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ABSTRACT

EXPERIMENTAL INVESTIGATION OF
UPLIFT ON SEISMIC BASE ISOLATORS

Erkakan Evren
M.Sc., Department o€ivil Engineering
Supervisor: Assoc. Prof. Dr. Alp Caner

August 201475 pages

Elastomeric rubber bearingsinforced with steel shimsare used toprovide
structural supportin vertical direction and allow horizontal movementgor the
structure subjected tearhquakeand thermal loadsGenerally, it is known that
tensile stres®r uplift may occur when thestructure is subjected to stroggound
motion or structure have large heigbtwidth aspect ratido develop a stability
concern subjected to lateral load$ie main focus of this research isitwestigate

the change incharacteristicoehavior of bearingsunder vertical tensionload and
horizontal loadsincelimited information is availablen this combination of loads

For this purpose, four bearings havihg same shape factavith different sizes and

two otherbearings are examinet@ihey are subjected to a series of staged and cyclic
loads.Shear modulus valuesder different vertical loadsre calculate@ccording to

both TS EN 1338 and BS 540@pecifcationsseparatelylt is observed that shear
modul us decr eas e forvstantdard Meatingsi white decrigasinh e c t
shear modulus of concave edged bearing related to strain amphAiuttee end of
study, it can bestatedthat considerable regsl are obtained and thigioneering
researchndicate that bearings can take tension loads while subjected to horizontal

loads. Still the subject needs further research and testing

Keywords: seismic isolator, rubber, bearinglift
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CHAPTER 1

INTRODUCTION

1.1General

Over the lasd e c a ohagoo Isss oflives occured at developing countrieslue to
poor engineering and construction practices, especially during earthquiédkes
minimize these losseghe seismicperformance of structusecan beimproved|[1].
An artificial increase othe period of vibrationby means ofreducing the input
energy into the structure via use gfesial elementscan improvethe seismic

performance

Mostly, elastomeric rubber bearingginforced with steel shims are utilized to
mitigate seismic forces at bridge type of structuiidée flexibility property of rubber
bearing can lengthenthe structural period and decreaseergy transferred to
structureThe relation between acceleration and period is given beléigure 1.1

ACCELERATION

4 T—> PERIOD SHIFT
¢

-

i P

>

PERIOD

Figure 11: Acceleration response spectri@h
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Seismicdisplacement of structunmay increases a result oflexibility. Excessive
displacementcan be minimized by introducing additionaldamper or energy
dissipating mechanisnGGraph showing the reduction of displacement with damping

is as follows in Figure 1.2.

DISPLACEMENT
A

INCREASING DAMPING

>

PERIOD
DISPLACEMENT RESPONSE SPECTRUM

Figure 12: Displacement response spectrih

Elastomeric rubber bearingse easy to manufacture aodnsideratdo bedurable
because thehave nomechanicaimoving parts ancre moreresistant to time and
degradation compared to other tgpx isolatorg3]. Moreover, viscous damping and
hysteretic properties of isolators make thamsurpassedElastomeric rubber
bearingshavealreadyexhibited a succesdull performancein the pastearthquakes
[4]. Bearingis reinforced via steel plateMakes itstiffer in vertical direction to bear
the vertical load from structure. They armsually installedat the basef buildings
andat top of bridge substructureBisplacement is concentratatithe isolatorevel
andmakesthe structure move as a rigid body aeldstic behavior is provided above

the isolators



In general]ateralforceson seismic performancareprimarily concernin mitigation
of adverse effects of earthquak@se performance of bearings under compression
and shear loadvas typically studied. Structures like hospitals and bridgese
designed taresist earthquake inducexverturning momeist It has beerobserved
thattensile stressr uplift occurs when thground motions very strongor structure

has darge heighto-width aspect rati¢b].

It is known that each country hast adifferentrule or regulation to address uplif
the following part, there are some examplgath regardso limitations about tensile

load determined by different standards and design manuals.

The manual of Japanese specifications for highway bridges salipwto 2 MPa

tension for lead rubber bearinigg.
In New Zealand, it is limited with 3@here G is shear modulus of bear[A

The manual of bridge design specifications published by California Department of
Transportation also denotf;

ABearings shall be desi gneadnysombinatioradf upl i

| oads and corresponding rotationo
AASHTO LRFD (2010) indicates thf];

AfBearings subject to net upl i f-downaor any

anchorages. 0

According to Minimum Design Loads for Buildings and Other Stmastumanual of

American Society of Civil Engineef8];

ALocal upl i ft of i ndi vi dual el ements sh
deflections do not cause overstress or instability of the isolator units or other

structur e el ement so



UNI EN 15129 Anti-seismic devicestated that9];

fA tensile stress ofip to 2G is normally sustained without significant cavitation
occurring. Special connections between the isolator anstiheture that remove the

possibility of the vertical load on the isolator be@ogtensile can be used.

Some regulations allow tension up to a certain vahgereported in the above
paragraphsin general, it is known that bearings show resistance to tensile loading.
However, there are vefimited studiesin addressindehavior ofbearing in tension

and most ofthem arein Japanese unfortunately. Moreover, change in bearing
characteristics and performance with upliftstdl not clear enough. Consequently,
many other studiesbviouslyneed to be carried oon effect of uplift on Estomeric

rubber bearing.
1.2. Objective

No record of tension strain of rubber isolatbiss reportediuring earthquakat the
investigated literaturelt is known that when the grounmhotion is very strong,
tensile stressanoccur on rubber bearings.istimportant tounderstandhe behavior

of rubber isolators when they are used in large aspect ratio building. Therefore, the
objective of this research is to investigate the behavior of RBs subjected to tensile
forces under lateral loads

1.3. Scope

In this scope, theauplift on elastomeric bearings (RByre studied. In the test
program variousbearingswith different size and geometryaresubjected to a series
of compression, tension and shear tefle response of the RBs under combined
cyclic laterdloads and axial tension loagsinvestigaté at a series of standard tests
The results of the tests amummarized andevaluated to develop a design

recommendatioffor structural engineers and any end user.



CHAPTER 2

LITERATURE REVIEW

2.1. Genera

In this chapter, selected studies about seismic isolatiofE@stbmeric bearirgare
reviewed. In addition to conventional ones, new types of bearings like BRB, STP and
fiber reinforced elastomeric bearings areluded Then, effect of different facte on
characteristic of bearings, studies on cases at which uplift occurs and change on
behavior of EBs with tension asdl described. Findings of the selected studies are

summarized below.
2.2. Seismic Isolation

Buckle, I. G. and Mayes, R. L. (1990)

In this review, a short history dfasic elements and performance of base isolation in
worldwide wasdescribed. A&known, seismicisolationwas not a new concept. Prior

to 19606s, despite there were | wares of
applicable.According to authors, development of software whichdet possible

for modelling systems, construction of large scale shaking tablesatlatsimulate

real earthquakes and advances in earthquake engineering facilitate improvement in

seismic isolation.

In the next partof review, application of seismic base isolationUnited States,
New Zealand, Japaritaly and Chinawere explained Each country developed
original equipment or techniques specific to conditions in their couwntrgevelop
these systes Simple and low cost solution developed for brick houses in Chma,
equipment that combines flexible element and enealpgipaterused in New

Zealand Alexisismon which is an isolation system developed in Athens, and finally,



three different types oflampers (KFstoppers, MStoppers and Kistoppers)

produced in Japanereexamples for thesariginal equipmeni2].

Jangid, R. S. and Datta, T. K. (1995)

The topics and types ofbaseisolation were successfullyeviewedby Jangid and
Datta.Only the research topiaserebriefly given instead o& description othe full

study. Following a short descriptigrearly basédsolation techniques, characteristics

of laminated rubber bearing system, New Zealand bearing systemfriptios
system, resilienfriction baseisolation system, electric de France system, sliding
resilientfriction system, friction pendufu system and high damping rubber bearing
were explained. Analytical studies performed on base isolaimh assystem
analyses under different conditions, accuracy of assumptions and different system
modelling were listed in detail. Moreover, indings abat parametricstudies were
given in an order since damping, yield characteristic and time period of beaging
important parameters for identification of optimum characteristics. Finally, previous
experimental studies on characteristics of base isolalewices and behaviors of
baseisolated buildings and application of base isolation systems were given and

review ended with recommendations for further reseafdés

2.3. Studies on Elastomeric Bearings (EBS)

Takabayashi, K., Mizukoshi, K., Yasaka, A. and lizuka, M. (1992)

When making a degn, it is important to know limits of isolation system dralv to
establishan analytical model of structure. There are different facesting limit
characteristics like geometrical shape, aging and loading pattern. In this research,
influence of shpe factor on the limit characteristics of laminated rubber bearasy
studied.

Sixty-three ratural rubber specimens having same diameter but different shape
factors were tested. Author stated two shape factors; primary shape factor, S1 and

secondary shapkctor, S2 and these values were selected as 5, 20, 40 and 2, 4, 7

6



respectively. Different compression, tension and shear stresses and their combination
were applied during tests. According to results, three types of faiemeobserved.

Shear type beoae dominant at low stress levedhile bending and compression
typesbeingdominant at high stress levels.addition to these, deformation capacity
decreases with smaller S1 and S2 with shear stress in constant compression load
since buckling occursat earlier stages.Under tensile and inclined loading, no
difference in deformation capacity was observed with shape factor. Finally, authors
recommended that S2 should be selected larger in the casegbf axial stress and

noted that these results shoutlused for guidelingd 1].

Kelly, J. M. (2002)

It is known that major loss of life occurs in developing countries like India, Turkey
and South AfricaConventional way steel reinforced elastomeric bearings are heavy,
expensive and large. Thus, it should be adapted to developing countries. Author
suggest that replacement of fiber reinforcement by steel plates which cause a
significant increase botim weight and cost of rubber bearing. Carbon fiber is lighter
and easier to process than steel platedsttprovides convenience for transportation

and instahtion steps.

A theoretical analysis was established to add compressibility and flexibility of fibers.
After that a series of tests were carried out with a number of strip bearings having
large shape factor under vertical, horizontal and cyclic loadshédend of tests, it

was seen that carbon fiber reinforced strip isolator is applicable. Theoretical results
also confirmed that behavior of fiber reinforced bearing Wessame as steel
reinforced elastomeric bearings. Although very poor quality fibes wsed for
achieving lowcost aim, bearing performance was acceptable. Direction of cutting
has affecied the performance of bearing. Therefore, author suggeshg a better
cutting technique. Consequently, author stated that there were remaining
uncertanties and a shaking table test should be designed for further studies. In this

way, a new and attainable technology was provjdéf



Ozkaya, C. | Akvyuz, u. | Caner |, AL, Dicl el

Ozkaya et. al. developed a new type of bearing whiak namedis Ball Rubber
Bearing (BRB). This bearing was a combination of sliding and rubber types of
seismic isolators. It was primed by filling steel balls into central hole of laminated
rubber bearing. Itvas known that energy dissipatiamas increased by friction and

this was the case in using steel balls.

During the experiments, different parameters wraffact damping propeyt were

tested. First of all, the presence of steel balls was tested. Results showed that energy
dissipation capacity of bearing increased remarkably. In steel balls, temperature
change was also observed because of granular friction. As another parameter,
diameter of steel balls were changed (1.65, 3 and 5 mm). It was seen that frictional
force decreases as contact area decreases when larger diameter siseldiadisd.

Similar to these, effects of central hole diameter, horizontal displacement magnitude
and compression force were also tested. At the end, authors concluded that BRBs
could be used in common applicatiomecause theyad an easy manufacturing

process and effective energy dissipation progérdy.

Turer, A. and ¥zden, B. (2008)

Another study done on rAmpst seismic basisolation mounting was performed by

T¢rer and ¥zden. Tires have been produced

this structure, when a number of scrap tire paeseplaced on top of each other, it
was expected to see similar behavior with standteel plate reinforced elastomeric
bearing. Authors used four different wkhown brands available in Turkey
(GoodYear, Michelin, Pirelli and Lassa) and compalem. According to results, it

was observed that STP and conventional EB had similar respansgler axial loads.

In addition, STP had shear modulus value between 0.95IM@%Pa changing
based on therand of tire. Because of high shear modulus value, authors recommend
to use thenmasshort span bridges and masonry houses in developing codiktees
Turkey, Iran, Pakistan and Chil&4].
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2.4. Shaking @ble Test on Basisolated Structures

Takaoka, E., Takenaka, Y. and Nimura, A. (2011)

In this study, the ultimate behavior of structuvégh a high aspect ratio (equal to
or/and larger than 4) was investigated with shaking table test. For this purpose, a
scale model which is bagsolated via four lead rubber bearings. The aspect ratio of
structure was chosen as 4 and 6 respectively. Accelerometers and displacement
meters were installed at different floors of structures. As a result, the time history
resuls of this structure and buckling behaviors of bearings showed that
superstructure have three types of motion at high input levels. These are sinking type,
uplift type and mixed type in which both sinking and uplift occurred at the same time
[15].

Feng, D, Miyama, T., Lu, X. and Ikenaga M. (2004)

In this study, a shaking table tesasperformed in order to investigate hysteresis and
static characteristics of bearings. Accordingh®authors, the tensile load can easily
occur in supestructures and themportant thing isto know the characteristic of
bearing under tension. Again a sug&ucturewith an aspect ratio of four and base
isolated via four lead rubber bearimgere targetedDuring tests, four earthquakes
were used as excitations. These wedd0 El Centro, 1952 Taft, 1968 Hachinohe
and 1995 Kobe. After 55 test cases in total, there were tension in 14 cases and the
maximum tensile stresgachedwas 2.2 MPaDespite thetensile stress applied on
bearing, it was observed that the hysteresip Isimod stable. A routine static test
wasperformed both before and after shaking tableitestderto be able to observe

how characteristics changed. Finally, it was determined by the authors that yield load

changed8%, so there was a little change wheumber of testeereconsidered5].

Maseki, R., Nagashima, I. and Hisano M. (2000)

A new type of isolation system was introduced by the authors as a combination of

sliding bearings and laminated bearings. The resonance period of buildings get
9



increased byse ofsliding bearing since sliding bearing keepgliding during the
earthquakeifferent than laminated rubber bearingwis important to understand

the stability of building and new isolation system against overturning moment at
which uplift and tensile stress obsaihia bearings.

In order to test the performance of isolation system, a frame model of buitding
anaspect ratiof five was tested by the records of 1940 El Centro, 1968 Hachinohe
and 1995 Kobe earthquakes. Four middle columns and four corner colenas
isolated by laminated rubber bearing and sliding bearings respectively.

At the end of several tests, authors determined that tensile stress and uplift occur
when excitation was very strong. Nevertheless, building was stable and isolation
system pregges the sufficient isolation performance. A simulation of frame model
was also accurately performed by considering uplift and tensile stress in bearings
[16].

2.5. Studies on Elastomeric Bearing in Tension

Iwabe, N., Takayama, M., Kani, N. and Wada, A. (2000)

Iwabe and et. al. investigated the change on behavior of three types of laminated
rubber bearings before and after tension loading. Tiypes werdg1) natural rubber
bearing, (2) high damping rubbeedring and (3) leagdlug rubber bearing. For all
specimens, total number was 16, secondary shape factors were 5. At the beginning of
tests, prdoading was applied to high damping rubber bearing to stabilize its
hysteresis behavior. After that, a series @impression and tensile loading
companied a shear strain set to 100 and 2@@&¥e performed. Moreover, tensile
strain was changed between 5, 10, 25, 50, 75 and maximum 100% values.

According to test results, linear behavior of hysteresis loops lostlditértensile

strain. It was explained with the decrease of tensile rigidity of bearing after some
point. It was observed that tensile load increases as shear strain increases because of
strain hardening. Furthermore, thevasan inverse ratio between téesstrain and

tension stiffness in most cases andoitild be explained with the generated cracks in

10



the rubber material. It was also supported that displacement in the hysteresis loop is
increased under load control, after maximum tensile stvasreaded. Although it

was obvious that internal cracks occur in rubber, there was no significant change in
compression and shear characteristics. Lastly, bearings did not rupture even in 100%
tensile strain and 200% shear strain. It should be indicated thaisitppand
unexpected results were also obtained with different specimens during experiments.
Hereof, authors noted that it was difficult to explain simply why differences occur
between samples subject to same experiments and conditions since it was obvious
that cause of differencevas related to rubber property. Moreover, flange plate
deformation and thickness of cover layer should be regarded as effective parameters

[17].

Yang, Q. R., Liu, W. G., He, W. F. and Feng, D. M. (2010)

In this paper, tensile stiffness and deformation model of laminated rubber bearings
were researched. Authors suggest double stiffness and original stiffndeks
describe tension properties of bearings and establishing equations. Before
establising new theories, some assumptions were made. These assumptions were; in
initial state, Poissonr at i o I S equal t o 1, it obeys
assumptionstress distribution is same in both tension and compression state and
vertical tensile moduluss less than (two tenths) its compression modulus. In
addition to these, authors proposed that yield strain should be 3% to be able to use
suggested double dtiess model used to analyze relation between nonlinear tensile
stress and strain.

In order to verify new models, tension and deformation tests carried out with natural
rubber bearings and lead rubber bearings having second shape factor equal to 4.8 and
5. Testswereperformed with pure tension and shear tension. 0 ~ 250 % shear strain
values and 1 ~ 2 N/mirstress levels were chosen. Testsre divided to two
sections thatre equal and less than 1.2 N/rimnd more than 1.2 N/mfvstress

levels used to obsee effect of tensile strain.

11



Consequently, obtained resultsave shown that assumptions were suitable to
suggested equations and analysis methods. New concepts to describe stiffness

property and tensile deformation was suitdhtj.

Mangerig, I. and Mano, T. (2009)

Mangerig and Mano examined that influence of tension on different rubber bearings
(like occurring cavities) and how its characteristics change with. In this review, it
was summarized that atypes of bearings (NRB, HDR and LRB) show some
resistance to uplift. Although this was obvious damage from cavitation by reason of
tensile loading, natural rubber retains its characteristics. On the other hand, there is a
loss of both tensile and compressstiffness after high damping rubber beanives
subjected to tension. In other words, Mullin effect has more impact on HDR. For
lead rubber bearing, reduction in damping is the case. According to authors, there
can be a permissible tensile stress ldwelboth natural and high damping rubber
bearings. However, this value should be determined more delicately for HDR.
Japanese specifications for highway bridges allow up to 2MPa tension for lead
rubber bearings. Authors suggested the reconsideratiomgoralue due to failure of

LRB under tension and 175% shear strain. In addition to these, authors also
mentioned that more parameters should be taken into account, like deformation of
flanges, bearings havinghole in the center and fatigue aspect ofberb Finally,

they suggested further research to deteritiaeesistance of rubbers to tensidi.

Dorfmann, A. (2003)

Dorfmann concerned with loss of stiffness and stress softening after a series of
loading and uroading cycles above a critical value in tension because of formation
of cavities in rubber. Since wasnot accurate enough when it modeled as hyper
elastic magrial, author suggestadopting pseudeelasticity model in order to
incorporate inelastic characteristics of rubber.

Author noted that above a critical point of tension loading (5G/2 based on nonlinear

theory), propagation of cavitation damage startsha denter of rubber and stress
12



distribution becom&highly norruniform. At constant strain, considerable reduction
was observed in tensile stress level during cycles. This difference was the biggest at
first cycle and become lesser after each cycle. M@rkadn the case of constant
loading, residual volumetric strain was observed and its major and permanent part
occurred inthe first cycle again. Hence, author emphasized that most of cavities
occur at first cycle.

In order to take into account residuallwoetric strain and dilatational stress
softening described above, author estabbsh model based on pseudtasticity
model. In this way, deformation of material was also included. Obtained results show
that model is suitable for this purpd4®].

2.6. Studies on Upliftestraint Instruments

Griffith, M. C., Aiken, I. D. and Kelly, J. M. (1990)

In this study, analysis and tests for a new displacewqmmttol and upliftrestraint
devicewere described. It was known from previous shaking table tesis uplift

occurs in the case of an earthquake in medigm buildings. A test setup (a nine
story steel frame model) was prepared and isolated withrigsdakr bearings having
central hole at corner columns. Frame model was tested bottofupdift and uplift-
restrained which devicevas inserted into bearing conditions. During test three
different earthquake motions (Imperial Val&940, Bucharesi977 and Mexico
City-1985 Earthquakes) were used. At the end of tests, results showed that device
doesnot only prevent uplift but also limits horizontal displacement of structure. It
was seen that vertical acceleration was also reduced to 0.3 g from 1 g. According to
authors, device could be used to provide adaié isolation system successfully
[20].
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CHAPTER 3

TEST SET UP

3.1. General

Information about test eqamentand propertie of EBs used in tests are given in this
chapter.Design equations of the EBs are based on AASHIKIRD Bridge Design
Specification2010[7].

3.2. Test Equipment

Two test equipment are used for seismic isolation systems during tests. Both of them
arelocaed at the Structural Mechanics Laboratory of Civil Engineering Department,
METU. New equipmenis constructed viaepublic of TurkeyMinistry of Transport
Maiitime Affairs and Communication Both equipment can apply vertical load on
bearings at both dirdons. Meanwhile, they can apply axial loatlrequired stress
levels combined with cyclic shear forc®lachines are portable which means that
they arenot fixed orto theground. General view of old equipment is giverrigure

3.1 and new equipment is giv in Figure 3.2

As noted before, load and displacement controlled experiments can be conducted in
both directions. Load capacities of old and new test machines are 3000 KNkNIOO

in vertical direction and 500 kN, 100kN in horizontal direction respeaeely.
Hydraulics of old equipment is abte resist 300 barsTwo different loadcells are
utilized to measure the loads on bearingse maximum diameter of bearing which

can be tested with old test equipment is 360. With old test machine, tests are
conducted by manual contrdllew test equipment can reach maximum 500 mm/min

in the horizontal directianControls are performed in both directions separately via
two independent computers. Computers as®ftware called as DOPE test center
version 2.29.1. The maximum size of bearing which can be testedtiwéhew test

equipment is 600x600x180 mm.
15



Figure 32. General View of thélew Testing Equipment
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3.3 Elastomeric Bearings (EBs)

Rubber is prodced by a complex chemical reaction and contains many additives like
crosslinking agent, vulcanization agent and accelerators. Thewulcanized thin
steel plates and rubber layergplacedin a mold.They are vulcanized under certain
pressure and tegmerature. In this way, steel plates bound to rubber. Finally, a rubber

layer is covered to protect internal steel tayleom corrosion.

There aresix different types of bearingssed in testsThesearenamedas GQ15, O-

30, M-20, M-30 andC-15, G30. Thefirst character of the specimen’'s name (O and

M) shows the manufacturer name and C shows the type of the specimen. There is
also a numeral as the second character. It shows the diameter of bearing in cm. For
example, "M30" denotesthe bearing of the Mauremanufacturemwith a 30 cm

diameter.

Properties of bearings alisted in Table 3.13. O-15, O-30, M-20 and M30 type

EBs have the same shape factors but diffeserés. They are manufactured by
¥zdekan Kau-uk A. k. Ost i m/SAce GH¥raad C&80On d Ma u
bearings have totally exordinary shape, talking about thainape factor is not

possible.l t i's manufactured WNigws offGlyyand@@ e k an
bearing are presented in Figure 3NB aging process has been applied to the

bearings.

Table31l:Si zes of the Test Bearings manuf ac

Bearing 0O-15 0-30 where:
D(mm) 150 300 D= diameter of circulabearing
e (mm) 4 8 hii= thickness of the inner rubber layer
hro= thickness of the outer rubber layer
hro (Mm) 2 4 )
hr= thickness of the total rubber
hs (mm) 3 3 hs=inner steel shim thickness

hrt (Mmm) 35 55
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Table 32: Sizesof the Test Bearings manufactured by Maurer.

Bearing M-20 M-30 where:
D(mm) 200 300 D= diameter of circular bearing

hi(mm) 5.4 8 hri= thickness of the inner rubber layer

hro= thickness of the outer rubber layer

ho(mm) 2.7 4 .
h= thickness of the total rubber

hs (mm) 3 3 hs=inner steel shim thickness

hrt (mm) 42 55

Bearing design is evaluated per AASHTO LRFD 2@&gtion 14.B[7].
The shape factor of the circular bearing withholess:

"Y 0O o TUan & .
TQ T Y X 0%

Where hnaxis thickness of thickest elastomeric layer and D is diameter of the loaded

surface of the bearing
Bearing design is partially evaluatpdr AASHTO LFRD 2005 Section 121].
Stability of O-15 bearing is checked:

Check i f 2A O B

pgo &
5 —2L— oR,
U
P B
5 C#® X o

for circular bearings W = L = 0.8D:
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So, results showed that 0.37 > 0.188 whereeBA Therefore, fuiher investigation

IS required as indicated in specification.

In this instance:

‘oY
cO O

P u® XU
" ™ X T Yy

, U0
Wh e rsmealis service average compressive stress.

Also,
o~ Ds
I O o)

Ec is compression modulus and it can be expressed in the below equation:

0 @OY o)
So,

I O oY o
I ™ P
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In which, D is equal to 1 for circular bearings amds shear straimlue to horizontal

load

Related to this valyeeinforcement of bearing can be estimated

"£-2 OJD ”
) o
otda
Q5
Q uv¥ p

Vertical strain value under compressive stress may be calculated as:

" goy X o

T8t I, T8

Essential features of bearings are listed in tables which are given in Appewndix D
Table D.22.

As indicated beforeC-15 and G30 bearingsd o n 0 t hav ehape faggp e c i f |
(primary or secondary)irsce they have totally extraordinary shapgheir poperties

are giverbelow in Table 3.3

Table33:Si zes of the Test Bearings manuf ac

Bearing C-15 C-30 where:
D(mm) 150 300 D= diameter of circular bearing
v (mm) 4 3 hii= thickness of the inner rubber layer
hro= thickness of the outer rubber layer
hro (Mm) 2 4 .
hi= thickness of the total rubber
hs (mm) 3 3

hs<=inner steel shim thickness
hrt (mm) 35 55
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3.4. Mechanical Properties of Elastomeric Bearings (EBS)

The mechanical properties of EBs gigeen and described belo Isolation systems
dissipates the energy by hysteretic or viscous properties. In this study, hysteretic
energy dissipation is considered while shear modulus and damping properties of
bearingsare calculated The idealized forceisplacementhysteretic response is

presented below in Figure 3.5.

FORCE +

// Kes
—
dy // dm=  DISPLACEMENT

=

Fma.x

-

Figure 35: Forcedisplacemenhysteretiaesponse

Where @ is yield displacement,.dxis maximum bearing displacementyakis

maximum force and ¥ is effective stiffness.

Horizontal stiffness

‘ "00 %
o 5 o)

Where A is plan area of EB, G is shear modulus of rubber ansl total rubber

thickness.
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Vertical Stiffnesss:

. 00
U] ) o T

Where A; is the area of # overlap between top and bottom bonded areas of the

displaced bearinfR2].
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CHAPTER 4

TEST METHOD

4.1. General

In this chapter, information about test methowestigated stress levelgst cases

and planned test schedwde given.Tests argperformedat laboratory temperatures.

In the following bearings are placed between the hydraulic jacks, compression and
tension loadsare applied via test equipment and end of measurement its data is
plotted as load vs. displacemeRull size of two identical Bs is tested in pairs
during tests.

4.2. Investigated Compressive afehsile streskevels

The difference between the structural response of bearings which is subjected to
staged anayclic loads under compression and tensiareinvestigatedAll bearings
are tested at same stress levels to be able to observe and compare how damping ratio

and shear modulus change with material property and design.

The stress level is chosen based on AASHTO specificdtios.indicated that the
minimum target design level is 3.5 MPa for axial compressive stress. In order to
observe the effect of tensile stress on bearing, stress &eelwvidedinto two parts

as low stress level (1 MPa) and high stress level (2 MPa). The forces are computed
based on the crossectional surface area of the bearing. The investigated stress levels

with applied test type are presentexlow in Table 41.
4.3. Test Cases

Two bridge bearings which have same size are placed between plates and fixed with
bolts to testmachine framing. First, static compression load which is equal to 3.5
MPa is applied by hydraulic jacks. Then, the moveable middle plate is sheared to

make a fully cyclic load under 3.5 MPa compressibgsting speed is chosen as 39
25



mm/s forO-30 bearingand 49 mm/s foO-15 bearing.This type of test is typically
referred as full scale shear td&3]. This stepis called as preonditioning or
preparation stage. It is assumed that the bearing response is essentially repeatable and

additional stress softéng becomenegligible after this loadiriginloading cycle.

After that RBsaresubjected to deform 100% of their height at earthquake state tests
It is assumed that all test conditions asgthquake statetherwise indicatetiecause

of the fact thattensile stressccurs during an earthquakieor BS 5400,RBs are
subjected todisplacementwhich is equal to 100% of their height at five steps.
Approximately one minute waiting is performed in order to provide sudden creep of
bearing at each step. For TS BR373, there is no waiting between steps. Finally,
three fully reverse cyclic loads are applied to BRs which is equal to 100% of their
height.

'
= *
—

t

Figure 41: View of RBs at (a) normal state (b) under compression (c) at EQ state

At second part ofhe test, same procedures whiatedescribed beforarerepeated
under 1 MPand 2 MPaensile stresss.A view of bearings under compression and
tensile stresseare presented iRigure 41 and Figure £ respectively Photographs

taken during tests are given in Figure & At Appendix C.
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Figure 42: View of RBs at (a) normal state (b) undensilestress (c) at EQ state

One of EBs ©-15) is chosen to investigate its behavior under pure tension. FBor thi
purposes,tensile load is applied till rupture without horizontal displacement.
Summary of test types, compressitansile stresand shear tests are listed in Table

4.1.

Table 41: Summary of compressiotgnsile stresand shear tests

) Tensile Lateral
Compressive _ Number Number
Test Type stress displacement
stress (MPa) of cycles of Stage
(MPa) (mm)

Preparation 3.5 - N35, N& 1 -
Staged 3.5 1,2 +35, +55,+42 - 5
Cyclic 35 1,2 N35, N& 3 -
Rupture - Max. - - -
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4.4. Test Schedulelan

It is aimed to apply same conditions at all gedDue tothe difference between the
manufacturing dates of bearings, there cannatfoemed and applied test schedule.

However, tests are performed with the following sequence thatad in Table4.2.

Table4.2: Test Schedule

Step Bearing Name Test Type Load

Preparation

1 0-15 Staged -3.5 MPa
Cyclic
2 0-15 Staged 1 MPa
Cyclic
3 0-15 Staged 2 MPa
Cyclic
4 O-15 Rupture max.
Preparation
5 0-30 Staged -3.5 MPa
Cyclic
6 0-30 Rupture max.- failed
Preparation
7 M-20 Staged -3.5 MPa
Cyclic
8 M-20 Staged 1 MPa
Cyclic
9 M-20 Staged 2 MPa- failed
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Table 42 (continued)Test Schedule

Preparation

10 M-30 Staged -3.5 MPa
Cyclic

11 M-30 Staged 1 MPa- failed

Preparation

12 C-15 Staged -3.5 MPa
Cyclic

13 C-15 Staged 1 MPa
Cyclic

14 C-15 Staged 2 MPa
Cyclic

Preparation

15 C-30 Staged -3.5 MPa
Cyclic

16 C-30 Staged 1 MPa
Cyclic

17 C-30 Staged 2 MPa
Cyclic

As seenon table,tensileload cannot be applied ©-30, M-20 and M30 bearings
fully. The reasorbehindthis is that the tensile force neet be applied tdD-30
bearing exceadg the limits of nstrument. Maximumensile force which can be
appliedis too lowandneeded tensile force is equal to four times of force needed for
O-15 bearing (~71 kN) since force is a function of cross sectional arbaaving.
During the pure tensiomest, deformatin occurs in outer plates where bearings

connected to test machine framing with bolts before rubder ruptured.
29



Photographs taken during pure tension test (start, bending of outer plates and failure

stages) of €0 bearing is given in Appendix With Figure C.1315.

The other cause, outer plates are not vulcanized to surface of beari2@saiv M

30) by manufacturer. It is tried to bond plates and bearing together with cold
bonding. However, while 2 MP&nsileload applied to M20, bearing failed athe

point where bearing and plate bonded each other. This failure is repeatétPat 1
stress level during tensidast of M30 bearing. It shows that cold bonding is not as
reliable as vulcanization process since bearings has little resistance agaifest tens

force when cold bonding applied to them.
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CHAPTER 5

SUMMARY OF RESULTS

5.1. Summary of Results

Six seismic isolatorsn different sizes but same shape factor andcave shaped
seismic isolatas aretested ata compressive and twafigrent tensile stres¢evels.
As a result of thisthe influence ofcompression and tensiam behavior of the
bearingsis investigatedand comparedin this purpose size of bearinggensileard

compressive stress levelad testases changieom onetest to another.

As indicated before, all afyclic tests are performed for the earthquake statbe

experimental stagehich means 100%teral displacementests 0ofO-15andO-30

bearings are performed via oldstrument wile the others are testedy new

instrument. Negative sign(-) means compression amasitive sign(+) means the
tensileload.

|»3.5 MPa Compressioal MPa Tensior: 2 MPa Tension
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Figure5.1: Comparison of shear modulus values calculated via TS EN3337

specificationsat-3.5 MPa 1 MPa and 2 MPstress level
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Figure5.2: Conparison of shear modulus values calculatedB886400

specifications at3.5 MPa, 1 MPa and 2 MPa stress levels

Shear modulus are calculatedtcording toboth TS EN 1338 and BS 5400
separately and calculated values are given alboégure 5.12 and Table 5.1-3,
respectively Results show that behavior of standard bearings, having same shape
factor, does not chandgey changing calculation methoalthoughthere are some
differences between them. For example, it is seen that both shear modulus values are
decreased when tensile force is applied to bearing. Moreover, it decreases further as
tensile stress increasdsis also seen thahear modulus increasas size of bearing

increass.

However, for G30 bearingshear modulusalues are very differentdm each other.
When calculations are made using TS EN 21333pecification, shear modulus
decreases as tensile stress inciedsné if calculations are done via BS 5400
specification, shear modulus increases while tensile force insréasgher words,
behavior of bearing under tension chanlggshangingcalculationand tesimethod.
Actually, it is expected thathear modulus decreassith tension and the reason of
thisis explained in the following pages.
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As seenon Figure 5.1-2, shear modulus valuegf O-15, M-20 andC-15 bearing

decrease with tension. Cause of decrease is albedrplaiedbyMu |l | i ndés Ef f ¢
Rahim and Kamarudin studied how shear modulus change and according to authors,
shear modulus decreasavi t h Mu | | [24].0 Bhis jEhénbreeadn can be

described briefly as follows:

Rubber is a polymer consisting of chains of monomer compoposi§ored in an
irregular manner. When it is ftemed by exposure to compression, tension or shear
stress, chains start to locate parallel arrangement during the deformation which is
denoted as crystallization. At crystallization stage, rubber becomes stiffer but weak
crosslinking bonds start to breakr untangling with further deformation and
stiffness decreaséifter all, the shear modulus decreases by the decrease in the

stiffness (rigidity) of rubber.

Additionally, reduction in shear modulus can also be explained by stress softening as
a result ofMullins effect. It is known that shear modulisshighly related to strain
amplitude[25]. When stress softening occurs under constant tensile force, iscause

an increase in strain and shear moddesreaseaccordingly{17].

3.5 MPa Compressior- 1 MPa Tension#z 2 MPa Tension

©
I I ]

Damping Ratio, b (%)
P N W b 01 O N 0

o

0O-15 0-30 M-20 M-30
Name of Bearing

Figure5.3: Comparison opercentage oflamping of learingsunder-3.5 MPa, 1

MPa and 2 MPa stress levels
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Even if they have same hardness, stiffness of bearings maiffeeerd. Another

explanation is done b&rditzoglou et al. as follows;

AnTwo el astomers of t he s ame hardness obt a
manufacturers will not have the same shear modulus values because of the difference

in their chemical formulato n s . 0

in report prepared for test methods for elastomeric bearings on b{ijed his

case can be explained ljfferences betweemanufacturingprocessesRubber
production is a dedate process that can be easily affecteddopeother things. For
example,not only chemicals used during production but aslittle difference in
temperature increase or pressure during vulcanization process also affect the quality

of rubber. For thiseason, standards provided by manufactaremmportant.

Moreover, it can bseenin Figure 5.3and again Table 5:3, dampingratio increasg
under 1 MPa tensile stress. As explained before, the reason of ttheslexcrease in
stiffness associated thi Mullins effect.

# 3.5 MPa Compressio:: 1 MPa Tensior® 2 MPa Tension

Damping Ratio, b (%)
O P N W » 01 O N 0

C-15 C-30
Name of Bearing

Figure5.4: Comparison opercentage oflamping of learingsunder-3.5 MPa, 1

MPa and 2 MPa stress levels for concave edged bearings
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Change indamping ratig of concae bearings is different. For-T5 bearing,
damping ratio valués close to damping ratio of standard bearing having same size
(O-15). Howeveri,its variation with tensile stress is too different. It can be s&en
Figure 5.4 that dampingatio doesnot change with tension. According to this result,
decrease in shear modulokconcave edged bearing related to strain amplitude.
For G30 bearing, there seems to be a slight differéeteeen damping ratio values

Yet, further research is suggested for a better understandingazfuse.

# 3.5 MPa Compressior=1 MPa Tension = 2 MPa Tension

%

0-30 M-20 M-30
Name of Bearings

@
[N
ol

Figure 5.5:.Comparison oEDC valles of kearingsunder-3.5 MPa, IMPa and 2

MPa stress levels

0-30, M-30 and G30 bearings have higher EDC values as depicted in Figures 5.5. In
other word difference inenergy dissipation capabilities of bearirogs be explained
with the size effect. Bédes, t can be seen that change in energy dissipation

capacities is similar to damping ratio for all bearings.
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compression

Table5.1: Summaryshear modulus, damping ratio and EDC vahte3.5 MPa

Shear Modulus

Bearing Type TS EN 13373  BS 5400 Beq (%) (kﬁ[r)nfn )
0-15 0.49 0.41 5 613
0-30 0.56 0.39 8.4 3208
M-20 0.82 0.91 3.4 613
M-30 0.71 0.87 2.7 1562
C-15 0.88 0.93 4.6 668
C-30 0.63 0.63 4.4 2273

tension

Table5.2: Summary oShear modulus, damping ratio and EDC vaktes MPa

Shear Modulus

Bearing Type TS EN 13373  BS 5400 Beq (%) (kﬁ?nfn )
0-15 0.27 0.26 6.6 826
0-30 - - - -
M-20 0.76 0.78 6.7 922
M-30 - - - -
C-15 0.85 0.86 4.6 628
C-30 0.59 0.66 3.9 1874
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Table5.3: Summary of shear modulusamping raticand EDC vluesat 2 MPa

tension

Shear Modulus

Bearing Type TS EN 13373 BS 5400 Deq (%) (kﬁr)ncr:n)
0O-15 0.25 0.22 3.1 425
0-30 - - - -
M-20 - - - -
M-30 - - - -
C-15 0.82 0.82 4.6 631
C-30 0.52 0.71 7.1 3049
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Figure5.6: The typical relation arve of tensile stresstrainfor O-15 bearing

In this part of testO-15 and O-30 bearingsare subjected to pure tension (withou
lateral displacemeptand tensilestressis increased until the rubbgetsruptured.
However, reliable data is obtained fr@nl5 bearing onlyPhotographs taken during
pure tension test (stage by stage) ef®bearing is given in Appendix With Figure
C.612
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As indicated before at chapter 3, pure tension te€-80 bearing failed because of
bendingof outer plates beforeubber splitting. Besides, in report prepared for test
methods for elastomeric bearings on bridges, failure types are diinttedwo
categories as splitting failure in rubber and bond failure at interface between steel
and elastomel26]. It was also explained in chaptethatcyclic tension tests of M

20 and M30 bearing failed because of cold bonding type of failure. Although there
are some redlfe applications, it was observed thaold bonding is not as effective

as vulcanization process.

The reasomehindthis is explained in the following pages. At the end of experiment,
obtained stresstrain curve isshown in Figure 5.5. As seen, both true and
engineering strain is represetht&ngineering strain is the simplest and most general
measure of strairHowever, it used to express small strain values since engineering
materials like metals and concrdtave small deformatiorAnother type of strain is
true also called adogarithmic strain These two strains are close to each other at
small valuesbut the start to differ at larger deformationsibg true strain may be
more appropriatsinceit is additivewhich means that the summation of numerous
differential segment$27]. According to stressstrain curve, there is a yield point
which is a rubber property. When tensile stress appesach MPa, the isolator will
yield. After yield point reachedbearing stagtto produce nonlinear deformation. 2.1
MPa is an acceptable value sintwas reported that maximum tensile stress was 2.2
MPa during shaking table testonducted by Feng et @]. In addtion to these,
maximum tensile stress level is recorded as 6 MP@4ll6 bearing rupture.

According to results, it is obvious that there are some uncertiatieut bearing
behavior under tension. It is not only related to variable properties of rubber but also
some unpredictable deformation of joint partshiM tensile deformation of bearing
is tested, the deformation of joint plates and joint bolts shdstdbe considered in
order to comprehend accurate bearing behavior. Study conducted by Hara et al.
showed that flange plate deformation slighdffects tension and shear property of
bearing[28]. However, this effect might be significazdnsidering that it iselated to
bending stiffness of flange plates and magnitude ofleesisess.
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CHAPTER 6

SUMMARY OF CONCLUSIONS

6.1. Summary o€onclusions

Consequentlyit can be said thageismic isolation performance sfandard circular
type RBs undertensile stresss acceptable up t8 MPa.As known,tensile stress
level is generalizedup to 2 MPa for all type and sha bearings in Japan and this
study revea supportive results for standard steel reinforced elastomeric bearings. It
means thastructuredesign ispossiblewithout consideringa lockup systenwhich
causs additional cost in constructiohlevertheless, #re should be carried out more
experiments that considehe difference of shape factor and different types of

bearings.

Moreover, promising results are obtained from tests conducted via new type of
bearing having concave shape at the ed§tshility of damping ratio under tensile

force is significantlt opens the door to new fields of studith this newfeature

Finally, it should be reminded that this thesis is a preliminary work for further
researches and in the following part there are some suggestiat can be
considered for future studies.

41



6.2. Recommendations for Future Researches
For future studiesollowing recommendations aseiggested;
1 Testing different type dRBs(like, BRB, LRB andHRB) can be suggested.
1 RBsin different shape faots may be tested.
1 Square and rectangular RBs may be tested.
1 Effect oftemperaturesn tension characteristics maginvestigated.

1 Behavior of bearing after yield point can be investigated.

A new test schedule can be prepared for conedgedbearings;

1 Its behavior under compression, tension and shear strasselseexamingl

in amore detagd way
1 Limit characteristicsnaybe determined.
1 Effect of shape factor on concave type beacag be investigated
1 It can be produced with central hole and testel different filler types.

1 Analytical model may be established
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APPENDIX A

EXPERIMENTAL HYSTERESIS LOOPS

In AppendixA part experimental hysteresis loops are presentealfdaests.There

areno corrections on hysteresis loogps.other words they are original.
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Figure Al: Hysteresis loop oD-15 pre-conditioning test under 3.5 MPa

compression
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Figure A2: Hysteresis loop oD-15 cyclic test under 3.5 MPa compression
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Figure A3: Hysteresis loop oD-15 staged test under 3MBPa compression
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Figure A4: Hysteresis loop dD-15 cyclic test under 1 MPa tension
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Figure A5: Hysteresis loop dD-15 staged test under 1 MPa tension
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Figure A6: Hysteresis loop oD-15 cyclic test under 2 MPa tension
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Figure A7: Hysteresis bop d O-15 stagedest under 2 MPa tension
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Figure A8: Hysteresis loop oD-30 pre-conditioning test under 3.5 MPa

compression
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Figure A9: Hysteresis loop oD-30cyclic test under 3.5 MPa compression
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Figure A10: Hysteresis loop oD-30 stagedest under 3.5 MPa compression
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Figure A12 Hysteresis loop di-20 cyclic test under 3.5 MPa compression
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Figure A13: Hysteresis loop di-20 stagedest undeB.5 MPa compression
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Figure A15: Hysteresis loop of M20 stagedest under 1 MPa tension
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Figure A16: Hysteresis loop of MBO preconditioning test under 3.5 MPa
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Figure A17: Hysteresis loop of MBO cyclic test under 3.5 MPa compression
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Figure A18: Hysteresis loop of MBO stagedest under 3.5 MPa compression
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Figure A21: Hysteresis loop of @5 stagedest under 3.5 MPa compression
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Figure A23: Hysteresis loop of €15 stagedest under 1 MPa tension
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Figure A24: Hysteresis loop of @5 cyclic test unde? MPa tension
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Figure A27: Hysteresis loop of 30 cyclictest under 3.5 MPa compression
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Figure A28: Hysteresis loop of 30 staged test under 3.5 MPa compression
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Figure A29: Hysteresis loop of @0 cyclic test unded MPa tension
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Figure A30: Hysteaesis loop of €30 stagedest under 1 MPa tension
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APPENDIX B

SAMPLE CALCULATIONS

In Appendix B part sample calculation for shear modulus and damping ratio is
given. Calculations are done fonly O-30 bearing. While shear modulus (BS 5400)
value is calculated, force and displacement databtained from stagedest.
Determined values are listad Table B.1. Mreover, damping ratio is calculated
from fully reverse cyclic tests.

Shear modulus calculation with TS EN 1337

Shearstresss;
0
LIS (TS EN 13373 Equation F.)}
o@qgp " x
T "o TG ) ™ LUPUL ©
T
prx oy .y
T “oTmamd . @ X P U w
T
Shear straitis;
W (TS EN 13373 EquationF.2)
- ~
p@aa
= - 7 7z 1-[8)-
T 10 @ PS
w &
Tha XV

Shear modulus;
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(TS EN 13373 Equation F.3

™ X pPTE L @
T X VT P ¢
Shear modulus calculation wiBs 5400

"O ™ @ 0

Shear moduluss;

. u8y
O ) (BS 5400: Section 9.2 : 1983 Appendix A.4
OoTo0UL —
cwa PORO
ocBOTa G wT ™A o %
O P )8 T® W L W

OMT
T

aa g

Damping Ratio

Table B1: Max. horizontal displacement, effective stiffness, characteristic $treng

and yield strain values f@-30 bearing

0-30 (300 mmf) max. min. average
Omax 55 mm 52 mm 53.5 mm
Qu 24500 N 13243 N 18871.5N
Keff 2374.192 N/mm | 1857.919 N/mm | 2116.056 N/mm
dy - - 11 mm
¢ Q Q
f "0 0 (AASHTO Guide Specifications for Seismit
Isolation Design 1999: C7.1 Page) 29
qE%gﬁguama o M G
T Cp B ¢ T
“ —c 0fda va@daa
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APPENDIX C

PHOTOGRAPHS

In AppendixC part, pictures which aréaken duringestaregiven.

Figure C2: O-15bearing in the case ahl00% shear deformation under tension
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Figure C3: C-15bearing in the case aftension without displacement

Figure C4: C-30bearing in the case aftension without displacement
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