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In this thesis, the power spectral density functions of the real ground acceleration
caused by earthquake are modeled with the moving average method and digital filter.
Several models for the regression of the power spectrum function are tested and
analyzed and then the improved Kanai-Tajimi model is proposed and used for
modeling power spectrums of the ground acceleration records. To testify the
feasibility and effectiveness of the improved Kanai-Tajimi model, some numerical
spectrum analyses on several real data records of the ground acceleration in different
areas are carried out, followed by some numerical structural analysis excited by a real
earthquake to show the different effects of the improved Kanai-Tajimi model in

system responses.

Key Words: Earthquake, Regression, Power spectrum, Model, Structural random

vibration analysis



Acknowledgements

My study at the University of Macau will soon come to an end and, during the
completion of my thesis, | wish to express my sincere thanks to all those who have
offered me invaluable help during the three years of my study and research at the

Faculty of Science and Technology.

Firstly, 1 would like to express my heartfelt gratitude and thanks to my supervisor,
Professor Guo-Kang Er, for his constant support and enthusiastic guidance throughout
the three years lift in Macau. | have benefit a lot from his philosophical perspectives
and visions, which makes the research an interesting and attractive work. For this
thesis, He has walked with me through all the stages of the research. Without his
consistent and illuminating instruction, this thesis could not have reached its present

form.

Secondly, | should give my hearty thanks to all the other faculty professors of the
Department of Civil and Environmental Engineering for their patient instructions in

various courses and their precious suggestions for my study here.

Thirdly, the financial support from the Tertiary Education Services Office of Macau

and the Research Committee of University of Macau are gratefully acknowledged.

Fourthly, special thanks belong to my friends in the University of Macau. The
members of our group: Siu-Siu Guo, Kun Wang, Ya-Nan Lu, Tian-Long Yue. The dear
roommates: Shuai Tu, Yi-Zhi Fang, Zhen Gan, Peng-Fei Liang, Wei-Xiong Mai. And
other dear friends: Le Dong, Zhan-Sheng Lin, Jian-Tao Li, He-Qing Mu, Yang Yang.
The encouragement and accompany from them made my graduate life colorful and

lively.

Lastly, my most warm and sincere thanks would go to my beloved parents, my lovely
girl friend, for their loving considerations and great confidence in me all through these

years.



Table of Contents

ADSIFACT et i
ACKNOWIEAGEMENTS ... i
TaDIE OF CONTENTS ..ot bbbt i
LIST OF FIQUIES ...ttt ettt nre et enes Vil
LISE OF TaADIES....eetieiieieee e ettt Xi
0] o] 1= 11 o o OSSR xiii
Part I IntroduCHOMTA....... oml om0 el e, 1
Chapter 1 LIterature REVIEW .......cciiiiiiieieieiie sttt 2
Part I SPECIIUM ANAIYSIS citiitiiunsitsiiinneiieibinneine ettt nens 7
Chapter 2 FOUrier TranSforM ...t 8
2.1 Equations of Fourier Transform .............ccccooeiieii e 8
2.2 Discrete Fourier transform............cccvveriieiie e 10
2.3 Fast Fourier transform ... 12
Chapter 3 Fourier Spectrum, Power Spectrum, and Seismic Ground Motion......... 16
3.1 Fourier spectrum and Seismic Ground Motion ..........ccccccceevveiieciieeinnen, 16
3.2 Power spectrum and Seismic Ground Motion.........ccccccevvvverreieseennnnn, 17
Chapter 4 Smoothening of POWer SPectrum ..........ccccvevveiieiieeiie e 20
4.1 Convolution and Fourier transform ... 20
4.2 Moving Average Method .........cccooeiiiiiiieiee s 22



4.3 WINAOWING. ...ttt 25

4.4 Digital FIIEr ..oveeieeceee e 28

4.5 Band-pass filter and Bandwidth ............c.cocoiiiiiiee, 31

4.6 The number of times for Hanning Window.............ccccccevviieiecic e, 32
Chapter 5  Spectrum Models and Regressions in Uni-Modal...............cccoeiiinnen. 35
51 The series of Kanai-Tajimi model ..........c.ccooovvieiiiiiiiececcceee e 35
5.1.1 Kanai-Tajimi model and Its Regression...........cccccevveieiinineenennen, 35

5.1.2 Improvement on Kanai-Tajimi model..........ccocoooveiieiiiieiieieeiene 38

5.1.3 Comparisons and CoNCIUSIONS............cccvriiiiiieieiiiie e, 41

5.2 The series of Clough-Penzien model.................ccccooooiiiiiciece 43
5.2.1 Clough-Penzien model..............ccooiiiiiiiiii e, 43

5.2.2 Improved Clough-Penzien model ...........cccccovevieveiicie e 44

5.2.3 Comparisons and CONCIUSIONS ..........ooiviiiiiiieiieeie e, 45

5.3 Comparisons between the Improved Kanai-Tajimi model and
Clough-Penzien Model ... 46
Chapter 6  Spectrum Models and Regressions in Bi-Modal ...............cccooveiieinnn, 48
6.1 The Kanai-Tajimi model and improved Kanai-Tajimi model ................ 50

6.2 The Clough-Penzien model and improved Clough-Penzien model ....... 52

6.3 Comparisons and CONCIUSIONS..........cceiiiiririeieieee s 54
Chapter 7 Conclusions of Spectrum ANAIYSIS .........ccooeiiiiniiiie e 56

iv



Chapter 8  More Numerical Results for Spectrum Analyses ...........ccccovvreiierienenn. 59

Part III Random Vibration of Linear SYStemS........cccceeiiiienniine e, 65
Chapter 9 RANAOM PrOCESSES .......ueiveiiiiiieieiieiesie et 66
9.1 RANAOM PrOCESSES .....ocvviiiiieiisie e 66
9.2 Classification Based upon Regularities ...........ccccooerenineninininieen 67

9.3 Autocorrelation Functions and Power spectral Density Functions of

SEALIONAIY PrOCESSES. .....iviitiiiit ittt 69
Chapter 10 Random Vibration of Linear SyStemsS........ccccoeiveerierieiiiene e esie e 73
10.1  Structures with Single Degree of Freedom (SDOF)...........ccccvvvvrveiennee. 73
10.1.1 Deterministic Vibration and RESPONSES .............cccivverveiieieesiesiiennnns 73

10.1.2 Random Vibration and RESPONSES ...........cccveverieiieriiiiisiiseeieeieeens 76

10.2  Structures with Multi Degree of Freedom (MDOF)..........ccccccovevieiienen, 78
10.2.1 DeterminiStiC Vibration.........ccciviveiciii i 78

10.2.2 Stationary Random Vibration..........cccccviiniiiiie e 80

10.3  The calculation for response moment and covariance of MDOF system...

Chapter 11  Numerical Seismic Analysis Of STrUCTUIES ..........cccovvreiirininisees 85

11.1  Models of the seismic ground acceleration used in structural analysis..85

11.2  Structure with Single Degree of Freedom ..........cccceviieiiiiiiniiniceen, 88

11.2.1 Model 0f @ WOrKSNOP ......ccviiiiiiiie e 88



11.2.2 Numerical RESUILS ......coooeeeeeeee e 89

11.2.3 DISCUSSIONS ...ttt sttt et 90

11.3  Multi Degree of Freedom ........cccccoiiiiieiinieiieseee e 91
11.3.1 Model of a shear frame StrucCture. ...........c.coovevriieiniieic e, 91

11.3.2 DISCUSSIONS ...ttt sttt bbb 100

Chapter 12 APPENAIX ..vveiieeieciecie et e sre e ens 101
References ..o s 8 B o e 106

vi



List of Figures

Figure 3-1 Time history of Fault Normal Direction for TOT station of Kobe

EArtNQUAKE ... 17
Figure 3-2 Fourier spectrum of ground acceleration record ............c.cccoevvevveennenn. 17
Figure 3-3 Power Spectrum for time hiStory ..........ccccoovviviiieienieeeee, 19
Figure 4-1 Rectangular IMPUISE..........ccoiiiiiiieie e 23
Figure 4-2 Weighing WINGOW ..........ocwiiieeiiiiiieiese e 24
Figure 4-3 Rectangular WINAOW............cccooveieeiiiiiic s 26
Figure 4-4 Barlett WINGOW. ........ccoieiueiiiiniieienii skt 27
Figure 4-5 Parzen WINUOW .....cceeceiieieeie e sieese e ee e nne e 27
Figure 4-6 Weighing factor for O Times of Hanning Window application .......... 29
Figure 4-7 Weighing factor for 1 Times of Hanning Window application .......... 29
Figure 4-8 Weighing factor for 10 Times of Hanning Window application ........ 30
Figure 4-9 Weighing factor for 0-10 Times of Hanning Window application.....30
Figure 4-10 1 Times Hanning WINAOW............cccoveienineneninenene e, 33
Figure 4-11 2 Times Hanning WINAOW..........c.cooveiiiiiieiiie e 33
Figure 4-12 6 Times Hanning WINAOW............cccoveriiinininieienese e, 34
Figure 4-13 10 Times Hanning WINAOW............cccooveiiiiiieiic e 34
Figure 5-1 Smoothing for POWer SPeCtrum ..........cccooviveiininieiese e, 36
Figure 5-2 Regression by Kanai-Tajimi model...........ccccoveiiiiininiinnccieneen 37

Vii



Figure 5-3 Power spectral density function from improved Kanai-Tajimi model

...................................................................................................................... 40
Figure 5-4 Comparisons of POWEr SPECIIUMS .........cccvreririeiieienie e, 42
Figure 5-5 Power spectrum with Clough-Penzien model............c..cccooveieiinenen, 44
Figure 5-6 Power spectrum with improved Clough-Penzien model.................... 45
Figure 5-7 Comparisons of power SPeCtrUMS ...........cccevvevveieeiecie e 45
Figure 5-8 Comparisons of POWEr SPECIIUMS .......oovviviriiiieieieiese e, 47
Figure 6-1 Histogram of Fault Normal Direction...........ccccvvveveiieiiesie e, 48
FIQUIre 6-2 FOUFIEI SPECTIUM..cu.iitiiieiteitestiaiieienis et ss bbbt eens 49
Figure 6-3 POWET SPECIIUM ...coiiiieiic et 49
Figure 6-4 Smoothing for POWEr SPECIIUM wiu..ivveiveriiiiiiieeec e, 50
Figure 6-5 Regression by Kanai-Tajimi model...............cocooveiiieiicce e, 51
Figure 6-6 Regression by improved Kanai-Tajimi model ...............ccocooovrvninnen. 52
Figure 6-7 Regression by Clough-Penzien model ...........cccccoevviieiieieccieciee, 53
Figure 6-8 Regression by Improved Clough-Penzien model...........ccccoovrvnnneee. 54
Figure 8-1 Regression Comparison for Imperial Valley Earthquake................... 60
Figure 8-2 Regression Comparison for Japan Kobe Earthquake......................... 61
Figure 8-3 Regression Comparison for USA San Francisco Earthquake. ........... 61
Figure 8-4 Regression Comparison for China Taiwan Earthquake ..................... 62
Figure 8-5 Regression Comparison for TOT-1117 Record..........cccoovevvrvenieennene. 63

viii



Figure 8-6 Regression Comparison for MZH-1109 Record.............ccocvvvrveniennen. 64

Figure 8-7 Regression Comparison for HIK-1105 Record..........c.cccccevevieiivennenn, 64
Figure 9-1 One-sided and Two sided Power spectral density..........cc.ccocvvveiennee. 71
Figure 10-1 SDOF system-Spring SYSeM ........cccveveiieiieiieseese e 74
Figure 10-2 MDOF system excited by an earthquake .............cccoccerviiniineienen, 83

Figure 11-1 Time history in Fault Normal Direction of 1995 Kobe Earthquake.85

Figure 11-2 Fourier Spectrum in Fault Normal Direction of 1995 Kobe
EarthqUake .. .ot 86

Figure 11-3 Power Spectrum in Fault Normal Direction of 1995 Kobe
Earthqlake ................ TS RNETIC TN ... ... L+ fhe e 86

Figure 11-4 Power Spectrum after smoothening with 90 Times Hanning Window

...................................................................................................................... 87
Figure 11-5 Regression model for 1995 Kobe Earthquake............c.ccccovvvrveineee. 88
Figure 11-6 Workshop with single span and single floor.............c..cccccovevveninen, 89
Figure 11-7 Motion equation for the SDOF SYSteM ..........ccceoeveiiienineneeeeen, 89
Figure 11-8 Numerical results for the mean square of displacement .................. 90
Figure 11-9 Shear frame structure and its model ............cccoovveiiiiiiiiiiieee, 91
Figure 11-10 Motion equation for the calculating diagram of the frame............. 92
Figure 11-11 Variance of top displacement in the MDOF system............cccc....... 99
Figure 12-1 10 Times Haning WINAOW...........ccoveeieiieiieie e 101
Figure 12-2 20 Times Haning Windovy .............................................................. 102

IX



Figure 12-3 30 Times Haning WINAOW.............cccouririiiiiiiciene e 102

Figure 12-4 40 Times Haning WiNdOW...........ccccvveveiieiiene e 103
Figure 12-5 50 Times Haning WINAOW.............cccouiieiiiiiiiiiene e 103
Figure 12-6 60 Times Haning WiNdOW............ccccvveveiieieenie e 104
Figure 12-7 70 Times Haning WINQOW.............cccouiiriiieiiicnene e 104
Figure 12-8 80 Times Haning WiNdOW...........cccccvevuiiieiieie e 105
Figure 12-9 90 Times Haning WINQOW..............icceeiiiieieieieee e 105



List of Tables

Table 5-1 Parameter Values in Kanai-Tajimi model ...........cccoccevveevviieiicveeniee, 37
Table 5-2 Statistics of Kanai-Tajimi RegreSSion..........cccoovvverenenenenisieeees 37
Table 5-3 Parameter values in the improved Kanai-Tajimi model ...................... 39
Table 5-4 Parameter Values in Improved Kanai-Tajimi Model ..............c.ccco.... 40
Table 5-5 Statistics in Improved Kanai-Tajimi Regression Analysis .................. 40
Table 5-6 Parameter Values in Kanai-Tajimi model .............ccocoviiiiiinicicienn, 41
Table 5-7 Parameter Values in Improved Kanai-Tajimi Model ................c.......... 41
Table 5-8 Statistics in the Regression Analysis on Kanai Tajimi Model ............. 42

Table 5-9 Statistics in the Regression Analysis on improved Kanai Tajimi Model

Table 5-10 Parameters Values in Clough-Penzien Model..............cccccevevevvvennnne. 43

Table 5-11 Statistics of Regression Analysis with Clough-Penzien Model......... 43

Table 5-12 Parameter Values in the Improved Clough-Penzien Model............... 44

Table 5-13 Statistics of Regression Analysis on Improved Clough-Penzien Model

...................................................................................................................... 44
Table 5-14 Parameter values in improved Kanai-Tajimi model ................cc...... 46
Table 5-15 Parameter values in Clough-Penzien model .............ccccoeiiieiieinne, 46

Table 5-16 Statistics of the Regression Analysis with Improved Kanai-Tajimi

Table 5-17 Statistics of the Regression Analysis with Clough-Penzien Model...47

XI



Table 6-1 Parameter values from Regression Analysis on Kanai-Tajimi Model.50

Table 6-2 Statistics of Kanai-Tajimi Regression..........cccccevveveiieeieesnsis e 50

Table 6-3 Parameter values from Regression Analysis on Improved Kanai-Tajimi

Table 6-4 Statistics of Regression Analysis on Kanai-Tajimi.........c.ccocevevvivenennn. 51

Table 6-5 Parameter Values from Regression Analysis on Clough-Penzien Model

Table 6-6 Statistics of Regression Analysis on Clough-Penzien ..............ccoc....... 52

Table 6-7 Parameter Values from Regression Analysis on Improved

Clough-Penzien MOodel .........ccoeeiiiiiiieiecec e 53
Table 6-8 Statistics of Regression Analysis on Improved Clough-Penzien......... 53
Table 8-1 Record Series of the Earthquake..............cc.oooo oo 59
Table 8-2 Regression Results for the Record Series of the Earthquake............... 60
Table 8-3 Regression Statistics for the Record Series of the Earthquake. ........... 60
Table 8-4 Different Observation Stations for Kobe Earthquake.............cccccue.e. 62
Table 8-5 Regression Results for the Record Series of Kobe Earthquake........... 62

Table 8-6 Regression Statistics for the Record Series of Kobe Earthquake........ 63

Table 11-1 Parameters in improved Kanai-Tajimi model for 1995 Kobe

EArtNQUAKE ... 87
Table 11-2 Numerical Results for Displacement .............cccoevveevieve e e, 90
Table 11-3 Variance of top displacement............cccevvvieiiieiiiie e 99

xii



