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Abstract

Multilayer elastomeric bearings are a type of seismic isolation device that
mitigates seismic damage by lengthening the fundamental period of a low-rise
structure. Carbon fiber reinforced elastomeric isolators (FREIs) have been
identified as a cost effective alternative to bearings reinforced with steel shims.
The stable unbonded fiber reinforced elastomeric isolator (SU-FREI) is an
evolution of the FREIL In an attempt to reduce costs even further, FREI bearings
of a specific aspect ratio and shape factor have been investigated in an unbonded
application with successful results. SU-FREI bearings have shown potential as a
viable solution for a more affordable and efficient method of seismic base
isolation. Several experimental test procedures were employed in this thesis to
further investigate the performance of SU-FREI bearings.

The first objective of this research was to compare the dynamic properties
of unscragged SU-FREI bearings at parallel and diagonal orientations. Square Y4
scale SU-FREI bearings were subjected to cyclic excitation under design axial
load at 0° (parallel) and 45° (diagonal) orientations. Square SU-FREI bearings
achieved acceptable base isolation characteristics at both orientations despite
subtle differences in their mechanical properties. Stable rollover (SR) deformation
was observed for both orientations.

The stability of SU-FREI bearings under dynamic excitation was the next
topic investigated in this thesis. To achieve this, % scale square SU-FREI bearings
were subjected to cyclic testing under incrementally increasing lateral
displacement amplitudes and axial loads. It was found that the critical buckling
load under dynamic excitation decreases with increasing lateral excitation
amplitude. SU-FREI bearings exhibited acceptable performance at axial loads
well in excess of expected design axial loads.

In addition, an ultimate shear properties test was performed in order to
investigate rollout instability in SU-FREI bearings. Rollout was not observed in
bearings tested in this study. Test results did however highlight the stiffening
effect of vertical facial contact throughout roll over deformation.

Finally, SU-FREI bearings underwent cyclic testing under serviceability
and fatigue conditions. Serviceability tests were performed on % scale SU-FREI
bearings at lateral displacement amplitudes corresponding to those expected from
a 1 in 10 year return period wind pressure. Fatigue testing was performed on V4
scale bearings at a lateral displacement amplitude equal to the total design
displacement (Drp) as required by ASCE 7-05. SU-FREI bearings displayed
adequate scragged performance under both serviceability and fatigue testing. Both
effective stiffness and damping remained within acceptable limits throughout
these tests.

1



Acknowledgements

First and foremost [ would like to thank my graduate supervisor Dr.
Michael Tait for his support, guidance and encouragement throughout this
research.

[ would also like to express my gratitude to Dr. Hamid Toopchi-Nezhad
whose advice and assistance have been invaluable.

I would like to thank the technical staff at both the ADL and JHE,
specifically: Mr. Peter Koudys, Mr. Dave Perrett, and Mr. Kent Wheeler. Their
assistance and advice has been greatly appreciated.

[ would also like to thank my friends and colleagues for their support
helpful discussion and encouragement.

Finally I would like to thank my family for their understanding and their
support during this process.

iv



Table of Contents

PSR o vermmmsmssisimsimsssnmeeresemnmmr s svsepnisesesss sonss s s B T ST SIS SRR S i
AcKNOWIEdZEMENTS....oouveiiiiieieiieciecec e e iv
Table Of CONENLS ....oveiiiiieice e v
LiSt Of TabIES ..cuveiiiieiiiiieieeee e viii
LASE OF FUBXIES ...ccosinsssnonssnsssnonmnssossanmesnssnssissnsssmnieshasmss s smmessnsssssnmsasssmsssissivs X
Chapter 1. Introduction .........cccoeveriiiiieiiicece e 1
Ll  INHOGUCHON i masimsinsiimssmanstmanssssmmmisntismmesssammssesmssmsssasares srsmesess 1
1.2 Theory of Base ISOlation..........cccovuvevvevuievieseenieciceiesieeece e 1
1.3 Application of Base ISBlalion «esouramamsmnsammsmssimesia 2
1.4 Base [solation SyStems ........cccoeeeierieiiiiieiieiicieiecceeee e 3
1.4.1 Multilayer Elastomeric Base IS0lators.........cccoevevieeeerieviievienieeneenee, 3

1.4.2 Flexible Reinforcement in Multilayer Elastomeric Isolators............. 4

Lid.3  (SCEAZEINE susssusssssmusmvssessidinmniansess ssissssinsssheissin sssasi Bisismns nmusssssnennnans 5
1.4.4 Unbonded Boundary Conditions.........c.ceeevrerieiieeniirniesieeneeeee e 6

145 ROHOVEL .ottt 6
1.4.6 Stable Unbonded - Fiber Reinforced Elastomeric Isolators............... 7

1.5 Organization of Thesis.......ccccveriiriiriiniiiiiiiiiicicceeeee e 7
Chapter 2. Objectives, Test Setup and Sample Specifications............... 13
2.1 Sample Specification .........ccccoeveiierieriiieieiieee e 13
2.2 Test Setup and InSHUMEHIALION cvoommusismusmwsmsmmssvimsssmssamssii 14
2.3 Experimental Tests and Objectives ........ccccevvvieririnienieneiinienn, 15
2.3.1  Dynamic Properties. .....ccoverureieruieienieieeiesieeieesieereeseeese e esee s v 15
2.3.2 Stability Under Dynamic EXcitation.........cceoevievieneevienieniecieninne. 16
203.3  Rollout s sissvomioms Sraiimms pisssin 18
2.3.4  Serviceability c..ocoieciciieciieie et e 19
2.3.5  FalIGUE .ccoiierisansvsnsonsesnrmsnsmsassonsassssssnessnssonsssasssssssnssnsassonss saissnsssissssss 19

24 Tesling SEqUEHE cumsmmmssammessmmssmssss s s 20
Chapter 3. Cyclic TeStNG....cuevuieieriieieneeierieie ettt 28
3.1 Testing Procedure .........oooveeeiiiciiieieeeceeceee e 28
3.2 Effective Stiffness and Effective Damping .........ccccecevverenuennnee. 29



3.3 Code EVAlUALION wuuvvveeeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 30

3.4 Test Specimen AdeqUACY .....cccuevieeierieiienieiieeieieeese e 31
3.5 Results of Parallel Cyelic TESHNG oo 32
3.5.1 Parallel RESPONSE siscivisissssmssmsmmsmvinss ssimsamsnvssmosesmsisammasmissivanssisess 33
3.5.2 Comparison to Previous Study ........c.cccevevvevivcnicrininennnenencennnnes 33
3.6 Results of Diagonal Cyclic Testing........cccceeeevvevenviinineenieenne 34
3.6.1 Diagonal RESPONSE iivisessiceisssioisiosssnssiosisisssissssosinissseisasassasssisssasansas 35
3.7 Summary and Concluding Remarks ..........ccccoeviveiininiininnnnnne. 36
Chapter4. S1ability...cuassnnnnonummsmsmsmssms s s 49
4.1  Testing Procedure ..........coeeviiiiiiiiiiiiciiiceeiecciee e 49
4.1.1 Dynamic BUCKIING ....cc.corieriiiiiiiiiiieiieceeeeee e 49
4. 1.2, ROIOUE sucimsowmissmssinsimonso smmsovems siosasasss massss 5a5aessssiits fivh s snnd 50
4.2 Dynamic Buckling Tests .......cccevuiririeiiiiiniiienieeeeeiecieens 51
4.2.1 The Backbone CUIve .......ccccoceririiieniinicnieeeeicnieciesesee e 51
422 Tangential SHIINESS o aisamamninssmamas s aesiss 52
4.2.3 Effect of Axial Load on Dynamic Properties ........c.ccceccecerercrunnnens 53
4.3 Resgults of Dynamic Buckling Tests ..uvmssvemnsmusmissnsss 53
4.3.1 Transverse SHITHESS .ouimsmsismmsssmussmsmmmsssssmsassasm 53
4.3.2 Critical Dynamic Buckling Load.........ccocevininiiiiininniiiicnenn, 54
4.3.3 Effect of Axial Load on Dynamic Properties ........c.ccocuevverveveeennnne. 55
4.4 ROIOUE TSES ettt 57
4.5 Results of Rollout Tests. o mmrmwmmmmnmiemmmsnmassioisais 58
4.6 Summary and Concluding Remarks.........cccoceviviiininiincnennne. 59
4.6.1 Dynamic Buckling Tests........ccccoueiiriiiiiiininiiciiiiiccceiciecceins 59
4.6.2  ROIOUE TESS ...ciuiiiiiiiiiiiieciciree e 60
Chapter 5. Serviceability and Fatigue .........c.ccccceviiiininiininicniciee, 84
51 'Testing PIocOdUES .o 84
Sulal  SETVICEADIIILY :ovussnussssssusmvssumsissmossmssimvmssnianssonsssss srinsas savsss savssassmmassass 84
SulcZ  PATIEUR soussesrsirmmssneasssnsss i mssoussieinessseysaas oo semsssa i asesssssss s sonsvaey 86
5.2 Resultsof Serviceability Testing  .cuuemsssasousmnmosmmsmmms 87
5.3 Results of Fatigue Testing.........cccceviereriiviinieienienenreseeseeenn 88
5.4  Summary and Concluding Remarks..........cccooevierinicninncnnnnnnne. 89

vi



5.4.1  Serviceability TeStS....coiuivierrierieniieieeeecreee et 89

542  Fatiglue TeSIS...oomeersesrersnsosensssonsraasasnssonsssnassenssssassansasssssmmssasssasssosssses 89
Chapter 6. Conclusions and Recommendations...........ccccoecevvevveniennnn. 101
6.1 Summary and Conclusions ... auusssasssmssmamsssmmsmsenssessssosssss 101
6.1.1 Lateral Cyclic Testing at Parallel and Diagonal Orientations........ 101
6.1.2 Stability of SU-FREIL BEATINGS wosvssssssssssnsessessssessisssssspnsisposnsasaossss 101
6.1.3 Serviceability and Fatigue Performance of SU-FREI Bearings.....102

6.2 Recommendations for Further Research ...........ccccocvenennnnnncn. 103
RETETEIICES ccvcrvounsenmssarssansarmamsasmenessrsssmsmmsnnaranesnsmanessmssmrssmessmmssassan sessmsasesss 104

vil



List of Tables

Table 1.1

Table 2.1

Table 2.2

Table 2.3

Table 3.1

Table 3.2

Table 4.1

Table 4.2
Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9

Table 5.1

Base isolator classification by connection type including bolted.
dowelled, recessed, and stable unbonded. (ISO, 2005)..................... 9

Testing sequence and descriptions for model scale bearings from
sheet MB1

Testing sequence and descriptions for model scale bearings from
sheet MB2

Testing sequence and descriptions for model scale bearings from
sheet MB3

Parallel (0°) orientation effective stiffness and effective damping
values from cyclic testing on Bearings MB1-1, MB1-4, and MB1-2
......................................................................................................... 38

Diagonal (45°) orientation effective stiffness and effective damping
values from cyclic testing on Bearings MB3-1, MB1-4, and MB3-4

......................................................................................................... 39
Test history of bearings tested under the dynamic buckling test
14511 2 L DR RPN 61
Backbone-curve parameters for bearing MB1-3........ccccvevvivrennnnne. 62

Transverse stiffness values for each test performed on SU-FREI
bearings MBI1-3, MB2-1, MBs-4, MB3-2, and MB3-3. .............. 63

Critical dynamic buckling loads of each SU-FREI bearing. *Values
obtained through linear extrapolation using data from 30 kN and 60

Effective stiffness and effective damping from dynamic buckling
tests on bearifig MB 1=3 ....oimiscaarasssiominnsssernesnescnsmsasasssndassensansnsananes 64

Effective stiffness and effective damping from dynamic buckling
tests on beating MB2«1 .commmmsnmmsmnmnsanssnmmmmnismg 64

Effective stiffness and effective damping from dynamic buckling
tests on bearing MB2-4....xemmmsasamesmosssmsmsssmssssrmesrssssimss 65

Effective stiffness and effective damping from dynamic buckling
tests on bearing MB3-2 .....ccccooiiiiiiiiiiiiiiice e 65

Effective stiffness and effective damping from dynamic buckling
tests on bearing MB3-3 ...t 66

Effective stiffness and effective damping from serviceability testing
of MB2-2 at lateral displacements of 0.15t; and 0.35t; ................... 91

viii



Table 5.2

Table 5.3

Effective stiffness and effective damping from serviceability testing
of MB2-3 at lateral displacements of 0.15t; and 0.35¢t; ......c..cc....... 92

Effective stiffness and damping from fatigue testing of bearings
MB2-2, MB2-3, MB3-1, and MB3-4........cccccoceniiiniinininencnncnnens 93

ix



List of Figures

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 2.1
Figure 2.2
Figure 2.3

Figure 2.4

Figure 2.5
Figure 2.6

Figure 2.7

Figure 2.8

Figure 3.1

Figure 3.2

Uniform Hazard Spectra (UHS) for three major Canadian cities.
Values obtained for 5% damped horizontal spectral acceleration for
0.2, 0.5, 1.0, and 2.0 second periods form the NBC 2005 for each
BIEN . o i S R A SRS Y 10

Cross-section of the Foothill Communities Law and Justice Center
showing the layout of a typical isolation system (Kelly J. M., 1997).

......................................................................................................... 10
Various stages of rollover deformation in an FREI installed in an
unbonded apPlICATION .ouscmmimssisninm s 11

Load-displacement hysteresis from cyclic lateral testing on a
unscragged SU-FREI bearing. Two fully reversed cycles at the same
amplitude were performed under constant axial load. .................... 12

SU-FREI bearing sheet with the location and dimensions of Y4 scale
BAMIPIBS, oo issummssemamimausenpnssnssssmssmmmsssssns susssssonsssmmsssssensssensastss 22

Side view of % scale SU-FREI bearing with dimensions of width
height and rubber layer thickness specified ..........ccccoeveniirnneen. 22

Ya scale SU-FREI bearing during construction. The right face has
been coated with rubber cement and the left face has not............... 23

Test setup orientation: (a) Overview of test setup; (b) Top view of
the horizontal actuator and horizontal load cell No.1; (¢) Side view
including the vertical load cells as well as horizontal load cell No. 2;
(d) Vertical load cell orientation ........c...cccevveevieeeciieeeniieeecereeeeee 24

Test setup and instrumentation layout modified from Toopchi-
Nezhad et al. (2008a). ....cooveeiiieiieeiececcecee e 25

Test setup detailing the inclusion of the second horizontal load cell

Overview of signal control and acquisition equipment: (a) Computer
for data acquisition and 406 controllers for vertical and horizontal
actuators; (b) Signal filters (12 channels), power supply for LDTs,
and sumer box for vertical load cells .....csmmsmssmssmsmssssmssnsoss 26

Example of a typical force-displacement curve showing stable and
unstable behaviour as well as the critical displacement (Buckle &

Lt IO, cccnssosissusmsmssassnsumvsissonnsanessisssasais sosem spmonssmmmsasmens 27
Bearing Sample orientation with respect to the direction of
excitation for the parallel and diagonal case .........ccccoceveverinieienee. 40

Side view of SU-FREI bearing at rest (Ot;)

X



Figure 3.3

Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Displacement time history for lateral cyclic testing.........c.cccccueuene 41

Location of maximum and minimum displacement and lateral force

in g fully reversed hysteresis 100D wusmmsmismassum s 41
Hysteresis loops for Bearing: a) MB1-1 (0°) and b) MB3-1 (45°) for
] e T [ O S O 42
Side view of SU-FREI bearing at 0.5t; (=9.5 mm) lateral
OISO IR EORENE, < sicsiiooin o e o e s SOV ARG 43
Side view of SU-FREI bearing at 1.0t; (=19 mm) Ilateral
diSPlaCeMENT......uiiiiiiiiei e 43
Side view of SU-FREI bearing at 1.5t; (=28.6 mm) lateral
diSPlaCEMENT...ccuiiiiiiiieiieteee e e 43
Side view of SU-FREI bearing at 2.0t, (=38.1 mm) lateral
diSPlaCEMENT...ccuiiiiiiiiiiieee e 43

Effective stiffness at a parallel (0°) orientation for SU-FREI
bearings MBI1-1, MBI-2, and MBI-4: (a) Mean unscragged
effective stiffness plotted with +15% of the mean effective stiffness
of all three cycles; (b) Mean scragged effective stiffness plotted with
+15% of the mean effective stiffness of all three cycles................. 44

Effective damping at a parallel (0°) orientation for SU-FREI
bearings MBI-1, MBI-2, and MBI-4: (a) Mean unscragged
effective damping plotted with +15% of the mean effective damping
of all three cycles; (b) Mean scragged effective damping plotted
with +15% of the mean effective damping of all three cycles......... 45

Effective stiffness at a parallel orientation for bearing HBI-3
comparing the unscragged effective stiffness to mean scragged
effective stiffness averaged over the 2™ and 3™ cycles. (Toopchi-
Nezhad, Tait, & Drysdale, 2008b). Mean +15% determined from
average of all 3 cycles of bearings MB1-1, MB1-2, MBI1-4, and
TS 138 o s smsm i s R AR AR AU RS 46

Effective damping at a parallel orientation for bearing HBI-3
comparing the unscragged effective damping to mean scragged
effective damping averaged over the 2™ and 3" cycles. (Toopchi-
Nezhad, Tait, & Drysdale, 2008b). Mean +15% determined from
average over all 3 cycles from bearings MB1-1, MB1-2, MB1-4,
and HB 13, ....cuumuscmenssmsismmsmssmssssinsssssssemsmmsispsimmsomnnsasons 46

Effective stiffness at a diagonal (45°) orientation for SU-FREI
bearings MB3-1 and MB3-4: (a) Mean unscragged effective
stiffness plotted with +15% of the mean effective stiffness of all

X1



Figure 3.15

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

three cycles; (b) Mean scragged effective stiffness plotted with
+15% of the mean effective stiffness of all three cycles................. 47

Effective damping at a diagonal (45°) orientation for SU-FREI
bearings MB3-1 and MB3-4: (a) Mean unscragged -effective
damping plotted with +15% of the mean effective damping of all
three cycles; (b) Mean scragged effective damping plotted with
+15% of the mean effective damping of all three cycles. ............... 48

Force-displacement hysteresis for bearing MBI1-3 at 1.0t
displacement amplitude under axial loads of: (a) 7.84 kN; (b) 30kN,
(c) 60kN; (d) 90 kN. Each hysteresis is plotted with its respective
11575 [0 P, 67

Force-displacement hysteresis for bearing MBI-3 at 1.5t
displacement amplitude under axial loads of: (a) 7.84 kN; (b) 30kN,
(c) 60kN; (d) 90 kN. Each hysteresis is plotted with its respective
FIEE CUEVE. coonnrssssssimssnonsssnompumonspusmmsasnsssusssnsnsssssionnsonsis somusssnsmasssasans 68

Force-displacement hysteresis for bearing MBI1-3 at 2.0t
displacement amplitude under axial loads of: (a) 7.84 kN; (b) 30kN,
(c) 60kN; (d) 75 kN. Each hysteresis is plotted with its respective
TIHET GUINE. . ccnccsnbsisssninssamummrsnensanemseasursanssnssomssasassnsasgamassasssissnsasat 69

Backbone curves of force-displacement hysteresis for SU-FREI
bearing MB1-3 at displacement amplitudes of: (a) 0.5t;; (b) 1.0t;; (c)
1.5t (d) 2.0t

Tangential stiffness obtained from the first derivative of the fitted
curve from the load displacement hysteresis of SU-FREI bearing
MBI1-3 at displacement amplitudes of: (a) 0.5t;; (b) 1.0t;; (c) 1.5t

Transverse stiffness versus axial load for SU-FREI bearings in Set
A: MBI-3, MB2-1, and MB2-4

Transverse stiffness versus axial load for SU-FREI bearings in Set
B: MB3-2 and MB3-3. ..o 72

Average critical load during dynamic excitation versus excitation
amplitude for SU-FREI bearings in Set A: MBI1-3, MB2-1 and
MB2-4

Average critical load during dynamic excitation versus excitation
amplitude for SU-FREI bearings in Set B: MB3-2 and MB3-3......73

Close up of delamination sustained by a % scale SU-FREI bearing
during a dynamic buckling test .........cccovviiriienieniiiiniencieeeeen 74

Xii



Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Figure 5.1

Highlighted arcas dectail where delamination occurred along the
edge faces of bearing MB2-4 following the completion of the
bricklinig o8t BISIORY oo ummmminssmissmomsissimumssisimsmisesisnsmesssissvemss 75

Average effective stiffness versus axial load for SU-FREI bearings
MBI1-3, MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral
EXCIEALION OF 1.0t ueeiiieeiiiiieeeeeeeeeee et se e e eeaeee e 76

Average effective stiffness versus axial load for SU-FREI bearings
MBI-3, MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral
EXCILALION OF 1.5 iieiieeeieieeeeee et e e e e e e e e e e s e aareaeeees 77

Average effective stiffness versus axial load for SU-FREI bearings
MBI1-3, MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral
€XCItation OF 2.0t ..cc.ceviiriieiiniieieeetcreceree e 78

Average effective damping versus axial load for SU-FREI bearings
MBI1-3, MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral
EXCILEALION OF 1.0 eeeeiieeeeeeeeeeeeeee et e e eeeree e e e e e e eeeeereeeeeeeeas 79

Average effective damping versus axial load for SU-FREI bearings
MBI1-3, MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral
EXCIEALION OF 1.5t uueiiiiiieiieee ettt et e e e s e e s eaaeee s 80

Average effective damping versus axial load for SU-FREI bearings
MBI1-3, MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral
EXCITALION OF 208 uuueeiiiieieeeeeeiee ettt e e e s e eeeseaeee s e 81

Lateral force versus displacement for rollout tests performed on
MB2-2 and MB2-3 to maximum displacements of 2.75t; and 3.0t,
respectively. The location of initial facial contact of the vertical
faces dic and full facial contact §fc are also provided................... 82

Lateral secant stiffness versus displacement for rollout tests
performed on MB2-2 and MB2-3 to maximum displacements of
2.75t; and 3.0t, respectively. The location of initial facial contact of
the vertical faces dic and full facial contact §f ¢ are also provided 82

Lateral tangential stiffness versus displacement for rollout tests
performed on MB2-2 and MB2-3 to maximum displacements of
2.75t; and 3.0t, respectively. The location of initial facial contact of
the vertical faces §ic and full facial contact §fc are also provided 83

Delamination observed in bearing MB2-3 at a lateral displacement
OF 0 ccemmcssiommm s vt mmmeseonsmess o5 A SRS 83

Force displacement hysteresis from serviceability testing performed
on Y scale SU-FREI bearings:(a) MB2-2 and (b) MB2-3 at a lateral
displacement amplitude oF .15t .asmsemsmsssvmsssavmaasmss 94

Xiii



Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5
Figure 5.6

Figure 5.7

Figure 5.8

Force displacement hysteresis from serviceability testing performed
on Y scale SU-FREI bearings:(a) MB2-2 and (b) MB2-3 at a lateral
displacement amplitude of 0.35t;

Effective stiffness versus the cycle number obtained from
serviceability testing of SU-FREI bearings at lateral displacement
amplitudes of 0.15t; and 0.35t; ....coeviiiiieiiiiieeeeceeeeee 96

Effective damping versus the cycle number obtained from
serviceability testing of SU-FREI bearings at lateral displacement
amplitudes of 0.15t; and 0.35t; .....coviiriiiiiiiiiee e, 97

Lateral force-displacement hysteresis from fatigue testing performed
on SU-FREI bearing: (a) MB2-2, and (b) MB2-3........cccovveeennnen. 98

Lateral force-displacement hysteresis from fatigue testing performed
on SU-FREI bearing: (a) MB3-1, and (b) MB3-4...........ccceeeuneneen. 99

Average effective stiffness versus sycle number obtained from
fatigue testing performed on Y scale SU-FREI bearings: MB2-2,
MB2-3, MB3-1, afd MBI ....commomsmmmmmssnsmmsssisussmsssamss 100

Average effective damping versus cycle number obtained from
fatigue testing performed on Y scale SU-FREI bearings: MB2-2,
MB2-3, MB3-1, and MB3-4 ......cccoiiiiiiiieiiececcieeee e 100

Xiv



M.A.Sc. Thesis — Michael de Raaf McMaster University — Civil Engineering

Chapter 1. Introduction

This chapter presents an introduction to the theory behind base isolation
and a review of the literature surrounding the topic. The types of base isolation
systems in use today are discussed with specific attention paid to the multilayer
elastomeric bearing system. Several examples of structures that use base-isolation
around the world are presented.

1.1 Introduction

The earliest proposals for base isolation technology date back over 100
years (Chopra, 2007, p. 741). Early examples of this technology provided
protection to motion sensitive mechanical equipment by isolating the equipment
from structural vibrations. They were also used to minimize vibration effects of
equipment on structural supports (Connor & Clink, 1996, p.197). Significant
progress has been made in the field of base isolation in the past couple of decades
(Connor & Clink, 1996, p.198). There are two primary types of isolation systems
currently in use. The first method involves the use of reinforced elastomeric
bearings and the second method involves the use of a sliding system. Both
systems work by modifying the dynamic properties of the structural system to
deflect earthquake energy. All base isolation methods attempt to introduce a layer
of low lateral stiffness at the base of the structure, between the foundation and
superstructure.

1.2 Theory of Base Isolation

Base isolation is effective in cases where a building has a fundamental
frequency that is within the high frequency range of earthquake ground motion for
a given region. The isolation system introduces a layer of low lateral stiffness
between the foundation and superstructure, which changes the fundamental
frequency of the structural system. This acts to decouple the building from the
horizontal components of earthquake ground motion. The fundamental frequency
of the isolated structure is much lower than both the fixed-base period of the
structure and the predominant frequency range of earthquake ground motion.

The Uniform Hazard Spectra (UHS) for 3 major Canadian cities is
provided in Figure 1.1. It can be seen in this figure that spectral acceleration
during an earthquake is commonly at its highest between periods of 0.1 — 0.5
seconds. Low rise structures with fundamental periods in this range amplify these
accelerations. This leads to increased inter-story drift, resulting in structural
damage. In order to avoid structural damage it is advantageous to lengthen the
fundamental period of the structural system. This can be accomplished by
introducing a layer of low lateral stiffness at the base of a structure between the
superstructure and foundation. This is the origin of the term base isolation. The
introduction of the isolation layer changes the first mode of the structure so that

1
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displacements occur predominantly in the isolation layer. Base isolation
minimizes the inter-story drift as well as ground floor accelerations. The
displacement during earthquake ground motion is effectively deflected to the
isolation layer at the base of the structure.

1.3 Application of Base Isolation

Base isolation technology is used predominantly for projects of high value,
buildings with historical significance and structures housing expensive equipment
or essential services. The reason for this limitation is due to the cost of
manufacturing and installing these devices. For smaller projects, like residential
structures, it is not economically feasible to manufacture and install a base
isolation system. For the same economic reasons, it is difficult for developing
countries to adopt base isolation technology. Despite these constraints, there are
numerous examples of base isolated structures worldwide.

A typical layout of a base isolation system installed in a structure is
provided in Figure 1.2 for the Foothill Communities Law and Justice Center
(FCLJC) in Rancho Cucamonga San Bernardino County. An isolator is placed
underneath each column in between the superstructure and the foundation. In
cases where the isolation layer is below grade, a clearance or “seismic gap” is
required. The seismic gap is dependent on the ultimate expected displacement of
the isolation system (Taylor & Igusa, 2004). In the case of the FCLJC the seismic
gap measures 16” around the entire structure (Kelly J. M., 1997). The seismic gap
requires special considerations such as flexible utility connections and cover
plates capable of carrying pedestrian loads (Taylor & Igusa, 2004).

The FCLJC, completed in 1985, was the first base-isolated structure built
in the United States, and was designed to withstand a magnitude 8.3 earthquake.
The isolation system for this building consists of 98 natural rubber isolators
reinforced with steel plates (Naiem & Kelly, 1999). This marked the first structure
in the world to use high-damping natural rubber bearings for base-isolation. The
isolators used were developed from highly filled natural rubber which exhibited
high shear stiffness at low strain and 4-5 times less shear stiffness at high strains
(Naiem & Kelly, 1999). At shear strains greater than 100% the bearings begin to
stiffen again. For wind loading and low level earthquakes the stiffness in the
isolation layer is relatively high. The stiffness in the isolation layer drops as the
load increases which in turn lengthens the period of the structure. These properties
are ideal for a base-isolated structure that will need to perform under wind loading
in addition to strong earthquake events.

Base isolation is not limited to inclusion in the initial design of a structure.
Alternatively, these bearings may be used in cases of seismic retrofit where it may
be desirable to protect existing high value structures from earthquake damage.
One example of such a retrofit is the San Francisco City Hall. Designed in 1911, it
is listed in the National Register of Historic Places. In 1989 the structure sustained
significant damage from the Loma Prieta Earthquake. As part of the seismic
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retrofit strategy, 530 lead-plug rubber bearings were installed just above the
existing foundation. The installation of the isolation system involved a
complicated process of shoring and cutting columns while the load was
transferred to temporary supports (Naiem & Kelly, 1999).

Other examples include: the Emergency Operations Centre in California,
the San Francisco City Hall, the Los Angeles City Hall, and the West Japan Postal
Centre. All of these examples are high value structures such as government
buildings and medical centers. In order to expand the application of isolation
systems to practical use in common structures and developing countries, it is
necessary to reduce the costs involved in both their manufacture and installation.
This study explores the feasibility through experimental testing of one such cost
saving alternative to current base isolation practices; the Stable Unbonded - Fiber
Reinforced Elastomeric Isolator SU-FREL

1.4 Base Isolation Systems

There are two basic types of isolation systems in use today; the most
common type involves elastomeric bearings; the other is a low-friction sliding
system. Elastomeric bearings began as large rubber blocks consisting of a damped
natural gum rubber or neoprene (Naiem & Kelly, 1999). The first evolution of the
elastomeric bearing is the multilayer elastomeric bearing which consists of
alternating layers of rubber and lateral reinforcement sheets that provide
additional axial stiffness which was found lacking in previous rubber block
designs (Naiem & Kelly, 1999). Thin steel plates, also referred to as shims, are
the typical choice of reinforcement for multilayer elastomeric isolators. The
second type of base isolation involves the use of a sliding system. A number of
sliding systems have been developed and installed around the world. Some
examples of sliding systems include the friction pendulum system, and the shape
memory system. Both systems provide a layer of low lateral stiffness between the
foundation and superstructure of the building. This study deals with the multilayer
elastomeric base isolator.

1.4.1 Multilayer Elastomeric Base Isolators

Elastomeric base isolation systems began as large rubber blocks with no
reinforcement, steel or otherwise. These bearings had a vertical stiffness of only a
couple times that of their horizontal stiffness, resulting in axial compression of up
to 25% under the weight of the structure alone (Naiem & Kelly, 1999). This led to
the development of elastomeric base isolators with reinforcing sheets in order to
increase the vertical stiffness to hundreds of times the horizontal stiffness. This
also limited the bulging of elastomeric isolators under axial load.

Multilayer elastomeric bearings started as alternating layers of low
damped natural rubber or synthetic rubber (neoprene) with steel shims for
additional vertical stiffness. Lateral stiffness and damping of these isolators are
dependent on the rubber material used. Low damping elastomeric bearings have
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the advantage of being well understood, as well as being easy to manufacture and
easy to model. However, isolation systems with low damping require elaborate
supplementary damping systems (Naiem & Kelly, 1999). Supplementary damping
systems will incur additional costs, which are not necessary when sufficient
damping can be developed by the isolators themselves.

Additional damping can be achieved by either adding a hole and lead-plug
to the isolator or by using a high damping natural rubber or neoprene. A lead-plug
core can be added to a steel reinforced bearing by simply placing a cylindrical
lead-plug to the centre of the bearing. The lead core is forced to displace by the
interlocking steel sheets. Lead was chosen based on its availability and energy
dissipating capabilities (Robinson, 1982). A study performed by Aiken et al.
(1992) involved a comparative test between two types of high damping rubber
bearings and one lead-rubber bearing. Acceptable damping ratios were achieved
for all three bearing types. Both methods are widely accepted as methods for
adding damping to multilayer elastomeric isolators.

Conventional steel reinforced elastomeric base isolators (SREIs) are
currently the most widely used and recognized multilayer elastomeric bearings for
base isolation purposes worldwide. However, the application of these bearings is
limited by manufacturing and installation costs. A number of methods are being
explored to find a more cost effective multilayer elastomeric bearing design.

1.4.2  Flexible Reinforcement in Multilayer Elastomeric Isolators

There are two main disadvantages of using steel plates for reinforcing
elastomeric base isolators. The first is the weight of the SREI unit and the second
is the total cost to manufacture and install. The manufacturing of SREI bearings
requires steel plates to be cut, sand blasted, and acid cleaned. The plates and
compounded sheets of rubber need to be pressed in a mold and heated for several
hours. In addition, vulcanization must be performed under high pressure and
temperature. The steel reinforcement in SREIs is rigid in both extension and
flexure. The weight of the isolator is mainly due to the weight of these steel
plates. Decreasing the cost and weight of reinforced elastomeric isolators is
particularly important for application viability in developing countries subjected
to high levels of seismic activity.

A light weight, versatile, and cost effective alternative would be ideal for
use in seismically active regions of the developing world where SREI bearings are
not an affordable option. For this reason, a variety of flexible light weight
reinforcements have been investigated as alternatives for multilayer elastomeric
base isolators. Fiber Reinforced Elastomeric Isolators (FREIs) are the result of
this research. In comparison, fiber reinforcement is more flexible in extension and
has no flexural rigidity. The fiber reinforcement in FREIs consists of a matrix of
woven strands. These strands straighten out when in-plane tension is applied
thereby increasing the tensile modulus of the bearing.

Experimental testing has been performed on bearings with fiber layers
composed of glass fiber (Mordini & Strauss, 2008), Kevlar (Kelly & Takhirov,

4



M.A.Sc. Thesis — Michael de Raaf McMaster University — Civil Engineering

2001) or more commonly, carbon fiber. Woven carbon fiber fabric is the most
researched alternative that has shown promise as a viable alternative to steel.
FREI bearings have displayed performance equal to or better than SREI bearings
under test conditions in several studies (Kelly, 1999; Kelly & Takhirov, 2001;
Moon et al., 2002; Campbell, 2004; Ashkezari et al., 2008). Moon et al. (2002)
compared a carbon fiber reinforced elastomeric bearing directly to a steel
reinforced bearing of the same dimensions and found that while the effective
stiffness of the two bearings were comparable; the FREI bearing provided nearly
twice the effective damping of the SREI bearing.

When an FREI bearing is displaced laterally, tension is developed in the
reinforcing sheets through the curvature of the bearing. The individual strands in
each fiber bundle slip against each other leading to frictional damping, which adds
to the damping of the elastomer (Kelly J. M., 1999). When designing an FREI, the
added damping from the fibers themselves can be taken advantage of making
more elaborate damping techniques unnecessary. For example, the addition of a
lead-plug for additional damping becomes unnecessary. A study by Kang et al.
(2003) directly compared an FREI isolator to a SREI isolator and an FREI isolator
with a lead plug installed. The results of experimental and analytical research
showed that fiber reinforcement has a high likelihood of being a good
replacement for steel reinforcement. Additionally, it was found that the hole and
lead-plug have little effect on the effective stiffness and damping of FREI
bearings.

Another benefit of carbon fiber reinforcement is the possibility of creating
large sheets of FREI Isolator, which could be cut to the required size. It is
important to investigate the feasibility of this manufacturing process and how the
production costs compare to SREI bearings, a concern mentioned by Kelly and
Takhirov (2001). However, in a following study (Kelly & Takhirov, 2002) Dongil
Rubber Belt Company Ltd. in Pusan Korea manufactured examples of long strip
isolators reinforced with carbon fiber fabric. The resulting experimental testing
showed acceptable performance even though the fiber fabric was of poor quality
with many gaps. The possibility for constructing large sheets of FREI bearing
exists.

1.4.3 Scragging

A rubber compound in its natural untested state is subject to what is called
the Mullins Effect. This occurs when an unfilled or particle reinforced rubber, in
its unscragged state, is subjected to cyclic loading at a constant amplitude under
tensile, compressive, or shear loading. The stress required on reloading is less
than that of the initial loading for deformations up to a maximum of those
previously achieved (Dorfmann & Ogden, 2004). These stress differences are
typically largest during the first and second cycles and become negligible after 6
to 10 cycles (Dorfmann & Ogden, 2004). Once a bearing has been deformed to a
certain elongation, it is scragged up to and including that elongation. Cycling the
same bearing at greater amplitudes than those previously tested will result in
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unscragged behaviour. The term scragging is defined by ASCE (2005) as “Cyclic
loading or working of rubber products, including elastomeric isolators, to effect a
reduction in stiffness properties, a portion of which will be recovered over time”.
This study is concerned with exploring the reduction in effective stiffness of SU-
FREIs under repeated cycling. Recovered effective stiffness over time is not
investigated in this study. The difference between scragged and unscragged load-
displacement hysteresis is illustrated in Figure 1.4. Effective stiffness of each loop
is measured as the slope of the line made between the largest positive and
negative lateral load and displacement in each loop. A drop in effective stiffness
is clearly seen in the scragged second cycle of lateral displacement at the same
amplitude. This phenomenon is referred to throughout the rest of this study when
comparing the properties of the first cycle of an unscragged bearing to subsequent
cycles at the same amplitude.

1.4.4 Unbonded Boundary Conditions

Using FREI bearings in an unbonded application would reduce the cost of
installation by removing the need of thick steel mounting plates commonly used
in practice. There are a variety of connection methods currently in use. Table 1.1
provides a chart comparing current bearing connection methods based on the
provisions of ISO (2005) with the inclusion of Type SU (Stable Unbonded). The
Type I and Type II connections involve bonding the isolator to thick steel plates
which are then bolted in place. In a Type III connection the isolator is bonded to
steel plates which are either connected to mounting plates with dowelled pins or
recessed rings. All three of these methods involve thick steel plates which are
both costly and heavy, requiring significant effort to install. FREIs installed in an
unbonded application are placed directly between the foundation and
superstructure without any connection to these boundaries.

1.4.5 Rollover

This term was first used by Toopchi-Nezhad et al. (2008a) to describe the
behaviour of square FREI bearings without bonding between the contact surfaces
and the test platens. The lack of flexural rigidity accompanying the use of carbon
fiber fabric is also necessary for rollover deformation. As a result of unbonded
boundary conditions, FREI bearings “rollover” under lateral displacement. The
top and bottom surfaces of the bearing begin to lose contact with the upper and
lower surfaces as the bearing is displaced laterally (Figure 1.3). This behaviour is
typically undesirable in elastomeric base isolators due to the loss of stability that
normally accompanies it. However, the loss of lateral stiffness accompanying
rollover increases the efficiency of an isolation system so long as stability can be
maintained. Toopchi-Nezhad et al. (2008a) found that unbonded FREI bearings
with a certain aspect ratio and shape factor were able to achieve stable stiffness
properties throughout lateral sinusoidal displacement under a constant axial
design load.
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1.4.6 Stable Unbonded - Fiber Reinforced Elastomeric Isolators

Stable unbonded fiber reinforced elastomeric isolator (SU-FREI) refers to
an FREI bearings with no bonding at the contact surfaces (platen), and with an
aspect ratio (R) and shape factor (S) such that stable rollover (SR) deformation
occurs (Toopchi-Nezhad, Tait, & Drysdale, 2008a). The behaviour of an
unbonded FREI bearing is defined as “stable” when positive incremental load-
resisting capacity is achieved throughout each fully reversed cycle of lateral
displacement. Toopchi-Nezhad et al. (2008a) tested two bearings with aspect
ratios of R = 1.9 and shape factors of S = 10.6 which resulted in unstable
behaviour. Two bearings were then cut from the initial specimens with aspect
ratios of R = 2.5 and R = 2.9 respectively. Cyclic lateral testing of SU-FREI
bearings with these aspect ratios resulted in stable hysteretic behaviour. In
addition, a strength hardening and increased stiffness was observed in the
bearings at the largest lateral displacements. This occurred when the two vertical
faces of the bearing perpendicular to the direction of excitation began to make
contact with the upper and lower platens.

This facial contact is only possible in an elastomeric bearing with flexible
reinforcement in an unbonded application. The hardening behaviour is
advantageous as it acts to limit the maximum lateral displacement of the isolation
system. The bearings cut from the original specimens were labeled as SU-FREI
bearings due to their stable performance and unique characteristics. A subsequent
study by Toopchi-Nezhad et al. (2008b) was conducted on % scale SU-FREI
bearings with aspect ratio R = 2.8 and shape factor § = 11. Stable hysteretic
behaviour and hardening at large lateral displacements were observed. It was
found that SU-FREIs could be effectively used for seismic isolation purposes
based on design code provisions of ASCE 7-05.

It has been demonstrated through experimental testing that SU-FREIs
show suitable behaviour for seismic isolation purposes. The use of FREI bearings
in a stable unbonded application shows promise as a low-cost and light weight
alternative to current seismic isolation practices. However, more research is
necessary to better understand the behaviour of these bearings. This study is a
continuation of experimental research of SU-FREI bearings.

1.5 Organization of Thesis

Chapter 2 describes the objectives and methodology of the experimental
testing performed. The details of the test setup and the construction process and
specification of the Y4 scale bearing samples are discussed.

Chapter 3 investigates the dynamic properties of % scale SU-FREIs under
cyclic excitation at a wide range of excitation amplitudes. Effective stiffness and
effective damping are compared for sample bearings at two orientation angles
with respect to the direction of excitation.
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Chapter 4 explores the stability of % scale SU-FREI bearings under cyclic
lateral displacement and increasing axial load. Rollout stability in ¥ scale SU-
FREI bearings is also investigated in this chapter.

Chapter 5 reports on the serviceability and fatigue performance of V4 scale
SU-FREI bearings. Test performance is compared to the requirements of ASCE
2005.

Chapter 6 summarizes the conclusions of the experimental research
performed in this study and outlines recommendations for further study.
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Table 1.1 Base isolator classification by connection type including bolted, dowelled,
recessed, and stable unbonded. (ISO, 2005).
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Figure 1.1 Uniform Hazard Spectra (UHS) for three major Canadian cities. Values obtained
for 5% damped horizontal spectral acceleration for 0.2, 0.5, 1.0, and 2.0 second
periods form the NBC 2005 for each city.
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Figure 1.2 Cross-section of the Foothill Communities Law and Justice Center showing the

layout of a typical isolation system (Kelly J. M., 1997).
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Figure 1.3 Various stages of rollover deformation in an FREI installed in an unbonded
application
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FREI bearing. Two fully reversed cycles at the same amplitude were performed
under constant axial load.
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Chapter 2. Objectives, Test Setup and Sample Specifications

This chapter describes the specifications of the % scale SU-FREI bearings
investigated in this study. The test setup and layout are detailed and an
introduction to the objectives of this study is provided. Topics explored in this
study include: effect of orientation on the dynamic properties of bearings under
cyclic lateral testing; investigation of stability of SU-FREI bearings; and the
performance of SU-FREI bearings under fatigue and serviceability conditions.
Specific details regarding test procedure and experimental results are provided in
subsequent chapters.

2.1 Sample Specification

This study involves experimental testing and evaluation of the
performance of % scale square SU-FREI bearings. The bearings constructed for
this test were manufactured to the same specifications as those tested by Toopchi-
Nezhad et al. (2008b). The bearings were constructed in sheets using the same
process and equipment as Toopchi-Nezhad et al. (2008b) in an attempt to
maintain consistent properties. A total of three sheets of fiber-reinforced
elastomeric isolator were constructed for this study labeled MB1, MB2, and MB3.
Each sheet measured 200 x 200 x 24 mm consisting of 12 layers of soft unfilled
neoprene rubber and 11 layers of bidirectional (0/90 degree orientation) plain
weave carbon fiber. Four % scale bearings were cut from each sheet with
dimensions of 70x70x24mm. Sheet plan dimensions as well as the location
(labeled 1 through 4) and dimensions of the individual bearings cut from a typical
sheet are provided in Figure 2.1. Each bearing tested in this study is labeled based
on the sheet it was cut from and the location from which it was cut. For example,
bearing MB1-1 is a bearing cut from sheet MBI from position 1 (top left corner).
As illustrated in Figure 2.1, each bearing sheet yielded 4 bearings for a total of 12
model scale bearing samples for testing purposes.

A side view of a typical % scale bearing specimen is provided in Figure
2.2, which shows the alternating layers of rubber and carbon fiber. Rubber layers
are 1.59 mm thick giving a total thickness of rubber of t; = 19 mm. The neoprene
rubber used has a measured hardness of 37 + 5 Durometer, Shore A (ASTM
2005). The supplier specified nominal tensile modulus of the rubber is 1.2 MPa at
an elongation of 100%. The carbon fiber layers are composed of 0/90 degree bi-
directional plain weave carbon fiber fabric. The carbon fiber fabric was
pretensioned in both the 0 and 90 degree direction to achieve a uniform amount of
tautness prior to being bonded to the rubber sheets. Bonding of the carbon fiber to
a layer of neoprene was accomplished using two even coats of a cold vulcanizing
rubber cement. This process was repeated for each subsequent layer of carbon
fiber and neoprene.

Kelly and Takhirov (1987) have indicated that the exposed edges of
isolator samples cut from a strip isolator of FREI bearing are prone to
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delamination. Significant delamination was observed by Toopchi-Nezhad et
al.(2008a) during testing of a full scale unbonded FREI bearing with exposed
edges. In a following study performed on % scale SU-FREI bearings (Toopchi-
Nezhad et al., 2008b), two coatings of rubber cement were applied to the exposed
surfaces of the Y4 scale bearing after it was cut to the appropriate dimensions. This
coating prevented delamination during cyclic testing. The same process was used
on bearings cut from sheets MB1, MB2, and MB3 in this study. Figure 2.3 depicts
a Y scale SU-FREI bearing during the construction process with one exposed
edge and another edge coated with rubber cement.

2.2 Test Setup and Instrumentation

An overview of the test setup, provided in Figure 2.4, shows a number of
different views of the setup. The test setup and instrument layout is detailed in
Figure 2.5 and Figure 2.6 with cross-section views. This setup is a modified
version of the test setup used by Toopchi-Nezhad et al. (2007a; 2008a; 2008c).
Delrin brackets were added at the bolted connections between the housing for the
horizontal actuator to the upper platen as seen in Figure 2.4a & Figure 2.5. This
provided a nearly frictionless surface at the bolted connections between the arms
of the upper platen. In addition, a new load cell was installed to measure lateral
shear forces during cyclic testing at high axial loads, which were beyond the
capabilities of the existing horizontal load cell.

The bottom plate is moved laterally by the horizontal actuator (Figure
2.4b) under displacement control. The displacement rate and amplitude are
controlled via an input displacement signal generated using MatLAB, which is
sent to a 406 controller (Figure 2.7a). Feedback is provided by the linear variable
displacement transducer (LVDT) at the back of the setup shown in Figure 2.5.
Corresponding lateral displacements are measured using the string-pot located
adjacent to the feedback LVDT. Safety precautions required the installation of
limit switches to prevent any unexpected extreme lateral displacements. Shear
forces are measured from one of two locations by either horizontal load cell No. 1
or 2 (HLC No.l and No.2) as seen in Figure 2.4b and Figure 2.4c respectively.

The lateral force measured using horizontal load cell No.1 (Figure 2.4b &
Figure 2.5) included frictional forces developed by the linear bearings under the
bottom platen as it was cycled laterally and inertia forces related to the mass of
the bottom platen. Horizontal load cell No. 2 (Figure 2.4c & Figure 2.6) directly
measures the shear at the top surface of the bearing. This load cell was calibrated
at axial loads up to 120 kN under cyclic shear. Both cells record lateral shear
forces simultaneously and the results were compared and verified at design axial
loads between the two horizontal load cells. Horizontal load cell No.2 provides
accurate shear measurements for cyclic testing of bearings under axial loads up to
120 kN. The introduction of an additional horizontal load cell was necessary for
dynamic stability testing described later in this report. During lateral cyclic testing

14



M.A.Sc. Thesis — Michael de Raaf McMaster University — Civil Engineering

under design load the original lateral load cell designated as HLC No.l was used.
Shear was measured by HLC No.2 for all other experimental testing.

The vertical actuator is operated under load control and feedback is
provided by four 10,000lb load cells (VLC No.l — No.4) placed between the
actuator and the upper platen of the test set up as depicted in Figure 2.4d and
Figure 2.5. Similar to the horizontal actuator, MatLAB is used to generate the
vertical signal. This signal is sent to a 406 controller which maintains the desired
load by comparing the input signal to the measured load on the sum of the four
vertical load cells. In order to measure vertical displacements, four laser
displacement transducers (LDTs) were installed along the perimeter of the upper
and lower platens. Two of the LDTs are attached to the bottom platen (LDT #1 &
2), while the other two are attached to the top platen (LDT # 3 & 4) as shown in
Figure 2.5.

A total of 12 channels are measured and recorded simultaneously during
each test. These channels are filtered at 10 Hz using an anti-aliasing filter (Figure
2.7b). This allowed for multi-channel conditioning and amplification with
dynamic recording. All data was recorded at a sampling rate of 250 Hz (one
sample every 0.004 seconds) and digitally filtered at 6 Hz using LabVIEW
software. Both the original data filtered at 10 Hz and the digitally filtered data at 6
Hz were recorded separately. The data filtered at 10 Hz was stored as a backup
while all calculations were performed using the data filtered digitally at 6 Hz.

2.3 Experimental Tests and Objectives

The objective of this study is to continue investigation into the properties
of SU-FREI bearings using a wide variety of experimental tests. Previous studies
have established that SU-FREI bearings achieve effective stiffness and damping
properties, which are sufficient for base isolation (Toopchi-Nezhad et al., 2007a;
2008a; 2008b). This objective was accomplished by subjecting %4 scale SU-FREI
bearings to a series of experimental tests. These tests cover a wide range of
subjects including orientation during cyclic testing, stability, serviceability and
fatigue. The topics discussed here have not been explored using SU-FREI
bearings prior to this study.

2.3.1 Dynamic Properties

The dynamic properties of interest, which can be obtained from lateral
cyclic testing under constant axial pressure, are the effective stiffness and the
effective damping of the base isolator. Once these properties are determined
through experimental testing, the response of the base isolation system can be
predicted. The provisions of ASCE 7-05 can be used to estimate the response of
an isolation system composed of SU-FREI bearings with the same properties as
those tested in this study. There are a number of factors which influence effective
stiffness and effective damping. For example, a rubber compound performs
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differently when it is cycled from its unscragged state than it does if it has been
previously deformed (scragged).

In previous studies, this effect was documented during cyclic testing of
SU-FREI bearings by Toopchi-Nezhad et al. (2008a; 2008b). It was found that the
“unscragged” first cycle provided higher stiffness and damping than the second
and third cycles. The differences in the second and third cycles were negligible
and the effective stiffness and damping appeared to be stable. The results of the
second and third cycles were labeled as the scragged properties of the SU-FREI
bearings. Toopchi-Nezhad et al.(2008b) investigated the performance of % scale
SU-FREI bearings under sinusoidal lateral displacement and constant axial load.
These cyclic tests were performed along 0°, 90°, and 45° orientations with respect
to the direction of excitation (Toopchi-Nezhad et al., 2008b). The bearings tested
at 0° (parallel orientation) were unscragged bearings; whereas the bearings tested
at 45° (diagonal orientation) had been rigorously tested prior to being cycled at a
45° orientation. These bearings had first been used to investigate the effects of
vertical pressure on lateral response as well as a number of other cyclic tests
including rate sensitivity. As a result, a direct comparison between the unscragged
properties of SU-FREI bearings at parallel and diagonal orientations was not
possible. The unscragged properties of SU-FREI bearings cycled at a diagonal
orientation have not been explored prior to this study.

In this study, the lateral response of unscragged SU-FREI bearings tested
along both a parallel and diagonal orientation will be evaluated. The results of
parallel cyclic testing obtained in this study will be directly compared to the
results achieved by Toopchi-Nezhad et al. (2008b) on an SU-FREI bearing of the
same specifications tested under identical conditions. This will ensure continuity
between the manufactured bearing specimens of this study with those of the
previous study. It is expected that unscragged bearings subjected to cyclic testing
at a diagonal orientation will achieve much greater effective stiffness and
effective damping than those tested by Toopchi-Nezhad et al.(2008b). This is
primarily due to the amount of testing the bearings in the previous study
underwent prior to diagonal cyclic testing.

The specifics of cyclic testing performed on SU-FREI bearings are
discussed in greater detail in Chapter 3. This chapter provides the lateral response
characteristics obtained from cyclic testing in terms of effective stiffness and
effective damping. These values are then used to determine the displacement of
the isolation layer and the effective base isolated period at this displacement based
on provisions of ASCE 7-05.

2.3.2  Stability Under Dynamic Excitation

A number of studies, both analytical and experimental, have been
performed on multi layer elastomeric isolators in order to determine the buckling
load. According to International Standard [SO 22762 (2005), a seismic-protection
isolator is considered to have undergone buckling when it has lost stability under
a combination of compression-shear loading. This occurs when the lateral
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stiffness becomes zero. A force-displacement curve is provided in Figure 2.8
which illustrates stable and unstable conditions. Several different test procedures
were investigated before a buckling test program was developed that would best
suit SU-FREI bearings.

A previous study by Buckle and Liu (1994) examined the buckling load of
several steel reinforced elastomeric bearings. Bolted connections were used to
attach each bearing to the upper and lower platens of the test set up. Each bearing
was first scragged at a specified displacement and then held at this displacement
while an increasing axial load was applied. Once the lateral shear force became
negative the test was stopped. This was repeated at several displacements and the
results were used to construct force-displacement curves from which the buckling
load could be obtained. This provided critical loads under which the bearing is
constrained from any additional lateral displacement. The data was then analyzed
to determine the equivalent unconstrained critical loads. This procedure was
deemed unsuitable for testing SU-FREI bearings due to the unbonded boundary
conditions. It was decided that analyzing stability under dynamic lateral excitation
was representative of conditions which are expected to be experienced by an SU-
FREI bearing. Dynamic testing provides insight into both the stability of SU-
FREI bearings as well as the effect of high axial load on the dynamic properties.

Stanton et al. (1990) investigated the stability of steel-laminated
elastomeric bearings in a number of different experimental tests. One of the
experimental tests examined the dependence of transverse stiffness on
compressive load. Each test subjected a bearing stack to a constant axial load
followed by cyclic lateral displacement. This process was repeated at the same
amplitude at increasing levels of axial load. This was done for a number of
orientations of stacked bearings and various displacement amplitudes. Transverse
stiffness K; was defined as the tangential stiffness obtained at zero displacement
from the force-displacement hysteresis. It was found that transverse stiffness
decreased with increasing axial load for every combination of lateral displacement
amplitude and bearing stack orientation. Furthermore, as the axial load increased
the hysteresis increased but the loops remained stable. The influence of axial load
on the transverse stiffness of SU-FREI bearings has not been investigated prior to
this study. The study by Stanton et al. (1990) looked at a limited range of axial
loads where instability was not encountered. It is apparent that if the axial load
were increased further it may be possible to achieve negative transverse stiffness
corresponding to buckling.

In an Earthquake Engineering Research Center (EERC) report by Koh and
Kelly (1987) four different square multilayer elastomeric bearing types were
tested. One set of 1/2 scale bearings was tested with and without a lead core along
with three sets of 1/5 scale bearings with varying steel shim and rubber layer
thicknesses. Each test subjected a bearing sample to a sinusoidal cycle of lateral
displacement under a constant axial load. Each bearing was subjected to several
tests at the same lateral amplitude and subsequently greater axial loads. This
process was repeated for up to three incrementally increasing excitation
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amplitudes. The purpose of this investigation was to investigate the effect of axial
load on the dynamic properties of several types of multilayer elastomeric
isolators. The dynamic properties calculated in the report were the effective
stiffness and effective damping obtained from the lateral force-displacement
hysteresis. Results showed a decrease in effective stiffness accompanied by an
increase in effective damping as the axial load was increased. The 1/5 scale
bearings were tested at axial loads ranging from 20-130 kN. Approximately 20
tests were performed on each bearing in total. Results showed that the effective
stiffness decreased by half while effective damping increased by 2-3 times. Prior
to this investigation % scale SU-FREI bearings had undergone cyclic testing at
axial loads up to approximately 15 kN (Toopchi-Nezhad et al., 2008a). The
effects of axial loads in excess of twice the design axial load have not been
explored using SU-FREI bearings.

The testing procedure used in this study is an evolution of the procedure
used by Stanton et al.(1990) and the procedure used by Koh and Kelly(1987).
Stability of an SU-FREI bearing is evaluated based on the force-displacement
hysteresis. A stable hysteresis loop maintains positive incremental force resisting
capacity throughout each full reversed cycle. This study aims to determine the
critical axial load at which the lateral stiffness becomes zero in an SU-FREI
bearing for different excitation amplitudes. This axial load represents the critical
buckling load under dynamic excitation. In addition these tests will provide
insight into the effective stiffness and damping of SU-FREI bearings under a wide
range of axial loads. The specifics of the dynamic buckling test used in this study
are discussed in greater detail in Chapter 4.

2.3.3 Rollout

In addition to stability tests performed during dynamic lateral excitation, a
more traditional stability test was performed on SU-FREI bearings subjected to
constant design axial load. The ultimate shear properties test is performed to
determine the displacement at which a bearing either breaks or buckles as
described by ISO-22762 (2005). Each bearing is subjected to its design axial load
which is held constant. Next the bearing is displaced laterally at a constant rate
until failure occurs. The method of failure is dependent on the boundary
conditions of the bearing. Bearings with bolted connections are susceptible to
breaking failure, while dowelled and recessed bearings are at risk of rollout
instability (ISO, 2005). The force-displacement curve shown in Figure 2.8 is
representative of an ultimate shear properties test during which a bearing has
undergone rollout instability. The lateral displacement &,,4, represents the onset
of buckling due to roliout instability where the lateral stiffness has become zero.
This failure mode may occur at very large lateral displacement, when the resultant
of the vertical contact pressure falls beyond the horizontal contact area of the
bearing.

Due to their unbonded boundary conditions, SU-FREI bearings will
rollover as they are laterally displaced. Rollover behaviour is unique to SU-FREI

18



M.A.Sc. Thesis — Michael de Raaf McMaster University — Civil Engineering

bearings and occurs as soon as the bearing is displaced laterally and the vertical
faces perpendicular to the direction of excitation begin to roll over. Rollover
behaviour is not to be confused with rollout instability, as rollover is not a failure
mode. Rollover results in a significant decrease in the lateral stiffness of the
bearing, which is desirable since it also lengthens the effective base isolated
period. However unlike standard elastomeric bearings, the SU-FREI bearings
investigated in this study are designed to undergo SR (Stable Rollover)
deformation (Toopchi-Nezhad et al., 2008a). As the SU-FREI bearing undergoes
rollover it maintains positive incremental load resisting capacity. At large lateral
displacements, when the vertical faces of the bearing perpendicular to the
direction of excitation begin to make contact with the upper and lower contact
surfaces, stiffening is observed (Toopchi-Nezhad et al., 2008a). For this reason it
is suggested that these bearings can undergo significantly large lateral
displacement before rollout instability may be observed.

The objective of this test is to investigate the performance of these
bearings under the ultimate shear properties test. This test has not been
investigated prior to this study on SU-FREI bearings. It is possible that a failure
mode unique to SU-FREI bearings may occur. Two bearings were displaced to
predetermined lateral displacements in excess of any of the other tests conducted
in this study to examine their response. Details of the testing procedure used as
well as results of testing are provided in Chapter 4.

2.3.4 Serviceability

To investigate the lateral response of SU-FREI bearings under wind as a
service load, ¥ scale bearings were cycled at a range of lateral displacements that
bracket the equivalent lateral displacement generated by the design wind force.
The difference between this test and previous cyclic tests is the number of cycles
and the amplitude of lateral excitation. ASCE 7-05 requires 20 fully reversed
cycles of lateral excitation for serviceability testing. Furthermore, the design wind
force is not expected to generate a large displacement in the isolation layer of a
typical low-rise structure. SU-FREI bearings maintain relatively high lateral
stiffness under wind loading, which is expected to generate small displacements.
The results are analyzed to ensure acceptable dynamic performance is achieved as
per the ASCE (2005). Serviceability testing is discussed in greater detail in
Chapter 5.

2.3.5 Fatigue

The fatigue testing procedure used in this study was taken from ASCE 7-
05. Similar to serviceability testing, fatigue tests subject a bearing to a high
number of fully reversed lateral cycles and constant design axial load. However
the amplitude of lateral displacement for fatigue testing is equal to the total design
displacement of the isolation layer. The objective of this test is to ensure that the
effective stiffness and damping of the bearing does not fall below the acceptable
limits outlined by ASCE 7-05. Details and results of fatigue testing are provided
in Chapter 5.
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2.4 Testing Sequence

The series of experimental tests performed on each % scale SU-FREI
bearing is provided in Table 2.1, Table 2.2, and Table 2.3 for bearings cut from
sheet MB1, MB2, and MB3, respectively. It was desirable to group bearings by
the sheet they were cut from. The three bearings cycled at a parallel orientation
under design axial pressure were cut from sheet MB1 (MB1-1, MB1-2, and MBI1-
4). Two unscragged bearings, cut from sheet MB3 (MB3-1 & MB3-4), were used
to explore the unscragged properties of SU-FREI bearings cycled at a diagonal
orientation. The bearings tested at a parallel orientation were then used in a
preliminary study into buckling while the bearings tested at a diagonal orientation
were used for fatigue testing.

The remaining unscragged bearings from sheet MB1 (MB1-3) and MB3
(MB3-2 & MB3-3) were used along with two unscragged bearings from sheet
MB2 to explore stability of SU-FREI bearings. By the end of the dynamic
buckling test program these bearings were unusable for further testing. This is due
to the volume of cycles at high axial load and lateral displacement combinations
these bearings are subjected to during the testing process.

Serviceability and fatigue testing was investigated next using the
remaining unscragged bearings cut from MB2 (MB2-2 & MB2-3). These bearings
along with the two bearings that underwent cyclic testing at a diagonal orientation
(MB3-1 & MB3-4) were then used to investigate fatigue. Both of these testing
programs are non-destructive tests under design axial load. For this reason,
bearings MB2-2 and MB2-3 were used to investigate the ultimate shear properties
of SU-FREI bearings.

Ultimate shear property tests were performed last on MB2-2 and MB2-3
after they had undergone serviceability testing and fatigue testing. Both
serviceability and fatigue testing “scragged” the bearing up to deformations equal
to the design displacement. This was not a major concern since the rollout tests
deform the bearing to approximately twice this displacement. It was expected that
these bearings would still exhibit unscragged properties once the lateral
displacement in the rollout test surpassed design displacement.
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Table 2.1 Testing sequence and descriptions for model scale bearings from sheet MB 1
Model Scale Bearing Set MB1
Test No.
MB1-1 MB1-2 M81-3 WB1-4
Cyclic test 0° Cyclic test 0° Dynamic buckling test Cyclic test 0°
unscragged unscragged unscragged unscragged
1 ascending amp. ascending amp. amp. =0.50tr, 1.00tr ascending amp.
3 cycles per amp. 3 cycles peramp. 1.50tr, 2.00tr 3 cycles per amp.
P =7.84kN P =7.84kN P =7.84, 30, 60, 75/50, P =7.84kN
120 kN
Table 2.2 Testing sequence and descriptions for model scale bearings from sheet MB2
Model Scale 8earing Set MB2
Test No.
MB2-1 MB2-2 MB2-3 MB2-3
Dynamic buckling test Serviceability test 02 Serviceability test 02 Dynamic buckiing test
unscragged unscragged unscragged unscragged
1 amp. = 1.00tr, 1.50tr, amp. =015tr, 0.35tr amp. =0.15tr, 0.35tr amp. = 1.00tr, 1.50ts,
2.00tr P =7.84kN P =7.84kN 2.00tr
P =7.84, 30, 60, 75/50kN P =7.84, 30, 60, 75/90kN
Fatigue test 502 Fatigue test 502
2 scragged to 0.35tr scrogged to 0.35tr
amp. =1.50tr amp. =1.50tr
P =7.84kN P =7.84kN
Rollout test 02 Rollout test 02
3 scragged to 1.50tr scragged to 1.50tr
disp. =2.75tr disp. = 3.00tr
P =7.84kN P =7.84kN
Table 2.3 Testing sequence and descriptions for model scale bearings from sheet MB3
Model Scale Bearing Set MB3
Test No.
MB3-1 MB3-2 M83-3 MB3-4
Cyclic test 45° Dynamic buckling test Dynamic buckling test Cyclic test 45°
unscragged unscragged unscragged unscragged
| ascending amp. amp. = 1.00tr, 1.50tr, amp. = 1.00tr, 1.50tr, ascending amp.
3 cycles per amp. 2.00tr 2.00tr 3 cycles per amp.
P =7.84kN P=7.84, 30, 60, 75/50 kN P =7.84, 30, 60, 75/90 kN P =7.84kN
Fatigue test 02 Fatigue test 02
2 scragged scrogged
amp. = 1.50tr amp. = 1.50tr
P =7.84kN P =7.84kN
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Figure 2.1 SU-FREI bearing sheet with the location and dimensions of % scale samples

i: 70 mm :i

Figure 2.2 Side view of Y scale SU-FREI bearing with dimensions of width height and
rubber layer thickness specified

22



M.A.Sc. Thesis — Michael de Raaf McMaster University — Civil Engineering

]
EXPOSED &

B
L

Figure 2.3 Y scale SU-FREI bearingrduring construction. The right face has been coated
with rubber cement and the left face has not.
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(b)

() (d)
Figure 2.4 Test setup orientation: (a) Overview of test setup; (b) Top view of the horizontal
actuator and horizontal load cell No.1; (c) Side view including the vertical load
cells as well as horizontal load cell No. 2; (d) Vertical load cell orientation
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Figure 2.6 Test setup detailing the inclusion of the second horizontal load cell

(@) (b)

Figure 2.7 Overview of signal control and acquisition equipment: (a) Computer for data
acquisition and 406 controllers for vertical and horizontal actuators; (b) Signal
filters (12 channels), power supply for LDTs, and sumer box for vertical load
cells

26



M.A.Sc. Thesis — Michael de Raaf McMaster University — Civil Engineering

STABLE UNSTABLE
8 \
.
i
=
n

Lateral Displacement Smax
Figure 2.8 Example of a typical force-displacement curve showing stable and unstable

behaviour as well as the critical displacement (Buckle & Liu, 1994)
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Chapter 3. Cyclic Testing

This chapter reports on cyclic tests performed on % scale SU-FREI
bearings. Out of the twelve bearings manufactured, five were used to investigate
dynamic properties under sinusoidal (cyclic) lateral excitation. A total of six
incremental lateral displacement amplitudes were investigated. The effective
horizontal stiffness and effective damping of each bearing was determined for
each cycle. Bearings were tested at angles of 0° (parallel) and 45° (diagonal) with
respect to the direction of lateral displacement as illustrated in Figure 3.1 and
Figure 3.2. The effects of SU-FREI bearing orientation are explored in terms of
calculated dynamic properties and code evaluated response characteristics.

The two response characteristics of importance that can be determined
from experimental cyclic testing are the lateral effective stiffness and effective
damping. In order to estimate the lateral response of an isolation system
composed of SU-FREI bearings, code evaluation is performed using ASCE 7-05.
The specific provisions that will be looked at in this section relate to the
calculation of the displacement of the isolation layer as well as the effective base
isolated period. These calculations are performed for both the design basis
earthquake (DBE) and the maximum considered earthquake (MCE) for the region
of study.

Previous tests on Y scale square SU-FREI bearings were performed at
parallel, perpendicular and diagonal orientations with respect to the direction of
excitation (Toopchi-Nezhad et al., 2008b). The bearings tested in the previous
study at a diagonal orientation were scragged (previously tested) bearings. The
unscragged properties of SU-FREI bearings tested at a 45° orientation have not
yet been investigated. This study provides further insight into the dynamic
response of unscragged SU-FREI bearings at parallel and diagonal orientations. A
comparison between the results of this study and the results of previous studies on
s scale square SU-FREI bearings is carried out between tests performed at a
parallel orientation to compare properties between bearings. Following this, the
influence of orientation on the dynamic properties of unscragged SU-FREI
bearings is explored along with scragging effects.

3.1 Testing Procedure

Cyclic tests were performed under a specified axial design pressure of 1.6
MPa (=7.8 kN). This axial load was applied to each bearing and held constant
throughout the horizontal excitation. The lateral displacement signal used for this
test is composed of six amplitudes taken with respect to the total thickness of
rubber (t)). These excitation amplitudes were applied in ascending order: 0.25t;,
0.50t,, 0.75t,, 1.00t,, 1.50t; and 2.00t,. Three fully reversed cycles were performed
at each of the six excitation amplitudes in sequence resulting in a total of 18 fully
reversed cycles (see Figure 3.3). The manufacturer specified rubber sheet
thickness is 1.59 mm. Given that each bearing consists of 12 layers of rubber, the
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total thickness of rubber in a given bearing was taken as 19.05 mm. Once the
sinusoidal lateral cycling was completed the axial load was removed from the
bearing.

The average rate of displacement throughout these tests was maintained at
76.2 mm/s. In an ideal situation the bearing would be cycled at the fundamental
frequency corresponding to the specific excitation amplitude. This was not
possible due to the limitations of the horizontal actuator used. At the largest
amplitudes of displacement, it would be necessary for the actuator to move at a
rate outside its capability to reach the natural frequency of the bearing. Rate
sensitivity tests were performed with the same test setup on % scale SU-FREI
bearings of the same composition and dimensions in a previous study (Toopchi-
Nezhad et al., 2008b). In this study, two bearings were cycled at different
frequencies ranging from 0.16 to 0.66 Hz. The resulting variation in effective
stiffness and damping was negligible. It was determined that, at a rate of 76.2
mm/s, an excitation frequency of approximately 1 Hz was achieved at an
amplitude of 1.0 t.. This is sufficiently close to the bearing’s natural frequency at
the design displacement.

The results obtained from cyclic testing were used to determine the
effective stiffness and effective damping of the bearings for each fully reversed
cycle of displacement. Using these calculated parameters it is then possible to
evaluate the lateral displacement of the isolation layer and the effective isolated
period at design lateral displacement as specified by ASCE 7-05.

3.2 Effective Stiffness and Effective Damping

There are two mechanical characteristics of interest that can be obtained
from lateral cyclic testing of isolator units. These properties are the effective
stiffness (K¢fs) and the equivalent viscous damping (B.fr). These properties are
commonly used to evaluate the response of seismic isolation devices. ASCE 7-05
is a commonly used code for evaluating and designing base isolation systems. It
provides expressions for the evaluation of K¢ and B.rs which are used here.
Effective stiffness is calculated using the following equation (ASCE 2005):

|Fmax| + |Fmin|
|Amax| . 5 IAminl

3.1

Kegr =

where F ¢ and Fp,;, represent the maximum positive and maximum negative
lateral force respectively. Similarly, 4,,,, and 4,,;, are the maximum positive
and maximum negative displacements in a hysteresis loop. An example of a
typical hysteresis loop, with the location of the maximum displacements and
maximum lateral loads identified, can be found in Figure 3.4.

Effective damping is dependent on the total area enclosed by the load-
displacement hysteresis loop and is calculated using the following equation
(ASCE 2005):
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,B _ Z Eloop
i 7'I:Keff(ldmaxl + lAminDz

3.2

where the energy dissipated in an isolator unit during a full cycle Ejyqp is
measured by the area enclosed by the load-displacement hysteresis loop.

3.3 Code Evaluation

Once the effective stiffness and effective damping are determined for each
fully reversed cycle of lateral displacement, the displacement of the isolation layer
and effective isolated period of the isolation layer at this displacement can be
estimated. The design provisions of ASCE (2005) were used to evaluate the
design lateral displacement (Dp) and the effective period of the bearing at the
design displacement (T'p). Evaluation was performed for a full-scale structure
with an isolation system composed of four full-scale bearings. The design lateral
displacement is determined using the following equation:

_ 9Sp1Tp
D™ 4m2B,

where Spq represents the spectral response acceleration for the design basis
earthquake (DBE) taken as 2/3 of the maximum considered earthquake (MCE).

Specifically, Sp, = 251\41, and Sy is a factor of the site class effects and MCE

spectral response acceleration for a period of 1 second (S;). The MCE represents
ground motion with a probability of exceedence of 2% in 50 years (ASCE 2005).
Bp is a numerical coefficient for the effective damping measured at the design
displacement. Similar to the design displacement calculation, the maximum
displacement Dy, is calculated using Equation 3.3 replacing: By with By, T with
Ty, and Spq with Syq. For the calculation of the response under MCE: By is the
effective damping of the bearing at Dy, and Ty, is the base isolated period at Dy,.

The effective period of the structure at the design displacement (Dp) was
calculated using the following equation from ASCE (2005):

w
Tp =2m 34
KDming

where W is the effective seismic weight of the structure and Kp,,i, is the
minimum effective stiffness of the isolation system at the design displacement in
the horizontal direction under consideration. The design vertical pressure of
p = 1.6 MPa implies W = 124.4 kN for the full-scale structure. The effective
period of the isolated structure at the maximum displacement (7)) is calculated
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using Equation 3.4 with Ky replacing Kpmin. Where Kypnin is the minimum
effective stiffness at a displacement of D,.

Effective stiffness values were obtained through linear interpolation of
experimental test result. Since the calculations required the full scale effective
stiffness of the SU-FREI bearings, a scale factor S; = 4 was applied to yield the
equivalent full-scale effective stiffness values. The full scale effective stiffness
was then multiplied by 4 to represent the effective stiffness of an isolation layer
composed of 4 full-scale SU-FREI bearings.

For calculation purposes ground motion values for Vancouver are used
from the NBC (2005) with §; = 0.34. This yields Sy;; = 0.5 and Sp; = 0.33 for
Site Class D, assuming unknown soil properties. Due to the nature of Equation 3.3
and 3.4, an iterative process was employed in order to determine Dp/D,, and.
Tp/Ty. The effective damping and minimum effective stiffness are dependent on
the amplitude of excitation for a given bearing. It is necessary to first select an
arbitrary initial estimate for displacement. From there it is possible to determine
Kpmin and B through linear interpolation between the two points bracketing the
initial estimate for D. These values can then be input into Equations 3.3 and 3.4
and a new displacement will be calculated based on the values of K,,,;;, and B. The
process is then repeated replacing the initial input displacement with the
calculated displacement. It is then necessary to iterate until convergence is
achieved between the input and the calculated displacement. The final result
yields Dp /Dy and T /Ty for a particular bearing.

3.4 Test Specimen Adequacy

Test specimen adequacy is determined using the provisions of ASCE 7-05.
The provisions that are used in this study describe test specimen adequacy of
bearings tested at three fully reversed cycles of lateral displacement under design
axial load at increasing intervals of displacement amplitude based on the design
displacement. ASCE 7-05 states that for each test specimen the difference
between the effective stiffness of each of the three cycles and the average stiffness
at the same amplitude should not be greater than 15%. Furthermore, when
comparing two different specimens of a common type and size, the difference
between the effective stiffness of each cycle and the average effective stiffness
taken over all three cycles of both bearings should not be greater than 15%.
Adequacy of the test specimens based on the effective damping is not specified in
the code. However, the same 15% difference is used in this study to evaluate the
effective damping result. Additionally, it is necessary that the force-displacement
hysteresis show positive incremental force resisting capacity throughout each
fully reversed cycle (ASCE 7-05). This is evaluated by ensuring that the
tangential stiffness of the force displacement-hysteresis remains positive.
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3.5 Results of Parallel Cyclic Testing

Cyclic lateral tests were performed on a total of three unscragged SU-
FREI bearings (MB1-1, MB1-2, and MB 1-4) at a parallel orientation. The lateral
force-displacement hysteresis for bearing MB1-1 can be found in Figure 3.5a.
Bearings MB1-2 and MB1-4 displayed similar hysteretic behaviour. Acceptable
response characteristics can be observed from these hysteresis loops for stable-
rollover behaviour. The displaced shape of an SU-FREI bearing during parallel
cyclic testing is provided for amplitudes of 0.5t;, 1.0tr, 1.5tr, and 2.0tr in Figure
3.6a to Figure 3.9a. These figures show the various stages of rollover experienced
by the SU-FREI bearings at different stages of lateral displacement. The bearings
show positive incremental force resisting capacity (stability) throughout each fully
reversed cycle, satisfying test specimen adequacy outlined in ASCE 7-05. The
response characteristics of these bearings are evaluated using the calculated values
of effective stiffness and effective damping.

The calculated values of effective stiffness and effective damping for each
cycle are provided in Table 3.1 for the bearings tested at a parallel orientation. It
can be observed, from these results and the lateral force-displacement hysteresis
(Figure 3.5a) that the effective stiffness of the first (unscragged) cycle is larger
than that of the 2™ and 3" cycles (scragged) for any given lateral displacement
amplitude. This is further highlighted in Figure 3.10 which compares both the
mean scragged and unscragged effective stiffness against displacement amplitude.
The scragged effective stiffness is between 5-10% less than the unscragged
effective stiffness. The average percentage drop in effective stiffness increases as
the excitation amplitude increases, the largest difference (10%) occurring at the
largest displacement (2.0t;). The effective stiffness of each cycle is well within
15% of the mean effective stiffness over all three cycles.

Figure 3.10 also shows that both the scragged and unscragged effective
stiffness are within 15% of the mean effective stiffness averaged over all three
cycles of all three bearings. The effective stiffness satisfies test specimen
adequacy for test specimens of a common type and size according to ASCE 7-05.
Similar to the effective stiffness, the effective damping (Table 3.1) decreases with
increasing excitation amplitude. The mean scragged and unscragged effective
damping versus excitation amplitude is provided in Figure 3.11. There is a 5-13%
difference in the scragged and unscragged effective damping. Aside from the first
amplitude of displacement (0.25t,) the results show a drop in effective damping
between the unscragged results and the scragged results. At 0.25t; all three
bearings showed an average 6% increase in effective damping between the first
cycle and the following cycles at this amplitude. The effective damping of each
cycle is within 15% of the mean taken over all three cycles and all three bearings
at each increment of lateral displacement. This is illustrated in Figure 3.11 which
shows that both the unscragged and scragged effective damping fit within the
15% bounds. Fiber reinforcement has been discussed previously as a source of
energy dissipation in SU-FREI bearings by Toopchi-Nezhad et al. (2008b). The
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manufacturer specified nominal damping of the elastomer used in these bearings
was approximately 5% at 100% elongation. The measured effective damping of
SU-FREI bearings during cyclic testing at a parallel orientation ranges from 8% to
14%. Kelly (1999) postulated that curvature in the fiber reinforcing sheets due to
rollover deformation causes individual fiber strands to slip against each other
leading to additional energy dissipation in the bearing.

As expected, these results show that effective stiffness decreases with
increasing displacement amplitude. This is one of the desirable properties
attributed to rollover behaviour since a decrease in stiffness creates a longer
fundamental period for the system. An additional noteworthy observation is the
increase in effective stiffness between 1.5t; and 2.0t,. This increase in stiffness is
due to the end faces of the bearing making contact with the upper and lower
platens of the test set-up at the largest displacement amplitude. This is illustrated
in Figure 3.8a and Figure 3.9a. From these images it is clear that the edge faces of
the SU-FREI bearing perpendicular to the direction of excitation have began to
make contact with the upper and lower platens of the test setup at a displacement
of 2.0t.. This led to the development of additional force resisting capacity in the
bearing at extreme lateral displacement. This behaviour is desirable since it acts to
limit the maximum displacement of the isolation layer.

3.5.1 Parallel Response

Once the effective stiffness and damping values were calculated for the
bearings tested along a parallel orientation they were used to estimate the
response of the isolation system using ASCE 7-05. For the parallel response, Ky,
and B were interpolated from the 3™ cycle results of testing performed on bearing
MBI1-4. These results represent the lowest effective stiffness values obtained
during parallel cyclic testing, which provided a conservative estimate for
displacement of the isolation layer. At DBE convergence was achieved using
Equation 3.3 and 3.4, resulting in a lateral design displacement of D, = 88 mm
(=1.2t,) and a base isolated period of T = 1.29 s. At MCE the resulting maximum
displacement and the corresponding effective base isolated period are calculated
as Dy, = 146 mm (=1.9t,) and T); = 1.37 s, respectively. For both the DBE and the
MCE the effective isolated period has been increased to greater than 1 second.
These bearings would effectively lengthen the effective period of a typical low
rise structure so that it is outside the range of dominant earthquake accelerations.

3.5.2 Comparison to Previous Study

Once the characteristics of SU-FREI bearings tested at a parallel orientation
in this study were compiled it was possible to compare them to the results of
previous testing performed by Toopchi-Nezhad et al. (2008b). In the previous
study one unscragged SU-FREI bearing (B1-3) was tested under the same testing
sequence allowing for a direct comparison to be made. The results of testing
performed on SU-FREI bearing B1-3 are provided in Figure 3.12, which shows
the effective stiffness versus lateral excitation amplitude. Figure 3.13 shows the
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effective damping versus lateral excitation amplitude. In both figures the
unscragged and scragged values are shown separately. These results have been
plotted with +15% of the mean effective stiffness over all three cycles averaged
between the bearings test in this study (MB1-1, MB1-2, & MBI1-4) and bearing
B1-3 (from the previous study). The results show that both the effective stiffness
and effective damping resulting from the previous study fit well within 15% of the
mean. This satisfies test specimen adequacy outlined by ASCE 7-05 regarding test
specimens of a common type and size. This comparison was performed to show
continuity between the specimens tested in this study and those tested in the
previous study.

3.6 Results of Diagonal Cyclic Testing

Two unscragged bearings, MB3-1 and MB3-4, were used to evaluate the
unscragged response along a diagonal (45°) orientation. The load-displacement
hysteresis for a bearing under diagonal excitation is shown in Figure 3.5b for
bearing MB3-1. Similar to the parallel tests, the results show a drop in restoring
force after the first cycle. The larger loops represent the first unscragged cycle at
that amplitude. This loss of stiffness is further supported by the calculated
effective stiffness values in Table 3.2. This is also illustrated in Figure 3.14 which
shows the effective stiffness at a diagonal orientation versus the lateral excitation
amplitude for both the unscragged and scragged cycles separately. The effective
stiffness of each cycle for each bearing fit within 15% of the mean effective
stiffness between all three cycles of both bearings. This satisfies the conditions for
test specimen adequacy outlined by ASCE 7-05. The unscragged effective
stiffness is an average of 5-10% greater than the scragged effective stiffness. Once
again the largest percentage difference was measured at the greatest excitation
amplitude.

Both the scragged and unscragged effective stiffness values obtained from
cyclic testing at a diagonal orientation were 12% to 15% greater than those
achieved by % scale SU-FREI bearings tested at a parallel orientation. The one
exception is the effective stiffness at a displacement of 2.0t; at which the effective
stiffness in the parallel bearings is an average of 7% greater than the diagonal
bearings. At both orientations, there is a significant drop in effective stiffness as
the excitation amplitude increases and the top and bottom faces of the bearing lose
contact with the upper and lower platens. At a parallel orientation this stiffness
increases between amplitudes of 1.5t; and 2.0t,. This is not the case in the diagonal
direction. Both samples show the effective stiffness continuing to decrease
between 1.5t; and 2.0t.. It is postulated that this is due to the amount of facial
contact made by the edge face of the bearing perpendicular to the direction of
excitation at each orientation. At a diagonal orientation, the corner edge of the
bearing makes limited contact with the end plates at a lateral displacement of
2.0t.. Conversely at a parallel orientation the edge faces of the bearing will make
substantial contact with the end plates. This is supported by Figure 3.9 which
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compares a side profile of an SU-FREI bearing at a displacement of 2.0t; for both
a diagonal and parallel orientation. The bearing at a parallel orientation has clearly
made significantly more facial contact with the upper and lower platens.

The effective damping for diagonal testing is provided in Table 3.2 and
plotted in Figure 3.15. The results obtained from both SU-FREI bearings are
consistent and show a decrease in effective damping up to an excitation amplitude
of 1.0t,. At greater excitation amplitudes the unscragged cycles show an increase
in effective damping while the scragged cycles show an almost constant effective
damping up to 2.0t; whereas the parallel results show a notable decrease in
effective damping between 1.5t; and 2.0t,. In general the effective damping values
achieved by bearings tested at a diagonal orientation were 4-8% greater than
bearings tested at a parallel orientation. The exception to this occurs at an
amplitude of 2.0t; where diagonal tests show an average of 23% greater effective
damping than parallel tests. It was previously suggested that the curvature of
reinforcing sheets creates additional energy dissipation in FREI bearings in an
unbonded application (Kelly J. M., 1999). The fiber used in the SU-FREI bearings
tested here has a 0/90 degree over under weave. At a parallel orientation, only the
fibers parallel to the direction of excitation will undergo curvature during cyclic
testing. At a diagonal orientation, the fibers in both directions will undergo
curvature during rollover deformation. It is postulated that slip between individual
fiber strands in both directions causes the additional damping observed in
bearings tested at a diagonal orientation. The effective damping measured at each
cycle for each bearing is within 15% of the mean of all three cycles of both
bearings. The effective damping results are well within the adequacy constraints
for this study.

3.6.1 Diagonal Response

Similar to the parallel calculations, the results from the 3 cycle of bearing
MB3-4 were used to estimate D and T for the diagonal response. The 3™ cycle
from tests run on bearing MB3-4 provided the lowest effective stiffness for the
diagonal tests. At DBE the resulting lateral displacement of the centre of rigidity
of the isolation system and the effective base isolated period were D, = 78.5 mm
(=1.0t) and Tp = 1.17 s, respectively. At MCE the resulting maximum
displacement and the corresponding effective base isolated period are calculated
as Dy = 138 mm (=1.8t;) and T, = 1.37 s respectively. The higher effective
stiffness achieved by bearings tested at a diagonal orientation has resulted in
effective isolated periods that are shorter than those achieved at a parallel
orientation. However, for both the DBE and the MCE the effective isolated period
has been lengthened to greater than 1 second. At a diagonal orientation, these
bearings would effectively lengthen the effective period of a typical low rise
structure so that it is outside the range of dominant earthquake accelerations.
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3.7 Summary and Concluding Remarks

In this chapter, lateral cyclic testing was performed on Y scale SU-FREI
bearings at parallel and diagonal orientations with respect to the direction of
excitation. At each orientation the mechanical properties of effective stiffness and
effective damping were analyzed. This study is a continuation of research
conducted on % scale SU-FREI bearings. For this reason, it was desirable to
compare the properties of the bearings used in this study with those used in the
previous study (Toopchi-Nezhad et al., 2008a & 2008b). The difference in
effective stiffness and damping between bearings from both studies was within
15% of the mean. This satisfied the provisions for test specimen adequacy as laid
out by ASCE 7-05 with regards to bearings of a common type and size. The
mechanical properties of i scale SU-FREI bearings from both studies were in
agreement.

At both a parallel and diagonal orientation it was found that SU-FREI
bearings were able to achieve greater effective stiffness and damping at lower
lateral displacement amplitudes. This is beneficial for reducing displacement in
the isolation layer caused by minor seismic activity and wind loads. Increased
lateral displacement was accompanied by a significant drop in effective stiffness.
This is attributed to rollover behaviour caused by the unbonded boundary
conditions and lack of flexural rigidity inherent to SU-FREI bearings. The most
significant reduction in effective stiffness is observed at lateral displacements in
the range of 1.0t to 2.0t. This range corresponds to the typical design
displacement of SU-FREI bearings. A decrease in effective stiffness results in a
longer effective period of the isolation layer improving the efficiency of SU-FREI
bearings as seismic isolators. Tests performed at parallel and diagonal orientations
satisfied the code requirements of ASCE 7-05.

Comparison between orientation angles at amplitudes of 0.25t; to 1.5t
revealed that higher effective stiffness and damping is generally achieved when
square SU-FREI bearings are cycled at a diagonal orientation. Effective stiffness
was measured at 12-15% greater and effective damping is 4-8% greater than
bearings tested at a parallel orientation. Between lateral displacements of 1.5tr and
2.0tr there is a noteworthy increase in the effective stiffness of bearings tested
along a parallel orientation. This is caused by the onset of facial contact between
the vertical faces of the bearing perpendicular to the direction of excitation and
the upper and lower test platens. Bearings tested along a diagonal orientation did
not display stiffening in the same manner. This is attributed to the amount of
facial contact experienced at each orientation, which is limited at a diagonal
orientation. It is expected that significant stiffening will occur at both orientations
at displacements greater than 2.0t once full facial contact has been made. This
stiffening effect is beneficial at large displacement amplitudes as it acts to limit
the maximum displacement of the isolation layer. It is postulated that SU-FREI
bearings will achieve greater effective stiffness and damping as the orientation
angle approaches 45 degrees.
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Using the calculated effective stiffness and damping values, it was
possible to estimate the effective base isolated period under DBE and MCE
conditions. At both parallel and diagonal orientations the effective base isolated
period was lengthened to greater than 1 second for the considered low rise
structure. There are subtle differences in dynamic properties of SU-FREI bearings
at diagonal and parallel orientations. Despite these differences they can be
effectively used to base isolate a low rise structure with a fixed-base period of =
0.2s at either orientation. Although a specific example was used for these
calculations, SU-FREI bearings can be designed to accommodate various
structures in regions with higher seismic accelerations.
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Table 3.1 Parallel (0°) orientation effective stiffness and effective damping values from
cyclic testing on Bearings MB1-1, MB1-4, and MB1-2

MB1-1 MB1-4 MB1-2
Displacement Effective Effective  Effective Effective  Effective Effective
Amplitude Cycle  Stiffness Damping  Stiffness Damping  Stiffness Damping
(t) Nmm) (%) Nmm) (o) Nmm) (%)
1 176.0 13.8 163.6 13.6 174.1 14.0
0.25 2 171.1 148 1544 144 163.1 151
3 168.5 15.0 1529 13.9 161.5 144
1 1324 134 123.2 128 130.0 129
0.50 2 1255 128 1164 12.0 122 4 1211
3 1236 12.8 114.7 11.9 1206 11.9
1 107.2 122 100.2 11.6 105.7 11.5
0.75 2 100.2 119 945 11.0 99.2 11.1
3 98.6 11.8 93.0 10.9 75 11.1
1 92.7 114 86.9 10.8 90.8 108
1.00 2 875 109 821 103 858 103
3 857 10.9 80.1 10.2 84.6 10.3
1 75.6 11.7 70.9 113 74.2 11.3
1.50 2 703 104 66.3 98 69.5 99
3 683 103 645 9.7 67.6 97
1 79.9 10.0 744 98 78.0 99
2.00 2 74.6 8.8 68.5 87 72.6 87
3 72.6 8.6 66.7 835 71.0 84
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Table 3.2 Diagonal (45°) orientation effective stiffness and effective damping values from
cyclic testing on Bearings MB3-1, MB1-4, and MB3-4

MB3-1 MB3-4
Displacement  Cycle Effective Effective Effective Effective
Amplitude Stiffhess Damping Stiffness Damping
(tr) Nmm) (%) N'mm) (%)
1 2022 144 1823 14.1
0.25 2 193.0 151 1733 133
3 1904 147 1718 154
1 153.0 139 138.9 14.0
0.50 2 1439 12.7 131.2 129
3 140.9 12.7 128.7 13.0
1 1247 124 115.2 12.5
0.75 2 116.6 116 108.4 11.7
3 1142 11.5 106.2 116
1 1078 117 998 118
1.00 2 1021 109 941 11.0
3 99 6 10.7 923 109
1 87.9 12.8 822 12.7
1.50 2 825 109 772 10.8
3 79.6 106 747 10.5
1 74.6 13.0 70.1 129
2.00 2 68 4 115 64 .4 113
3 654 11.1 618 11.0
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Figure 3.1 Bearing Sample orientation with respect to the direction of excitation for the

parallel and diagonal case

(a) Parallel (b) Diagonal
Figure 3.2 Side view of SU-FREI bearing at rest (0t,)
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(b) MB3-1: Diagonal (45°)
Figure 3.5 Hysteresis loops for Bearing: a) MB1-1 (0°) and b) MB3-1 (45°) for all cycles
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Figure 3.6 Side view of SU-FREI bearing at 0.5t, (9.5 mm) lateral displacement
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r(a) Parallel - (B) iagonal
Figure 3.7 Side view of SU-FREI bearing at 1.0t, (=19 mm) lateral displacement

e .

Figure 3.8 Side view of SU-FREI bearing at 1.5t (=<28.6 mm) lateral displacement

2.0t (=38 mm)

el

(B) Diagbnal

(a) Parallel

Figure 3.9 Side view of SU-FREI bearing at 2.0t (=38.1 mm) lateral displacement
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Figure 3.10 Effective stiffness at a parallel (0°) orientation for SU-FREI bearings MB1-1,
MB1-2, and MB1-4: (a) Mean unscragged effective stiffness plotted with +15%
of the mean effective stiffness of all three cycles; (b) Mean scragged effective
stiffness plotted with +£15% of the mean effective stiffness of all three cycles.
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Figure 3.11 Effective damping at a parallel (0°) orientation for SU-FREI bearings MB1-1,

MBI-2, and MB1-4: (a) Mean unscragged effective damping plotted with +15%
of the mean effective damping of all three cycles; (b) Mean scragged effective
damping plotted with +15% of the mean effective damping of all three cycles.
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Figure 3.12 Effective stiffness at a parallel orientation for bearing HB1-3 comparing the
unscragged effective stiffness to mean scragged effective stiffness averaged
over the 2™ and 3" cycles. (Toopchi-Nezhad, Tait, & Drysdale, 2008b). Mean
+15% determined from average of all 3 cycles of bearings MB1-1, MB1-2,
MB1-4, and HB1-3.
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Figure 3.13 Effective damping at a parallel orientation for bearing HB1-3 comparing the

unscragged effective damping to mean scragged effective damping averaged
over the 2™ and 3" cycles. (Toopchi-Nezhad, Tait, & Drysdale, 2008b). Mean
+15% determined from average over all 3 cycles from bearings MB1-1, MB1-
2, MB1-4, and HB1-3.
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Figure 3.14 Effective stiffness at a diagonal (45°) orientation for SU-FREI bearings MB3-1
and MB3-4: (a) Mean unscragged effective stiffness plotted with +15% of the
mean effective stiffness of all three cycles; (b) Mean scragged effective stiffness
plotted with +15% of the mean effective stiffness of all three cycles.
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Figure 3.15 Effective damping at a diagonal (45°) orientation for SU-FREI bearings MB3-1
and MB3-4: (a) Mean unscragged effective damping plotted with +15% of the

mean effective damping of all three cycles; (b) Mean scragged effective
damping plotted with +15% of the mean effective damping of all three cycles.
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Chapter 4. Stability

The objective of this chapter is to investigate the stability of SU-FREI
bearings. In order to accomplish this, two different testing programs were utilized.
The first testing program studies the effect of increasing the axial load on a
bearing sample under lateral excitation at constant displacement amplitude. This
testing program provides insight into the dynamic properties of SU-FREI bearings
under a variety of axial load conditions and is a novel approach for determining
the axial load corresponding to the initiation of hysteretic instability. As a
supplemental investigation, two SU-FREI bearings were subjected to monotonic
shear testing.

4.1 Testing Procedure

4.1.1 Dynamic Buckling

A total of five unscragged bearings were tested to determine the influence
of axial load on the dynamic properties of SU-FREI bearings under cyclic
loading. These properties included the effective lateral stiffness and the effective
damping achieved. The objective of this study was to determine the axial load that
an SU-FREI loses stability under sinusoidal lateral excitation. This loss of
stability under lateral excitation has been termed dynamic buckling. Dynamic
buckling refers to the loss of positive incremental load resisting capacity during
cyclic testing. SU-FREI bearing samples were tested under several combinations
of axial load and displacement amplitude.

Each Y scale SU-FREI bearing specimen was placed into the test setup
and centered at a parallel orientation with respect to the direction of excitation.
Once the sample was in place, an axial load P was applied. The bearing was then
subjected to two fully reversed cycles of lateral displacement at an amplitude u
while the axial load P was maintained. The average rate of displacement was
maintained at a constant 76 mm/s similar to the cyclic testing performed in
Chapter 3. The axial load was then completely removed and the sample inspected
for any sign of damage, typically in the form of delamination. The first test on an
unscragged SU-FREI bearing was performed at the smallest excitation amplitude
and lowest axial load combination. The resulting lateral force-displacement
hysteresis was visually inspected for stable hysteretic behaviour. If the bearing
showed positive incremental force resisting capacity throughout both fully
reversed cycles the bearing was tested again at the same displacement amplitude u
and the next highest incremental axial load P. This process was repeated at the
same lateral excitation amplitude u until hysteretic instability was observed. At
this point the excitation amplitude was increased to the next highest incremental
excitation amplitude and the process was repeated starting with the lowest axial
load P. This allowed for the effect of excitation amplitude on the critical load to
be examined.
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The original testing program consisted of four displacement amplitudes
(0.5tr, 1.0tr, 1.5tr, and 2.0tr) and five possible axial loads (7.84kN, 30kN, 60kN,
90kN, and 120kN) resulting in a possible 20 combinations. After preliminary
testing it was found that axial loading above 90kN was unnecessary as instability
typically occurred prior to this axial load level. For lateral excitation of 2.0t; it
was found that instability occurred at axial loads slightly larger than 60 kN but
lower than 90 kN. For this reason, bearings tested at an amplitude of 2.0t
underwent a maximum possible axial load of 75 kN. The maximum incremental
axial load applied to a specimen at a given lateral excitation amplitude was
dependant on the observed lateral force-displacement hysteresis loops. The testing
program was conducted to minimize the total number of tests performed on each
bearing while still obtaining the critical load at each amplitude.

Bearing MB1-3 was the first bearing tested and was the only bearing
tested at all four displacement amplitudes. The results of these tests were used to
decide the final testing program used for the remaining four % scale SU-FREI
bearings. MB1-3 was tested under 17 combinations of lateral displacement and
axial load. The results of these tests provided insight into the range of axial load P
required for the onset of hysteretic instability at each of the four lateral
displacement amplitudes. Instability was not observed in the bearing at an
excitation amplitude of 0.5t; at an axial load of P = 120 kN. An axial load of 120
kN was the limit of the test setup capacity. From these results, it was decided that
further testing at an amplitude of 0.5t, would not yield the desired hysteretic
instability without exceeding the limits of the test setup. No further stability
testing was performed at an amplitude of 0.5t on SU-FREI bearings in this study.

Hysteretic instability was observed at the remaining three amplitudes
during testing of MBI1-3. Therefore, subsequent bearings were only tested at
amplitudes of 1.0t 1.5t, and 2.0t. Following bearing MB1-3 each bearing
underwent a total of approximately 12 combinations of axial load and lateral
excitation instead of 17. The final testing history for each SU-FREI bearing is
provided in Table 4.1. This table provides the details of each test performed in
sequence on all five bearings used in this investigation.

4.1.2  Rollout

Two partially scragged bearings (MB2-2 and MB2-3) were selected for the
rollout testing program. This test did not require the use of unscragged bearings
due to the extremely large lateral displacements involved. Both bearings had
undergone the same testing history prior to rollout testing in order to maintain
consistency. The maximum lateral displacement the bearings had been subjected
to previously was 1.5t.. Additionally, neither bearing had been placed under an
axial load greater then design axial pressure. Prior to rollout testing both MB2-2
and MB2-3 were subjected to serviceability testing at 0.15t; and 0.35t; as well as
fatigue testing at 1.5t;. Neither bearing showed any signs of damage through
visual inspection or through analysis of the prior test results. For these reasons
they were considered acceptable for rollout testing.
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The rollout tests performed in this study were modeled after the provisions
of ISO 22762 (2005). The rollout test is used to investigate the ultimate shear
properties of seismic protection isolators. Each bearing was vertically loaded with
the design axial pressure of 1.6 MPa. Once the load was applied, it was held
constant while unidirectional lateral displacement was applied to the bearing at a
constant displacement rate of 76 mm/s. According to the provisions of ISO 22762
(2005) the lateral displacement should continue until failure occurred. For safety
reasons it was not appropriate to allow the bearing to displace indefinitely. Instead
two extreme lateral displacements were selected for rollout testing. Bearing MB2-
2 was displaced to 2.75t, and bearing MB2-3 was displaced to 3.0t.. These
displacements were selected to ensure the bearing deformed past the point where
the edge faces of the bearings make full contact with the test platens. Once the
target displacement was achieved the bearing was returned to zero displacement
and the axial load removed. The results were then analyzed to determine if the
bearing buckled or failed under the imposed displacement. This was followed by a
visual inspection for signs of damage or delamination.

4.2 Dynamic Buckling Tests

4.2.1 The Backbone Curve

In order to analyze the hysteresis loops obtained from the dynamic
buckling tests a curve was fit to the hysteresis loops. Toopchi-Nezhad et al.
(2008c) developed a method of fitting a polynomial to experimental force—
displacement hysteresis data. The fitted curve represented an idealized estimate of
the lateral force-displacement response of the bearing if damping was removed,
which was referred to as the backbone curve. The total lateral load experienced by
bearing “i” (fp;) is described by the following equation as a function of time
(Toopchi-Nezhad et al., 2008c¢):

fo,i @) = fspi (¢) + fap,i (£) 4.1

where, fgp; is the stiffness force and fy;,; is the corresponding force due to
damping. The stiffness force fg,;(t), is described by the following equation
(Toopchi-Nezhad et al., 2008c¢):

fsni (£) = kb,i(vb(t))vb(t)
42

= (bo + byvp(t) + byvi(t) + b3vi(t) + byvy(£))v, (D)

where k; ;(v,(t)) is the lateral secant stiffness of the bearing as a function of
lateral displacement v, (t). The five parameters b, to b, can be determined from
applying a least squares fit to the experimental data.

Employing this method, each backbone curve was fit to the force-
displacement hysteresis of both cycles together. The fitted backbone curves used

51



M.A.Sc. Thesis — Michael de Raaf McMaster University — Civil Engineering

in this study represent an average of both hysteresis loops. The parameters for the
backbone curves fit to the force-displacement hysteresis loops obtained from
testing of bearing MB1-3 are provided in Table 4.2. Backbone curves have been
plotted with their corresponding force-displacement hysteresis loops in Figure 4.1,
Figure 4.2, Figure 4.3, for excitation amplitudes of 1.0tr, 1.5tr, and 2.0tr
respectively. The next step in analysis is to investigate the tangential stiffness
throughout the fully reversed cycles to determine the axial load at which the
lateral stiffness becomes zero.

4.2.2  Tangential Stiffness

By taking the first derivative of the backbone curve, described by
Equation 4.2, with respect to the lateral displacement an equation for tangential
stiffness as a function of lateral displacement can be derived as shown in the
following equation

dfsp,i (t)

kepi(vp (1)) = v, (0)

4.3
= b, + 2byvp(t) + 3bvE(t) + 4b3vi(t) + Sbyvi(t)

The parameter b, describes the tangential stiffness of bearing “/” at
vp(t) =0 mm. Stanton et al. (1990) define the tangential stiffness at zero
displacement in a force displacement hysteresis as the transverse stiffness (K;) of
the bearing. As mentioned previously, the objective of this study is to determine
the axial load at which an SU-FREI bearing would no longer be able to maintain
positive incremental force resisting capacity. The transverse stiffness is not
necessarily the minimum tangential stiffness in every fully reversed hysteresis
loop under constant axial load. However, the transverse stiffness represents the
tangential stiffness at which zero lateral stiffness first occurs under increasing
axial load.

The fitted backbone curves obtained from experimental testing of SU-
FREI bearing MBI1-3 are provided in Figure 4.4 for lateral displacement
amplitudes of 0.5t;, 1.0t;, 1.5t, and 2.0t,. The corresponding tangential stiffness
results are provided in Figure 4.5 versus lateral displacement for each increment
of axial load. As the axial load increases, the slope of the backbone curve at zero
displacement decreases to a negative value. Under increasing axial load the
transverse stiffness represents the first point where a tangential stiffness of zero is
achieved for an SU-FREI bearing. This observation was made following the first
round of testing performed on bearing MB1-3. The transverse stiffness obtained
from the backbone curves for all five bearings showed similar trends. As the axial
load increases the transverse stiffness decreases until it is either sufficiently close
to a value of 0 N/mm or is negative. This behaviour appears to be isolated to the
tangential stiffness at Omm displacement. Under lesser axial load (7.84kN and
30kN) the transverse stiffness does not represent the minimum effective stiffness
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in a fully reversed cycle of lateral displacement (See Figure 4.5). Least squares
interpolation can be used to determine the axial load corresponding to K; = 0. For
cases where the transverse stiffness did not quite reach a value of 0 N/mm,
extrapolation was used. The axial load corresponding to a transverse stiffness of
zero is the critical buckling load under dynamic excitation for an SU-FREI
bearing.

4.2.3  Effect of Axial Load on Dynamic Properties

Similar to the EERC report discussed in Chapter 2 (Koh & Kelly, 1987),
cyclic testing of SU-FREI bearings under a wide variety of axial loads allows
insight into the effects of axial load on the dynamic characteristics. Analogous to
Chapter 3, the two properties of importance are the effective stiffness and
effective damping. Both of these properties are determined using the same method
described previously in Chapter 3 using Equation 3.1 and 3.2.

4.3 Results of Dynamic Buckling Tests

The five %4 scale SU-FREI bearings tested in this section are divided into
two groups when analyzing the results. The reasons for this became apparent upon
completion of the testing process. Three of the bearings sustained substantial
delamination throughout the testing history while two of the bearings did not. The
predominant reason for this is related to the manufacturing process. Since the two
bearings that did not experience delamination were cut from the same sheet
(MB3). The first two sheets, MB1 and MB2, were constructed simultaneously.
The third sheet, MB3, was constructed once the first two were completed. The last
sheet benefited from the experience gained while constructing the first two sheets.
It is postulated that the final sheet of bearings were of a better quality. While
discussing the five bearings, those cut from sheets MB1 and MB2 will be referred
to as Set A (MB1-3, MB2-1, and MB2-4) while those cut from sheet MB3 will be
referred to as Set B (MB3-2 and MB3-3).

4.3.1 Transverse Stiffness

The values of transverse stiffness obtained from each test are provided in
Table 4.3 for all five bearings. This is illustrated in Figure 4.6 and Figure 4.7 for
Set A and Set B, respectively. These values represent the tangential stiffness at
zero displacement derived from the fitted backbone curve. In all of the Y4 scale
SU-FREI bearings tested in this study it was found that transverse stiffness
decreased with increasing axial load. The transverse stiffness is also observed to
decrease as the excitation amplitude is increased.

Comparing Set A to Set B, it can be seen that the transverse stiffness at
each combination of axial load and lateral displacement is greater in the bearings
from Set B by approximately 10-15 N/mm. The lower transverse stiffness
measured in bearings from Set A is attributed to the partial delamination that
occurred during testing. Delamination occurs when a remote section of a rubber
layer inside an SU-FREI bearing loses its bond with the adjacent carbon fiber
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layer as illustrated in Figure 4.10. Delamination occurred in all three bearings
from Set A and first appeared following the first cyclic tests performed at the
highest axial load. Subsequent tests resulted in negligible additional propagation
in any delaminated areas. An example of the amount of visible delamination
experienced by a Y4 scale SU-FREI bearing after the dynamic buckling test history
was completed is provided in Figure 4.11 for bearing MB2-4. Although this
delamination may have resulted in a decrease in transverse stiffness it did not
affect the stability of the bearings. Each cycle of testing maintained both stable
and symmetric hysteresis until buckling occurred. This can be seen in the
hysteresis loops provided for SU-FREI bearing MB1-3 in Figure 4.1, Figure 4.2,
and Figure 4.3. These hysteresis loops show symmetric behaviour throughout
each fully reversed cycle. Even the cycles in which hysteretic instability is
observed are symmetric.

It is also apparent from Table 4.3 that there are no recorded values for
transverse stiffness of bearings from Set B at an axial load of 75 kN and an
excitation amplitude of 2.0t,. Delamination was not observed in bearings from Set
B until the final test performed at this combination of axial load and lateral
displacement. This test resulted in erratic and unsymmetrical force-displacement
hysteresis. Both bearings MB3-2 and MB3-3 behaved similarly during the final
test in the dynamic buckling test history. Prior to the final test both bearings
performed adequately with no signs of damage or delamination whatsoever. It
was not until the final test that they showed erratic behaviour. It is proposed that
this failure is due to a buildup in stress accumulated throughout the testing
history. The buckling load for bearings from Set B at a lateral excitation
amplitude of 2.0t; was estimated using linear extrapolation between the 30kN and
60kN transverse stiffness data (Figure 4.7). It is highly unlikely that an
unscragged bearing tested at the same combination of axial load and displacement
amplitude would fail in this manner. This is further supported by the successful
test results obtained from the bearings of Set A.

4.3.2 Critical Dynamic Buckling Load

The critical buckling load under dynamic excitation is determined at each
lateral displacement amplitude from the transverse stiffness values. The objective
was to determine the axial load at which a transverse stiffness of 0 N/mm
occurred. For most displacement amplitudes a negative value of transverse
stiffness was attained by increasing the axial load. For bearings MB1-3 and MB3-
3 the transverse stiffness at a 90kN axial load and 1.0t displacement amplitude
was sufficiently close to zero (K; = 1 N/mm) to allow for an accurate estimate of
the buckling load using extrapolation from least squares curve fitting.
Interpolation was used for all other cases where a negative transverse stiffness
was achieved at the highest axial load.

The critical buckling loads obtained from the transverse stiffness data are
provided in Table 4.4. These values are plotted versus excitation amplitude in
Figure 4.8 and Figure 4.9 for Set A and Set B respectively. From these results it is
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clear that the critical bucking load decreases with increasing excitation amplitude.
By observing each set individually, it is evident that there is negligible variation
in the calculated buckling loads. Bearings from Set B achieve average critical
buckling loads that are greater than Set A by 3% at 1.0t; and 14% at 1.5t,. Despite
the comparable difference in transverse stiffness measured in the two sets of
bearings, the final critical buckling loads of all five V4 scale bearings fit within a
95% confidence interval of the mean. A buckling load at 2.0t; could not be
obtained from bearings MB3-2 and MB3-3 since the final test at 75 kN axial load
did not yield useable results. An approximation of the critical buckling load for
bearings from Set B at an excitation amplitude of 2.0t; was performed using linear
extrapolation of the transverse stiffness measured at 30 kN and 60 kN. This
yielded an approximate critical buckling load of 76 kN at an excitation amplitude
of 2.0t for bearings from Set B. The critical buckling loads for bearings from Set
A represent a conservative estimate of the buckling load for SU-FREI bearings.

Predicting the critical buckling load of SU-FREI bearings under dynamic
excitation between amplitudes of 1.0t; to 2.0t; is essential for estimating the
critical load at both the design and maximum displacement of the isolation layer.
The results of cyclic testing performed in Chapter 3 show that at a parallel
orientation the estimated displacement of the isolation layer under a design basis
earthquake (DBE) is Dp = 1.16t,. The estimated displacement of the isolation
layer under the maximum considered earthquake was found to be Dy = 1.92t,.
Using linear interpolation from the mean critical buckling loads obtained from Set
A provides a conservative approximation of P, = 1328 kN at Dp, and P, = 1024
kN at Dy for full-scale SU-FREI bearings. This equates to approximately 11 and
8 times greater than the expected design axial load for the full-scale SU-FREI
bearings at DBE and MCE respectively. A critical buckling load of P, = 990+32
kN was measured for full scale SU-FREI bearings from Set A at an excitation
amplitude of 2.0t,. This is the lowest axial load at which buckling was observed in
the bearings tested and it represents a conservative estimate that is still nearly 8
times the design axial load. From these results it is clear that SU-FREI bearings
are highly resistant to buckling failure during dynamic excitation.

4.3.3  Effect of Axial Load on Dynamic Properties

In addition to determining the axial load at which SU-FREI bearings
buckle under lateral excitation, the effects of axial load on the dynamic properties
are investigated in this study. The results of the calculated values of effective
stiffness and effective damping are provided in Table 4.5 to Table 4.9. Each table
shows the results obtained from dynamic buckling testing of each of the five
individual % scale SU-FREI bearings. These results are illustrated in Figure 4.12
to Figure 4.17 where the results from Set A and Set B are compared. The first
cycle of each test shows a notably larger effective stiffness and damping than the
second cycle. It is clear that the ¥ scale SU-FREI bearings experience unscragged
behaviour in the first cycle of each test. Furthermore, there is a distinct difference
between bearings from Set A and Set B similar to what was discussed concerning
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the evaluation of transverse stiffness and the buckling load under dynamic
excitation.

Effective stiffness versus axial load is provided in Figure 4.12, Figure
4.13, and Figure 4.14 for lateral displacement amplitudes of 1.0t 1.5t;, and 2.0t,
respectively. Similar to findings in Chapter 3, the first cycle shows unscragged
behaviour while the second cycle shows scragged behaviour. The cyclic tests
described previously in Chapter 3 involved cycling a bearing under increasing
lateral displacements while the axial load was held constant. The first cycle
performed at each amplitude achieved a higher effective stiffness than subsequent
cycles. In this case multiple tests were performed at the same lateral displacement
amplitude while the axial load was increased after each test. Scragging was
previously described as cyclic loading at constant amplitude under tensile,
compressive, or shear forces. Increasing the tensile, shear or compressive load
will result in unscragged behaviour in the first cycle. The results show that the
effective stiffness of the second cycle is less than the first cycle and as the axial
load increases the difference between the first and second cycle increases. Under
the design axial load the effective stiffness of the first cycles is between 4% and
7% greater than that of the second cycle. Under the highest axial loads this
difference is as large as 20%.

Both the scragged and unscragged effective stiffness decrease with
increasing axial load in all of the bearings tested. On average, SU-FREI bearings
tested under axial loads from 7.8 kN to 90 kN, experienced a 35% drop in
effective stiffness. This percentage drop is consistent among bearings from both
Set A and Set B at amplitudes of 1.0t; and 1.5t,. Bearings tested at an amplitude of
2.0t; experienced an average 28% drop in effective stiffness between tests
performed at axial loads of 7.8 kN and 60 kN. The axial load has a substantial
impact on the effective stiffness of the SU-FREI bearings. Despite the loss of
effective stiffness at high axial load, SU-FREI bearings maintained symmetric
force-displacement hysteresis under cyclic excitation. Throughout dynamic
buckling testing the effective stiffness remained positive for all tests.

Similar to the results of transverse stiffness, the effective stiffness
calculated for Set A is less than Set B for every combination of axial load and
lateral displacement. This result is expected for the same reasons discussed when
comparing the transverse stiffness. It is also likely that the bearings from Set B are
inherently stiffer based on the results of testing performed prior to any observed
delamination in the bearings from Set A. Specifically the results of testing
performed at a displacement amplitude of 1.0t; prior to an axial load of 90 kN.
These results show the same trend of higher effective stiffness in the bearings
from Set B. The effective stiffness is between 16% and 30% greater on average in
bearings from Set B. The greatest difference between the two sets of bearings
occurs at the highest axial loads and the largest lateral displacements tested.
Despite this fact, the effective stiffness of each cycle of testing fits within 15% of
the mean effective stiffness taken between all five bearings. Although the
adequacy check performed in Chapter 3 does not apply directly to this testing
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procedure it is worth noting that the effective stiffness stays within a reasonable
range of the mean for all five % scale SU-FREI bearings tested in this study. It
should also be noted that despite this difference in effective stiffness there is still a
95% confidence that the buckling load will fall on the mean taken over all five
samples.

Variations in the effective damping values between the two sets are less
than variations in effective stiffness values. All five bearings subjected to the
dynamic buckling test procedure experienced a substantial increase in effective
damping with increasing axial load. The effective damping versus the axial load is
compared in Figure 4.15, Figure 4.16, and Figure 4.17 for each amplitude of
lateral displacement. The corresponding effective damping values are provided in
Table 4.5 to Table 4.9 for each bearing. The effective damping of all five bearings
is consistent up to an axial load of 60 kN for amplitudes of 1.0t; and 1.5t; and an
axial load of 30 kN for an amplitude of 2.0t,.. At an amplitude of 1.0t; the SU-
FREI bearings underwent an average increase in effective damping of 11% to
16% as the axial load increased from 7.8 kN to 60 kN. Under the same range of
axial loads and a lateral excitation amplitude of 1.5t; bearings displayed an
increase in effective damping from 11% to 17%. Finally under axial loads from
7.8 kN to 30 kN and lateral displacement amplitude of 2.0t; SU-FREI bearings
show an average increase from 10% to 13% effective damping. Effective damping
between the two sets of bearings is within 10% of each other during these load-
displacement combinations.

Differences between Set A and Set B become more pronounced under the
highest axial loads and lateral displacements. At the highest axial load tested, the
average effective damping measured in bearings from Set A is 25% and 37% for
excitation amplitudes of 1.0t; and 1.5t; respectively. Comparatively, the measured
effective damping in bearings from Set B was 21% at 1.0t, and 25% at 1.5t.
Furthermore, at an axial load of 60 kN and lateral displacement amplitude of 2.0t,
the average effective damping is 27% in Set A and 19% in Set B. At the highest
axial loads and largest lateral displacements, bearings from Set A achieve greater
effective damping than those from Set B. It is postulated that the additional
damping achieved by bearings in Set A is caused by the delamination that led to
reduced effective stiffness. Under the highest axial load and lateral displacement
tested, the bond between the rubber layers and the adjacent layers of fiber
reinforcement in each bearing are subjected to the highest levels of shear stress. It
is plausible that any delaminated sections in a bearing from Set A would add to
the total damping due to slipping of delaminated rubber against adjacent carbon
fiber layers. In order for slip to occur the frictional forces between the two layers
needs to be overcome.

4.4 Rollout Tests

Rollout is defined by ISO 22762 as the instability of a dowelled or
recessed bearing under shear displacement. SU-FREIs are designed to undergo
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stable behaviour as they rollover, however, at extreme lateral displacement it is
possible that rollout instability may occur. Ultimate shear property testing was
performed on two Y% scale SU-FREI bearings which had undergone previous
testing at mid-range lateral displacements under design axial load. This test was
performed as an additional investigation of the stability of SU-FREI bearings. It
was expected that these bearings would not fail due to instability under the design
axial load at previously investigated lateral displacement amplitudes. These tests
were used to investigate the performance of bearings at extreme lateral
displacements. Two displacements were selected and one bearing was tested at
each displacement.

The performance of bearings subjected to rollout testing was evaluated by
inspecting the recorded lateral force-displacement curve. In a typical test the axial
load is held constant while the sample is displaced laterally at a constant rate until
failure occurs in the bearing. Failure in this test is typically defined as either
buckling or breaking of the bearing. The onset of buckling occurs when a bearing
experiences a lateral stiffness of zero. At this point the bearing has lost its force
resisting capacity. The objective of the buckling test is to determine the lateral
displacement value a bearing will fail under design axial load (8,4 )-

4.5 Results of Rollout Tests

The lateral force-displacement curve for rollout tests performed on 4 scale
SU-FREI bearings MB2-2 and MB2-3 are provided in Figure 4.18. MB2-2 was
displaced to 2.75t; (= 52 mm) while bearing MB2-3 was displaced to 3.00t, (= 57
mm). The lateral force-displacement curves show negligible variation between the
two bearings and positive force resisting capacity throughout the test (See Figure
4.19). Rollout instability was not observed during either test. At approximately
2.75t, the tangential stiffness begins a decreasing trend which may lead to
instability upon further displacement. Unfortunately no remaining suitable % scale
SU-FREI bearing samples were available to perform a test at a lateral
displacement greater than 3.0t. Although rollout instability was not observed
during these tests, the results provide a shear profile showcasing the three stages
of rollover experienced by SU-FREI and how the lateral effective stiffness is
affected.

Lateral effective stiffness versus lateral displacement is provided in Figure
4.20. Similar to what has been discussed previously concerning rollover
deformation, the effective stiffness decreases substantially as the SU-FREI
bearing is displaced laterally. Facial contact between the vertical faces of the
bearing perpendicular to the direction of excitation and the upper and lower
boundaries began at §;. = 1.7t; (33 mm). This corresponds to the location of the
minimum effective stiffness measured in either bearing (= 78 N/mm). As the
vertical faces make further contact the effective stiffness increases until full
contact is made. This displacement is denoted as &y, and is observed at
approximately 2.5t, (47 mm). Once full facial contact is made the additional
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effective stiffness has been fully developed. For lateral displacements greater than
Of¢, the effective stiffness is constant in both SU-FREI bearings tested. An
increase of approximately 20% was observed in the effective stiffness of each
bearing following full contact of the vertical faces compared to the minimum
effective stiffness measured at §;,.

Upon completion of rollout testing, both bearings were inspected for signs
of damage or delamination. Bearing MB2-3 exhibited minor delamination as
illustrated in Figure 4.21. Both of these displacements represent conditions in
excess of maximum expected lateral displacements encountered by an SU-FREI
bearing. Rollout instability lateral displacement (8,,4,) Was not encountered at
displacements up to 3.0 t..

4.6 Summary and Concluding Remarks

This chapter has provided a thorough investigation into the stability of SU-
FREI bearings. Two test procedures were utilized to explore stability under
different conditions. The first method, the dynamic buckling test, investigated
stability of % scale SU-FREI bearings under sinusoidal lateral excitation and
increasing axial load. The second method, the rollout test, investigated the
stability of % scale SU-FREI bearings under design axial load and constant lateral
displacement rate. The objective of both tests was to determine the conditions
under which an SU-FREI bearing will lose stability.

4.6.1 Dynamic Buckling Tests

The dynamic buckling tests subjected % scale SU-FREI bearings to
rigorous testing during which delamination was observed in bearings from two of
the three manufactured sets. Bearings which experienced delamination achieved
lower effective and transverse stiffness while still maintaining both stable and
symmetric lateral force-displacement hysteresis. This difference in lateral stiffness
did not have significant affect on the critical buckling load of bearings. Bearings
that experienced delamination achieved critical buckling loads from 3% to 14%
less than those that did not experience delamination. The buckling loads from all
five bearings were still within a 95% confidence interval of the mean taken
between all five % scale SU-FREI bearings. The bearings from Set A experienced
delamination throughout the dynamic buckling test while Set B did not. For this
reason critical buckling loads obtained from bearings from Set A are taken as a
conservative estimate of the buckling load of SU-FREI bearings under dynamic
excitation.

As the axial load is increased the effective stiffness decreases and the
effective damping increases. On average, SU-FREI bearings showed a 35%
reduction in effective stiffness when the axial load was increased from 7.8 kN to
90 kN. Lower effective stiffness (16% to 30%) was observed in SU-FREI
bearings which experienced delamination. Under the same range of axial loads the
effective damping doubled in most SU-FREI bearings. At amplitudes of 1.5t; and
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2.0t; SU-FREI bearings that underwent delamination achieved more than three
times the effective damping at the highest axial load. Both effective stiffness and
effective damping showed the most variation while SU-FREI bearings were
subjected to the highest axial loads and largest lateral displacements. In general
delamination led to lower effective stiffness and higher effective damping.

Under dynamic excitation the critical buckling load was greater at lower
amplitudes of lateral displacement. At lateral displacement amplitude of 0.5t;
there were no signs of instability during testing up to axial loads equal to 15 times
the design load. Testing performed on % scale SU-FREI bearings from Set A at
lateral displacement amplitudes of 1.0t,, 1.5t; and 2.0t yielded critical buckling
loads of approximately 11, 10, and 8 times the design axial load respectively.
Predicting the critical buckling load of SU-FREI bearings under dynamic
excitation between amplitudes of 1.0t; to 2.0t; is essential for estimating the
critical load at the estimated displacement of the isolation layer under DBE and
MCE conditions. The critical axial load for the full scale isolation system at the
design (Dp) and maximum (Dy) displacements of the isolation layer were
approximately 10.6 and 8.2 times the design axial load respectively. Under
dynamic excitation SU-FREI bearings are extremely resistant to buckling
instability. At the largest displacement tested, the critical load is well in excess of
axial loads expected to be encountered by any individual SU-FREI bearings.

4.6.2 Rollout Tests

Rollout testing was performed on % scale SU-FREI bearings up to lateral
displacements on 2.75t, and 3.0t.. Both of the SU-FREI bearings maintained
positive lateral stiffness throughout rollout testing. Negligible delamination was
observed at a displacement of 3.0t;. Otherwise no outward signs of damage were
apparent upon completion of rollout testing in either bearing. Under the design
axial load SU-FREI bearings are more than adequate at maintaining stability at
extreme lateral displacements. An added benefit of the unbonded boundary
conditions is the additional lateral effective stiffness gained when facial contact is
made between the vertical faces of the bearing and the upper and lower
boundaries. The effective stiffness reaches a minimum prior to the onset of facial
contact. The effective stiffness increases by 20% once full facial contact has been
made. Rollout instability was not observed during rollout tests performed up to a
lateral displacement of 3.0t,.
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Table 4.1 Test history of bearings tested under the dynamic buckling test program.

MB1-3 mMB2-1 mB2-4 mB3-2 mB3-3

Amplitude

(% tr]  Test Axial Load Test AxialLoad Test Axialload Test AxiallLoad Test AxialLoad

No. (kN} No. (kN) Na. (kN} No. (kN} No. (kN})
1 7.84 - - - - - = - =
2 30 - - - - - - - -
50 3 60 - - - - - - - -
4 30 - = - - -
5 120 - - - - - - - =
6 7.84 ¥ 7.84 1 7.84 1 7.84 1 7.84
100 7 30 2 30 2 30 2 30 2 30
8 60 3 60 3 60 3 60 3 60
9 S0 4 90 4 90 4 30 - 90
10 7.84 5 7.84 5 7.84 5 7.84 5 7.84
150 11 30 6 30 6 30 6 30 6 30
i2 60 7 60 7 60 7 60 7 60
i3 S0 8 S0 8 90 8 90 g 90
14 7.84 9 7.84 9 7.84 9 7.84 9 7.84
200 i5 30 10 30 10 30 10 30 10 30
16 60 11 60 11 60 11 60 11 60
17 FS) 12 75 - - 12 75 12 75
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Table 4.2 Backbone-curve parameters for bearing MB1-3
Amgiitude Axial L_oad Curve Parameters
(kN) b0 bl b2 b3 b4
784 1.25E-01 1.25E-04 1.77E-04  -162E-06  -1.70E-06
30 1.00E-01 1.06E-04 320E-04  -137E-06  -1.65E-06
0.5tr 60 7.19E-02 1.16E-04 477E-04  -130E-06  -22E06
90 4.81E-02 123E-04 6.68E-04  -138E06  -3.76E-06
120 4.84E-02 1.02E-04 3.16E-04  -131E-06  -1.37E-06
784 1.01E-01 542E-06  -148E-04  -173E-08 2.34E07
30 6.04E-02 826E-06  -2.69E-03  -2.64E-08 1.O7E-07
L 60 3.13E-02 8.87E-06 1.08E-04  -283E08 LTIEQR
90 1.04E-03 1.73E-03 217E-04  -330E-08  -2.03E07
784 §31E-02 6.14E-07  -8358E-05  -8.37E-10 7.24E-08
{5ty 30 3.66E-02 1.03E-06  453E-05  -143E-09 3.63E-08
60 1.79E-02 227E-06 237E-03  -3.16E-09 1.64E-08
90 -1.66E-02 4 10E-06 7O04E-05  -368E09  -7.60E-09
784 741E-02 1.66E-07 -6.89E-05  -130E-10 3.98E-08
> Otr 30 4.69E-02 407E-07  466E-05  -3.19E-10 320E-08
60 1.65E-03 1.93E-06 141E-06  -1.51E-09 1.64E-08
73 -2.51E-02 3.60E-06 263E-05  -2.79E09 8.12E-09
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Table 4.3 Transverse stiffness values for each test performed on SU-FREI bearings
MB1-3, MB2-1, MBs-4, MB3-2, and MB3-3.
Excitation | Axial Load Transverse Stiffness (N/mm)
Amplitude (kN) Set A SetB
MBI1-3 MB2-1 MB2-4 MB3-2 MB3-3
7.84 100.7 | 112.1 | 1099 1233 | 1135
1 Otr 30 69.4 20 783 906 | 896
60 313 | 355 | 333 435 | 438
90 1.0 -2.8 -59 -2.3 1.3
7.84 83.1 86.3 849 963 926
1 5 30 56.6 | 619 58.2 718 718
60 17.9 19.7 15.3 305 316
90 -16.6 | -26.0 | -30.6 -12.0 | -104
7.84 74.1 795 75.8 86.2 833
2 Otr 30 469 | 5350 | 495 654 | 651
60 1.6 6.2 -2.8 21.0 | 249
75 -251 | -19.7 - - -
Table 4.4 Critical dynamic buckling loads of each SU-FREI bearing. *Values obtained

through linear extrapolation using data from 30 kN and 60 kN tests.

Critical Load (kI\)
Amplitude Set A SetB
MB1-3 MB2-1 MB2-4 MB3-2 MB3-3
1.0tr 918 | 82 | 854 896 | 922
1.5t 747 | 727 | 698 815 | 824
2 0tr 62.1 638 | 59.7 74* 79%
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Table 4.5 Effective stiffness and effective damping from dynamic buckling tests on
bearing MB1-3

0.5tr 1.0tr 1.5tr 20t
Axial Effective Effective Effective Effective Effective Effective Effective Effective
Load Cycle Stiffness Damping Stiffness Damping Stiffness Damping Stiffness Damping
) Nmm) @) Nmm) (%) Nmm) (%) Nmm) (%)
781 1 1374 123 840 117 6§43 116 62.8 114
2 120.0 112 80.7 103 61.9 10.5 59.8 10.3
30 | 1243 130 778 13.1 61.0 14.0 54.1 133
2 116.6 123 73.8 12.83 38.0 133 457 133
60 1 106.5 16.1 702 16.7 36.9 18.1 46.3 243
2 954 153 640 16.7 36.2 19.5 39.6 28.8
¢ 1 i . i . . 333 374
2 53.8 430
%0 i 20.9 182 624 220 431 308 i i
2 733 183 521 pE 359 404
190 1 84.1 182 i i i i i i
2 61.9 19.1
Table 4.6 Effective stiffness and effective damping from dynamic buckling tests on
bearing MB2-1
1.0tr 1.3t 20t
Auial Effsctive Effective Effective Effective Effective Effective
Load Cycle Stiffness Damping Stiffness Damping Stiffness Damping
=) Nmm) ) Nmm) ) Nmm) (%)
194 1 977 123 68.2 113 68.9 113
2 913 10.1 63.5 10.1 63.2 10.0
130 1 89.8 127 63.0 132 39.1 143
2 833 116 62.3 125 4.9 13.9
60 1 789 17.1 60.2 179 403 248
2 728 132 3 17.9 428 288
75 1 ) . i i 43.0 57.6
2 38.0 472
00 1 63.6 236 457 5238 i i
2 53.8 234 371 41.0
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Table 4.7 Effective stiffness and effective damping from dynamic buckling tests on
bearing MB2-4

1.0tr 1.5t 20t
Axial Effective Effective Effective Effective Effective Effective
Load Cycle Stiffness Damping Stiffness Damping Stiffhess Damping
) Omm) ) Nmm) (%) Nmm) (%)
754 1 96.2 12.1 66.8 11.0 64.6 10.8
2 80.0 8.7 64.1 9.9 61.7 9.8
0 { 8835 124 644 15.1 36.1 144
2 841 113 61.7 123 520 143
0 1 773 16.3 596 1%.7 4790 249
2 71.3 142 535 18.0 393 305
0 1 61.3 242 447 336 - -
2 53.6 242 36.8 414
Table 4.8 Effective stiffness and effective damping from dynamic buckling tests on
bearing MB3-2
1.0tr 1.5tr 20t
Axial Effective Effective Effective Effective Effective Effactive
Load Cycle Stiffness Damping Stiffhess Dampingz Stiffhess Damping
() Nom) ) Nmm) %) Nmm) (%)
184 1 1096 136 80.3 11.8 §0.3 10.7
2 101.8 11.0 76.6 104 771 93
30 1 1006 134 76.9 13.1 718 129
2 952 125 73.7 122 673 12.1
60 1 89.7 16.9 75.0 16.1 612 195
2 §2.9 154 66.8 133 351 202
50 1 748 214 60.1 23.1 ) i
2 664 210 523 254
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Table 4.9

Effective stiffness and effective damping from dynamic buckling tests on
bearing MB3-3
1.0tr 1.5t 20tr
Axial Effective Effective Effective Effective Effective Effective
Load Cycle Stiffness Damping Stiffness Damping Stiffness Damping
D) Nom) ) Nmm)  G)  Nmm) (%)
184 1 106.6 154 780 116 778 10.7
2 939 11.1 744 103 7435 93
30 1 992 132 735 130 7.0 12.8
2 939 122 720 121 638 12.1
0 1 336 167 718 162 629 173
2 821 15.1 63.0 157 552 178
%0 1 736 213 391 239 ) N
2 63.7 205 306 262
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Figure 4.1 Force-displacement hysteresis for bearing MB1-3 at 1.0t, displacement

amplitude under axial loads of: (a) 7.84 kN; (b) 30kN, (c) 60kN; (d) 90 kN. Each
hysteresis is plotted with its respective fitted curve
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amplitude under axial loads of: (a) 7.84 kN; (b) 30kN, (c) 60kN; (d) 90 kN. Each
hysteresis is plotted with its respective fitted curve
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Force-displacement hysteresis for bearing MBI1-3 at 2.0t, displacement
amplitude under axial loads of: (a) 7.84 kN; (b) 30kN, (c) 60kN; (d) 75 kN. Each
hysteresis is plotted with its respective fitted curve
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Figure 4.4 Backbone curves of force-displacement hysteresis for SU-FREI bearing MB1-3

at displacement amplitudes of: (a) 0.5t; (b) 1.0t; (c) 1.5t; (d) 2.0t,
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Figure 4.5 Tangential stiffness obtained from the first derivative of the fitted curve from the
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Figure 4.6 Transverse stiffness versus axial load for SU-FREI bearings in Set A: MB1-3,
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Transverse stiffness versus axial load for SU-FREI bearings in Set B: MB3-2
and MB3-3.

72



M.A.Sc. Thesis — Michael de Raaf McMaster University — Civil Engineering

——o— Critical Load = = = Design Axial Load

100
90 -
80 1
70 A
60 -
50 1
40 -~
30 H
20 A

Critical Load (kN)

0.00 0.50 1.00 1.50 2.00

Excitation Amplitude (tr)

Figure 4.8 Average critical load during dynamic excitation versus excitation amplitude for
SU-FREI bearings in Set A: MB1-3, MB2-1 and MB2-4
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Figure 4.9 Average critical load during dynamic excitation versus excitation amplitude for
SU-FREI bearings in Set B: MB3-2 and MB3-3.
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Figure 4.10 Close up of delamination sustained by a % scale SU-FREI bearing during a
dynamic buckling test
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Figure 4.11 Highlighted areas detail where delamination occurred along the edge faces of
bearing MB2-4 following the completion of the buckling test history
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Figure 4.12 Average effective stiffness versus axial load for SU-FREI bearings MB1-3,
MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral excitation of 1.0t,
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Figure 4.13 Average effective stiffness versus axial load for SU-FREI bearings MB1-3,

MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral excitation of 1.5t,
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Figure 4.14 Average effective stiffness versus axial load for SU-FREI bearings MB1-3,
MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral excitation of 2.0t,

78



M.A.Sc. Thesis — Michael de Raaf McMaster University — Civil Engineering

—=Set A MB1-3, MB2-1 & MB2-4 = ~5et8: MB3-2 & MB3-3
50 50
g 40 - g 40 -
oo oo
c c
‘a 30 - ‘a 30 o
€ £
m© ©
o o
'g 20 - _g 20 -
i3] i3]
L el
o 10 - o 10 -
0 T T T o T T
0 30 60 90 0 30 60 90
Axial Load (kN) Axial Load (kN)
(a) Cycle 1
50 50
g 40 - g 40 -
oo oo
c c
e 30 - ‘a 30 -
€ £
© ©
o o
g 20 - £ 20 1
3] k3] P
L L
o 10 - o 10 -
O ¥ T T O ¥ {
0 30 60 90 0 30 60 90
Axial Load (kN) Axial Load (kN)
(b) Cycle2

Figure 4.15 Average effective damping versus axial load for SU-FREI bearings MB1-3,
MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral excitation of 1.0t,
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Figure 4.16 Average effective damping versus axial load for SU-FREI bearings MBI1-3,
MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral excitation of 1.5t,
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Figure 4.17 Average effective damping versus axial load for SU-FREI bearings MB1-3,
MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral excitation of 2.0t,

81



M.A.Sc. Thesis — Michael de Raaf McMaster University — Civil Engineering

—MB2-2 —NB2-3
2 B8ic &fc
I I ]
s
5 1 I | _~
z % |
= I I
8 37
5 |
2 —
I I
1 - I I
0 T T T I T II T
o as 1 15 2 25 3 35
Displacement {tr}

Figure 4.18 Lateral force versus displacement for rollout tests performed on MB2-2 and
MB2-3 to maximum displacements of 2.75t, and 3.0t, respectively. The location
of initial facial contact of the vertical faces ;. and full facial contact & are also
provided
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Figure 4.19 Lateral secant stiffness versus displacement for rollout tests performed on MB2-

2 and MB2-3 to maximum displacements of 2.75t, and 3.0t, respectively. The
location of initial facial contact of the vertical faces §;. and full facial contact
O are also provided
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Figure 4.20 Lateral tangential stiffness versus displacement for rollout tests performed on
MB2-2 and MB2-3 to maximum displacements of 2.75t, and 3.0t, respectively.
The location of initial facial contact of the vertical faces J;. and full facial
contact &y are also provided

Figure 4.21 Delamination observed in bearing MB2-3 at a lateral displacement of 3.0t,
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Chapter 5. Serviceability and Fatigue

This chapter outlines serviceability and fatigue tests performed on SU-
FREI bearings. Both of these tests involve lateral cyclic testing under constant
design axial load. The difference between these tests and previous cyclic tests is
the number of fully reversed lateral cycles. Both tests were performed in order to
show that SU-FREI bearings are capable of maintaining acceptable performance
under serviceability and fatigue conditions.

5.1 Testing Procedure

5.1.1 Serviceability

In order to investigate the performance of SU-FREI bearings under
serviceability conditions the design wind force was determined for a typical low-
rise structure. An equivalent lateral displacement was estimated based on the
design wind force. Two displacements were selected to bracket the expected
displacement. Each Y4 scale SU-FREI bearing was subsequently tested at both of
these lateral displacement amplitudes in sequence. Since the design wind force is
determined using the dimensions and properties of a specific structure, bracketing
the estimated lateral deflection under design wind forces allowed for a wider
range of study. The objective of this investigation is to show that the dynamic
properties of Y scale SU-FREIs will become stable under repeated cycling.
According to ASCE 7-05, serviceability testing requires that bearings are
subjected to 20 fully reversed cycles.

The first step was to estimate an approximate design wind force for a
typical structure isolated using SU-FREI bearings. The wind design force was
calculated using the provisions from the structural commentaries of the NBCC
(2005). Although typical base isolated structures will have a height less than 120
m with a height to width ratio less than 4, they are susceptible to vibrations due to
the introduction of the isolation layer. For this reason it is necessary to use the
dynamic procedure to estimate design wind load (NRC, 2006). This procedure is
typically employed for tall buildings and slender structures. The dimensions and
specifications of a two-storey structure used during shake table testing of %4 scale
SU-FREI bearings by Toopchi-Nezhad (2008) were used for the design wind
force calculation. The full scale test structure has measurements of 6 m by 5 m at
the base with a 6.5 m height. The isolation system for this structure is composed
of four bearings with one SU-FREI bearing located at each corner. The total
weight of the full scale structure is approximately 502 kN based on the design
axial load applied to four full scale SU-FREI bearings.

The design wind pressure p, was calculated using the following equation
from the NBCC (2005):

Pe = 1wqCeCyCy 5.1
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where [, is the importance factor for wind which is taken as 1.0 for normal
importance for serviceability purposes. The 1 in 10 year return period wind
velocity pressure q was taken as 0.36 kPa for Vancouver (NBCC, 2005). A
conservative exposure factor of C,= 1.0 was selected which represents open or
standard exposure. The gust factor Cg is a factor of a number of properties
including the fundamental frequency and the effective damping of the system.
Finally, the external pressure coefficient Cywas taken as 1.2. This calculation
accounts for an extremely conservative design wind pressure which corresponds
to a low-rise isolated structure subjected to wind with no impedance from
surrounding geography or neighboring structures. Once the design wind pressure
was calculated the corresponding design wind force (Fy,) was calculated using

Ey = pebh 5.2

where b is the longest plan dimension and h is the height of the structure.
Additional detail regarding the dynamic procedure used here can be found in Part
4 of Division B (NBCC 2005).

Both the fundamental frequency and the effective damping of the
isolation layer were used to determine the design wind pressure. The fundamental
frequency (f,) of the isolated structure was determined using

1 K
f,= — eff.T 53
2w | Mp

where K rfr is the total lateral effective stiffness of an isolation layer composed
of 4 full-scale SU-FREI bearings and My is the total mass in kg of the structure
(=51,000 kg). The effective stiffness and damping of the isolation layer were
determined by fitting a curve to the data obtained through cyclic testing in
Chapter 3 using least squares fitting. Assuming that lateral displacement under the
design wind load will occur predominantly in the isolation layer, the maximum
displacement of the isolation layer (A,,,) under the design wind force was
calculated using the following equation:

I w
A - —_——— K
max Keff'T 5 4

Since the effective stiffness and damping of the SU-FREI bearings are
dependent on lateral displacement, it was necessary to employ and iterative
procedure to determine the maximum displacement. First a displacement was
selected and the corresponding effective stiffness and damping of the isolation
layer were determined through interpolation of the least squares fit. The design
wind force calculated using these values would yield a new maximum
displacement which was then used to determine the effective stiffness and
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damping for the next iteration. This process was repeated until convergence was
achieved.

The wind design load was estimated at 39.2 kN for the specified structure
located in Vancouver. Under the wind design load the displacement of the
isolation layer was calculated as = 0.2t,. Based on this result the two displacement
amplitudes selected were 0.15t; and 0.35t,. Each bearing was subjected to 20 fully
reversed cycles at each amplitude in ascending sequence. Due to the low lateral
displacement required for these tests it was possible to cycle the bearings at their
natural frequency. Bearings were cycled at a frequency of 2.31 Hz and 2.08 Hz at
amplitudes of 0.15t, and 0.35t; respectively. The natural frequency at each
amplitude was estimated using Equation 5.3 and the results obtained from cyclic
testing performed in Chapter 3. In between each test the bearing was removed
from the setup and inspected for any signs of damage or delamination.

5.1.2 Fatigue

The fatigue testing procedure from ASCE 7-05 (2005) was used in this
study. Similar to the calculations for serviceability testing, the dimensions of the
structure used in shake table testing by Toopchi-Nezhad (2008) are used here. The
fatigue test requires that each bearing undergoes fully reversed lateral excitation at
the total design displacement Dtp while the axial design load is held constant.
The number of cycles is dictated by the results of the following equation so long
as it is no less than 10 cycles.

SDl

Number of Cycles = 30 5.5
7 SosB>

these terms were previously defined in Chapter 3. The total design displacement is

an amplification of the design displacement Dy described by Equation 3.3. Total

design displacement is calculated by

12
- ] 56

R e

where y is the distance from the centre of rigidity to the element of interest
perpendicular to the direction of excitation. In this case y is the same for all
bearings and is equal to = 2.8 m assuming the longest plan dimension is
perpendicular to excitation. The terms b and d are the shortest and longest plan
dimensions respectively (6.0 m and 5.6 m). The term e describes the actual
eccentricity between the centre of rigidity of the isolation system and the
structures centre of mass measured perpendicular to the direction of excitation.
Since there is no eccentricity, only the accidental eccentricity was used.
Accidental eccentricity is defined as 5% of the longest plan dimension. This
resulted in e = 0.3 m based on the dimensions of the structure.
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The number of cycles calculated using Equation 5.5 resulted in a total of
11.6 cycles which was rounded up to 12. Since the calculated number of cycles
was greater than 10 it was suitable for fatigue testing purposes. Using a design
displacement of Dp = 88 mm (calculated in Chapter 3) for SU-FREI bearings at a
parallel orientation, the resulting total design displacement becomes Drp =
102 mm or 1.33t.. This was increased to a value of 1.5t; for fatigue testing since
these calculations were performed for one specific structure. Each bearing
underwent 12 fully reversed cycles of lateral displacement at an amplitude of 1.5t,
under constant design axial load. The displacement amplitude used in this test was
too large to allow for cycling at the natural frequency of the bearing. For fatigue
testing, the average displacement rate of the plate was once again set at = 76
mm/s. Each of the four % scale bearings used for fatigue testing underwent a
single fatigue test under these conditions at a parallel orientation.

5.2 Results of Serviceability Testing

Serviceability testing was performed on two % scale SU-FREI bearings
(MB2-2 and MB2-3). The resulting force-displacement hystereses were analyzed
in a similar manner to cyclic tests performed in Chapters 3 and 4. Effective
stiffness and effective damping were calculated using Equation 3.1 and 3.2. From
previous discussion on scragging of rubber it is expected that the variation in
dynamic properties of these bearings will become negligible after the second or
third cycle. Effective stiffness and damping values calculated for each cycle of
testing are provided in Table 5.1 for MB2-2 and Table 5.2 for MB2-3. The force-
displacement hysteresis loops for these tests are provided in Figure 5.1 for tests at
0.15t; and Figure 5.2 for tests at 0.35t,. The first cycle in the force-displacement
hysteresis is substantially larger than subsequent cycles, which have minor visible
variation. Positive incremental force resisting capacity is maintained throughout
each fully reversed cycle satisfying cyclic test requirements of the ASCE (2005)

Effective stiffness is plotted versus cycle number in Figure 5.3. There is
negligible difference between the effective stiffness measured in MB2-2 and
MB2-3 at both amplitudes. Furthermore, from the 3 cycle on, the effective
stiffness shows negligible degradation with subsequent lateral cycling. At an
amplitude of 0.15t, there is a 6% decrease in effective stiffness between the 1% and
3" cycles. Comparatively, between the 3™ cycle and the 20™ cycle the average
decrease in effective stiffness is only 4%. At a displacement of 0.35t;, both
bearings showed a decrease in effective stiffness of 8% between the 1* and 3"
cycles; and 5% between the 3" and 20" cycles. The average scragged effective
stiffness from the 3™ cycle on is: = 189 N/mm at an amplitude of 0.15t,; and = 140
N/mm at an amplitude of 0.35t.. Effective damping versus cycle number is
illustrated in Figure 5.4 for both MB2-2 and MB2-3. The effective damping
remains nearly constant throughout all 20 cycles of lateral displacement with less
than 5% variation from the mean. The average effective damping is 14% at an
amplitude of 0.15 t, and 12% at an amplitude of 0.35t,. The unscragged first
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cycles had a similar effective damping compared to subsequent cycles during
serviceability testing.

5.3 Results of Fatigue Testing

A total of four % scale SU-FREI bearings (MB2-2 MB2-3, MB3-1, and
MB3-4) were subjected to the fatigue testing procedure. Each bearing underwent
12 fully reversed cycles of lateral displacement at an amplitude of 1.5t; while
constant axial load was applied. All four bearings had previously undergone
cyclic testing under constant design axial load. Bearings MB2-2 and MB2-3 were
tested previously for serviceability at amplitudes up to 0.35t. Alternatively,
bearings MB3-1 and MB3-4 were subjected to cyclic testing at amplitudes
exceeding 1.5t; at a diagonal orientation with respect to the direction of excitation.
Despite their previous testing histories, all four bearings are expected to exhibit
unscragged behaviour in the first cycle of this test. None of the bearings tested
here had been cycled at 1.5t; at a parallel orientation prior to this test.

Lateral force-displacement hysteresis loops are provided in Figure 5.5 for
bearings from sheet MB2 and Figure 5.6 for bearings from sheet MB3. All four
bearings exhibit a larger first cycle while subsequent hysteresis loops fall on top
of each other. Bearings MB2-2 and MB2-3 display a slightly larger first loop than
the bearings MB3-1 and MB3-4. Differences between the scragged loops of these
bearings are not visibly apparent from the force-displacement hysteresis loops.
The calculated values of effective stiffness and effective damping for all four
bearings are provided in Table 5.3. Effective stiffness versus cycle number is
illustrated in Figure 5.7. The effective stiffness from all four bearings is within
5% of the mean effective stiffness at each cycle. The average effective stiffness
over the scragged cycles of testing (cycle 2-12) is = 69 N/mm for % scale SU-
FREI bearings cycled at an amplitude of 1.5t,. This result is consistent with the
average effective stiffness recorded at this amplitude for bearings tested in
Chapter 3.

Effective damping versus cycle number is illustrated in Figure 5.8. There
is less than 10% variation of the measured effective damping values for each
bearing from the mean effective damping. A closer look at Table 5.3 reveals that
bearings from sheet MB2 have an average effective damping of 10% while the
bearings from sheet MB3 have an average effective damping of 11%. While these
results are close, additional damping in MB3-1 and MB3-4 may be a result of
previous cycling at high lateral displacement amplitudes. The range of effective
damping measured during fatigue testing at an amplitude of 1.5t; is consistent
with the results obtained during cyclic testing along a parallel orientation
performed in Chapter 3 at this amplitude.

The force-displacement plots show positive incremental force resisting
capacity throughout each fully reversed cycle of fatigue testing. This satisfies
code requirements (ASCE, 2005) regarding cyclic tests. In addition, there are two
specific provisions regarding test specimen adequacy outlined in ASCE 7-05 with
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regards to fatigue testing. The first requires that there is no greater than a 20%
decrease in the initial effective stiffness over the cycles of the fatigue test.
Similarly, it requires that there is no greater than a 20% decrease in effective
damping. The first condition is satisfied by the SU-FREI bearings tested which
experienced an 18% average decrease between the 1 and 12" cycle. The effective
damping, on the other hand, decreased by: 23% in MB2-2 and MB2-3; and 36%
in MB3-1 and MB3-4. It should be noted that this decrease occurs in the
unscragged first cycle. Scragged effective damping is nearly constant in all four of
the bearings tested between the 2™ cycle and the 12" cycle. This is illustrated in
Figure 5.8 and supported by Table 5.3. The scragged properties of SU-FREI
bearings under fatigue test conditions were well within the tolerable limits of
ASCE 7-05.

5.4 Summary and Concluding Remarks

This chapter investigated the performance of SU-FREI bearings under
serviceability and fatigue conditions. The objectives of these tests are to show
acceptable response characteristics in SU-FREI bearings. Where applicable, the
design code provisions of ASCE 7-05 were used to evaluate the performance of
SU-FREI bearings.

5.4.1 Serviceability Tests

Serviceability testing revealed that lateral effective stiffness decreases
under repeated cycling at constant displacement amplitude and design axial load.
This decrease in effective stiffness is most prominent in the first three cycles of
testing. Between the first unscragged cycle and the third cycle of testing there is a
6% to 8% decrease in effective stiffness. The scragged cycles of serviceability
testing from the 3™ cycle through to the 20™ show a negligible decrease in
effective stiffness in the range of 3% to 5%. Unlike the effective stiffness, the
number of cycles performed has negligible effect on the effective damping. The
measured effective damping from serviceability testing is nearly constant with
less than 5% variation from the mean. Variations in effective stiffness and
damping as a result of serviceability testing are well within tolerable limits.
Positive force resisting capacity was maintained throughout serviceability tests
satisfying the provisions of ASCE 7-05. SU-FREI bearings were subjected to
larger displacements then the design wind force would have generated. Their
performance during this test provides adequate evidence that they are more than
capable of acceptable serviceability performance under design wind force
conditions.

5.4.2 Fatigue Tests

Similar to the results of serviceability testing, repeated lateral cycling at
the total design displacement resulted in a decrease in effective stiffness. Between
cycle one and cycle twelve, the SU-FREI bearings experienced an average
decrease in effective stiffness of 18%. This decrease in effective stiffness is within
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the tolerable range outlined by the ASCE (2005). The largest decrease in effective
stiffness occurred in the first 2-3 cycles. Scragged cycles (2-12) achieved
consistent effective stiffness within 5% of the mean in all four % scale SU-FREI
bearings tested. Both the unscragged and scragged effective stiffness remained
within acceptable limits as per the ASCE (2005). There is a substantial (30%)
decrease in effective damping between the first and second cycle. Despite the
difference in unscragged effective damping between the first and second cycle of
fatigue testing, the scragged cycles showed nearly constant effective damping
within 3% of the mean. The difference in unscragged properties is to be expected.
The SU-FREI bearings showed acceptable scragged performance throughout
fatigue testing at an amplitude of 1.5t;.
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Table 5.1 Effective stiffness and effective damping from serviceability testing of MB2-2 at
lateral displacements of 0.15t, and 0.35t,

0.15tr 0.35tr
Effactive Effective Effective Effective
Cycle Stiffness  Damping Stiffness  Damping

{N'mm) (%0} (N/mm}) (%0)

1 2054 142 156.0 124
2 1978 143 1474 123
3 1942 142 1446 122
4 1933 143 1433 121
3 1218 144 1424 121
6 180.0 139 1422 122
7 1203 140 1416 122
8 1803 142 1410 12.1
9 1893 13.8 140.7 12.4
10 188.1 141 1406 12.1
11 1863 142 1368 121
12 1887 4.0 1398 123
13 1388 144 139.6 12.1
14 188.0 144 1383 124
13 186.9 133 158.8 12.4
16 1859 14.1 159.0 12.1
17 186.0 141 138.9 120
18 1858 142 138.6 122
12 187.8 14.0 1383 12.0
20 1872 13.8 158.1 11.6
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Table 5.2 Effective stiffness and effective damping from serviceability testing of MB2-3 at
lateral displacements of 0.15t, and 0.35t,

015 0.35ur
Effective Effective Effective Effective
Cycle Stiffness  Damping Stiffness  Damping

{N'mm} (%o} {(N'mm} 2%}

1 2087 146 156.6 122
2 1979 143 1476 122
3 1934 141 1435 2.1
4 1929 143 14338 2.1
3 192.5 141 1431 122
6 1913 142 1423 122
Z 1803 4.1 1410 122
8 1802 140 412 120
g 1829 141 1412 122
1D 1893 140 1408 121
1 1384 141 404 125
12 1883 141 401 121
13 1879 141 1323 2.1
S 188.0 140 1338 121
13 1877 159 1395 iZd
15 1877 140 1381 121
17 1871 140 1321 122
13 1873 139 1382 121
19 1364 140 138.9 12.1
20 186.7 133 1584 116
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Table 5.3 Effective stiffness and damping from fatigue testing of bearings MB2-2, MB2-3,
MB3-1, and MB3-4
AMB2-2 AB2-3 MB3-1 MB34

Effective Effective  Effective Effective  Effective Effective  Effective Effective
Cycle Stiffness Damping  Stiffness Damping  Stiffness Damping  Stiffness Damping

(N/mm) (%a) (N'mm} (%) (N/mm} {%c) (N'mm) (%%}
1 793 12.8 793 12.7 81.0 13.0 743 12.8
2 730 2.9 732 9.8 733 10.2 70.6 11.1
3 70.7 8.7 700 93 753 10.8 68.8 10.9
4 69.3 26 69.7 9.3 724 10.7 67.9 10.9
3 68.5 9.6 68.9 9.5 717 10.7 67.2 10.8
6 68.0 95 68.3 95 711 10.7 66.7 10.8
7 67.5 9.6 67.7 9.5 70.6 10.7 66.2 10.8
8 67.1 9.6 67.3 9.3 70.3 10.7 63.9 10.8
2 66.7 2.6 67.0 54 62.9 10.6 63.6 10.7
10 §6.4 9.3 66.7 04 62.5 10.6 63.4 10.8
11 66.1 9.5 66.4 9.4 694 106 63.1 10.7
12 63.9 94 66.1 8.3 69.1 104 §4.9 10.3
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Chapter 6. Conclusions and Recommendations
6.1 Summary and Conclusions

The objective of the research performed in this thesis was to further
investigate the performance of square SU-FREI bearings as seismic base isolators
for use in low-rise structures. Several experimental tests were employed in order
to achieve this. Twelve % scale SU-FREI bearings were built and tested. The first
test investigated the influence of orientation angle on SU-FREI performance
during lateral cyclic testing. Next, the stability of SU-FREI bearings was explored
under lateral cyclic excitation and rollout testing. Finally, the performance of SU-
FREI bearings under fatigue and serviceability conditions was investigated.

6.1.1 Lateral Cyclic Testing at Parallel and Diagonal Orientations

The first topic of research involved lateral cyclic testing of % scale square
SU-FREI bearings under design axial load at parallel and diagonal orientations
with respect to the direction of excitation. The following points summarize the
main findings of Chapter 3:

e Comparison between orientation angles revealed that higher effective
stiffness and damping is generally achieved when square SU-FREI
bearings are cycled at a diagonal orientation. Code requirements regarding
cyclic testing were satisfied at both orientations.

e Bearings tested at a parallel orientation achieved a longer base isolated
period then those tested along a diagonal orientation. Despite this
difference, SU-FREI bearings tested at both orientations achieve adequate
base isolated periods longer than one second.

6.1.2 Stability of SU-FREI Bearings

The stability of square SU-FREI bearings was the next topic explored in
this thesis. Two test procedures were used to investigate the stability of SU-FREI
bearings. The first procedure involved lateral cyclic testing of % scale bearings
under increasing axial loads. A number of tests were performed at incremental
lateral displacement amplitudes in order to determine the critical axial loads under
which buckling occurred during dynamic excitation. The following points
summarize the main findings of dynamic buckling tests performed in Chapter 4:

e Cyclic testing at high axial loads caused delamination to occur in some of
the SU-FREI bearings. Delamination led to a decrease in effective
stiffness and a significant increase in effective damping at high axial loads
and large lateral displacements.

e The decrease in both effective and transverse stiffness, which
accompanied delamination in SU-FREI bearings, had a minor effect on the
critical load. Results were consistent within a 95% confidence interval of
the mean.
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The critical buckling load decreases with increasing lateral displacement
amplitude. At the largest displacement amplitude, the critical load
achieved was measured as 8 times the design axial load.

Dynamic buckling tests reveal that SU-FREI bearings are highly resistant
to buckling instability under dynamic excitation. The axial loads required
for instability to occur are significantly larger than the design axial load.

The second stability test performed on Y4 scale SU-FREI bearings was the

rollout test. The following points summarize the main findings of rollout testing
discussed in Chapter 4:

6.1.3

Stable rollover (SR) deformation was observed in SU-FREI bearings up to
lateral displacements equal to 3.0t,. Positive force resisting capacity was
maintained during rollout tests performed up to a displacement of 3.0t;.
Contact made between the vertical faces of SU-FREI bearings and the
upper and lower test platens was accompanied by a significant increase in
force resisting capacity in the bearing. This benefits the isolation system
by acting to limit the maximum lateral displacement.

Serviceability and Fatigue Performance of SU-FREI Bearings
The design code provisions of ASCE 7-05 provide experimental test

requirements for seismic isolators subjected to fatigue and serviceability
conditions. The following points summarize the main findings of serviceability
testing explored in Chapter 5:

Effective stiffness decreases under repeated cycling at serviceability lateral
displacement amplitude and design axial load. This decrease in effective
stiffness is most prominent in the first three cycles of testing. Between the
first unscragged cycle and the third cycle of testing there is a 6% to 8%
decrease in effective stiffness.

Between the 1% and 20™ cycle of lateral displacement there is negligible
variation in effective damping.

The following points summarize the main findings of fatigue testing

investigated in Chapter 5:

Repeated cycling at the total design displacement resulted in a decrease in
effective stiffness. Between cycle one and cycle twelve, the SU-FREI
bearings experienced an average decrease in effective stiffness of 18%.
This decrease in effective stiffness is within the tolerable range outlined by
the ASCE (2005).

The scragged cycles showed nearly constant effective damping within 3%
of the mean. The scragged effective damping of SU-FREI bearings is well
within the tolerance set by ASCE 7-05.

Ultimately it is the intention of this research to provide further evidence

that SU-FREI bearings are suitable for use as seismic isolation devices in low rise
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structures. Through a range of experimental test procedures, the SU-FREI
bearings investigated in this study have shown satisfactory performance according
to design code provisions.

6.2 Recommendations for Further Research

The following points are recommendations for future experimental

research:

During stability testing performed in this study, SU-FREI bearings
underwent delamination during cyclic testing under an axial load of 90
kN. It would be beneficial to further understand the conditions that lead to
delamination. This would involve material testing to determine the forces
required to break the bond between elastomer layers and carbon fiber
layers.

Although delamination was visibly apparent from the outside edges of the
SU-FREI bearings, the condition inside the bearing was not known. It
would be of great benefit to SU-FREI bearing research if a non intrusive
imaging method (MRI or CT scan) could be used to determine if an SU-
FREI bearing had undergone internal delamination. Bearings would need
to be scanned before and after cyclic testing to determine if any damage
had occurred internally.

Square SU-FREI performance has been evaluated through cyclic testing at
parallel and diagonal orientations and shake table testing was previously
performed on bearings at a parallel orientation. Ultimately bi-directional
shake table testing is the next step in SU-FREI research. It is necessary to
explore the performance of these bearings under simultaneous excitation
along two axes.

In order to fully understand the ultimate shear properties of SU-FREI
bearings additional rollout testing needs to be performed at larger
displacements. In addition, it is necessary to determine what if any effect
orientation angle has on &y

The following points are recommendations for future analytical research:
Currently, a closed form solution for estimating the critical buckling load
of SU-FREI bearings does not exist. Experimental results cannot yet be
compared directly to analytical results when investigating SU-FREI
stability.

It was previously suggested that further experimental research should be
performed to accurately determine under what conditions the onset of
delamination occurs in SU-FREI bearings. Modeling the stress which
would lead to delamination, a decrease in effective stiffness, and damping
is another necessary step to understanding this phenomenon.
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