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Abstract

Immediate occupancy and functionality of critical facilities including hospitals,
emergency operations centers, communications centers, and police and fire stations is of
utmost importance immediately after a damaging earthquake, as they must continue to
provide fundamental health, emergency, and security services in the aftermath of an
extreme event. Although recent earthquakes have proven the acceptable performance of
the structural system in such buildings, when designed according to recent seismic design
codes, in many cases damage to the nonstructural components and systems was the main
cause of disruption in their functionality.

Seismic isolation is proven to be an effective technique to protect building
structures from damaging earthquakes. It has been the method of choice for critical
facilities, including hospitals in Japan and the United States in recent years. Seismic
isolation appears to be an ideal solution for protecting the nonstructural components as
well. While this claim was made three decades ago, the supporting research for
freestanding (unanchored) equipment and contents (EC) is fairly new.

With the focus on freestanding EC, this study investigates the seismic performance
of sliding and wheel/caster-supported EC in fixed-base and base-isolated buildings. The
study adopts a comparative approach to provide a better understanding of the advantages
and disadvantages of using each structural system. The seismic response of sliding EC is
investigated analytically in the first part of the thesis, while the response of EC supported
on wheels/casters is examined through shake table experiments on two pieces of hospital
equipment.

The study finds base isolation to be generally effective in reducing seismic demands
on freestanding EC, but it also exposes certain situations where isolation in fact increases
demands on EC. Increasing the frictional resistance for sliding EC or locking the
wheel/casters in the case of wheel/caster-supported EC is highly recommended for EC in
base-isolated buildings to prevent excessive displacement demands. Furthermore, the
study suggests several design probability functions that can be used by practicing
engineers to estimate the peak seismic demands on sliding and wheel/caster-supported EC

in fixed-base and base-isolated buildings.

v



Acknowledgements

I would like to express my sincere gratitude to my supervisor, Dr. Dimitrios
Konstantinidis, for his support, advice, encouragement, and guidance during the course of
this research. I am also extremely grateful to the members of my supervisory committee,
Dr. Michael Tail and Dr. John Vlachopoulos, for their valuable comments and
suggestions throughout the course of this research work.

I want to thank Hamilton Health Sciences for providing hospital equipment for this
research, and Mr. Saman Rastgoo Moghadam for assisting in conducting the shake table
experiments.

Finally and most importantly, this work would not have been possible without the

love and support of my parents to whom this thesis is dedicated.



Table of Contents

ADSTTACT ...ttt ettt et at e et e st e e e e v
ACKNOWICAZEMENLS ....coeviiiiiieiciie et e et e et e e e ra e e esbeeesebeeessseeennns \%
Table OF CONENLS ......eeuiiiiieieee ettt ettt ettt e e e vi
LSt OF TADIES ....eeiiieiiee ettt st sttt xi
LSt OF FIGUIES ...ttt ettt ettt ettt e snaeebeesneeens xii
COmAUNOTSIIP. ..ttt ettt ettt e et e st eenteesabeenbeeesseenneas XXii
Chapter 1:INtroducCtion .....eeeueeiueeieenseniseensenssnessaessssesssesssssssssssssssssasssssssssssssssssssssssssases 1
1.1 Importance of nonstructural COMPONENTS..........cccvveeriiieriieeiiieeieeeie e 1
1.2 Performance of nonstructural components in past earthquakes.............ccceeuveenee. 2
1.3 Nonstructural components types and associated hazards............cccceecvveecvveennennee. 2
1.4 Seismic Mitiation StrATEZIES.....ccuerrierieriieieriienieeteet ettt ene e 4
1.5 Recent studies on the performance of nonstructural components in base-isolated
DULLAINES ..t ettt ettt et e et e et e e seeenbeeaeeenbeenseeenseenne 5
1.6 Impetus and research ObJECHIVES. .....c.eevviiiieriieiieeie ettt 7
1.7 Structure Of theSiS....c.oiiiiieieiieeeeeeee e 7
1.8 RETEIEICES ...eeiiieiiiiiieeeee ettt 9

PART I: Seismic Response of Sliding Equipment and Contents

Chapter 2:Seismic Response of Sliding Equipment in Base Isolated Buildings

Subjected to Broad-Band Ground MOLIONS .........eeececvvnniccscsnerccssssnsecssssssscsssssssees 17
2.1 TNErOAUCTION ...ttt ettt 18
2.2 Description of the Mmodel.........c..ocveiiiiiiiiiiiieeii e 21
2.2.1 SHAING EC ..ottt s 22
2.2.2 SUPETSIIUCLUTE......vvieieiiiieeeeiiieeeeeitee e et e e e e sbteeeeeateeeeesereeeeennsaaeeesssaeeennns 24
2.2.3 Base 1S01ation SYStEIM .......ceouiiiiieriieiiieiie et 24
2.3 Selection of round MOTIONS ......cc.eeieriierieriiriiiieeiee ettt 26
2.4 Dynamic analysis ProCeAUIE ..........cecuieriierieriiienieeiieeieerieeeieeree e eeee e eseenenes 27
2.5 Effect of seismic isolation on the performance of sliding equipment and contents
29
2.5.1 Viscously damped linear elastic isolation system ............ccccceevveeveeneennen. 29
2.5.2 Bilinear iS0lation SYSTEM .......ccccueeeriieeriieeiiieecieeeeeeeieeeeieeesreeesreeesereeens 32
2.5.3 Effect of the isolation system type on the performance of sliding EC....... 33
2.6 Effect of vertical component of base eXcitation...........ceeceeveiieveenieenienieeieeen. 34

vi



2.7 Effect of structural yielding.........ccoevvieriiiiiieiiieiieieecie e 35

2.8 Incremental dynamic analysSis .......ccccvevieeiierieeiiienieeieeriieeee e e ereeeeeeeneeseeeeenes 37
2.9 Regression and fragility analysis.........cccceeevveevieeeiiiieeiiieeieecee e 37
2.9.1 The EDP as a lognormally distributed random variable; regression analysis
38
2.9.2 Fragility CUTVES....cccuieiiieiieiieeieeite ettt ettt ettt bee s 40
2.9.3 Example: how to use the fragility curves.........ccccoevveevieniencieeniecieeeeee, 41
2. 10 CONCIUSION. ...ttt ettt sttt et sae e b eaee e 42
21 TRELEIEICES ...ttt ettt ettt st e e 44

Isolated Buildings under Pulse EXCitation.......ccceevveicvcricssnnicssnncssnncssnnrcscnnrcssnnnes 60
3.1 INErOAUCTION ...ttt et e e e et e e et e e e e e e eabeeesaaeeennneaens 61
3.2 Model of the structure and building equipment/content ..............cceeceeevvereeennnn. 64
3.2.1 Structural MOdel .........cocoeviiiiiiiiiiiiee e 64
3.2.2 Sliding content Mmodel............cccueeiiiiiiiiiiiiieiee e 65
3.3 Dimensional analysSiS........cccueeueeiiierieriiieiiieeiieriie ettt ettt 67
3.3.1 Dimensional analysis for viscoelastic isolation system ..............c.coeveenee.. 69
3.3.2 Dimensional analysis for bilinear isolation system............c.cccecvervreneennee. 75
3.3.3 Effect of the lateral flexibility of superstructure ...........ccccveeveveercieeennennne. 77
3.3.4 Effect of the vertical component of excitation ..........ccceeeuveevciieercieeenreenne, 77
3.4 CONCIUSION....cutiiiiiieeitie et ettt e et e et e e et e e eae e e tteeetaeeetaeeesaeesasaeessseeessseeennseeans 81
3.5 RETCICNCES ..ooiuiiiieiie ettt e e ettt e e e e e e e e e nae e e naneeen 83

Chapter 4: Effect of the Stick-Slip Phenomenon on the Sliding Response of Objects

Subjected to Pulse EXCItations.....ccooevieiieiiiiiiiiiiiiiiiieiieiierieciiecieciaccaenes 97
4.1 TNErOAUCTION ...ttt ettt 98
4.2 Problem PreSentation.........ccciecveeerieeenieeeiieeeeveeecreeeieeeeaeeesaeeesaeeessseeeenseeenns 101
4.3 Friction MOAEIS. ......coiuiiiiiiiiiiieeieeee ettt e 104
4.3.1 Coulomb friction model ..........ccoeeviiiiiiiiiiiiiicee e 104
4.3.2 StatictCoulomb friction model...........cccoeeviiieeiiieiiiieceeeeeee e, 105
4.3.3 Stribeck friction Model..........cooeiviiriiiiiiiiieiee 105
4.4 Dynamic sliding models........cccueeiuiiriiiiiiiiiieiiee e 106
4.4.1 Newmark’s rigid-block model (no elasticity at contact)...............c.c....... 106
4.4.2 Stick-slip model (elastic CONtACE) ......c.ceevieeiieriieiiieiierie et ere e 107
4.5 NUumerical ProCeAUIE .........ccueeriiieiiieeiie ettt e e e earee e 107
4.6 Sliding response under pulse eXCitation ..........c.ceeeveeerieeeiieeriieeciee e 109
4.7 Dimensional analySis........ccceerieiiiiiriiiiiierie et 112

vii



4.7.1 Effect of I, = 44, / 1, : the ratio of kinetic to static friction.................... 116
4.7.2 Effect of II,=fa,T, : the transition sharpness from static to Kinetic

i (615 10} 4 B UPRTRTR 119

4.7.3 Effect of Il = ya,T, : viscous property of the contact...........ccoveveuennce. 120

4.8 CONCIUSION.....eietiiiiiieiieeie et eeite et et et estteebeestaeebeeteeesbeeseessseesseessseenseensseenns 120
B NS () (21111 PSR 122

PART II: Seismic Response of Equipment and Contents Supported
on Wheels/Casters

Chapter 5S: Shake Table Investigation on the Seismic Performance of Hospital

Equipment Supported on Wheels/Casters........cccevvevieiiiiieiiieiieiieeiaeiennns 140
5.1 INEFOAUCTION ...ttt et 141
5.2 TSt SPECIMEINS .cuvvieeuiiieeiiieeiieeeieeeeteeesreeesereeessreeessaeeesseessseeesnseeessseeensseesnssens 145
5.3 Resistance evaluation teSES ........ccciieeiuiieeiiieciieeeree e 146
5.3.1 Test setup and Procedure............ceeuierieeiienieieeie et 146
5.3.2 TSt TESULILS..cueeiiiiiieiieterteee et 146
5.4 ShaKe table teSES .....ecuieriiriiiriiiiieieet ettt 148
5.4.1 Shake table test procedure..........ceevvierieeiiierieeieerieere e 148
5.4.2 InStrUMENTAtION. .....eoiuiiiiiiiieeieeite ettt 149
5.4.3 Structural deSIZN.......cccuieeiiieeiiieeiieeeee et eree et e e re e e e e saeeen 149
5.4.4 Structural modeling, ground motions, and structural response................ 150
5.4.5 TSt PIrOZIAM.....ceiiuiiiiiiiieiiieeitee ettt et et e et e e eesareeens 152
5.4.6 Seismic response of the ultrasound machine..........c.ccocevereiniiniincnnene. 152
5.4.7 Seismic response of the hospital cart ...........ccocceeviiiiieniiiiciiieeieeeeee, 156
5.4.8 Response in different story 1evels .........cccoevieeiiieiiieiieniiceeieceeeee, 156
5.5 Regression and probability analysiS.........ccccccueevieriieriienieeiieeie e 157
5.6 Evaluation of a simple model for numerical simulations...............ccceevveennnne. 158
5.7 CONCIUSION ...ttt ettt ettt ettt e sateebeesaee e 160
5.8 RETEIENCES ..ottt 161

Chapter 6: Experimental Study on the Seismic Response of Equipment on

Wheels/Casters in Base-Isolated Hospitals........cccccceeveeencercnsnncssnrcssnrcssnescssnnscnns 180
6.1 INErOAUCTION ...ttt ettt st 181
6.2 TSt SPECIIMENIS ..uvvieniieeiiieiieeitieite et eette et e stteebeestaeebeessbeeseessaeenseessseenseennseenne 184



6.3 Shake table teSt PrOGIraM .......ccueeiuiiiiieeiieeiieeie ettt e sae e eeae e 185

6.3.1 Test procedure and iNStrUMENTATION ........ccveeriieriierieeiieeieeieeeie e 185
6.3.2 Structural DESIZN.......cccviiiiiieeiieeciie et e 186
6.3.3 MOAEIING ...vvieeeiieeeeeee et 188
6.3.4 Structural TESPONSES. ......eeuveruieriiriiriieteeierie ettt ettt ettt 193
6.4 Shake table teSts TESUILS.......cciiiiiiiiecii et e 195
6.5 Regression and probability Study .........ccceeieviiiiiiiniiiiiieee e 197
0.6 CONCIUSION...c.utitieiiiiiieteete ettt ettt sttt ettt sbe e satesae et 199
6.7 RETEIENCES ...eeeniiiiiiiiiiieeeee ettt 200

Nonstructural Components.......ccovveiiieiiiieiiiniiinriiiereinrcisstersrcsssseesscnnns 214
7.1 INEPOAUCTION ...ttt ettt ettt et esate et e saee e 215
7.2 Experimental PrOZram.........ccccuieriieriiienieeiiieeie ettt ettt e e s 219
7.2.1 Test setup for accuracy measurement ...........c.eeeveeeueereerveenieeneeenseenneeenne 219
7.2.2 Sine sweep signal for shake-table tests .........ccecvieriieiieniiienieeiieiee, 219

7.3 Vision-based measurement procedure..............cccverureriienieeniienieeniienie e 220
7.3.1 Camera calibration (Iimage COIreCtion).........ccueerueeerueereerveerreenreeneeeseveenne 220
7.3.2 Feature deteCtiON .......cccueeeeruieiiiriieieeie ettt ettt 221

7 TR T | ¢ 16] < 1 ¥ TSR 221
7.3.4 Transformation ............oocueeriiiiiieiie ettt 222
7.3.5 Computation of velocity and acceleration..........c.ccceeeveveevericneennennenne. 222

7.4 Video signal synchronization using wavelet transform .............cccccoeveeiiennnne 224
7.5 Characteristics of camera reCOrdings ..........cccueerveeriireriienieenienieeieesreesieeseeeenne 226
7.6 ACCUIACY @SSESSIMENL.....ccuuiieriiieiiieeriieeeieeeeteeesiteeeiteeeaeeesteeesebeeesaseeesaneesnnneas 226
7.6.1 Displacement MeasuUremMeEnt. ........c.cccveerveeriierieerieeieenieesreereesreenseessseenne 227
7.6.2 VeloCity MEASUTCIMENL ..........cevierieeiierieesiieeieeieeeaeeieeereereessneeseeenseenne 228
7.6.3 Acceleration MeasUreMENt ........cccueeueerieeiiieriieiie e eiee e ebee st 229
7.6.4 Experimental results SUMMATY ........ccoceveeeeiiieeeiiieeniieecee e 229
7.6.5 Example: vision-based measurement accuracy for shake table tests of
ultrasound MACKINE. .......c.coiiiiiiiiiieieeee e 230

7.6.6 Some applications of contour plots in measuring the response of

nonstructural COMPONENLS.........eevuiieriierieeiierieeiee ettt 231

7.7 CONCIUSION ...ttt ettt ettt ettt se et e et e st et et e saeebeeneesaeenseas 234
7.8 RETEIENCES ....eeeuiiiiiieiiieee et 234
Chapter 8: Conclusions and Recommendations............cceeveeecccnressnrcssnrcscnsncsssencsnsees 246
8.1 SUMIMATY ..eviiiiiiiiieieeeee ettt 246

X



8.2 PART I: Seismic response of sliding equipment and contents ......................... 247

8.2.1 Sliding response under broad band-ground motions.............ccccceevvenneennee. 247
8.2.2 Sliding response under pulse-like ground motions ...........ccceeveerveeennnennns 248
8.2.3 Effect of the Stick-Slip Phenomenon on the sliding of EC...................... 249
8.3 PART II: Seismic response of equipment and contents supported on
WREELIS/CASTETS ...ttt ettt ettt et ettt set e et e e et e snee e 249
8.4 Recommendation and future StUdY.........ccceevvieiiieniieiiieiieeieeee e 251



List of Tables

Table 2-1: Broadband ground motions used in this study ..........cccoeceevieniiieiinniiiiee 51

Table 4-1. Various rigid block sliding models and coupled sliding models with different
friction descriptions, together with their associated ranges of dimensionless

EETTIIS. .etteiitteeit ettt ettt ettt et e st e et e et e et e e st e e st e e e et e e b e e eaeees 130
Table 5-1. Steel sections used in the structure of the building ...........ccccoceniinineins 166
Table 5-2. Ground motions used in this study, together with their scaling factors ......... 166
Table 5-3. Peak structural response quantities obtained from the nonlinear time history
ANALYSIS 1..viieitiiiieeieeei ettt ettt ettt e e e b e e s tbeebeeetaeebeesnaeennaean 166
Table 5-4. Performance of shake-table in reproducing simulated floor displacement and
] (01031 2RSSR 167
Table 5-5. Shake table test matrix including the orientation of the equipment with respect
to the shaking direCtion............coccuiieiiiiieiiii e 167
Table 5-6. Error in the predictions of the model.............ccoccoiiiiiiiiiiinii 167

Table 6-1. Steel sections used in the fixed-base (SCBF) and base-isolated (OCBF)

SETUCTUTES ..ttt ettt ettt et e bt e s it st e sbeeebeesaeeeaeeen 204
Table 6-2. Ground motions used in this study, together with their scaling factors ......... 204
Table 6-3. Peak isolation displacement (in MELETS) .......ccevuveeerrieeririeeeirieeriieeeieeeevee e 204
Table 6-4. Shake table teSt PrOZIram .......ccccviieiiiieeiie et 204

Table 7-1: Driving frequency of the decaying up-chirp displacement signal at various

X1



List of Figures

Figure 1-1. Examples of wheel/caster supported, rocking, and sliding equipment and

COMECTIES ..ttt ettt ettt ettt et e ettt e et e e st e e s bt e e sabeeesabee e st e e eabeesaseeens 14
Figure 1-2. Sliding hospital EC 0n Shelves..........cccoiiriiiiiiiniiiiiieiceeceeee 14
Figure 1-3. Example of a typical hospital operating r00m'" ..............ccoveeveeeeeereeeeeeeeerns 15

Figure 1-4. Examples of EC on wheels/casters at a nuclear facility (McMaster University

Nuclear Reactor facility)........cocouieiieiiiiiieiieeiee e 15
Figure 2-1. Schematic of the model used in this study ..........cccceevviieeiiiiniiiieeee 52
Figure 2-2. Schematic of the sliding EC..........cccooiiiiiiiiiiiiiceeeeee 52

Figure 2-3. Numerical verification of the OpenSees Flat Slider Bearing Element (FSBE)
for a sliding object with x#=0.1 and u,=10"m subjected to the Takatori
record of the 1995 Kobe, Japan, earthquake............ccoceveeveriicninninicneennns 52
Figure 2-4. Mean acceleration response spectrum (5% damping) of the selected ground
motion set together with the ASCE 7 [50] code spectra corresponding to a
Soil Type C site in San FranciSCo........ceeevuieeriiieeniieeiieeieeeee e 53
Figure 2-5. Sliding displacement ratio as a function of nominal isolation period for a
viscously damped linear elastic isolation system with & =0.1. Left: unscaled
records. Right: scaled 1ecords, @ =2 .....cccooveeriiiiiiniiiiieneeeeeee e 53
Figure 2-6. Sliding displacement ratio as a function of isolation damping ratio for
viscously damped linear elastic isolation system with 7, =2s..................... 54
Figure 2-7. Mean of the maximum absolute EC accelerations as a function of friction
coefficient for a viscously damped linear elastic isolation system. Lefi:
E =01, RIGAE: T =28 i 54
Figure 2-8. Sliding displacement ratio as a function of nominal isolation period for a
bilinear isolation system with & =0.1. Leff: unscaled records. Right: scaled

TECOTAS, =2 weeeieeeieeeeeeeeeee et ettt e e ettt e e e e e e et e et et e e e e e s e sssaaereaeeas 55

xii



Figure 2-9. Sliding displacement ratio as a function of isolation damping ratio for a
bilinear isolation system With 7, =28 ........cccccevveieieiieieieieseseee e 55
Figure 2-10. Mean of the maximum absolute EC accelerations as a function of friction
coefficient for a bilinear isolation system. Left: & =0.1. Right: T, =2s....... 56

Figure 2-11. Comparison of the EC mean responses in BI buildings equipped with

hysteretic and equivalent isolation systems (& =0.2).......ccccervuererrerueneenenn 56

Figure 2-12. Effect of the vertical component of ground motion on the horizontal absolute

acceleration of EC in a BI building with £ =0.1 and 7, =2.5s. Left: unscaled

records. Right: scaled 1€cOrds, & =2 ...ccoviiiiiiiiiiiiiiceeee e 57
Figure 2-13. Effect of the vertical component of ground motion on the sliding

displacement of EC in a BI building with £ =0.1 and 7, =2.5s. Left: unscaled

records. Right: scaled 1ecords, @ =2 ...cccooveeviieiiiiiiieieeeee e 57
Figure 2-14. Response quantities for EC in BI buildings and in inelastic FB buildings...58
Figure 2-15. IDA curves for different friction coefficient values. Left: Mean of the
maximum sliding displacement response as a function of intensity factor.
Right: Intensity factor versus friction coefficient...........ccccovcveveriiinienennene. 58
Figure 2-16. Left: the EDP as a function of IM. Right: the log-log transformation of the
EDP and IM together with the regression model that gives the mean of

Figure 2-17. Left: Comparison of the empirical cumulative distribution function and the
cumulative distribution function of the hypothesized normally distributed

variable InA;. Right: Fragility curves for different objective thresholds c...59

Figure 3-1. Model of the base isolated structure containing a sliding rigid EC on the first
] 101 ) 2SS PRSPPI 89
Figure 3-2. Stribeck friction model............ccoeeiiiiiiiiiiiieceeceeee e 89

xiii



Figure 3-3. (a) sliding rigid block subjected to a horizontal ground excitation. (b)

Rectangular ground acceleration pulse with amplitude a, and duration T7,.

(C) Ground VEIOCILY. ....ecvieiiieiieiieeie ettt 89
Figure 3-4. Ground acceleration and velocity time histories of the Rinaldi motion
(RRS228) recorded during the 1994 Northridge earthquake, together with
the symmetric Ricker wavelet with effective period of 1.0 s matched to the
1oNG-PEriod PUISE. ..ooveiieiiieiiecieeeee e 90
Figure 3-5. Dimensionless solutions to demonstrate the effect of isolation period ratio

T, /T, (left) and isolation damping ¢, (right) for rigid superstructure......... 90
Figure 3-6. Effect of kinetic-to-static friction coefficient ratio s, /u, (rigid
SUPCTSITUCTUIE ). .eeveveeutieiteetieeteetteeiteeteeenteesteeseteeseesaseenbeesaseenseesnseenseesnseennes 91
Figure 3-7. Left: Effect of the transition between static and kinetic friction, Sa,T’, . Right:

Effect of viscous property of the contact, ya,T, (rigid superstructure). ...... 91

Figure 3-8. Effect of the mass ratio m,./M, on the maximum sliding response (rigid

SUPCTSITUCTUIE). .oeuvvientieeirieieeeieeteeeeteeeeesbeesteessbeesaesaseesseessseensaesnseenseesssesnses 92
Figure 3-9. Dimensionless curves to demonstrate the effect of isolation period for bilinear
systems (11g1d SUPETSIIUCLUTE). ....veeerireeiireeiieeeieeeeieeeereeesreeeseaeeesreeeneneeenns 92
Figure 3-10. Effect of dimensionless characteristic strength on peak sliding displacement
(T1Z1d SUPETSIIUCLUTIE). ..vvieiiiiiieiieeiieiie ettt et ete et e eeeeeeee e e e enes 93

Figure 3-11. Effect of the isolation system’s dimensionless yield displacement, u,, / a pTPZ ,

on the peak sliding displacement (assuming rigid superstructure). .............. 93

Figure 3-12. Effect of the isolation system’s dimensionless yield displacement, u,, / a pTPZ ,

on the peak sliding displacement, considering the lateral flexibility of the
SUPETSTIUCTULE. ...ttt eitee ettt ettt ettt e st e st e e st e et eeebteesbbeesaseesane 94

Figure 3-13. Effect of the superstructure-to-isolation period ratio, 7, /7,, on the peak

SIIAING TESPONSE. ...vievtieeiiieiieeie ettt ettt ae e et e e eeaeeenes 94

X1V



Figure 3-14. Coincidence of coherent horizontal and vertical pulses with similar
characteristics. Left: 1994 Northridge earthquake recorded at Pacoima Dam-
Downstream. Middle: 1999 Chi-Chi earthquake recorded at TCU-068
station. Right: 1999 Chi-Chi earthquake recorded at TCU-052 station. ...... 95

Figure 3-15. Schematic of an annular rubber isolator and its shape factor.............c.......... 95

Figure 3-16. Effect of the vertical excitation on the dimensionless sliding response of EC,
including the flexibilities of the isolation system and the superstructure in

both the horizontal and vertical dir€CtioNS. .......uueeeeeeeeeeeeeeeeeeee e 96

Figure 4-1. Friction coefficient x as a function of sliding velocity u for various friction

1001016 (<] E O TSP RTRPRRRR 131
Figure 4-2. (a) Rigid-block model, (b) Model of block with flexible support................. 131
Figure 4-3. Stick-slip sliding during slow pull test of a science laboratory incubator on a
waxed floor SUMfACE. ......cceevuiiiiiiiiicc e 131
Figure 4-4. Examples of structures and nonstructural components that can be
mathematically modeled by the proposed model with flexibility and Stribeck
friction: (a) Equipment on flexible legs, (b) Equipment attached on a

freestanding table, (c) Building isolated on friction devices. (d) Masonry

structures, (e) Geostructure on geosynthetic liner, (f) Gravity dam. .......... 132
Figure 4-5. Schematic illustration of the stick-slip phenomenon. ..........c.ccceeveriiennennnen. 132
Figure 4-6. 2DOF stick-slip MOdel .........cooieiiiiiiniiiiiieiceeeceeeee e 133

Figure 4-7. Schematic of simulating friction hysteresis. (a) Velocity-dependent friction
coefficient, (b) Elastoplastic hysteresis model, and (c) Resultant friction
fO1CE NYSLEIESIS. Loouviiiiieiieiiieieeee ettt ettt et e ens 133
Figure 4-8. Comparison between closed-form solutions for a rigid sliding block with

Coulomb friction and numerical solutions of the stick-slip model (m, =0)

XV



under an exponential pulse excitation with acceleration amplitude a,,

duration T, , and shape parameter f3, .........cocooveeuriinnininniinnisnenes 133

Figure 4-9. Wavelet types used in this study (in these plots, 7, =1.0s and a, =g ). ...134

Figure 4-10.

Figure 4-11.

Figure 4-12.

Figure 4-13.

Figure 4-14.

Figure 4-15.

Figure 4-16.

Figure 4-17.

Sliding response of a piece of equipment under a symmetric Ricker wavelet
excitation for A=1/100 (left) and A=0 (right) (k, =24.4x10*N/m,
m =385kg, 1% viscous damping, =100, 7 =0.0)....ccccceerierirrninnncnne 134
Comparison of the response of Newmark (left) and Stick-slip (right) models

(A =0) with Coulomb and Stribeck friction ( £, /1, = 0.5), under symmetric

Ricker wavelet excitation (7, = 0.25sand a, = 0.5g ) .coverreveriineeincenene. 135
Effect of 4, / 1, on the response of a rigid sliding system (7 /7, =0) on a
surface charactized by Static+Coulomb friction ( Sa, T, =5000). ............ 136
Effect of 1, / 11, on the response of a coupled sliding system at resonance,

re., T/T,=1. The support surface is characterized by Static+Coulomb
friction (I1, = fa,T, =5000). c..ccoeriiiiiiiiiiine 136
Effect of fa,T, on the response of a rigid sliding system (7' /7, =0) on a
surface With £4, / g1, = 0.7 . oo 137
Effect of fa,T,on the response of a coupled sliding system at resonance (
T/T,=1)onasurface with g, [z, =0.7 . ..cocooiiiniiiiiiiiiiie, 137
Effect of ya T, on the response of a rigid sliding system with Coulomb

T IO et e e e e e e e e e e e e e aae e e e e e e e raaaaaaeeaenaan 138

Effect of ya,T, on the response of a coupled sliding system at resonance

with g /i, = 0.7, Ba, T, =250 i 138

xvi



Figure 5-1. Hospital equipment used in this study. Left: Heavy ultrasound supported on
wheels (rear) and twin-wheel casters (front). Right: Light hospital cart
supported on 4 twin-wheel casters; the cart is carrying a pulse oximeter on
the top tray and defibrillator on the middle tray. .........cccccoceeveriiniininnenne. 168

Figure 5-2. Schematics of the tested equipment (dimensions in cm). .........ccceevveennennnee. 168

Figure 5-3. Positive brake mechanism of the ultrasound’s twin-wheel casters. The dark
streak on the tire, where the brake engages, indicates that the brakes do not
completely lock the Wheels.........cocooieiiniiiiiiiiicce, 169

Figure 5-4. Top: Schematic of the resistance test setup (surrounding barrier not shown).
Bottom: Photograph of the test Setup........c.ccceeveiieiierieiiiecieceeeeeeee 169

Figure 5-5. Force-displacement loops for the unlocked ultrasound. Left: with casters

initially set at the 0-degree position. Right: with casters initially set at the

180-degree POSILION. ....c..evuiiriieiiiiienieeieeteste ettt 170
Figure 5-6. Force-displacement loops for the hospital cart (casters initially at 0-degree

POSTEION). 1.etiiiiieiiieeiteeite et etee ettt e et e esteesebeebeessteessaessseesseessseensaessseesseensnas 170
Figure 5-7. Acceleration response spectra for the scaled ground motions. ..................... 171
Figure 5-8. Plan and elevation views of the building. ...........cccooieiiiiiiniiiiie, 171
Figure 5-9. Brace and gusset plate elements. .........c.ceccveevierieniieniienieeiiece e 171
Figure 5-10. Comparison of desired and observed simulated floor spectra .................... 172

Figure 5-11. Absolute X-direction displacement and rotation of the unlocked ultrasound

(left) and its monitor (right) under the 31 story NORTHR-DBE excitation.

Figure 5-12. Relative displacement and velocity orbits of the locked and unlocked
ultrasound under the 3™ story NORTHR-DBE excitation.......................... 172
Figure 5-13. Absolute acceleration response of the ultrasound due to the 3™ story
LOMAP-DBE excitation under locked (top) and unlocked conditions
(bottom). Left: from accelerometer measurements. Right: from twice-

differentiating the vision-based displacement measurements. ................... 173

Xvii



Figure 5-14. Estimation of the breakaway acceleration of the locked ultrasound, tested at
0-degree orientation under the 3™ story NORTHR-DBE excitation. ......... 173
Figure 5-15. Absolute acceleration of the monitor of the locked ultrasound subjected to
the 3" story NORTHR-DBE motion. The vector sum of the acceleration in
the X-Y plane 1S 0.44 . .eveeevieiieeeeeeeee e 173
Figure 5-16. Relative displacement and velocity orbits of the locked and unlocked
ultrasound tested in the 45-degree orientation relative to the input excitation:
3™ 5tory LOMAP-DBE . ........cocoveiveieeereeeeeeeeeeeeeeseeesessesees s 174
Figure 5-17. Absolute acceleration orbits of the locked and unlocked ultrasound tested in
the 45-degree orientation relative to the input excitation: 3" story LOMAP-
DBE. ..ttt 174
Figure 5-18. Rotation of the locked and unlocked ultrasound tested in the 45-degree
orientation relative to the input excitation: 3™ story LOMAP-DBE. ......... 174
Figure 5-19. Relative displacement and velocity orbits of the locked and unlocked
ultrasound tested in the perpendicular orientation relative to the input
excitation: 3™ Story LOMAP-DBE. .......oo.ooreueeeeeeeeeeeeeeeeeseeeeeeeresseseesenees 175
Figure 5-20. Absolute acceleration of the case and monitor of the locked and unlocked
ultrasound tested in the perpendicular orientation relative to the input
excitation: 3™ Story LOMAP-DBE. .......c..ooviueemereeeeeeeeeeseeeeeeresseeeeesesees 175
Figure 5-21. Relative displacement and velocity orbits of the hospital cart subjected to the

Figure 5-22. Rotation of the hospital cart under the 3™ story LOMAP-DBE excitation. 176
Figure 5-23. Absolute acceleration orbits of the hospital cart under the 3™ story LOMAP-
DBE @XCIATION. ...cutiiiieiiiieiie ettt ettt st e 176
Figure 5-24. Peak demands on the ultrasound on different stories for the three hazard
LEVRLS. ettt 177
Figure 5-25. Peak relative displacement and relative velocity responses of ultrasound and
hospital cart as a function of peak floor absolute acceleration, velocity, and

AISPIACEMENL. ..ottt 177

Xviii



Figure 5-26. Regression analysis of the displacement and velocity demands data. ........ 178
Figure 5-27. Conditional probability curves for medical equipment supported on
wheels/casters. Left: Peak relative displacement. Right: Peak relative
VEIOCTEY. ittt sttt 178

Figure 5-28. Comparison between the Newmark’s sliding model and experimental results.

Figure 6-1. Medical equipment used in this study. Left: An ultrasound machine supported
on wheels (rear) and casters (front). Right: A light hospital cart carrying a
pulse oximeter on the top tray and defibrillator on the middle tray. .......... 205
Figure 6-2. Design spectrum and 5% damped acceleration spectra for scaled ground
10010] 510 ) SO O U SPSTRPRRS 205
Figure 6-3. Schematics of the fixed-base and base-isolated buildings. ..........cccccecvenneeee. 205
Figure 6-4. a) LRB hysteretic model consisting of an elastic column element in parallel
with a lateral hysteretic and vertical elastic nonlinear spring. b) Resultant

lateral force-displacement hysteresis of the model. c¢) Resultant vertical

force-displacement of the 1SOlAtor. .........cceeviieiiiiiieiiecceee e 206
Figure 6-5. TFP system considered in this Study. .........ccccoevieriiieiieniiieiecieeeecee e 206
Figure 6-6. Normalized hysteresis loops of equivalent LRB and TFP systems. ............. 206
Figure 6-7. Peak absolute floor displacement. .............cocueeiiiiiiinieniieeienieeeeeeeeeee, 207
Figure 6-8. Peak absolute floor VEIOCItY. ........ccoviriieiiiiiiieiieieeee e 207
Figure 6-9. Peak absolute floor acceleration..........c..ecveeveeriieriieciienieeieesie e 208
Figure 6-10. Interstory drift 1atio. ........cceeeiiieeiiieeieecee e 208
Figure 6-11. 2% damped 3™ floor acceleration SPECtra. .............ccoovverrveververrrsresrsenens 209

Figure 6-12. Relative displacement orbits of the hospital cart, ultrasound-locked (U-L),
and ultrasound-unlocked (U-U) under the 3™ floor NORTHR-DBE

X CIEATION. ¢ et ee ettt e e e e e et e e e e e e e e e e e e e eeeeeeeeeeea e aaeeeeeeenaannaaaaeeeeeraan 210

XiX



Figure 6-13. Relative velocity orbits of the hospital cart, ultrasound-locked (U-L), and
ultrasound-unlocked (U-U) under the 3™ floor NORTHR-DBE excitation.

Figure 6-14. Comparison of peak displacement and velocity responses for Cart,
Ultrasound-Unlocked, and Ultrasound-Locked placed on the 3™ floor. ....212
Figure 6-15. Fragility curves comparing the different systems. ..........cccceevveevercieeneenen. 212
Figure 6-16. Demand parameter vs intensity measure for equipment in base isolated
hospitals (LRB and TFP data). .........c.cccceeiiiniiniiiiieeeeeeeeeee, 213
Figure 6-17. Regression analysis of the displacement and velocity demand data of
equipment with unlocked wheels/casters (C and UU) in base-isolated
building for LRB and TFP systems. ........cccccccueeiiiiinciieerieecieeeee e, 213
Figure 6-18. Conditional probability curves. Left: Peak relative displacement (unlocked

wheels/casters). Right: Peak relative velocity (unlocked wheels/casters)..213

Figure 7-1. (a) Schematic of the experimental setup. (b) Camera view from top. The
distance between two LEDs attached on the monitor is 458 pixels; the
corresponding distance for the LEDs attached on the ultrasound body is 307
PIXECIS. ottt et e st aeeabeerbeenneas 240

Figure 7-2. Schematic of the experimental setup for assessing the accuracy of the vision-
based MEASUTEMENTS. ........eeriieiiieiieeieeie ettt ettt 240

Figure 7-3. Displacement, velocity, and acceleration time histories of the decaying up-

chirp signal used as shake-table INPUL. .........cceeeeeeiiierieiiiienie e 240
Figure 7-4. Example of image calibration/correction. Left: distorted/uncorrected image.
Right: undistorted/corrected IMage. ...........cocevvvereeneriiinienenieneceeiceeene 241
Figure 7-5. Illustration of camera SENSOT NOISE........ccuvereeeriierieeiieeieeiienieeriee e eveenenes 241

Figure 7-6. Synchronized signals for absolute position of the ultrasound (using camera
recordings) and of the shake table (using the displacement transducer) under

70% of the 1989 Loma Prieta earthquake excitation.............cocceeereeneennens 241

XX



Figure 7-7. Comparison of the local displacement peaks obtained using the camera and

the displacement tranSAUCET...........ccceeeviieriiiiieiieeiieee e 242
Figure 7-8. Frequency capability of the camera for measuring displacement.................. 242
Figure 7-9. Effect of filter window length on velocity measurements for Test 4............ 243
Figure 7-10. Frequency capability of the camera in measuring velocity (for SG filter with
0.05 s WINAOW 1€NZth).....eooiiiiiiiiieiieciecece e 243
Figure 7-11. Effect of filter window length on acceleration measurements for Test 4. ..244
Figure 7-12. Frequency capability of the camera in measuring acceleration (for SG filter
with 0.05 s window length). .........ccoocieiiiiiieieeeee e, 244
Figure 7-13. Frequency capability of the camera (for SG filter with window length of 0.05

Figure 7-14.

S ). teutent ettt ettt h bt h e h ettt bbbt bbbt e bbbt e bt bttt e et et ene st eas 245
Frequency content of the displacement response of the ultrasound machine

shown in Figure 7-6 measured at a frame rate of 60 fps. .......ccceeveeriiennnn. 245

xxi



Co-Authorship

This thesis has been prepared in accordance with the regulations for a “sandwich” thesis
format as stipulated by the School of Graduate Studies at McMaster University. The

thesis has been co-authored as:

Chapter 2: Seismic Response of Sliding Equipment in Base Isolated Buildings
Subjected to Broad-Band Ground Motions

Authors: D. Konstantinidis and F. Nikfar

The analytical model and analysis were carried out by Farzad Nikfar under the
supervision of D. Konstantinidis. The formulations regarding the appropriate Intensity
Measure and Engineering Demand Parameter for sliding equipment and contents in base-
isolated buildings as well as the formulations to develop the fragility functions were
derived by D. Konstantinidis. The manuscript was prepared by F. Nikfar under the
supervision of D. Konstantinidis. This chapter has been published in the Journal of

Earthquake Engineering and Structural Dynamics.

Chapter 3: Peak Sliding Demands on Unanchored Equipment and Contents in Base-

Isolated Buildings under Pulse Excitation
Authors: F. Nikfar and D. Konstantinidis

The analytical model was developed by F. Nikfar under the supervision of D.
Konstantinidis. The dimensional analysis formulations and analyses were carried out by
F. Nikfar under the supervision of D. Konstantinidis. The manuscript was prepared by F.
Nikfar under the supervision of D. Konstantinidis. This chapter will be submitted for

publication as a peer-reviewed journal paper.

xxii



Chapter 4: Effect of the Stick-Slip Phenomenon on the Sliding Response of Objects

Subjected to Pulse Excitations
Authors: F. Nikfar and D. Konstantinidis

The mathematical formulation of the stick-slip sliding model, dimensional analysis
formulation, and analysis were carried out by F. Nikfar under the supervision of D.
Konstantinidis. The manuscript was prepared by F. Nikfar under the supervision of D.
Konstantinidis. This chapter has been submitted to the Journal of Engineering Mechanics

(ASCE).

Chapter 5: Shake Table Investigation on the Seismic Performance of Hospital

Equipment Supported on Wheels/Casters
Authors: F. Nikfar and D. Konstantinidis

Design of the experimental program, construction of the test set-up, instrumentation,
running the shake table, analytical modeling, and analysis were performed by F. Nikfar
under the supervision of D. Konstantinidis. The manuscript was prepared by F. Nikfar
under the supervision of D. Konstantinidis. This chapter has been submitted to the Journal

of Earthquake Engineering and Structural Dynamics.

Chapter 6: Experimental Study on the Seismic Response of Equipment on

Wheels/Casters in Base-Isolated Hospitals
Authors: F. Nikfar and D. Konstantinidis

The experimental program, analytical modeling and analysis were carried out by F.
Nikfar under the supervision of D. Konstantinidis. The manuscript was prepared by F.
Nikfar under the supervision of D. Konstantinidis. This chapter will be submitted for

publication as a peer-reviewed journal paper.

xXxiii



Chapter 7: Evaluation of Vision-Based Measurements for Shake Table Testing of

Nonstructural Components
Authors: F. Nikfar and D. Konstantinidis

The image processing and motion capture codes in MATLAB were developed by F.
Nikfar under the supervision of D. Konstantinidis. The experimental program was
designed and carried out by F. Nikfar under the supervision of D. Konstantinidis. The
manuscript was prepared by F. Nikfar under the supervision of D. Konstantinidis. This

chapter has been submitted to the Journal of Computing in Civil Engineering (ASCE).

XX1v



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

Chapter 1: Introduction

1.1 Importance of nonstructural components

The efforts of the earthquake engineering community over the years have been
overwhelmingly focused on the design of earthquake-resistant structural systems, while
substantially less attention has been paid to ensuring the adequate seismic performance of
nonstructural components. Structural integrity during a seismic event is paramount to
ensure life safety, but this level of performance is often insufficient from the point of
view of resilience. To minimize downtime and large economic losses, it is generally
necessary to target an immediate occupancy or operational performance level. This is
hardly achievable unless the performance of nonstructural components is taken into
consideration. Damage to critical facilities such as hospitals, emergency response centers,
power plants, key governmental facilities, and also special buildings containing expensive
research laboratories and high-technology fabrication facilities may bring about severe
human, environmental and economic losses [1]. From the economic point of view,
neglecting to provide for the satisfactory seismic performance of nonstructural
components is imprudent [2]. The value of nonstructural components in a typical
commercial building dwarfs the cost of the structure itself, often accounting for 80 to
90% of the total value of a building [3]. In view of this and the fact that nonstructural
damage typically initiates at lower levels of shaking intensity than structural damage, it is
expected that a significant portion of the total economic losses resulting from a major
seismic event will be attributed to nonstructural damage [4]. For example, the 1994
Northridge earthquake resulted in major economic losses upwards of $3.4 billion in
hospitals, and nonstructural damage accounted for most of this figure [5]. For critical
facilities, such as hospitals, emergency operations centers, and police and fire stations,
continued functionality during and after the seismic event is of utmost importance. In the
2001 El Salvador Earthquake, the loss of functionality of the healthcare system was

mostly due to the damage to nonstructural elements, medical equipment, and supplies;
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only limited damage to engineered structural elements was reported [6]. A similar
scenario led to nonstructural damage requiring repair to 62% of the hospitals located in
the areas affected by 2010 Maule, Chile Earthquake; 83% of these hospitals suffered
impaired functionality mainly due to nonstructural damage, while the structure suffered

no damage [7].

1.2 Performance of nonstructural components in past earthquakes

Although recent earthquakes have proven the acceptable performance of the
structural systems in critical buildings designed according to recent structural design
codes, in many cases damage to nonstructural components was the main cause of
disruption to their functionality [8,9,10,11,5,7]. Recent examples of poor seismic
performance of nonstructural components in structurally code-compliant hospitals include
hospitals during the 2010 Chile Earthquake [12]. The hospital buildings were designed
based on Chilean seismic design codes, which are very similar to recent United States
codes. Nevertheless, there were several cases of damage to unsecured equipment and
contents that fell or broke during the earthquake, hindering the emergency response
function of the hospitals [12]. In many cases, large, unanchored equipment, such as
incubators and computers, was reported damaged after falling to the floor [12]. Similarly,
in the 2011 Christchurch earthquakes, poor performance of utility networks and damage
to nonstructural components were reportedly the major problems affecting the operation
of the Canterbury hospital system [13]. Severe nonstructural damage and loss of
functionality in medical facilities during the 1994 Northridge, 1995 Kobe, and 1999 Chi-
Chi earthquakes resulted in impaired emergency response operations, demonstrating that
the resilience of critical facilities, such as hospitals, is highly correlated to the seismic

performance of their nonstructural components [14,15].

1.3 Nonstructural components types and associated hazards

The list of nonstructural components in a building is vast. Both the FEMA E-74 [16]
and the CAN/CSA S832 [17] documents divide nonstructural components into three

broad categories: architectural components, equipment (electrical, mechanical and
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plumbing), and contents. The present study focuses on Unanchored (freestanding) items
under the equipment and contents (EC) categories. Figure 1-1 shows examples of
freestanding EC. During earthquake shaking, EC located at various floor levels of
buildings can vibrate, break loose of their restrainers, slide, rock, jump, twist, impact
neighbouring EC, walls, and occupants, or overturn. Shenton [18] presented criteria for
determining the mode of response of freestanding objects. In this study, we focus on EC
for which sliding and rolling (in case of wheel/caster-supported EC) are the only modes
of response. Rocking as a mode of response of the EC is not considered in this study.
Slender EC with relatively high frictional resistance tend to rock and possibly overturn
when subjected to base excitation.

Sliding is very common for freestanding (i.e., unanchored) EC, particularly those that
are stocky and have a relatively low friction coefficient (examples are shown in Figure
1-1 (right) and Figure 1-2). The concern for sliding EC is excessive displacements, which
can lead to different problems depending on the type of EC. For example, for a small or
light EC item resting on top of a benchtop/shelf (e.g., see Figure 1-2), excessive sliding
may result in the EC falling off the edge or impacting adjacent objects [19]. Sliding can
also result in impact with people working in the vicinity of the EC, putting their safety at
risk. Furthermore, excessive sliding displacements of very heavy EC may block an
evacuation path or doorway. Large displacements of sensitive/heavy EC that can result in
impact with walls or neighbouring EC should be avoided, since the resulting acceleration
spikes can damage the EC and impair functionality [20]. Moreover, there are other
hazards that might initiate due to EC displacement. Fires can be initiated from EC (an
example of this was a fire initiated in the building of the School of Chemical Sciences in
the University of Concepcién in the 2010 Chile earthquake [7]); (b) loss of valuable lab
samples (e.g., stem cells [24, 20]); (c) spill of hazardous materials (chemical,
biohazardous, radioactive materials, etc.)

In this study, rolling EC is refers to EC supported on wheels/casters that roll during
seismic shaking, causing the EC to move. They are very common in hospitals (Figure 1-1
(left) and Figure 1-3), power plants, and nuclear facilities (Figure 1-4) due to their

mobility requirements. About one-third of hospital equipment and appliances are on
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wheels and casters [21]. The concern with equipment and appliances on wheels and
casters during earthquakes is that they might exhibit large movements. Excessive
movements could tear off or disconnect the electric plugs and impair the functionality of
the equipment. For instance, large movements of an Anesthesia Machine (shown in
Figure 1-1 (left)) may not only tear off its electric plug, but also disconnect its
connections to piped hospital oxygen, medical air, and nitrous oxide. This would lead to
malfunction of the equipment and possible loss of life. Large motion of EC in the
operating room 1is also a big concern for doctors during operations. Moreover, large
displacement increases the possibility of collision with other furniture, equipment and
surrounding partitions. Impact as a result of collision introduces high accelerations that
can lead to damage to acceleration-sensitive equipment and components. In the case of
heavy equipment on wheels, a collision with people in vicinity of the equipment may
result in injury.

The hazard associated with rolling EC can stem from one or combination of: (a)
excessive displacement that can increase the potential of impact with adjacent EC as well
as other nonstructural components, including partition walls; (b) large relative velocity,
which, if coincident with large relative displacement, may result in damaging impact that
can put the safety of the people working in the vicinity of the equipment or the
functionality of the equipment at risk; (c) large accelerations, particularly in the high
frequency range, that can cause resonance and damage to the electronic parts and attached

components of equipment.

1.4 Seismic mitigation strategies

Although seismic restraints are typically recommended to prevent sliding of EC,
such restraints can be costly. For example, a study by Comerio and Stallmeyer [22]
estimated the cost of restraining the EC in five typical University of California, Berkeley,
laboratories at US$25 per square foot (US$270 per square meter). For UC Berkeley
buildings where the dominant use is laboratories, the cost of seismically restraining the
EC could range from US$8 to $12 million [23]. Besides cost, there are also practical

limitations associated with restraining EC. Some EC items need to remain mobile. Even
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though some light benchtop items can be restrained by detachable devices, most heavy
items and items on carts or wheels require a permanent wall or counter anchor to which
the removable anchor can be attached. If such a fixity point is not available, successful
restraint is not possible [23]. Another problem associated with restraining EC is the
transmitted accelerations to the EC through its anchorage. A shake table test study [24] on
chain-anchored laboratory equipment showed the peak accelerations of anchored
equipment to be significantly (as much as 7 times) larger than those of freestanding
equipment. Such excessive accelerations can damage internal parts of acceleration-
sensitive equipment and result in loss of functionality [22].

As mentioned earlier, excessive relative displacement, relative velocity, absolute
acceleration, and vibration frequency that EC experience are the main causes of hazard in
earthquakes. Thus, the desirable characteristics of earthquake protection systems for
building EC include the ability to decrease floor acceleration, relative displacement, and
relative velocity together with shifting the floor vibration frequency to frequencies lower
than the equipment resonance frequency. Seismic isolation appears to be an ideal solution
for protecting building EC since it aims to control all of the aforementioned demand
parameters. While this claim has been made three decades ago [25], the supporting
research for unanchored EC is fairly new.

It is worth mentioning that component-level base isolation that isolates individual
EC from floor excitations is another alternative [26] that has been implemented for
seismically upgrading facilities, particularly, electrical equipment in data centers.

However, the study of this type of isolation system is beyond the scope of this thesis.

1.5 Recent studies on the performance of nonstructural components in base-

isolated buildings

To date, there has been only one comprehensive experimental program that
examined the performance of freestanding EC and particularly hospital equipment on
wheels/casters in a base-isolated hospital [21,27,28]. It included full-scale shake table
experiments of a four-story RC building at E-Defense facility, Japan, to evaluate the

performance of fixed-base and base-isolated medical facilities. Various rooms at different
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floor levels of the building were outfitted with hospital equipment and appliances to
replicate realistic hospital rooms [21,27,28]. The experimental program was aimed at
studying various aspects of the facility. Shi et al. [28] focused specifically on the
performance of items on casters. It was observed that the equipment with unlocked
casters may experience movements as large as three meters [28]. Multiple collisions with
other equipment, furniture, and partitions were observed that resulted in accelerations up
to 10 g [28]. The experimental results of the base-isolated building showed that most
equipment and appliances (including the ones with locked casters) experienced negligible
movement except for those with unlocked casters that exhibited very large motions,
leading to collisions with other equipment and surrounding partition walls [28]. For
equipment with locked casters, the response was very small when the building was tested
as base-isolated, but when the building was tested as fixed-base, especially under near-
fault ground motion, the equipment experienced the largest response and damage [28].
Although the study provides valuable information about the performance of this class of
EC, it does not provide a tool to estimate the EC demands in an earthquake event.

Notable full-scale shake table test studies which included the performance of
nonstructural components were undertaken. Ryan et al. [29] carried out a shake table
study of a five-story, steel moment-frame building, in both fixed-base and base-isolated
configurations. The building featured an array of nonstructural components, including
interior walls, ceiling systems, sprinkler piping systems, and loose contents [30]. Pantoli
et al. [31] conducted shake table tests of a five-story reinforced-concrete building (both
fixed base and base isolated) that featured a variety of nonstructural components and
systems. Di Sarno et al. [32] and Cosenza et al. [33] investigated the dynamic response of
nonstructural components (freestanding cabinets and desks) in typical hospital rooms
through shake table tests and fragility analysis.

The intent of the brief literature review that was presented in this introductory
chapter was to provide an overview of previous work on the seismic response of
nonstructural components in a general context, with some specifics about equipment and

contents that are prone to sliding or rolling. An in-depth literature review on the specific
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topic covered in each chapter of this sandwich thesis is presented in the Introduction

section of that chapter.

1.6 Impetus and research objectives

Although the concept of base isolation is well established and it has been the
method of choice for critical facilities particularly hospitals in Japan and the United
States, the supporting research on its effectiveness to protect freestanding EC is limited.
Experimental and analytical/numerical research studies to evaluate the seismic
performance of important nonstructural components, including medical equipment, seem
to be urgent to fill in current knowledge gaps and improve seismic provisions for
nonstructural components that have been for the most part based on empirical approaches.

The objective of this thesis is to develop a greater understanding and quantitative
characterization of the seismic behaviour of freestanding equipment and contents that
tend to slide or roll. The study investigates the seismic response of EC in fixed-base
buildings and assesses the effectiveness of base isolation in reducing the seismic demands
on these types of EC. An analytical approach was adopted to study the behaviour of
sliding EC in fixed-base and base-isolated buildings. Advanced analytical models were
developed to better estimate the sliding response of rigid and flexible EC in buildings.
The seismic behaviour of EC supported on wheels/casters was studied through an

extensive experimental program, which included shake table tests.

1.7 Structure of thesis

This thesis was prepared in accordance with the regulations of a “sandwich” thesis
format containing previously published and prepared materials. Since Chapter 2 to
Chapter 7 were prepared to become stand-alone documents, each chapter has its own
introduction, conclusion and bibliography. Overlap is likely to occur between chapters,

mainly in the introduction part of each.

PART 1 of this thesis, consisting of Chapters 2, 3, and 4, include analytical

investigations on the seismic response of sliding EC.
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Chapter 2 investigates the seismic behaviour of sliding EC inside base-isolated
buildings subjected to broadband ground motions. The effect of isolation system
properties on the response of rigid sliding EC with various friction coefficients is
examined. Two widely used isolation models are considered: viscously damped linear
elastic, and bilinear. The study identifies physically motivated dimensionless intensity
measure and engineering demand parameter for sliding equipment in base-isolated

buildings. Finally, design fragility curves are presented for EC in base-isolated buildings.

In Chapter 3, pulse-like ground motions are approximated by analytical pulses that
facilitate performing dimensional analysis. Dimensional analysis is performed to explore
the existence of physical similarities in the sliding response of EC in buildings isolated
using viscoelastic and bilinear isolation systems. An advanced friction model with
capability of capturing velocity-dependent friction in low and high velocities is utilized.
The effect of various parameters, including isolation nominal period and damping, static
friction and its transition to kinetic friction, interaction between the sliding object and the
seismically isolated building, and vertical flexibility of the isolation and super-structure

are investigated.

Chapter 4 investigates the effect of EC flexibility and velocity dependence of
friction that may lead to stick-slip during sliding of the EC. The mathematical formulation
of a sliding system that can capture the stick-slip phenomenon is developed. A
dimensional analysis approach is taken to expose the underlying physical similarities in
the sliding problem and to compare the results of the stick-slip model with conventional
sliding models, such as Newmark’s rigid block and coupled sliding models that are not

capable of capturing the stick-slip phenomenon.

PART I1I of this thesis, consisting of Chapters 5, 6, and 7, investigate the seismic

response of EC supported on wheels/casters through shake table experiments.

Chapter 5 contains the results of the experiments to evaluate the frictional
resistance of the wheels and casters of two pieces of hospital equipment. It also presents

the results of the shake table experiments for evaluating the seismic response of the
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equipment in a fixed-base steel special-braced-frame hospital. The experimental data is
presented for the equipment in locked and unlocked conditions. Finally, probability
functions that can be used to predict the peak seismic demands on EC supported on

wheels/casters in fixed-base buildings are proposed.

Chapter 6 investigates the seismic response of wheel/caster-supported EC in base-
isolated buildings through shake table tests of two pieces of hospital equipment. This
chapter adopts a comparative approach to examine the performance of bilinear (LRB) and
triple-friction-pendulum (TFP) isolation systems against a conventional fixed-base
hospital. It provides probability functions that can be used by practicing engineers to
estimate the peak relative displacement and relative velocity of EC on wheels/casters in

base-isolated buildings.

Chapter 7 discusses the application of camera for measuring the complex motion of
medical equipment during the shake table experiments. It presents the results of
controlled shake table tests performed to evaluate the accuracy of a low-cost consumer-
grade camera for this purpose. The chapter provides contour plots that can be used to
determine the maximum displacement, velocity, and acceleration errors for a wide
combination of camera resolution and frame rate values. Furthermore, the chapter
introduces a useful method to synchronize the output of conventional sensors and camera
recordings based on a wavelet approach. Such synchronization is necessary, and is often a
challenge, in experimental setups where a combination of camera and conventional

sensors are used to collect data.

Chapter 8 concludes the thesis. It summarizes the important findings from each

chapter and provides recommendations for future studies.
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Rolling Equipment Rocking Equipment Sliding Equipment
(equipment on wheels/casters)  (slender objects / high friction) (stocky objects / low friction)
, —

Ls
»

Anesthesia Machine Electrical Equipment Kelvinator Refrigerator
(Hamilton Cancer Hospital) (FEMA E-74 [16]) (PEER Report [24])

Figure 1-1: Examples of wheel/caster supported, rocking, and sliding equipment and
contents

Figure 1-2: Sliding hospital EC on shelves
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Figure 1-4: Examples of EC on wheels/casters at a nuclear facility (McMaster University
Nuclear Reactor facility)

! Online Source (Feb. 17, 2016 ): http://www.vancouversun.com/cms/binary/11490373.jpg
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PART 1

ANALYTICAL INVESTIGATIONS ON THE SEISMIC RESPONSE
OF SLIDING EQUIPMENT AND CONTENTS
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Chapter 2: Seismic Response of Sliding Equipment in Base Isolated
Buildings Subjected to Broad-Band Ground Motions

Reproduced with permission from John Wiley & Sons.

Konstantinidis D., Nikfar F. 2015, Seismic Response of Sliding Equipment in Base
Isolated Buildings Subjected to Broad-Band Ground Motions, Earthquake Engineering
and Structural Dynamics, 44(6): 865-887.

Abstract

Base isolation has been established as the seismic design approach of choice
when it comes to protecting nonstructural contents. However, while this protection
technology has been widely shown to reduce seismic demands on attached oscillatory
equipment and contents (EC), its effectiveness in controlling the response of
freestanding EC that are prone to sliding has not been investigated. This study
examines the seismic behavior of sliding EC inside base-isolated buildings subjected to
broadband ground motions. The effect of isolation system properties on the response of
sliding EC with various friction coefficients is examined. Two widely used isolation
models are considered: viscously damped linear elastic, and bilinear. The study finds
isolation to be generally effective in reducing seismic demands on sliding EC, but it
also exposes certain situations where isolation in fact increases demands on EC, most
notably for low friction coefficients and high earthquake intensities. Damping at the
isolation level is effective in controlling the EC sliding displacements, although
damping over about 20% is found to be superfluous. The study identifies a physically
motivated dimensionless intensity measure and engineering demand parameter for
sliding equipment in base-isolated buildings subjected to broadband ground motions.
Finally, the paper presents easy-to-use design fragility curves and an example that

llustrates how to use them.
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2.1 Introduction

The effort of the earthquake engineering community over the years has been
overwhelmingly focused on the design of earthquake-resistant structural systems, while
substantially less attention has been paid to ensuring the adequate seismic performance of
nonstructural components. Structural integrity during a seismic event is paramount to
ensure life safety, but this level of performance is often insufficient from the point of
view of resilience. To minimize downtime and large economic losses, it is generally
necessary to target an immediate occupancy or operational performance level. This is
hardly achievable unless the performance of nonstructural components is taken into
consideration. From the economic point of view, neglecting nonstructural components is
imprudent [1]. The value of nonstructural components in a typical commercial building
dwarfs the cost of the structure itself, often accounting for 80 to 90% of the total value of
a building [2]. In view of this and the fact that nonstructural damage typically occurs at
lower levels of shaking intensity than structural damage, it is expected that a significant
portion of economic losses resulting from a major seismic event will be attributed to
nonstructural damage [3]. For example, the 1994 Northridge earthquake resulted in major
economic losses upwards of $3.4 billion in hospitals, and nonstructural damage accounted
for most of this figure [4]. For critical facilities, such as hospitals, emergency operations
centers, and police and fire stations, continued functionality during and after the seismic
event is of utmost importance. In the 2001 EI Salvador Earthquake, the loss of
functionality of the healthcare system was mostly due to the damage to nonstructural
elements, medical equipment, and supplies; only limited damage to engineered structural
elements was reported [5].

The list of nonstructural components in a building is vast. Both the United States
Federal Emergency Management Agency (FEMA) E-74 [6] and the Canadian Standards
Association (CSA) S832 [7] documents divide nonstructural components into three broad
categories: architectural components, equipment (electrical, mechanical and plumbing),
and contents. This study focuses on nonstructural components that belong predominantly

in the equipment and contents categories, abbreviated herein as EC. During earthquake
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shaking, EC located at various floor levels of buildings can vibrate, break loose of their
restrainers, slide, rock, jump, twist, impact neighboring EC or walls, or overturn. Shenton
[8] presented criteria for determining the mode of response of freestanding objects. The
rocking response of freestanding objects has been studied in great length elsewhere, e.g.
[9-13]. In this study, we focus on objects for which sliding is the only mode of response.
Sliding is very common for freestanding (i.e., unrestrained) EC, particularly those that are
stocky and have a relatively low friction coefficient. The problem of sliding objects has
been studied at various levels by Shao and Tung [14], Choi and Tung [15], Lopez Garcia
and Soong [16,17], Chaudhuri and Hutchinson [18], Hutchinson and Chaudhuri [19],
Konstantinidis and Makris [20,21], and references reported therein. The concern for
sliding EC is excessive displacements, which can lead to different problems depending on
the type of EC. For example, for a small or light EC item resting on top of a
benchtop/shelf, excessive sliding may result in the EC falling off the edge or impacting
adjacent objects [22]. In the case of relatively heavy EC, sliding can result in impact with
people working in the vicinity of the EC, putting their safety at risk. Furthermore,
excessive sliding displacements of very heavy EC may block an evacuation path or
doorway. Large displacements of sensitive/heavy EC that can result in impact with walls
or neighboring EC should be avoided, since the resulting acceleration spikes can damage
the EC and impair functionality [20].

Although seismic restraints are typically recommended to prevent sliding of EC,
such restraints can be costly. For example, a study by Comerio and Stallmeyer [23]
estimated the cost of restraining the EC in five typical University of California, Berkeley,
laboratories at US$25 per square foot (US$270 per square meter). For UC Berkeley
buildings where the dominant use is laboratories, the cost of seismic restraining the EC
could range from US$8 to $12 million [24]. Besides cost, there are also practical
limitations associated with restraining EC. Some EC items need to remain mobile. Even
though some light benchtop items can be restrained by detachable devices, most heavy
items and items on carts or wheels require a permanent wall or counter anchor to which

the removable anchor can be attached. If such a fixity point is not available, successful
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restraint is not possible [24]. Another problem associated with restraining EC is the
transmitted accelerations to the EC through its anchorage. A shake table test study [25] on
chain-anchored laboratory equipment showed the peak accelerations of anchored
equipment to be significantly (as much as 7 times) larger than those of freestanding
equipment. Such excessive accelerations can damage internal parts of acceleration-
sensitive equipment and result in loss of functionality [23].

Seismic isolation is a proven design approach for mitigating earthquake damage.
Unlike traditional earthquake-resistant design approaches which aim at increasing the
structure’s capacity, seismic isolation aims at reducing seismic demand, protecting both
the structural system and the nonstructural components [26]. This is achieved by
decoupling the building from the ground motion by placing horizontally flexible bearings
between the building and its foundation. The fundamental period of the system is
increased, and interstory drifts and story accelerations in the building are substantially
reduced. The effect of different seismic isolation systems on the performance of attached
equipment that behave like viscously damped linear oscillators has been studied at
various levels in [27-33].

Recently, large-scale experimental studies have investigated the response of
nonstructural components in base-isolated (BI) buildings. A shake-table test study of a
full-scale, four-story, BI reinforced-concrete specimen representing a medical facility was
conducted at E-Defense [34-36]. The structural specimen housed a wide variety of
furniture and medical appliances. The study used near-fault and long-period, long-
duration ground motions as input. An overview of the study and its findings is offered in
Sato et al. [34], while Furukawa et al. [35] focused on the effects of vertical motion on the
structure and its contents, and Shi et al. [36] focused on the response of the contents. A
large portion of the nonstructural components investigated in this study consisted of
objects that were supported on casters, both locked and unlocked. Objects on locked
casters had a friction coefficient of 0.63 and experienced no motion, while objects on
unlocked casters rolled to very large distances (as much as 3.6 m) under excitations with

spectral peaks near the isolation period. More recently, Ryan et al. [37] undertook a
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shake-table test study of a five-story, BI steel moment-frame building at E-Defense. The
building featured an array of nonstructural components, including interior walls, ceiling
systems, sprinkler piping systems, and loose contents [38]. Hutchinson et al. [27]
conducted shake-table tests of a five-story, BI reinforced-concrete building that featured a
variety of nonstructural components. Detailed findings from the last two test programs are
expected in forthcoming publications.

Except for some preliminary efforts [40,36,41], the performance of sliding EC in
isolated buildings has not been previously studied in depth. This paper presents the results
of an extensive study aiming to quantify the performance of sliding EC in isolated
buildings subjected to broadband ground motions. An EC item is modeled as a rigid mass,
and the contact interface between the mass and its base is modeled using Coulomb
friction. Discussion on the validity of these assumptions is offered in [25,20,21]. While
isolation is generally beneficial in reducing the seismic demands on EC, the study
exposes circumstances where isolating a building may in fact result in increased demands
on EC. The paper introduces a physically motivated Intensity Measure (IM) and its
associated Engineering Demand Parameter (EDP) for the sliding response of EC in BI
buildings. The functional dependence between the EDP and the IM is established using
results of numerical simulations. Finally, the EDP is treated as a lognormally distributed
random variable, and practical fragility curves corresponding to different sliding limit

states are developed.

2.2 Description of the model

The discussion in this paper is limited to planar analysis. Under this assumption, a
freestanding rigid object subjected to base excitation has three modes of response
(assuming that the object does not lift off): pure rocking, pure sliding, and rocking-
sliding. The study presented herein focuses entirely on the response of rigid EC that are
stocky enough and/or for which the friction coefficient is low enough that the rocking
mode is not engaged; thus pure sliding is the only mode of response. Figure 2-1 shows a
schematic of the model used in this study. The model consists of three parts: the sliding

EC, the superstructure, and the base isolation system. The horizontal displacement of the
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ground is u,, and the vertical displacement is v,. The horizontal displacements of the

base floor and the story, both relative to the ground, are 1 and u,. The displacement of

the EC relative to the floor (i.e., the sliding displacement) is u . The elements of the
model are assumed rigid in the vertical direction; therefore, the EC experiences the same
vertical acceleration as the ground. A detailed description of each part of the model

follows.

2.2.1 Sliding EC

A rigid block (i.e., the EC item) of mass m,. at the story level is considered, as
shown in Figure 2-1. The block is subjected to horizontal and vertical base excitations,
ii, +ii, and v, respectively, as shown in Figure 2-2. It is assumed that the mechanical
behavior of the contact interface can be described by a classical Coulomb friction model
with coefficient of static friction £, and kinetic friction . Typically the value of 2
tends to be slightly higher than that of s ; however, based on previous studies [22,20], for

all practical purposes, the variation of the static friction coefficient u, has little influence

on the maximum sliding displacement. A Coulomb model with u, =u in essence

describes rigid-perfectly-plastic behavior. Heavy EC are commonly supported on legs,
whose elasticity in conjunction with the Coulomb friction on the contact interface results
in an elastic-perfectly-plastic behavior. Validation of this model with shaking table test
results was presented in [25,20]. The model was found to capture well the mean response
of light EC under a set of ground excitations [22]. An improved prediction of shake table
test results can be achieved by taking into account the pressure- and velocity-dependence

of x; however, a sophisticated friction model of that kind is beyond the scope of this

study.

The equation of motion of the block in Figure 2-2 is
ii + p1(¥, +g) sgn (i) =—(ii, +ii, ) (2.1)

where g is the acceleration of gravity, and Sgn(*)is the signum function, which describes
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the rigid-perfectly-plastic nature of the Coulomb force when u, = u. If u becomes zero,

then the block sticks to the floor. The singularity presented by the signum function is not
amenable to numerical solutions; therefore, the contact interface can be instead described
by a rate-independent perfect plasticity model where the yield displacement is set to a
very small value.

The earthquake engineering simulation software framework OpenSees [42] is
employed to simulate the dynamic system shown in Figure 2-1. The friction mechanism
at the interface between the sliding EC and the floor is simulated using the Flat Slider
Bearing Element (FSBE), developed by Schellenberg [43]. This element is defined by
two nodes: one representing the sliding EC and the other the floor. The elastoplastic

behavior modeled by the element is depicted in Figure 2-3 (bottom-right), where u, is the
yield displacement, y is the normalized strength (i.e., friction coefficient), F, is the

friction force, and N is the normal force. This model permits any elasticity in the legs to

be taken into account by adjusting the value of u . While for the same value of , the

maximum displacement tends to increase with increasing yield displacement [44], it is

mainly the value of u itself that dominates the peak response. Hence, in the current study
the yield displacement is taken to be very small (u, = 10‘7m), essentially representing a

nearly rigid mounting system. To validate the FSBE, results of dynamic simulations in
OpenSees using the FSBE were compared with results obtained by directly integrating
Equation (2.1) in MATLAB [45], using the available ODE45 solver that utilizes the
procedure presented in [46], and also results obtained by implementing Newmark’s
method in MATLAB with Newton-Raphson iterations. The routine implemented in
MATLAB was able to vary the analysis time step to achieve accuracy similar to what is
considered in OpenSees. Figure 2-3 shows the sliding response of an EC with u=0.1
subjected to the Takatori record of the 1995 Kobe, Japan, earthquake for these three
approaches. As it is evident in this example, results obtained using the FSBE in OpenSees
are in excellent agreement with results obtained using Newmark’s method in MATLAB.

Moreover, both methods give a very good estimation compared with the MATLAB
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ODEA45 solver, which here is considered to be an “exact” solution. The slight discrepancy
between the results obtained with the ODE45 solver and other two methods is attributed
to the order of the solvers. OpenSees utilizes Newmark’s 2nd-order method to solve the
equation, while the ODE45 solver uses fourth and fifth order Runge-Kutta formulas
known as the Dormand-Prince pair [45].

The dynamic response of the EC shown in Figure 2-1 is coupled with the dynamic
response of the structural model; however, if the mass of the EC is very small compared
to the mass of the floor, this interaction is negligible. As investigation of the dynamic

interaction between the structure and the EC is beyond the scope of this study, all
dynamic simulation results presented herein were obtained with m,.=m/10’. This value

was chosen to be small enough to ensure no dynamic interaction, but large enough to
avoid any numerical problems in the numerical simulations.

In passing, we note that even though for small values of my./m, the analysis
could be carried out in a de-coupled manner, in this study a coupled analysis was used for
two practical reasons: (1) The OpenSees model was originally created so that we would
also be able to investigate the dynamic interaction of structure and EC (not addressed in
this paper), and (ii) It was found that the computational effort to conduct the coupled
analyses was very comparable to first carrying out an analysis of the BI building and then

using the floor motions as input for the EC.

2.2.2 Superstructure
The superstructure above the base isolation system (Figure 2-1) is modeled as a
one-story viscously damped linear elastic shear structure. The superstructure has mass m,

stiffness k,, and viscous damping coefficient ¢, . In all the analyses presented in this
study the period of the superstructure is 7, =27,/m/k, =0.2s, and the viscous damping

ratio is &, =c,, /2 /mk, =0.02.

2.2.3 Base isolation system

The base isolation system consists of a base floor of mass m,, which in this study is
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assumed to be equal to the story mass m, and the seismic isolators. Two idealized types of
seismic isolators are considered: (a) viscously damped linear elastic isolators, and (b)

bilinear 1solators.

2.2.3.1 Viscously damped linear elastic isolation system
This model was used early on to introduce the linear theory of seismic isolation [47]
and continues to be used widely, primarily due to its simplicity. The numerical efficiency

of this linear model lends itself to large parametric investigations. The model consists of a

linear spring of stiffness & in parallel with a linear viscous damper of damping
coefficient c,. Utilizing this model, the nominal period 7 and damping ratio & of the
isolated system are given by [47]

T=on 2™ e G 2.2)

i ko 5i_2ﬂ/ki(m+mb)

The definition for the nominal fundamental period and damping ratio of the isolated

structure, given by Equation (2.2), are based on the premise that in a seismically isolated
building, the superstructure moves as a nearly rigid body on a very flexible base. In

reality, the fundamental period of the system is slightly larger than the nominal period.

2.2.3.2 Bilinear isolation system
A bilinear model is very commonly used to represent the behavior of a lead plug
system (LPS) or a friction pendulum system (FPS), two widely used types of isolation
systems. A bilinear model requires three parameters to fully describe it. In this study, the
following triad is used: the characteristic strength where the hysteresis loop crosses the y-
axis, Q, the second stiffness, £,, and the ratio of the second to the initial stiffness, 8=k, /k
. In the case of LPS, this ratio is of the order of around 0.1 [48], while for the FPS it is
about 0.01.
For the design of a bilinear isolation system, the most common procedure begins
with the designer choosing an effective isolation period and viscous damping ratio. These

are design parameters that relate the bilinear system to an equivalent viscously damped
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linear system. Customarily, the effective period is computed from the peak-to-peak
stiffness of the bilinear isolation system, which means that it depends on the isolation
displacement. An alternative, and convenient, choice is the use of a nominal period for

the isolation system, given by

T =on m+mb

) 0 23)

which does not depend on the maximum displacement of the isolation system. In this
case, the second stiffness of the bearing is considered dominant in determining the period
of the isolation system. Makris and Black [44] have demonstrated that the yield
displacement (or initial stiffness) has little effect on the response of bilinear oscillators
that exhibit large values of ductility. This conclusion is especially applicable to a bilinear
isolation system with relatively low characteristic strength, which is expected to

experience very large inelastic displacements.

The most common definition of equivalent viscous damping ratio & comes from

equating the energy dissipated in a vibration cycle of the bilinear system and the

viscously damped linear system that is forced at a frequency equal to its natural
frequency. Unlike the nominal period, the equivalent damping ratio & cannot be liberated
from its dependence on the expected maximum isolation displacement D, . In this
study, the mean of the maximum displacements resulting from twenty time-history
analyses on the equivalent linear model is assumed to be the target D, . The

characteristic strength of the bilinear isolation system can be computed from

_1-par g B
0= 5T (m+mb)Dmax[l 1 27z¢;1_ﬂ} (2.4)

2.3 Selection of ground motions

The focus of this study is the seismic response of sliding EC in BI buildings
subjected to broadband earthquake motions. A suite of twenty ground motions was

selected randomly from the standardized sets of ground motions provided in Baker et al.
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[49]. The standardized ground motion sets in Baker et al. [49] were developed by
matching the mean and variance of the logarithmic response spectra of the ground
motions to the predicted spectrum for a generic earthquake in California, representative of
high seismicity sites in California [49]. The ground motions used in this study, together
with selected characteristics, are listed in Table 2-1. More details on these motions can be
found in [49]. In this study, the original records from [49] are used without scaling, and
the mean of the maximum responses is calculated for comparison purposes. In order to
get an idea of the intensity associated with the chosen ground motion set, a comparison
between the mean of the acceleration response spectra and design response spectra is
made. For this purpose, design response spectra corresponding to a site located in San

Francisco, California, are determined based on the seismic maps in ASCE 7 [50]. The 0.2
s and 1.0 s spectral values are S, =1.0 and §,=0.5. It is also assumed that the

geotechnical characteristics of the site are compatible with Soil Type C. ASCE 7 code
spectra are determined for four seismic hazard levels: (1) Maximum Considered
Earthquake (MCE), representing very rare earthquakes with a return period of 2475 years;
(2) Design Basis Earthquake (DBE), corresponded to rare earthquakes with a return
period of 475 years; (3) Service Level Earthquake (SLE), which represents moderate
earthquake events with a return period of 225 years; and (4) weak earthquake with return
period of 75 years. These code spectra are shown in Figure 2-4 together with the mean
spectrum of the ground motions used in this study. It can be seen that in the period range
of interest for BI structures, i.e., 1.5 s to 4.0 s, the mean of the unscaled response spectra

is very close to the DBE code spectrum.

2.4 Dynamic analysis procedure

To examine the performance of sliding EC in BI buildings, a series of nonlinear
time history analyses were carried out using the model discussed earlier. For simplicity,
only the horizontal component of the ground motion is considered at first. The effect of
incorporating the vertical component of the ground motion on the sliding response of the

EC is presented later in this paper. The engineering demand parameters (EDPs) of interest
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for the sliding EC in this study are the peak EC sliding displacement and the peak EC
absolute acceleration in the horizontal direction.
Firstly, time history analyses were conducted in OpenSees for the FB model with

T,=02sand £, =0.02 subjected to the twenty ground motions listed in Table 2-1. To
simulate a wide range of EC-floor frictional resistance, the analyses were conducted for a
friction coefficient varying from ux = 0.05, e.g., for portable EC items on casters [34], to
1#=0.8, which can be thought of as an upper limit for sliding EC for all practical

purposes; EC with such large values of u are more prone to rocking and possible
overturning, depending also on their width-to-height aspect ratio. For a FB model with a

given set of Tj, & and u values, the mean of the peak displacements of the EC, U, , and
the mean of the peak absolute accelerations of the EC, Z > Over the twenty motions were

computed. Secondly, time history analyses were conducted for the BI model with

T,=02s, £,=002, and a wide range of 7, and & values. The analyses were
conducted for , varying from 0.05 to 0.8, as with the FB model. For a BI model with a
given set of Ty, &p, T;, &i, and u, the mean of the peak displacements of the EC, (71 , and
the mean of the peak absolute accelerations of the EC, 4., were computed. The

effectiveness of seismic isolation on the performance of the EC was investigated by
comparing the response of the EC in a BI building to the response of the same EC in a
fixed-base (FB) building.

To investigate the effect of earthquake intensity on the response of the EC, time
history analyses were conducted for ground motions that were scaled by an intensity
factor a. In addition, as one of the purposes of this study was to compare the seismic
performance of EC in buildings isolated with different base isolation system types, the
analyses were carried out for viscously damped linear elastic and bilinear base isolation

models.
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2.5 Effect of seismic isolation on the performance of sliding equipment and

contents

The effectiveness of base isolation on reducing the seismic demand on sliding EC is
examined. A parametric study is conducted using the two previously defined seismic
isolation systems. The FB structure (which is identical to the superstructure in the BI
model) is assumed to have a natural period of 0.2 s and a viscous damping ratio of 2%. A
discussion on the effects of various isolation system parameters on the EDPs for the
sliding EC follows. In this section, the FB building is assumed elastic; while Section 7

investigates the effect of yielding in the FB building.
2.5.1 Viscously damped linear elastic isolation system

2.5.1.1 Peak sliding displacement demand
The effectiveness of base isolation in reducing the sliding displacements of EC is

evaluated by means of the ratio of the mean peak displacement of the EC in the BI

structure, U ., to the mean peak displacement of the EC in the FB structure, U Py

peak displacement of EC in BI building due to ground motion j

]
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S

peak displacement of EC in FB building due to ground motion j

M-z -

Il
—_

z[=|z[~

J
where N =20 is the number of ground motions used in this study. Figure 2-5 shows the
sliding displacement ratio as a function of nominal isolation period 7; of a viscously
damped linear elastic isolation system. Curves for various values of the friction

coefficient u are shown. The graph on the left corresponds to unscaled motions, while
the graph on the right corresponds to analysis results obtained for ground motions that
were scaled by a factorof a=2.

The dashed line at U, /U, =1denotes the case when the sliding EC in the
seismically isolated and the fixed-base structures experience the same peak sliding

displacement. The points above this line indicate that seismically isolating the building

results in amplification of EC displacement demand. The figure shows that there are a
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number of combinations for which seismic isolation results in amplification in sliding
displacement. Figure 2-5 (left), which plots the sliding displacement ratio for buildings
subjected to unscaled ground motions, shows that EC with friction coefficient less than
0.15 experience larger sliding displacements if the building is isolated than if the building
is fixed-base. Under intensified ground motions, a =2, the friction coefficient limit
where this occurs is about 0.3, as shown in Figure 2-5 (right). Therefore, in general,
amplification in EC sliding displacement response in BI buildings is more likely to occur
for either lower friction coefficients or higher intensities.

The amplification of EC sliding displacement response in BI buildings can be
explained by examining the solution to the maximum displacement of a sliding mass
subjected to pulse ground acceleration. Motivated by Newmark’s early solution [51] for
the case of rectangular ground acceleration pulse, and using dimensional analysis, Makris
and Black [44] and Konstantinidis and Makris [25] exposed that the sliding problem

exhibits self-similarity under various pulse excitations. For these pulse excitations, the
maximum sliding displacement U,, of the mass, expressed as a dimensionless

parameter, is a function of the dimensionless strength of the pulse

Yo _ | L (2.6)
aprz ug

where a, is the pulse acceleration amplitude, and 7, is the duration of the pulse. The

function ® depends on the type of pulse, and it can be obtained either analytically or
numerically. Rearranging the closed-form solution presented by Newmark [51] for square

acceleration pulse with amplitude a, and duration T, , we obtain

a
Yar _ o [—”—1] (2.7)

a,T;
Equation (2.7) shows that the maximum sliding displacement U, scales with the so-

called characteristic length of the excitation, L, = apr2 . For an EC item in a BI building,

a, can be thought of as the floor acceleration amplitude (where the floor acceleration is
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the strongest and induces most of the sliding), while 7, can be thought of as the

fundamental period of the BI building (since the building acts as a filter, and the
participation of the first mode dominates). Although isolation results in lower values of

a,above the isolation level, compared to the FB building, the vibration period T, is

considerably larger, and since U, scales with the square of T, it is possible that U,

will be amplified if the building is isolated. In reality, an a priori conclusion on which

system has larger U, __ cannot be drawn because the form of the function ® is not

known; any attempt to draw general conclusions is further complicated by the fact that for
a random excitation the idea of self-similarity vanishes.

In passing, we note that Figure 2-5 shows that increasing the isolation period does
not necessarily lead to an increase in the sliding displacement response of the EC in the
BI building. Lastly, the figure confirms the more obvious conclusion that sliding
displacements tend to decrease with increasing friction coefficient. Comparing the curves
for the two input intensities demonstrates that seismic isolation becomes more efficient
for higher friction coefficients.

EC sliding displacements can be controlled through the addition of damping in the
isolation system. Figure 2-6 presents the effect of the nominal isolation damping ratio on
the sliding displacement ratio. It can be seen that an increase in damping results in a
decrease in sliding displacement, although little additional benefit is gained by using very
large amounts of damping, i.e., more than, say, 20%. However, as this figure shows,

providing a minimum damping can be very effective in this respect.

2.5.1.2 Peak absolute acceleration demand
Absolute EC acceleration in the horizontal direction is the other engineering

demand parameter of interest in this study. Figure 2-7 (left) plots the mean of the
maximum absolute acceleration response for different 7; and u . The figure clearly shows

that utilizing seismic isolation dramatically decreases the absolute acceleration response

of the EC, especially for large u. Figure 2-7 (right) illustrates the effect of isolation
damping on the EC absolute acceleration. Increasing the isolation damping clearly results
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in decreased EC acceleration response. However, as for sliding displacement, the addition
of very large amounts of damping has little extra benefit in controlling the EC
accelerations. As can be seen in Figure 7 (right), the EC maximum acceleration response
saturates for damping ratios greater than 25%. Lastly, the figure shows that the

effectiveness of damping in controlling EC accelerations depends on .

2.5.2 Bilinear isolation system
This section compares the response of EC in FB and BI buildings, when the
isolation system is described by a bilinear model. For designing the system, the target

displacement of the bilinear isolation system, D, _, is taken to be the mean of the peak

max

isolation displacements resulting from the selected ground motions (Table 2-1) using an

equivalent viscous linear model. Given D, , the characteristic strength of the isolation

system corresponding to equivalent isolation damping ratio & is calculated using

Equation (2.4). A stiffness ratio #=0.1 is assumed.

2.5.2.1 Peak sliding displacement demand

Figure 2-8 plots the sliding displacement ratio as a function of 7, for unscaled
motions (left) and scaled motions with « =2 (right). As in the case of a linear elastic
isolation system, amplification of the EC sliding displacement response is evident in
many combinations of the bilinear isolation system parameters. The figure suggests that
there is a minimum amount of u (=0.2) necessary to render isolation effective in reducing
the EC sliding displacement demands, compared to the FB structure. Figure 2-8 shows no

discernible trend in sliding displacement response with isolation period. The graph on the
right indicates that under stronger excitation, greater value of friction coefficient ( ¢ > 0.4
) is required to render isolation effective.

The effect of isolation equivalent damping ratio & on the sliding displacement

ratio is presented in Figure 2-9. Similar to the case of linear elastic isolation system
described in the previous section, increasing isolation damping in the bilinear isolation

system results in a decrease in sliding displacement ratio, but very large amounts of
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damping offer little extra benefit. Furthermore, the figure shows that damping in the

isolation system is more effective for larger values of u.

2.5.2.2 Peak absolute acceleration demand

Figure 2-10 (left) plots the mean of the computed maximum absolute horizontal
accelerations of the EC for different 7; and u. It is obvious from the graph that the
absolute acceleration response of EC is dramatically reduced in the BI structure,
compared to the FB one, especially for large u. Figure 2-10 (right) presents the effect of

isolation damping on the absolute EC acceleration. Contrary to the case of the viscously
damped linear elastic system, for the bilinear isolation system, an increase in & leads to

an increase in absolute acceleration response. According to Equation (2.4), equivalent
damping increases by increasing the characteristic strength of the isolation system, Q. The
greater (O, the higher the transmitted inertia force and consequently absolute acceleration

response. However, as can be seen in the figure, curves corresponding to different
damping ratios are relatively close to each other and varying & has no pronounced effect

on the absolute acceleration response, especially when u is small. The adverse effects of
O on the response of attached vibrating equipment in BI structures have been discussed in

[31].

2.5.3 Effect of the isolation system type on the performance of sliding EC

The previous two sections presented results of the parametric study using a
viscously damped linear elastic isolation system and a bilinear isolation system. In this
section, the seismic response of the two systems is compared. This comparison is
facilitated through the use of an Equivalent viscously damped linear isolation system. The
bilinear isolation system is referred to as Hysteretic. Figure 2-11 presents the computed
EDPs of interest for EC inside BI buildings with Equivalent and Hysteretic isolation
types. The results are presented for unscaled ground motions. Figure 2-11 (left) shows the
maximum sliding displacement of the EC as a function of x for different 7; values. It can
be seen that in all cases the EC inside the hysteretic BI building exhibit greater sliding

displacements compared to the EC inside the equivalent linear BI building. In terms of

33



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

maximum absolute accelerations, Figure 2-11 (right) shows that demands on EC inside
the hysteretic system are substantially higher. This suggests that the sliding displacement
and absolute acceleration demands on EC in a BI building that features bilinear isolators
(e.g., LPS or FPS) are higher than in a building that features equivalent linear isolators

with viscous damping (e.g., bearings made with carbon-black filled natural rubber).

2.6 Effect of vertical component of base excitation

The analyses results presented up to this point considered only the horizontal
component of the ground motions. This section discusses the effect of including the
vertical component of the earthquake excitation on the response of EC. For this purpose,
the EDPs of interest are re-computed under simultaneous horizontal and vertical
excitation. The flexibilities of the isolators, the columns, and the slabs in the vertical
direction are neglected in this analysis. In reality these components are not rigid (although
they are quite stiff), and although most previous experimental studies [52—54] have found
that the effect of vertical excitation on the response of base isolated buildings is
negligible, some recent experimental studies [35,55] have reported that in certain cases
there is response amplification that is not negligible. Dao and Ryan [56] noted a vertical-
horizontal mode coupling, whereby the vertical component of the ground excitation
affects the horizontal response of the structure. A sophisticated structural model that takes
into account the vertical flexibility of the structure (such as in [56]) is beyond the scope of
the present study. Under the assumption of a vertically rigid structure, the EC at the floor
level experiences the same vertical acceleration as the ground.

Figure 2-12 plots the mean of the maximum absolute horizontal EC acceleration,
with and without the vertical component of the excitation considered. The graph on the
left, which corresponds to unscaled motions, shows that the response is larger when the
vertical component of the excitation is included. This effect is more pronounced for lower

values of x. With reference to Equation (2.1), the vertical excitation v, affects the

magnitude of the normal force (and thus the friction force) at the contact interface

between the EC and the floor, and thus the maximum absolute horizontal acceleration of
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the EC. The effect of the vertical component becomes more pronounced for the scaled-up
ground motions shown in Figure 2-12 (right).

The mean of the maximum horizontal EC sliding displacements is shown in
Figure 2-13. The graphs show that the effect of the vertical excitation component on the
sliding displacement response is negligible. This observation is also made in Shao and
Tung [14]. This is contrary to the findings in [16], which investigated the sliding response
of equipment in FB buildings. It is suspected that the amplified response observed in [16]
was due to the assumption that the vertical excitation had the same form as the horizontal

one, scaled down by a coefficient £, i.e.,V, =kii,. Given that vertical ground motions tend

to have a lot more high-frequency content than horizontal ones, this assumption might
have been unrealistic. The present study finds that the vertical component has little effect

on the absolute acceleration and practically no effect on sliding displacement of the EC.

2.7 Effect of structural yielding

While the code permits for some inelastic behavior to occur in the superstructure of
a BI building (force-reduction factor R up to 2), it is generally accepted that in a well-
designed BI building, the superstructure should remain “essentially elastic.” Vassiliou et
al. [57] examined the effect of superstructure yielding in BI buildings and recommended
against permitting any inelastic behavior in the superstructure since that can result in
large ductility demands. Modern FB structures, on the other hand, are expected to yield
and deform well into the inelastic range. For these structures, depending on the type of
lateral force resisting system, the code currently allows a force-reduction factor up to 8.
This section compares the response of EC in FB buildings that are allowed to
yield and deform inelastically and BI buildings in which the superstructure is designed to
remain elastic. Only the horizontal component of the ground excitation is considered in
this comparison. The isolation system is modeled as viscously damped linear elastic. The

FB structure is assumed to behave as an elastic-perfectly-plastic system with strength

S, = ]_‘e /21, —1 , where f, is the average peak elastic force value over the 20 ground

motions, and £, is the target displacement ductility (=2,4,6,and 8). As T, =0.2s, the
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design is based on the simple R—u, relationship for equal-energy rule, proposed by

Veletsos and Newmark [58].

Figure 2-14 (top-left) compares the mean peak displacement of the EC with various
values of friction coefficient x in the BI structures with & =0.1and different values of 7;
and in FB structures with different £,. It can be seen that for FB structures, as £,

increases, the combination of decreased strength and elongated effective period results in

reduced sliding displacement demands on EC. Also, it can be seen that EC with ¢ =0.1
experience larger displacements in BI structures, for any 7;, than in FB structures,
regardless of £, . As u is increased to 0.2, EC in the elastic FB structure experience larger

displacements than in any of the BI structures, but as z, of the inelastic FB systems is

increased, the EC sliding displacements become smaller than in the BI structures. The
graph confirms the earlier observation that EC with small values of  can exhibit larger
sliding displacement demands in BI buildings than in FB buildings. For larger values of u

the sliding displacement is negligible in both the BI and inelastic FB buildings. Figure
2-14 (top-right) shows the same response quantities but for & =0.2. The demands on EC

in the BI structures is decreased compared to the graph on the left, and for the case of

4 =0.1, EC in the inelastic FB buildings may experience larger or smaller displacements
than in the BI buildings, depending on 7;. For x>0.2, the displacement demands on EC
are either lower in the BI buildings, or negligible in both BI and FB buildings.

Figure 2-14 (bottom) shows the average peak absolute acceleration of EC in the
elastic and inelastic FB buildings and in BI buildings with & =0.1(left) and & =0.2
(right). The EC acceleration demand in FB buildings is not affected by g, for lower
values of friction coefficient (x<0.2), whereas for larger values of x the demand
decreases with increasing £, . In all cases, the EC accelerations in the BI buildings are

lower than those in the FB buildings.
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2.8 Incremental dynamic analysis

As noted earlier, there are situations where EC experience amplified displacement
response when placed inside BI buildings, compared to FB buildings. Amplification in
sliding displacement was observed for lower values of the friction coefficient 4 and for
scale intensity a=2. This section investigates in more detail the effect of earthquake
intensity on the sliding response of the EC through incremental dynamic analysis (IDA)
[59]. Although multiplication of a real ground motion by a scale factor « does not
necessarily result in a physically realizable earthquake motion, it facilitates a better
understanding of the behavior of non-linear dynamical systems over a range of intensities.
The analyses are carried out using a viscously damped linear elastic isolation system. The
only source of nonlinearity in the response originates from the frictional behavior of the
EC-floor interface.

Figure 2-15 (left) shows the mean of the maximum sliding displacements, U,, as a

function of the intensity scale factor a. In order to demonstrate the correlation of a to g,
the relation between these two parameters is presented for maximum sliding displacement
contours in Figure 2-15 (right). It can be seen that for a given maximum sliding
displacement, u varies almost linearly with a. This means that each of these parameters
does not represent the severity of the sliding response independently. Thus, introducing a
ratio that includes components of both earthquake intensity and friction coefficient is a

better measure of intensity for sliding EC.

2.9 Regression and fragility analysis

An EC item inside a structure is subjected to absolute floor acceleration. For a BI
building like the one shown in Figure 2-1, with m=m,, T, =0.2s, and 1 =2s, the
effective modal mass of the fundamental mode [47,60] is 1.00, and since the fundamental
mode is ¢ =[1,0.01]", it is reasonable to treat the superstructure as a rigid structure

supported on a very flexible base, thus reducing the BI structure to a single degree of

freedom system. The peak absolute floor acceleration can be approximated by the
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pseudo-acceleration S (7,&). Based on the previous discussion on dimensional analysis

and Newmark’s solution for a square pulse [51], 1.e., Equation (2.7), together with the

conclusions of the IDA section, the IM should be a ratio that contains parameters of both
shaking intensity, S (7;,<,), and friction coefficient y. Motivated by the form of the IM

presented in [25], in conjunction with the above observations, and after several
considerations for a possible IM, the following dimensionless IM is found to be

appropriate for sliding EC in seismically isolated buildings

S.(1.8)

IM, == (2.8)
He

The condition for sliding to occur is S,(7,&)/ug>1, and since generally u, > u, it is

possible for sliding to occur even for negative values of the IM. However, as mentioned
earlier, the maximum sliding displacement is much more sensitive to the kinetic friction

coefficient x than the static friction coefficient y, . Therefore, Equation (2.8) for the IM
features u, not u,. The chosen dimensionless EDP for displacement, also motivated by the
form of Equation (2.6) and [25], is

U, U’

N S T S (0. 29

where @ =27/1T..

2.9.1 The EDP as a lognormally distributed random variable; regression analysis

Figure 2-16 (left) plots A, as a function of M, for the assumed ground motion set

and various combinations of u (from 0.05 to 0.8), 7, (from 1.5 to 4.0 s), and & (from
0.05 to 0.2). It is obvious that the data exhibits considerable scatter, which suggests that

A, should be treated as a random variable. When a random variable, A,, expresses a

quantity that is only positive (6 >0), it is common to assume that the variable is
lognormally distributed. A lognormal distribution has been found to be compatible with a
variety of structural as well as nonstructural component failure data [61]. In this study, we

hypothesize that the EDP is lognormally distributed, and we test this hypothesis against
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the results of the numerical simulations. The reason behind the name lognormal is that the

lognormally distributed variable A, is related to a normally distributed variable X by

X =InA,. Note that A, attains only positive values,d >0, while the corresponding X
variable is unrestricted, —oo < x < . Figure 2-16 (left) shows that the scatter increases
with increasing M, (funneling effect), i.e., the variance is non-constant. However, Figure

2-16 (right) shows that the logarithmic transformation of the data stabilizes the variance,

and therefore ordinary least squares can be used to compute the variance. Figure 2-16

(right) shows that X =InA, exhibits a quadratic trend as a function of In(/M,).

Therefore, A, can be expressed as a function of the independent variable /M, through
In(A,)=a(InIM,) +b(InIM,) +c+InZ (2.10)

where a, b, and c, are regression parameters and Z is a lognormally distributed random

variable (thus In Z is normally distributed) which represents the dispersion of the data

about the mean. Equation (2.10) without the In Z term represents the mean of X =InA,

as a function of /M, . In statistics, there are several measures for the central tendency of a

probability distribution besides the arithmetic mean. A commonly used one is the
trimmed-mean, especially for determining the central tendency of Cauchy and normal
distributions. The trimmed-mean provides an estimate of the central tendency of a
distribution by neglecting a percentage of the uppermost and lowermost data as outliers
[62—64]. Ignoring the tails of such symmetric bell-shape distributions results in a better
estimate of their central tendency. In this respect, one may find alternative methods, such
as Robust-Regression, which considers lower weight for outliers, to determine the
regression parameters. In this study, a 1.5% trimmed-mean is used to determine the

regression parameters of the model. The resulting values are shown in Figure 2-16 (right).

In order to test the hypothesis that A; is lognormally distributed (or, that InA; is
normally distributed), the Kolmogorov-Smirnov (K-S) goodness-of-fit test [65] was
performed. This test compares the largest difference between the empirical cumulative

distribution function (ECDF), obtained from numerical simulation results, and the
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cumulative distribution function (CDF) of the hypothesized distribution to a critical value
which depends on the sample size. Figure 2-17 (left) compares the ECDF and CDF.
Using the K-S test, the null hypothesis that the transformed data has a normal distribution
could not be rejected at the 5% significance level. Therefore, fragility functions derived

from this model can be considered reliable for design purposes [61].

2.9.2 Fragility curves
Fragility is broadly defined as a conditional probability of failure. For the problem

at hand, where we want to characterize the sliding response of EC in probabilistic terms,

we define fragility as the probability £ that the EDP, A,, for an EC item will exceed a

certain threshold (capacity) limit, ¢, given the /M, . Therefore,
B=P(A,>c|IM,)=1-P(A, < C|IM1‘):1_FA[ (6=c) (2.11)

where F, s, 18 the CDF of lognormally distributed random variable A,. Using the

substitution77=(Ind"—m, )/ o, in the definition of the CDF for A, gives

1 n&—my Y 2
s 1 *5( o XJ ,moempioy 1 L (Ind—m
FAi(5)—IO me do —Lw Ee Zdn_q)LU—XXj (2.12)

where the two defining parameters m, and o, of the distribution are in fact the mean

and standard deviation of the corresponding normally distributed variable X, and @ is the

CDF of a standard normal variable (i.e., mean zero and standard deviation of 1). Note that

m, is the fitted curve in Figure 2-16 (right), represented as a quadratic function of

InIM, . The standard deviation of X, o, , can be obtained from

oy =0y, = \/%Z[ln 5, ~my(niM,)| (2.13)

j=1

where n is the sample size, here n =1367. Evaluation of Equation (2.13) gives
o, =046, and with m, =m,(InIM.) as shown in Figure 2-16 (right), the fragility
curves can be generated using Equations (2.11) and (2.13) for different capacities c.

Figure 2-17 (right) shows fragility curves for five values of ¢ (0.25, 0.5, 1.0, 2.0, and 3.0).
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Given a family of such fragility curves, a practicing engineer who wants to evaluate the
probability that an EC item in a BI building will not exceed a threshold displacement

could proceed as follows.

2.9.3 Example: how to use the fragility curves

Suppose that a practicing engineer is concerned that stocky table-top equipment in a
base-isolated research facility may fall off a table edge, which would occur if U, =20cm.
It is assumed that the kinetic friction coefficient of the contact surface is £=0.15. The

table is assumed to be fairly rigid and fixed to the floor. If the table is not rigid, and it is
in a FB building, the dynamic interaction between table and equipment can affect the
sliding response of the table-top equipment because the natural frequency of a regular
laboratory table, e.g., 10 Hz~15 Hz [22], is comparable to the natural frequency of the FB

building. However, for the target laboratory, which is assumed to be a low-rise building
isolated with a viscously damped linear isolation system, the period is 7, =2.5s, i.e., far
away from the table’s natural frequency. It should be noted that for the case of a bilinear
isolation system, one should be cautious about resonance effects under weaker ground
shaking since the isolation system oscillates primarily in the pre-yield regime where the

initial stiffness is high [31]. The equivalent viscous damping in the isolation is assumed to

be & =0.2. The MCE response spectrum for £=0.05 is given. Let us assume that
S, (T,=2.5s, £ =0.05)=0.375g. Then using reduction factors to take into account the
isolation damping being different than 5% (e.g., from Table 17.5.1 in ASCE 7 [50]),
S, (T,=25s, £=02)=S8,(T, =2.5s, £=0.05)/B,, =0.375g /1.5=0.25¢g . The
intensity measure is estimated as/M,=0.25g/0.15g—1=0.67, and the dimensionless
capacity isc=47°U,/S,(T,,&)T] =47° x0.2m/(0.25x9.8m/s’ x2.5’) = 0.5. Referring
to the generated fragility curve for ¢ =0.5 in Figure 2-17 (right), the probability of
exceeding 20 cm sliding displacement, given the IM,, is

P,=P(A,>c=0.5|IM,=0.67)=0.6. Note that in lieu of fragility curves, this
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estimate could be obtained from Equation (2.11). If the calculated probability is deemed
unsatisfactory, appropriate measures, such as implementation of friction pads or other

mitigation strategies, need to be adopted.

2.10 Conclusion

This study investigated the seismic response of sliding equipment and contents (EC)
in seismically isolated buildings. The effect of isolation period and damping on the
sliding displacement and absolute acceleration of EC with various friction coefficients
was investigated using a suite of twenty broad-band ground motions. The effectiveness of
seismic isolation on reducing the seismic demand on sliding EC was assessed by
comparing the response of the EC inside base-isolated (BI) buildings to the response of
the same EC inside corresponding fixed-base (FB) buildings. Two types of BI systems
were considered: viscously damped linear elastic, and bilinear. The nonlinear time history
analyses were conducted with OpenSees [42] after it was validated by comparing its
numerical simulation results to the results obtained from direct integration of the
equations of motion in MATLAB [45]. The effect of the vertical component of the
ground motion on the response of the EC was examined for a vertically rigid isolation
system and superstructure, and it was found that the vertical component has little effect
on the maximum absolute acceleration and practically no effect on the maximum sliding
displacement of the EC. The effect of structural yielding of the FB structure on the
response of EC was also evaluated.

The results of the parametric investigation suggest that seismic isolation is in
general an excellent earthquake protection technology for reducing seismic demands on
sliding equipment and contents in buildings. However, there are certain situations in
which seismic isolation may in fact increase seismic demands on sliding EC, and due
caution must be exercised. The most important observations of this study are summarized

as follows:

1. Seismic isolation is very effective in reducing the peak sliding displacement of EC,

especially for high friction coefficient values. There are, however, cases for which
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seismic isolation results in amplification of sliding response, more notably for low

friction coefficients and high earthquake intensities.

2. Providing a minimum amount of damping at the isolation level works effectively to
decrease the sliding displacements of EC. However, the use of very large amounts of
damping in the isolation is not warranted, since it was observed that damping ratios

larger than about 20% did not provide any additional benefit.

3. Seismic isolation is very effective in controlling absolute accelerations of sliding EC,

in all cases, but especially for EC with large friction coefficients.

4. For a viscously damped linear elastic isolation system, larger isolation damping
results in lower EC absolute accelerations, while for a bilinear isolation system,

hysteretic damping has an adverse effect on absolute accelerations.

5. The response of EC in yielding FB buildings is affected by the structure’s strength.
The sliding displacement demands on EC decrease with increasing structural ductility.
EC with small friction coefficients (<0.1) experience larger displacements in BI
structures than in FB structures. For larger values of u the sliding displacement is
negligible in both building types. For intermediate values of the friction coefficient,
the response of EC in BI buildings may be larger or smaller than in FB buildings,
depending on the ductility level of the FB building. In terms of EC acceleration
demands, the acceleration demands on EC in FB buildings is not affected by structural
ductility for lower values of the friction coefficient (<0.2), whereas for larger values
of the friction coefficient, the demand decreases with increasing ductility. In all cases,

the EC accelerations in the BI buildings are lower than those in the FB buildings.

In an effort to estimate sliding displacements of EC in BI buildings subjected to
broadband ground motions, the study identified a new, physically motivated,
dimensionless intensity measure, and corresponding engineering demand parameter. The
EDP was treated as a lognormally distributed random variable, and its distribution

parameters were estimated from nonlinear regression analysis. Design fragility curves

43



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

were generated for different capacity threshold values. Finally, an example was presented
to illustrate how the fragility curves could be used in practice.

In this study, the behavior of the EC was assumed to be rigid-perfectly-plastic.
There remains a need to investigate the response of EC models that exhibit more complex
behavior, including elasticity of the EC and the stick-slip phenomenon along the contact
interface. Furthermore, while the present study focused on broadband ground motions,
preliminary investigations by the authors [40] have shown that the kinematic
characteristics of the ground motion can have a significant effect on the response of EC in
BI buildings. The authors are currently investigating the response of EC in BI buildings
subjected to pulse-like ground motions, and their findings will be presented in a future

publication.
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Table 2-1: Broadband ground motions used in this study

. . Distance Soil Sh.ear

Record Earthquake Station Magnitude (km) Velocity

(m/s)
FN-1  Mammoth Lakes, California - 01/1980 Long Valley Dam (Upr L Abut) 6.1 15.5 345
FN-3  Cape Mendocino, California - 1992 Rio Dell Overpass - FF 7.0 143 312
FP-5  Kocaeli, Turkey - 1999 Yarimca 7.5 4.8 297
FP-8  Chi-Chi, Taiwan - 1999 NST 7.6 38.4 375
FP-9  Kocaeli, Turkey - 1999 Duzce 7.5 15.4 276
FN-12 Loma Prieta, California - 1989 Gilroy Array #4 6.9 14.3 222
FP-15 Loma Prieta, California - 1989 Fremont - Emerson Court 6.9 39.9 285
FP-16 Chalfant Valley, California - 02/1986 Zack Brothers Ranch 6.2 7.6 271
FN-19 Imperial Valley, California - 06/1979 El Centro Array #4 6.5 7.1 209
FP-21 Landers, California - 1992 Yermo Fire Station 7.3 23.6 354
FN-23 San Fernando, California - 1971 LA - Hollywood Stor FF 6.6 22.8 317
FP-24  N. Palm Springs, California - 1986 Morongo Valley 6.1 12.1 345
FN-25 Loma Prieta, California - 1989 Hollister - South & Pine 6.9 27.9 371
FN-27 Chi-Chi, Taiwan - 1999 CHY025 7.6 19.1 278
FN-28 Imperial Valley, California - 06/1979 Brawley Airport 6.5 10.4 209
FN-30 Duzce, Turkey - 1999 Duzce 7.1 6.6 276
FP-31  Chi-Chi, Taiwan - 1999 TCUO061 7.6 17.2 273
FN-32 Loma Prieta, California - 1989 Saratoga - Aloha Ave 6.9 8.5 371
FN-33 Imperial Valley, California - 02/1940 EI Centro Array #9 7.0 6.1 213
FP-38 Loma Prieta, California - 1989 Coyote Lake Dam (Downst) 6.9 20.8 295
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Figure 2-2: Schematic of the sliding EC

031
—— MATLAB (ODE45)
0.21 ——— MATLAB (Newmark)
01 — — — OpenSees (Newmark)
0
£ -oa
s B
L 2L
0.2 N
-03} H
-0.4
U, u
_05 1 1 1 i 1 1 ~ J
5 10 15 20 25 30
Time (s)

Figure 2-3: Numerical verification of the OpenSees Flat Slider Bearing Element (FSBE)
for a sliding object with £ =0.1 and u, =10"m subjected to the Takatori

record of the 1995 Kobe, Japan, earthquake
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Chapter 3: Peak Sliding Demands on Unanchored Equipment and

Contents in Base-Isolated Buildings under Pulse Excitation

F. Nikfar, D. Konstantinidis, Peak Sliding Demands on Unanchored Equipment and
Contents in Seismically Isolated Buildings under Pulse Excitation, submitted to

Earthquake Engineering and Structural Dynamics.

Abstract

Sliding equipment and contents (EC) in buildings is of primary concern during an
earthquake because not only can they contribute to substantial nonstructural losses, but
also pose a serious safety risk to building occupants. Base isolation is widely considered
to be an effective mitigation technique for nonstructural components, but recent research
has noted situations, under broadband ground motions, where isolation can in fact amplify
the sliding response of EC. This study investigates the sliding response of unanchored EC
in base-isolated buildings subjected to analytical pulse excitation representing pulse-like
ground motions. The analytical pulse excitation allowed treatment of the problem through
dimensional analysis, giving insight into how different parameters affect the response.
The EC are idealized as freestanding rigid bodies, and the contact surface between the EC
and the floors is described by a Stribeck friction model taking into account the transition
from static to kinetic friction. The isolation system is treated as either viscoelastic or
bilinear. The study shows that the peak sliding response of rigid objects exhibits complete
similarity in the ratio of kinetic-to-static friction coefficient. Therefore, a simple Coulomb
model with a single friction coefficient value is adequate for estimating the peak sliding
displacement. Moreover, it is observed that as the isolation damping increases, the sliding
response exhibits complete similarity in the ratio of isolation-to-pulse period. The study
concludes that certain combinations of the isolation design parameters can result in
amplification in the peak sliding response of contents, compared to the fixed-base

building.
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3.1 Introduction

The 1994 Northridge, 2001 Nisqually-Seattle, and many other earthquakes that
have struck developed countries in recent years have shown that repair costs and business
downtime as a result of damage to nonstructural components and systems (NCS) far
exceed those due to structural damage [1]. Losses associated with nonstructural damage
are substantially larger primarily for two reasons: the total value of NCS in a typical
building dwarfs that of the structure itself (e.g., 4~6 times for a typical commercial
building); and damage to NCS initiates at lower seismic intensities than structural damage
[2]. The 1994 Northridge, 2010 Chile, and 2011 Christchurch earthquakes confirmed that
earthquake damage to NCS can limit or completely disable the functionality of critical
facilities even when the structural system performs satisfactorily. The disparity between
the performance of structural and nonstructural systems is largely due to the fact that the
earthquake engineering community overwhelmingly focused on the design of earthquake-
resistant structural systems, while significantly less attention has been given to ensuring
the adequate seismic performance of NCS.

A typical building houses a very wide collection of NCS. This study focuses on
unanchored building Equipment and Contents (EC) for which sliding is the only mode of
response. Sliding is very common for freestanding (i.e., unrestrained) EC, particularly
those that are stocky and have a relatively low friction coefficient. Although seismic
restraints are typically recommended to prevent sliding of EC, such restraints can be
costly. For example, in UC Berkeley buildings that serve primarily as laboratories, the
cost of seismic restraining of the EC could range from US$8 to $12 million (US$270 per
m?) [3]. Besides cost, there are also practical limitations associated with restraining EC.
Some EC items need to remain mobile [4]. Another problem associated with restrained
EC is that they can exhibit significantly larger accelerations compared to freestanding EC
[5].

The hazard associated with freestanding sliding EC can stem from any, or a
combination, of: (a) excessive sliding displacement, regardless of velocity and

acceleration, that can result in the EC falling off the edge of its support surface (if, for
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example, it is placed on a benchtop), or, in the case of large heavy EC, blocking an egress
path or doorway; (b) impact due to large sliding displacement and velocity that can put
the safety of the people working in the vicinity of the EC or the functionality of the EC at
risk; and (c) large accelerations, particularly in the high frequency range, that can cause
resonance and damage to the electronic parts of EC. Therefore, desirable characteristics
of earthquake mitigation strategies for EC include reduction in floor acceleration, sliding
velocity, and sliding displacement, as well as shifting the floor vibration frequency to
frequencies lower than the content resonance frequency. Seismic isolation is widely
considered to be the solution of choice for protecting a building’s EC. However, while
significant research has been conducted on the seismic performance of attached EC in
base-isolated buildings, very little research has been conducted on the behaviour of
unattached EC in isolated buildings. Nikfar and Konstantinidis [6] carried out a
preliminary parametric evaluation of the response of sliding EC in isolated buildings
under broad-band and pulse-like ground motions, concluding that the sliding response of
EC is considerably different under pulse-like ground motions compared to under broad-
band ground motions. Sliding fragility curves for EC in isolated buildings subjected to
broad-band ground motions are presented in [7], where it was concluded that there are
cases for which isolation resulted in amplification of sliding response, more notably for
low friction coefficients and high earthquake intensities.

Past earthquakes have demonstrated that near-fault ground motions are often more
destructive than far-field motions. The destructive trait of near-fault ground motions is
attributed to a powerful pulse contained in the ground motion [8-10]. In some near-fault
records, a coherent pulse is distinguishable not only in the velocity, but also in the
acceleration time history. In other cases, the acceleration time history contains random
spikes, resembling the ground motions recorded far from the source, but a long-period
coherent pulse is evident in their displacement and velocity time histories [11,12]. The
presence of low-amplitude, long-period pulses in such ground motions has cast doubts on

the effectiveness of seismic isolation technology when the structure is subjected to pulse-
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like ground motions due to the possible proximity of the pulse frequency to the isolation
frequency [10,13,14].

The destructive potential of near-fault ground motions containing coherent pulses
has motivated the development of a number of closed-form analytical pulses
approximating their leading kinematic characteristics [15]. Vast amount of research is
devoted on investigating the characteristics of the pulse including the shape, number of
cycles, period, and domain, 1i.e., velocity or acceleration domain
[16,10,13,17,18,19,15,20], among others. Pulse representations of pulse-like ground
motions have been very attractive to researchers because they enable the reduction of a
complex ground motion to a simple waveform characterized by a handful of parameters
for the shape, period, and amplitude of the pulse. This simplification facilitates parametric
studies through dimensional analysis of complicated nonlinear structural systems to
reveal the physical similarities underlying their response [21-24].

This paper investigates the sliding response of EC in base-isolated buildings under
pulse excitations. Closed-form analytical representations of pulse-like ground motions are
used together with formal dimensional analysis to explore the existence of physical
similarities in the sliding response of EC in base-isolated buildings. Buckingham’s IT -
theorem is used to introduce dimensionless IT-terms and the corresponding governing
dimensionless equation. An advanced friction model (Stribeck model) that takes into
account the velocity dependence of friction is assumed to describe the contact interface
between the EC and their base. The effect of various parameters on the sliding response
of the EC is investigated, including the ratio of the isolation period to pulse period, the
isolation damping ratio, the ratio of static friction coefficient to kinetic friction coefficient
for the EC, parameters associated with velocity-dependent friction, the interaction
between the sliding object and the isolated building, and the vertical flexibility of the

isolation and superstructure.

63



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

3.2 Model of the structure and building equipment/content

3.2.1 Structural model
A seismically isolated building and its sliding EC can be mathematically described

by the 3 degree-of-freedom (DOF) system shown in Figure 3-1. In this model, u_ is the
displacement of the EC relative to the floor (i.e., the sliding displacement), u, is the

horizontal displacement of the base slab relative to the ground (i.e., the deformation of the

isolators), and u, is the horizontal displacement of the story slab relative to the ground.
The horizontal and vertical displacements of the ground are represented by u,andv,. m,

and m,, represent the mass of the base slab and the mass of the story slab, respectively.

The base isolation system is modeled as either viscously damped linear elastic or bilinear.
The viscoelastic isolation system was used early on to introduce the linear theory of

seismic isolation [25] and continues to be used widely, primarily due to its simplicity. The

numerical efficiency of this linear model lends itself to large parametric investigations

[26]. The model consists of a linear spring of stiffness &, in parallel with a linear viscous
damper of damping coefficient ¢,. The nominal period 7, and damping ratio &, of the

isolated system are given by

M c
T,=om Mo | g=_ 9 (3.1)
’ k, & 2Jk,M,

where M, = m_, +m,. The nominal fundamental period and damping ratio of the isolated

structure, given by Equation (3.1), are based on the premise that in a seismically isolated
building, the superstructure moves as a nearly rigid body on a very flexible base. This
simplifies the parametric investigations, as the base-isolated building can be
approximated by a single-degree-of-freedom system [6]. In the early part of this paper,
which focuses primarily on studying the effects of various friction and nominal isolation
parameters, the superstructure is assumed to be rigid. Later, the paper also investigates the
effect of the superstructure’s horizontal flexibility, as well as the flexibilities of the

isolation layer and the superstructure in the vertical direction.
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The response of sliding EC is also examined under the assumption of a bilinear
isolation system, which is commonly used to represent the behavior of a lead plug system
(LPS) or a friction pendulum system (FPS). A bilinear model requires three parameters to
fully describe it. In this study, the following triad is used: the characteristic strength,

where the hysteresis loop crosses the y-axis, 0, the yielding displacement, u,, the second

stiffness, k,. Customarily, the effective period of bilinear systems is computed from the

peak-to-peak stiffness of the bilinear isolation system, which means that it depends on the
isolation displacement. An alternative, and convenient, choice is the use of a nominal

period for the isolation system, given by

T, =2n /% (3.2)
k2

which does not depend on the maximum displacement of the isolation system. In this
case, the second stiffness of the bearing is considered dominant in determining the period
of the isolation system. Makris and Black [21] have demonstrated that the yield
displacement (or initial stiffness) has little effect on the response of bilinear oscillators
that exhibit large values of ductility. This conclusion is especially applicable to a bilinear
isolation system with relatively low characteristic strength, which is expected to

experience very large inelastic displacements.
3.2.2 Sliding content model
A rigid block of mass m,. is considered to represent the EC, as shown in Figure

3-1. The contact friction is defined using a Stribeck friction model that takes into account
the rate dependence of friction, as illustrated in Figure 3-2. A Stribeck friction model that
takes into account both static, x , and kinetic, u,, friction coefficients and the transition

between the two expressed by a hyperbolic secant function, as suggested in [27], as well

as viscosity at the contact, can be expressed by

" (3.3)

uS

p(u,) = psech(Bu,) + p, [1—sech(Bi,)] + 7,
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where u_ represents sliding velocity; constant £ defines the transition sharpness from
static to kinetic friction; and y represents viscous characteristics of the contact.

The first two terms of Equation (3.3) account for the smooth transition from static

to kinetic friction. The larger A, the sharper the transition, as shown in Figure 3-2.

Kinetic friction itself is defined as a velocity-dependent parameter. The last term of

n . . . . .
, captures any nonlinear viscous velocity dependence of friction,

Equation (3.3), y, |,
known as viscous contact. This definition is well explained in mechanical engineering
literature, specifically for friction between lubricated surfaces. However, the velocity
dependence of kinetic friction is not limited to lubricated surfaces and has been observed
in dry friction experiments as well. In structural engineering, for example, the velocity
dependence of the kinetic friction in sliding bearings has been observed experimentally in
several studies [28-35]. These studies usually included cyclic tests at different
frequencies, and the value of the kinetic friction coefficient for each experiment was
related to the peak (amplitude) velocity of that harmonic excitation. Even though this
approach does illustrate the velocity dependence of kinetic friction, it does not provide

information about the friction coefficient as a function of instantaneous sliding velocity.

Depending on the surface characteristics, the actual behaviour may be approximated by a
linear or nonlinear function, y,u. . In this study, for the sake of simplicity, »n is assumed

to be equal to unity in Equation (3.3), representing linear viscous damping for the contact.

The friction force for the sliding block under horizontal and vertical excitation is defined

by
F, = uug)sgn(u )me (g+3,) , ¥, 2-¢g (34

in which sgn(-) represents signum function and ,is the absolute floor acceleration in the

vertical direction. Equation (3.4) assumes that the block never loses contact with the

surface, which is satisfied as long as j, > —g. The equation of motion of the system

including the sliding EC, superstructure, and isolation system is constructed in state-space

form and solved using MATLAB ODE solvers. A bilinear model with very large initial
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stiffness is assumed to approximate the signum function in Equation (3.4). The procedure
to solve such dynamic systems with path-dependent nonlinearities, i.e., bilinear hysteresis

restoring forces, is explained in detail by the authors in [36].

3.3 Dimensional analysis

Dimensional analysis is employed in this section to examine the underlying physics
in the sliding of EC in seismically isolated buildings under analytical pulse excitations, as
well as to demonstrate the complete- and self-similarities in the sliding response of the
EC. The dimensional analysis requires a length scale of the ground excitation, which
represents the persistence of the excitation in displacing the object [15]. In particular, the

length scale, L,, of the excitation is needed to normalize the peak sliding demand

parameter. Voyagaki [37] and Voyagaki et al. [38] showed, in a systematic manner, that

there are six possible L, that can be obtained from the peak acceleration a,, peak

velocity v,, peak displacement d,, and period 7, of the pulse, ie,

Lpz(v;/ap,a T’v T

JIov,T,.d,vd,la,T, ,apdep/vp) . The first parameter, L, = vi/ap ,
was used in the early studies by Newmark [39] and Newmark and Rosenblueth [40]. The

second parameter, L, = aprz , was employed by several researchers [41,21,42]. Makris

and Black [12] compared the adequacy of a parameter equivalent to L, =v T , ie.,

L,=v, / o,=v,T, / 27, against L, = aprz to represent length scale of pulse-like ground

motions. They demonstrated that both linear and nonlinear responses of structural systems
scale better with the peak pulse acceleration than the peak pulse velocity, concluding that
peak pulse acceleration is a better representative measure of intensity of a pulse [12]. To
the best knowledge of the authors, the last three parameters in [37] have not been
investigated within the context of nonlinear structural systems. Based on the findings of
Makris and Black [12], and since this study deals with the sliding problem, wherein
sliding initiation depends merely on the condition that base acceleration overcomes the

frictional resistance, L, =apr2 is considered as the length scale of the ground pulse

excitation. To demonstrate the concept of the length scale of a pulse excitation, assume a
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sliding rigid block on the ground that is subjected to a rectangular horizontal acceleration
pulse, as shown in Figure 3-3(a). Provided that a Coulomb friction force resists the sliding
of the block, the early solution presented by Newmark [39] describes the maximum

sliding displacement of the block as

T2
umax=a”7"(%—lj . (a, > ug) (3.5)

Equation (3.5) shows that u  is proportional to the length scale ., :apT[f and the

intensity of the pulse, which is represented by the term in parentheses. As shown in
Figure 3(c), after expiration of this pulse, the ground moves with constant velocity,
eventually resulting in infinite ground displacement. Such a pulse is not physically
realizable. In order for a pulse to generate finite ground displacement, the area under the
acceleration time history must be zero (i.e., zero mean acceleration); in other words, the
final velocity must be zero. In addition, the energy released by earthquake shaking is
always finite. Because of these conditions, wavelets are commonly utilized to

characterize ground motions with coherent pulses. A wavelet is a waveform (signal), ¢(¢)

, in time domain that satisfies the finite energy and zero mean conditions, respectively:

E:ﬁﬁmﬂm<w (3.6)

Epmwzo (3.7)

In Figure 3-4, the long-period pulse of the RSS228 motion recorded during 1994
Northridge earthquake is approximated using the symmetric Ricker wavelet with effective

period of 7, =1.0 s. The symmetric Ricker wavelet is basically the second derivative of

the Gaussian distribution, e , described by [43]

27t ’%27;72[
pt)=a,|1- P e 7

P

(3.8)
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where T, = 27[/ o, 1s the effective period corresponding to the peak Fourier spectrum of

the wavelet. Analytical pulse excitations such as the Ricker wavelet, if consistent to the
coherent pulse, can approximately simulate the kinematics of pulse-like ground motions.
The capability of the closed-form analytical pulses to simulate real ground motions for
studying structural response has been investigated in [16,10,13,18,21], among others.
Various analytical two- and four- parameter pulses have been proposed. In this study, the

Ricker wavelet is used in the demonstrations of the dimensionless master curves.
3.3.1 Dimensional analysis for viscoelastic isolation system
Using the model shown in Figure 3-1, under an excitation with coherent pulse

acceleration amplitude a, and period 7, and the assumption of rigid superstructure (i.e.
k,— o) and a viscoelastic isolation system, and based on Equations (3.3) and (3.5), the

maximum sliding displacement of EC, as a dependent variable u__ , is expected to be a

max

function of ten independent variables (for each pulse type),
Upae = S (a,, T, M, T,, 8, mpe, 1, 14, B,y shape of pulse) (3.9

In Equation (4.8), the eleven variables, having dimensions u,, =[L], a, =[L][T]?,

Tp i[Tv]a 7;, i[T]a Mb i[M]a Mg i[M]a gb i[']a;us i[']a My i[']a ﬂ:[L]_l[T] and
y =[L]'[T], involve all three reference dimensions: that of mass [M], length [L] and
time [7]. Again, at this initial stage, the superstructure is assumed to be rigid relative to

the isolation layer. This helps to reduce the number of parameters by two. Also, only the
horizontal component of excitation is considered. Based on Buckingham’s IT -theorem,
the number of independent dimensionless IT -terms is equal to the number of variables in
Equation (4.8) (eleven variables) minus the number of reference dimensions (three);
leading to eight dimensionless IT-products. Repeated variables should contain the

parameters representing the pulse characteristics, i.e., a,and T, together with M, .

Consequently, the dimensionless IT -products considered are

69



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

Ui HE 7,
I, = T2’H2: - ,H3=T—b,l_[4:§b
ap r ap P
(3.10)
Y7 m
I, =%, T = fa,T,, 11, =ya,T, T, = ]\;C
s b
Therefore, the resultant dimensionless equation takes the form
U ax g T, Hy Mpc
=0 —.,¢,—,pa,T,ya T ] (3.11)
P ’ s9po > p° pop?
a,T, ( , Iy ] M,

where @ is the function that can be obtained either analytically, if a closed-form solution
exists, or numerically, for each pulse type. Reduction in the number of variables by three
results in self-similar solutions for Equation (3.11) with respect to the repeated variables
chosen. In other words, the dimensionless solutions will be the same for all the values of

a,, T,and M,. By expressing the behaviour in terms of dimensionless products, the
effects of different parameters on the response can be examined.

3.3.1.1 Effect of the isolation-to-pulse period ratio (11, =T, /T, )

I1, =T, /T, is the measure of the relative stiffness of the isolation system. Small values of

T,/T, (e.g., T,/T,<0.01) represent no isolation, while large values represent a large

degree of isolation. Figure 3-5 (left) plots the so-called dimensionless master curves for

various 7, /T, values, while other IT-terms are fixed. These curves are presented for 10%
isolation damping (&, =0.1). The term master curve refers to the self-similar curves with
respect to the repeating variables that in this study are a,, T,and M,. The presented

curves are the same for all possible combinations of values of these three parameters. One
interesting characteristic of these master curves is that they are independent of the pulse

amplitude, a, [22]. In this context, the vertical axis, u,_ / aprz , represents the
dimensionless displacement, and the horizontal axis, ,ukg/ a,, represents the
dimensionless frictional resistance. Either 4, /u =1 or pa,T, =0.0 in these plots

eliminates the static phase of friction and therefore denotes the case with Coulomb
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friction model. Note that 1000 s/m is the maximum value of £ used in this study,
representing a sudden drop from static to kinetic friction coefficient. Dynamic interaction

between the sliding object and the isolation system is avoided by considering a mass ratio
as small as m,./M, =10". Considering the T, /T, =0.01curve to represent a very stiff

isolation system, or effectively a fixed-base system, we note that seismic isolation does
not necessarily decrease the maximum sliding demand on the EC for all the values of
isolation period and EC frictional resistance. Amplification occurs specifically for low
friction coefficient values; whereas, as the friction coefficient increases, the sliding
demand becomes lower in systems with a higher degree of isolation. The highest

amplification is associated with the resonance condition, 7, =7, .

3.3.1.2 Effect of the isolation damping ratio (11, =&, )

Figure 3-5 (right) demonstrates the effect of isolation damping under the resonance

condition, 7, /T, =1.0, on the sliding of EC. Providing a minimum amount of damping,

i.e., 10%, considerably reduces the sliding response. However, the efficiency drops
rapidly for damping values grater that 15%. Moreover, the effect of isolation damping in

displacement reduction is evident in the resonance condition (7, /7, =1.0), shown in

Figure 3-5 (right), while it has marginal effect for non-resonance cases.

3.3.1.3 Effect of the kinetic-to-static friction coefficient ratio (Tl = u, /i, )

I1, represents the ratio of kinetic to static friction coefficient. I1; =1 indicates Coulomb
friction model (where u = u, ), while values lower than unity describe Stribeck friction
that itself subsumes the StatictCoulomb friction model when S — o, leading to a
sudden drop from static to kinetic friction. The practical range of 4, /u, changes based

on the properties of the problem being investigated. For instance, experimental tests on

light science laboratory equipment items [44] showed g, /u, to range between 0.73 and
1.0, while tests on heavy laboratory equipment [5,45] measured s, /u, to range between

0.72 and 0.77. Based on those observations, a lower bound value of g, /u =0.5 is
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assumed in this study. The dimensionless curves (master curves) demonstrating the effect

of u,/u, ratio on the maximum sliding response are presented in Figure 3-6 for three

different isolation-to-pulse period ratios and 10% isolation damping. The dimensionless

curves are obtained for £ =1000 s/m (i.e.,IT; =1000a,T, ). Presence of static friction
reduces the maximum sliding response for large values of g/ a,, while it results in
amplification for low values of 4, g / a, . Therefore, neglecting the static phase of friction,

as 1s done when using the Coulomb friction model, is unconservative when estimating the
maximum sliding displacement of contents with low friction coefficient.

This finding may be one of the reasons explaining why the Coulomb friction model
underestimated the actual sliding displacements of the heavy laboratory equipment in
experimental tests [5,45]. Observations like this highlight the profound advantage of
dimensional analysis, which can be used to study the behaviour of a complicated problem
by condensing a number of curves in only one master curve. Otherwise, a comprehensive
parametric study would be necessary to arrive at such a conclusion. The amplification
under the symmetric Ricker wavelet excitation is attributed to the resistance of the system
with high static friction to the first pulse of the Ricker wavelet which results in one
directional sliding under the major pulse of the excitation (See Figure 3-4-left). In other

words, for g, /u =1, sliding of the EC under the first minor pulse of the Ricker

excitation in the negative direction cancels out a portion of the sliding in positive
direction under the major pulse of the Ricker wavelet, resulting in smaller maximum
sliding displacement. Therefore, even though presence of a static friction increases the
overall strength (resistance) of the system, it may result in amplification effects due to the
presence of preceding or succeeding pulses close to the major pulse in real earthquake
excitations. Such sensitivity in sliding response calls for more accurate estimations of the
kinematics of pulse-like ground motions, when analytical pulses are to be used.
Moreover, as can be seen in Figure 3-6, there is a similarity in maximum sliding response

in the range of sliding equipment tested previously (0.7 < g, /u, <1.0). Thus, one may
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assume that u_ / a,T; is almost independent of 4, /u, (and consequently T1; = fa,T,)

P

in that range and simplify the dimensionless sliding equation to:

T
I/lmax2 ~ ﬂkg,—b,f,,,}/apr,mEC for 073&310
apr a, T, M, L,

(3.12)

T,
Unax (ﬂkg’_bjéb,ﬂ’ﬂapr’yaT mECJ for &30-7

apT'p2 i TP /us rr Mb /us

P

3.3.1.4 Effect of transition sharpness (113 =fBa,T ) and viscous contact parameter (
I, =ya pT p )
The effect of the transition parameter fa,T, on the sliding response is examined by

computing the dimensionless curves for 10a,7 < fa, T’ <1000a,T, . The master curves

are presented in Figure 3-7 (left). The curves are close to each other in the range of

interest for this parameter. Consequently, since changing fa,T, by two orders of

magnitude results in relatively comparable master curves, it can be said that the

dimensionless sliding response, u

max

/aPTPZ, exhibits complete-similarity in fa,T,.

Hence, the simplified dimensionless maximum sliding equation described by Equation

(3.12) becomes

umax /ng T;) mEC luk
~ —, & va T, for 0.7<—%<1.0
ap]-'p2 f( P TP é:b 7/ nr Mb J /’ls

(3.13)

umax ,ng T;J lle mEC l‘uk
~ ,—=, 5.~~~ va T, for —£<0.7
a,T’ f{ T % }/””M] m

P P s b

If assuming no viscous damping at the contact, i.e. ya,T, — 0, and neglecting the

dynamic interaction between the content and isolation system by assuming a very small

mass for the EC, i.e. m,./M, — 0, the dimensionless sliding displacement, u,__ / a,l;,
for a massless rigid sliding block is approximately a function of only x, g / a, in the range

observed for sliding EC, i.e., 0.7< g, /u, <1.0. Here, the dimensional analysis proved the
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dominant role of kinetic friction on the maximum sliding response in its general form,
which has been observed in previous investigations [39,5,44,46,45,47].

Only a handful of experiments are available for evaluating the velocity dependence
of friction in earthquake engineering. One such study [48] included cyclic testing of

sliding bridge bearings, which on average exhibited a maximum y value of about 0.05. In

the dimensional analysis of the current study, the upper bound for ya,T, is determined by

assuming y,. =0.1s/m, a,.. =2g,and T, =S5s, resulting in I, ~10. Figure

3-7(right) illustrates how ya,T, affects the sliding response of EC; the higher the contact

damping, the lower the sliding response.

3.3.1.5 Effect of the dynamic interaction between the structure and the EC (
My =mgc/M,)

Depending on their friction coefficient and mass, building EC may influence the
dynamic response of the building. Heavy EC with high friction coefficient move rigidly
with their base, resulting in a longer isolation period. EC with low friction coefficient,
which are more prone to sliding, may increase the damping of the system by dissipating
energy through friction.

Figure 3-8 shows the effect of the mass ratio on the normalized peak sliding
displacement for isolation period ratios of 0.1, 1.0, 3.0, and 4.0. According to this figure,
the maximum sliding displacement is not affected by the mass of the EC for 7, /7, =0.1

which represents either stiff systems or base-isolated buildings under very long-period

pulse excitations. At resonance condition, 7, /T, =1.0, a mass ratio even as high as 20%
results in less than 10% increase in the normalized sliding response in the
0.05<u,g / a, <0.45 range, while the sliding response is completely unaffected for other
values of s, g/ a, . Considering the plots for 7, /T, =3.0 and 4.0 representing effective

isolation systems, the dynamic interactions appear to have considerable effect on the
sliding response of EC. This suggests that dynamic interaction would be a concern for

base-isolated buildings subjected to short-period pulses or broad-band ground motions
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having high frequency excitations. This highlights the possible contribution of short-
period acceleration pulses overriding the coherent long-period pulses existing in certain
pulse-like ground motions. Recent studies by Vassiliou and Makris [15] and Lu and
Panagiotou [20], have characterized these short-period acceleration pulses (i.e., with

0.5<T7,<1.5) that Makris and Black [12] earlier claimed to have far more contribution

to the response of both elastic and inelastic systems than the coherent long-period pulses

distinguishable in the velocity time-history.

3.3.2 Dimensional analysis for bilinear isolation system
The procedure to determine the dimensionless equation in the case of a bilinear

isolation system is similar to that of viscoelastic isolation, with the difference that bilinear
systems are defined by three parameters (Q, u,, and k, ), while viscoelastic systems are
defined by only two (&, and c,). For this system, the maximum sliding displacement of

the EC will be a function of eleven independent variables and the shape of the pulse

(under the assumption of rigid superstructure),
U =S (a,, T, M, T,,0,u ,mg., u, 1y, B, 7,shape of pulse) (3.14)
where the dimensions of the new variables are u, =[L]and Q =[M J[L][T 1. Note that in

this case the isolation nominal period is described by Equation (3.2). Again, the Equation
(3.14) has all three reference variables involved resulting in nine dimensionless selected

[1-terms, selected as follows:

T
M=o, = 48 g, T—b,n4=MQ =
a M
v ? g v (3.15)
u
M, = fa,T,, T, =ya,T,, T, = £ ], = ——
b apr

and similarly the dimensionless equation becomes

T u
umaXZ ZCD ﬂkg 9_b’ Q ’&’ﬁaprﬂya T mEC 9—y (316)
apr a TP Mbap MU

p

s b pp
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Assuming a friction pendulum bearing (FPB) system with very small yield
displacement u, =0.25 mm and friction coefficient ,,, = 0.05, the effect of the isolation

period ratio is shown in Figure 3-9. It can be seen that the peak response occurs at the

resonance condition where 7, /T, =1.0. In this plot, the curves were produced for a
dimensionless isolation strength of Q/M yd, = Hepp8/ a,= 0.2. Figure 3-10 shows the
effect of Q/M »@, on the peak sliding displacement response for the resonance condition
(left plot), and when the period ratio is 3.0. As it is evident from the figure, increase in
Q/M »a, (1.e., hysteretic isolation damping) is very effective in reducing the peak sliding
response under the resonance condition, but it leads to an increase in peak sliding
displacement demands for EC with higher frictional resistance ( 1, g / a,>0.1) for short-
period pulses (see the plot for 7, /T, =3.0). This is due to the fact that increasing the

hysteretic damping (through an increase in the isolation system’s characteristic strength)
allows the isolation layer to transfer larger accelerations to the superstructure. On the
contrary, increase in hysteretic damping results in a reduction in isolation peak
displacement, leading to a reduction in peak sliding response of EC with low friction
coefficient.

Previous works [14,21,24] suggest that the peak displacement response of yielding

systems, including buildings with bilinear isolation systems, exhibits complete-similarity

with respect to the yielding displacement, ie., u, / apl;f . In other words, the peak
displacement of the system is insensitive to the exact value of u, . This is because in base
isolation systems, which exhibit large displacement demands (u,, > u ), the dissipated

energy associated with the yield displacement is negligible compared to total energy
dissipated [24]. Similarly, it is expected that this complete similarity extends to the peak
sliding response of EC within such buildings.

Figure 3-11 indeed confirms that the dimensionless peak sliding displacement

exhibits complete similarity when the dimensionless yield displacement, u, / a prz , 18
varied from 0.0001 to 0.001 for resonance (left) and non-resonance (right) conditions.
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. . . . 2 .
The figure shows that there is only a very slight increase in u / a,T, for the entire

max

range of 1, g / a, as u, / a,T, * increases. However, concerns remain over the effect of the
isolation system’s u, when considering the flexibility of the superstructure, which up to

this point has been neglected. The effect of the superstructure’s lateral flexibility on the

sliding response of the EC is investigated in the next section.

3.3.3 Effect of the lateral flexibility of superstructure
When considering the lateral flexibility of the superstructure, proximity of the

period associated with the isolation system’s initial stiffness with the period of the

superstructure, 7, =27zm,/k,, may trigger the participation of the second mode,

resulting in increased first-story accelerations [26]. In this case, the complete similarity
observed in Figure 3-11 may vanish. To investigate this, dimensionless curves similar to
those in Figure 3-11 were produced, but this time including the lateral flexibility of the
superstructure. Figure 3-12 shows dimensionless sliding displacement curves for

T, /T,=0.1and 0.3 for resonance (top) and non-resonance (bottom) conditions. It can be

seen that the sliding response exhibits complete similarity with respect to the isolation’s

dimensionless yield displacement, u, / aprz , even for these representative cases of

flexible superstructure. Figure 3-13 presents dimensionless curves for three isolation-to-

pulse period ratios, 7, /T, , and different superstructure-to-isolation period ratios, 7, / T, .

It can be concluded from this figure that the peak sliding displacement is insensitive to

the flexibility of the superstructure when T, / T, is less than 0.3.

3.3.4 Effect of the vertical component of excitation
The effect of the vertical component of the ground excitation on the performance of

building EC is a common concern. As this paper follows a dimensional analysis
approach, and since it focuses primarily on the sliding under the coherent pulse of pulse-
like ground motions, a pulse identical to the horizontal ground acceleration pulse is
assumed as the vertical excitation. Such an assumption, i.e., the coincidence of vertical

and horizontal pulses with identical shape, period, and amplitude, may not seem very
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realistic since the vertical component of pulse-like ground motions may be expected to
have a high frequency content. According to Gazetas et al. [23], however, such a
coincidence is not so unrealistic due to the inherent characteristics of P and S waves
dominating the ground motion in the vertical and horizontal directions, although
exceptions to this rule are not uncommon. Figure 3-14 shows the coincidence of coherent
horizontal and vertical pulses contained in the horizontal and vertical components of the
Pacoima Dam-Downstream record of the 1994 Northridge earthquake and the TCU-068
and TCU-052 records of the 1999 Chi-Chi earthquake. Considering the Northridge
earthquake, the vertical component exhibits a pulse with almost similar shape and
duration, but with lower amplitude. Even though high frequency components exist in the
record, they are not present during the occurrence of the main pulse. In the case of Chi-
Chi TCUO068, both the shapes and amplitudes of the horizontal and vertical pulses are
comparable. Unlike the Northridge Pacoima Dam record, the presence of high frequency
excitation is evident throughout the vertical component of Chi-Chi TCU052, including
during the main pulse. In this example, the shape and duration of the vertical pulse is
comparable to the horizontal pulse while having lower amplitude.

The vibration of the structure due to the vertical excitation input, i/'g, affects the

vertical floor acceleration and, consequently, the normal force on the EC, m.(g+¥,) ,

which in turn affects the frictional resistance of the sliding objects, as described by
Equation (3.4). Note that the flexibility of the structure in the vertical direction, due to the
flexibility of isolation bearings, columns, beams, and slabs, can result in amplification in
the vertical floor accelerations compared to the vertical ground acceleration. Moreover,
the vertical excitation can indirectly affect the horizontal floor response due to a
horizontal-vertical coupling that exists in some isolation systems. For instance, a study by
Ryan and Dao [49] pointed out that in the case of friction bearings, the vertical ground
excitation introduces high-frequency fluctuations in the horizontal force because the
frictional force of the isolators is proportional to the normal force which is directly
affected by the vertical ground acceleration, which tends to be richer in the higher

frequency range for most ground motions. It is likely that this coupling results in
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transferring the high-frequency vibrations to the superstructure and exciting higher modes
[49]. The transfer of high-frequency content vibrations is of concern for attached
acceleration-sensitive nonstructural components.

To simplify the parametric study, horizontal-vertical coupling effects of base
isolation system are not considered in this study. Annular rubber isolators with a shape
factor of $=25 are assumed as the isolation system. Note that typical shape factor for
seismic isolation applications is ranging between 20 to 40 [50]. Figure 3-15 shows an

annular bearing and provides definitions for various pertinent quantities.

The pressure solution predicts the vertical [51,50] and horizontal [50] stiffness of

rubber isolators. The horizontal (K, ) and vertical stiffness (K, ) of the bearings can be

computed using the following equations [50], where in Equation 3.18 it is assumed that

all rubber layers have the same thickness,

Kk =24 (3.17)

K, == (3.18)

where G is shear modulus of rubber, and E, is the compression modulus of a single

rubber layer which, assuming incompressible rubber, is given by
E =6GS*A (3.19)

in which

a
A= (3.20)

The presence of even a very small hole causes the value of A to drop rapidly from unity

(for a solid circular bearing) to 2/3. Hence, in most cases for rubber bearings with central
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holes, the value of E, should be taken as 4GS® [50]. Therefore, the ratio of vertical to

horizontal stiffness is
K, /K, =4S’ (3.21)

Thus, the vertical stiffness of the rubber isolators assumed in this study is 2500 times the

horizontal stiffness. For instance, an isolation system with nominal horizontal isolation
period of 2.5 s exhibits a nominal vertical isolation period of 7, =0.05s.

In addition to the flexibility of the isolation system, it is assumed that the
superstructure itself has a vertical vibration period of 7, =0.1 s. To investigate the

possible effect of the vertical excitation on the peak sliding displacement demands on EC,
the vertical pulse is applied in both the positive and negative directions. As shown in
Figure 3-1, the positive direction is upward. Thus, the negative vertical pulse most likely
reduces the normal force and, depending on the pulse amplitude and vertical flexibility of
the system, can lead to jumping of the EC. The full-scale experimental study conducted at
E-Defence [52] reported vertical floor accelerations higher than 1.0 g due to vertical
acceleration amplification as a result of the proximity of the natural frequency of the
isolated building with the dominant ground frequency in the vertical direction; as a result
of which, jumping of EC within the building was observed. However, this special case is
beyond the scope of the present study, which focuses on the sliding response and, in this
section, how this is affected by vertical excitation. To prevent the occurrence of jumping,
the amplitude of the pulse is adjusted. It should be noted that use of a pulse with small
amplitude does not alter the dimensionless master curves since they are inherently self-
similar.

Figure 3-16 compares the peak sliding response of EC under only horizontal pulse
and under horizontal pulses with coincident identical vertical pulse acting in the positive
or negative direction, for isolation-to-pulse  period ratio values of

7,/T,=0.5, 1.0, 2.0,and 3.0. These curves are generated for a 7, /7, =0.1and0.3.

According to this figure, the direction of vertical ground pulse excitation does not
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necessarily increase or decrease the peak sliding response. For 7, / T,=0.5 the vertical

pulse acting in the negative direction results in a decrease in the peak sliding response,

while for Tb/Tp =2.0 and 3.0 it results in an increase. For YL/TP =1.0 it results in an
increase for smaller values of 1, g / a, , but an increase for larger 1, g / a, . Comparing the
top row plots (7, /T, =0.1) with the bottom row plots (7}, /T, =0.3) shows that the

flexibility of superstructure in the range of typical base-isolated buildings (i.e., low- to
mid-rise buildings) has no noticeable effect on the peak sliding demands on EC when
identical vertical pulse is present. From the plots, it can be seen that the vertical ground

pulse excitation can affect the peak sliding response appreciably for 7, /Tp =0.5.

However, its contribution becomes small for larger isolation-to-pulse period ratios,
meaning that the vertical pulse has minor contribution in the case of short-period pulses.
This finding is in good agreement with the results of previous studies denoting the minor
effect of high-frequency vertical component of actual earthquakes on the peak sliding

response of rigid objects [23,7].

3.4 Conclusion

This study presented the results of a comprehensive parametric investigation on the
sliding response of equipment and contents (EC) in seismically isolated buildings
subjected to pulse-type excitations through the use of dimensional analysis. The isolation
system was modelled as either viscoelastic or bilinear. The EC was assumed to be rigid,
and the frictional resistance between the EC and the floors was characterized using an
advanced Stribeck friction model. At first, the flexibility of the superstructure and the
vertical component of the ground excitation were neglected. Subsequently, the effect of
the superstructure’s flexibility on the sliding response was examined. Finally, the study
investigated the effect of the vertical excitation (represented by pulse motions) when the
flexibilities of the superstructure and isolation system in the vertical direction were

considered. The main findings of this research can be summarized as follows:
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Under pulse excitations, amplification occurs in the peak sliding displacement of EC

with increasing isolation-to-pulse period ratio, 7, /T, , specifically for low s, g/ a,

(i.e., low friction coefficient values or large acceleration pulse amplitudes). The
highest amplification is associated with the resonance condition, where the isolation

period is very close to the pulse period. For 7, /T, >1, the dimensionless sliding
displacement parameter decreases with increasing 7,/7,, demonstrating the

decoupling effect associated with isolation.

Even a relatively small amount of isolation damping, say 10%, is very effective in
reducing the peak sliding displacement demand under the resonance condition (

T,/T, =1.0), while large damping ratios, say over 20%, provided little additional

benefit in controlling the maximum sliding displacement for non-resonance cases.

The presence of static friction reduces the maximum sliding response for large

g/l a,, while it results in some amplification in the response for low x,g/a,.

Therefore, neglecting the static phase of friction is not always conservative when
estimating the maximum sliding displacement of EC with low friction or for pulses
with high acceleration amplitude. However, in the range of kinetic-to-static friction
ratio of sliding equipment tested previously (0.7 <y, /u, <1.0), the maximum
sliding response exhibits similarity. Master curves also show that the dimensionless

displacement exhibits complete similarity with respect to the dimensionless product

associated with the static-kinetic transition parameter 5.

The dynamic interaction between the EC and the base-isolated building is negligible
when the building is subjected to very long-period pulses (i.e., pulses with periods
longer than isolation nominal period). Even under the resonance condition, the

interaction between EC with m,. /M, <0.2 and base-isolated building results in less

than 10% increase in the peak normalized sliding response. However, the interaction

becomes considerable under pulses with periods shorter than the isolation period,
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indicating the importance of considering the short-period acceleration pulses

overriding the coherent long-period pulse in certain pulse-like ground motions.

Dimensional analysis indicates the existence of complete similarity in the sliding
response of EC with respect to the dimensionless yield displacement of the isolation
system. In other words, the peak sliding displacement is insensitive to the exact value

of the isolation yield displacement.

The peak sliding displacement of EC is not affected appreciably by the lateral
flexibility of superstructure when the superstructure to isolation period ratio is less

than 0.3.

Depending on the isolation to pulse period, addition of an identical pulse in vertical
direction can affect the peak sliding response. However, its contribution becomes
small for larger isolation to pulse period ratios, meaning that the vertical pulse has

minor contribution in the case of short-period pulses.
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Figure 3-1. Model of the base isolated structure containing a sliding rigid EC on the first

story.
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Figure 3-2. Stribeck friction model
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Figure 3-3. (a) sliding rigid block subjected to a horizontal ground excitation. (b)
Rectangular ground acceleration pulse with amplitude a, and duration T, .

(c) Ground velocity.
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Figure 3-4. Ground acceleration and velocity time histories of the Rinaldi motion
(RRS228) recorded during the 1994 Northridge earthquake, together with
the symmetric Ricker wavelet with effective period of 1.0 s matched to the

long-period pulse.
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Figure 3-5. Dimensionless solutions to demonstrate the effect of isolation period ratio
T, /T, (left) and isolation damping ¢&, (right) for rigid superstructure.
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Figure 3-7. Left: Effect of the transition between static and kinetic friction, Sa,T,. Right

Effect of viscous property of the contact, ya,T, (rigid superstructure).
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Figure 3-8. Effect of the mass ratio m,. /M , on the maximum sliding response (rigid
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Figure 3-11. Effect of the isolation system’s dimensionless yield displacement, / apr2 ,

on the peak sliding displacement (assuming rigid superstructure).
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sliding response.
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Chapter 4: Effect of the Stick-Slip Phenomenon on the Sliding
Response of Objects Subjected to Pulse Excitations

Nikfar F., Konstantinidis D., 2016, Effect of the Stick-Slip Phenomenon on the Sliding
Response of Objects Subjected to Pulse Excitations, submitted to the Journal of
Engineering Mechanics (ASCE).

Abstract

The response analysis of sliding objects and structures subjected to ground
excitation is most often performed using Newmark’s rigid sliding block with Coulomb
friction. This simplified sliding model has been shown to sometimes result in poor
predictions of sliding displacement. In an effort to improve sliding response predictions,
this paper introduces a model that relaxes the rigidity constraint of the Newmark model
and takes into account velocity-dependence of the friction force using a Stribeck friction
model. It is shown that the flexibility of the support system in conjunction with velocity-
dependent friction at low velocities can result in intermittent stick-slip phases during
sliding. A dimensional analysis approach is taken to expose the underlying physical
similarities in the sliding problem and to compare the results of the stick-slip model with
conventional sliding models, including Newmark’s rigid block and coupled sliding
models that are not capable of capturing the stick-slip phenomenon. It is demonstrated
that implementation of simplified sliding models may result in underestimating the

sliding response.
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4.1 Introduction

One of the earliest systematic investigations on friction between solid surfaces was
conducted by Coulomb (Coulomb 1785). The analytical model for the friction coefficient
(i.e., the ratio of friction to normal force) proposed by Coulomb assumes rigid-perfectly-
plastic behavior, as shown in Figure 3-2(a). This model served as a foundation for further
studies that proposed more intricate models, such as Static+Coulomb (Figure 3-2-b), to
better describe the breakaway friction observed in experiments (Armstrong-Helouvry et
al. 1994). Even though this model is adequate for estimating the friction force in many
engineering problems, it has limitations when it comes to simulating the widely observed
phenomenon of intermittent stick-slip during sliding. Stick-slip in this study refers to
spasmodic sliding motion, i.e., jerking motion, characterized by successive rapid bursts of
sticking and slipping, caused by a combination of mechanical (flexibility of the sliding
system) and tribological (unstable friction force due to change from static to kinetic
friction) properties of the system (Van De Velde & De Baets 1996). The non-smooth
sliding motion occurring under this relaxation-oscillation type of motion is in contrast to
what is often described in the earthquake engineering literature as stick-slip: the distinct
‘stick” and ‘slip’ phases experienced by a rigid block under time-varying excitation; e.g.,
during an earthquake when the block initially at rest (stick) may start sliding (slip), then
come to a stop relative to the base (stick), then continue moving with the base (stick) until
the excitation is strong enough to overcome the interface strength and cause sliding again
(slip), either in the same or opposite direction from before, depending on the direction of
the base excitation, and so on. In this context, once the rigid block begins to slide, the
sliding motion is smooth. On the contrary, what is referred to as stick-slip sliding motion
in this paper is non-smooth (jerky). The dynamic model presented later in this paper is
general in the sense that it is capable of capturing jerky sliding motion when the
conditions (described later) are such that the stick-slip phenomenon arises, but also
smooth sliding motion when those conditions are not present. The stick-slip phenomenon
can explain complicated physical phenomena; for instance, stick-slip instability is known

as the main source of earthquakes (Dieterich 1991; Armstrong-Helouvry et al. 1994;
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Scholz 2002).

The conventional Static+Coulomb friction model is not capable of capturing the
occurrence of stick-slip because it does not take into account the so-called Stribeck effect
(Stribeck 1902; Armstrong-Helouvry et al. 1994; Armstrong-Helouvry 1990), which is
the main source of instability in the friction force during sliding. The Static+Coulomb
model assumes an instantaneous drop in friction force from the static to the kinetic state,
and a constant friction thereafter (Figure 3-2-b). However, friction experiments
(Armstrong-Helouvry 1990) have shown that the transition from the static to the kinetic
state is smooth, as illustrated in Figure 3-2(c), i.e., the friction is velocity-dependent at
low sliding velocities. Characteristics of this transition depend on several parameters,
such as the surface material, surface roughness, lubrication, and dwell time.

As part of a study investigating the sliding response of heavy equipment, such as
incubators, freezers, etc., housed in a science laboratory facility subjected to earthquake
shaking, Konstantinidis and Makris conducted quasi-static pull tests of heavy equipment
items resting on unwaxed (Konstantinidis & Makris 2005; Konstantinidis & Makris 2009)
and waxed floor surfaces. During sliding on waxed floor surfaces, jerky motion as a result
of stick-slip was observed. Fig. 4-3 shows the lateral load-displacement response of an
incubator tested on a waxed floor. Cycles of stick and slip are evident during sliding.
Stick-slip vibration was also observed in pull tests of lightweight benchtop equipment,
conducted by Hutchinson and Chaudhuri (Chaudhuri & Hutchinson 2005; Hutchinson &
Chaudhuri 2006). Stick-slip is evident from the fluctuations in the friction-velocity curves
of the equipment supported on rubber pads, presented in the paper. Similar stick-slip
oscillations were observed in shaking table tests of a desk on common flooring materials
(Yeow et al. 2014). Stick-slip was also present in slow cyclic tests performed to
characterize friction pendulum isolators (Paolacci et al. 2014).

Although stick-slip in the response of equipment has been experimentally
observed, studies examining the sliding response of equipment have hitherto used either
Coulomb or Static+Coulomb models to characterize the frictional characteristics of the

contact interface in numerical simulations (Chaudhuri & Hutchinson 2005; Konstantinidis
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& Makris 2005; Hutchinson & Chaudhuri 2006; Konstantinidis & Makris 2009;
Konstantinidis & Makris 2010). As mentioned earlier, these simple models are not able to
capture the stick-slip phenomenon during sliding. Newmark’s sliding block (Newmark
1965), which is widely used to determine the sliding response of earth/waste structures,
e.g., earth dams and landfills, under earthquake excitations, cannot capture the stick-slip
phenomenon either. Newmark’s sliding block consists of a rigid block, as shown in Fig.
4-2(a), resting on a moving base. The friction between the block and the base in
Newmark’s original work was described by a Coulomb model, as shown in Figure 3-2(a).
In more recent adaptations of the model, the friction may also be described by a
Static+Coulomb model (Chaudhuri & Hutchinson 2005), i.e., Figure 3-2(b). Even though
substantial effort has been concentrated on developing more advanced analytical methods
to take into account the deformability of earth structures in sliding analyses, the frictional
behavior along the sliding surface is still characterized by early friction models. Several
simplified de-coupled (Makdisi & Seed 1978; Lin & Whitman 1983) and coupled
(Chopra & Zhang 1991; Gazetas & Uddin 1994; Kramer & Smith 1997; Rathje & Bray
2000) analysis methods based on Coulomb friction have been developed to incorporate
this flexibility in the sliding analysis. The flexibility of the soil column and its dynamic
effects introduce a type of strain relaxation in the sliding of these structures, similar to
what is called pre-elasticity in the context of friction dynamics, i.e., the elasticity between
the mass and the sliding surface which is requisite for the stick-slip phenomenon to arise.
Despite their level of sophistication in characterizing elasticity, these models are not able
to capture the intermittent stick-slip during sliding. This is because the other necessary
condition for stick-slip, i.e., the Stribeck effect, or unstable friction force, is not
considered. Stribeck friction can be present in the sliding of such structures. Shear failure
of soil profiles also follows a transition from maximum shear strength (that can be
thought of as static friction) to complete failure and sliding of the soil layer along the
sliding surface, leading to a drop in shear resistance until the residual strength of the soil
is reached (that can be thought of as kinetic friction). Experimental studies have noted the

rate dependency of shear strength in soils and geosynthetic interfaces (Biscontin &
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Pestana 2001; Kim et al. 2005; Wartman et al. 2005). Moreover, the smooth transition
from static to kinetic friction, representing Stribeck friction, has been observed in
experimental investigations on the friction of granular layers (Nasuno et al. 1997). Such
rate dependency and consequent transitions from maximum strength to residual strength
together with the deformability (elasticity) of the structure may result in stick-slip in the
sliding of earth structures.

Based on the discussion above, both flexibility in the sliding body or its support
system (in contrast with the rigid sliding block) and velocity-dependent friction are
simultaneously necessary for the intermittent stick-slip phenomenon to arise. However,
while necessary, the mere presence of conditions is not sufficient for stick-slip to occur.
Stick-slip usually occurs in sliding velocities below a specific limit in conjunction with a
minimum amount of flexibility at the contact interface (Singh 1960; Armstrong-Helouvry
et al. 1994; Persson & Popov 2000). This paper introduces a 2-degree-of-freedom (DOF)
sliding model that incorporates both elasticity in the support system and Stribeck friction
along the contact interface and is able to capture stick-slip oscillations during the sliding
process under ground excitation. The effect of the stick-slip phenomenon on the sliding
response of objects subjected to unidirectional, horizontal pulse-like ground motions is
investigated using the proposed model. A dimensional analysis approach is employed to
explore the physical similarity of the solutions. Using this method, results of conventional
sliding models are compared with the stick-slip model under various wavelet excitations.
It is shown that the presence of elasticity and velocity-dependent friction has dominant
effects on the sliding response and alter the nature of problem considerably. It is
concluded that simplified sliding models, which cannot capture stick-slip effects, may

underestimate the sliding response.

4.2 Problem presentation

The sliding model introduced in this paper (the mathematical formulation of which
is presented later) is capable of capturing stick-slip and is applicable to a wide range of
dynamic systems with friction, including sliding of freestanding equipment or building

contents, buildings and bridges isolated with friction devices, earth and geotechnical
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structures, retaining walls, masonry walls, etc. (Fig. 4-4). As the flexibility in the system
is described entirely by a single DOF (see Fig. 4-4 —‘Idealization’), the accuracy of the

model increases for flexible superstructures with first-mode dominant response.

The velocity-dependent friction (i.e., Stribeck friction) used in this model follows
a hyperbolic secant functions for transition from static to kinetic friction. As suggested in

(Xia 2003), a general friction model that can account for both static, 1, and kinetic, £,

friction, their transition, as well as the presence of viscosity at the contact interface can be

expressed as

i 4.1)

p(i) = psech(ii, f) + g, [1-sech(i, B)] +7,

Equation (4.1) introduces the rate dependence of the friction coefficient. In this equation,
u represents sliding velocity (i.e., the relative velocity between the sliding surfaces);
constant S controls the transition sharpness from static to kinetic friction (the larger £,
the sharper the transition, as shown in Figure 3-2(c)); and p, represents viscous

characteristics of the contact.
In addition to the transition property from static to kinetic friction as a function of

sliding velocity, kinetic friction itself is defined as a velocity-dependent parameter. The

last term of Equation (4.1), y, |L'ls ", captures any nonlinear viscous velocity dependence of

friction. This kind of force arising from viscous properties between the surfaces is called
viscous contact. This definition is well explained in mechanical engineering literature,
specifically for friction between lubricated surfaces. However, velocity dependence of
kinetic friction is not limited to lubricated surfaces and has been observed in dry friction
experiments as well. In structural engineering, for example, the velocity dependence of
the kinetic friction in sliding bearings has been observed experimentally in several studies
(Mokha et al. 1990; Mokha et al. 1991; Tsopelas et al. 1996; Wolff & Constantiniou
2004; Konstantinidis et al. 2008; Fenz & Constantinou 2008; Dao et al. 2013; Steelman et
al. 2015). These studies usually included cyclic tests at different frequencies, and the

value of the kinetic friction coefficient for each experiment was related to the peak
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(amplitude) velocity of that harmonic excitation. Even though this approach does
illustrate the velocity dependence of kinetic friction, it does not provide information about
the friction coefficient as a function of instantaneous sliding velocity. Aside from the
inherent viscous behavior in dry and lubricated contacts, viscosity can also be introduced
by supplemental damping devices. Examples of such systems include structures isolated
by sliding bearings together with viscous dampers (Wolff & Constantinou 2004; Wolff et
al. 2015). Hence, the application of viscous friction goes beyond the limits of the in-
contact surfaces and includes a wide range of problems. Analytical solutions for
oscillators with combination of viscous damping and linear/velocity-dependent Coulomb
friction have been presented in (Makris & Constantinou 1991a,b). Depending on the
surface characteristics, the actual behavior may be approximated by a linear or nonlinear

function, y u". In this study, n is assumed to be equal to unity, representing linear

viscous damping for the contact. Thus, the friction coefficient can be expressed as
u(ii,) = psech(i, ) + p, (1-sech(i,B)) + i, (4.2)

The friction force for the sliding problem (Fig. 4-4) under horizontal excitation is given
by

F, = pu(ii,)(m +m,)g sgn(i,) (4.3)

where sgn(-) is the signum function, m is mass of the block, m, represents mass of the legs
or support, and g is the acceleration due to gravity. Note that in the case where
supplementary damping device connects the non-rigid superstructure to the base, the
damping force should be computed based on the relative velocity of the connecting point
and base; not merely the sliding velocity. For this case, one may discern the
supplementary damping from the damping of the contact mechanism by considering it
directly in the equation of motion. The general form of Equation (4.2) subsumes more
elementary friction models and, depending on the presence or absence of elasticity at the
contact, different dynamical sliding models can be obtained.

The intermittent stick-slip in the process of sliding is illustrated in Fig. 4-5. A mass

supported by an elastic leg is subjected to a gradually increasing horizontal force, P . The
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mass is free to translate, but restricted to rotate in its plane. Stribeck friction is assumed at

the contact between the tip of the support and the base. As the driving force increases, the

leg deforms until P reaches the static friction force, P =F,, when sliding initiates. At the

very moment when sliding initiates, the friction force on the surface drops rapidly from
F, to F, introducing an unbalanced force between the mass and the base. This
unbalanced force results in a sudden increase in sliding velocity of the tip of the leg
leading to a strain relaxation in the leg. Strain relaxation means reduction of the elastic

force of the leg to F, . Even though it happens very fast, during the transition of the force
from F, to F,, the sliding velocity of the tip drops, and since the drop in velocity

contributes to an increase in friction force, it leads to sticking of the tip to the base.

Sticking of the tip results in an increase in friction force to F,. These stick-slip cycles

continue provided that the system slides with a velocity lower than a critical value. Once
the velocity exceeds the critical value, stick-slip vanishes, and sliding proceeds steadily.
As shown in Fig. 4-5, after some cycles of stick-slip, and by increasing the velocity, the
steady sliding phase initiates. In case that the mass decelerates, the velocity decreases and
consequently there will be the possibility that stick-slip occurs before the permanent
sticking of the tip to the base. At the end of the process, since the mass and its supporting

leg form a dynamic system, the mass vibrates freely in its natural period of vibration.
4.3 Friction models

4.3.1 Coulomb friction model

In the Coulomb friction model, friction exhibits rigid-perfectly-plastic behavior, as
shown in Figure 3-2(a). This model has been extensively used to estimate sliding
response of building contents and equipment (Choi & Tung 2002; Lopez Garcia & Soong
2003; Konstantinidis & Makris 2005; Konstantinidis & Makris 2009; Nikfar &
Konstantinidis 2013; Konstantinidis & Nikfar 2015) as well as in sliding response
evaluation of earth and other structures (Newmark 1965; Makris & Black 2004; Wartman
et al. 2005; Gazetas et al. 2009; Garini et al. 2011; Voyagaki et al. 2012). Substituting 2,
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=u,, =0, and y=0in Equation (4.2) leads to the Coulomb friction model, i.e.,

@) = gy .

4.3.2 StatictCoulomb friction model

A static friction that is greater than the kinetic friction is present in the majority of
sliding problems (Figure 3-2(b)). Dry friction in flat slider bridge bearings
(Konstantinidis et al. 2008) and shear strength of soil under shear displacement are some
examples. However, in previous studies where the sliding of objects or earth structures
was investigated, for simplicity, only kinetic friction (Coulomb friction) was considered
in most of the analyses. However, in some studies, friction was treated as a state variable
in order to engage the static friction into the dynamic equation of motion. In this
approach, static friction is considered merely to determine initiation of sliding, but, during
sliding Coulomb friction is still used (Chaudhuri & Hutchinson 2005; Konstantinidis &
Makris 2005; Hutchinson & Chaudhuri 2006; Konstantinidis & Makris 2009). Treating
friction as a state variable ignores the realistic transition from static to kinetic friction.

Assuming vary large numbers for # (e.g., #=1000 s/m) in Equation (4.2) results in very

sharp transition from static to kinetic friction, thus representing the Static+Coulomb

friction model, shown in Figure 3-2(b).

4.3.3 Stribeck friction model

Extensive research has been done in order to quantify the friction properties
between various surfaces. It has been shown that there is a transition from static to kinetic
friction which can be expressed as a function of sliding velocity (Stribeck 1902;
Armstrong-Helouvry 1990; Armstrong-Helouvry et al. 1994), and references therein.
Stribeck Friction represents the rate dependency of friction in low sliding velocities. It
makes the friction problem complicated and introduces other phenomena such as
intermittent stick-slip during the sliding phase (unsteady sliding). By introducing a
continuous transition from static to kinetic friction, the mathematical model presented

herein has the ability to implement steady-state Stribeck friction. The model assumes a
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symmetric accelerating and decelerating behavior for friction as a function of sliding
velocity. However, according to previous studies, i.e., (Van De Velde & De Baets, 1998;
and references therein), the friction force remains constant or increases slightly
(compared to the breakaway or stick-to-slip phase) in the decelerating branch, i.e., in the

slip-to-stick phase. In Equation (4.2), p controls this transition. The constant £ is

adjusted based on Stribeck velocity (i.e., the sliding velocity at which the transition from
static friction to kinetic is completed, and friction force reaches to the kinetic friction
value), which is obtained through testing. The Stribeck velocity can be identified for
different surfaces by performing constant-velocity tests using velocity feedback controller
(Lampaert et al. 2002). Since in these tests inertial forces are zero, the resulting force
equals the friction force, and the Stribeck velocity can be obtained by drawing the
instantaneous friction-velocity curves. The Stribeck velocity depends on various
parameters such as surface material, roughness, etc.; however, based on experimental

investigations on different surfaces, it is usually in the order of 0.5~ 30 cm/s (Hess &

Soom 1990; Nasuno et al. 1997; Van De Velde & De Baets 1998; Bengisu & Akay 1999).

4.4 Dynamic sliding models

Dynamic models of sliding vary depending on the presence of elasticity in the
system. When there is no elasticity, Newmark’s rigid block model (Fig. 4-2-a) describes
the dynamics of sliding, where in the case that elasticity is present it introduces an
oscillatory system over the sliding surface changing the dynamics of the sliding problem

(Fig. 4-2-b).

4.4.1 Newmark’s rigid-block model (no elasticity at contact)

Newmark’s rigid block model is a single-DOF model describing the dynamics of
sliding for a rigid block when no elasticity exists in the contact between the sliding mass

and the base, as shown in Fig. 4-2(a).
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4.4.2 Stick-slip model (elastic contact)

Stribeck friction introduces instability in the friction force at low velocities, yet it
cannot by itself generate intermittent stick-slip during sliding. Unsteady friction force and
elasticity in the contact are necessary conditions for the intermittent stick-slip
phenomenon. The elasticity can be included in the model by considering a new

coordinate, u,, to account for the elastic deformation of contact surface asperities, or of

flexible legs for equipment supported on legs, or of deformations in earth/waste
structures—see Fig. 4-2(b).
4.5 Numerical procedure

The numerical procedure to solve stick-slip sliding model is presented in this

section. First, a 2DOF system is assumed, as shown in Fig. 4-6. In this model, m,

represents the mass associated with the elastic region of the contact. For instance, in case
of heavy equipment items with legs, it represents the mass of the legs. Dynamic

equilibrium for the 2DOF system gives

—c i, —ku, =m(i, +ii ti,)
{ ‘ (4.4)

cu, +ku,—F, =Am(i, +ii,)
where A is the mass ratio, A=m,/m, F "+ 1s the friction force as a function of sliding

velocity, given by Equation (4.3), and i, is the horizontal ground acceleration. The

signum function in Equation (4.3) introduces a singularity in friction force. There are a
number of procedures in the literature to treat this singularity (Mostaghel & Davis 1997).

In this study, an elastoplastic model, z(uS,Fy,uy,u p), with yield displacement u, and
velocity-dependent strength, £, is used to approximate the hysteretic response of the
friction force as presented in Fig. 4-7. F, in this model represents the friction force as a
function of velocity, F,=pu(u)(1+A)mg. For a very small u (e.g., 10~ m), the
hysteresis becomes nearly rigid-plastic. u,is a memory variable keeping track of the

plastic displacement history. u, consists of two components, u, =u, +u,, where u, is the
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elastic displacement of the elastoplastic hysteresis at the contact surface (not to be

confused with u,, which represents the deformation of the support, as shown in Fig. 4-6)
and u ,is the actual sliding displacement. Therefore, obtaining u, from Equation (4.4) the
u, and u,will be available from the elastoplastic hysteresis, z. In this condition, », and

the corresponding stiffness can be thought of as the elastic deformation and stiffness of
the contact zone between the legs and support suface. Equation (4.4) is transformed into

state-space form, to be solved using a MATLAB ODE solver:

. y2
ue yl 1 0 0 0 ue /1_*_1 Ff
I 3O £ SRR [ SR A O ey, +kon)+—
AEA 00 1 ofla| |y “5)
a |y, 000 1l |1 )
E(Ceyz +ky, _F/)_Ug

F, = z(y3,Fy (y4),uy,up) = f(y3,y4,uy,up) , Path-dependent restoring force

Above equation describes a system of ordinary differential equation (ODE) with path-
dependent nonlinear force, £, . The procedure to solve a system of ODE with path-
dependent nonlinear restoring force with MATLAB ODE solvers is presented by the
authors in (Nikfar & Konstantinidis 2014). Certain forms of piecewise nonlinearities can
be solved using state event location approach as discussed in (Wright and Pei 2012).
Solving the system of equations described by Equation (4.5) becomes computationally
expensive as A gets very small. In some applications such as sliding of equipment

supported by rubber pads the mass ratio 4 =m,/m becomes as small as 1 =1/1000. In

such cases where 4 — 0, the system reduces to a SDOF system:

—c i, —ku, =m(i, +i ti,) .
- F, +m(U+ii, )=0 (4.6)

cu, +ku,—F,~0
where U =u,+u,=u +u,. Provided that F, is described by a similar velocity-

dependent elastoplastic behavior but this time with an initial stiffness equal to £, (i.e.,
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u, =u,), both elastic deformation of the leg, u,, and sliding displacement, u_ (i.e.,

e’

u, =u,), can be obtained from the hysteresis force relation, F, = Z(U o F, (u ) ),u ol ) )

Taking g =g when defining F, in the stick-slip model reduces it to the specific

coupled sliding model. Furthermore, the stick-slip model can become even simpler by
assuming a very large elastic stiffness, k, = co. In this case, u, = 0, and the equation of
motion collapses to an ODE representing Newmark’s rigid sliding block model:
U, + p(u,)gsgn(u,) = —ii, (4.7)
Analytical solutions for the sliding of a rigid block under simple pulses were used
for validating the numerical solutions of the proposed stick-slip model. Closed-form
solutions for Newmark’s rigid sliding block with Coulomb friction are available in the
literature for simple half-cycle pulses, including square, sinusoidal, and triangular pulses
(Newmark 1965; Newmark & Rosenblueth 1971; Conte & Dente 1989). However, in this
study, the exponential family of pulses was used for validation of the stick-slip model
because of its versatility to generate an infinite set of symmetric pulses. The closed-form
solutions for the peak sliding displacement due to the half-cycle exponential pulse
developed by Voyagaki et al. (2012) were used for this validation. The reader is referred
to (Voyagaki et al. 2012) for details on the formulation of the exponential pulse as well as
the closed-form solution. Fig. 4-8 compares the closed-form solutions for sliding of a

rigid block with Coulomb friction against the numerical solution of the stick-slip model
for a block with very stiff support (T =27 m/k, =107 s) under four types of pulses

from the exponential family. In the numerical analysis, pulses were discretized with

resolution of 0.00017,. As can be seen, the numerical solution is in excellent agreement

with the analytical solution.

4.6 Sliding response under pulse excitation

In this section, the sliding problem is investigated under analytical pulse excitations.
Analytical pulse excitations are chosen, firstly, because dimensional analysis of the

seismic response of sliding objects, presented later in this paper, requires a time scale and
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a length scale of the ground excitation. Secondly, analytical pulse-excitations, if
developed consistently, can approximately simulate the kinematics of near-source pulse-
like ground motions, which are known to be one of the most destructive class of ground
motions to most civil structures (Somerville & Graves 1993; Hall et al. 1995).

The capability of closed-form analytical pulses to simulate structural response
under real ground motions has been investigated at various levels (Veletsos et al. 1965;
Makris 1997; Makris & Roussos 2000; Makris & Black 2004; Mavroeidis &
Papageorgiou 2003), among others. Various analytical two- and four-parameter pulses
have been proposed. In an effort to determine time and length scales of 183 pulse-like
ground motions, Vassiliou and Makris (2011) demonstrated that in a contest between five
common two-parameter wavelets, the One-Cosine and Type CI (C1 Cycloidal) pulses are
the two best-matching pulses for symmetric and antisymmetric acceleration pulses of the
selected ground motions. In this study, One-Cosine and Type C1 pulses are used based on
the findings in (Vassiliou & Makris 2011), together with the symmetric Ricker wavelet
for consistency with some recent studies (Gazetas et al. 2009; Garini et al. 2011; Makris
& Vassiliou 2011; Vassiliou & Makris 2012; Vassiliou et al. 2013). These three wavelet
types are shown in Fig. 4-9. The reader is referred to (Vassiliou & Makris 2011) for the
mathematical formulations of the selected wavelet types.

To demonstrate how stick-slip may occur during sliding, a freestanding piece of
equipment is considered with mechanical properties similar to those of the Forma
Incubator tested previously by Konstantinidis and Makris (Konstantinidis & Makris 2005;
Konstantinidis & Makris 2009): m=385kgand k, =24x10°N/m, representing a

dynamical system with fundamental period of 7 =0.25s. For the purposes of this

example, it is assumed that the equipment does not rock, only slides and/or vibrates. The
static and kinetic friction coefficients are assumed close to the ones obtained by slow pull

tests: p, =0.3andg, =0.2. Since no information is available for the transition
characteristics of the surface, £ is assumed to be equal to 100 s/m representing a Stribeck
velocity of about 5 cm/s. The response is computed for 1=1/100 and A=0. The

absolute acceleration, sliding velocity, and sliding displacement response histories under
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a symmetric Ricker wavelet with amplitude a, =0.65¢ and period 7, =1.0s are shown

in Fig. 4-10. As can be seen, there are cycles of stick and slip in the process of sliding. As
sliding initiates, the sliding velocity increases under the effect of the input acceleration,
and, once it exceeds a critical value, the system slides steadily. The velocity is the
controlling parameter for stick-slip. The lower the sliding velocity, the longer the duration
of stick-slip cycles. Moreover, at the end of the process, when complete sticking occurs,
the system continues to free-vibrate in its natural frequency. It is worth mentioning that in
addition to the input excitation characteristics, the parameters £, k,, u, and g, affect the
occurrence, frequency, and cycles of the stick-slip in the process of sliding. Comparing
the response histories plotted in the left column of Fig. 4-10, for 2 =1/100, to those in the
right column, for 4 =0, shows changes in the absolute acceleration of the mass. It is
interesting to note that even though the sliding displacement responses are very similar in
the two cases, the sliding velocity exhibits very large peaks in the case of A=0
compared to 4 =1/100.

As shown in this example, the flexibility of the sliding system and the Stribeck
friction change the problem of sliding by creating a dynamic system above the sliding
surface. Fig. 4-11 demonstrates the effects of such changes on the sliding response of the

system due to a Ricker wavelet excitation with period 7, =0.25sand amplitude
a,=0.5g . The plots in the left column correspond to sliding response of Newmark’s

rigid block model, while the plots in the right column are for the responses of a flexible
system (stick-slip model) with dynamic properties similar to Forma Incubator equipment,

T =0.25s. The responses are computed for two different kinetic friction coefficients,
presented as dimensionless parameter u,g / a,. For Stribeck friction, the value of the
static friction coefficient is assumed to be double that of the kinetic friction coefficient,
H/t, =0.5.

Fig. 4-11 compares the absolute acceleration, sliding velocity and sliding
displacement response histories for four different models, namely: (1) Newmark model

with Coulomb friction (called conventional sliding model), (2) Newmark model with
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Stribeck friction, (3) Stick-slip model with Coulomb friction (called coupled sliding
model in a geotechnical earthquake engineering context), and (4) Stick-slip model with
Stribeck friction. Comparing the response of Newmark’s sliding model (left column)

having Coulomb vs Stribeck friction with y,¢/a,=0.2, the maximum sliding

displacement corresponding to Stribeck friction (occurring in the negative direction) is
greater than the system with Coulomb friction. This is due to the presence of static
friction in the Stribeck model, which does not allow the system to slide substantially in
the positive direction under the first minor pulse of Ricker wavelet. This is contrary to the
Coulomb friction that allows the system to slide in the positive direction, cancelling a
portion of the sliding in negative direction. However, when the friction coefficient

increases to f,g/a, =0.4, neither model exhibits sliding under the first minor pulse of

the Ricker wavelet. Therefore, when the direction of loading reverses, the system with
Coulomb friction experiences larger sliding displacement than the one with Stribeck
friction. This suggests that the sequence of pulses can affect the sliding response
appreciably. The plots in the right column of Fig. 4-11 show that the stick-slip model with
Stribeck friction experiences two cycles of stick-slip under the first pulse of the Ricker
wavelet. This is evident from the two spikes that appear in the sliding velocity history and
also the step-like sliding displacement history. In this case, since the system has
vibrational characteristics, and can experience amplification effects, the resultant sliding
response can be larger than when the system is rigid. It can be observed that the stick-slip
model with Stribeck friction exhibits larger sliding displacement for both friction

coefficient values (,g/a, =0.2 and 0.4). As shown in this figure, the sliding response

of each of these models is complex and depends on the combination of the parameters
that describe the system and the excitation. The effect of these parameters on the sliding

response is investigated next through the use of dimensional analysis.

4.7 Dimensional analysis

Dimensional analysis is employed in this study to reveal the underlying physics of

the sliding problem for different friction and sliding models, as well as to simplify the
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parametric investigation. To normalize the peak sliding displacement for Newmark’s
sliding block subjected to a pulse excitation, the characteristic length scale of the pulse,

L,, should be determined. Voyagaki (2012) and Voyagaki et al. (2012) showed in a
systematic manner that there are six possible L, that can be obtained from the peak
acceleration a,, peak velocity v, , peak displacement d ,, and period 7, of the pulse,

ie., Lp:(vf)/a a,T;,v,T,d, vd, faT adT, v). The first parameter,

p?> 7 pip? T pip’Tp?

L, =v12, /ap , was used in the early studies by Newmark (1965) and Newmark and

Rosenblueth (1971). The second parameter, L, =ap7;f , was employed by several

researchers (Sarma 1975; Makris & Black 2004a,b; Konstantinidis & Makris 2005).
Makris & Black (2004b) compared the adequacy of a parameter equivalent to L, =v T

rop’
ie, L, =vp/a)p =vap/27r, against L, =ap7f to represent length scale of pulse-like

ground motions. They demonstrated that both linear and nonlinear responses of structural
systems scale better with the peak pulse acceleration than the peak pulse velocity,
concluding that peak pulse acceleration is a better representative measure of intensity of a
pulse (Makris & Black 2004b). To the best knowledge of the authors, the last three
parameters in (Voyagaki et al. 2012) have not been investigated within the context of
nonlinear structural systems. Based on the findings of Makris & Black (2004b), and since

this study deals with the sliding problem, wherein sliding initiation depends merely on the
condition that base acceleration overcomes the frictional resistance, Lp = aPYj 1S

considered as the length scale of the pulse.

In this study, the stick-slip sliding model with Stribeck friction is assumed as the
most general friction model. For this model, and based on Equations (4.2) and (4.4), the
maximum sliding displacement, as a dependent variable, under an excitation with

coherent pulse acceleration amplitude a, and duration T, is expected to be a function of

seven independent variables (for each pulse type),

= f(a,.T, u, . pB.y T shape of the pulse excitation) (4.8)

umax
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where T =27z,/m/k, . In Equation (4.8), the eight variables, having dimensions u__ =[L]

. a, =[LITTY, T,=[7], u =[], w4 =[], B=[LT'[T],y=[L]"[T], and T =[T]
(where in this context, 7" within square brackets is the dimension of time), involve only
two reference dimensions, that of length [L]and time [7]. As shown before, for small
mass ratios, 4, the contribution of m,to the sliding displacement is minor; therefore a

mass ratio of 4 =0 is assumed in the dimensional analysis to reduce the number of
parameters. Based on Buckingham’s II-theorem, the number of independent
dimensionless I1-terms is equal to the number of variables in Equation (4.8) (i.e., p=8)
minus the number of reference dimensions (i.e., ¢ =2 ), leading to six dimensionless II-
products (i.e., N=p—¢g=6). Based on conventional II-theorem approach, the N =6
dimensionless terms should be normalized by the remaining list of p—-N=¢g=2
repeated variables that are free to appear in all groups of dimensionless terms with the
conditions that repeated variables cannot (a) themselves form a dimensionless term, (b)

be dimensionless (e.g., # and g, ), and (c) be variables with the same or different powers

of identical reference dimension (e.g., length [L] and second moment of area [L'])

(Butterfield 1999). The choice of the pulse length scale, L, = apT; , can aid the selection
of an appropriate group of repeated variables since its parameters, a,and T, should be

among the admissible groups of repeated variables satisfying the aforementioned

conditions. The pair (a,,7,) satisfies the conditions of repeated variables and is used to

normalize the parameters of Equation (4.8). It is worth mentioning that although the
Buckingham theorem determines the number of dimensionless terms needed to describe
the solution, it does not provide any direction on how to select them, nor does it offer
information on how these factors influence the solution. Thus, depending on the different
physical justifications for a problem at hand and specific goal of the parametric study, one
may choose different combinations of parameters that produce the same number of
dimensionless terms. A proper choice of repeated variables is, however, the one that

results in the least scatter in the results.

114



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

Normalizing the peak sliding displacement, u__, by the length scale of the pulse,
L , = aPY;f , results in the first dimensionless I1-term

u
1, = —max (4.9)
aPTP

The choice of some of the remaining dimensionless parameters presented in this section is
motivated by the previous works by Makris & Black (2004a, 2004b) on dimensional
analysis of rigid-plastic and elastoplastic oscillators. Though some of the dimensionless
parameters are similar to the ones presented in those works, they are presented again in
this paper, together with new parameters that are exclusive to the Stribeck friction and
flexible slider model. The second Il-term is constructed using the kinetic friction
coefficient, 1 ,

I, = 448 (4.10)
a

P
However, in the case of the dimensionless term including s, first we assume a dummy

dimensionless parameter as IT, = u g /ap , similar to II, = ,ukg/ a,. Subsequently, to

obtain a more meaningful Il-term, I, is defined as

I, = % - % (4.11)

More I1-terms follow by selecting
I, =pa,T, (4.12)
I, =ya,l, (4.13)

Note that the force associated with the viscous properties of the contact is
F,=yumg (4.14)
And the last I1-term is defined by

I, = (4.15)

I
TP
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The resulting dimensionless equation for sliding takes the form

umax Iukg /uk T
=0 —,paTl  yvaT — 4.16
aprz ( ap : ’B pp 7 pop Tp] ( )
where @ is a function that can be obtained either analytically, if a closed-form

solution exists, or numerically, for each pulse type. Exclusively, # /u , pBa,T,, and

T /T,, among other II-terms, affect the nature of the sliding problem. In other words,

extreme limits of these parameters result in special cases of the sliding problem as
presented in Table 4-1. Describing the behavior using dimensionless terms, the effects of
different parameters on the response can be examined. In the following subsections, the
effects of dimensionless parameters are investigated. Based on the extraction of coherent
long-period pulses from eight famous pulse-like ground motions, a,7, =5 m/s is the
maximum value considered in this study. £ =1000 s/m is assumed to be a numerical

value considerably larger than what has been observed in friction experiments performed
on various surfaces, simulating a very sudden drop from static to kinetic friction force,

i.e., StatictCoulomb friction model. Therefore, I1, = fa, T, =5000 is the higher bound

considered in this study.
4.7.1 Effect of I1, = 1,/ 11, : the ratio of kinetic to static friction

Table 4-1 illustrates the range of parameter 1 / 1, for the various sliding models
discussed in this study. g, / 4 =1 indicates Coulomb friction, while values lower than

unity describe Stribeck friction, which reduces to the special-case of Static+Coulomb

friction model when II, = fa,T, — . The practical range of the parameter g / p,

changes based on the properties of the problem being investigated. For instance,

experimental investigations on light science laboratory equipment items have shown

4, | p, to range between 0.73 and 1.0 (Chaudhuri & Hutchinson, 2005).
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Values of static and kinetic friction coefficients extracted from experimental tests on
three heavy laboratory equipment (Konstantinidis & Makris 2005; Konstantinidis &
Makris 2009) yield g, / 1, = 0.72, 0.76, and 0.77. Based on those observations, a lower
bound value of x, / y, =0.51s assumed in this study. The dimensionless curves (master
curves) demonstrating the effect of 4, / 1, on the response of a rigid block (7/7, =0)
under One-Cosine, Type C1, and symmetric Ricker wavelet excitations are presented in
Fig. 4-12. The dimensionless curves are obtained for fa,T, =5000, representing
Static+Coulomb friction. Regardless of the type of wavelet excitation, the presence of
static friction reduces the maximum sliding response for larger values of 1,g/a,
(approximately greater than 0.4). However, under the symmetric Ricker wavelet, the
presence of static friction results in amplification in the response in the
0.1<p.g/a,<0.3 range. Therefore, in these cases, using a Coulomb friction model,
which neglects the static phase of friction, would result in unconservative predictions of
the maximum sliding displacement. This finding may be one of the reasons explaining
why the Coulomb friction model used by Konstantinidis and Makris (Konstantinidis &

Makris 2005; Konstantinidis & Makris 2009) underestimated the sliding displacements of

the heavy laboratory equipment, compared to observations from shake table tests.

The amplification under the symmetric Ricker wavelet excitation is attributed to the
resistance of the system with high static friction during the first minor pulse of the Ricker
wavelet (see Fig. 4-9). Specifically, during the first minor pulse (negative ground
acceleration) of the Ricker wavelet, a block with gz / ¢z, =1 (black line in Fig. 4-12) starts
sliding to the right earlier than a block with g / g <1; subsequently, during the major
pulse of the Ricker wavelet (positive ground acceleration), the direction of sliding
reverses for both blocks but because by this point the block with £, / ¢ =1 has slide to
the right more than the block with g, / 4 <1, when it slides to the left and eventually
comes to a stop, its peak sliding displacement is less. This type of response is illustrated

in Fig. 4-11 (bottom left) for g g/a,=0.2 , w/p =05 and fa,T,6 =122.5.
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Therefore, even though static friction increases the strength (resistance) of the system, it
may result in amplification due to the presence of preceding or succeeding pulses close to
the major pulse in real earthquake excitations. Comparison of the different curves in Fig.

4-12 shows that the maximum sliding response exhibits similarity in the range of 1, / 1,
corresponding to previously tested sliding equipment (i.e., 0.7 < g, / 1. <1.0). Therefore,
in the case of a rigid sliding block, one may assume that Il =u__ / a ij 1s almost

independent of g / 1, in that range and thus simplify the dimensionless sliding equation

T
Lo~ f | BE Ba T ya T, | for 07<FE<1.0and —=0
apr ap lus TP

(4.17)

umax ll'lkg ﬂk ﬂk T
— x| ==, %, Pa T  yaT | for —-<0.7and —=0
aprz f( a pa,T,.ya, pj i T,

P s
Fig. 4-13 presents the master curves for7 /7, =1, representing a dynamic system
sliding under a wavelet excitation with period, 7, equal to its fundamental natural

period, 7. The amplifications are now more pronounced comparing to rigid systems

(presented in Fig. 4-12). In contrast to rigid sliding block, the similarity of the response to
4, ! p, in the range of sliding equipment is no longer valid. The curve corresponding to
4, I, =1 represents the coupled sliding model with Coulomb friction used in sliding
simulations of geotechnical structures. As can be seen, presence of a static friction greater
than kinetic friction (g, / 4, <1) may result in considerable amplifications, e.g., more
than 50% for x, / p, = 0.7, in the response that has not been considered in conventional

coupled sliding models. Moreover, comparing Fig. 4-12 and Fig. 4-13 demonstrates a
fundamental difference in the responses of rigid and non-rigid sliding blocks. The non-
rigid sliding block (see Fig. 4-13) exhibits its peak sliding response (u / a,l’ pz ~ 0.09 for

ol =07)ata wgla, (1gla,=0.606)relatively where sliding of rigid block (see

Fig. 4-12) approaches to zero.
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4.7.2 Effectof I1, = Sa T : the transition sharpness from static to kinetic friction

The effect of transition parameter £ on the sliding response is examined by
developing dimensionless curves for 50< fa T <5000. It is worth mentioning that,
while the dimensioned parameter S controls the aggressiveness of the transition from
static to kinetic friction, it is the dimensionless parameter fa,T, that demonstrates the

dynamic effects of this transition. The master curves associated with the rigid sliding
block are presented in Fig. 4-14. The curves are close to each other in the assumed range
of this parameter. Consequently, since changing fa,T, by two orders of magnitude, from
50 to 5000, results in relatively comparable master curves, it can be said that the

dimensionless sliding response, u,,, / ap " » exhibits complete similarity in fa, T, when

T /T, =0. Hence, the simplified sliding equation described by Equation (4.17) becomes

u—2~f ﬂ"g,yaT for 0.7£&£1.0and120
Cl T p lus TP
4.18)
i —~ f 'ukg,'uk,;/aT for &£0.7and120
a T ap s lus TP

If assuming no damping at the contact surface, ya,T, =0, the dimensionless sliding

displacement u / aprz for rigid sliding blocks is approximately a function of only

#,gla,, ie., practically only the kinetic friction coefficient for sliding equipment and
contents with 0.7<, / u <1.0. The dimensional analysis approach used in this study,

therefore, formally shows that the kinetic friction coefficient plays a dominant role on the
maximum sliding response of a rigid object—an observation made experimentally or
numerically in previous investigations (Newmark 1965; Konstantinidis & Makris 2005;

Chaudhuri & Hutchinson 2005; Hutchinson & Chaudhuri 2006; Konstantinidis & Makris
2009). Fig. 4-15 shows the effect of fSa, T, on the response of a coupled sliding system at

resonance and 4, / . =0.7. Contrary to the rigid block, the dimensionless response of
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non-rigid blocks is affected considerably by fa,T,. Low values of fa,T, increase the

potential of stick-slip occurrence in the process of sliding. Fig. 4-15 illustrates that low

values of fa,T, can result in amplification in the response compared to Static+Coulomb

friction model (black line).
4.7.3 Effectof I, = ya, T : viscous property of the contact

Only a handful of experiments are available for evaluating the velocity dependence
of friction in structural engineering applications. One of them (Konstantinidis et al. 2008)
involved cyclic testing of sliding bridge bearings, which on average exhibited a maximum

7 of about 0.05 s/m . For the purposes of the present study, the upper bound of ya L8
considered by assuming the maximum values of y =0.1s/m, a,=2g, and 7, =5 s;
resulting inya T, ~10. Fig. 4-16 illustrates that increasing ya,T, has a profound effect
on reducing the sliding response, especially for lower values ofy,g/a,. Similar

dimensionless curves but for non-rigid block at the resonant condition are shown in Fig.
4-17. The presence of damping at the contact changes the response of non-rigid block. In
this case, increase of damping does not necessarily decrease the sliding response of the

system.

4.8 Conclusion

This paper investigated the effect of the stick-slip phenomenon in the sliding
problem widely encountered in structural and earthquake engineering applications, e.g.,
the seismic response of unanchored nonstructural components, base isolated structures
and bridges, and geotechnical/earth structures. A sliding model capable of capturing
intermittent stick-slip is developed by considering elasticity at the contact (equivalently,
the flexibility of the structure above the sliding surface) and Stribeck friction, which
defines the velocity-dependence of friction at low velocities. The stick-slip model is

general in the sense that existing simplified sliding models, such as Newmark’s rigid
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sliding block and the coupled sliding model developed previously to estimate the sliding
response of geostructures can be considered to be special cases.

The mathematical formulation of the stick-slip sliding is derived. It is shown that
the presence of flexibility (or elasticity at contact) and velocity-dependent friction
(Stribeck friction) changes the nature of problem considerably and may introduce stick-
slip oscillations in the sliding process. The effects of the kinetic-to-static friction ratio,
transition sharpness from static to kinetic friction, viscous damping at the contact surface,
and elasticity of contact (or the flexibility of the structure above the slide surface) are
investigated through dimensional analysis. Dimensionless curves corresponding to three
common wavelets are generated for various combinations of dimensionless parameters in
order to compare the results of conventional sliding models, such as Newmark’s sliding
model and coupled sliding model with Coulomb or Static+Coulomb friction, with the
stick-slip model. It is demonstrated that simplified sliding models may underestimate the
sliding response. It is also shown that the sliding response is influenced by the sequence
of pulses in the input excitation; therefore, the study suggests that when analytical pulses
are to be used to represent pulse-like ground motions, they should not only represent the
kinematics of the ground motions accurately, but also consistently simulate the sequence
of preceding and succeeding minor pulses in the input excitation.

The most important observations of the parametric study presented in this paper
are summarized as follows:

e Depending on the shape and parameter values of the excitation pulse, inclusion of
static friction may result in larger peak sliding displacement for a rigid block.

However, as the dimensionless curves demonstrated, within the range of
0.7<p, [ u, <1.0 (which corresponds to observed values in previously tested
sliding equipment), the peak sliding response is primarily controlled by the kinetic
friction, not the static friction. Consequently, the peak sliding response does not
depend on the transition parameter either.

e The sliding of non-rigid blocks is greatly influenced by the presence of static

friction. At the lower bound value of previously tested building equipment and
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contents, ie., 4, /pu =0.7, the assumption of Coulomb friction, i.e.,
4, I 1, =1.0, can underestimate the peak sliding demands by 31%, 24%, and

23% under One-Cosine, Type-C1, and Symmetric Ricker pulses, respectively.

e An increase in the viscous damping of the contact greatly reduces the peak sliding
response of rigid blocks, whereas, if the block is non-rigid, it does not necessarily
decrease the sliding response.

In closing, it is noted that studying the effects of various factors that may play a
role in the response of a sliding system were beyond the scope of the current study.

Future studies may examine the effects of vertical excitation and pressure-dependent

friction.
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Table 4-1. Various rigid block sliding models and coupled sliding models with different
friction descriptions, together with their associated ranges of dimensionless

terms.
Rigid block sliding models Coupled sliding models
w/
Coulomb w/ w/ Stribeck w/ w/ w/ Stribeck
Friction  StatictCoulomb Friction Coulomb Statict+Coulomb Friction (Stick-
(Newmark’s Friction Friction Friction Slip Model)
Block)
=1 O<py lp <l O<p lp <1 w =1 O<p lp <l O<p /p <1
- pa, T, —>o  faT =finite - pa,T, > paT =finite

riT,=0  r1/71,=0 r/T,=0 T/T,>0 7/7,>0 T/T,>0
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Fig. 4-1. Friction coefficient 4 as a function of sliding velocity u,for various friction

models.
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Fig. 4-2. (a) Rigid-block model, (b) Model of block with flexible support.
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Fig. 4-3. Stick-slip sliding during slow pull test of a science laboratory incubator on a
waxed floor surface.

131



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

Engineering structure or nonstructural component Idealization

(a) ©) (e)

Geosynthetic liner

Leg

\ Equipment

(b) Equipment (d)

PAN
L LI

Fig. 4-4. Examples of structures and nonstructural components that can be
mathematically modeled by the proposed model with flexibility and Stribeck
friction: (a) Equipment on flexible legs, (b) Equipment attached on a
freestanding table, (c) Building isolated on friction devices. (d) Masonry
structures, (e) Geostructure on geosynthetic liner, (f) Gravity dam.
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Fig. 4-5. Schematic illustration of the stick-slip phenomenon.
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Fig. 4-6. 2DOF stick-slip model
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Fig. 4-7. Schematic of simulating friction hysteresis. (a) Velocity-dependent friction
coefficient, (b) Elastoplastic hysteresis model, and (c) Resultant friction force

hysteresis.
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Fig. 4-8. Comparison between closed-form solutions for a rigid sliding block with
Coulomb friction and numerical solutions of the stick-slip model (m, =0)

under an exponential pulse excitation with acceleration amplitude a,,

duration T, , and shape parameter f, .
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Fig. 4-9. Wavelet types used in this study (in these plots, 7, =1.0s and a, = g ).
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4-10. Sliding response of a piece of equipment under a symmetric Ricker wavelet
excitation for A=1/100 (left) and A=0 (right) (k, =24.4x10*N/m,

m = 385kg, 1% viscous damping, £ =100, y=0.0).
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Fig. 4-11. Comparison of the response of Newmark (left) and Stick-slip (right) models (
A=0) with Coulomb and Stribeck friction (,/u, =0.5), under symmetric

Ricker wavelet excitation (7, = 0.25sand a, = 0.5g )
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Fig. 4-12. Effect of g / u on the response of a rigid sliding system (7/7,=0) on a

surface charactized by Static+Coulomb friction ( fa,T, =5000).
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Fig. 4-13. Effect of 4, / u on the response of a coupled sliding system at resonance, i.e.,

T /T, =1. The support surface is characterized by Static+Coulomb friction (

I, = fa,T, = 5000).
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Fig. 4-14. Effect of fa,T, on the response of a rigid sliding system (7/7,=0) on a
surface with g, / 1. =0.7.
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Fig. 4-15. Effect of fa,T, on the response of a coupled sliding system at resonance (

T/T,=1)onasurface with g, / u =0.7.
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Fig. 4-16. Effect ofya,T, on the response of a rigid sliding system with Coulomb

friction.
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Fig. 4-17. Effect of ya,T, on the response of a coupled sliding system at resonance with

el pu, =07, Ba,T, =250.
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PART 11

EXPERIMENTAL INVESTIGATIONS ON THE SEISMIC REPONSE
OF EQUIPMENT AND CONTENTS ON WHEELS/CASTERS
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Chapter 5: Shake Table Investigation on the Seismic Performance of

Hospital Equipment Supported on Wheels/Casters

Nikfar F., Konstantinidis D., 2016, Shake Table Investigation on the Seismic
Performance of Hospital Equipment Supported on Wheels/Casters, submitted to

Earthquake Engineering and Structural Dynamics.

Abstract

This paper presents an experimental investigation on the seismic response of
medical equipment supported on wheels and/or casters. Two pieces of equipment were
tested: a large ultrasound machine and a cart carrying smaller medical equipment. In the
first phase, the resistance of the wheels and casters of the equipment was characterized
through a controlled-displacement procedure on the shake table. In the second phase,
extensive shake table testing was carried out to investigate the seismic response of the
equipment. The input signals for the shake table tests included floor motions of a four-
story steel braced-frame hospital designed to satisfy seismic requirements of a site in the
Los Angeles area. The results of 96 shake table tests reported in this study include the
seismic performance of the equipment under both unlocked and locked conditions,
located on various floor levels of the building. It was observed that engaging the casters’
locking mechanism does not necessarily decrease the relative displacement. The
displacement response was sensitive to the excitation intensity and the orientation of the
equipment with respect to the input excitation. Based on the experimental observations,
appropriate structural engineering demand parameters associated with the relative
displacement and relative velocity demands of the equipment are proposed and used to
develop conditional probability curves. Finally, in an effort to make possible the
extrapolation of the results of this experimental program to similar equipment on
wheels/casters, the performance of a simple numerical model in predicting the peak

seismic demands is evaluated.
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5.1 Introduction

Severe nonstructural damage and loss of functionality in medical facilities during
the 1994 Northridge, 1995 Kobe, and 1999 Chi-Chi earthquakes resulted in impaired
emergency response operations, demonstrating that the resilience of critical facilities,
such as hospitals, is highly correlated to the seismic performance of their nonstructural
components [1,2]. Although the immediate occupancy performance objective is aimed in
the seismic design of hospitals (either directly through a performance-based approach or
indirectly through the importance factor in prescriptive codes), this objective is oftentimes
not met due to failure of nonstructural components, even when the structural system
performs adequately. More recent examples of such disparity between structural and
nonstructural performance include hospitals during the 2010 Chile Earthquake [3,4]. The
Chilean seismic design codes used in the design of the hospitals were very similar to the
recent United States codes. Post-disaster reconnaissance reports noted that, whereas
structural damage to the buildings was minimal, there were several cases of damage to
unsecured equipment and contents that fell or broke during the earthquake, hindering the
emergency response function of the hospitals [3,4]. In many cases, large, unanchored
equipment, such as incubators and computers, was reported damaged after falling to the
floor [3]. Similarly, in the 2011 Christchurch earthquakes, poor performance of utility
networks and damage to nonstructural components were reportedly the major problems

affecting the operation of the Canterbury hospital system [5].

The list of nonstructural components in a building is vast. Both the FEMA E-74 [6]
and the CSA S832 [7] documents divide nonstructural components into three broad
categories: architectural components, equipment (electrical, mechanical and plumbing),
and contents. The present study focuses on freestanding items under the equipment and

contents (EC) categories.

The rocking response of freestanding objects has been studied in great length in [8-
12]. The problem of sliding objects has been studied at various levels in [13-20].
Recently, notable full-scale shake table test studies which included the performance of

nonstructural components were undertaken. Ryan et al. [21] carried out a shake table
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study of a five-story, steel moment-frame building, in both fixed-base and base-isolated
configurations. The building featured an array of nonstructural components, including
interior partition walls, ceiling systems, sprinkler piping systems, and loose contents [22].
The recently completed NEES Nonstructural Grand Challenge Project was the largest
research effort to date investigating the seismic performance of ceiling-piping-partition
systems [23-28]. Retamales et al. [23] carried out an experimental study on the seismic
response, failure mechanisms and fragilities of cold-formed steel framed gypsum
partitions walls. Tian et al. investigated experimentally the seismic behavior of fire
suppression sprinkler piping joints [24] and systems [25], and evaluated various models
to simulate the moment-rotation hysteretic behavior of T joints and subsequently to
numerically model complete fire sprinkler piping systems [26]. Soroushian et al.
developed fragility curves for fire sprinkler piping systems with grooved fit joints [27]
and threaded joints [28].

Pantoli et al. [29] conducted shake table tests of a five-story reinforced-concrete
building (both fixed base and base isolated) that featured a variety of nonstructural
components and systems. Di Sarno et al. [30] and Cosenza et al. [31] investigated the
dynamic response of nonstructural components (two freestanding cabinets and a desk) in

typical hospital rooms through shake table tests and conducted fragility analysis.

The present study focuses on the seismic performance of wheel-supported and/or
caster-supported EC, which are abundant in hospitals. About 30% of the hospital
equipment and appliances are on wheels/casters due to mobility requirements [32]. The
concern with equipment and appliances on wheels/casters during earthquakes is that they
might exhibit large movements. Excessive movements could tear off or disconnect
electric plugs and impair the functionality of the equipment. For instance, large
movements of an anesthesia machine may not only tear off its electric plug, but also
disconnect its connections to piped hospital oxygen, medical air, and nitrous oxide
supplies. This would lead to malfunction of the equipment and possible loss of life. Large
motion of EC in the operating room is also a big concern for doctors during operation.

Moreover, large displacement increases the possibility of collision with other furniture,
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equipment, and surrounding partitions. Another adverse effect of excessive motion of EC
during earthquakes is the possible blockage of safe egress routes. Impact as a result of
collision introduces high accelerations that can lead to damage to acceleration-sensitive
equipment and components. In the case of heavy equipment on wheels, a collision with

people in vicinity of the equipment may result in injury.

A common seismic mitigation strategy for EC in science laboratories and other
building types is tethering (using straps, chains, etc.). However, this practice has been
shown to sometimes result in significant increase in accelerations, which may, in turn,
result in damage to the equipment or even its contents (e.g., acceleration-sensitive
biological samples in incubators) [33]. Base isolation is a seismic mitigation strategy that
is becoming increasing popular for protecting both the structure and nonstructural

components and systems of hospitals [32,34].

To date, there has been only one comprehensive experimental program that
examined the performance of hospital equipment on wheels/casters [32,35,34]. It
included full-scale shake table experiments of a four-story RC building at E-Defense to
evaluate the performance of fixed-base and base-isolated medical facilities. Various
rooms at different floor levels of the building were outfitted with hospital equipment and
appliances to replicate realistic hospital rooms. The experimental program was aimed at
studying various aspects of the facility. Shi et al. [34] focused specifically on the
performance of items on casters. It was observed that the equipment with unlocked
casters may experience movements as large as three meters. Multiple collisions with other
equipment, furniture, and partitions were observed that resulted in accelerations up to 10
g. The experimental results of the base-isolated building showed that most equipment and
appliances (including the ones with locked casters) experienced negligible movement
except for those with unlocked casters that exhibited very large motions, leading to
collisions with other equipment and surrounding partitions [34]. For equipment with
locked casters, the response was very small when the building was tested as base-isolated,
but when the building was tested as fixed-base, especially under near-fault ground

motion, the equipment experienced the largest response and damage [34]. It appears that
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locking the casters is not one-size-fits-all solution, which calls for further investigation.
Although these publications [32,35,34] reported very valuable qualitative observations
from the shake table tests on the response of medical appliances, including ones on
casters/wheels, the reported quantitative data was limited and did not allow extrapolation
to other equipment on casters, e.g., estimation of their peak relative displacement and

velocity and generation of fragility curves for this EC group.

In this study, the seismic response of an ultrasound machine and a cart loaded with
medical equipment, housed in a conventional braced-frame hospital building, was
investigated experimentally. The experimental program consisted of two phases: first, the
frictional resistance of the wheels/casters was evaluated; then, shake-table experiments
were performed using site-compatible ground and floor motions scaled to three
earthquake intensity levels, i.e., maximum considered earthquake (MCE), design based
earthquake (DBE), and service level earthquake (SLE)— chosen by the authors to be 50%
of DBE, intended to represent events that are more likely to occur over the lifetime of the
building. The scaling factor of 0.5 is not intended to represent any particular return period
but was chosen to quantify the response of the EC over a wider range of floor shaking
intensity. The factor of 0.5 has also been used elsewhere, e.g. [36]. The floor motions at
various levels of the building were generated from a series of nonlinear time history
analyses. The shake table input excitation was unidirectional, and the equipment was
placed in different orientations with respect to the excitation direction, both in locked and
unlocked configurations. The motion of the equipment during the experiments was
recorded using a combination of a vision-based measurement technique and
accelerometers. The paper discusses in detail observations on the seismic response of the
equipment under different testing conditions. The experimental data is used to identify the
most appropriate structural engineering demand parameters (EDPs) associated with the

nonstructural engineering demand parameters ( EDP, s) of interest, i.e., maximum relative
displacement and maximum relative velocity of the EC. Relationships between the EDP,

s and EDPs are established through regression analysis, and a probability analysis is
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carried out to quantify the conditional probability that the EDP,s will exceed various

thresholds, given the value of the structural EDP.

5.2 Test specimens

Two test specimens (procured from Hamilton Health Sciences) were used in this
study: (1) An ultrasound, representing a typical heavy piece of medical equipment,
supported on two wheels in the rear and two twin-wheel casters in the front, as shown in
Figure 5-1 (left), and (2) A cart loaded with typical light medical equipment, supported on
four twin-wheel casters, as shown in Figure 5-1 (right). The ultrasound was composed of
three main parts: the main body (or case), the control panel, and the monitor. The main
body housed most of the electronics and accounted for the majority of the mass of the
equipment. The control panel and monitor were mounted flexibly on the main body, so
that they could move and rotate depending on user needs. The dimensions and weight of
the specimens are summarized in Figure 5-2. The majority of the mass of the ultrasound
was carried by the rear wheels, and the front casters were primarily for turning the
machine. The ultrasound featured a brake mechanism acting on the front casters only
(Figure 5-3). The brake mechanism was activated through a pedal engaging a positive
braking system on the tread surface of both rubber tires of each twin-wheel caster. When
the brake was engaged (referred to herein as ‘locked’ condition) the resistance to motion
was significantly increased, but if sufficient force was applied, the wheel started rolling
and the equipment moved; once in motion, the resistance dropped significantly (as
discussed later). The pedal, however, was not designed to lock the swivel raceway of the
caster; hence, the casters were free to rotate about the vertical pivot axis. The wheels in
the rear of the ultrasound also featured rubber tires. Note that the rear wheels were always
free to roll. The light hospital cart was supported on four twin-wheel casters, the type
typically installed on the majority of light-weight office and laboratory items. None of the
casters of this particular cart had a brake mechanism, although similar casters with brakes

are also common.
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5.3 Resistance evaluation tests

The first phase of the experimental program involved evaluation of the lateral
resistance of the equipment. Quantitative characterization of the frictional resistance will
provide data for the calibration of models to be used in future studies. The lateral
resistance tests were conducted using the shake table at the Applied Dynamics

Laboratory, McMaster University.

5.3.1 Test setup and procedure

The schematic of the slow cyclic test setup is depicted in Figure 5-4. A mock floor
lined with tile typically used in hospitals was constructed on the shake table to simulate
realistic conditions. The equipment was secured to two fixed supports on either side
through pre-tensioned aircraft cables. Each pre-tensioned cable was equipped with a 220-
N (50-1b) load cell (Interface MB-50) to measure the tension in the cables, and with a
turnbuckle for adjusting the tension. The sensor data was acquired at 2000 samples per
second rate using a NI cDAQ-9174. A minimum of 120 N pre-tensioning force was
maintained in each cable in all cyclic tests. A string potentiometer (Celesco SP1-12) was
attached to the equipment to record any absolute displacement of the equipment during
testing. A string potentiometer (Celesco PT-101-40A) was also attached to the shake table
to measure displacement of the shake table. The difference between the readings of the
two potentiometers provides the relative displacement between the equipment and the
floor. Cyclic tests on the ultrasound were performed for two conditions: (a) with the
casters in the 0-degree position, and (b) with the casters in the 180-degree position, as
shown in Figure 5-2. Various cyclic motions with low velocities were applied to the
shake table. However, only the results of the experiments for three cycles of a sine wave
with 0.025 Hz frequency and amplitude of 20 cm (i.e., peak velocity of 0.5 cm/s) are

presented in the paper.

5.3.2 Test results
The pre-tensioned cables successfully held the equipment in place, without notable

deformation. It is also worth mentioning that the ultrasound did not show any movement
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in the direction orthogonal to the loading direction, even when the front casters were
rotating. Based on the force-displacement plots in Figure 5-5, a force of approximately 40
N was required to start moving the equipment (relative to the floor), but as the wheels and
casters started rolling, the resistance dropped. As the table moved further, the resistance
again built up and then dropped repeatedly. A closer look at the wheels and casters
provided an explanation for this behavior. The tread surface of the caster tires had certain
flattened spots, a phenomenon called flat-spotting, caused by uneven wear due to brake
locking and possibly plastic flow of the tire elastomer under stress. The fluctuation in the
force is most likely due to the uneven surface of the caster tires. The fluctuation in the
force is most likely due to the uneven surface of the caster tires. Figure 5-5 (left) shows
the force-displacement loops for a test with the casters set to the 0-degree position at the
start of the test. The peak resistance force reached 60 N during the test. It can be seen that

the fluctuation in force is consistent over the three cycles plotted.

The casters did not rotate about the pivot axis during this test. However, when the
casters were set at the 180-degree position at the start of the test, they rotated to 90
degrees at maximum travel of the table. Figure 5-5 (right) shows the force-displacement
loops corresponding to the 180-degree test, where it can be seen that the peak resistance
force increased from about 40N before rotation initiates to 85N at the 90-degree position.
In these experiments, the maximum travel of the table was not enough to complete a full
rotation of the casters to the 0-degree position. It is noted that these tests were conducted
with the casters being unlocked. Resistance evaluation of the locked ultrasound was not
performed due to the capacity limit of the load cells used. However, the breakaway and
dynamic resistances are estimated from the recorded acceleration (see Figure 5-14) to be
equal to 508 N and 221 N, respectively. Figure 5-6 shows the recorded force-
displacement loops for the hospital cart. Only one cycle is shown because the signal was
noisy, which may be in part due to the measured force being at the lower end of the load
cell’s recording range. Unlike the ultrasound, which did not exhibit noticeable movement,
relative to the table, in the perpendicular direction, the cart exhibited substantial motion in

the perpendicular direction. This motion occurred at the time when the casters were
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rotating about their pivot axes. The figure shows that a force of about 10 N was required
to overcome the frictional resistance of the casters, while the maximum recorded force

was about 15 N.

5.4 Shake table tests

5.4.1 Shake table test procedure

The shake table at McMaster University, with displacement capacity of £25cm,
made it possible to simulate a range of realistic floor motions (up to 50 cm) to investigate
the seismic response of the hospital equipment. The floor motions used as input for the
shake table tests were generated by nonlinear time history analysis of an elaborate
nonlinear structural model in OpenSees [37]. Details of the structural model are presented
in the following sections. For the tests, the equipment was placed directly on the
simulated hospital floor constructed on the shake table. The methodology makes various
assumptions and is constrained by limitations of the experimental facilities, e.g., ignoring
the dynamic interaction between the equipment and the building, modeling assumptions
in OpenSees, possible collisions between the equipment and its surroundings, the effect of
out-of-plane floor excitation, etc. In addition, the vertical component of the floor motion
is not considered in this study since the shake table used is bidirectional [although only
unidirectional tests were performed]. However, it is noted that according to the results of
the full-scale shake table tests at E-Defense [35], which did include vertical excitation,
the horizontal movement of the EC on wheels and casters is not affected significantly by
vertical floor excitation. This is due to the fact that, unlike in the case of sliding EC, the
normal contact force does not contribute to the horizontal resistance of the wheels. Even a
very low force would be adequate to overcome the resistance of the wheels and casters to
rolling (which arises by friction between the caster’s axle and roller or sliding bearings) in
the unlocked condition. Even in cases where the casters were locked, the movement of the
equipment was due to the sliding at the brake—tire contact points, as shown in Figure 5-3,
rather than at the tire—floor contact points. Note that if the brakes are engaged and prevent
the wheel from turning, the equipment will slide on the floor surface if the floor

acceleration is strong enough to overcome the friction force at the tire—floor interface. In
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this case, the type of floor finish (e.g., vinyl, linoleum, terrazzo, etc.) and the vertical

floor accelerations may influence the seismic response of the EC.

5.4.2 Instrumentation

The motion of the shake table in the horizontal direction was tracked using an
accelerometer (MEAS 4002-005) and a displacement sensor (Temposonics”
LPRCCU04901). Also, one accelerometer (Entran EGCS-D0-2) was attached to the
inside of the ultrasound to measure the accelerations that internal electronic parts may
experience during seismic shaking. As the motion of the equipment was expected to be
complicated, a vision-based measurement system was used in lieu of conventional contact
sensors. A video camera with a 2.7K (2704x1520 pixel) resolution at a 60 frames per
second rate was used to track the motion of LED lights attached to the body and monitor
of the ultrasound. In the case of the hospital cart, LED lights were attached to the rigid
handle of the cart and also to the top of the smaller medical equipment on the cart to track
relative displacements. Displacement and velocity response histories were computed from
post-processing of the recorded frames. The accuracy of the vision-based measurements
is approximately 0.5-mm and 3-cm/s for displacement and velocity, respectively. A
detailed evaluation of the accuracy of the vision-based measurements in this study is

presented in [38].

5.4.3 Structural design

A hypothetical four-story steel braced-frame hospital building located in Los
Angeles, California, with site coordinates (34.02197°N , 118.28587°W) was designed
according to the requirements of ASCE 7-05 [39] for Site Class C. The mapped spectral
accelerations are S; =1.843g and S, = 0.640 g. The resulting DBE-level design spectrum
is shown in Figure 5-7. The Steel Special-Concentrically-Braced-Frame (SCBF) lateral
load resisting system for this building with hospital occupancy, i.e., Risk Category 1V,
and importance factor / =1.5 was designed according to the requirements of IBC2006
[40], AISC360-05 [41], and ASCE 7-05 [39]. The SCBF was designed with a response

modification factor, over-strength factor, deflection amplification factor, and drift ratio
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limit of R=6,Q2=2,C, =5 and 1.5% (obtained from static analysis of elastic structure),

respectively. The characteristic yield strength of steel was assumed to be 345 MPa for
frame members and 318 MPa for brace members. All brace members of the SCBF were
checked to ensure they were seismically compact, and limitations were applied on the
slenderness ratio of each member. The lateral loads were carried by two braced bays on
each side of the building perimeter, as shown in Figure 5-8, which shows the building
layout. All other members were designed for gravity loads. Floor slabs consisted of 82.5-
mm-thick lightweight concrete over a 50.8-mm-thick steel deck. A dead load of 4.0 kPa
was applied on the floor that included the weight of the floor slab and 0.96 kPa for
cladding. The self-weight of the structural members was considered separately in the
analysis. Assuming 10% for operating rooms with uniform live load of 2.87 kPa, 65% for
patient rooms with uniform live load of 1.92 kPa, and 25% for corridors with uniform live
load of 3.83 kPa, an average live load of 2.5 kPa was considered on the floor slabs. The
structural members were designed for a calculated base shear coefficient of C = 0.307.

The steel sections used in the structural members are summarized in Table 5-1.

5.4.4 Structural modeling, ground motions, and structural response

The building was modeled in OpenSees [37]. The beams, columns, and braces in
the x-z frame, shown in Figure 5-8, were modeled using force-based beam-column
elements. Equivalent loads and masses were calculated and transferred to the 2D frame.
The Steel02 material model with 3% strain hardening was considered for all the beam-
column elements. Sections were discretized using 4 fibers along the thickness and 16
fibers along the web or flange length of the W and HSS sections. The beam-to-column
connections were modeled as pinned-pinned. Columns were fixed at the base. To capture
the bucking behavior of braces, the simulation procedure proposed in Hsiao et al. [42]
was implemented. Braces were simulated using 6 beam-column elements; of which, 4
were placed in the middle quarter length of the brace, as illustrated in Figure 5-9 (left).
Seven Gauss integration points were assumed for nonlinear curvature distribution for
each beam-column element. The required imperfection of the braces followed a sine

function with the apex at 0.1% of the length of the brace. A rotational nonlinear spring at
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each end of the brace was introduced to account for the stiffness and energy dissipation of
the gusset plate. The initial stiffness of the gusset for each brace is calculated using the
relation suggested in [42]:

E 3
K, = Em
12L,

(5.1)

where £ is Young's modulus of steel, W, is the Whitmore width of a 45° projection
angle, L, is the average of the L, L, and L, lengths, as shown in Figure 5-9 (right),

and 7 is the thickness of the gusset plate, chosen as 12.5 mm for all the gusset plates in

this study. The W, and L, values used are provided in Table 5-1. The Steel02 material

model with 1% post-yield stiffness was utilized for these rotational springs. The
aforementioned assumptions together with the use of corotational transformation for the
brace beam-column elements allowed capturing the global buckling of the brace under
cyclic loading [43,42], while local buckling was assumed not to occur owing to the use of
seismically compact sections. The vibration period in the first two modes was computed
to be 0.54 s and 0.23 s, for the elastic structure. 2% Rayleigh damping, including both
mass- and stiffness-proportional terms, was considered in the dynamic analysis of the
model. The stiffness-proportional term of the damping was based on the last committed

stiffness of the elements.

A set of four ground motions were selected from the PEER Strong Motion Database,
NGA-West2, for the nonlinear time history analysis. The target design spectrum

parameters S, =1.229 g and §,, = 0.555g were used for spectrum-based ground motion

selection. The Mean-Square-Error method with multiple period points from 0.1 s to 3.0 s
was utilized in both the selection and the scaling of the ground motions. Only the H2
component of the recorded ground motions was considered in the scaling process.
Properties of the selected ground motions and their corresponding scaling factors are
listed in Table 5-2. Acceleration response spectra of the scaled ground motions are shown
in Figure 5-7. Both the horizontal (H2) and vertical components of ground motions were

applied to the structure. Earthquake simulations were performed at the SLE (i.e., 50%
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DBE), DBE, and MCE levels. The peak structural demands computed from the analysis

are presented in Table 5-3.

The roof-level peak response is included for completeness but was not used in shake
table tests. The maximum inter-story drift is less than 2.5% for all the ground motions at
the DBE level except for NORTHR at the third story. The mean of peak drift ratios is
2.54% under DBE and 4.09% under MCE levels. The analysis provided floor motions
that were used subsequently in the shake table tests. Note that due to the 50-cm peak-to-
peak stroke capacity of the shake table, high pass Bessel filters with cutoff frequencies of
0.18 Hz and 0.23 Hz were applied to the NORTHR and MANIJIL motions, respectively,
before using them in the nonlinear time-history analysis. Figure 5-10 compares the
desired and observed 3™ story response spectra reproduced by the shake table under
MANIJIL-DBE excitation. As can be seen, the shake-table’s performance decreases at
higher frequencies. The observed response spectrum exceeded the desired spectrum by
35% at frequencies greater than 6 Hz. However, as presented in Table 5-4, for all four
ground motions, the shake-table maintained the peak displacement and peak velocity

errors in reasonable ranges of 1.6% and 5.3%, respectively.

5.4.5 Test program

The shake table experiments were conducted using the ground, 1%, 2™, and 3™ story
motions as input. The ultrasound was tested under two conditions: with locked and with
unlocked casters. The casters of the hospital cart were not lockable; thus, it was tested
only in the unlocked condition. Most of the tests were performed with the ultrasound’s
wheels parallel to the direction of excitation (same position as depicted in Figure 5-4).
For some tests, the equipment was rotated 45° (oblique) and 90° (perpendicular) to
investigate the effect of equipment orientation. Table 5-5 summarizes the experimental

program adopted in this study.

5.4.6 Seismic response of the ultrasound machine

5.4.6.1 Parallel to excitation

The responses of the ultrasound (i.e., body) and the attached monitor component in
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the horizontal plane X-Y were recorded using a motion-tracking technique [38]. The
excitation for all the tests in this study was in the X-direction. Two LEDs were attached to
the body and two to the monitor. Tracking the motion of two points (i.e., two LEDs) on
the component provided a means to also measure the rotation (i.e., twisting) of that
component about the vertical axis Z. Figure 5-11 shows the absolute displacement of the
ultrasound and its monitor (with respect to the floor) in the X-direction, together with the
rotation due to the 3™ story motion corresponding to the NORTHR record at DBE level.
The relative displacement is obtained by subtracting the position of the floor from the
average position of the two LEDs attached on the ultrasound. Figure 5-12 illustrates the
X-Y plane relative displacement and relative velocity orbits (obtained by numerical
differentiation) of the ultrasound under unlocked and locked conditions. The ultrasound is
positioned parallel to the excitation. A small displacement is observed in the direction
perpendicular to the excitation. Interestingly, in this particular example, the ultrasound
exhibits larger displacement when the casters are locked than unlocked. Nevertheless, the
relative velocity is smaller under the locked condition. The larger displacement under the
locked condition is due to the fact that larger inertia forces and consequently larger
accelerations can be transmitted to the ultrasound that can result in larger displacement
responses. However, this is not always the case. The amplification in displacement due to
addition of resistance is highly correlated to the characteristics of the input excitation
[44]. For instance, if the floor acceleration cannot overcome the resistance, there will be

no relative displacement/velocity whatsoever.

Figure 5-13 shows the absolute acceleration response of the unlocked (top row) and
locked (bottom row) ultrasound due to the 3™ story LOMAP-DBE excitation. The
equipment experiences peak acceleration of about 0.1 g and 0.2 g under the unlocked and
locked conditions, respectively. The figure also compares the acceleration histories
recorded using the attached accelerometer (left column) to those derived from vision-
based position measurements (right column).Vision-based acceleration results are based
on twice-differentiated smoothed displacement using a first order Savitzky-Golay filter

with a frequency resolution of 10 Hz. As it is evident in the figure, the high-frequency
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acceleration spikes recorded by the accelerometer were not captured in the acceleration
history derived from displacement response. It should be noted that the accelerometer was
attached on internal parts of the ultrasound, while the LEDs were attached on the case
(i.e., body). Consequently, the difference between the plotted responses may be in part
due to inherent differences in the dynamic response of the two points of the equipment.
The vision-based acceleration history compares better with the accelerometer history in
the case of the locked ultrasound, for which the equipment experienced larger
accelerations. Overall, the vision-based acceleration measurements provide a reasonable

quantification of the accelerations experienced by the equipment.

As mentioned earlier, the frictional resistance of the locked ultrasound was not
evaluated through cyclic testing. The absolute acceleration response can be used to
provide a crude estimate of this resistance. Figure 5-14 plots absolute acceleration and
relative displacement response of the locked ultrasound subjected to the 3™ story
NORTHR-DBE excitation. The major movement and peak acceleration occur at 7.8 s.
Before this time, even though the equipment experiences vibrations with accelerations as
large as 0.1 g, the casters’ wheels do not actually rotate. An acceleration of 0.19 g is
required for causing rigid-body motion (rather than vibration) of the locked ultrasound,
evidenced by the subsequent drifting in the relative displacement (Figure 5-14-bottom).
This value, i.e., 0.19, can be thought of as breakaway friction coefficient. Thereafter, the
ultrasound exhibits accelerations ranging from 0.05 g to 0.09 g. Figure 5-15 shows the
absolute acceleration of the monitor component in the X-direction, obtained using vision-
based measurements from the LEDs attached on the monitor. The monitor experiences a

peak acceleration of 0.44 g (vector sum).

5.4.6.2 Oblique to excitation

In order to investigate the effect of the excitation direction on the response, a
number of tests were carried out with the ultrasound placed in an oblique orientation: as
close as possible (visually but not measured precisely) to 45 degrees relative to the
excitation direction (Figure 5-17-right). Figure 5-16 compares the relative displacement

and velocity responses for the unlocked and locked ultrasound subjected to the 3 story
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LOMAP-DBE excitation. As can be seen from the displacement plot, the ultrasound has
the tendency to move merely in the rolling direction of the wheels. Although the locked
ultrasound exhibits significantly smaller relative displacement than the unlocked
ultrasound, it experiences slightly greater relative velocity. Figure 5-17 plots the absolute
acceleration response in the X and Y directions for the same experiment. The acceleration
responses are comparable in magnitude under locked and unlocked conditions due to the
fact that, by rotating the equipment, the resistance increases in the direction of excitation
since the wheels do not tend to slide in the direction perpendicular to rolling. The
component of excitation in the direction perpendicular to rolling can excite the twist
mode of response of the ultrasound. Large amount of rotation was observed in these tests.
Figure 5-18 compares the rotation for the unlocked and locked ultrasound. The unlocked
ultrasound experiences a rotation as large as 35 degrees. The locked ultrasound rotated 16

degrees due to the fact that casters, even when locked, are free to rotate about their pivot.

5.4.6.3 Perpendicular to excitation

A number of experiments were performed with the ultrasound placed perpendicular
to the excitation direction. Despite the slender aspect ratio of the ultrasound on the plane
of the excitation, no notable rocking (i.e., uplift of the wheels) was observed under any of
the 3" story DBE-level motions. Similar to the tests carried out in the oblique orientation,
the ultrasound tended to move along the rolling direction of the wheels. Although one
may normally expect minimal movement in the direction perpendicular to the excitation,
Figure 5-19, which presents the response of the equipment in the perpendicular
orientation, shows that this is not the case. Twisting of the ultrasound due to rotation of
the casters about their pivot axes and lateral movement of the front side places the
ultrasound in an oblique position with respect to the excitation; this creates an
acceleration component in the direction parallel to the rolling direction of the wheels,
causing motion of the equipment in perpendicular direction relative to the excitation. In
this particular experiment, as shown in Figure 5-19, the displacement of the unlocked
ultrasound exceeded 120 cm, resulting in the ultrasound gently hitting the surrounding

barrier built around the edges of the shake table. Figure 5-20 shows the acceleration
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responses of the ultrasound case and monitor due to the 3™ story LOMAP-DBE
excitation. The peak recorded vector-sum acceleration is approximately the same (about
1.2 g) under unlocked and locked conditions. The monitor, however, exhibited
considerably larger acceleration (2.7 g) in the unlocked condition than in the locked
condition (1.0 g). This significantly larger acceleration is attributed to rotational motion

of the body of the ultrasound in the unlocked condition.

5.4.7 Seismic response of the hospital cart

The hospital cart was supported on four identical casters, which were not lockable.
No accelerometer was attached to the cart to measure acceleration; instead, accelerations
were computed from vision-based displacements. Figure 5-21 presents the relative
displacement and velocity response of the cart under the 3™ story LOMAP-DBE
excitation. Although the cart moves predominantly in the direction of the excitation (peak
displacement of 25.6 cm), the response in the perpendicular direction is appreciable (10.1
cm). From the displacement orbits shown in Figure 5-21 (left), it is evident that each
reversal in the direction of motion along the X-direction induces an incremental increase
in displacement along the Y-direction, which occurs as a result of the casters rotating 180°
about their pivot axes. Such motions were also observed during the cyclic resistance
experiments. The rotation of the cart under the same excitation is shown in Figure 5-22.
The vision-based acceleration is shown in Figure 5-23. The hospital cart experiences a
peak acceleration of 0.08 g. Taking the peak resistance of 16 N recorded in the cyclic
tests (see Figure 5-6), the peak acceleration can be computed to be

16 Nxg/(23kg) =0.07 g, which is in good agreement with the cyclic resistance test

results. Note that in all the experiments, no relative displacement was observed between

the equipment items mounted on the cart and the cart.

5.4.8 Response in different story levels
Figure 5-24 presents the peak relative displacement and velocity of the equipment
items when they are placed in different stories of the building under SLE, DBE, and MCE

earthquake intensities. In general, the relative displacement and velocity responses
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increase as the number of stories and input intensity increase; however, in some cases this
observation does not hold. In some cases, the response changes very little in going from
DBE to MCE, likely due to yielding of the building structure that limits the floor

accelerations.

5.5 Regression and probability analysis

In this section the data obtained from the experimental program is analyzed in order

to propose the most appropriate EDP. The EDP,s considered are peak relative

displacement (u,,, ) and peak relative velocity (v, ) of the equipment. Figure 5-25 plots

max

the EDP,s against three possible EDPs: peak floor absolute acceleration ( 4, ), peak floor
absolute velocity (7, ), and peak floor absolute displacement (D). Note that the data

from the tests in which the equipment was stopped by the surrounding barrier is not

included in the plots. As can be seen, u

max

shows the least scatter against D . While, in

the case of v

max 2

the least scatter is observed for V,.Hence, D, and V, are chosen as the

EDPs for u,, and v,

max 2

respectively. Considering top-left and bottom-middle figures, the

fitted lines to data corresponding to ultrasound-unlocked and ultrasound-locked do not
show a distinguishable trend on the advantage of locking the wheels/casters. Therefore,
one may draw the conclusion that locking wheels/casters does not necessarily result in
reduced seismic demands on EC in fixed-base buildings. A lognormal distribution is

fitted to the »,, and v, demand data. To this end, both EDP,; s are first transformed to

log space, where linear regression is performed, as shown in Figure 5-26. Assuming a
lognormal distribution means that the transformed data follows a normal distribution. The
associated standard deviation of the relative displacement and relative velocity in log
scale is obtained using the maximum likelihood theorem, leading to 0.439 and 0.162,
respectively. Given the standard deviation for the lognormal distribution, corresponding
conditional probability curves were generated, as presented in Figure 5-27. Unlike the
fragility curves presented in [16], [17], and [19] for sliding equipment, the conditional

probability curves presented herein are independent of the equipment resistance and floor
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absolute acceleration. Therefore, their applicability is limited to equipment items with
low resistance, e.g., equipment on wheels/casters, in conventional buildings. Applicability
of such probability curves can be questionable when the floor undergoes large absolute
displacement but with acceleration lower than the value to overcome the resistance of the
wheels. This might be the case for the equipment and contents of base-isolated buildings,
which calls for further investigation. The proposed displacement and velocity probability
functions can be used to predict the occurrence probability of a certain damage limit state.
For instance, the peak displacement probability curves can be used to predict the
probability that a certain displacement disconnect or tear off electric plugs and cause

serious disruption in operation of the equipment.

The conditional probability curves presented in Figure 5-27 can be used to
estimate the probability that a medical EC item on wheels/casters will experience: a
maximum relative displacement that exceeds a displacement threshold u,., given the value
of the peak floor absolute displacement (left); a maximum relative velocity that exceeds a
velocity threshold v, given the value of the peak floor absolute velocity (right). The
values of the displacement and velocity capacities, u. and v, respectively, used in this
study were chosen arbitrarily. Further research is required to establish the values of u, and
ve, and their associated uncertainties, that correspond to the onset of various damage
states, e.g., an EC item becoming disconnected from a medical gas supply line or

electrical outlet, or colliding with a hospital occupant with enough momentum to cause
injury.
5.6 Evaluation of a simple model for numerical simulations

A simple model that could be used by practicing engineers and researchers would
be beneficial to extend the results of this study to similar EC on wheels/casters which are
very common not only in hospitals but also other critical facilities. This section evaluates
the performance of Newmark’s sliding block model in estimating the maximum
displacement and velocity of the EC supported on wheels/casters. The numerical
procedure used is discussed in [45]. Note that Newmark’s model is based on two

simplifying assumptions: (a) the block is rigid, and (b) the surface friction obeys a rigid-
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plastic behavior defined by a constant kinetic friction coefficient, z . These assumptions

undermine the dynamic contributions due to any flexibility in the equipment, the
fluctuations evident in the friction force as shown in Figures 5 and 6, as well as the
tendency of the EC to move out of plane due to rotation of the casters. The equivalent
friction coefficient was obtained by equating the area under the force-displacement loops
presented in Figures 5 and 6 with the area of the rectangles representing the Coulomb
model. Based on Figure 5-5 (left) and Figure 5-6, the unlocked ultrasound and medical
cart experience equivalent friction coefficient values of 0.0071 and 0.0288, respectively.

Using these values, the response of unlocked ultrasound and medical cart was computed.

Figure 5-28 shows the displacement response of the EC when subjected to 3™ story
MCE-level motions. As can be seen, the performance of the model varies from one
experiment to another. It provides a reasonable estimate of the peak and residual
displacements of the medical cart under LOMAP-MCE and CHICHI-MCE. It also
performs relatively well in the case of the ultrasound subjected to MANJIL-MCE. In
other cases, however, it performs poorly, and its predictions can be considered rough

estimates at best.

Table 5-6 presents the mean error associated with the peak displacement response for
a set of 16 floor excitations. Note that, based on Figure 5-5 (right), the equivalent friction
coefficient of the ultrasound increased to 0.0104 when tested with the casters positioned
at 180 degrees. Predictions of the model using this value of x4 are also included in the
table. Furthermore, the equivalent x4 of the locked ultrasound was estimated to be 0.05
using the acceleration records. Simulations using the model underestimated both the peak
relative displacement and velocity response of the EC. While the errors are relatively
large for peak displacement, the model gives reasonable estimates of the peak relative
velocity. The simulations resulted in mean errors of -31.2%, -15.5%, and -15.2% when
predicting the peak displacement responses and -2.2%, -7.5%, and -5.6% when predicting
the peak velocity responses of the unlocked-ultrasound, locked-ultrasound and medical

cart, respectively.
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It is clear that that this simple model can only provide a very rough estimate of the
response of EC supported on casters. An advanced model that takes into account the
fluctuation in resistance force, flexibility of the equipment, and rotation of the casters is
necessary to obtain accurate estimates of the response. However, the development of such

an advanced model is beyond the scope of this paper and is left for future investigation.

5.7 Conclusion

This study investigated the seismic response of hospital equipment supported on
wheels and casters. In the first phase, the frictional resistance of the wheels and casters
was determined through cyclic tests using a shake table. In the second phase, the seismic
response of equipment located on various floor levels of a hypothetical four-story steel
braced-frame hospital was evaluated. The absolute acceleration response of the different
floors of the building, computed using nonlinear time-history analysis of the building
model in OpenSees, was used as input for the shake table tests. In addition to
conventional accelerometers, a vision-based measurement system was utilized to quantify
the complex motion of the equipment during the shake table tests. The performance of the
equipment was evaluated at three intensity levels and for both unlocked and locked
casters. Although the electronic functionality of the equipment was not assessed
before/after the shake table test, there was no physical damage to the equipment
(detachment of components or failure of any sort) as a result of the shaking. Furthermore,
there was no notable rocking, and the main mode of response was rolling of the wheels
and casters. It was observed that locking the casters can in some cases result in amplified
response, depending on the input excitation intensity and orientation of the equipment
with respect to the input excitation direction. While the general trend follows an increase
in relative displacement and velocity at higher stories and input intensity, quite a few
exceptions were observed. An interesting observation made was that, when equipment
with casters and wheels was placed with the wheels perpendicular or at an oblique angle
to the excitation direction, significant motion was observed in the direction the wheels

were pointing towards.
The last part of the paper involves an attempt to find the most appropriate structural
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engineering demand parameters (EDPs) associated with the relative displacement and
relative velocity demands of the equipment on wheels/casters. It was observed that these

nonstructural engineering demand parameters ( EDP, s) exhibit the least scatter when

expressed as a function of an EDPs with the same physical dimension; i.e., the peak
relative displacement of the equipment was best correlated with the peak floor
displacement, whereas the peak relative velocity of the equipment with the peak floor
velocity. The regression analysis showed that locking wheels/casters does not necessarily
result in reduced seismic demands on EC in fixed-base buildings. Considering the
proposed EDPs, a lognormal distribution model was fitted to the data, and conditional
probability curves were developed for various capacity levels. It should be noted that the
results of this study are applicable to unlocked equipment or locked equipment with
relatively low kinetic resistance. In the case of locked equipment with high resistance, the
reader is referred to studies on fragility of sliding equipment (e.g. [14,16,17,19] and
references reported therein). Finally, in order to extrapolation the results of this
experimental program to similar equipment on wheels/casters, the performance of
Newmark’s rigid sliding block model in predicting the peak seismic demands was
evaluated. It was observed that this simplified model underestimates the peak

displacement demands by about 30% and peak velocity demands by about 6%.
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Table 5-1. Steel sections used in the structure of the building

Story Gravity Braced Girders Braces Ly, (m) W, (m)
Columns  Columns
1 W14x68 W14x233 W14x68 HSS 12x12%6/8 0.50 1.5
2 WI14x68 WI14x145 WI14x68 HSS 10x10x6/8 0.45 1.3
3 WI4x48 W14x68 WI14x68  HSS 9x9x5/8 0.40 1.1
4  WI14x38 WI14x38 WI14x68  HSS 7x7x5/8 0.35 0.9

Table 5-2. Ground motions used in this study, together with their scaling factors

ID Scale Factor Earthquake Name Year Station Name Magnitude Vg, (m/s)
LOMAP 1.34 Loma Prieta 1989 WAHO 6.93 388.33
NORTHR 1.06 Northridge-01 1994 Castaic - Old Ridge Route  6.69 450.28
MANIJIL 0.91 Manjil 1990 Abbar 7.37 723.95
CHICHI 1.38 Chi-Chi Taiwan-03 1999 TCU129 6.2 511.18

Table 5-3. Peak structural response quantities obtained from the nonlinear time history

analysis
.Absolute Absolute Velocity | Absolute Acceleration Peak Intgr-story
Ground Level Displacement (cmis) (@) Drift
Motion | V¢ (cm) & (%)
SLE DBE MCE | SLE DBE MCE | SLE DBE MCE | SLE DBE MCE
Gnd | 40 79 119 | 256 51.1 767 | 044 088 1.32 - - -
1" 145 82 119 | 40.6 70.0 89.8 | 091 235 3.69 |030 046 0.69
LOMAP | 2™ | 56 95 13.1 | 50.6 985 984 | 1.23 3.00 3.05 |0.34 052 1.37
3 1 68 170 215 | 485 79.1 815 | 096 142 157 |037 246 333
Roof| 7.6 18.0 225 | 66.8 983 1014 | 1.03 136 1.13 /035 045 0.50
Gnd | 53 106 159 | 27.5 549 824 | 025 0.51 0.76 - - -
1" 170 113 17.6 | 41.4 89.8 982 | 1.08 2.00 245 |0.38 043 0.83
NORTHR| 2™ | 88 9.7 183 | 622 692 1243 | 132 136 248 [042 1.19 051
3 1106 17.5 253 | 718 864 906 | 097 132 152 |1.00 3.54 6.78
Roof | 119 183 262 | 83.0 951 1004 | 1.23 1.02 1.31 |040 039 047
Gnd | 46 93 140 | 19.1 381 572 | 025 051 0.76 - - -
1" | 48 94 145|279 63.0 772 | 056 1.59 1.83 [0.32 039 0.52
MANJIL | 2™ | 6.0 9.7 149 | 496 826 111.8| 0.66 234 212 |039 048 0.46
34 1 74 111 237 | 626 651 904 | 093 128 123 |035 2.06 3.95
Roof | 89 11.0 243 | 722 802 1156 | 1.05 109 1.18 [038 042 053
Gnd | 9.1 182 273 | 253 506 759 | 0.65 131 196 - - -
1" 1 98 187 278 | 345 847 1208 | 0.85 237 3.03 |036 034 0.38
CHICHI | 2™ 107 200 29.1 | 565 740 1092 | 1.52 160 269 |043 107 1.06
3 1115 227 305 | 625 650 946 | 123 156 150 |1.17 208 228
Roof | 122 23.1 30.6 | 734 66.1 96.6 | 1.10 139 1.10 | 040 0.44 0.38
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Table 5-4. Performance of shake-table in reproducing simulated floor displacement and

velocity.
3" Story Peak Table Displacement (m) Peak Table Velocity (m/s)

Under Desired Observed  Error (%) Desired Observed Error (%)
LOMAP-DBE  0.170 0.171 0.59 0.791 0.824 4.17
LOMAP-MCE  0.215 0.217 0.93 0.815 0.868 6.50

NORTHR-DBE  0.175 0.176 0.57 0.864 0.895 3.59
NORTHR-

MCE 0.253 0.244 -3.56 0.906 0.906 0.00
MANIJIL-DBE  0.111 0.111 0.00 0.651 0.675 3.69
CHICHI-DBE  0.227 0.227 0.00 0.650 0.684 5.23

Table 5-5. Shake table test matrix including the orientation of the equipment with respect
to the shaking direction

Ultrasound-unlocked Ultrasound-locked Hospital Cart
Motion |Level (degree) (degree) (degree)
SLE DBE MCE SLE DBE MCE SLE DBE MCE
Gnd 0 0,45,90 0 0 0,45,90 0 0 0,90 0,90
1% 0 0 0 0 0 0 - - -
LOMAP | jna 0 0 0 0 0 0 - - -
31 0 0,45,90 0 0 0,45,90 0 0 0,90 0,90
Gnd 0 0,45,90 0 0 0,45,90 0 0 0,90 0,90
1% 0 0 0 0 0 0 - - -
NORTHR | s | 0 0 0 0 0 i i i
3¢ 0 0,45,90 0 0 0,45,90 0 0 0,90 0,90
Gnd - 0 - - 0 - - 0 -
MANIIL | " ) 0 ) ] 0 ) ] 0 )
Gnd - 0 - - 0 - - 0 -
CHICHI 3rd . 0 _ . 0 _ . 0 _
Note: the orientation angles are approximate
Table 5-6. Error in the predictions of the model
Peak Displacement Error Peak Velocity Error
(%) (%)
Mean o Mean o
Unlocked-Ultrasound ( ¢ =0.0079) 312 272 2.2 4.6
Unlocked-Ultrasound ( ¢ =0.0104) 333 25 23 4.8
Locked-Ultrasound ( = 0.050) -15.5 37.1 -1.5 10.4
Medical Cart (1 =0.0288) -15.2 28.2 5.6 5.5
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Figure 5-1. Hospital equipment used in this study. Left: Heavy ultrasound supported on
wheels (rear) and twin-wheel casters (front). Right: Light hospital cart
supported on 4 twin-wheel casters; the cart is carrying a pulse oximeter on the
top tray and defibrillator on the middle tray.
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Figure 5-2. Schematics of the tested equipment (dimensions in cm).

168



Ph.D. Thesis — F. Nikfar

McMaster University — Civil Engineering

Figure 5-3. Positive brake mechanism of the ultrasound’s twin-wheel casters. The dark
streak on the tire, where the brake engages, indicates that the brakes do not

completely lock the wheels.
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Figure 5-4. Top: Schematic of the resistance test setup (surrounding barrier not shown).
Bottom: Photograph of the test setup.
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Three cycles of 0.025Hz sine wave test (0-degree)

Three cycles of 0.025Hz sine wave test (180-degree)
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Figure 5-5. Force-displacement loops for the unlocked ultrasound. Left: with casters

initially set at the 0-degree position. Right: with casters initially set at the
180-degree position.
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Figure 5-6. Force-displacement loops for the hospital cart (casters initially at 0-degree
position).
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Figure 5-7. Acceleration response spectra for the scaled ground motions.
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Figure 5-8. Plan and elevation views of the building.
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Figure 5-12. Relative displacement and velocity orbits of the locked and unlocked
ultrasound under the 3™ story NORTHR-DBE excitation.
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Chapter 6: Experimental Study on the Seismic Response of Equipment
on Wheels/Casters in Base-Isolated Hospitals

Nikfar F., Konstantinidis D., 2016, Experimental Study on The Seismic Response of
Equipment on Wheels/Casters in Base-Isolated Hospitals, to be submitted to Earthquake

Engineering and Structural Dynamics.
Abstract

Seismic isolation is proven to be an effective technique for protecting building
structures from damaging earthquakes. It has been the method of choice for critical
facilities including hospitals in Japan and the United States in recent years. However,
there have been only a few studies that investigated the performance of building
equipment and contents, and particularly those supported on wheels/casters, in such
buildings. About one-third of equipment and contents in a typical hospital are supported
on wheels/casters. This study investigates the seismic response of this type of equipment
and contents in base-isolated buildings through shake table tests of two pieces of hospital
equipment on wheels/casters. This paper adopts a comparative approach to examine the
performance of bilinear (LRB) and triple-friction-pendulum (TFP) isolation systems
against a conventional fixed-base hospital. It was observed that, on average, base
isolation reduces the relative displacement demands on equipment. However, in some
cases, it amplified the relative displacement demands comparing to the fixed-base
buildings. Furthermore, reduction in relative velocity demands on equipment was evident
in all the cases. It is concluded that, in a base-isolated building, locking the wheels/casters
is preferable for reducing the maximum displacement demands on equipment supported
on wheels/casters. Finally, the paper provides probability functions that can be used by
practicing engineers to estimate the peak relative displacement and relative velocity of

equipment of this type in base-isolated buildings.
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6.1 Introduction

Immediate occupancy and functionality of critical facilities including hospitals are
of utmost importance immediately after a damaging earthquake, as they must continue to
provide emergency health services in the aftermath of an extreme event. Although recent
earthquakes have proven an acceptable performance of structural elements of code-
compliant hospitals, in many cases the nonstructural component damages were the main
causes of disruption of their functionality [1-6]. Recent examples of poor nonstructural
performance in structurally code-compliant hospital buildings include hospitals during the
2010 Chile Earthquake [7]. The hospital buildings were designed based on Chilean
seismic design codes, which are very similar to recent United States codes. Nevertheless,
reconnaissance missions reported that there were several cases of damage to unsecured
equipment and contents (EC) that fell or broke during the earthquake, hindering the
emergency response function of the hospitals [7]. In many cases, large, unanchored
equipment, such as incubators and computers, was reported damaged after falling to the
floor [7]. Similarly, in the 2011 Christchurch earthquakes, poor performance of utility
networks and damage to nonstructural components were reportedly the major problems
affecting the operation of the Canterbury hospital system [8].

Although severe nonstructural damage and loss of functionality in medical
facilities were observed during the 1994 Northridge, 1995 Kobe, and 1999 Chi-Chi
earthquakes [9,10], only a handful of studies have been conducted since then to
investigate the seismic performance of typical medical equipment and hospital
components. A notable full-scale shake-table test study, which included the performance
of structural and nonstructural components in fixed-base and base-isolated hospitals, was
carried out at the E-Defence facility [11-13]. Pantoli et al. [14] conducted shake table
tests of a five-story reinforced-concrete building (both fixed-base and base-isolated) that
featured a variety of nonstructural components and systems. Di Sarno et al. [15] and
Cosenza et al. [16] investigated the dynamic response and fragility of components in

typical hospital rooms through shake table tests.
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This study focuses on the seismic performance of wheel-supported and/or caster-
supported EC, which are abundant in hospitals. About one-third of the hospital equipment
and appliances are on wheels and casters due to their mobility requirements [11]. The
concern with equipment and appliances on wheels and casters during earthquakes is that
they might exhibit large movements. Excessive movements could tear off or disconnect
the electric plugs and impair the functionality of the equipment. For instance, large
movements of an anesthesia machine may not only tear off its electric plug, but also
disconnect its connections to piped hospital oxygen, medical air, and nitrous oxide. This
would lead to malfunction of the equipment and possible loss of life. Large motion of EC
in an operating room is also a big concern for medical room personnel. Moreover, large
displacement increases the possibility of collision with other furniture, equipment and
surrounding partitions. Impact as a result of collision introduces high accelerations that
can lead to damage to acceleration-sensitive equipment and components. In the case of
heavy equipment on wheels, a collision with people in the vicinity of the equipment may
result in injury.

The hazard associated with these items can stem from any or a combination of the
following: (a) excessive displacement that can increase the potential of impact with
adjacent EC as well as other nonstructural components, including partition walls; (b)
large relative velocity, which, if coincident with large relative displacement, may result in
damaging impact that can put the safety of the people working in the vicinity of the
equipment or the functionality of the equipment at risk; (c) large accelerations,
particularly in the high frequency range, that can cause resonance and damage to the
electronic parts and attached components of the equipment. Therefore, desirable
characteristics of earthquake protection systems for building equipment include the ability
to decrease floor acceleration, relative displacement, and relative velocity together with
shifting the floor vibration frequency to frequencies lower than the equipment resonance
frequency.

Seismic isolation appears to be an ideal solution for protecting a building’s EC

since it aims to control all of the aforementioned demand parameters. While this claim
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was made more than three decades ago [17], the supporting research for unanchored EC
is limited. Nikfar and Konstantinidis [18] studied the performance of sliding EC in
isolated buildings under broadband and pulse-like ground motions. Sliding fragility
curves for broadband ground motions are presented in [19]. To date, there has been only
one comprehensive experimental program that examined the performance of hospital
equipment on wheels/casters in a base-isolated hospital [11-13]. It included full-scale
shake table experiments of a four-story RC building at E-Defense to evaluate the
performance of fixed-base and base-isolated medical facilities. Various rooms at different
floor levels of the building were outfitted with hospital equipment and appliances to
replicate realistic hospital rooms. The experimental program was aimed at studying
various aspects of the facility. Shi et al. [13] focused specifically on the performance of
items on casters. It was observed that the equipment with unlocked casters may
experience movements as large as three meters. Multiple collisions with other equipment,
furniture, and partitions were observed that resulted in accelerations up to 10 g [13]. The
experimental results of the base-isolated building showed that most equipment and
appliances (including the ones with locked casters) experienced negligible movement
except for those with unlocked casters that exhibited very large motions, leading to
collisions with other equipment and surrounding partitions [13]. For equipment with
locked casters, the response was very small when the building was tested as base-isolated,
but when the building was tested as fixed-base, especially under near-fault ground
motion, the equipment experienced the largest response and damage [13].

This paper presents the findings of a shake table study investigating the seismic
response of an ultrasound machine and a cart loaded with medical equipment, housed in
(a) a conventional braced-frame hospital building, (b) a hospital building isolated by Lead
Rubber Bearings (LRB), and (c¢) a hospital building isolated by a Triple Friction
Pendulum (TFP) system. The ultrasound machine is an example of a common heavy
piece of equipment, and the hospital cart is typical representation of light items on
wheels/casters. The floor motions used as input in the shake table experiments were

generated from a series of nonlinear time history analyses of the building models using
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site-compatible ground motions scaled to three earthquake intensity levels, i.e., maximum
considered earthquake (MCE), design based earthquake (DBE) and service level
earthquake (SLE) (chosen to be 50% of DBE in this study). The shake table excitation
was unidirectional, and the equipment was tested in both locked and unlocked
configurations. The response of the equipment during the experiments was recorded using
a motion capture technique and accelerometers. The response of the equipment under
fixed-base and base-isolated conditions (using both LRB and TFP systems) is discussed.
It is shown that, on average, base isolation considerably reduces the relative displacement
and relative velocity of EC supported on wheels/casters. However, depending on the
kinematics of the input motion, there were cases where the EC may experience larger
displacement in base-isolated buildings. Furthermore, it is observed that locking the
wheels/casters is effective in reducing the relative displacement and relative velocity
responses of EC in base-isolated buildings; although, there were few cases where locking
resulted in larger response. The experimental data was also used to produce conditional
probability functions to estimate the peak relative displacement and relative velocity of

unlocked equipment in base-isolated buildings.

6.2 Test specimens

Two test specimens were used in this study: an ultrasound machine weighting 272
kg which represents a typical heavy piece of medical equipment, supported on two wheels
(rear) and two casters (front), and a cart loaded with typical light medical equipment (all
together 23 kg), supported on four casters, as shown in Figure 6-1 (right). The ultrasound
was composed of three main parts: the main body (or case), the control panel, and the
monitor. The main body housed most of the electronics and accounted for the majority of
the equipment’s mass, and the control panel and monitor were mounted flexibly on the
main body, so that they could move and rotate depending on user needs. The tested
ultrasound featured a brake mechanism acting on the front casters only. The light hospital
cart was supported on four twin wheel casters, the type typically installed on the majority
of light-weight office and laboratory items. None of the casters of this particular cart had

a brake mechanism, although similar casters with brake are also common. More details
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about the dimensions, brake mechanism, and resistance of the wheels/caster of the

equipment are presented by in [20].
6.3 Shake table test program

6.3.1 Test procedure and instrumentation

The shake table facility at the Applied Dynamics Laboratory, McMaster
University, was utilized for simulating the horizontal floor motions of a fixed-base and
two base-isolated buildings to investigate the seismic response of the hospital equipment.
The floor motions used as input for the shake table tests were generated by nonlinear time
history analysis of an elaborate nonlinear structural model in OpenSees [21]. The
structural model and detailed modeling assumptions are presented in the following
sections. For the tests, the equipment was placed directly on a simulated hospital floor
constructed on the shake table. The vertical component of the floor motion is not
considered in this study since the shake table used is bidirectional—although only
unidirectional tests were performed. However, it is noted that according to the results of
the full-scale shake table tests conducted at E-Defense [12] which did include vertical
excitation, the horizontal movement of the EC on wheels and casters is not affected
significantly by vertical floor responses. This is due to the fact that, unlike in the case of
sliding EC, the normal contact force does not contribute to the horizontal resistance of the
wheels. Even a very low force would be adequate to overcome the resistance of the
wheels and casters to rolling in unlocked condition. Moreover, in cases where the casters
were locked, the brake mechanism did not fully lock the wheels, and the movement of the
equipment was in fact due to slipping between the brake pads and the caster wheel, rather
than sliding between the caster wheel and floor surface.

The motion of the shake table in the horizontal direction was tracked using an
accelerometer (MEAS 4002-005) and a displacement sensor (Temposonics”
LPRCCU04901). Also, one accelerometer (Entran EGCS-DO0-2) was attached to the
inside of the ultrasound to measure the accelerations that internal electronic parts may

experience during seismic shaking. As the motion of the equipment was expected to be
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complicated, a vision-based measurement system was used in lieu of conventional contact
sensors. A video camera with a 2.7K (2704x1520 pixel) resolution at a 60 frame per
second rate was used to track the motion of LED lights attached to the body and monitor
of the ultrasound. In the case of the hospital cart, LED lights were attached to the rigid
handle of the cart and also to the top of the smaller medical equipment on the cart to track
relative displacements. Displacement and velocity response histories were computed from
post-processing of the recorded frames. The accuracy of the vision-based measurement is
estimated to be about 1-mm and 7-cm/s for displacement and velocity, respectively. The
detailed evaluation of the accuracy of the vision-based measurements in this study is

presented in [22].
6.3.2 Structural Design

6.3.2.1 Site specific design criteria

A hypothetical four-story hospital building located in Los Angeles, California with
site coordinates (34.02197°N , 118.28587°W) was designed according to the loading
requirements of ASCE 7-05 [23] for Site Class C. According to ASCE 7-05, the soil
condition of the site is classified as Site Class C. The mapped spectral accelerations are

S,=1.843g and S, =0.640g. The resulting DBE-level design spectrum is shown in
Figure 6-2.

6.3.2.2 Fixed-base hospital

The Steel Special-Concentrically-Braced-Frame (SCBF) lateral load resisting
system for the fixed-base building with hospital occupancy, i.e., Risk Category IV, and
importance factor 7/ =1.5 was designed according to the requirements of IBC2006 [24],
AISC360-05 [25], and ASCE 7-05 [23]. The SCBF was designed with a response
modification factor, over-strength factor, and drift ratio limit of R=6,Q =2, and 1.5%
(obtained from static analysis of elastic structure), respectively. The characteristic yield
strength of steel was assumed to be 345 MPa for frame members and 318 MPa for brace
members. Assuming a SCBF as lateral load resisting system, all brace members were

checked to ensure being seismically compact and limitations were applied on the
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slenderness ratio of each member. The lateral loads are carried by two braced bays on
each side of the building perimeter, as shown in Figure 6-3. All other members were
designed for gravity loads. Floor slabs consisted of 82.5-mm-thick lightweight concrete
over a 50.8-mm-thick steel deck. A super dead load of 4.0 kPa was applied on the floor
that included the weight of the floor slab and 0.96 kPa for cladding. The self-weight of
the structural members was considered separately in the analysis. Assuming 10% for
operation-rooms with uniform live load of 2.87 kPa, 65% for patient rooms with uniform
live load of 1.92 kPa, and 25% for corridors with uniform live load of 3.83 kPa, an
average live load of 2.5 kPa was considered on the floor slabs. The structural members
were designed for a calculated base shear coefficient C =0.307. Geometry of the
building is schematically shown in Figure 6-3.Steel sections used in the structural

members are summarized in Table 6-1.

6.3.2.3 Base-isolated hospital
The design and maximum displacement values of the isolation system were

obtained from [23]

g‘SDIJD gSMIJM
D, = , D D uea— 6.1
D 1 2BD M ( )

where T),,T,, are the effective isolation period values at DBE and MCE levels; B,,, B,, are

the damping modification factors for the 5% damped response spectrum at DBE and

MCE levels; and S,,,,S,,, are the 1-s spectral acceleration values for DBE and MCE

events. Both LRB and TFP isolation systems are designed to exhibit effective period and
damping of 7,, =2.5s and ¢&,, =15 % at the MCE level. The design and maximum
effective isolation stiffness values are obtained from
2 ’ 2 ’
K, :(ij my , K, :(aj my, (6.2)
where my, is the total mass of the building, including the base mat. Depending on the

isolation hysteretic model, the design displacement and stiffness can be obtained through

iteration. The superstructure was designed for the base shear of V, = K,D,,, which in this
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case leads to a base shear coefficient of C,, =0.157 for the LRB system. Comparing the

base shear coefficient of the base-isolated hospital to the inelastic base shear coefficient

of the fixed-base hospital, C,, =0.307, the assumed base-isolation is expected to

contribute to 49% reduction in the design base-shear. According to ASCE 7 code, the
superstructure of seismically isolated buildings should be designed using a response
modification factor R;to be in the range 1 <3R/8<2. A low response factor like this
limits the nonlinear deformations and consequently the damage to the superstructure.
Because of the same reason, use of lateral systems with low ductility (small R factor) is
favorable which also compensates the cost associated with base-isolating. A Steel

Ordinary-Concentrically-Braced-Frame (OCBF) lateral load resisting system (R =3, ) is
used as the lateral system for the superstructure. Even though the superstructure could be

designed for a response factor of R = % x3 ), =1.21, the full base shear force (V, =K, D,

) is used for designing the OCBF system (R=1.0). Using an OCBF system, the brace
slenderness ratio limitation no longer dictates the maximum length of the brace; therefore,
instead of double braces, a single brace is used for each braced bay. The designed OCBF
satisfies the 1.5% drift limit at DBE level. Figure 6-3(right) shows the brace configuration

of the superstructure.
6.3.3 Modeling

6.3.3.1 Structural model

The buildings including the structure and isolation system were modeled in
OpenSees [21]. The beams, columns, and braces were modeled using force-based beam-
column elements. Equivalent loads and masses were calculated and transferred to the 2D
frame (X-Z frame shown in Figure 6-3). The Steel02 material model with 3% strain
hardening was considered for all the beam-column elements. Sections were discretized
using 4 fibers along the thickness and 16 fibers along the web or flange length of the W
and HSS sections. The beam-to-column connections were modeled as pinned-pinned.
Columns were fixed at the base in the fixed-base hospital. To capture the bucking

behavior of the braces, the simulation procedure proposed in Hsiao et al. [27] was
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implemented. Braces were simulated using 6 beam-column elements; of which, 4
elements were placed in the middle quarter length of the brace. Seven Gauss integration
points were assumed for nonlinear curvature distribution for each beam-column element.
The required imperfection of the braces followed a sine function with the apex at 0.1% of
the length of the brace. A rotational nonlinear spring at each end of the brace was
introduced to account for the stiffness and energy dissipation of the gusset plate. The
initial stiffness of the gusset for each brace is calculated using the relation suggested in
[27]. The Steel02 material model with 1% post-yield stiffness was utilized for these
rotational springs. The aforementioned assumptions together with the use of corotational
transformation for the brace beam-column elements allowed capturing the global
buckling of the brace under cyclic loading [28,27], while local buckling was assumed not
to occur owing to the use of seismically compact sections. The fundamental vibration
period of the fixed-base and the superstructure of the base-isolated buildings in X-
Direction (used later in the shake table study) were computed to be 0.54 s and 0.62 s,
respectively. 2% Rayleigh damping, including both mass- and stiffness-proportional
terms, was considered in the dynamic time-history analysis of the fixed-base model. The
stiffness-proportional term of the damping was based on the last committed stiffness of
the elements. However, a stiffness proportional damping is considered in the dynamic
time-history analysis of the base-isolated buildings. The mass-proportional term of the
Rayleigh damping model would apply an excessive artificial damping at frequencies
lower than the superstructure fundamental frequency leading to undesirable suppression

of the first mode response of the base-isolated structure [29].

6.3.3.2 LRB and TFP models

An assembly of an elastic column, an elastic-perfectly-plastic horizontal spring,
and a nonlinear elastic vertical spring (Figure 6-4-a) is used to model the LRB system
with a bilinear lateral load-displacement behavior in horizontal direction (Figure 6-4-b),
fllowing the approach proposed in [26]. The vertical spring element allowed the
consideration of geometric stiffness due to P—A effect. The elastic column has a lateral

stiffness equivalent to the second stiffness of the isolation system ( K, ). Parameters of the
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elastic-perfectly-plastic spring that acts in parallel with the elastic column in the

horizontal direction are based on an initial stiffness of K, — K, and yielding displacement
of u,. The LRB is considered to have a vertical stiffness of 1000K, in compression. The

double stiffness model with 3% tensile yield strain and overstrain ratio of 0.06 is used to
capture the compression and tensile behavior of the LRB [30]. The combination of the
column vertical stiffness and a nonlinear elastic spring in vertical direction produced the
double stiffness behavior shown in Figure 6-4 (c¢). The LRB isolators were modeled

separately, one beneath each column. Assuming a yield displacement of u =0.01 m, the

characteristic strength of the bilinear model can be computed from [26]
2 (DM —u, )

Given Q and u,, the second stiffness, Kb=(KMDM—Q)/DM, yield strength,

0= (6.3)

F,=0+K,u,, and consequently initial stiffness, K, =F, /u of the isolators was

v b
obtained. Once the bilinear model was defined, the corresponding design period and

damping were determined through iteration (7, =2.26 s, ¢, =23%). Using Equation

(6.1) the peak isolation displacement at MCE and DBE levels were computed as
D,, =038 mand D, =0.20 m, respectively.

The design of the TFP system considered in this study is motivated by the actual
TFP system used in the full-scale shake table study of a five-story base-isolated building
at E-Defense facility [31]. This TFP system consists of four concave surfaces as shown in
Figure 6-5. In practice, the curvature and friction of the surfaces are adjusted to form
three independent pendulum mechanisms each activated depending on the intensity of

excitation. The first pendulum mechanism is formed due to the sliding of inner slider and

the two articulated sliders. The low friction coefficient s, = 1, between the inner slider

and both top and bottom articulated sliders allows the first pendulum mechanism to form

under small earthquakes. However, the small spherical radius R =R, of the inner slider

leads to a relatively large stiffness that is favorable for maintaining the serviceability of
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the building under small earthquakes. Sliding between the lower articulated slider and the
bottom concave plate forms the second pendulum mechanism, which is activated when
the acceleration exceeds the friction coefficient s,between the surfaces. The large
spherical radius R, of the concave surface leads to a small stiffness for the pendulum. The
third pendulum mechanism is formed by sliding between the upper articulated slider and
top concave plate. The friction coefficient 1, between these surfaces is usually higher
than 4, leading to its activation at large earthquakes. Displacement limits of sliders d,

and surface friction coefficients g can be chosen in a way that the bearing exhibits

stiffening regimes at large displacement to control the peak isolation displacement at
extreme events. More details on the TFP parameters and its possible hysteretic regimes
can be found in [32,33,34,31]. The effective pendulum lengths of the sliding surfaces

L, =R —h, together with the displacement limits of the sliders d,, and friction
coefficients ¢, determine the hysteresis of TFP bearings. The design parameters of the
TFP system used in this study are g =, =0.02, 4, =4,=0.08, L, =L,, L,=L,, and
d, =d, leading to a three-stage hysteresis backbone, as shown in Figure 6-5.

To obtain a TFP system equivalent to the LRB system, the effective stiffness K,
and effective viscous damping ratio ¢, = E,,,, /(27 Keﬁ.Dz) of the two isolation systems

are equated at a target displacement D. Such an approach based on linear isolation theory

is also suggested in ASCE 7 [23]. The MCE event isolation displacement D,, is targeted

in this study to obtain an equivalent TFP system. This requires satisfying the effective

stiffness condition:

KM,LRB = KM,TFP (6.4)
where
O+K,D
Ky e == (6.5)
D,,

and [35]
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1
/U4+L Kb(DM_”3)
s L,
Ky 1ep = D w (6.6)

M

in which w; =u, +(p, — ) (L, +L,), wu,=(ps— )L, +(1;—1,)L,, and Wis the
weight above the isolation layer. Furthermore, the effective damping condition (at D,, )

should also be satisfied

Eloop, LRB — Eloop, TFP (67)
where
Elpop, LrB = 4Q(DM _”y) (6.8)
and [35]
1 1 1
E. =4\ g, ————u ]D —4[ - ]uz
1oop. LRB {(“ L+L, ° )" \L+L, L+L, )"
(6.9)

T DR S (- N D? |xW
L+L, L,+L, D, L+L,

where D, is the displacement associated with initiation of sliding which is assumed to be

0.0005 m in this paper. L, =0.3080 m and L, =1.0385 m are obtained through solving
the system of equations consisting of Equation (6.4) and Equation (6.7). Subsequently,
R =L +h=0346 ,R, =L, +h, =1.1525, and R, =R,. The final step to fully describe
the TFP system is specifying the displacement limits, d,. For the three-stage hysteretic

TFP considered in this study, the displacement limits affect only the displacement at

which stiffening takes place, i.e., u;which is equal to u,. The peak isolation displacement
at MCE level, D,,, multiplied by the accidental eccentricity (i.e., 1.24D,, for this
building) prescribed in ASCE 7 code can be assumed as the stiffening point to obtain d,
and d,. However, such amplification was not considered in this study since the shake

table tests were uniaxial and subsequently the structural models were analyzed under one

horizontal excitation together with the vertical component. Therefore, the D,, was taken
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as the stiffening point leading to d; =d, =0.192 m. As it is evident from the equations
provided in Figure 6-5, d, and d, merely control the extent isolator can displace within

the stiffening regime until it reaches its limit. These parameters are considered
sufficiently large not to let the isolators use up their displacement limits under all the
excitations. Figure 6-6 compares the hysteresis loops of the equivalent LRB and TFP
systems at SLE, DBE, and MCE Levels. The effective period and damping of both
isolation systems are presented at three levels. As can be seen, both systems have very
similar characteristics in terms of effective damping and period at DBE level.
Nevertheless, at SLE level, TFP system is stiffer and less damped comparing to the LRB

system assumed.

6.3.4 Structural responses
A set of four ground motions were selected from the PEER Strong Motion Database,
NGA-West2, for the nonlinear time history analysis. The target design spectrum

parameters S, =1.229 g and S, = 0.555 g were used for spectrum-based ground motion

selection. The Mean-Square-Error method with multiple period points from 0.1 s to 3.0 s
was utilized in both the selection and the scaling of the ground motions. Only the H2
component of the recorded ground motions was considered in the process of scaling.
Properties of the selected ground motions and the corresponding scaling factors are listed
in Table 6-2. Acceleration response spectra of the scaled ground motions are shown in
Figure 6-2. Both horizontal (i.e., H2) and vertical components of ground motions were
applied to the structure and the resultant floor absolute accelerations were computed.
Earthquake simulations were performed at SLE (i.e., 50% DBE), DBE, and MCE levels.
Figure 6-7 presents the floor absolute displacement under four ground motions. The
first row plots are associated with the SLE level for which the absolute floor
displacements are very close for the fixed-base (FB), LRB, and TFP systems. The plots
corresponding to DBE level in the second row of the figure show that although larger
floor displacement is expected for the base-isolated buildings, the fixed-base building

might exhibit larger displacement at the floors undergoing large yielding deformations.
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Similarly at MCE level, the third and fourth levels of the fixed-base building experienced
a larger floor displacement under the LOMAP and NORTHR records compared to the
base-isolated buildings. However, the base-isolated buildings exhibit larger displacement
under MANIJIL and CHICHI excitations. Comparing LRB and TFP systems, except for
the CHICHI at SLE level, the floor displacements were slightly larger for the building
isolated with TFP system. Figure 6-8 shows the peak floor absolute velocity responses.
As can be seen, in all the cases the base-isolated buildings had considerably smaller floor
absolute velocity than the fixed-base building. This tends to result in smaller relative
velocity response of the contents, reducing potential damage due to impact. The
effectiveness of base isolation in reducing the contents’ relative velocity was examined
later in this paper. Similar to the displacement response, on average, the TFP system
exhibited slightly larger floor relative velocity than LRB system.

The floor absolute acceleration is an important input parameter controlling the
initiation of movement or sliding (sliding equipment or equipment with locked
wheels/casters) of unanchored EC. It is expected that base-isolating the building greatly
reduces the accelerations and can potentially prevent the initiation of sliding of EC. In the
case of attached equipment, reduction in floor accelerations will considerably reduce the
accelerations transmitted to the equipment. Figure 6-9 illustrates the peak floor absolute
acceleration responses. Considerable reduction in floor absolute acceleration is evident
for base-isolated building comparing to the fixed-base building. The peak floor
accelerations of base-isolated buildings were 0.26g, 0.54g, and 0.80g at SLE, DBE, and
MCE levels, occurring under the MANIJIL motion. The equivalent frictional resistance of
the wheels and casters were approximately 0.01, 0.19, and 0.02 for the Unlocked-
Ultrasound, Locked-Ultrasound, and Hospital Cart, respectively, as presented by the
authors in [20]. Note that in almost all the cases the peak floor acceleration exceeded the
resistance of the wheels resulting in a relative displacement between the equipment and
the floor.

Figure 6-10 demonstrates the peak interstory drift ratios of the fixed-base (SCBF)
and superstructure (OCBF) of the base-isolated buildings. The SCBF drift ratio is less
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than 2.5% for all the ground motions at DBE level except for NORTHR with 3.5%. The
mean of the peak drift ratios of SCBF is 2.54% under DBE and 4.09% under MCE
earthquakes. The base-isolated superstructure exhibits a minimal drift with peaks less
than 0.41% (occurred under MANJIL-MCE level). Note that both LRB and TFE isolation
systems resulted in very close peak drift ratios of their superstructures.

Figure 6-11 compares the floor acceleration spectra at the 3™ floor of the fixed-base
and base-isolated buildings under the NORTHR and MANJIL motions at three intensity
levels. Floor spectra provide information about the response of the attached EC as well as
frequency content of the floor response. Comparing the plots of fixed-base to base-
isolated buildings, base isolation considerably reduced the floor spectra in for all the
frequencies. In the fixed-base building, location and number of peaks are different at
different intensities, while the shape of spectra is preserved in buildings equipped with
LRB and TFP systems. The peak isolation displacements computed at different input
intensities are summarized in Table 6-3. In most of the cases, TFP exhibits slightly larger
deformations than LRB. The peak isolation deformations are 0.099 m, 0.175 m, and 0.264
m under SLE, DBE, and MCE level excitations.

6.4 Shake table tests results

The seismic response of the equipment placed at the 3™ floor, evaluated through
shake-table tests, was reported in this paper. The experimental data corresponding to the
ground and other floor responses were reported in [20]. The ultrasound was tested under
two conditions: with locked and with unlocked casters. The casters of the hospital cart
were not lockable; thus, it was tested only in the unlocked condition. Tests were
performed with the ultrasound’s wheels parallel to the direction of excitation (more
details on the behavior of equipment in oblique position can be found in [20]. Table 6-4
summarizes the experimental program adopted in this study.

The motion of the shake table in the horizontal direction was tracked using an
accelerometer and a displacement transducer. One accelerometer was attached to the
inside of the ultrasound to measure the accelerations that internal electronic parts may

experience during seismic shaking. As the motion of the equipment was expected to be
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complicated, a vision-based measurement system was used in lieu of conventional contact
sensors. A video camera with a 2.7K (2704x1520 pixel) resolution at a 60 frames per
second rate was used to track the motion of LED lights attached to the body and monitor
of the ultrasound. In the case of the hospital cart, LED lights were attached to the rigid
handle of the cart and also to the top of the smaller medical equipment on the cart to track
relative displacements. Displacement and velocity response histories were computed from
post-processing of the recorded frames. The accuracy of the vision-based measurements
is approximately 0.5-mm and 3-cm/s for displacement and velocity, respectively. A
detailed evaluation of the accuracy of the vision-based measurements in this study is
presented in [22]. Peak relative displacement orbits of the equipment in the 3 floor of the
fixed-base and base-isolated hospitals under NORTHR are potted in Figure 6-12. Note
that the peak values shown are the magnitude of the relative displacement vector. Under
DBE and MCE level excitations the locked-ultrasound experiences considerably larger
displacement in fixed-base than base-isolated building. The unlocked-ultrasound shows
larger displacement in building with LRB than fixed-base and TFP system. Except at SLE
level where Hospital Cart shows larger displacement in the building with LRB system,
base-isolating reduced the response comparing to the fixed-base building. Comparing the
LRB and TFP, all the equipment items experience relatively smaller displacements in the
building isolated with TFP system. The relative velocity responses of the equipment
under the same input are depicted in Figure 6-13. As it is evident in the figure, base-
isolating has greatly reduced the relative velocity response of the equipment and
consequently decreased the potential impact forces. No general conclusion can be drawn
on the effectiveness of locking in reducing or increasing the displacement and velocity
responses of equipment based on the last two figures as its effects vary depending on the
structural system and intensity of excitation.

Figure 6-14 compares the peak responses under NORTHR and LOMAP
earthquakes. The left two columns plot the relative displacement and the right two
columns show the relative velocity responses. It appears that base isolation does not

necessarily reduce the displacement response of the hospital cart and unlocked-
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ultrasound, as in many cases the equipment experienced larger displacements in the base-
isolated condition than the fixed-base condition. In contrast, the reduction in the
displacement response of the locked-ultrasound is evident in base-isolated building.
Based on the figure, the TFP system, on average, resulted in slightly smaller relative
displacement response of the contents. Considering the relative velocity plots, in all the
cases base isolation greatly reduced the response of all the equipment items. The velocity

responses of equipment are very close for the LRB and TFP isolation systems.

6.5 Regression and probability study

In order to obtain a better representation of how different structural systems, i.e.,
fixed-base, LRB, and TFP, affect the displacement and velocity responses of the
equipment with unlocked wheels/casters, the experimental data is presented in a
probabilistic framework. Figure 6-15 shows the fragility curves associated with different
systems for relative displacement and relative velocity demands of equipment. Peak
Ground Acceleration (PGA) adopted for scaling the ground motions is considered as the
intensity measure in generating the fragility curves. The first row plots correspond to the
curves for 0.25 m, 0.5 m, and 1.0 m relative displacement thresholds. Based on these
plots, base-isolating resulted in smaller probability to exceed the thresholds, indicating a
superior performance of TFE system in reducing this demands. Considering the relative
velocity curves on the second row plots, again, base isolation effectively reduced the
probability of exceeding the velocity thresholds. In this case, the curves are very close for
both isolation systems with a slightly better performance for the LRB system.

It has been shown by the authors [20] that parameters with the same dimension as
the demand are better representatives of the input intensity. Hence, the experimental data
) of the

associated with the peak relative displacement (u,, ) and relative velocity (v,

max max

equipment in base-isolated buildings (i.e., both LRB and TFP systems) was re-plotted in

Figure 6-16 as a function of peak floor absolute displacement (D,) and peak floor
absolute velocity (), respectively. A linear regression was performed on the base-

isolated data for ultrasound-locked, ultrasound-unlocked, and hospital cart. Comparing
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the lines associated with locked and unlocked ultrasound, it can be seen that, on average,
locking the wheels/caster results in lower relative displacement and relative velocity
demands on the equipment in base-isolated buildings. Therefore, locking the
wheels/casters is preferable for equipment in base-isolated buildings. Consequently, the
wheels/casters with automatic locking system would be a good choice for EC in base-
isolated buildings. Nevertheless, as the authors have shown in their previous work [20],
locking the wheels/casters does not necessarily lead to reduced demands. Note that in all
the experiments the floor absolute accelerations exceeded the resistance capacity of the
locked wheels. Increase in resistance to values greater than the floor absolute
accelerations results in no relative displacement and velocity.

Taking the introduced intensity parameters, a lognormal distribution was fitted to
relative displacement and relative velocity demand data corresponding to hospital cart

and ultrasound-unlocked. To this end, both demand parameters (u, and v_, ) were first

max max

transformed into log space, where linear regression was performed, as shown in Figure
6-17. The associated standard deviation of the relative displacement and relative velocity
in log scale was obtained using maximum likelihood theorem, leading to 0.4036 and
0.0808, respectively.

Given the standard deviation for the lognormal distribution, corresponding
conditional probability curves were generated, as presented in Figure 6-18. It is worth
mentioning that these curves were generated merely for the equipment with unlocked
wheels/casters and are independent of the equipment resistance and floor absolute
acceleration. The inclusion of equipment with locked-wheels/casters would result in un-
conservative estimate of probability. Moreover, determination of the resistance would be
problematic as it would vary depending on the brake mechanism of the equipment as well
as frictional resistance of the wheels and floor surfaces. Assuming a relatively rigid
sliding equipment, the conditional probability curves suggested by the authors in [19] for
sliding EC could be used provided that the resistance of the locked wheels/casters is
evaluated. Furthermore, only the data of base-isolated buildings (LRB and TFP systems)

are used since similar curves for a conventional building (fixed-base SCBF) were
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presented by the author in [20]. Therefore, the applicability of these curves is limited to
equipment items with low resistance, e.g., equipment with unlocked wheels/casters, in

base-isolated buildings.

6.6 Conclusion

This paper presented results of an experimental investigation on the seismic response
of medical equipment supported on wheels/casters in fixed-base and base-isolated
hospitals. The study included extensive shake table testing of two pieces of medical
equipment on wheels/casters. The shake table simulated the floor absolute acceleration
response of three prototype buildings: (1) a fixed-base hospital building featuring steel
special-concentric-braced-frames, (2) a hospital building isolated using lead-rubber-
bearing system, and (3) a hospital building isolated using triple-friction-pendulum system.
The paper adopted a comparative approach to examine the performance of lead-rubber-
bearing and triple-friction-pendulum isolation systems against the conventional fixed-
base hospital. The floor absolute acceleration response of the buildings were computed
using nonlinear time-history analysis of the building models in OpenSees under four
ground motions for three intensity levels: SLE (defined as 50% DBE), DBE, and MCE.
The performance of one of the two pieces of equipment was evaluated for both unlocked
and locked casters. Although the electronic functionality of the equipment was not
assessed before/after the shake table test, there was no physical damage to the equipment
(detachment of components or failure of any sort) as a result of the shaking. Furthermore,
there was no notable rocking, and the main mode of response was rolling of the wheels
and casters.

It was shown that, overall, base-isolation is effective in reducing the relative
displacement demand on the equipment on wheels and casters, although there were some
cases where isolation resulted in amplified displacement responses. In all the cases,
isolation resulted in considerably lower relative velocity demands, leading to reduced
potential of damage due to impact. Comparing the LRB system with the TFP system, it is
observed that the TFP system performs slightly better in reducing the peak displacement

demand on the equipment, while the performance is almost the same as the LRB system
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when it comes to peak relative velocity demand. Furthermore, linear regression of the
data corresponding to the base-isolated buildings demonstrated that the peak relative
displacement and relative velocity were reduced under the locked condition. Therefore,
locking the casters is recommended for equipment and contents in base-isolated
buildings. Finally, the paper developed fragility functions that can be used to estimate the
peak relative displacement and relative velocity of equipment on wheels and casters in

base-isolated buildings.
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Table 6-1. Steel sections used in the fixed-base (SCBF) and base-isolated (OCBF)

structures
. SCBF OCBF
Story Gravity Girders Braced Braced
Columns Braces Braces
Columns Columns
1 WI14x68 W14x68 W14x233 HSS 12x12x6/8 W14x145  HSS 10x10x5/8
2 W14x68 W14x68 W14x145 HSS 10x10x6/8 W14x145  HSS 10x10x6/8
3 W14x48 W14x68 W14x68 HSS 9%x9x5/8 W14x68 HSS 9x9x5/8
4 W14x38 W14x68 W14x38 HSS 7x7x5/8 W14x38 HSS 8x8x5/8

Table 6-2. Ground motions used in this study, together with their scaling factors

ID Scale Factor Earthquake Name Year Station Name Magnitude Vg, (m/s)
LOMAP 1.34 Loma Prieta 1989 WAHO 6.93 388.33
NORTHR 1.06 Northridge-01 1994 Castaic - Old Ridge Route ~ 6.69 450.28
MANIJIL 0.91 Manjil 1990 Abbar 7.37 723.95
CHICHI 1.38 Chi-Chi Taiwan-03 1999 TCU129 6.2 511.18

Table 6-3. Peak isolation displacement (in meters)

LOMAP NORTHR MANJIL CHICHI
LRB TFP LRB TFP LRB TFP LRB TFP
SLE 0.059 0.069 0.096 0.099 0.042 0.062 0.054 0.051
DBE 0.112 0.116 0.125 0.175 0.094 0.132 0.090 0.102
MCE 0.149 0.162 0.211 0.220 0.201 0.264 0.125 0.136

Level

Table 6-4. Shake table test program

r Hazard

r Hazard
Earthquak
arthquake Level

FI
Earthquake No. Cases System

FI 00
No. C Syst
° ases ystem Level Level

00
Level

U-U,U-L,C* FB
U-U,U-L,C FB
U-U,U-L,C FB

3 LOMAP SLE 13 U-U,U-L,C TFP
3 LOMAP DBE 14 U-U,U-L,C TFP
3 LOMAP MCE 15 U-U,U-L,C TFP
U-u,uU-L,C FB 3 NORTHR SLE 16 U-U,U-L,C TFP
U-U,u-L,C FB 3 NORTHR DBE 17 U-U,U-L,C TFP NORTHR DBE
U-U,U-L,C FB 3 NORTHR MCE 18 U-U,U-L,C TFP NORTHR MCE

3

3

3

3

3

3 LOMAP SLE

3

3

3

3

3
U-U,U-L,C LRB LOMAP SLE 19 U-U,U-L,C FB 3 MANIJIL DBE

3

3

3

3

3

LOMAP DBE
LOMAP MCE
NORTHR SLE

U-U,U-L,C LRB LOMAP DBE 20 U-U,U-L,C LRB MANIJIL DBE
U-U,U-L,C LRB LOMAP MCE 21 U-U,U-L,C TFP MANIJIL DBE
10 U-U,U-L,C LRB NORTHR SLE 22 U-U,U-L,C FB CHICHI DBE
11 U-U,U-L,C LRB NORTHR DBE 23 U-U,U-L,C LRB CHICHI DBE
12 U-U,U-L,C LRB 3 NORTHR MCE 24 U-U,U-L,C TFP CHICHI DBE

*U-U: Ultrasound-unlocked, U-L: Ultrasound-Locked, C: Hospital Cart

O 0 N A W R WD =
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Figure 6-1. Medical equipment used in this study. Left: An ultrasound machine supported
on wheels (rear) and casters (front). Right: A light hospital cart carrying a
pulse oximeter on the top tray and defibrillator on the middle tray.
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Figure 6-2. Design spectrum and 5% damped acceleration spectra for scaled ground

motions.
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Figure 6-3. Schematics of the fixed-base and base-isolated buildings.
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Figure 6-4. a) LRB hysteretic model consisting of an elastic column element in parallel
with a lateral hysteretic and vertical elastic nonlinear spring. b) Resultant
lateral force-displacement hysteresis of the model. c) Resultant vertical force-

displacement of the isolator.
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Figure 6-5. TFP system considered in this study.
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Figure 6-6. Normalized hysteresis loops of equivalent LRB and TFP systems.
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Figure 6-8. Peak absolute floor velocity.

207



Ph.D. Thesis — F. Nikfar

McMaster University — Civil Engineering

DBE SLE

MCE

DBE SLE

MCE

©  Level ©  Level
Q =2 N W DH A AN WD

Level
= N W b

Story Story
N w A N W N

Story
N w B

LOMAP NORTHR MANIJIL CHICHI
—o—FB
—v—LRB
—o—TFP
0 2 40 2 40 2 40 2 4
A (9) A (9) A (9) A (9)
Figure 6-9. Peak absolute floor acceleration.
LOMAP _ NORTHR MANJIL CHICHI
——FB
—v—LRB
—o—TFP
P } A }
1 1
} }
| |
| |
1 1
v aAVAN LY
0 2 40 4 80 2 40 2 4
Drift (%) Drift (%) Drift (%) Drift (%)
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208




Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

LRB TFP
8 8
6 6
e
E =
g ) N N
# 2 1 2 /\
M 0 ﬂ%
107! 10° 10° 102 107 10° 10° 102
20 20 20
——SLE
— DBE
15 15 150 | moe
i
> 210 10 10
ke
5 5 5
0 0 M 0 ﬁ,&
107 10° 10° 102 107! 10° 10° 102 107 10° 10° 102
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 6-11. 2% damped 3" floor acceleration spectra.
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Chapter 7: Evaluation of Vision-Based Measurements for Shake Table

Testing of Nonstructural Components

Nikfar F., Konstantinidis D., 2016, Evaluation of Vision-Based Measurements for Shake
Table Testing of Nonstructural Components, submitted to the Journal of Computing in

Civil Engineering (ASCE).

Abstract

Freestanding building equipment and contents may experience large displacements
during earthquake shaking. A non-uniform mass distribution and a complicated
supporting system mechanism (e.g., equipment on wheels and casters) may cause
freestanding contents to exhibit complex motions, such as twisting, when subjected to
base excitation. Measuring such motion by traditional, contact-type displacement sensors
is challenging. Owing to recent advances in video capture sensors and image processing
techniques, vision-based motion tracking and measurement have been introduced as a
practical, economical, and fairly accurate measuring method. This paper presents a
procedure utilized to evaluate the accuracy of a consumer-grade camera for the purpose of
measuring the displacement of a piece of medical equipment during shake table testing.
The camera considered in this study has fixed focal length, and it can capture video
recordings with different resolution and frame rates. The camera was positioned at a
distance from the target, as it would be in a real application, during the test to track the
motion of four LED lights attached to the shake table. The capabilities of the camera were
evaluated using as input a signal with varying frequency and amplitude. A wavelet
approach was proposed and utilized in order to synchronize the vision-based
displacement measurement with the output of the displacement transducer installed on the
shake table to be used later in accuracy assessments. Absolute and relative error curves
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are presented to demonstrate the errors in the frequency range of interest of the actual
experiment. Finally, contour plots specifying the displacement, velocity, and acceleration
accuracy of vision-based measurements that can be used in future applications are

proposed.

7.1 Introduction

In the last two decades, the application of vision-based motion tracking and
measurement has become widespread in various engineering fields, including
biomechanics, mechanics, robotics, and aerospace. This emerging technology is also
increasingly becoming of interest for structural and earthquake engineering applications.
Although conventional measuring devices are accurate, they have a number of
limitations. Displacement, velocity, and acceleration measurements require sensors (e.g.,
DCDTs, LVDTs, string potentiometers, velocity sensors, accelerometers, etc.) that are
usually costly, time-consuming to calibrate and install, limited in number in any
laboratory, prone to damage in the case when their capacity is exceeded, and limited to
single-point measurement. In some cases (e.g. measuring the response of lightweight
nonstructural components), the added mass and stiffness of contact sensors may influence
the response they are trying to measure (Hutchinson et al. 2005). In applications that
involve quantification of the complex 3D motion of unanchored nonstructural equipment
and contents, which may include large sliding, uplift rotations and twisting
(Konstantinidis and Makris 2005, 2007, 2009; Chatzis and Smyth 2012; Di Egidio et al.
2014) under seismic excitation, the use of contact sensors is often impractical, if not
impossible. In addition, conventional sensors require a data acquisition system, which, in
the case of dynamic testing applications, can be very costly. In contrast, vision-based
tracking methods do not have the aforementioned limitations. Vision-based measurement
has the potential of tracking the motion of multiple points captured within a scene.
Cameras are easy to install and motion tracking usually does not require direct links
eliminating the interaction concerns. Moreover, unanticipated demands such as excessive

displacements will not damage the device. Of course, depending on the measurement
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resolution requirements of a given experiment, sometimes an acceptable accuracy is
achievable only when very expensive high-resolution and -speed cameras are utilized.
Kanda et al. (2005) evaluated the performance of a vision-based motion capture
method for estimating the earthquake induced displacement, acceleration, and damage to
building structures. Fukuda et al. (2010) suggested the use of vision-based displacement
measurement for real-time monitoring of dynamic responses of large civil engineering
structures such as bridges and buildings. This technique was utilized for measuring the
frictional characteristics and 3D motion capturing of unattached building equipment and
contents under seismic excitations (Hutchinson et al. 2005; Chaudhuri & Hutchinson
2005; Nastase et al. 2008; Doerr et al. 2008). CCD (Charge Coupled Device) cameras
were used to capture the motion of some of the hospital equipment items in an
experimental program performed at the E-Defense shake table facility (Sato et al. 2011;
Shi et al. 2014). Shi et al. (2014) evaluated the accuracy of a motion capture system used
for measuring the displacement and velocity responses of medical appliances in a full-

scale shake table study. A 30 fps camera with 1920x1080 pixel resolution aiming at an

approximate angle of 45° with respect to the horizontal plane was used. Since the
camera’s axis was not perpendicular to horizontal plane, the image scale ratio (i.e., the
ratio representing the physical distance corresponding to one pixel of image) was not
constant, but it ranged from 3 to 4 mm. It was shown that the motion capture system used
had a maximum absolute error of 10 mm and 0.09 m/s for peak displacement and peak
velocity of 3150 mm and 2.2 m/s, respectively. Note that the accuracy evaluations were
performed for input motion frequencies as low as 0.6 Hz for displacement and 1 Hz for
velocity measurements. The behavior of rolling isolation systems was evaluated in a
shake table study using video recordings (Harvey et al. 2014; Harvey & Gavin 2014). A
combination of conventional sensors (including accelerometers and string potentiometers)
and video cameras was utilized to measure the 3D motion of freestanding stiff
asymmetric structures (Wittich & Hutchinson 2015). Yokota et al. (2012) investigated
how surveillance cameras could be used to estimate the earthquake motions from image

analysis of sliding objects in different floors of a building. Recently, a monocular
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computer vision method is proposed for measuring three-dimensional rocking motion of
objects (Greenbaum et al. 2015). Feng and Feng (2015) investigated the performance of
two template-matching techniques for tracking the displacement of multiple points.

The application of vision-based measurement is not limited to measuring
displacement. It can be also utilized to obtain acceleration of moving objects. Even
though inexpensive accelerometers are available in the market, still vision-based
acceleration measurement has some advantages over some conventional accelerometers,
as discussed in (Leifer et al. 2011), including superior ability to measure accelerations
due to low-frequency or rigid-body motions of objects, as it would be inapplicable for
most lightweight accelerometers due to their poor response at low frequencies (Leifer et
al. 2011). Leifer et al. (2011) assessed the accuracy of vision-based acceleration
measurements using twice-differentiated video tracking data. They demonstrated how
applying a smoothing filter such as Savitzky-Golay (Savitzky & Golay 1964) to the video
data can remove the noise, while still preserving features of the signal, and improve the
acceleration measurements. Previous research to evaluate the accuracy of vision-based
measurements was performed only for distinct frequencies and fixed amplitudes (Chang
& Ji 2007; Fukuda et al. 2010). Harvey and Gavin (2014) explored the frequency-
dependent degradation of vision-based acceleration measurements using a tracking signal
with time-dependent frequency and amplitude. They presented the results of their
accuracy evaluations as contour plots correlating the error to the frequency and amplitude
of the tracking signal. However, the application of the presented contour plots is limited
to that specific experimental program with a specific frame rate and pixel-to-physical
coordinate scale ratio.

Nikfar and Konstantinidis (2015) carried out a shake table investigation on the
seismic performance of medical equipment supported on wheels and casters. The shake
table at the Applied Dynamics Laboratory, McMaster University, was used to simulate
the floor response of fixed-base and base-isolated hospital buildings. The schematic of the
experimental setup used in that study is depicted in Fig. 7-1(a). A displacement

transducer and an accelerometer were used to track the motion of the shake table. On the
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other hand, the complexity and magnitude of the motion of the hospital equipment made
the use of contact position sensors for tracking the motion of the equipment very
challenging and time-consuming. Instead, a cost-effective vision-based measurement
approach was explored. As shown in Fig. 7-1, LED lights were attached to the body and
monitor of the specimen (an ultrasound machine). The position of the LED lights were
detected in each frame and tracked from one frame to the next. Fig. 7-1(b) shows one
frame of a video recording. As can be seen, two LED lights were attached on the body
and two on the monitor component. In each set, the LEDs were attached at a physical
distance of 24 cm.

The present paper discusses a separate experimental program designed and
conducted to evaluate the accuracy of a low-cost vision-based system for measuring
displacement, velocity, and acceleration. The experimental program contains a series of
controlled shake table experiments performed to evaluate the accuracy of the low-cost
vision-based system. This study preceded the one presented in Nikfar and Konstantinidis
(2015). The confidence gained upon completion of this study on the accuracy of the
vision-based measurement system facilitated the use of this approach in the experimental
study by Nikfar and Konstantinidis (2015).

The vision-based measurement system utilized a consumer-grade camera (GoPro®™
Hero4 Black action camera) that featured a fixed focal length, while allowing
considerable flexibility in terms of resolution, frame rate, and angle-of-view (AOV). The
combination of frame-rate and resolution options of the camera are such that the video is
stored in the camera’s internal memory and does not require costly equipment (e.g.,
digital video recorders or frame grabbers and solid-state storage modules) that are usually
integral components of vision-based measurement systems. The processing of video
streams recorded by the camera to extract measurements is conducted using tools that are
readily available to researchers (such as MATLAB), eliminating the cost of commercial
digital image correlation packages.

The contribution of this study is threefold: (1) proposing a wavelet-based approach

for synchronization of video and conventional sensor recordings that makes the accuracy
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evaluation as well as measurements with a combination of video and conventional sensors
possible; (2) evaluation of the accuracy of displacement, velocity, and acceleration
measurements of a low-cost vision-based system; and (3) proposing easy-to-use contour
plots that can be utilized to determine accuracy of vision-based systems, based on camera

frame-rate and resolution (image scale ratio).
7.2 Experimental program

7.2.1 Test setup for accuracy measurement

The experimental test setup for evaluating the accuracy of the vision-based
measurements is illustrated in Fig. 7-2. The camera was placed 160 cm above four LED
lights that were attached to surface of a simulated hospital floor built on the shake table.
Note that this distance was the same as the distance between the camera and the LEDs
attached on the body of equipment in the shake table program that followed the accuracy
evaluation. A round bubble level was used to make sure that the camera’s axis is
perpendicular to the plane of motion. The camera recordings were used to track the four
LED lights attached on the shake table. Fig. 7-4(a) shows one frame of a video recording.
The shake table’s displacement and acceleration responses were recorded using a
displacement sensor (Temposonics® LPRCCU04901) and an accelerometer (MEAS
4002-005). The sensor data was acquired at 2000 samples per second rate using a NI
cDAQ-9174.

7.2.2 Sine sweep signal for shake-table tests
Motivated by the procedure used by Harvey and Gavin (Harvey & Gavin 2014), a
geometric up-chirp signal with decaying amplitude was used as the shake-table
displacement input, defined by
D(t) = Dyexp[ —a(t—1,)" |sing(0), t, <1<t, (7.1)
where D, = D(t,) [with D(¢) being a function that modulates the amplitude of D(¢)], ¢

controls the shape of D(#), and « is defined such that D ;= D(t Pk

219



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

A

D
a=In LD_OJ £ (7.2)
In Eq. (7.1), ¢(2) is phase of the signal, described by

ﬁ)t+(ff' _fo)l‘p+1

t)=2 7.3
#(1) =27 (p+1)1! (7.3)
. : _ _d¢ d¢ ; i
in which f,=1(t)= = and f,=f(t,)= — are the instantaneous signal
t=t, ‘ ‘ t t=t,

frequencies at #, and ¢,, respectively. In this study, a 40-s signal, i.e., #,=0s and

;2

t,=40s, with p=3, ¢=2, Dy=15cm, D,=0375cm, f,=0.05Hz, and
f; =10 Hz is considered. The displacement, velocity, and acceleration time histories of

the input signal are presented in Fig. 7-3. The red dashed line in Fig. 7-3(left) plots the
variation in signal frequency. Table 7-1 tabulates time corresponded frequencies of the
driving input excitation. Such a signal provides a continuous spectrum of frequencies for
experimental testing, thereby reducing the number of experiments required for evaluating
the frequency capability of the vision-based measurement system. Moreover, the
decaying amplitude of the signal allows testing under high frequency excitations, while

keeping the acceleration demands on the shake table below the rated capacity.

7.3 Vision-based measurement procedure

The vision-based measurement procedure is done in five steps: (a) camera
calibration, (b) feature detection, (c) tracking, (d) transformation, and (e) computation of

velocity and acceleration.

7.3.1 Camera calibration (image correction)

Due to the perspective characteristics of the camera lens, the captured images
usually exhibit distortion. The calibration process involves finding a transformation
matrix to correct this distortion. In this study, the camera calibration was performed using
the calibration software (GoPro Studio 2.5.6) provided with the camera. Details on

calibration procedure employed for GoPro action cameras can be found in (Balletti et al.
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2014). Fig. 7-4 shows a frame from a video recording before and after calibration,

illustrating the transformation of curvy edges into straight lines.

7.3.2 Feature detection

Feature detection is the process of recognizing the object in the frames (i.e.,
images) of a video recording. It is common to subtract the background image (i.e., the
portion of the image containing the non-moving objects) from all the frames of a video
recording in order to obtain images containing only the moving objects with high
luminosity. However, utilization of LED lights in the experiments eliminates the
necessity of this step since pixels corresponding to the LED lights area exhibit very high
luminosity compared to the other pixels of the image. In this study, first, a Blob filter was
applied to the images for smoothing the image, then, the background was eliminated
directly through the application of a threshold (not subtracting the background image),
and in the last phase, the pixel coordinates of the centers of the LEDs, i.e., pixels with the

highest luminosity, were detected by finding extrema in the image.

7.3.3 Tracking

Tracking involves finding the correlation between the detections from one frame to
the next. A linear Kalman filter was implemented using MATLAB (MathWorks 2002) to
track the position of LEDs in all the frames of the video recording. The filter’s algorithm
consists of two steps: (1) prediction of the future location of the moving object based on
previous detections. Note that a constant acceleration scheme is assumed herein; and (2)
correction (refinement) of the estimated location using the actual detections in the next
frame. This procedure assists the estimation of the target object’s expected position in
some of the frames where feature detection is unsuccessful due to lighting problems or
when the target object is obscured by other objects. Moreover, it helps tracking multiple
point detections. Note that in the shake-table experiments, there were instances where
LED lights were instantaneously obscured by safety ropes or sensor wires for few frames.
The Kalman filter helped in estimating the position of the LEDs in those frames. Since
safety restrictions in the laboratory prevented testing in dark environment, there were
situations where unwanted reflections from overhead light sources resulted in additional
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high-luminosity points detected in the image. Implementation of the Kalman filter
facilitated the tracking of multiple points and eliminating the unwanted detections.
However, depending on the choice of parameters, the Kalman filter can result in very
smooth estimates of the actual detections, suppressing some of the frequencies in the
results. In order to avoid such frequency filtering, a secondary routine was developed in
this study. This simple routine gets the Kalman filter estimates and finds the
corresponding actual detections in all the frames. For a given frame, the routine searches
for the closest detection within a small radius from the position estimated by the Kalman
filter. Therefore, the motion tracking used in this study is the result of the actual

detections without filtering.

7.3.4 Transformation

Each pixel in the image represents a distance in physical domain. As mentioned
earlier, LED lights were attached at a distance of 24 cm from each other. Determining the
number of pixels between two LED lights, the transformation scale from pixel to physical
coordinate can be obtained:

physical distance between LEDs

= 7.4
number of pixels between LEDs on image 74)

Multiplying the pixel coordinates (x, y) of an LED point on the image by S gives the
physical position coordinates (X, Y) of the LED.

7.3.5 Computation of velocity and acceleration

Camera sensors, similar to other sensors, exhibit noise. The noise in measurement is
associated with the discretization uncertainty (Robbe et al. 2014). Fig. 7-5 illustrates how
discretization can introduce noise in vision-based measurements. As shown in the figure,
in the case where the center of the LED is located at mid-distance between two pixels,
small changes in environmental conditions such as LED brightness fluctuations, scene
illumination, and small vibration of the camera or specimen can affect the position in
pixel domain. Therefore, such noise can be present even when the LED is in still
conditions. In general, any change in position of the LED from one pixel to another

occurs within a duration of 1/FR s, where FR is the frame rate (or sampling frequency).
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Thus, the magnitude of the noise in physical domain will be equal to the scale ratio, S,
and can occur within 1/FR s.

Since differentiation is a noisy process, noise embedded in the displacement signal
produces larger noise in the computed velocity and acceleration signals. The maximum

velocity noise resulting from point-by-point differentiation will be equal to S x FR ; while

the maximum acceleration noise will be 25 x FR* . The factor 2 refers to the possibility of
the change in velocity from —Sx FR to +Sx FR within 1/FR s. For instance, for an

experiment with $=0.001 m and FR =60 Hz, the maximum displacement, velocity and
acceleration noise values will be 0.001 m, 0.06 m/s, and 7.2 m/s2 , respectively. Even

though the displacement noise appears to be small, the consequent maximum velocity and
acceleration noises can be considerably large. A number of smoothing/filtering methods
were suggested in previous works (Kienle et al. 2008; Leifer et al. 2011; Harvey & Gavin
2014) to suppress noise. However, special attention should be paid in selecting the
method of filtering so that the coherent displacement path captured by the camera is not
attenuated by the filtering. For seismic applications, where motions usually contain a
broad range of frequency content, it has been suggested that low-pass filters are not
suitable (Leifer et al. 2011). In contrast, windowing methods that preserve the
fundamental path of the high-frequency components of the motion, while reducing the
noise, are considered to be more appropriate (Leifer et al. 2011). Still, filters applying
simple moving-average methods are not deemed appropriate in seismic applications with
non-zero accelerations because they result in reduction in acceleration peaks (Leifer et al.
2011). Since this study focuses on seismic applications of camera measurements with
non-zero acceleration, the Savitzky-Golay filter (Savitzky & Golay 1964) is utilized for
pre-filtering the displacement data. The Savitzky-Golay filter is based on the least square
approach that can effectively suppress the noise while preserving the features of the data.
In order to choose a Savitzky-Golay filter that preserves frequencies up to a certain value,
the effective window length must correspond to the length of the shortest feature that
should be preserved (Leifer et al. 2011). Thus, an appropriate filter for this study to

preserve frequencies up to 10 Hz will have a length equal to the length of the
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corresponding half-cycle harmonic, i.e.,0.5x(1/10 Hz)=0.05s. The effect of filter-

window length on velocity and acceleration results will be discussed later.

7.4 Video signal synchronization using wavelet transform

The data acquisition system, collecting data from conventional sensors, and the
low-cost camera used in the experimental program did not feature trigger
synchronization. As video recording was started manually, synchronization between the
camera video stream and the signal from the displacement sensor attached to the shake
table was necessary for evaluating the accuracy of the vision-based measurements. In this
study, a wavelet transform procedure is proposed and utilized for this purpose.

For a given signal f(¢) and a given wavelet y(s,0), the wavelet transform is
described by

C(s,8) = % [ row [ﬂj di (7.5)

s
where C(s,0) is the value of the wavelet transform for scale s and translation o . Scale

is responsible for dilation or contraction of the wavelet, and ¢ translates (moves) the
wavelet in time. The combination of sand¢ that maximizes C, i.e., s > Sand o > A,

corresponds to the wavelet, ¢ , (¢), that is the best match for the given signal.

Assuming f(¢) to be the signal from a displacement transducer tracking the
position of the shake table and w (s,0) to be the position computed from camera video,

the translation, A, that can produce the maximum value of C can be obtained from Eq.
(7.5). Note that s=1 is used in the process of wavelet transform since the camera
recording used is already transformed from pixel domain to physical domain using the
transformation scale from Eq. (7.4). It is worth mentioning that if the camera recording in
pixel domain was used as the wavelet y, the scale corresponding to the maximum wavelet
transform coefficient, i.e., s=S,would be in fact identical to the transformation scale from
pixel coordinate to physical coordinate as described by Eq. (7.4). This method can also be

used to determine scales of multiple points at different depths. In this case, the signal
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associated with each point can be matched to the shake table reference signal (in physical
domain) to find the scale corresponding to the maximum wavelet transform coefficient, S.

To facilitate the synchronization during the accuracy evaluation portion of the
study, a cosine signal with period of 20 s and amplitude of 10 cm (i.e., very low-
amplitude acceleration signal) was introduced to the shake table command signal before
the simulated ground motion. Synchronization was performed based on this cosine signal.
Note that the choice of signal period and amplitude depends on the test application at
hand. These quantities should be chosen so that they do not excite the test specimen to a
level that results in any damage. Furthermore, if the specimen is at all excited
dynamically by the one-cosine cycle, sufficient time should be allotted between the
expiration of the one-cosine cycle and the onset of the actual earthquake excitation to
allow the specimen to come to a rest. In addition, the amplitude and period of this one-
cycle cosine signal should be sufficiently large to reduce the contribution of pixel
discretization and frame rate related errors as much as possible. Thus, larger amplitude
and period would result in more accurate synchronization. Note that the amplitude is
limited to the shake-table’s displacement capacity and camera AOV. The same procedure
was performed on the video recordings and shake-table sensor data collected during the
shake table test of the medical equipment to obtain the relative displacement of the
equipment with respect to the shake table. The relative displacement was computed by
subtracting the position of the shake table from the position of the equipment. If the
position of both the equipment and the shake table were obtained from the camera video,
the resultant relative displacement would exhibit a noise level twice as large as the
camera measurement noise. Use of the shake-table transducer readings, instead of the
camera, would help avoid the doubled error. However, this requires synchronized shake-
table- and camera measurements. To achieve this, the aforementioned wavelet approach
was used. It should be noted that the long-period, low-amplitude acceleration cycle
appended before the actual signal was so weak in acceleration amplitude that it could not
result in any relative displacement of the equipment with respect to the shake table.

Therefore, during this cycle, the shake table and equipment moved in unison. Fig. 7-6
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shows an example of synchronized shake table and camera recording signals. The black
line shows the absolute position of the ultrasound equipment as measured using the
camera, while the red line shows the absolute position of the shake table as measured
using the displacement transducer attached on the shake table. It can be seen that both

signals are synced according to the initial one-cycle cosine wave.

7.5 Characteristics of camera recordings

A GoPro® Hero4 Black action camera was used for the experiments. The camera
offers a number of combinations for resolution, frame rate (FR), and angle of view
(AOV). However, due to the camera limitations, the resolution has to be reduced when
higher FR videos are to be captured. Table 7-2 summarizes the camera sensor modes and
transformation scale values used in the experimental program. The FR value in these tests

ranged from 30 fps to 240 fps.

7.6 Accuracy assessment

A series of thirteen shake-table experiments, summarized in Table 7-2, were
performed using as input the waveform shown in Fig. 7-3. The displacement measured

using the displacement sensor (Temposonics® LPRCCU04901),d(¢), and the acceleration

measured using the accelerometer (MEAS 4002-005),a(t), are assumed as ‘true

displacement and acceleration responses. The velocity resulting from numerical

integration of a(?) is considered to be the ‘true’ velocity.

The accuracy assessment presented in this section follows the procedure proposed

by Harvey and Gavin (Harvey & Gavin, 2014). The absolute errors are described by

E,t)=C,(t)-d(¢), Displacement Absolute Error
E ()= C ()~ J'a(t)dt, Velocity Absolute Error (7.6)

E (t)= C () —a(), Acceleration Absolute Error
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where C, (1) is the unfiltered camera displacement measurement, and C,(¢) and C, () are

first and second derivatives of the filtered camera displacement measurement. One may
wonder whether filtering the displacement would result in a more accurate displacement
measurement. A case study performed by the authors showed that filtering the
displacement signal using a Savitzky-Golay filter, which is used to obtain velocity and
acceleration, would underestimate the displacement peaks at high frequencies. Thus, the

unfiltered data was used for displacement measurements in this study.

7.6.1 Displacement measurement

To compute the absolute displacement error, first the local peaks of the shake-table
displacement were obtained. These are the moduli of the Hilbert transform of the shake-
table displacement time history (performed in MATLAB). Then, the local peaks of the
true shake-table displacement were compared to the corresponding local peaks of the
displacement from camera measurements. A similar procedure was performed to compute
the velocity and acceleration errors, discussed in the subsequent sections. Fig. 7-7 shows

the comparison between the true and camera-measured displacement peaks for Test 3.

Fig. 7-8 presents the absolute displacement error E,(¢) for four experiments with
relatively similar S but different FR values. The displacement noise level, £, =£§, is

shown with dashed lines. The error greater than the displacement noise is attributed to
insufficient camera FR, demonstrating the frequency capability of the camera. As can be
seen, in Test 3 with FR =30 fps, the error exceeds the noise level at # =24.1s, which
corresponds to the driving frequency of 2.2 Hz. Increasing the FR to 60 fps in Test 4,
there is only a small error at £=33.7 s, which corresponds to f =6 Hz. Considering
Test 7 recorded with FR =90 fps, the error does not exceed the noise level throughout
the experiment. Considering the figure corresponding to Test 9 with FR =120 fps, it
would be expected that the noise level is not exceeded. However, the error slightly
exceeds the noise level at f =5.5 Hz. This small inconsistency might have to do with
artifacts introduced to the image by the camera’s video compression algorithm. Since the

camera used in this study is a consumer-grade action camera, intended to capture quality
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videos for nonprofessionals rather than for precision applications, the compression
algorithms used at higher FR values may be more aggressive in an effort to reduce file
size. Kellner et al. (2010) noted that the aggressive video compression methods used
during processing of high frame rate video streams in an effort to maintain reasonable
requirements for transfer and storage of the data sometimes result in degradation in
quality. Considering the first three plots, it appears that to minimize frequency related
errors in displacement measurements, the camera should be capable of capturing videos

with FR of at least 9 times the highest frequency of the input.

7.6.2 Velocity measurement

As mentioned earlier, the displacement response measurement is filtered before
differentiation to obtain velocity. Filtering is performed to reduce the noise level in the
measurement. Even though the Savitzky-Golay filter performs very well in smoothing the
noise, and it is known as a filter that minimizes the reduction of peak values (Leifer et al.
2011), some level of reduction in peaks is still introduced, depending on the window
length. Fig. 7-9 demonstrates a comparison for velocity and velocity absolute error when
a first-order Savitzky-Golay filter with 0.025 s (1/4-cycle with 10 Hz frequency), 0.037 s
(3/8-cycle cycle with 10 Hz frequency), and 0.05 s (1/2-cycle with 10 Hz frequency)
window lengths is used. It can be seen that an increase in the window length results in a

reduction in local peak values. This reduction increases with the driving frequency.

However, comparing the E, plots, shows that increase in window length effectively

reduces the level of noise in velocity measurements, resulting in a better estimation of
velocity at lower frequencies. Thus, there is a compromise between the level of error in
low and high frequencies—reduction in one results in increase in the other.

Fig. 7-10 illustrates the frequency capability of the camera in measuring velocity.
Camera measurements from Test 3, captured using FR =30 fps, show the highest error

in high frequencies compared to 60 fps (Test 4) and 90 fps (Test 7) videos. £, exhibits a

large decrease when increasing the FR from 30 fps in Test 3 to 60 fps in Test 4. However,
as the figure shows, there is only a slight improvement from 60 fps to 90 fps. This is
because, after a frequency, filtering becomes the main source of error.
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7.6.3 Acceleration measurement

The effect of filter window length on acceleration is presented in Fig. 7-11. The top
row of the figure compares the true and camera-measured values of local peaks for
acceleration. It can be seen that the acceleration noise effectively decreases as the window
length increases. Similar to velocity measurements, increase in window length improves
the measurement error at low frequencies. Considering the bottom row, in contrast to

velocity measurement, the maximum acceleration absolute error £, is not affected much

by the increase in window length. Therefore, use of longer window length appears to be
preferable.

Fig. 7-12 illustrates the frequency capability of the camera in measuring
acceleration. The figure shows that increasing the frame rate improves the acceleration
measurement capability at high frequencies. Although it is not shown in the figure,
comparing the measurements from the other three LED lights shows that higher frame
rate leads to greater noise and larger error at low frequencies. In order to improve the
error at low frequencies, while maintaining the same level of error at high frequency,

video capturing should be performed with a smaller scale ratio, S, value.

7.6.4 Experimental results summary

The frequency capability of the camera in measuring displacement, velocity, and
acceleration is presented through contour plots in Fig. 7-13. In these plots, the horizontal
axis represents the driving frequency of the shake table and the vertical axis the FR of the
camera. The left plot shows the displacement absolute error E; normalized by the
displacement noise S. The middle plot presents the velocity absolute error £, normalized
by the velocity noise SXFR. The right plot shows the ratio of acceleration absolute error
E, normalized by the acceleration noise 2S*<FR*. These contour plots are generated using
the entire set of experimental results. The maximum of the error ratio is used for multiple
tests with the same FR. It can be seen that a FR =60~ 80 fps is the minimum frame rate
that could be used to make the best use of the resolution capacity of the camera to capture
frequencies up to 10 Hz. This means that the error ratio is not affected by the driving

frequency for frame rates greater than 80 fps. Once the required FR is known for an
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experiment, the accuracy can be improved by reducing the scale ratio, S. Reduction in the
scale ratio is achievable either through using cameras with higher resolution sensors,
reducing the distance between the camera and object, or decreasing the AOV. However,
the resolution is limited to the number of pixels representing the targeted field of view.
Considering the absolute displacement error contours, the maximum error ratio is
bounded by 3.5 at a frequency of about 7.5 Hz. Note that the displacement amplitude of
the shake table controls the maximum displacement error ratio at the time the frequency
reaches 7.5 Hz. From that point to the end of excitation, the amplitude decreases further

and consequently the maximum error ratio decreases.

7.6.5 Example: vision-based measurement accuracy for shake table tests of
ultrasound machine

This section presents an example that illustrates the use of the contour plots
presented in the previous section. We are interested in assessing the accuracy of the
vision-based measurements made with the same camera during the shake-table testing of
medical equipment on wheels and casters (Nikfar & Konstantinidis 2015). To do so, the
following properties are needed: (a) The frame rate, FR, of the video recording, (b) The
transformation scale from pixel to physical coordinate, S, and (c) The maximum
frequency of interest ( f), which in our case is the maximum expected frequency
experienced by the ultrasound machine. The video recording was captured at 60 fps. As
presented in Fig. 7-1(b), 307 pixels corresponded to a 24 cm distance between the LED
lights attached on the body (case) of the Ultrasound. Therefore, the image has the
transformation scale of S=24/307=0.0782 cm/pixel. In order to obtain the range of
frequency of the measurement, we take the Fourier transform of the displacement signal,
as shown in Fig. 7-14. It can be seen that frequencies higher than 3 Hz have nearly zero
Fourier amplitude (or energy). Thus, with FR = 60, and assuming f =3Hz as the peak
frequency, the expected peak displacement, velocity, and acceleration absolute errors can
be obtained using the contour plots presented in Fig. 7-13 (dashed lines). Based on the

contour plots, the normalized absolute errors are: E,/S§<0.5, E /(SxFR)<0.5, and
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E, /(28 x FR?*) < 0.25. Consequently, the measurement is expected to have peak absolute

errors of:

E, <0.5x0.0782=0.039cm
E <0.5%(0.0782x60) =2.35cm/s

E, <(2SxFR*)<0.25%(2x0.07802x60%)/(980) =0.14 g.

In this example, the assessment of the vision-based measurements is conducted
after completion of the experimental program. The procedure could also be implemented
in the design phase of an experiment to determine what combination of camera settings or

positioning needs to be used to achieve the desired levels of measurement accuracy.

7.6.6 Some applications of contour plots in measuring the response of
nonstructural components

The contour plots presented can be used for evaluating the vision-based accuracy in
a variety of applications related to nonstructural components provided that the scale ratio,
S, of the recorded image can be determined. There are scenarios in which § may change
depending on the position of the target in the plane of motion, and consequently the
accuracy may change during measurement. One example is when the camera is aimed at
an angle to the targeted object, e.g., in (Sato et al. 2011; Shi et al. 2014). In this case, the
planar motion of the object would change the depth and the scale of the image since the
motion has a component in the direction parallel the camera’s axis. Given the distance,
focal length, and aiming angle of the camera with respect to the shake table, the scale
ratio can be obtained by generating a map from physical to pixel coordinates. In this
case, the scale will be a function of the position of the pixel in the image, as will be the
measurement accuracy. The position-dependent scale ratio can also be obtained
experimentally by measuring the pixel distance between two fixed points on every frame.
A conservative estimate of the maximum error of such an experiment would correspond
to the largest scale ratio captured during the experiment.

Another practical application that requires the determination of § for different

points is a testing scenario where multiple points would need to be tracked at multiple

231



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

depths. For instance, measuring the response of the monitor and the body of the
ultrasound machine requires tracking of LED lights located at different depths relative to
the camera (as shown in Fig. 7-1). The scale ratio for LED points attached to each
component would be equal to the distance of the camera lens to the plane of motion of

each point, d, divided by the focal length of camera, f, (S=d/f). S can also be

determined using Equation 7.4. However, it requires consideration of two fixed points
with known physical distance on different components or objects, similar to Fig. 7-1, and
measurement of the corresponding pixel distance. Since S increases for points farther
from the camera, the accuracy would be reduced when measuring points at farther
distance. The wavelet approach, presented in this paper, could be utilized to determine the
scale ratio of each LED light. In this case, Equation 7.5 can be utilized to scale the
tracked signal in pixel coordinates to the shake table signal (i.e., the initial cosine signal).
Although this approach does not require tracking of two LEDs for each component, a
wavelet analysis should be performed for each tracked point to find the scale
corresponding to the maximum wavelet transform coefficient.

In some applications, advanced filtering and edge detection techniques allow
tracking a large number of points on an object. Knowing that higher accuracy can be
achieved if points with smaller scale ratios are used for measurement, one can track the
points with the smallest scale ratio throughout the experiment and use contour plots to
estimate the measurement accuracy.

Moreover, there might be a need to determine the accuracy when out-of-plane
motion of an object is to be measured. Multiple cameras could be used for this purpose.
As the distance of the object may change with respect to the camera’s axis, S may change.
Again, S can be obtained by considering two fixed points with known distance on the
object and keeping track of the pixel distance to obtain S in every frame. Another way to
do so is to use a measurement from one camera to find the distance of the object with
respect to the other camera and find the corresponding scale ratio in every frame (i.e.,

S=d/f). Once S is obtained for each tracked point and in every frame, one may use the

maximum S observed during detection to find the most conservative estimate of the
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measurement accuracy using the contour plots. Applicability of this procedure through
experimental verification is left for future investigations.

Note that S is only one of the parameters influencing the measurement accuracy.
Based on the contour plots, FR also affects the accuracy of the measurement, especially
when high-frequency vibrations are to be measured. The trade-off between FR and
resolution, in conjunction with the fact that increase in either /R or resolution tends to
improve [with rare exceptions, such as Test 9 with FR=1201ps, discussed in the
Displacement Measurement section] the accuracy of vision-based measurements, poses

an optimization challenge. For instance, for the problem at hand with maximum driving
frequency of ? =10 Hz, the range for which an optimization could be performed is for
FR values between 30 fps (i.e., smallest FR used) and FR =90 fps (beyond which there

is no appreciable improvement in error reduction—see the contour plots). In this range,
increase in frequency and resolution (i.e., reduction in scale ratio) may improve the
vision-based measurement accuracy. It should be noted that the normalized velocity and
acceleration errors are proportional to the camera FR, meaning that, for a constant
normalized error, the velocity and acceleration errors would increase if a higher FR

camera was used. Another parameter that complicates the problem is that for a constant
E,/SxFR, E, scales linearly with FR, while for E, /S x FR®, E, scales with the square

of FR. Thus, the optimum S and FR configurations might be different for velocity and
acceleration measurements, as it might be for displacement. The investigation of this
optimization problem for available consumer-grade cameras with different FR—
Resolution capabilities is another area to extend the application of this study.

Future applications of this study may benefit from an investigation into the
performance of filtering schemes other than the Savitzky-Golay filter, potentially
improving the accuracy of vision-based measurements for shake table testing of

nonstructural components.
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7.7 Conclusion

This study investigated the accuracy of vision-based displacement, velocity, and
acceleration measurements of a consumer-grade action camera intended for use in shake-
table testing of nonstructural components. The accuracy of the vision-based
measurements was evaluated through shake-table experiments using as input a signal with
time-dependent frequency and amplitude. Camera recordings with various frame rates
and resolutions were utilized to evaluate the camera measurement capabilities. The
displacement, velocity, and acceleration absolute errors were evaluated by comparing the
vision-based measurements with the ‘true’ response, as recorded using displacement and
acceleration sensors. A wavelet transform method was proposed and utilized to
synchronize camera and conventional sensor recordings. Such synchronization is
necessary, and is often a challenge, in experimental setups where a combination of
camera and conventional sensors are used to collect data. Moreover, the study examined
the application of the Savitzky-Golay filter and the effect of filter window length for
smoothing the displacement measurements and reducing the noise in the computed
velocity and acceleration responses. It was shown that the maximum recommended
window length is very effective in reducing the noise, but can cause reduction in velocity
and acceleration peaks in high frequencies. Finally, utilizing all the experimental data
collected in this study, contour plots demonstrating the frequency capability of the camera
were generated. The contour plots can be used to determine the maximum displacement,
velocity, and acceleration errors for a wide combination of camera resolution and frame

rate values.

7.8 References

Balletti, C., Guerra, F., Tsioukas, V. & Vernier, P., 2014. Calibration of action

cameras for photogrammetric purposes. Sensors, 14(9), pp.17471-90.

Chang, C.C. & Ji, Y.F., 2007. Flexible videogrammetric technique for three-
dimensional structural vibration measurement. Journal of Engineering Mechanics

(ASCE), 133(6), p.656—664.

234



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

Chatzis, M.N. & Smyth, A.W., 2012. Modeling of the 3D rocking problem.
International Journal of Non-Linear Mechanics, 47(4), pp.85-98.

Chaudhuri, S.R. & Hutchinson, T.C., 2005. Characterizing frictional behavior for
use in predicting the seismic response of unattached equipment. Soil Dynamics and

Earthquake Engineering, 25, p.591-604.

Di Egidio, A., Zulli, D. & Contento, A., 2014. Comparison between the seismic
response of 2D and 3D models of rigid blocks. Earthquake Engineering and Engineering
Vibration, 13(1), pp.151-62.

Doerr, K.-U., Kuester, F., Nastase, D. & Hutchinson, T.C., 2008. Development and
evaluation of a seismic monitoring system for building interiors—Part II: Image data
analysis and results. /EEE Transactions on Instrumentation and Measurement, 57(2),

pp-345-54.

Feng, D. & Feng, M.Q., 2015. Vision-based multipoint displacement measurement

for structural health monitoring. Structural Control and Health Monitoring, (In-Press).

Fukuda, Y., Fengy, M.Q. & Shinozuka, M., 2010. Cost-effective vision-based
system for monitoring dynamic response of civil engineering structures. Structural

Control and Health Monitoring, 17, p.918-936.

Greenbaum, R., Smyth, A. & Chatzis, M., 2015. Monocular computer vision
method for the experimental study of three-dimensional rocking motion. Journal of

Engineering Mechanics (ASCE).

Harvey, P.S. & Gavin, H.P., 2014. Assessing the accuracy of vision-based
accelerometry. Experimental Mechanics, 54(2), p.273-277.

Harvey, P.S. & Gavin, H.P., 2014. Double rolling isolation systems: A
mathematical model and experimental validation. International Journal of Non-Linear

Mechanics, 61, p.80-92.

235



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

Harvey, P.S., Z¢hil, G.-P. & Gavin, H.P., 2014. Experimental validation of a
simplified model for rolling isolation systems. Earthquake Engineering & Structural

Dynamics, 43(7), p.1067-1088.

Hutchinson, T.C., Chaudhuri, S.R., Kuester, F. & Auduong, S., 2005. Light-based
motion tracking of equipment subjected to earthquake motions. Journal of Computing in

Civil Engineering (ASCE), 19(3), p.292-303.

Kanda, K., Miyamoto, Y., Kondo, A. & Oshio, M., 2005. Monitoring of earthquake
induced motions and damage with optical motion tracking. Smart Materials and

Structures, 14(3), p.S32-S38.

Kellner, C.R., Sanders, W.R., and Davis, D.R. (2010). Systems and methods for
managing frame rates during multimedia playback. U.S. Patent No. 7,660,512.
Washington, DC: U.S. Patent and Trademark Office. Issued: February 9, 2010.

Kienle, S.C., Sims, A.M. & Leifer, J.,, 2008. Full-field transient acceleration
measurement using videogrammetry. In Conference: 2008 IMAC-XXVI: Conference &
Exposition on Structural Dynamics. Orlando, FL, 2008.

Konstantinidis, D. & Makris, N., 2005. Report No. 2005/07 Experimental and
analytical studies on the seismic response of freestanding and anchored laboratory
equipment. CA: Pacific Earthquake Engineering Research Center (PEER) University of
California, Berkeley. Report No. PEER 2005-07.

Konstantinidis, D. & Makris, N., 2007. The dynamics of a rocking block in three
dimensions. In Proc. 8th HSTAM (Hellenic Society for Theoretical and Applied

Mechanics) International Congress on Mechanics. Patras, Greece, 2007.

Konstantinidis, D. & Makris, N., 2009. Experimental and analytical studies on the
response of freestanding laboratory equipment to earthquake shaking. Earthquake

Engineering and Structural Dynamics, 38(6), p.827-848.

236



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

Leifer, J., Weems, B.J., Kienle, S.C. & Sims, A.M., 2011. Three-dimensional
acceleration measurement using videogrammetry tracking data. Experimental Mechanics,

51(2), p.199-217.

MATLAB, 2002. High-performance language software for technical computing.
The MathWorks, Inc.: Natick, MA.

Nastase, D. et al., 2008. Development and evaluation of a seismic monitoring
system for building interiors—Part I: Experiment design and results. /EEE Transactions

on Instrumentation and Measurement, 57(2), pp.332-44.

Nikfar, F. & Konstantinidis, F., 2015. Shake table tests of hospital equipment
supported on wheels/casters. FEarthquake FEngineering and Structural Dynamics,

(Submitted).

Robbe, C., Nsiampa, N., Oukara, A. & Papy, A., 2014. Quantification of the
uncertainties of high-speed camera measurements. International Journal of Metrology

and Quality Engineering, 5(2).

Sato, E., Furukawa, S., Kakehi, A. & Nakashima , M., 2011. Full-scale shaking
table test for examination of safety and functionality of base-isolated medical facilities.

Earthquake Engineering and Structural Dynamics, 40(13), p.1435-1453.

Savitzky, A. & Golay, M.J.E., 1964. Smoothing and differentiation of data by
simplified least square procedures. Analytical Chemistry, 36(8), p.1627-1639.

Shi, Y., Kurata, M. & Nakashima, M., 2014. Disorder and damage of base-isolated
medical facilities when subjected to near-fault and long-period ground motions.

Earthquake Engineering and Structural Dynamics, 43(11), p.1683-1701.

Wittich, C.E. & Hutchinson, T.C., 2015. Shake table tests of stiff, unattached,
asymmetric structures. FEarthquake Engineering and Structural Dynamics, 44(14),

pp-2425-43.

Yokota, A., Hamamoto, T., Koga, H. & Watanabe, T., 2012. Estimation of

earthquake ground motion by image aalysis of sliding objects taken with a fixed camera.

237



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

Tsukuba, Japan, 2012. 21st International Conference on Pattern Recognition (ICPR
2012).

238



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

Table 7-1: Driving frequency of the decaying up-chirp displacement signal at various
times

T(‘S’e 0 5 100 15 20 25 30 35 40

FMHz) 0 002 015 052 124 243 42 667 995

Table 7-2: Camera settings and image characteristics used in the experiments

Tttt TN @y AV om
1 3840x2160 30 Wide 1.013
2 2704x1520 30 Wide 1.425
3 2704x1520 30 Medium 0.952
4 2704%x1520 60 Medium 0.952
5 1920x1440 80 Wide 2311
6 1920x1080 60 Narrow 0.963
7 1920x1080 90 Narrow 0.926
8 1920x1080 120 Narrow 0.922
9 1280x960 120 Wide 0.975
10 1280%720 60 Medium 2.224
11 1280%720 120 Medium 2.224
12 1280%720 120 Narrow 1.383
13 1280%720 240 Narrow 0.898
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Fig. 7-1. (a) Schematic of the experimental setup. (b) Camera view from top. The distance
between two LEDs attached on the monitor is 458 pixels; the corresponding
distance for the LEDs attached on the ultrasound body is 307 pixels.
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7-2. Schematic of the experimental setup for assessing the accuracy of the vision-
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Fig. 7-4. Example of image calibration/correction. Left: distorted/uncorrected image.
Right: undistorted/corrected image.

@ Pixel position
@ Actual position
g
E [ & =
z S
~ e O B
hrp ]
E g
Center of LED Frame 1 Frame 2 2 : :
Physical domain - : 12
Pixel domain Frame
Fig. 7-5. Illustration of camera sensor noise.
10 : : : : :
— Shake table displacement measured by displacement transducer
5 — Ultrasound displacement measured by camera
E)
=
= 0
=1
Q
g
g
s 5l
é-‘ 5
2
-10 1
-15 !
0 10 20 30 40 50 60

Time (s)

Fig. 7-6. Synchronized signals for absolute position of the ultrasound (using camera
recordings) and of the shake table (using the displacement transducer) under
70% of the 1989 Loma Prieta earthquake excitation.
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Fig. 7-7. Comparison of the local displacement peaks obtained using the camera and the
displacement transducer.
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Fig. 7-8. Frequency capability of the camera for measuring displacement.
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Fig. 7-9. Effect of filter window length on velocity measurements for Test 4.
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Fig. 7-10. Frequency capability of the camera in measuring velocity (for SG filter with
0.05 s window length).
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Fig. 7-12. Frequency capability of the camera in measuring acceleration (for SG filter
with 0.05 s window length).
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Chapter 8: Conclusions and Recommendations

8.1 Summary

Continued functionality of critical facilities, including hospitals, power plants,
emergency response centers, and key government facilities, is highly correlated to the
performance of nonstructural components, including equipment and contents (EC), which
are the focus of this study. Anchoring EC is the first solution that comes to mind and has
been implemented in many facilities. However, it is often not an ideal method since it can
be very costly and in some cases not possible to implement. Seismic isolation of building
was proposed more than three decades ago as an alternative method to protect both
buildings and their EC. It has become the method of choice for critical facilities,
particularly hospitals in Japan and the United States. However, the supporting research on
its effectiveness for unanchored EC is rather limited. This study generated knowledge on
the seismic behaviour of two types of freestanding EC that tend to exhibit large motion:
(1) EC that slide on their support surface, and (2) EC that move due to rolling of the
wheels/casters on which they are supported. The effectiveness of base isolation as a
earthquake hazard mitigation for reducing the seismic demands on these types of EC was
investigated. Chapter 1 presented an introduction on the importance of nonstructural
components and some examples where nonstructural damage resulted in disruption in
functionality of buildings. Chapter 2 and Chapter 3 investigated the seismic response of
sliding EC in base-isolated buildings under broad-band and pulse-like ground motions,
respectively. Chapter 4 compared various numerical models for simulating the sliding
response of structures/objects, and, by including the flexibility of the EC and the velocity-
dependence of the friction force, presented an advanced model capable of capturing the
stick-slip phenomenon during sliding. Chapter 5 evaluated the frictional resistance of two
pieces of hospital equipment on wheels/casters. It presented the results of an extensive
shake table testing program to evaluate the seismic response of equipment on

wheels/casters in a steel special-concentric-braced-frame hospital. Chapter 6 investigated

246



Ph.D. Thesis — F. Nikfar McMaster University — Civil Engineering

the seismic response of equipment supported on wheels/casters in base-isolated hospitals
and compared the seismic demands on the equipment with the steel special-concentric-
braced-frame hospital. Chapter 7 described the experimental setup designed for carrying
out the shake table testing program on hospital equipment on wheels/casters. Particularly,
it elaborated on the hybrid use of conventional sensors and a low-cost vision-based
measurement system developed to measure the seismic responses of the equipment during
the shake table tests. Major conclusions for these chapters are summarized in the

subsequent sections.
8.2 PART I: Seismic response of sliding equipment and contents

8.2.1 Sliding response under broad band-ground motions

The effectiveness of seismic isolation on reducing the seismic demands on sliding
EC was assessed by comparing the response of EC inside base-isolated buildings to the
response of the same EC inside corresponding fixed-base buildings. Two types of base
isolation systems were considered: viscously damped linear elastic, and bilinear. The
results of the parametric investigation under broad-band ground motions suggest that
seismic isolation is in general an excellent earthquake protection technology for reducing
seismic demands (sliding displacement and absolute acceleration) on sliding equipment
and contents in buildings. There are, however, cases for which seismic isolation results in
amplification of sliding displacement response, more notably for low friction coefficients
and high earthquake intensities. The study showed that providing a minimum amount of
damping at the isolation level works effectively to decrease the sliding displacements of
EC. However, the use of very large amounts of isolation damping is not warranted, since
it was observed that damping ratios larger than about 20% did not provide any additional
benefit. For a viscously damped linear elastic isolation system, larger isolation damping
results in lower EC absolute accelerations, while for a bilinear isolation system, hysteretic
damping has an adverse effect on absolute accelerations. An appropriated engineering
demand parameter was suggested for sliding EC which used in probability analysis

leading to design fragility curves to estimate peak sliding demand.
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8.2.2 Sliding response under pulse-like ground motions

A comprehensive parametric investigation on the sliding response of EC in
seismically isolated buildings subjected to pulse type excitations was conducted through
the use of dimensional analysis. Viscoelastic and bilinear isolation systems were
assumed. Under pulse excitations, amplification occurred in the peak sliding displacement
of EC with increasing isolation-to-pulse period ratio, specifically for low friction
coefficient values or large acceleration pulse amplitudes. The highest amplification was
associated with the resonance condition, where the isolation period is very close to the
pulse period. An increase in the isolation nominal period to values greater than the pulse
period resulted in reduced sliding displacement and consequently more effective
isolation. Even a relatively small amount of isolation damping, say 10%, proved to be
very effective in reducing the sliding displacements under resonance condition, while
large damping ratios, say over 20%, provided little additional benefit in controlling the
maximum sliding displacement for non-resonance cases. It was demonstrated that
neglecting the static phase of friction is not always conservative when estimating the
maximum sliding displacement of EC with low friction. However, in the range of kinetic-
to-static friction coefficient ratio of sliding equipment tested previously (ratios between
0.7 to 1.0), the maximum sliding response exhibits similarity, meaning that the response
is governed by the kinetic friction value. It was illustrated that the dynamic interaction
between the EC and the base-isolated building is negligible when the building is
subjected to very long-period pulses (i.e., pulses with periods longer than isolation
nominal period). Even under the resonance condition, the interaction between EC with

m,./ M, <0.2 and base-isolated building results in less than 10% increase in the peak

normalized sliding response. However, the interaction becomes considerable under pulses
with periods shorter than the isolation period, indicating the importance of considering
the short-period acceleration pulses overriding the coherent long-period pulse in certain
pulse-like ground motions. In the case of a bilinear isolation system, the dimensional
analysis revealed the existence of complete similarity in the sliding response of contents

with respect to the yield displacement of the isolation layer. In other words, the peak
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sliding displacement is insensitive to the exact value of isolation yield displacement. The
study showed that the peak sliding displacement of EC is not affected appreciably by the
lateral flexibility of the superstructure when the superstructure-to-isolation period ratio is

less than 0.3.

8.2.3 Effect of the Stick-Slip Phenomenon on the sliding of EC

A classification for friction and sliding models was proposed to clearly distinguish
the sliding problems. The mathematical formulation of the stick-slip sliding problem was
derived. It was shown that the presence of elasticity (equivalently, the flexibility of the
structure above the sliding surface) and unstable friction force (considering the static
friction phase through the Stribeck friction model) change the nature of sliding problem
considerably and may introduce stick-slip oscillations in the sliding process. The effects
of the kinetic-to-static friction ratio, transition sharpness from static to kinetic friction,
viscous damping at the contact surface, and elasticity of contact (or the flexibility of the
structure above the slide surface) were investigated through dimensional analysis. The
results of conventional sliding models, including Newmark’s sliding model and coupled
sliding models with Coulomb or Static+Coulomb friction, were compared with the results
of the stick-slip model. It was demonstrated that simplified sliding models may
underestimate the sliding response. It was also shown that the sliding response is
influenced by the sequence of pulses in the input excitation; therefore, the study
suggested the consideration of minor pulses in pulse-like ground motions together with
the coherent pulse in order to obtain more reliable approximations. Furthermore, it was
demonstrated that the previous finding regarding the dominant role of kinetic friction in

sliding of rigid EC cannot be extended to flexible EC.

8.3 PART II: Seismic response of equipment and contents supported on

wheels/casters

A series of experimental tests was conducted to evaluate the seismic response of
two pieces of medical EC supported on wheels/casters. The experimental program

consisted of two phases: (a) resistance evaluation through controlled displacement
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experiments using shake table, and (b) shake table experiments to evaluate the seismic
response of the equipment. The controlled displacement experiments resulted in force-
displacement loops from which the equivalent frictions were approximated to be 0.01,
0.19, 0.02 for Unlocked-Ultrasound, Locked-Ultrasound, and Hospital Cart, respectively.

The shake table simulated the floor responses of a steel special-concentric-braced-
frame hospital, a hospital isolated with LRB isolation system, and a hospital isolated
using TFP bearings under earthquake excitations. A combination of conventional and
camera sensors was developed in order to measure the seismic response of the equipment
during the shake table tests. A non-uniform mass distribution within the equipment and
complicated supporting system mechanism (equipment on casters) could cause complex
motions of freestanding contents such as twisting when subjected to base excitations.
Measuring such motions would be challenging by traditional, contact-type displacement
sensors. It was shown that the accuracy of the vision-based measurements is
approximately 0.5 mm and 3 cm/s for displacement and velocity, respectively.

It was observed that locking the casters can, in some cases, result in amplified
response depending on the input excitation intensity and orientation of the equipment
with respect to the input excitation direction. The regression analysis of the experimental
data showed that locking does not necessarily decrease the seismic demands on the EC in
fixed-base building, while it is very effective in base-isolated buildings. Therefore, the
study suggested the use of wheels/casters with automatic locking mechanism for EC in
base-isolated buildings.

It was shown that, overall, base isolation was effective in reducing the relative
displacement demand on the equipment on wheels/casters although there were some cases
where base isolation resulted in amplified displacement responses. In all the cases,
isolation resulted in considerable lower relative velocity demands leading to reduced
potential of damage due to impact. Comparing the bilinear (LRB) system with TFP
system, it was observed that TFP system performed slightly better in reducing the peak
displacement demands on the equipment, while the peak relative velocity demand was

almost the same for the two systems.
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Lastly, the experimental data was presented within a probabilistic framework
leading to fragility functions that can be used to estimate the peak relative displacement
and relative velocity demands on wheel/caster-supported EC in fixed-base and base-

isolated buildings.

8.4 Recommendation and future study

Though this study tried to narrow down the gap in knowledge regarding the seismic
behaviour of freestanding EC and the effectiveness of base isolation in reducing the
demands on this class of EC, there are still areas that call for further investigations. The

following provides some recommendations for future research:

e In Chapter 2 and Chapter 3, a simplified shear building was considered for the
superstructure in the parametric study. Such a model neglects the flexibility and
vibration of the superstructure in the vertical direction (including the vibration of
the floor slabs, beams, and columns), the possible coupling in the horizontal and
vertical response of the superstructure that can be influential in the case of
moment resisting frames, and coupling in the horizontal and vertical behaviour of
isolation system. The investigation of the effects of the neglected parameters
through more advanced analytical models would be the next step of this research.

e In Chapter 3, the pulse-like ground motions were approximated by their coherent
pulse. It was shown that the sequence of minor pulses in a given pulse-like ground
motion is important and can affect the peak sliding response of EC. Therefore, the
author suggests investigating the contribution of minor pulses as well as high
frequency residual of pulse-like ground motions on the peak sliding demand.

e Chapter 4 formulated the sliding of flexible EC. More experimental investigations
seem to be necessary to understand the behaviour of flexible sliding EC and
perform verification of the stick-slip sliding model developed in this study.

e This study did not include a numerical investigation of the seismic response of EC
on wheels/casters. Evaluating the performance of simplified models, including

Newmark’s rigid sliding block model, in estimating the response of EC on
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wheel/casters would be beneficial for engineers who need to estimate the seismic
demands of EC on wheels/casters. Detailed modeling of hospital equipment using
a three-dimensional mathematical model capable of capturing all possible modes
of response of EC on wheels/casters, including rolling of wheels/casters, sliding of
wheels/casters, and rocking, would be very beneficial in better understanding the
behaviour of this class of EC.

e It is observed during shake table tests that the EC on wheels/casters tend to
accumulate displacement in one direction. More investigations would be
necessary to identify the sources of this behaviour and incorporate them in future
numerical simulations.

e The experimental program conducted in this study contained uniaxial shake table
tests. The next step to this study would be performing 2- and 3-dimensional shake
table testing. Moreover, the results of the 2D or 3D shake table tests will be
necessary for validating the more advanced analytical models of EC on
wheels/casters.

e The current codes lack in providing practical damage limit states for freestanding
EC (for both sliding EC and EC on wheels/casters) to be used in future risk
assessments. For instance, the author suggests categorizing various types of
buildings (e.g., hospitals, power plants, science laboratories, office buildings,
etc.), determining the important freestanding EC in terms of functionality of the
building or cost, and quantifying the damage limit states corresponding to each
building category and specified EC (e.g., the percentage of laptops in office
buildings that may fall off the desk if they slide more than a threshold or the
percentage of hospital EC that may hit partition walls or neighbouring equipment

if they move more than a threshold).
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