolators, in Recycled Rubber
Bearings a significant amount of dissipation 15 due to the fiction between elastomeric
grains. The natural rubber fiber remforced specimens tested by Kelly had and equivalent
viscous damping ratio around 15% at 100% shear, and 14% at 150% shear [Kelly 1999].
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Figure 7.10 Energy Dissipated per Cycle.

In the honzontal tests of this research, even at large shear strams, plane cross
sections of 1solators remain almost plane. Only small regions at the edges become curved.
The results of the tests show that the energy dissipation and the equivalent viscous
damping of the fiber remnforced isclator specimens are almost equal to those of the
rubber specimens tested at TARRC (Figure 6.11). Recycled rubber isclators showed an
equivalent viscous damping of 12% at 20% shear, 13% at 40% shear, 15% at 60% shear.

Therefore, the energy dissipation, i the fiber layers, due to fricticnal damping 1s
negligible. Since for the tested bearings the roll-off portion was small, the absence of
frictional damping in the fibers 1s probably caused by the msignificant warping of the
plane cross-sections and absence of interfacial slip of single fibers against each other in
the threads.

Vanations of vertical pressute in the range of 1-2MPa cause variations of
honzontal stiffness and effective shear modulus of around 14%. In traditional devices,
with mereasing the vertical load, the effective honzontal stiffness and effective shear
modulus decrease. Conversely, in RR-FRBs the honzental stiffness increases with the
vertical load. In fact the vertical load compacts the material and closes the mnternal veids.
This results in an higher stiffness. Moreover, when the bearings do not slide, mncreasing

the vertical load mcreases the energy dissipation and damping,
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The experimental results show that the roll-off response 1s limited by the fact
that the free edge of the bearing rotates from the vertical towards the horizontal with
mncreasing shear displacement, and the limit of this process 1s reached when the onginally
vertical surfaces at each side come in contact with the horizontal surfaces at both top and
bottorn. Further herizontal displacernent beyond this point can only be achieved by
slipping. The friction factor between rubber and other surfaces can assume very large
values, possibly as high as 1 and slip can produce damage to the bearing through tearing
of the rubber, distortion of the reinforcing layers, and heat generated by the sliding
motion [[Konstantinidis ef #/ 2008].

At each level of imposed lateral displacement, the larger load-resisting capacity
and damping are observed during the first cycles (Appendix C). For the following cycles,
at each level of displacement amplitude, the bearings exhibited stable hysteresis loops.

All the beanngs maintamned positive incremental load-resisting capacity throughout the
lateral response and exhubited stable defermations.

In fiber reinforced specimens, by increasing the shape factor from 8.3 to 25, the
value of effective compression modulus in the range of pressure 2-3MPa mcreases by
about 150%. The shape factor of elastorneric layers has some effect also on the effective
shear modulus: for a shear deformation of 60%, with a vertical pressure of ZMPa, the
variation 15 around 30%. The polyurethane binder used to glue the fiber layers, fills the
voids in the elastomer and increases the stiffness of the devices.

Results of tests at three different pressures, same velocity rate, and different
shear strain levels are shown in Appendix C. The tests confirmed that the EDC 1s faidy
rate-independent and that damping 1s predominantly hysteretic, not viscous. There is
generally an increase in the EDC with increasing vertical load for all the beanngs, as can
be seen 1n Table 7.7.

The value of ), defined in Figure C.1, increases with increasing peak shear

strain, butis not dependent on the loading rate.
Since none of the bearings was forced further beyond the peak resisting force, no damage
was observed. For the bearnngs, the ultimate seismic shear strain should be the strain at
which the vertical face becomne honizontal.

For 3LG(SG)250 and 7TLG(SG)250 ship was observed under low vertical loading
(1MPa). The measured horizontal force not exceeded 0.35 times the compressive load.
The ratic of the hornzontal force to the vertical force 15 an indication of the frictional
resistance of the contact interfaces between the rubber bearing and the supports. At the
mitiation of shiding and during shiding, this ratio is referred to as the static and kinetic
coefticent of friction. The peak for the test, with no sliding, was 0.70.
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Caltrans gudelines [Caltrans 1994] address the unportance of the frctional properties of
the contact mterface in seismic analyses and the difficulty in assigning a parameter that
quantifies this resistance. Based on several test reports, the use of a Coulomb friction
model with a frction coefficient of 0.40 for concrete to rubber and 0.35 for steel to
rubber 15 suggested. This 1s the half of what was recorded dunng the tests.

The validity of a Coulomb friction model to describe the mechanical behavior of
steel-to-rubber interface 1s questionable. While this model appears to wotk for rough hard
surfaces like concrete to steel, it may not be appropnate for the interface of a hard
material in contact with a soft material [Persson 2001].

It 1s observed that stiffness values estimated by Equatien (7.3) shghtly dewviate
from the experimentally determined values because of a little reduction in effective shear

area due to contamned roll-off effects.






8.SEISMIC ISOLATION FOR LOW-COST HOUSING: A
CASE STUDY

8.1 INTRODUCTION

A project called Use of Rubber-Based Bearings for Earthguake Protection of Small Buildings was
sponsored by the United Nations. It included the construction of demonstration
buildings in different countries as prototypes for the implementation of base 1solation for
the seistmic protection of public housing in developing countries. Tantwangsa and Kelly
[1996] describe the studies carried out as part of the porect for the design and
construction of a bulding in Indonesia.

In this Chapter a study 15 conducted to assess the possibility of applying RR-
FRBs to the demonstration building therein illustrated. This i1s done by comparing the
performances of the bulding isolated with three different technologies, namely Lead-
Rubber Bearings (LRBs), Friction Pendulum Systerns (FPSs), and Recycled Rubber -
Fiber Reinforced Bearings (RR-FRBs).

8.2 THE DEMONSTRATION BUILDING OF PASIR BADAK, INDONESIA

8.2.1 Description of the Building

The base 1sclated building 15 a four-story, eight-apartment housing block constructed as a
prototype near the city of Pelabuhan Ratu in Southwest Java, Indenesia. Figure 8.1 shows
a photograph of the building. The superstructure consists of reinforced concrete frames
with infilled masonty panels separated from the structural frames by setsmic gaps.

The construction of the building was completed in 1984, The building 1s 7.5m by 18.0m
and the height 1s 12.8m. It 1s supperted by 16 High Damping Natural Rubber elastomeric
beanngs (HIDNR). The building has a floor slab and beam assemblage to accommodate
the 1isolation system. The i1solators are placed between the superstructure and the
foundation. Jacking peints at the ground floor level were provided at several locations.
The building was designed so that it would exhibit a strong column, weak beamn faillure
mecharism. The outer columns are 300x600mm, the inner columns are 300x300mm. The
ground floor beams are 300x700mm while the first floor beams are 300x600mm. A
130mm concrete slab was cast together with the beam to have a ngid diaphragm.
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Photograph of the demonstration building of Pasir Badik (Courtesy of Prof.
J-M.Kelly. University of California, Berkeley).

Figure 8.1

The masonry infills are 140mm thick and are built with concrete block with an hallow
area equal to the 65% of the cross section.
Figure 8.2 and Figure 8.3 show plan and elevations of the demonstration building.

The column loads for the seismic combination at the base isolation level are reported in

Figure 8.4.

Demonstration Pulding
Pasir Badak, Indmesia
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Figure 8.2 Typical plan of the demonstration building (Courtesy of Prof. J.M Kelly.

University of California, Berkeley).
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Figure 8.4 Vertical load — for the seismic load combination.

8.2.2 Description of the Isolation System in Use

The isolation system consisted of 16 high darnping natural rubber beafings connected to
the structure using recess plates.

Rubber bearings with light loads tend to have a small diameter, @ , and a large total
rubber thickness. This leads to unstable devices.
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Since the building has some lightly loaded columns, in order to overcome the instability
problems, for few devices it was used an HIDNR compound with a shear modulus of
0.4MPa. For the other devices it was used an hard compound with a shear modulus of
about 0.8MPa. All bearings are 330mm m diameter and 176.5mm high.

The connections were made using a pair of plates that confine the bearing in place. One
plate 1s attached to the foundation and the other is attached to the upper structure.

Figure 8.5 shows the device in the deformed configuration. The end plates were designed

thinner than those used 1 conventional devices in order to have a cost effective 1solator.

Figure 8.5 Deformed configuration of isolation bearing with recessed plate connection.

The 1sclation system was designed to have a peried of 1solation of 2 seconds and 10% of
critical damping,

The design displacement for the isolation system was 10lmm and the Maxinum
Probable Earthquake (MPE) displacement was 184mm.

8.2.3 Site Specific Response Spectra

The building 1s located in Pasir Badak, in the southern part of West Java, Indonesia. The
main area of the site 1s basically flat and level on a stable slope. Some borehole tests
indicated the proximity of the bedrock to the ground surface over most parts of the site.
The surface layer appeared to be only 0.5m to 1.0m thick. The bedrock strength was in
the range of 5 to 10MPa, therefore, a direct footing on the bedrock was proposed to
provide adequate support for the building., The site design spectra were derived for 20,
200 and 500 years return period. Figure 8.6 shows the site spectra for 5% damping, The
spectral value corresponding to the 200 years return period earthquake, at 2 seconds 1s
0.118g. This spectral value corresponds to 5% damping and should be reduced by a
factor of 0.83 for 10% damping, which 1s the proposed damping value for the isclation
systern [Taniwangsa and Kelly 1996]. The MPE corresponds to an earthquake having a
return period of 1000 years and a Peak Ground Acceleration (PGA) of 0.32g.
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Figure 8.6 Site acceleration response spectra (£=5%).

8.3 DESIGN AND NUMERICAL MODELLING OF BASE ISOLATION DEVICES FOR

THE DEMONSTRATION BUILDING

8.3.1 Bilinear Hysteretic Behavior of Conventional Isolators

The conventional devices considered m this study are the Lead-Rubber Bearings and the
Friction Pendulum System, both of which are usually represented by bilinear models (e.g,[
Jetrams ez al 2001]).

The bilinear model (Figure 8.7) can be fully characterized by three parameters:

a) the charactenstic strength Q3
b} the secend stiffness K, ;
¢} the yield displacement 1D -
With these parameters, the effective stiffness, Kﬂ , the imitial stiffness, K , and the

etfective damping, ﬂgﬁ, can be derived.

¢
KEJT:K2+B

(8.1)
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K, =K2+b£
J (8.2)
) 2UQ(D—DJ)
a 2
.?FKQ?D

(8.3)
For LRBs, the ratio K| /Kz 1s generally taken to be around 10, while for FPSs a

ratio of 100 1s generally considered.
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Figure 8.7 Bilinear hysteretic model.

Since K and ,Gef are function of the unknown I, an iterative procedure is needed to
compute the three characteristic parameters.

The energy dissipated per cycle, Iy, is a function of &/, D and L, , as expressed in the
following formula

WD:r{Q(D—DJ) s

8.3.2 Lead-Rubber Bearings
For the scope of this work, the isolation system is designed at the MPE hazard level. A

linear 10% damped system with 2 period has a maximum displacement of 1% m at the

MPE hazard level and a displacement of 1dcm at the 500yrs return period event.
Given the carried load 7 and the period T, the effective stiffness is
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2
2
K, - [_ﬂj w
Ti g (85)
and the energy dissipated per cycle

W, = 27f,,K D’

(8.6)
From these two quantities, assuming the yield displacement equal to zero, a first estimate
of the characteristic strength can be denved

0=—2—
4(D-D,)
7 (8.7)
from which, the second stiffness of the 1sclation system is given as
K, =K; - g
D (8.8)
and the yield displacement 1s
D = Q
K- K, (89)
where
K =10K, (8.10)
Table 8.1 Properties of LRB for the analyses (K, =10K,) .

Ky, 3128 [KN/m]

T 2 I
W, 157 [k
By 20 [%)
D 02 [m]
O 208 [kN]
D, 111 [mm]
K, 2088 [kN/m]
K, 20879 [KN/m]

8.3.3 Friction Pendulum System

A Frction Pendulum Systern (FPS) 1s a sliding device that utilizes a spherical surface to
provide a restonng force and friction to dissipate energy [Zayas of al. 1987).
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For an FPS isolator, the resisting force, I, is given by (eg,[Almazan ef a/. 1998])
F= KD+ MV (sgn D)
R (8.11)
Where I is the load on the isolator, D is the horizontal displacement, # is the friction
coefficient and R is the radius of curvature of the dish.
The first term is the restoring force due to the rise of the mass, providing an horizontal

stitfness K, equal to

K, =—
R (8.12)
This gives a period of the isolated structure, T, as

F=ImyRls (5.13)

that is independent of the carried mass.

For a given period, T | inverting this equation, the radius can be calculated
T
R=-—4"_~107"
(27)

(8.14)
Typical hysteresis loops for an FPS bearing are shown in Figure 8.8

20 ‘
Friction Pendulum Bearing
Qe
=
=
ol 0
5
I
—20 I I i I |
-6 -4 =2 0 2 4 6
Displacement (in)
Figure 8.8 Hysteresis loops for an FPS Bearing [Almazan er al. 1998].

FPS bearings exhibit a linear restoring force, an high stiffness before sliding, and energy
dissipation due friction during sliding. The equivalent (peak to peak) stiffness is given by

R "D (8.15)

The damping produced by friction can be estimated as
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Area of hysteresis loo
By = e 5 2 (8.16)
4n K D
Since the area of the loop 1s 44FD, thus
40V D 2 i
P=—mp " %(D
271'[—D+;¢WJD [—Jr y]
R R (8.17)
The upward displacement of the system, &, , 1s given by
D 1D’
3, = R{l— cos[arcsin(i]ﬂ ~ e
2 (8.18)

FPSs are extremely simple to model, since they are essentially a one-parameter system
where everything is controlled by the radius of the concave surface.

In practice, FPSs can be modeled by a hilinear model based on the three

pararneters, K,, K,, and {, as shown i Figure 8.7. The charactenstic strength, O, is
given by the friction coefficient of the shding surface and the load carried by the bearing,
The second slope, K, , 15 easy to determine for any type of 1solation system, while the
elastic stiffness, K, , can be estimated as a multiple of K, .
The value of K, has no influence on the etfective stiftness, but has a strong influence on
the damping. In fact, systerns with the same ( and K, values (eq. systems with the
same effective period at all values of D and the same hysteresis loop) with different
values of K, can have a very different pattern of damping values depending only on the
tutial stuffness. In particular, for small displacements, if K| is large, the damping can be
really lugh. On the other hand, if Dislarge, K, has no influence on the damping,

In the case study, FPSs are modeled in order to have a peniod of the base 1solated
building of 25 (R=1m). A friction coefticent g =0.04 is considered. This gives, for the
design displacement of 0.2m, an effective stiffness of 378kN/m which is the same
considered for LRB bearings. For, D=0.14m the resultant damping is f#=0.15. The

tutial stiffness K, is chosen to be equal to 100K,

The resulting load displacernent relatiens for the FPS and LRB are shown in
Figure 8.9.
The eccentricity of the FPS base 1solation layer 15 0.016m. Modeling the vertical behavior
of the bearings and the variability of the vertical force on the device could improve the

accuracy in determining the forces transmitted by the bearings mto the substructure.
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Table 8.2 Properties of FPS for the analyses (Kl = IOOK2) .

Ky 3128 [KN/m]

T 2 [5]

Wd 15.7 [X]]

By 20 [%4]

D 0.2 [1m]

Q 19.7 [&IN]

D, 0.9  [mm]

K 2 2141 [kN i m|

Kl 21408.8 [kN / m|

FPS & LRB bilinear model

force [kN]

| | |

| | |

l 1 1

1 I I
0 002 004 006 008 01 012 014 016 018 0.2
displacement [m]

Figure 8.9 Bilinear model for FPS and LRB.

Anyway, tri-directional testing of a ngid-block frame shows that the vertical
ground motion component has a small effect on the response of a structure 1sclated with
FPSs (e.g,[Mosqueda ef /. 2004]). Therefore, only a 2ID excitation 1s used in this work.
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8.3.4 Fiber Reinforced Rubber Bearings

For the Indonesian building the resultant column loads, in the seismic load combination,
are those of Figure 8.4. As done for the other isolation systemns, FRBs are designed to
have a period of isolation of 25 at target displacement. The design vertical pressure for
the devices 1s set equal to 3.45MPa. The shear modulus of the rubber, G, 15 considered as
1.4MPa. Given this data, the geometry of the FRBs can be easily derived. In fact, the
vertical pressure and the loads for each column give the base dimensions of the bearings,
while the total thickness of the rubber can be computed solving a simple one-unknown

equation obtained computing the secant stiftness at target displacement for each bearing
(See Section 5.2). For the case study, the derived tetal thuckness of the rubber, 7., 15
200mm.

The design base dimensions of the FRBs for the building are reported in Figure
8.10. It 1s recalled that the possibility of adopting devices of different sizes 1s one of the
advantages of usmng FRBs as seismic isolators. In fact, each beanng could be easily
obtained by cutting a larger pad. This could allow to have dimensions proportional to the
applied vertical load. The result would be a zero eccentricity 1solation system. For the case
study, measures are rounded to the centimeters, this gives an eccentricity of the FRB base
wsolation layer of only 8mim., This result is one of the advantage of using FRBs.
In fact, having so many different dimensions would be impractical using conventional

devices, as 1t would result in an unacceptable cost of the 1solation system.

FRB
base dimension [cm]
7 [ ¥ = % i A
26 35 3z |
5 E
N N 24 W 30 e | n
o
[am]
3 :
[39]
) 26 35 31
A [ & B 2 & |
e—
3.60
le 5)
18.0

Figure 8.10 Indonesian building — FRBs distribution.
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Since FRBs are not anchored to the structure, their frictional behavior has to be
carefully investigated in order to define the performances of this new typology of
bearings. Results of FEAs showed that assuming a friction coefficient g£= 0.7, which

was experimentally venfied by different authors (eg,[Konstantinidis ef af 2003] [Russo
and Pauletta 2013]), the bearings were capable of transferring the shear force from the
device to the superstructure and substructure. Numerical analyses were carried out to
stmulate the behavior of the bearings designed for the building. The analyses showed no
slipping at the centact interface and the ability for each device te deform in shear and to
reach its ultimate honzontal behavior (see definition mn Chapter 5).

A set of large displacement analyses was perfommed also. They showed the
behavior of FRBs when displaced in their unstable range. For the description of the
phenomenon are considered in this section the outputs of large displacement analyses on
a bearing of base, B, equal to 240mm. The peak horizontal load 1s achieved in a deformed
configuration as that of Figure 8.11. This deformed configuration is indicated with a red
marker in the force-displacement plot of Figure 8.13. Once the peak displacement value
15 reached, the honzontal displacement can further be increased, but the deformed
configuration will be unstable. At thus peint, the force-displacernent relation shows a clear
softening pattern.

Figure 8.13 illustrates the loss of lateral load resistance with negative values of

the lateral load. This effectively means that, in the negative forces half-plane, a resistance
has to be imposed to control the rotation of the onginally vertical surfaces. In fact, for
large deformmations, the overturning moment generated by the applied vertical load
overtakes the resistance provided by the device.
However, the unstable roll out of the bearing is limited by the touching of the cnginally
vertical surfaces with the honzontal support. This condition is depicted 1 Figure 8.12.
The displacernent value corresponding to this configuration 1s defined “ultimate
displacernent”. This condition 1s mdicated in Figure 8.13 with a green marker. Continuing
to displace the 1solator will result in a very steep hardening branch. This 1s due to the
indentation of the reinforang layers on the horizontal plates. In fact, at this point the
edges of remnforcing and rubber layers, after a rotation of 90°, have reached the horizontal
supperts. [tis also important to note that, i thus range, the device could be progressively
damaged with a delamination of the layers. Such degradation i1s due to the frction
generated by the horizontal movement, and this tends to tear apart the strata.

For the time-history analyses, the honzontal behavior of the bearings 1s described
using a tolinear model with hardenmg (Figure 8.19). The numerncal values for the model
are reported in Table 8.3. Trnlinear relations have been used to describe the back-bone

curve of the force displacement relations depicted in Figure 8.15. In fact, it 1s considered
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that this model is capable of describing the devices for the scope of having first outcomes
on the behavior of a RR-FRBs isolated building,
This assumption is validated by the observation that the energy dissipation of a non-linear
element depends mainly on the global envelope of the force displacement curves.
It 1s also recognized that other constitutive relations could be used to descrbe the
nonlinear behavior described above but, in this phase, a simplified model can be
considered satisfactory.

Another effect of the roll-out of the isolator 1s the vertical displacement of the
upper loading plate.
This effect is showed in Figure §.14 where the vertical displacement is plotted against the
analysis steps.

The vertical behavior of the beanngs is simplified in the analyses using a

compressive stiffness equal to that of the bearings undeformed in shear (Figures 8.16 -
8.18).

Time: 8.000=-001 MSE'\"\

CampShear

Figure 8.11 RR-FRB (B=240mm) at peak horizontal displacement.
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Time: 1.350e+000 MSE\

CompShear

Figure 8.12 RR-FRB (B=240mm) at ultimate horizontal displacement.

large displacements FEA output
horizontal load vs horizontal displacement

force [kN]

displacement [m]

Figure 8.13 RR-FRB (B=240mm) horizontal load vs horizontal displacement. Large
displacements analysis.
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large displacements FEA output
analysis step vs vertical displacement
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Figure 8.14 RR-FRB (B=240mm) analysis step vs vertical displacement. Large displacements
analysis.
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Figure 8.15 FRB trilinear models and results by FEAs.
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FRB - behaviour under compression
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Figure 8.16 Load displacement relation from FEAs.

Inc
Tine

2 &00e-001

MSC,

Figure 8.17

b

L s

ConpShear

Deformed configuration under compression.



SEISMIC ISOLATION FOR LOW-COST HOUSING: A CASE STUDY

145

Inc:

5
Tine: 2 500e-001 MSO'\

¥

L.

car

Figure 8.18

FRB isolator trilinear type hysteresis model
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Figure 8.19 Trilinear model for the FRB isolators.

Bulging of the rubber and stretching of the fiber layers under compression.
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Table 8.3 Properties of RR-FRBs for the analyses.

Base Dimension [cm)] 24 26 30 31 32 35
KO [N /m] 440.2 515.6 670.6 711.2 753.7 903.5
KF [N /m] 44 52 6.7 71 75 9.0
DS [m] 0.20 0.20 0.20 0.20 0.20 0.20
KS [N /m] 440.2 515.6 670.6 7112 753.7 9035
FY [kN] 8.9 11.3 16.7 18.2 199 26.1
FU [IN] 267 338 50.1 54.7 59.7 78.4

DU [m] 0.08 0.09 0.10 0.10 0.11 0.12
DX [1m] 0.23 0.23 0.23 0.23 0.23 0.23
KC [kN/m] 81482.8 954459 1241333 131648.6 1395222 167246.7
KT [N /m] 814.8 954.5 1241.3 1316.5 1395.2 1672.5

8.4 TIME-HISTORY ANALYSES

8.4.1 Superstructure Model

Time-history analyses were carried out using a computer program, Petform-31D v5
[Computers and Structures, Inc. 2012]. A full three-diumensional representation of the
superstructure (Figure 8.20) with linear elastic behavior is used in the tune-lustory
analyses. Colurnns and beamns are modeled using linear beam and columns elements. The
floor masses are concentrated to the joints. Diaphragm constrains are used at each floor
level above the isolation system. The distnbution of the structural elements at each floor
15 symmetrical i both directions, while the distribution of the mass 15 shghtly
asymmetrical n the longitudinal direction: the degree of mass eccentricity is very small -
less than 1% of the length of the building. The mass of the structure and the load carned
by the building are assumed to be concentrated at the floor levels.

Damping ratio of 0.05 1s used for all the superstructure modes. The isolator
modes have periods of approximately 2s.

Since the seismmuc gaps are effective in separating the infills from the structural
frames, it 1s reasonable to exclude the stiffness contribution of the unremnforced masonty
walls in the computation of the lateral stiffness of the superstructure. For the fixed base
structure, the first penied 1s 0.45s, corresponding to the first mode in the transversal
direction. The second period 1s 0.28s, corresponding to the first mode penod in the
longitudinal direction.

These periods of the superstructure are well separated from the two-second

hernizontal penod of the isolation systermn.
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Figure 8.20 Indonesian building-superstructure frame.
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8.4.2 Ground Motion Selection

The analytical models ate subjected to a serles of recorded ground motions that are
tepresentative of the site response spectra for the 500y1s return period and MPE seismic
risk levels.

The records were selected for the time history analyses using Rexel v 3.4 beta [Tervolino et
al. 2010]. The main condition for the chosen ground motions sets is that the average
elastic spectrum does not underestimate the spectra, with a 10% tollerance, in a wide

range of periods 0.4-4s As for the sets chosen by Taniwangsa and Kelly [1996], are
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considered accelerograms with 5.5 <M <81, R within 0-22km. Figure 8.21 and Figure
8.22 are the MPE and 500yrs return period combination for the site.

Waveform ID Earthquake ID Station ID

6331
1231
333
74
6334
4674
1257

mean

Figure 8.21

Sa(T) [4]

1.2H]

o
o

o
@

MPE combination
SFmean=1 .9415

2142 ST2486
472 5T575
157 5T121

43 5T27

2142 5T2488

1635 5T2486
472 5T772

Earthquake Name Date

South Iceland (affesshock) 21/06,/2000

Tomit 17/08 /1999
Allsion 24/02/1981
Gazli 17/05 /1976
South Ieeland (afieshock)

South Ieeland 17/06,/2000
Tomit 17/08/1999

6.4 stuike slip
76 strikes slip
6.6 nownal
6.7 thst
6.4 strike slip
6.5 stuke slip
76 strike slip
68

MPE combination for the site.

— lower tollerance
target spectrum

kel
22

upper tollerance
— averagespectrum

000074x, SF:0.53092
000074y, SF:0.45376

000333x, SF:1.4206
000333y, SF:1.0558
001231x, SF:2.0336
001231y, SF:1.4624
001257x, SF:1.1042
001257y, SF:1.3388
004674x, SF:1.0283

004674y, SF:0.96826

006331x, SF:6.2497
006331y, SF:8.3041

006334x, SF:0.77762
006334y, SF:0.45345

B /s"2]
0.513
1576
2.257
6.038
4.123
3118
2903
2933

[m/s"2]
0.386
2192
3036
7.065
7.070
3.311
2395
3636

fn/d]
0.057
0190
0.223
0.502
0.377
0612
0.525
0.355

M Fault Mech. E. Dist. PGA_X PGA Y PGV_X PGV_T

B/
0.040
0.266
0.226
0.626
0.970
0.238
0476
0.406

The tecord are pair of honzontal ground acceleration time

different events. The x and y components are applied in the longitudinal

directions of the model, respectively.

L

~ LT

DX ID¥ Np X Np ¥

6.505 7101 1068 0.766
14 585 9807 0764 0995
7920 7447 0759 0.779
9513 6981 1123 0.570
4507 1873 0838 0.945
4.071 9.840 0.795 0.586
6.239 7H50 1284 0.894
TARAT 7273 0947 0.791

histories from

and transversal
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Sa(T) [g]

Wawe form TD Farthquake D Station T

6331
1231
333
74
6334
4674
1257

1118 an

Figure 8.22

500y retum period combination
SF ean=1-9827

2142 §T2480
472 ST575
157 5T121

43/5T27

2142 5T2488

1635 5T2486
472 $T772

Eatthquake Waras Tiate
Sauth Ieland (afeshock) 21/06/2000
Tarait 17/08/1999
Alkicn 24/02/1981
Gal 17/05/1976
South Tnsland (afrsshock)

Seouth Tneland 17/06/2000
emit 17/08/1999

Tls]

M Fault Mech E Dist. PGA_X PGA_Y PGV_X PGV_Y

6.4 strke slip
76 steike clip
6.6 nownal
6.7 thrust
64 strks elip
65 steike clip
7.6 staike slip
68

500yrs combination for the site.

T

T

—— lower tollerance
target spectrum

— o\eragespectium

upper tollerance

weemennns raNge of periods

00007 4xa, SF:0.40891
000074ya, SF:0.34948

000333xa, SF:1.0042

000333ya, SF:0.81319

000600xa, SF:1.4652
000600ya, SF:2.3728
000625xa, SF:2.3013
= 000625ya, SF:3.1697
001231xa, SF:1.5663
001231ya, SF:1.1263

001257xa, SF:0.85044 j

001257ya, SF:1.0311
006331xa, SF:4.8135
006331ya, SF:6.3958

Bafs™]
0.513
1.576
2257
6.038
4123
3118
2.903
2933

|
0.386
2192
3038
7.065
7070
3311
2395
3636

Fafe]
0.057
0190
0223
0.502
0377
0612
0.525
0355

Fase]
0.040
0286
0226
0.626
0970
0238
0476
0408

& L

X MY NMp X Np ¥

6.505 7.101 1.008
14 585 9.807 0.764
7.920 7447 0.759
9.813 6981 1.123
4507 1.873 0.538
4071 9846 0.795
6.239 7.859 1.284
7663 7273 0947

0.766
0.995
0.779
0.570
0.945
0586
0.894
0.791

Acceleration time-histeries for the selected ground motions are reported in

Appendix D.

8.5 ANALYTICAL PREDICTION OF PERFORMANCE OF THE DEMONSTRATION

BUILDING

8.5.1 Time-History Responses

The results of the analyses can be expressed as tine history responses and/or maxirmum

response quantities. Analyses were carnied out to show the effects of different isolators

properties. In this work are investigated/reported the performances of the building for

two sets of ground motions cotresponding to 500yrs return period events and 1000yrs

return period events. This last set, in accordance with Tamrwangsa and Kelly [199¢],

identifies the Maxunum Probable Earthquakes.
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The wotk 1s onented to venfy the safety margin of FRB isolated buidings under
severe events. Modal analysis conducted for the 50yrs return period event showed that
the fixed based structure is capable of behaving elastically without exceeding the
interstory-dnft of 0.005.

The maximum responses in terms of absolute floor accelerations, floor
displacements, interstory-drifts are presented for each seismic risk level. In addition, the
variation in the column load dunng the earthquake 1s computed to verfy that the
columns remain i compressicn to enable the beanngs to transfer the shear force

properly to the superstructure.

Accelerations:

Figures in Appendix E show the response acceleration at the isolation level, and the
acceleration respense time history at the top level for the FRP, FPS and LRB models. For
all the models there 1s no amplification of the acceleration up to the top of the bulding,
The maximum roof acceleration for the corresponding fixed-base building, considering
only the first mode and not accounting for inelastic behavior, for the MPE, 1s around
0.7g. No amplification of the peak ground acceleration (PGA) in the superstructure
occurred. At a roof level, for all the tested technologies, the maximum acceleration was
limited in most of the cases to 3.0m/s2. This acceleration is considered a limit value for
medical facilities, electronic facilities and others [Pan ef 2/ 2005].

Drsplacernents:
Large displacements i the bearngs occur, Figures in Appendix E show the relative
displacerment time histories. Figures refer to the displacement in the x-direction, however
the maximum isolator displacemnent is approximately the same in both longitudinal and
transverse direction. These maximum displacements occurred at different tumes.
Therefore, the total isclator displacernent is not the vectonial sum of the maximum
displacement in each direction. The maximum relative displacement at each floor is small
compared to the isclator displacement.

The interstory-drift 1s a very important respense parameter in the prediction of
the performance of the non-structural elerments and building contents.
The maximum interstory-drifts are shown from Figure 8.23 to Figure 8.26. The dashed
line in the plots represents the Serviceability Lirmut State (SLS) as for the [talian building
code [NTC 2008].
Since the number of ground moticns pairs 1s seven, the response values used to represent

the sets are the mean values of the responses from all ground motions.
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The values obtained for the 500yrs and MPE sets for the tested isolation systems are
summarized in Table 8.7.

Table 8.4 Average interstory-drift.
)
500yrs  MPE 500yrs  MPE 500yrs  MPE
events events events events events events
4th floor 4th floor 4th floor
0.380 0500 0.134  0.150 @ 0530  0.660
(4]
% 5 2
ad —
1st floor 1st floor é 1st floor
0.110  0.150 0.035  0.370 0.170  0.220

The 1solation systems are not so effective in isolating the building for the 1257
record as they are for other records. This happens because the predominant frequency
content of this record is about the frequency of the isclation system.

The displacements of the base isolation layer for the RR-FRB system are
generally bigger than LRB and FPS 1sclated models. LRB devices are effective also
against medium-level ground motions with a low input veloaty: the damping mechanism
begins to work when the velocity 1s still low. FPS 1solated building show a certamn degree
of response to mediurn-level ground metions, but the amount of response 15 relatively
small against strong events. This indicates that dimbing the slope and exceeding the
sliding friction force of an FPS base isolation system requires a certain amount of mput.
The same behavior has been observed in several experumental campaigns [Hana ef 4l
2004].

Residual displacements after ground motion exatation are generally small, except
for RR-FRBs. For the low-cost beanngs there would be the need te petform a zero

return after encountering a strong earthquake.
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Figure 8.25

Figure 8.26
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As 1n the case of study, small interstory-drift unply better performance of the
non structural elements and building contents. [t was found that the interstory-dnft for
the base 1solated models was very small and the seismic response was significantly better
than the one of the non-isclated lmear elastic buildings.

During the exatations in which considerable displacernent occurred, little torsion

was observed regardless of the type of device used.

Shear Forces:
The peak base shear forces for a commer beanng are extracted from the analytical results.
Figure 8.27 compares the peak shear force for a cormer bearing considering FPS, RR-
FRB, LRB isolation systems and fixed base building results. The seismic response of base
solated models compared to non-isolated linear elastic frame 1s sigificantly better.

For the MPE combination, the average reduction of base shear with respect to
the fixed base structure 1s 82% for LRB, 70% for FPS and 61% for LRB isolation systern.

Axial Load on the Isolation Beanngs
FRBs are placed underneath each column. The shear force is transmutted by friction. The
contact area between the 1solation bearings and the horizontal subgrades 1s unportant in
maintaining the 1solation system configuration. It is important to determine 1if the column
load changes sign during the earthquake, implying column uplift. If the columns are
uncompressed, the RR-FRBs under these columns will not participate in carrying the
honizontal shear force, and the earthquake force will be redistribute to the other bearings
that rernain under compression.

FRBs and FPSs, should always be in compression. Because the column loads
vary due to the overtuming moment during an earthquake, the vanation of the axial load
in the columns 1s computed to verify that all the devices are always in compression.

For the cases where only the foction 1s not sufficient for transmutting the shear
forces, recess plates as shear connection for RR-FRBs need to be considered.

Shear connections need also to be used for the cases were the combined vertical

and overturning action of ground metions results in complete unloading of the devices
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Figure 8.27 Shear force base isolation level (MPE events)

8.6 SUMMARY

Results of the time-history analyses with 14 pairs of recorded ground motions show that
the average total 1solators displacement 1s higher for RR-FRBs than FPSs and LRBs. The
maximum accelerations transmitted to the superstructure obtained from the different
tsolation systerns are comparable.

The time-history analyses show that all the tested technologies are very effective
in isolating the superstructure from the strong ground motions, corresponding to the
MPE setsmuc nisk.

This study shows that Recyded Rubber Fiber Reinforced Bearings can be an
excellent choice in pretecting buildings from strong earthquakes., They are capable to
reduce the floor accelerations and interstory-dafts, providing superior performance in
terms of bulding contents, non structural elements and serviceability after major
earthquakes. The case study demonstrates that it is possible to develop a cost-effective
solation technology witheut compromising the performance of the 1selated bulding, The
developed bearings are affordable, light and reliable. They represent a valuable solution
for common types of buildings and they further encourage the use of base solation for
the seismic protection of structures. The research conducted shows that FRBs have
broad application. Their use is not cnly limited to developing countres, but all countries

that are vulnerable to big earthqualkes.
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The isolaters are able to shift the natural peniod of the building to values beyend
the period range of the largest spectral acceleration values, thus signiticantly reducing the
setsmic demand. Due to amplitude dependent stiffness and damping of the bearings, the
solated building period, T, and corresponding damping ratio, &, are influenced by the
level of excitation.

Regardless of the type of device, the response acceleration is lower than the mput
acceleration. Base 1solation layers displacements and the interstory-dnft are in the design
lirmut. Thus, all considered devices are effective against the input waves.

Traditienal non-isclated buildings are typically designed such that a sigruficant
damage to both structural and non-structural components is acceptable. After major
earthquakes traditional buildings are expected to be uninhabitable until repaired.

Base 1solated buildings are expected to experence little or no damage during a
major earthquake and be safely occupied tmmediately after a seismic event so that when
equivalent levels of design performance are compared, an 1sclated building 1s always more
cost-effective [[Kelly 1997]. Results from this study show that a substantial reduction n
the peak response acceleration and peak base shear can be aclueved by implementing RR-
FEB as base 1solation systemn. All of the tested devices are effective as base 1solation
technologies: the response acceleration is sufficiently low and the interstory-drift is lower

than damage level.



9.CONCLUSIONS

9.1 SUMMARY OF WORK

This dissertation has investigated the behavior of innovative bearings, both theoretically
and expenmentally. The herein proposed Recycled Rubber - Fiber Reinforced Bearings
(RR-FRBs) are extremely appealing due to their ight-weight and low-cost characternstics,
and could be widely employved as an effective setsmic nisk mitigation strategy for new
constructions, as well as for the retrofitting of existing buildings. Developing countries
could take advantage of such technolegy to reduce the earthquake vulnerability of large
urban areas.

New closed-form expressicns for FRBs under compression are derived for
several shapes (infinite strip, rectangular and crcular). The formulas allow determimng
the vertical stiffness, and the stress distribution n the reinforcement, of devices with
flexible reinforcements and compressible rubber. It 1s important to highlight that the
derived expressions represent a generalization of existing dassical theories (eg,[Kelly
1999]).

The mechanics of RR-FRBs 15 also studied with numerical simulations, whose
results are reported in Chapter 4. Nonlnear Finite Element Analyses (FEAs) were
performed with Marc 2005 [MSC Software, 2004], which is a soltware package
particularly suited to model elastorneric materials, Results from FEAs conlinm the
outcomes from the analytical study, and provide additional information on large-
displacement behavior of the device.

The ultimate displacement of unbounded bearngs depends of geometrical and
equilibrium considerations. In Chapter 5 these conditions are studied. Design criteria are
mntroduced. The criteria, together with the previous findings, etfectively allow a scund
theoretical representation of the RR-FRBs.

An extensive testing prograrn has been carried cut during this research. Results
of the experimental campaigns are reported starting i Chapter 6. Matenal
characterization of recycled rubber compound 1s obtamned with laboratory testing:

Full-scale bearing protetypes, illustrated in Chapter 7, were tested in order to

assess the behavior under compression and shear loading, Moreover, the influence of
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various configurations in terms of rubber compound, remforcement typelogy, and
number of layers was also addressed.

A case study describing the application on a benchmark bulding representative
of a low-cost housing typology 1s presented in Chapter 8. Inelastic Time-History Analyses
(ITHAs) were performed considering traditional iselation systerns and the performances
were compared to the ones obtained with the nowvel devices. The sumulations showed a
significant seismic demand reduction 1n the superstructure when using RR-FRBs. The
reduction of mterstory-drifts, base shear, and floor accelerations matches what can be
obtamned with existing, consolidate, beanngs. It can therefore be argued that RR-FRBs are
extremnely advantageous because the same performance 1s obtained at a lower cost, and

with a significantly easier on-site installation.
9.2 SUMMARY OF RESULTS

The research described in this dissertation introduces an ongmal technelogy with
significant advantages for seismic risk reduction. The primary conclusions that can be
drawn from this work include:

a) A low-cost and light-weight rubber isolation systern can be produced with
recycled rubber compound such, for mstance, the one obtained with exhausted
tyres or industrial leftovers. These devices are called RR-FRBs.

b) The most important aspects of these bearings are: no need for thick steel end-
plates, no bonding to support sucfaces required, very flexible remnforcernent
provided with Fiber Reinforced Polymers (FRPs).

¢) The use of fiber reinforcement m an unbounded device has the advantage of
elimnating the presence of tensie stresses m the beanng, Rolling off from
supports can develop without constraints. This eliminates the need for costly
vulcanization bonding typical of conventional bearings. Moreover, it gives the
possibiity of using an elastomernc material with lower mechanical qualities, but
also at a lower cost, than the rubber commonly used 1n setsmic isclation.

d) In the theoretical solution, known as pressure solution, both the compressibility
of the rubber and the stretching of the reinforcement are taken into account in
order to gve clesed-form expressions for the deterrmination of the vertical
stiffness and the tension in the fiber reinforcements. Two adimensional

pararneters, & and F are introduced. They are functions, respectively, of the

stiffiess of the remnforcement and of the compressibility of the rubber. A
surprising tesult of this approach 1s that the apparently unrelated effects of
stretching of the remnforcement and compressibility of the rubber can be

described in a strmular analytical formulation. In fact the mathematical structure of
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h)

the theory is the same. Moreover, the combined solution can be written in a
stmple form (see demonstrations in Chapter 3).

The developed theoretical models considering flexible reinforcement and
compressibility of the rubber are consistent with the “classical solutions”
available for steel laminated rubber beanngs and incompressible rubber, In fact,

when both & and £ tend to zero, thus converging on the same hypotheses of

ngid reinforcement and incompressible elastomer, the two theoretical models
give the same results. Hence, the pressure solution for steel reinforced bearmgs
can be considered a special case of the models propesed herein with more
generic assumptions (see Figure 4.6 for the sclution of strip type beanngs and
Figure 4.9 for the solution of arcular type devices under compression).

Comparing the thecretical and the FEAs results, 1t 1s clear that the pressure
solution 1s an useful tool for the prediction of the vertical stiffness of the

bearings, K, , and the stress distribution 1n the remnforcing layers, a,. As shown

in Figure 4.8, the vertical stiffness obtamned by the pressure solution 1s in good
agreement with results from FEAs (Figure 4.9). The same result holds for the
stress distobution in the reinforcing layers (Figure 4.10). The Figures listed
before are examples given for the case of strp-type bearings. Chapter 4 also
reports similar considerations for bearings of different materials, geometries,
reinforang configurations and shapes.

FEAs showed that, considering Coulomb fnction with #£=0.9 and a vertical

pressute up to o, =345MPa , the external layers of the bearings are mn

compression (Figure 4.5). For these values of pressure and frictional coefticient,
FEAs clarified that the tested bearings are able to displace up to their ultimate
horizontal value with no slipping at the contact support. This result 1s particularly
impottant when designing fiber reinforced bearings. In fact, since they are not
bonded at the contact surfaces some arnount of f{riction and vertical load need to
be provided in order to have devices capable of deforming in shear without
slipping.

For RR-FRBs two limiting horizontal displacements are identified. They set the
limit of the honzontal displacement for the overall stability of the bearings and
the displacement at which the onigmally vertical surfaces, while rotating, touch
the horizontal plates. Theoretical models are proposed to determine these two
limit quantities. The assumptions and the demonstrations of the cnteria are

discussed in Chapter 5.
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Tests on recycled rubber and fiber reinforcement with a polyurethane matrix clarified the
behavior of the materials for the production of RR-FRBs:

1)

k)

)

The mechanical behavior of recycled rubber can be easily moditied by changing
shape, size and density of the rubber gramns of the compound (Figure 6.3 and
Figure 6.4).

The ultimate strength and deformation of recycled rubber is proportional to the
density of the matenal (Figure 6.6).

The shape of the rubber grains 1s fundamental in determining the strength and
the ultimate capacity of recycled rubber. The best performances can be obtained
using strip shaped rubber grains (Figure 6.7).

The ultimate elongation of recycled rubber specimens 1s arcund 1%. The
ultimate strength 1s around 1MPa (Figure 6.6 and Figure 6.7). These values are
very low when compared to natural rubber. Anyway, as dernonstrated by FEAs,
there is no need of using rubber of better quality (and higher cost) for the
production of fiber reinforced bearings. In fact, since no bonding to the upper
and bottom surfaces 1s used, the tensile stresses in a shear deformed device are
very lumited (Figure 4.12). This allows the use of low performances matenals. Itis
again recalled and hughlighted that this 1s indeed one of the main advantages of
using a flexible remnforcement in rubber 1solators.

Recycled rubber has a shear modulus in the range of 0.4-1.1MPa (Figure 6.9).
These values are similar to the ones for natural rubber.

The variability of the shear modulus with the amplitude of imposed lateral
displacement, its frequency, and applied wvertical load is investigated and
described in Chapter 6.

The shear modulus of recycled rubber is also a function of the applied vertical
load. As this increases, the voids in the recyced rubber reduce their diunensions
thus giving a better intedocking of rubber grains. In turns, such mterocking
increases the shear modulus of the material. This charactenistic of recycled rubber
15 extremely significant for setsmic 1solation. It introduces a proportionality of the
hornizontal stiffness of the dewices to the applied vertical load. Virtually, this
could mntroduce a singularity m seismuc isolation with rubber: the capability of
producing systems in which the 1solation pericd 15 unchanged by the changing
loads on the structure. In other words, it could be possible to recall with a low-
cost rubber bearing a behavior currently only achievable with costly and weather-
sensitive Friction Pendulum Bearings (FPBs).

Dissipation propetties of recyded rubber are sumilar to high-damping natural

rubber compounds. The equivalent viscous damping is in the range of 10-15%
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(Figure 6.11). The vanability with displacement amplitudes and frequencies 1s
also investigated, and reported in Chapter 6.

Cyclic shear tests showed nc degradation of recycled rubber performances
(Appendix A).

Tensile tests on fiber reinforcement with a polyurethane matrix showed that it is
possible to substitute the conventional epoxy resin with a polyurethane matrix. In
fact, the mechanical charactenistics of this new material for the production of
RR-FRBs shghtly change respect the more diffused fiber reinforced polymers
made using epoxy matrces (Figure 6.14). This is advantageous because

polyurethane binders are alse adopted in recycled-rubber compounds.

Based on the theoretical findings on the behavior of RR-FRBs, and considenng the

expenmentally-obtamed properties of component materials, prototype bearings have

been designed, manufactured and extensively tested. The experimental campaign on the

prototypes showed that:

s)

£)

It 15 possible to produce RR-FRBs as described in the thesis and the result 1s a
very low-cost technology. The cost of the prototypes for the tests was in the
order of the tens of euros per piece. This is very inexpensive when compared to
the price of conventional rubber devices that can be in the order of thousands of
euros. Moreover, the costs were related to the production of few pieces for the
experimental campaign, and they could be realistically reduced for apphications
on a wider scale.

Compression tests underlined that a carbon reinforcermnent can be more effective
than steel for RR-FRBs (Figura B.5 and Figure B.4). This 1s mainly due to the
fact that the polyurethane binder can flow through the holes of the fiber layers
ensuring a better adhesion among the rubber and the reinforcing surfaces.

Glass fiber can also be used as reinforcements for RR-FRBs. However in this
case, given the low elastic modulus of G-FRDPs, it 1s particularly mmportant to
adopt denser fabric configurations.

The performance of RR-FRBs under shear conditions 1s very satisfactory. Smnce
no suppert-bonding is used, they are able to deform freely with no tension
generated at the contact surfaces. Successive cycles of loading were applied and
no damage was detected.

An unexpected advantage in the use of fiber remforcerment 1s: the bending of
fiber strands in the roll-off portion of the beanng dissipates energy by [riction at
the different strands interfaces, This energy dissipation 1s proportional to the roll-

off portion of the bearing. In fact, when a fiber reinforced 1solator is loaded in



162 CONCLUSIONS

shear, a planar cross section becomes curved. The [nction acting between
individual fibers in the curved bundles produces fricticnal damping. This 1s due
to individual fiber strands shpping agamst each other. Therefore, the energy
dissipation in the reinforcement adds to that of the elastomer. The practical
advantage of this phenomencn 1s that it is possible to consider an additional
amount of dissipation. Thus, it is not necessary to elaborate any special rubber
compound when designing high damping RR-FRBs.

x] As predicted by FEAs, the experimental campaign demonstrated that i1t 1s of
fundamental importance, when design RR-FRBs, the investigation of the
frictional behavior at the contact surfaces. With low values of vertical load,
and/or low friction, the isolators would slip without deforming in shear. The
fricional behavior at the interfaces fiber-steel and recycled rubber-steel 1s

therefore derived, and the results are discussed m Chapter 7.

The study of an isolated building (Chapter 8) demonstrates that RR-FRBs can be an
excellent choice in protecting buildings from strong earthquakes. They are capable to
reduce the base shear (Figure 8.27), the nterstory-dafts (Figure 8.23 and Figure 8.26), and
the floor accelerations (Appendix E), providing good performances in terms of collapse
prevention, damage to non structural elements and serviceability after major earthquakes.

The performances of RR-FRBs are generally as good as those of conventional devices.

Anyway, it 1s unportant to mention that, as for all rubber seistuc devices, possible peniods
of 1solation and maximum allowed displacements are stnctly connected to the apphed
vertical load. In RR-FRBs, since the beanngs are not bonded, the geometry of each
device i1s fixed by the fricion coefficient at the interface with the upper and lower
structure and by the stability crtena under a given vertical load and horizontal
displacernent. This causes the prncipal drawback of the FRBs technology. In fact, a
minimum vertical load value has to be provided to the devices otherwise the bearing will
slip without deforming in shear. Very light structures could not obtain a significant
benefit from FRBs 1solation.

This dissertation gives a large amount of mformation for the design of RR-FRBs as
setsmic 1sclators. Performances, limits of applicability, and design criteria are widely
mnvestigated. It 1s deerned that thus research effort is a significant contribution for the real
application of this low-cost technelogy on a large scale. The obtained results are of great
signuficance, not only for developmg countres, but also for all historic Italian downtowns

mainly characterized by masonry buildings. Some of these structures can be highly
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vulnerable even in case of a4 moderate seismic ewent. It is a hope of the author that
massacres as that of the Italian cities of Polla (near Salerno) or L’Aquila (Figure 9.1,
which have shown conditions unchanged for centuries, could be significantly contained

by applications of a robust and low-cost technology.

a)  Polfa Italy after the Great Neapolfitan earthguake,
(Lithograph London Mallet R 1552)
= ) T e KT

&) Aerialview of collapsed buildings around L'Aquila,
Italy April s, 2009
Figure 9.1 Collapses of old buildings after twwo major I talian earthquakes,

9.3 RECOMMENDATIONS FOR FUTURE RESEARCH

The thesis is part of a wider investigation, and further research is already planned to
provide more insight into the subject. Other topics that could be addressed are reported
in the following,

a) Cyclic tests herein performed (Appendix A) were not failure oriented.
Degradation and long term performances of these materials have to be
investigated with an appropriate experimental campaign. This aspect is of
fundamental importance. In fact, seismic isolation devices are designed for a life
at least of fifty years, and must remain functional over a broad range of ambient

temperatures and weather conditions.
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b) Constitutive models for the recyded elastormers could be developed and
compared to laboratory results.

¢) The response under bidirectional excitation of bearings of different shapes needs
to be evaluated.

d) The response to near-fault ground motions (pulse effects and lugh vertical
component content) deserves consideration.

e) Shake Table studies on building prototypes 1solated with RR-FRBs could prowide
empirical evidence of their effectiveness, as well as allowing the study of
additienal phenormena at a larger scale.

£} A special effort should be done to frame the use of RR-FRBs in current seisrnic
codes. For instance, in the [talian setstmic code [INTC 2008] the use of recyced
elastomers for seismic isolators 1s not speafically neglected, but a techmical
bulletin [UNI 6065 2001] for structural bearings does not allow their use. One of
the possible solutions for this problem would be to consider RR-FRBs as
beanngs “for the collapse prevention” thus dividing the seisrmic devices in
different capaaty ranges. Realistically, with more studies conducted on these
devices, it 1s possible to fully address this 1ssue. Such effort would be justified, as
the proposed 1solators seern a promusing and low-cost technology for seisrmic nisk

prevention.
9.4 CURRENT DEVELOPMENTS

Currently, further research developrnent is in progress together with other institutions.
Several hybnd simulations on RR-FRBs are planned and are going to be performed in
collaboration with Dr. Salvatore Strano from the Departinent of Mecharucal Engmeering
of the University of Naples Federico II. The first hybrid simulation results have been
presented [Calabrese ef 4/ 2013] and other test are scheduled in the near future. Another
aspect that is currently studied 1s the fire resistance of RR-FRBs bearngs. Dr. Alan Muhr
at TARRC 15 conducting this research as fire performances are crudal for seismic
solators, and tubber bearings deserve a particular consideration. A RELUIS research
project (ReLUIS-DFC 2009-2012 TASK 2.3.2) will mnvestigate the behavior of scaled
prototype buildings isolated with RR-FRBs. Shake Table tests of two-stery models are
bemng programmed at this time. [t 15 therefore envisaged that these programs will
contrbute to a broader description of the system and will help to its larger acceptance in

the society and in the construction mdustry.
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Appendix A: SHEAR TESTS ON RECYCLED RUBBER
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10mm lateral displacement at 1Hz
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rubber type 500 - 10mm lateral displacement at different frequencies
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rubber type G800 - 10mm lateral displacement at different frequencies
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vertical load vs vertical displacement: specimen rubber pad (BG) 300
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vertical load vs vertical displacement: specimen 1IC (BG) 300
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vertical load vs vertical displacement: specimen 4IC (SG) 250
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vertical load vs vertical displacement: specimen 3IG (SG) 250
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vertical load vs vertical displacement: specimen 7I1G (SG) 250
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horizontal load vs horizontal displacement: specimen 3IG(SG)250 (1MPa,12mm)
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horizontal load vs horizontal displacement: specimen 3I1G(SG)250 (1MPa,12mm)
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horizontal load vs horizontal displacement: specimen 31G(SG)250 (1MPa,24mm)
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horizontal load vs horizontal displacement: specimen 3I1G(SG)250 (1MPa,36mm)
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horizontal load vs horizontal displacement: specimen 31G(SG)250 (3MPa,36mm)
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horizontal load vs horizontal displacement: specimen 31G(SG)250 (ZMPa,48mm)
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horizontal load ws horizontal displacement: specimen 3I1G(SG)250 (3MPa,48mm)
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horizontal load vs horizontal displacement: specimen 71G(SG)250 (1MPa,12mm)
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horizontal load vs horizontal displacement: specimen 71G(SG)250 (2MPa,12mm)
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Horizontal test results for TLG(SG)250 with 2MPa vertical pressure (12mm

horizontal displacement).

Figure C.14



195

horizontal load vs horizontal displacement: specimen 7IG(SG)250 (1MPa,24mm)
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horizontal load vs horizontal displacement: specimen 71G(SG)250 (2ZMPa,36mm)
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