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ABSTRACT

Access floor systems have been widely used to support equipment

in telecommunications centr~l offices. In this thesis, the seismic

response of equipment supported on access floors in telecomllunications

central offices is studied. There are two major issues for equipment

support~d on access floor under seismic condition. First, the access floor

tends to ~plify the motions froll the building floor; as a result, the

equipment supported on it is subjected to a more severe shaking than if it

were supported directly on a building floor. Second, most access floor

systems are designed for gravity load only. Their seismic performance

depends on their lateral stiffness and strength. Such information is not

generally available. The objective of the study is to address the first

issue and to provide guidelines for the seismic analysis, design and

qualification of equipment installed on access floors. This is achieved by

a systematic study on the dynamic response of combined equipment-access

floor systems by experimental and analytical approaches.

The experimental work is carried out using commercial access

floors of two different floor heights and a typical switching equipment

unit commonly used in telecommunications central offices as test

specimens. There are three phases involved in the experimental work.

First, static tests are performed to investigate the stiffness and

strength properties of the access floors. Second, dynamic exploratory
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tests are carried out to study the dynamic characteristics of the access

floors, the telecommunications equipment and the combined equipment-access

floor systems. Lastly, seismic tests are performed for the equipcent alone

and the combined equipment-access floor systems to evaluate the effect of

the acr-ess floor on the seismic response of the equipment.

Based on the observations and results of the experiment, an

analytical model is developed. The reliability of the model to predict the

dynamic properties and the seisaic response of combined equipment-access

floor systems is checked by experimental results. A parametric study is

then carried out using this 1Iodel to provide insight into the dynamic

properties of equipment-access floor systems. The model is also used to

study the seismic response of equipment supported on access floors in

telecommunications central offices. Finally, design spectra for

telecommunications equipment supported on access floors are generated for

the purposes of seismic analysis, design and qualification.

'. ~.

v



ACKNOWLEDGEMENT

I wish to expressed .y gratitude to my research supervisor.

Professor W.K. Tso. for his guidance. encouragement and friendship

throughout the course of .y graduate study. I am grateful to his

dedication and the countless number of hours that he spent with me on this

research. His ability to discern the essential points of complex problems

was of great value to this research. It has been a great privilege and

pleasure for me to be his student.

I am indebted to my supervisor co••ittee members, Professors A.

Ghobar~l. D.S. Weaver. and J.C. Wilson for their valuable comments and

suggestions on my research and also their time in reviewing this thesis.

The help of Dr. N. Nau.oski in processing the experiment data. his

encouragement and friendship are greatly appreciated. The ADL technicians,

Dave Parrett who assisted me in the experiment. Peter Koudys and Ross

McAndrew wh~ fabricated the testing fixtures, deserve much credit to the

success of the experiment. I u thankful to IIY fellow student T.J. Zhu for

his friendship and his time in discussing with me the problems I

encountered in this research.

The generosity of DONN Canada Ltd. in providing the test specimens

for this research is greatly appreciated. Thanks are also due to Pa\Jl

Farrauto , Graeme Gee and Mits Sumiya of Donn Canada Ltd. and Steven Cline

of USG Interiors, Inc. for their help in arranging the delivery of the

test specimens. Their co-operation. comaents and suggestions have been

vi



valuable toward this research. I also wish to thank Rich McDonald of Bell-

Northern Research for providing the telecommunications equipment frame and

for permitting the publication of the test data.

I wish to acknowledge the NSERC and McMaster University for

awarding me scholarships and teaching assistantship to support my graduate

study.

My mother and my lat~ father have steadfastly guided, nurtured,

loved and supported me. It is through their examples that 1 become truly

educated and taught the meaning of humanity. I am thankful to my two

wonderful sisters, Monica and Chris who have brought much happiness to my

life. I am also grateful to my friends in Toronto Chinese Baptist Church

who bave given me constant support and encouragement throughout the years

of my graduate study.

Finally, I am grateful to lIy wife Ruth who has shared the ups and

downs with lie and has supported me without any reservation during the

course of my graduate study. Her understanding, companionship and help

were essential for the completion of this thesis. I dedicate this thesis

to her with my love and devotion.

"

vii ~\

)..



TABLE OF CONTENTS

ABSTRACT . . . . . . . . . . . . . . · . · . . . • iv

. . . . . . . . . . . . . .
ACKNOWLEDGEMENT

TABLE OF CONTENTS . . . . · . . . .
· . . . · . . . . • • • vi

• • viii

. . . . . . . . . . . . . . . . . . . . . . . . . .LIST OF TABLES

LIST OF FIGURES . . . . . · . . . . . . . . . . . . . . . . . . . .
xii

xiv

LIST OF SYMBOLS · . . . . . . . . . . . . . . . . . . . . . xx

CHAPI'ER 1 INTRODUCTION · . . . . . . . . . . . . . . . . . . . . . 1

1.1 Background . . . . . . . . . . . . . . . . . . . . 1

1.2 Review of Pertinent Work • •.• • • • • • • • • •• 3

1.3 Objectives and Scope . . ~ . . . . . . . . . . . . 6

CHAPI'ER 2 STATIC TESTS · . . . . . . . . . . . . . . . . . . . . . 9

2.1 Description of Access Floor systess • • • • • · . . 9

2.2 Experimental Setup and Procedures for Static
Tests • • • • • • • • • • • • • • • • • • ~ • • • • 10

Observations and Results . . . . . . . . . . . . . 12

. . . . . . . . . . . . . . . . . . . .
EXPLORATORY TESTS •

20

20

20

13

· . . . . . .

· . . . . . .
· . . . . . .

. .

. .· . .
. . . . . .. . .

. . . .
Test Preliminaries

Introduction

Summary ••

3.2

2.4

3.1

CHAPl'ER 3

3.2.1 Shake Table Testing Facilities · . . . . . . 21

3.2.2 Selection of Testing Method •• · . . . . . . 22

viii



Table o! Contents (cont Id)

~.2.3 Principles of Random Excitation Testing
Technique • . • • • . • • . • . • . • • • • • 23

3.2.4 Generation of Random Excitation Tiae
History . . . . . . . . . . • . . . . . 25

3.2.5 Determination of Dynamic Properties fro.
Transfer functions • • • • • • • • • • 26

3.3 Deter.ination of the Dynamic Properties of the
Access Floor Systems • • • • • • • • • • • • • • • 28

3.3.1 Experimental Setup and procedures. . . • 29

3.3.2 Observations and Results . . . . . . . • 30

3.3.3 eomparison of Experimental and Analytical
Results . , • . • • • • • • • • • • • • • • • 32

3.4 Determination of the Dynamic Properties of the
Equip.ent • • • • • • • • • • • • • • • • • • • • • 34

• • 353.4.1 Experimental Setup and procedvres •

3.4.2 Observations and Results

· . .
· . . . • 36

3.5 Determination of the Dynamic Properties of the
Combined Equipment-access Floor Systeas • • • • • • 39

3.5.1 Experimental Setup and procedures. · . • • • 39

. . . . . . .3.5.2 Obse~ations and Results • • • 42

3.6 Summary and Conclusions • . . . . . . • • • • • 45

CHAPTER 4 SEISMIC TESTS • • • • • . . · . . . · . · . • 79

4.1 Introduction. -. • • . . . · . . . · . . • • 79

. ,--'1. ~ ··Excitat ion Ti.e History • · . . . · . · . • 79

4.3 Seismic Tests of the Equipment Supported on a
Concrete Slab • • • • • • • • • • • • 82

. . . . . .4.3.1 Experimental Setup

4.3.2 Observations and Results . . . . . • •

• 82

• 83

4.4 Seismic Tests of the Equipment Supported on Access
Floors .. . . .... . . . . . . . . . . . . 86

ix



Table of Contents (cont'd)

4.4.1 Experimental Setup . . . . . . . . . •• 86

4.4.2 Observation and Results. • • 87

4.4.2.1 Equipment on D12 Access Floor • 88

4.4.2.2 Equipment on D20 Access Floor • 93

4.4.3 Co.parison of the Seismic Responses of the
Equipaent on a Concrete Slab and on Access
Floors . • . • . . . . . . . . . . . • . . • 94

4.4.4 Uiti.ate BeJlaviour of the Equip.ent-access
Floor Systems Subjected to NEBS Excitation • 95

4.5 Summary and Conclusions • • • • • • • • • •• • 98

CHAPTER 5 ANALYTICAL MODEL FOR EQUIPMENT-ACCESS FLOOR SYSTEMS.. 132

5.2 Development of the Analytical Model

5.3 EquatiohR of Motion ••••••••

5.4 Undamped Frea Vibration Response

Comparison of Analytical and Experimental
Results • • • • • • • • • • • 144

149

· . .
. . . .

· · · 132

. • • • · 132

· · · • 134

• · 136

• · · 138

. . . . .. . .

. . . . . . . . . . .

. . . . . . . . . . .Introduction

Paramp.t~ic Study

Summary and Conclusions •

5.1

5.5

5.6

5.7

Access Floor Response Spectra for Equipment in
Telecommunications Central Offices • • •• 110

CONSTRUCTION OF ACCESS FLOOR RESPONSE SPECTRA FOR
EQUIPMENT IN TKLBCOHMUNICATIONS CENTRAL OFFICES • •

Parametric Study for the Seismic Response of
Equipment Supported on Access Floors • • • •

Selection of Paraaeter Ranges •

163

163

163

165

113

181

· .

· .
· .

. . . .

. . . .

. . . .
. . . . .
. .. .

. . . . . . . . .Introduction

Summary and Conclusions

CONCLUSIONS • • • • •

6.1

6.2

6.3

6.4
,_h

6.6

CHAPTER 6

CHAPTER 1

x



Table of Contents (cont'd)

APPENDIX I

APPENDIX II

REFERENCES

.'.

•

xi

.,'

..

.-

.'

I~

"

190

191

193



2.1

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

4.1

List of Tables

Static tests results

Access floor configurations for random excitation tests

Resonant frequencies and damping ratios for various
access floor configurations

Comparison between experi.ental and analytically
predicted resonant frequencies: a.) D12 access floor and
b.) D20 access floor

Equipment frequencies and damping ratios

Equipment mode shapes: a.) side-to-side and b.) back-to­
front

Frequencies and damping ratios computed from transfer
functions obtained at different locations on the
equipment

Noaenclature for combined equipment-access floor test
setups

Resonant frequencies and daaping ratios for equipment on
020 access floor

Mode shapes for 020SS-B test setup. equipment side-to­
side on 020 floor system with bolted panels: a.) first
mode and b.) second mode

Mode shapes for 020BF-B test setup. equipment back-to­
front on 020 floor system with bolted panels: a.) first
mode and b.) second mode

Resonant frequencies and damping ratios for equipment on
012 access floor

Maximum response values for equipment in back-to-front
orientation under different levels of NEBS excitation

xii

14

47

18

49

50

50

51

51

52

52

53

54

100



List of Tables (cont'd)

4.2

4.3

4.4

4.5

5.1

5.2

Maximum response values for equipment in side-to-side
orientation under different levels of NEBS excitation

Test configurations for equipment-access floor systems

MaxbJulI response values for D12SS tests, a.) acceleration
and b.) displacement

Maximum response values for D12BF tests, a.) acceleration
and b.) displacement

Model parameters for the various equipment-access floor
systems tested

Experimental and theoretical modal frequencies and mode
shapes

\

xiii

100

100

101

101

151

151



Figure

List of Figures

1.1

1.2

2.1

Typical telecommunications
configuration

Typical access floor

Access floor used in this study

network distribution
8

8

15

2.2

2.3

2.4

2.5

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

Static test set up

Anchorage arrangement for pedestals

Load train and instrumentation for static test

Access floor load-deflection curves: a.) D12 access floor
b.) D20 access floor

Single input and single output system

Band-passed filter for the random acceleration tiae
history

Fourier spectra of random acceleration measured on the
shake table

Re[H(f)] for different damping ratios

A typical setup of a 3 panel by 3 panel access floor on
shake table

Instrumentation for a 3 panel by 3 panel access floor
test setup

Transfer function for 012-11M test setup

Resonant frequencies obtained for various access floor
configuration: a.) 012 access floor and b.) 020 access
floor

OaNping ratios obtained for various access floor
configuration, a.} 012 access floor and b.} 020 access
floor

xiv

16

17

18

19

-55

55

56

57

58

59

60

61

62



List of Figures (cont'd)

Figure

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

4.1

4.2

Correlation between experimental and analytically
predicted resonant frequencies: a.) D12 access floor and
b.) D20 access floor 63

Simulated equipment used in this study 64

Added mass distribution for the simulated equipment 65

Equipment anchor locations 66

Locations of accelerometers on equipment 67

Transfer function obtained for equipment in SS
orientation on slab under a 2.5% span random excitation 68

Dynamic characteri~tics of equipment: a.) frequencies and
b.) damping ratios 69

Equipment mode shape~ 70

Experimental setup for equipment on access floor 71

Through-bolt equipment mounting arrangement 72

Equipment layout on access floor 73

Transfer function for the D20SS-B equip.ent-access floor
system under a 2. 5% span randolll excitation 74

Mode shapes for equipment on D20 floor system with bolted
panels: a.) side-to-side and b.) back-to-front 75

Modal frequencies for equipment on D12 access floor: a.)
first mode and b.) second mode 76

Modal damping ratios for equipment on D12 access floor:
a.) first mode and b.) second mode 77

Mode shapes for equipment on D12 access floor with bolted
panels: a.) side-to-side and b.) back-to-front 78

NEBS spectra criteria (after Bell Communications Research) 102

Exci tation time histories compatible with the NEBS 2%
damped spectrum: a.) acceleration and b.) displacement '\ 103

xv




















































































































































































































































































































































































































