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ABSTRACT

Protecting civil engineering structures from uncontrollable events such as earthquakes
while maintaining their structural integrity and serviceability is very important.
Various methods have been developed to either reinforce the protected structures or
isolate the seismic motions. Passive aseismic methods and active aseismic methods
used to be attractive methods, however, their respective inherent drawbacks limit their
wide acceptance. Semi-active methods, which synergize the advantages of both
passive and active methods, have been popularly and widely accepted since their
emergence. One of the many ways to implement semi-active devices based on
magnetorheological elastomers (MREsS).

This thesis first provides a literature review on the recent progress of MREs and their
applications. The investigations into the mechanical property, the ingredients, the
preparation process, the modelling of MREs as well as the internal and external
factors that influence their properties have been the research hotspot during the past
decades. Then research interests arose in the implementation and development of
smart devices using MREs, including MRE isolators, MRE tuned mass damper, and
MRE absorbers. For the purpose of protecting buildings from seismic motions, base
isolation and tuned mass damper are two major technologies. MRE base isolation
aims to decouple the protected structures from the ground motions once earthquakes
happen by being installed between them, while MRE tuned mass damper intends to
track and identify the vibration frequency so that the vibration energy can be
transferred to the tuned mass damper leaving the structures undamaged. In order to
lay the groundwork for the new designs of MRE base isolator and MRE tuned mass
damper in the following chapters, comprehensive reviews on their development
evolutions are also included.

In the following chapters, a modelling study aiming to describe the unique
characteristics of MRE isolator is conducted. The resemblance between the predicted
and measured response verifies that the newly proposed model is competent to model
the MRE seismic isolator. To further improve the base isolator technology so that it
can more effectively isolate ground motions, a stiffness softening MRE isolator is
designed and presented. An obvious reduction of the effective stiffness and natural
frequency of the proposed MRE isolator can be observed when the current is

continuously adjusted. This device can also work as a conventional MRE isolator as



its effective stiffness and natural frequency increase when a negative current is
applied. To evaluate the capability of dealing with seismic vibrations, this stiffness
softening MRE isolator is applied on a scaled three story building. A closed-loop
system, including a scaled three story building, four MRE isolator prototypes, and a
controller, subjected to the scaled ElI Centro earthquake record, was built. The
simulation and experimental results showed that the stiffness softening MRE isolator
controlled by fuzzy logic is effective to suppress any structural vibration.

An attempt is also made to develop a tuned mass damper (TMD) using MREs. This
semi-active tuned mass damper incorporates four multi-layered MRE structures. A
wide frequency shift range from 3Hz to 7.5Hz proved that this new design is feasible
and controllable. In order to verify the capability of the MRE based TMD (MRETMD)
of protecting the building from earthquake, extensive simulation work and
experimental testing were conducted. Adequate illustrations and analyses have
verified that the semi-active MRETMD outperformed all other passive TMDs under
either swept sinusoidal or seismic motion.

To further make a TMD more useful in reducing vibrations, an effective way is to
increase the number of its natural frequencies so that it can handle with complicated
vibrations with multiple frequencies. In this regard, a MRE-based TMD with two
natural frequencies is designed, tested, and evaluated. The experimental results
demonstrate that the as-designed MRE TMD has two natural frequencies and it can

more effectively reduce vibrations.



ACKNOWLEDGEMENTS

First of all, 1 would like to express my deepest gratitude to my three supervisors:
Professor Weihua Li, Professor Haiping Du, and Professor Gursel Alici, for their
enthusiastic support, professional direction and constant encouragement that inspired
me to get through the tough times and kept my research in the right track. Particular
gratitude goes to my principal supervisor, Professor Weihua Li, who acts as not only
an excellent academic supervisor but also a wonderful life guider. His inspirational
guidance, unselfish help and academic support through these last few years have
significantly broaden my horizon and nurtured me to be a young researcher. His spirit
of dedication towards his research sets me a role model and his life wisdom as a

modest and nice person is also a valuable virtue to learn.

Then | would like to give my deep gratitude to my beloved husband and working
partner, Dr Shuaishuai Sun, who fights together with me from the very beginning of
my PhD journey. Without his consistent encouragement and company, | would not
have been able to persist to the end. It is really appreciated that I have such a
wonderful companion in my life and work, who strives for the common dream with

me.

| would also like to express my gratitude to my colleagues, Mr Donghong Ning, Mr
Xin Tang, Dr Jun Zhang, Dr Gangrou Peng, and my close friends, Miss Dan Yuan
and Miss Xinxin Shao. They not only share their practical research experience and
instructions with me, but also kindly provided emotional support. Their presence
infuses too much joy and laughter to my study and life. It is worth to spend a whole
life time to cherish the friendship and emotional bonds built with them. Special thanks
also go to the administration staffs of faculty, technicians of Engineering Workshop
and ITS, and staffs of SMART building.

It is an honour for me to acknowledge the greatest financial support from the China

Scholarship Council (CSC) and IPTA scholarship from University of Wollongong.

Last but not least, I am deeply indebted to my parents. Their unconditional love,

support and encouragement always inspired me to pursue my dreams.



TABLE OF CONTENTS

A B ST RA T ettt et e e a e rre e e i
ACKNOWLEDGEMENTS ...ttt e e \Y
TABLE OF CONTENTS ... .oitiiitieieiese ettt st nn s %
LIST OF FIGURES .......ooioiieiceee ettt viii
LIST OF TABLES ...ttt xiii
I 10T L1 T £ o] USRS 1
1.1 Background and MOtIVatiON.........ccccceiverieiieieese e 1
I O ] 1< ox {1 OSSR 4
1.3 THESIS OULIINE ...eoieeee e e 4

2 LITEIALUIE TEVIBW ...ttt sttt e sme e nte e esreenteeneenneenteeeennes 8
2.1 SEruCtUural CONTIOL .....oveieiiiiecie e e 8
2.1.1 PasSiVe CONIOl SYSIEIMS........couiiiiiieie e 10
2.1.2  ACHIVE CONLIOI SYSLEMS ..ot 10
2.1.3  Semi-active CONtrol SYSTEMS .......cooviiiiiiiiiisie e 10

2.2 MRE MALEFIAIS ..veivieieie i 11
221 MR EFFECL ... 11
2.2.2 MRE materials COMPONENLS........couiiiiiiiiieriiiisie e 13
2.2.3 Fabrication Of MRE .........ccoooiiiiiiee e 14
2.2.4 Mechanical property Of MRE ... 17
2.2.5 Modelling studies of MRE..........cccooi i 20

2.3 MRE AdaptiVe DEVICES .......ocuiiiiiiieiieieiiesiesie e 22
2.3.1 MRE WOrKing MOGES ........ccoeiiiiiiiiiiie e 22
2.3.2 MRE based iSOIators ..........ccuiveirieiiie e 22

A O o [V o] 1 TSR OPR USRI 28

3 Experimental Study and Modeling of a Novel Magnetorheological Elastomer

L1 - L0 USSR 30
3.1 INEFOTUCTION ...t 30
3.2 Experimental Setup and TeStING ........ccoveeiieiiieeiiecie e 30

3.2.1 Configuration of the MRE seismic iSolator ...........ccccoceviveniiininiicien, 30
3.2.2  MagnetiC CIFCUIT AESION .....coveiiiiieieiee e 31
3.2.3  EXPerimental SELUP.......ccuevivieiieiie et 32
324 TESHING FESUILS ...t 34



3.3 Modelling and Validation ............cccocveiiiieiieie e 36
3.4  Field-Dependent Modeling and DiSCUSSION..........cccuerueiieieerieiiesiesie e 42
TR T O] o [V o] o1 TSR RPRUSPRRT 53
4 A novel MRE isolator with achievable negative stiffness for vibration reduction...54

4.1 INEFOAUCTION ...t bbb 54
4.2 Design and Fabrication ..........cccccvivieiieiiiic e 54
4.2.1 Fabrication of a multilayered MRE StruCture ............ccccooevivininveicnenn, 54
4.2.2 Design of hybrid magnet SYStEM.........ccccviiiiiiiiiieie e 55
4.2.3 Assembly of MRE based iSOlator ...........ccccccvveveiiiiiccceesece e 57
4.3 Characterising the MRE iSOlator...........cccoviieviiiiiiiccecc e 58
4.3.1 EXPerimental SEIUD. ......couoiiieieieie s 58
4.3.2 Results of DyNamiC teSTING ......ccceoereririiiiieieie e 59
4.3.3 Transmissibility and Phase reSponSseS.........ccceveveeveeveieeseese e 65
4.4 Vibration isolation eXpPeriment ..........ccccceevveiieieiiee i 67
4.4.1  Sinusoidal EXCITAtION ......covieiiie e 69
4.4.2 Swept Sinusoidal EXcitation...............ocooiiiiiiiiii 70
45 CONCIUSIONS ..ottt ettt bbb 72

5 Development of a novel multi-layer MRE isolator for suppression of building

VIDrations UNAer SEISMIC BVENTS ........veviiierieeie et sre e ens 73
5.1 T T L8 T4 A o] o USSR 73
5.2  EXperimental SELUP........coeiiiiice e 73

5.2.1 Dynamic performance of the stiffness softening MRE isolator............... 73
5.2.2 Design of the scaled three story building...........ccooeiiiiiiiiin, 75
5.2.3 Closed 100p CONrol SYSTEM. .......cciiiiiiiieieiric e 76
5.3 SIMUIBLION ..ottt 77
5.3.1 Modelling the isolated building. .........ccccooveiiiiiiiii e, 77
5.3.2  Fuzzy 10giC CONLIOMIET ....oviiiiiiiiiieieee s 78
5.3.3  SIMUIAtION FESUILS. .....cviiieiiee e 79
54 Experimental results and diSCUSSION ..........ccovveiiieiiieeiie e 80
5.5 CONCIUSIONS. ...ttt bbb nae s 83

6 Innovative semi-active MRE tuned mass damper for building protection based on

magnetorneological €laStOMENS...........ccuiiiiiiiie e 85
6.1 INEFOTUCTION ... 85
6.2 Design and prototype of the innovative MRE TMD .........cccooiiiiiiiinnenn. 85

vi



6.3  Frequency shift test of the MRETMD ........cccccooiiiiieii e 87

6.3.1 EXperimental SELUP........ccceiieiiiie et 87
6.3.2  TESHING FESUILS ...c.eeiiieiece e e 88
6.4  Simulation of the scaled building with MRETMD............ccocvviiiiiiiiiinnnnn 89
6.4.1 Modelling the isolated bUIlAING ......cccoovvviieiiiciee e 89
6.4.2  Fuzzy 10giC CONLIOIIEN ......ccveeie e 90
6.4.3  SIMUIALION FESUIES......cviiieiiee e 91
6.5  Experimental VerifiCation.............ccooeieiiiiniiinieee e 95
6.5.1 EXPEriMENT SEIUD «.ovveveiieiie et 95
6.5.2 Experimental result under swept excitation.............cccccoevevieeieiecieeciennn, 96
6.5.3 Experiment results under earthquake excitation.............ccoccocvvevrivviieinenn, 97
G TG B O o 11 o] 1SRRI 101

7 An innovative MRETMD with double natural frequencies for wide frequency
bandwidth vibration reduCtioN ...........cocoeiiiii i 103
7.1 INEFOTUCTION ...t et nre s 103
7.2 Design and analysis of the MRE TMD...........cccceiiiiieninensee 103
7.2.1 The structure of the MRE TMD........cccciiiiiiiiiniiee e 104
7.2.2  Analysis 0f the MRE TMD.......c.ccccoiiiiiiciice e 105
7.3 Experiment test of the MRE TIMD..........cccooiiiiiiiiiiiee e 107
7.3.1  EXPEIrIMENT SEIUP ..ouvieitiiiiiiiiiieiei et 107
7.3.2 The frequency shift property teSting ........ccccoevviveiieie i, 108
7.3.3 Investigation of the influence of the inertia on the two resonances....... 110
7.4 Vibration absorption evaluation.............ccocoeiiiiiiiiiien e 113
8 T O o 113 o] o1 USSR 117
8 CONCLUSIONS AND FUTURE WORK .....cocoiiiiiieeiesieeee e 119
8.1 CONCIUSIONS. ...ttt sttt b e 119
8.1.1 Modelling the multi-layered MRE iSOIatOr..........cccooeiiiiieiiiiiieenen, 119
8.1.2 Stiffness softening MRE iSOIAtOr ...........ccccoviiiiiiiiee e, 119
8.1.3 MRE based tuned mass damper.........ccceovueeiieiiieeiie e 120
8.2 FULUIE WOTK ...t 121
REFERENGES ...ttt e st e e ne e e e ne e e 122
PUBLICATIONS . ...t et e e e e ae e e e ne e e 141

Vii



LIST OF FIGURES

Figure 1.1 ThesSiS OULIINE. .......cviiieice s 5
Figure 2.1 First demonstration of MR effect [76].........ccccvvvriiieiiniiiieieeee 12
Figure 2.2 Typical MR €laStOmer ..........cccoiieiiiiiiiieie e 13

Figure 2.3 Phenomenon of magnetic particle displacements under the action of a
magnetic field in a thin film of composite with the use of metallographic optical
microscope as well as optical microscopy: (a) chained structure under magnetic
field; (b) randomly dipersed particles without magnetic field; (c) aligned
particles with magnetic field; (d) randomly distributed particles without magnetic
LiT=] (oI 2L SRS 15

Figure 2.4 Fabrication of conventional anisotropic and isotropic MRE...................... 16

Figure 2.5 Stress-strain relationships with various magnetic fields at a constant strain

amplitude of 109 [118] ....ccoveiiiieiiece e 18
Figure 2.6 particle saturation model [79]......c.cooieiiiiiiiiieee e 20
Figure 2.7 Four-parameter viscoelastic model proposed by Li et al [118].................. 21
Figure 2.8 A rheological model proposed by Chen and Jerrams [137] .........ccccoveueeee. 21
Figure 2.9 Basic operation modes for MRE: (a) shear mode; (b) squeeze mode......... 22
Figure 2.10 Principle of passive base iSolation...........c.ccoieriieiiiinc i 24
Figure 2.11 Principle of MRE base 1S0lation............ccooeiiiiniiieicienc e 24
Figure 2.12 Schematic of the cross section of the VSDI [17] ....ccocoeeieiieiiiiieee 25
Figure 2.13 Transmissibility of VSDI under different currents [16].........cc.ccccovennnne. 26
Figure 2.14 Laminated MR elastomer base isolator [18, 161]: (a) cross section view of

the base isolator and (b) the laminated MR elastomer and steel structure........... 27
Figure 2.15 The proposed phenomenological model..............cccooveviieiiciiciccee 28
Figure 3.1 Cross section of the MRE seismic isolator............cccccoovvevieiieeiie e, 31
Figure 3.2 Invention design of Magnetic CIrCUIt...........ccoovvvriiieieiese e 32
Figure 3.3 Sketch diagram of the experimental SEt-Up ........cccooerereniiencninieeee, 33

Figure 3.4 MRE seismic isolator during testing and equipment (power conditioner and
TNE SHABK) . 33
Figure 3.5 Experimental responses of the MRE isolator under sinusoidal inputs with
different amplitudes: (a) Force vs. displacement; (b) Force vs. velocity......... 34
Figure 3.6 Experimental responses of the MRE isolator under sinusoidal inputs with

different frequencies: (a) Force vs. displacement; (b) Force vs. velocity........ 35

viii



Figure 3.7 Experimental responses of the MRE isolator under sinusoidal inputs with
different currents: (a) Force vs. displacement; (b) Force vs. velocity ............. 35
Figure 3.8 Schematic diagram of the proposed MRE isolator model.......................... 37

Figure 3.9 Force Tracking and Relative Error: (a) Force vs. time; (b) Relative error vs.

Figure 3.10 Comparisons between the model predictions and experimental responses:
(a) Force vs. displacement; (b) Force vs. VEIOCItY ......ccoevviiieniiiniiicee, 40
Figure 3.11 Validation responses of the proposed MRE isolator model: (a) Force vs.
displacement; (b) FOrce vs. VEIOCILY ........coeviiiiiiiiiiieieee e 41
Figure 3.12 Relationships between parameters and current: (a)A vs. current; (b) a vs.
current; (c) kOvs. current; (d) cO VS. CUMTENT........occviiriiiieieie e 44
Figure 3.13 Comparisons between the predicted and experimentally measured
response: (a) Force vs. time; (b) Relative error vs. time; (c) Force vs.
displacement; (d) FOrce vs. VEIOCIY .......ccooeiiiiniiiiiiieiecec e 45
Figure 3.14 a dependent responses of the proposed MRE isolator model: (a) Force vs.
displacement; (b) FOrce vs. VEIOCItY .......cccocoveiieiieiiccceece e 46
Figure 3.15 ¢y dependent responses of the proposed MRE isolator model: Force vs.
displacement; (b) Force vs. VEIOCIY .......ccooeiiiiiiiiiesiccee e 48
Figure 3.16 kO dependent responses of the proposed MRE isolator model: (a) Force
vs. displacement; (b) Force vs. VEIOCITY.........cccooiiiiiiiiiic e 49
Figure 3.17 A dependent responses of the proposed MRE isolator model: (a) Force vs.
displacement; (b) FOrce vs. VEIOCItY .......cccocoueiieiieiicececce e 50

Figure 3.18 B and y dependent responses of the proposed MRE model: (a) B

dependent response; (b) y dependent reSPONSE; ......cvevvreereeiiereereeiieseesieaieneeas 51
Figure 3.19 Different shapes for five kinds of combinations of B and y. .............c..... 52
Figure 4.1 Schematic diagram of the hybrid magnetic system..........ccccccevvvviveiieenne. 55

Figure 4.2 Different working modes for hybrid magnetic system: (a) Hybrid magnetic

field under positive current; (b) Hybrid magnetic field under negative current..57

Figure 4.3 Physical maps for electromagnetic coil and MRE isolator ..............ccc....... 57
Figure 4.4 Experimental Setup for testing the MRE isolator.............ccccccoevveiiievinnnne. 58
Figure 4.5 Schematic diagram for the experimental Setup .........ccccevvvviiieiie i, 59

Figure 4.6 Experimental responses of the MRE isolator under sinusoidal inputs with

different amplitudes: (a) Force vs. displacement; (b) Force vs. velocity............. 60



Figure 4.7 Experimental responses of the MRE isolator under sinusoidal inputs with
different currents: (a) Force vs. displacement; (b) Force vs. velocit............... 61
Figure 4.8 Effective stiffness and equivalent damping under various currents: (a)
Effective stiffness vs. curren; (b) Equivalent damping vs. current...................... 63

Figure 4.9 Transmissibility and phase of the MRE isolator under different magnetic

field intensity: (a) Transmissibility vs. frequency; (b)Phase vs. frequeny .......... 65
Figure 4.10 Natural frequency as a function of the current.............ccccoceiiiiiicienn, 67
Figure 4.11 Schematic diagram of the vibration isolation experiment...............c.c...... 68
Figure 4.12 The single-degree-of-freedom SYStem.........cccevvvveiiieiiiiie s 68
Figure 4.13 Frequency response of the isolation system ............ccccccvveieeve e, 70
Figure 4.14 Acceleration responses under different sinusoidal excitations................. 71
Figure 4.15 Responses under the swept sinusoidal excitation.............c.ccocvvvvvrveinennn. 71
Figure 5.1 Prototype photograph of MRE is0lator ..........cccccoevevieiiiieiicce e 74
Figure 5.2 Transmissibility of the MRE isolator due to different current ................... 74
Figure 5.3 Schematic view of the scaled building model ..., 75
Figure 5.4 Schematic diagram of the closed-loop control system..........c.ccccovvviinenn. 76
Figure 5.5 Photograph of the practical experimental SEtUp .........ccccceevvevveieciieieeiee, 77
Figure 5.6 Mathematical model of the scaled building............cccoceviiieiieiiciccee 77
Figure 5.7 Maximum values of the inter-story displacement .............cc.ccocvvvvviieinnnn. 80
Figure 5.8 Maximum values of the relative accelerations for three floors.................. 80

Figure 5.9 The transmissibility of earthquake motion to the building for passive and

SEIMI-ACTIVE CASES...cuvevveeetiitestieieeteesee et e s be sttt st e st se et e e sbesbesbesbesneaneeneenenneas 81
Figure 5.10 The relative displacement of the first floor to the ground..............cc....... 81
Figure 5.11 The relative displacement of the third floor to the first floor................... 82
Figure 5.12 The acceleration response of the third floor............cccccooevieiiiciie 82
Figure 5.13 The acceleration of the second floor ...........cccoooveiiiiiiiie e, 82
Figure 6.1 Structure and photograph of the MRETMD.........cccooeiiiiiiiiniiiiiccee, 85
Figure 6.2 Experimental set up for testing the frequency shift property of MRETMD

.............................................................................................................................. 88
Figure 6.3 Transmissibility of the MRETMD under different currents....................... 89
Figure 6.4 Mathematical model of the scaled building...........ccccoooiiiiiiiiiiin, 90

Figure 6.5 Transmissibility from ground to the third floor under the swept sinusoidal



Figure 6.6 Transmissibility from ground to the second floor under the swept
SINUSOIAAl SIGNAL......ccveeieie e 93
Figure 6.7 Peak values of acceleration of three floors with respect to the ground under
EL Centro MOLIONS ......coiuiiiiiiieiieeie ettt sttt 94
Figure 6.8 Peak values of relative displacement of three floors with respect to the
ground under EL Centro MOLIONS.........ccevveieiiieieere e s e et sre e e sae e 94
Figure 6.9 Photograph of the practical experimental SEt Up ........ccccceveieiiiiiiiiieinenn, 95
Figure 6.10 Experimentally obtained transmissibility from ground excitation to the
TN FIOOT L. 96

Figure 6.11 Experimentally obtained transmissibility from ground excitation to the

=00 ] 0T I i 0o TSRS 97
Figure 6.12 Relative displacement between ground and the third floor...................... 98
Figure 6.13 Relative displacement between ground and second floor ....................... 98
Figure 6.14 Acceleration of the third floor ... 99
Figure 6.15 Acceleration of the second flOOr...........ccooiiiiiiiiii e, 100
Figure 6.16 Peak accelerations of the building floors with different TMDs ............. 100
Figure 6.17 Peak relative displacements of the building floors with different TMDs

............................................................................................................................ 101
Figure 7.1 The schematic sketch and the prototype of the proposed TMD: (a)

Schematic sketch; (D) Prototype ..o 103
Figure 7.2 The storage modulus and loss modulus of MRE under different magnetic

flux densities: (a) Storage modulus; (b) Loss modulus ...........ccccceevvevveiieiienen, 104
Figure 7.3 Experimental setup for characterizing the TMD ........cccccoooiiiiiiiinienen, 108
Figure 7.4 The transmissibility of the TMD under different currents: (a). Amplitude;

(D). PRASE.....c.eeeeeee et 109
Figure 7.5 The effect of changing the distance d2 on the two resonances ................ 110
Figure 7.6 The effect of changing the eccentric mass on the two resonances........... 111

Figure 7.7 The comparison between the theory and experiment under different current

Figure 7.8 The comparison between the theory and experiment under different
MOMENT AT ..ttt e et b e e s bt e s e e s be e e esbe e e anbeeeannes 112
Figure 7.9 The comparison between the theory and experiment under different
BCCEINTITC MASS ...ttt itttk ettt sb ettt sttt b et st e b e et e e st e sb e et e eseenbeenbe e 113

Figure 7.10 Experiment set up for vibration absorption...........cccceveviniiieiiininn, 116

Xi



Figure 7.11 The flow chart for the semi-active control ...........cccccccoveveiieiiveiecenen, 116
Figure 7.12 Transmissibility response indicating the vibration absorption

BT O IVENESS ... 117

xii



LIST OF TABLES

Table 3.1Parameter values of the proposed MRE isolator model ............c.ccccccvvennee. 38
Table 3.2 Identified values of parameters under different currents..........c.ccccccvenenee. 43
Table 3.3 Identified values for field dependent parameters............ccoceoevireninncienen, 43
Table 3.4 Five combinations of B+y and Y- .....ccccoviiiiiiiiiiiice s 52

Table 4.1 Effective stiffness of the MRE isolator under various applied currents......62

Table 4.2 Natural frequency of the MRE isolator under various applied currents......66

Table 5.1 Scaling factors of the variables...........cccoov i 75
Table 5.2 The inference rule of the fuzzy 10gIC.........c.cooiiiiiiiice, 79
Table 5.3 Floor responses of structures due to the EI Centro earthquake.................... 83
Table 6.1 Parameters of MRE TMD........cccooiiiiiiiiienesessesee e 86
Table 6.2 The magnetic flux density of the two structures........................ 87
Table 6.3 The inference rules of the fuzzy logic.....................ocooinl. 91
Table 6.4 RMS of the inter-story drift and accelerations................................. 101
Table 7.1 Parameters of self-sensing MRE TMD...........cccooveveiiiiecie e, 107

Table 7.2 The torsional natural frequency and the translational natural frequency via

(o101 £ 1] 0L TR 110

Xiii



1 INTRODUCTION

1.1 Background and motivation

The aim of this thesis focuses on exploring scientifically innovative and effective
ways to protect buildings from devastating seismic events (or earthquakes).
According to literature recordings, considerable efforts have been conducted in the
last decades to implement and develop structural control devices, especially for the
mitigation of seismic responses of buildings. Passive, active, and semi-active
strategies are the most common means to protect buildings from seismic events.
Passive control strategies, including base isolation systems, viscoelastic dampers,
and tuned mass dampers, are well understood and widely accepted by the
engineering community as attractive means to help the buildings against the impacts
of dynamic loadings from earthquakes. However, these passive devices are unable to
adjust their parameters to adapt to loading variations or building changes [1, 2]. For
several decades, researchers have endeavoured to figure out the possibility of using
active control techniques to improve upon passive approaches to mitigate the effects
of damaging earthquakes on buildings [3-9]. Even though they are more complicated,
active systems have superior advantages over passive systems in terms of achieving a
higher level of performance. Despite of that, more impediments exist to the general
acceptance and wide practical applications of active control systems, including: (1)
high capital cost and maintenance, (2) large reliance on external power, and (3)
potential threat to system reliability and robustness.

In order to address these above challenges, the concept of semi-active is introduced
as a technology that fills the gap between the passive system and active system.
Semi-active systems have advantage of offering the reliability of passive systems, yet
maintaining the versatility and adaptability of fully active systems without requiring
high cost and large power consumption. Studies have shown that appropriately
implemented semi-active systems perform significantly better than passive devices
and have the potential to achieve, or even surpass, the performance of fully active
systems. One popular means of achieving semi-active devices is to use controllable
smart materials. In recent decades, numerous efforts have been conducted to the
possibility of incorporating smart materials into the semi-active devices for vibration

reduction. Magnetorheological elastomers (MREs) are one of the most attractive



choice recently. Typical MREs consist of three components named polarized
particles, matrix, and additives. These polarized particles are suspended in a
non-magnetic solid or gel-like matrix. The most attractive property of MRE is that it
can change its elastic modulus or stiffness monotonically as the magnetic field
increases [10, 11], and then reclaim its original property immediately when the
magnetic field is removed. Therefore, the physical status of MRE can be switched
from soft to semi-solid elastomers or reversely with the presence of magnetic field.
This enables MRE to overcome such disadvantages as liquid leakage, sedimentation
issue, sealing, and environmental contamination and meanwhile empowers MRE the
superiorities to be a favorable candidate for vibration control applications.

Generally, the most common semi-active devices using MRE as controllable stiffness
component for vibration reduction include absorbers and isolators, in particular, base
isolators are usually implemented for aseismic applications. Base isolations are one
of the most adopted and effective means of mitigating unwanted and harmful
vibrations to protect buildings, bridges, and other key civil infrastructure from
seismic events[12-14]. They isolate vibration sources by being installed between
ground and superstructures. However, because it is inherently passive, traditional
base isolations cannot adapt to changes in the environment or source vibrations,
which, as a consequence, compromises their efficiency and robustness and in some
cases, cause adverse effects [15].

In an attempt to address the challenges faced by the current base isolation
design/practice, Behrooz et al. incorporated a MRE into a base isolator and then
succeeded in protecting a scaled three storied building from seismic motions using a
Lyapunov algorithm [16, 17]. The unique property of MRE brings new possibilities
to implement adaptive base isolators with real-time controllability that could
overcome the shortcomings inherent in traditional base isolation systems. Inspired by
the commercialised traditional base isolator utilising natural rubber, Li et al.
developed a large capacity adaptive base isolator [18, 19] which is the first adaptive
base isolator utilising stiffness hardening MRE. The results obtained from testing the
characteristics of this MRE adaptive base isolator showed it can increase lateral
stiffness by up to 18 times [19]. However, the principle of an effective base isolation
relies on decoupling a structure from its source of vibration by softening (decreasing
the lateral stiffness of) the isolators. Although hardening the isolator makes it

possible to shift the entire structural frequencies away from the resonant frequencies



of the sources of vibration, this is not as effective as decoupling the structure from
the source of vibration. Fortunately, Yang et al. have found a solution to this
problem; they developed a stiffness softening MRE base isolator by adopting two
permanent magnets [20, 21] that can energise the MRE continuously without
consuming power, while the solenoids produces an electromagnetic field that is
opposed to the permanent magnetic field, so the lateral stiffness of the MRE isolator
can be lowered. In order to further evaluate its ability to protect structures from
seismic motions, this newly developed MRE isolator was used to isolate a scaled
three story building from earthquake motions [22].The simulation and experimental
results showed that the stiffness softening MRE isolator controlled by fuzzy logic
proved to suppress any structural vibration. Upon the successful development of
MRE isolators, one key challenge inserted in MRE isolation technology is its
complicated nonlinearity. This issue has produced impedance to its access to
controllability, which limits its practical applicability seriously. To this end, an
appropriate phenomenological model which can accurately describe its nonlinear
property is needed.

Tuned mass damper (TMD) using multilayered MRE as stiffness component is a new
attempt in this thesis. This inspiration is from the powerful capability and wide
acceptance of MRE as a stiffness-adjustable material as well as the existed
challenges of the current TMD designs that controllable TMDs are in urgent need.
TMDs protect the primary structure from undesired vibration through the absorption
and dissipation of energy by matching their natural frequency to the vibration
frequency. However, the inherent passive nature causes a series of problems such as
a narrow band of effective frequency, ineffective reduction of frequency changing
vibration, and detuning, and these factors limit their effectiveness [23]. For the
purpose of overcoming the passivity, many active TMD designs have been
developed [24, 25], but the high power consumption, high cost and difficulty of
maintenance of active TMDs limit their practical usage despite of their better
vibration suppression response [26, 27]. In order to overcome these drawbacks but
still keep the benefits of both the active TMD and the passive TMD, semi-active
technology has emerged. For example, shape memory alloys, piezo stacks, and

piezo-electrics were used to implement semi-active TMDs.



1.2 Objectives

The ultimate goal of this thesis is to explore aseismic technologies for buildings
using MREs technology. Specifically, this thesis, on one hand, is oriented to solve
some problems existed in current aseismic technology, while at the same time, aims
to develop new designs and makes some certain creative ideas into practice. The
content of this thesis involves two major aseismic technologies: base isolation and
tuned mass damper (TMD). For each of them, creative innovation and reasonable
improvements are included in terms of modelling, structural design, material choice,
and magnetic circuit design.

Modelling is always an essential step between the practical device prototype and
control theory, especially for an MRE isolator with complicated nonlinear
characteristics. Without an accurate model, the device would not have access to
advanced control algorithms, which significantly reduces its practical applicability.
For the current base isolation practice, MRE has been adopted into the
implementation of stiffness hardening isolator, which is already a great improvement
upon the traditional base isolation technology. However, the principle of an effective
base isolation relies on decoupling a structure from its source of vibration by
softening (decreasing the lateral stiffness of) the isolators. Therefore, exploring
innovative approaches to achieve stiffness softening isolators is a significant task to
be achieved.

As for the TMD technology, its working mechanism aims to shift the natural
frequency of the protected building away from the earthquake frequencies. With
more natural frequencies, the TMD will be more effective on dealing with vibrations
with multiple frequencies. In this regard, the key challenge is to figure out a kind of
material that is capable of adjusting the natural frequency of TMD. Additionally, the
corresponding structural design and the magnetic circuit design occur to be new
challenges as well. This thesis aims to find solutions to solve the above issues or at
least bring out creative and original ideas to update and improve the current aseismic

technology.

1.3 Thesis outline

The outline of this thesis is shown in Figure 1.1.
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Chapter 2 starts with a review on aseismic technology which can be catagorized into
three groups: passive control systems, active control systems, and semi-active control
systems, with extra attention to the semi-active aseismic technology using MREs.
Research activities on studying the mechanical properties and engineering
applications of MREs have achieved fruitful results, though, the potentials of MREs
still need to be further explored and their applications need expanding. Challenges
faced with MRE in terms of expanding its application range need to be overcome so
that applications of MRE will not mainly limit to vibration reduction and isolation.

Opportunities emerge along with challenges as research on MRE technology has



advanced, resolving these challenges will lead to improvement and new
developments in the field.

In Chapter 3, a phenomenological model was proposed to reproduce the dynamics of
the MRE isolator [21]. Based on the experimentally obtained relationships between
force and amplitude or velocity, a Bouc-Wen component and a Viogt element were
used to produce hysteresis loops and describe solid-material behaviors, respectively.
Then a parameter was used to balance the proportion of linearity and nonlinearity.
Extensive simulations including restoring force tracking, force-amplitude
relationship fitting, and parameter dependence investigation were conducted and
verified that this model is effective on portraying the MRE isolator behaviors.

In Chapter 4, a base isolation design with a hybrid magnetic system, which achieves
the property of softening stiffness, was proposed. The advantage of this seismic
isolator is that an obvious reduction on its effective stiffness can be achieved when
the applied current was increasingly adjusted. On the other hand, this device could
also work as a stiffness hardening MRE isolator as its effective stiffness and natural
frequency also increased when an opposite current was applied. Further testing was
carried out on a 1-degree-of-freedom system to assess how effectively this device
isolated vibration. In this experiment, two cases were considered, and in each case
vibration of the primary system was obviously attenuated under ON-OFF control
logic, thus demonstrating the feasibility of this novel design as an alternative
adaptive vibration isolator.

In Chapter 5, this paper describes the performance of a stiffness softening MRE
isolator in a scaled three story building. In order to construct a closed-loop system, a
scaled three story building was designed and built according to the scaling laws, and
then four MRE isolator prototypes were fabricated and utilised to isolate the building
from the motion induced by a scaled El Centro earthquake. Fuzzy logic was used to
output the current signals to the isolators, based on the real-time responses of the
building floors, and then a simulation was used to evaluate the feasibility of this
closed loop control system before carrying out an experimental test. The simulation
and experimental results showed that the stiffness softening MRE isolator controlled
by fuzzy logic proved to suppress any structural vibration.

In Chapter 6, a semi-active MRE TMD is another highlight in this thesis. The
creativity of this TMD is not only the incorporation of four multi-layered MRE

structures but also the design of these four structures in a square layout. This design
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obviously increases the TMD stability, yet more importantly eliminates the magnetic
flux leakage because of the formed four closed magnetic circuit. A wide frequency
shift range from 3Hz to 7.5Hz proved that this new design is feasible and
controllable. In order to verify the capability of this MRE TMD of protecting a three
story building from earthquake, the swept sinusoidal signal and the scaled 1940 El
Centro earthquake record were used as ground motions. Both simulation and
experiment verified that the semi-active MRETMD outperformed all other passive
TMDs under either swept sinusoidal or seismic moves.

Chapter 7 presents a new design of MRE-based TMD with two natural frequencies
by attaching an eccentric mass on the multilayered MRE structure. The experimental
testing results have verified that the designed MRE TMD has two natural frequencies
from two vibration modes: one in the torsional direction and the other in translational
direction. With the two natural frequencies, the designed MRE TMD is more
effective on reducing vibrations, which has been verified by experiments.

Chapter 8 finishes with conclusions on this thesis, and summaries the major findings
and contributions of my PhD research, as well as pointing out the potential

possibilities and future direction of this area.



2 LITERATURE REVIEW

2.1 Structural control

Because of the potential benefits either in minimizing catastrophic failure or in
increasing structural safety, intensive research efforts have been made for the
development and exploration of aseismic technology to civil engineering structures
[6, 27-42]. It has been a truth that buildings at present are much taller and more
flexible than ever before, for those modern buildings to function safely under hostile
environments, e.g., strong earthquakes or wind loads, appropriate control systems
may conceivably become an integral part of the building. The goal of the
involvement of structural control is to increase the survivability of the building in the
presence of extraordinary excitations from winds and earthquakes. Additionally,
structural control can be an important part of designing new structures and
retrofitting existing structures for earthquakes. Therefore, it seems necessary to
promote the structural control research and applications. The control methods of
structural vibrations induced by earthquake or wind can be various such as
modifying stiffness, masses, damping, or shape. It has been documented that even
though some methods of structural control have been used in practice successfully,
the newly proposed approaches are still expanding and developing for the purpose of
extending applications and improving efficiency.

Since the initial concept of structural control by Yao in 1972 [43], the field has
continued to grow. Over the past few decades, the evolution of structural control has
been rapid, attracting the interest and attention of scores of researchers. As a result, a
wide variety of control methods has sprung up. The control methods for mitigating
structural vibrations are generally categorized into three types: passive control
system, active control system, and semi-active control system. Passive control
systems are such systems that do not require an external power source while can
impart forces that are developed in response to the motion of the structure; however,
they cannot increase the energy in a passively controlled structural system including
the passive devices themselves. On the contrary, active control systems are those in
which external sources are needed to power control actuators that apply forces to the
structure in a specified manner. Those forces can be used to either add or dissipate

energy in the structure. In an active feedback control system, the signals sent to the



control actuators are dependent on the immediate responses of the system measured
with physical sensors. With respect to semi-active control systems, on one hand, they
can be called a class of active control systems with exception that the external energy
requirements are orders of magnitude smaller than typical active control systems, and
that typical semi-active devices do not add mechanical energy to the structural
systems, which guarantees the bounded-input bounded-output stability [6]. On the
other hand, semi-active control devices can be viewed as controllable passive devices
for the reason that they can work normally as passive devices when the power is

unavailable.

2.1.1 Passive control systems

Passive control systems are well understood and widely accepted by structural
engineering community because of advantages in terms of high reliability, low cost,
easy maintenance, etc. Unfortunately, all these advantages cannot neutralize their
inherent passive nature: passive control systems cannot adapt to changes in the
environment or source vibrations, which as a consequence compromises their
efficiency and robustness and in some cases, cause adverse effects. For example,
passively isolated structures in one region of Los Angeles that survived the 1994
Northridge earthquake [1], may well have been damaged severely if they were
located elsewhere in the region [2]. Even though passive control systems may give
way to more advanced control systems, it cannot be denied that they had undergone
years of improvement and evolution before they became popular research topics.
From the very first, passive energy dissipation systems were widely used for natural
hazard mitigation [44, 45], such as metallic yield dampers [46-49], friction
dampers[50-54], viscoelastic dampers[48, 55, 56], passive tuned mass dampers
[57-62], passive tuned liquid dampers [63-65], etc. They are generally characterized
by a capacity to enhance energy dissipation in the structural systems, the larger the
energy dissipation capacity the smaller the amplitude of vibration. Even though all
these passive methods of dissipating energy are very effective in reducing the
amplitudes of vibration, no one particular damper is best for all design circumstances,
and the biggest limitation is the lack of adaptability. In this regard, adaptable and
controllable devices which are likely to find application in civil engineering

structures should be explored and proposed. Anyway, the design and utilization of



this entire technology of passive dissipating system is a positive step forward in
promoting the development of advanced control systems.

2.1.2  Active control systems

Active vibration control is the active application of force in an equal and opposite
fashion to the forces imposed by external vibration. Attracted by its powerful
capability to achieve vibration-free, researchers from all over the world have
undertaken considerable efforts to develop the active structural control into a
workable technology. However, it is noticeable that it really is a challenge to carry
on experimental confirmation of the feasibility and implementability of active
control devices in practice [42]. A collaborative experimental study [66] for the
active control of model buildings subjected to earthquake excitations reported that
the analytical results of active control laws available in the literature are quite limited
for seismic applications. The first full-scale application of active control to a building
was accomplished by the Kajima Corporation in 1989 [67]. From then on, a large
body of literature related to the development of feasible active control algorithms
emerged in large numbers. Despite the intensive research efforts made for the
possible application of active control systems to civil engineering structures, the
practical applicability of active control systems is significantly limited due to its

inherent drawbacks in terms of high power and cost requirements.

2.1.3 Semi-active control systems

The attention semi-active devices received in recent years can be attributed to their
advantages of offering the versatility of fully active control and reliability of passive
control. They are both cost and energy efficient compared to the active dampers
whilst providing the comparable performance. As a matter of fact, battery power is
enough to start up many semi-active devices, which is a critical benefit because the
main power source to the structure may fail during seismic events. A more
convincing truth is that semi-active control systems based on semi-active devices
combine the best features of both passive and active control systems and
consequently they can offer the greatest likelihood to be accepted as a viable means
of protecting civil engineering structures against earthquake and wind loading. It has
been acknowledged that appropriately implemented semi-active control systems can
perform significantly better than passive systems and has the potential to outperform
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the fully active control systems [68-70]. Such devices include variable-orifice fluid
dampers, variable-stiffness devices, controllable friction devices, smart tuned mass
dampers and tuned liquid dampers, controllable fluid dampers, and controllable
impact dampers.

Over the past decades, the development of smart materials brought new possibilities
for the semi-active devices to evolve significantly and expand their applications. The
media commonly used to implement semi-active devices can be field dependent
fluids, such as the electrorheological fluids (ERF) and the magnetorheological fluids
(MRF), which will undergo obvious changes in their rheological properties in
response to the variations of the electric and magnetic and all of the alterations is
completely reversible [71, 72]. Many applications use their varying viscosity in
either damping or torque transfer scenarios [73, 74]. ERF damper and MRF damper,
for example, change their damping and force characteristics under the action of
electric and magnetic fields, respectively. In addition to those above mentioned field
dependent fluids, there are some other smart materials which are semi-solid. Such
material refers to magnetorheological elastomers (MRES). MRE and MRF constitute
the key members of MR family. Their common feature is that both of their
mechanical property is magnetic field dependent, while their mechanisms are
significantly different. MRF aims to damp vibrations by dissipating vibration energy
and MRE works on reducing the transmissibility via changing its stiffness at the

present of magnetic field.
2.2 MRE materials

2.2.1 MR effect

The MR effect was firstly discovered by Rabinow in 1940s [75, 76] by operating on
the magnetic fluid clutch. The clutch was composed of two parallel plates with finely
divided iron filled in the space between those two parallel surfaces. The magnetic
fluid clutch works on the basic principle that the magnetized iron binds the plates
together against movement parallel to their surfaces with the establishment of a
magnetic field between the two plates. The finely divided iron was mixed with a kind
of liquid such as oil to prevent packing and to afford smoother operation of the clutch.
An attractive feature happened to the mixture when it was acted on by a magnetic

field that the mixture seemingly “solidifies”, where the MR effect was the most
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initially demonstrated and the mixture was the archetype of what is now called
magnetorheological fluids (MRFs). Since then, from the first moment the MR effect
was discovered, its advantages had been obvious and recognized: (1) the clutch is
easy to control and requires very small amount of electrical power; (2) the new
clutch exhibits the square law to a markedly less degree or even the
torque-versus-current curve is almost a straight line below saturation; (3) no
discontinuities in torque exist at the instant of initiation of slip for the reason that the
value of static friction does not differ measurably from kinetic friction. Figure 2.1

shows the first demonstration of MR effect.

Figure 2.1 First demonstration of MR effect [76]

It was almost 40 years since the discovery of MR effect that Rigbi and Jilken [77, 78]
reported their pioneering work on the magnetically sensitive elastomer. The first
attempt to use the elastomer filled with soft ferrites was to use these in the design of
certain medical and measuring appliances by Rigbi [77]. Then the attractive
experimental findings drew the attention of hese two scientists. Then a decade later,
Jolly et. al. conducted the first comprehensive investigation on MRE [78]. Their
experimental data showed that a 30-40% change in modulus of the materials tested
was observed as a response to the applied magnetic field for a composite containing
30% (volume%) iron particles. The original comment about MRE from the authors is
“such elastomer composites hold promise in enabling variable stiffness devices and
adaptive structures”. Since then, MRE have been increasingly popular in engineering

and become a well research topic.
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2.2.2 MRE materials components

As a polymer composite, MRE typically consists of three basic components:
polarized magnetic particles, an elastomer/rubber matrix, and additives [79, 80]. All
these components are mixed thoroughly to form a compound and they have either
zero or limited mutual solubility or compatibility, even if they can be totally
distributed in each other. The polarized particles can be homogeneously dispersed
inside the elastomer or gel or they can be grouped to form chain structures. It is the
scattered manner of the polarizable particles that determines the mechanical property
of MRE. External magnetic acts as a trigger to the change of magnetic interaction
between the polarized particles and thus the field-dependent shear modulus of MRE

can be observed. Figure 2.2 presents the typical MRE.

Figure 2.2 Typical MR elastomer

(A) Polarizable particles

The polarizable or magnetizable particles are typically dispersed in a non-magnetic
solid or gel-like medium. Before choosing the favourable particles, their size,
geometry, particle wetting, distribution must be taken into serious consideration. For
example, particle size can range from several micrometers to hundreds of
micrometers, which has a significant impact on the functionality of the material.
Structure reinforcement can be easily obtained with sizes smaller than 100 nm. In
addition, factors of magnetic permeability, levels of remnant magnetization and
saturation magnetization are also key features to determine the mechanical behaviour
of the composite [78]. It is easy to understand that particles with high magnetic

permeability are recommended because magnetic interaction between those particles
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can readily take place and thus maximum MR effect can be induced [81]. A low
remnant magnetization is preferred because particles can separate from each other
more easily after the magnetic field is turned off, which therefore makes reversible
MR effect possible [82]. The most commonly used polarized particles are spherical
carbonyl iron. The reasons of choosing it are that the general size of each particle is a
few microns, and that iron has high permeability, low remnant magnetisation and

high saturation magnetisation.

(B) Matrix

The existence of matrix material or host material in MRE overcomes some
disadvantages, such as liquid leakage, container corrosion problem, particle
aggregation, etc. Despite that difference matrix materials will not affect the
rheological property of a MRE significantly; appropriate selection of host material
can become a crucial factor in certain applications especially when it comes to the
long term stability of MRE [83]. Therefore, the selection of host materials is adjusted
according to need though the most commonly chosen matrix material is natural
rubber [84-88] or silicon rubber [87-92].

(C) Additives

The functionality of additives is mainly to adjust the mechanism properties of MREs.
Generally, silicone oil is chosen as the additives for MRE fabrication. In addition, the
additives can also average the distribution of internal stress in the materials, which
makes them crucial components for fabricating MRE [93]. Some other additives are
also favourable for some specific applications. For instance, MREs become
electro-conduction by choosing the graphite microparticles as the additives [94]; and
by introducing carbon black into the matrix, the mechanical behaviour of MRE is

improved and the damping ratio is reduced [95].

2.2.3 Fabrication of MRE

MRE can be categorized into two groups: isotropic MRE and anisotropic MRE, due
to different ways of curing. The difference between the fabrication procedures of
isotropic and anisotropic MRE lies in that if the mixture is cured under a magnetic
field. As the name implies, isotropic MRE means having identical values of a

property in all directions. This is because the particles of isotropic MRE are
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homogeneously distributed inside the matrix. As opposed to isotropic MRE,
anisotropic MRE has directionally dependent property because of the regular particle
chains formed at the presence of a magnetic field. Figure 2.3 shows the phenomenon
of magnetic particle displacements under the action of a magnetic field in a thin film
of composite with the use of metallographic optical microscope as well as optical
microscopy [96]. It is seen in Figure 2.3 (a, c) that the particles in anisotropic form
chained structures under the influence of the magnetic field; while in Figure 2.3 (b, d)
the particles are distributed randomly in the absence of the field. It should be noted
that the particle displacement is completely reversible, i.e. the particles in Figure 2.3
(@) will return to their initial positions when the magnetic field is turned off. Figure
2.4 shows the major steps of fabrication of these two MREs [82, 94, 97-102].

(c) (d)

Figure 2.3 Phenomenon of magnetic particle displacements under the action of a
magnetic field in a thin film of composite with the use of metallographic optical
microscope as well as optical microscopy: (a) chained structure under magnetic field;
(b) randomly dipersed particles without magnetic field; (c) aligned particles with
magnetic field; (d) randomly distributed particles without magnetic field [96]
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Figure 2.4 Fabrication of conventional anisotropic and isotropic MRE

The general procedure for fabricating an MR elastomer includes material preparation,
mixing, curing, and polymerization. Normally, three basic ingredients are silicon
rubber, silicon oil, and iron particles. After all ingredients are thoroughly mixed at
room temperature into a homogenous mixture, a special treatment is needed before
the mixture is cured, i.e. air bubbles or moisture inside of the mixture have to be
removed in a vacuum chamber [81, 103] or by heat treatment [104]. The purpose of
such treatment is to enhance the compatibility and permeability as well as uniformity
of MRE material. Then it’s the curing process where the fabrication of isotropic
MRE and anisotropic MRE gets to be different. The isotropic MRE is cured at room
temperature for 24 hours without the presence of a magnetic field, while the
anisotropic MR elastomer is cured with the action of a strong magnetic field, usually
above 0.8T [104-106], to form chained structures of magnetic particles in the matrix
along the direction of the magnetic field. It should be noted that for some matrixes, a
constant temperature (usually above 120°C) is required to maintain the flexibility of
the magnetic particle for both isotropic and anisotropic materials [104, 105] during
curing. After curing, the magnetic particles are locked in the matrix instead of
moving around freely [107]. Following the curing process, a further chemical process
called polymerization [81] or vulcanization [104] is conducted to modify the polymer
by forming cross-links between the individual polymer chains, thus creating a more

durable and stable material. This process will make the material less sticky and give
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it a superior mechanical property for engineering applications. It has been
documented that the anisotropic MREs have a larger MR effect than that of isotropic
MREs [108]. Gong et al. have did research on the determining factor in the
formation of ordered microstructures in anisotropic MREs and the relation between
their microstructures and viscoelastic properties. The results show that the
field-dependence of MREs’ viscoelastic properties increases with the applied
magnetic flux densities. MREs prepared under high magnetic fields have a large
field-induced shear modulus and high MR effect [109].

2.2.4 Mechanical property of MRE

MRE materials generally operate at the pre-yield region and behave the same as
material with viscoelastic properties [78, 80, 108, 109]. Its smart property of
controllable stiffness has attracted considerable research studies [110-114]. Yet, it
is stated in some studies that the damping property of MRE is also dependent on the
applied magnetic field; other studies concluded that the changes induced by the
magnetic field to the damping parameter of MRE can be neglected [19, 79, 82, 84,
108, 115-117]. As such, the MR effect of MRE is normally evaluated by the ratio of
modulus increase AG at the measured magnetic field to the initial storage modulus
Gy at the zero magnetic field. The first investigation to this type of material was
started by Jolly et al [78]. They provided the field-dependent property of the MRE by
building double-lap shear specimens and then shearing the outer and inner board
under different frequencies. Subsequently, Ginder et. al. [82, 115] also studied the
field-dependent mechanical property of MRE by using column-like shear equipment.
In their pilot work in [87], Ginder et. al. found a substantial MR effect over the entire
frequency range (not just within 1 to 20 Hz). The increase in the shear modulus
changed initially with the strength of the magnetic field but saturated at higher
strength fields. Figure 2.5 shows the stress-strain relationships of the MRE sample at
a constant strain amplitude of 10% but at various magnetic fields from 0 to 440 mT
[118]. It can be seen that all stress-strain relationships form nice elliptical shapes, the
areas of which increase steadily with the increment of the magnetic fields. The slope
of the main axis of the elliptical loops varies with the magnetic field, which means
that the modulus of MREs varies with the magnetic field. Therefore, MREs exhibit
variable stiffness and damping properties. Along with this finding, the potential of

MRE to implement tuned vibration absorbers was validated. Motivated by this, a
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series of research in terms of MRE modelling [80, 105, 110, 119-125], materials
development and property testing [71, 93, 96, 103, 109, 114, 118, 126-144], new
device design and characterization [18, 145-162] and performance evaluation has
been conducted. The wide recognition and acceptance of MRE is largely attributed to
its field dependence on changing modulus. Zhou et. al. [115] stated that the changes
of dynamic storage modulus can be over 50%, while Gong et. al. [163] concluded
that it can be over 100%. Additional advantages brought by the unique properties
include fast response time, high stability, compatibility to mechanical components
and reasonably low power requirement. In particular, a wide range of adjustable
moduli provides a more effective manner for vibration mitigation [19]. Such
superiorities have progressed the applications of MRE to wider prospects including
aeronautic engineering, mechanical engineering, automobile engineering and civil
engineering. Implementation of controllable devices based on MRE has been
reported for vibration absorbers [146-149, 151-155, 164], vibration isolators [104,
165-167], adaptive base isolators [16, 18, 19, 161], a vibration mount [159] and a
sandwich beam [168-179].
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Figure 2.5 Stress-strain relationships with various magnetic fields at a constant strain
amplitude of 10% [118]
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The factors influencing the mechanical properties of MRE are various. Apart from
the influence of the inherent components, i.e. the filler particles, the additives, and
the matrix materials [82, 111], external loading conditions should also be taken into
account. The study by Lokander et. al. [111] showed that the MR effect of MRE
worked as a function of the amplitude of strain with special emphasis on that the MR
effect decreases rapidly with increasing strain within the measured range, while the
MR effect is not relevant to the loading frequency. The MR effect of MRE is sourced
from the field dependence of the polarized particles, i.e. the magnetic interaction
forces between these particles. To be precise, it is said that the behaviour of MRE is
a combination of the properties of the matrix and the internal magnetic network of
the polarized particles. Therefore, it is believed that the application of magnetic field
is another indispensable condition to the appearance of MR effect of MRE. When it
comes to the influence of the matrix material, the permeability of matrix material
should be considered. According to the literature, the addition of magnetically active
material in the matrix will decrease the MR effect of MRE [82, 180]. Additionally,
experimental results by Lokander et. al. [111] showed that the filler particles with
appropriate shape and size contribute significantly to enhancing the MR effect of
MRE. They found that the MR effect was more obvious for materials with ASC300
iron (particle size<60um) than for materials with carbonyl iron (particle size
3.9-5.0um). For particles larger than 60um, the MR effect tended to be slightly
poorer. On the other hand, Demchuk and Kuzmin [128] found that with the presence
of a magnetic field the modulus for MRE with smaller particles was smaller than for
larger particles, while the situation reversed when the magnetic field was removed.
This is because the increased modulus difference of the MRE with larger particles
exceeded that of MRE with fine particles. According to Lokander et. al. [82], the
particle concentration actually plays an important role in demonstrating the MR
effect. As the benchmark, the term of critical particle concentration should be
defined as that at which the particles are in touch with each other and the voids
between them are completely filled with the elastomer. For particle concentrations
larger than critical particle concentration, the MR effect of MRE will be weak
because of the limited room for elastomer to fill all the voids between the particles.
Another reason is that larger particle concentration increases the initial stiffness of

MRE substantially, therefore, the increase of stiffness will be largely limited.
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2.2.5 Modelling studies of MRE

Considerable ongoing research activities are mostly focused on the mechanical
properties and engineering applications of MREs. As a matter of fact, modelling the
complicated nonlinear behaviors of MRE is an essential step toward the deep
understanding of its nonlinear viscoelastic characteristics and engineering
applications. According to the literature, a limited work on the modelling MRE can
be referenced [181-183].

A point-dipole model was proposed by Jolly et al in [79], where the MR effect was
studied as a function of particle magnetization. The dipolar model is augmented with
a proposed mechanism of how magnetic flux density distributes itself with the
particle network. The schematic is shown in Figure 2.6. It is assumed that the
uniform saturation occurs in each particle in region (s). Furthermore, distance s
decreases from r to zero as average composite flux density increases from zero to

some large level.

—_— —-r_x_‘

Figure 2.6 particle saturation model [79]

The viscoelastic behaviour of a rubber material is normally described using a
three-parameter model which is a combination of a stiffness element and a classical
Kevin model. The Kevin model is a stiffness element and a damping element in
parallel and its efficiency can be improved by adding the stiffness element. Building
on this model, Li et. at. [118] developed a four-parameter model, as is shown in
Figure 2.7. This four-parameter model is designed by adding a stiffness element
parallel to the classical three-parameter model and its efficiency in describing the

behaviour of MRE is proven. A dynamic model which is a combination of
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Ramberg-Osgood model and a Maxwell model was proposed by Eem et. al. [142].
The Ramberg—Osgood model is used to describe the nonlinearity of the material,
while the Maxwell model is used to introduce a viscoelastic element into the model.
The fitting results also show good agreement with the experimental data. Chen and
Jerrams [137] proposed a rheology model that takes the viscoelasticity of the
polymer composite, the magnetic field-induced properties and the interfacial slippage
into consideration, see Figure 2.8. A standard linear solid model which contains two
spring elements and a damping element was used to describe the viscoelasticity, a
variable stiffness spring was chosen to model the field-dependent stiffness property,
and a spring-Coulomb was used to model the interfacial slippage between the matrix

and particles.
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Figure 2.7 Four-parameter viscoelastic model proposed by Li et al [118]

I y(1)

7777

Figure 2.8 A rheological model proposed by Chen and Jerrams [137]
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2.3 MRE Adaptive Devices

Elastomers with field responsive rheology hold promise in enabling simple variable
stiffness devices. Among these are adaptive tuned vibration absorbers (TVAS) [23,
184], stiffness tunable mounts and suspensions [185], and variable impedance

surfaces.

2.3.1 MRE working modes

The possession of variable stiffness and damping when subjected to a magnetic field
makes MRE a natural candidate to be developed into smart devices such as vibration
absorbers, vibration isolators, base isolators and sandwich beams. An important
prerequisite toward the design of MRE devices is to well understand the working
modes of MRE materials. For the reason that iron particles in MRE are locked within
the matrix material and the external excitations can only lead to local movement
around the original locations, the direction of the formed chain structures under a
magnet field does not align with the direction of magnetic field. Operation modes for
MRE are basically two types: shear mode and squeeze mode, as shown in Figure 2.9.
Those operation modes are applicable for either isotropic MRE or anisotropic MRE.
Devices using shear mode MRE include vibration absorbers [146-154], vibration
isolators [104, 155, 167, 186], and base isolators [19, 20].

H
H shear Squeeze/elongation

Figure 2.9 Basic operation modes for MRE: (a) shear mode; (b) squeeze mode

2.3.2 MRE based isolators

Base isolation is a particular technology of isolating vibrations for civil structures [12,
14, 187]. A seismic base isolation system decouples structures and their contents
from potentially dangerous ground motions and deflects the energy emanating from

earthquakes, especially in those frequency ranges where structures are most
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vulnerable [188], by installing between them. To this end, base isolators require
flexible lateral stiffness while high vertical stiffness to carry large vertical loading.
For a base isolator, displacement transmissibility and force transmissibility are
generally the references used to evaluate the system performances. Figure 2.10
shows the simple principle schematic of a passive base isolator. Because it is
inherently passive (the stiffness and damping parameters cannot be changed once the
device is designed), traditional passive base isolations cannot adapt to changes in the
environment or source vibrations, which as a consequence compromises their
efficiency and robustness and in some cases, cause adverse effects [15]. For example,
traditional elastomeric bearings are vulnerable when coping with earthquakes with
characteristics different from the particularly designed characteristics. An effective
base isolation system is basically a trade off in design based on the estimated
properties of a structure and the magnitude and frequency range of an expected
earthquake [189]. Essentially then, a base isolation system can be effective against
designated earthquakes but be ineffective when encountering different types of
earthquakes [15, 188]. Therefore, it is concluded that effective base isolators should
be those that can deal with different earthquakes. To overcome the shortcomings of
traditional passive base isolations, recent and emerging research has been exploring
various options such as adding supplementary energy-dissipating members with a
magnetorheological damper, or a friction or hydraulic fluid damper, to reduce the
seismic response of building structures [189, 190, 191-193]. Yoshioka et al. [15] and
Ramallo et al. [188] proposed a combination of conventional base isolators and
controllable dampers to compensate for a traditional base isolation system in extreme
earthquakes. Wongprasert et al. [191] experimentally evaluated a combined spherical
sliding bearing and variable fluid damper system for a multi-story building frame.
These methods are classified as hybrid base isolation systems that offer a possible
solution for improving the adaptability of traditional base isolation systems under
certain types of earthquakes. However, in addition to the inherent limitations in a
hybrid solution, simply adding supplementary devices to passive systems may cause
additional problems; for example, adding a passive or controllable damper can
reduce displacement at the top of the isolators but also increase the floor
accelerations of the isolated structure as higher vibration modes are passed to the

superstructure. Moreover, hybrid base isolation systems increase the complexity of a
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design and implementing a base isolation system is not only costly, it also potentially
compromises the reliability of these systems [194].

()
|

. |

V) =Ysin(wi)

Figure 2.10 Principle of passive base isolation

a

,k*%nlf/cw

y(t)=Ysin(wt)

Figure 2.11 Principle of MRE base isolation

In an attempt to address the challenges faced by the current base isolation
design/practice, a great deal of efforts has been expended on investigating and
developing a highly adjustable MRE isolator [11, 18]. The reason is that base
isolators incorporating MRE is adaptable, which can be simply shown by Figure 2.11
in which the stiffness and damping are controllable. Despite the fact that Figure 2.11
only shows an MRE base isolator of vertical direction, MRE base isolators can work
in both lateral and vertical directions in terms of isolating vibrations, especially for

building protection. Hwang et al [195] conducted a conceptual study on using MRE

24



on a base isolation system for building structures. Usman et al [196] numerically
evaluated the dynamic performance of a smart isolation system using MRE and
validated the feasibility of isolating unwanted vibration using a structure with five
degrees of freedom. The results showed that an MRE isolation system
outperformed a conventional system by reducing the response of a structure under
various seismic excitations. A vibration isolation system which used four MRE
elements as a tunable spring was reported in [104], and in this study, the proposed
MRE isolator successfully suppressed the response of the payload. Behrooz et. al.
[16, 17] designed an MRE-based variable stiffness and damping isolator (VSDI) and
four prototypes of the isolator were built and utilized in a scaled three-story building.
Figure 2.12 shows its cross section view and prototype photo. It includes two steel
caps each embedded with two coils. Two MRE layers and one elastomer layer on
each side are placed on the top of each cap such that the MREs are placed on the top
plate. Positive and negative power cords are configured so that a closed-loop
magnetic field is guaranteed in the device to generate the highest possible magnetic
field in the MREs. The transmissibility performance of the device under different
current levels from OA to 3 A is shown in Figure 2.13.  An obvious frequency shift
property is found in the transmissibility. The experimental results demonstrate that
the VSDIs are capable of simultaneously increasing their dynamic stiffness and
damping by 30% and 10%, respectively. However, the potential concerns for this
design for the seismic protection of civil structures is the limited vertical support
capacity and the related problems such a bulging and limited lateral flexibility
because of the limited layers of MRE.

MRE

Cails

e

Figure 2.12 Schematic of the cross section of the VSDI [17]
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Figure 2.13 Transmissibility of VSDI under different currents [16]

Li et al presented the development and experimental evaluation of a smart base
isolation utilising MRE in [18].The main contribution of the study is that the MRE
isolator used a laminated structure for the traditional base isolator, where 47 layers of
thin MRE sheets were bonded onto 46 thin steel plates, which enabled the isolator to
maintain high vertical stiffness while simultaneously minimising lateral stiffness, see
Figure 2.14. A hollow cylindrical coil was placed outside of the laminated structure.
The steel plates at two ends, the hollow cylindrical steel yoke, the cylindrical steel
block, and the laminated structure form an enclosed magnetic path. The results of
this experiment showed that the force of the MRE isolator increased up to 45% and
the stiffness increased up to 38%; thus demonstrating the potential of the proposed
MRE isolator for smart base isolation applications. In order to achieve a larger range
of increased stiffness under an applied magnetic field, a further effort has been
conducted by Li and his group [19, 161], which also tried to find the optimal
configuration for a magnetic circuit designed to provide a strong and uniform
magnetic field in MRE. A new and highly adjustable MRE isolator was fabricated
which increased the force by up to 1579% and the stiffness by up to 1730%. Eem et.
al. also made an attempt to design a base isolator using four aluminium plates
inserted in the MR elastomer compound [166]. However, the requirement for two
large electromagnetic coils to energize such a small laminated structure largely limits

its practical application in seismic isolation.
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Figure 2.14 Laminated MR elastomer base isolator [18, 161]: (a) cross section view
of the base isolator and (b) the laminated MR elastomer and steel structure.

Despite the success and breakthrough on the development and proof-of-concept of
the adaptive base isolator with stiffness hardening MRE, one critical challenge
emerged as a result of the pilot research: an adaptive base isolator with stiffness
hardening MRE may not be suitable for the practical implementation of seismic
protection of civil infrastructures. This conclusion was based on the fact that the
principle underlying the adaptability of a stiffness hardening MRE base isolator is its
ability to increase lateral stiffness (i.e. the isolating frequency) away from damaging
earthquake frequencies by magnetising MRE, but the effectiveness of base isolation
relies on decoupling a structure from its source of vibration, i.e., decreasing the
lateral stiffness of (softening) the isolators. Although increasing the isolation
frequency makes it possible to shift the entire structural frequencies away from the
resonant frequencies of the sources of vibration and therefore suppress vibration in
the structure, this is not as effective as decoupling the structure from the source of
vibration. In order to provide a softening lateral stiffness when an earthquake begins,
stiffness hardening MRE isolators must be powered up for most of their operational
time, which means these systems are not sustainable or reliable in practice. To
overcome the drawbacks, MRE-based isolators that are stiffness softening is in
urgent need.

To facilitate further application of MRE base isolator for structural vibration control,
modelling work has to be done to make the MRE isolators accessible to advanced
control algorithms. Due to the inherent hysteresis property and nonlinearity,

modelling MRE isolators inevitably complicates. It is not expected that models for
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MRF dampers can entirely work for MRE isolators for the reason that there are
distinct differences between the MRF dampers and MRE isolators. However, the
Bouc-Wen model, which is widely accepted in structure engineering and MR
behavior for its mathematical simplicity and ability to represent a large class of
hysteretic behavior, can be used to describe the hysteresis property of MRE base
isolators [17, 21]. An example of using Bouc-Wen model is in [17], a
phenomenological model with springs, viscous dampers and a hysteretic Bouc—\Wen
element is proposed, as shown in Figure 2.15. Eem et al used a combination of
Maxwell and Ramberg—Osgood models as a phenomenological model for shear
deformation of MREs [142] and Li et al used the standard three-parameter solid
model and a modified Maxwell model to produce the strain stiffening property of
MRE base isolator [197]. Yu et al [198] then conducted a series of modelling work
for MRE base isolators.
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Figure 2.15 The proposed phenomenological model

2.4 Conclusions

This chapter presents a general review on the recent progress of aseismic technology
for building protection, with special emphasis on the contributions of MRE
technology to this area. To keep the integrity of the knowledge, this chapter includes
an introduction of the discovery of MR effect and MR elastomers. Followed by a

comprehensive review on the research progress of MRE, its composition, mechanical
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property, modelling study, and its potential to be used for adaptive devices
implementation are all involved. In the past few decades, adaptive devices using
MREs have been blooming, with numerous ongoing research activities ranging from
vehicle industry to civil area. For the innovative design of MRE devices,
comprehensive understanding of the material property is a necessity. Despite the fact
that the applications of MRE in the engineering fields are advancing rapidly, its
potential are certainly not fully explored. At the same time, some challenges exit for
both material science and engineering applications. For example, further efforts are
needed to expand the knowledge on the combined operation mode; and it’s necessary
to find advanced and effective control algorithms to realize the real-time
controllability of MRE devices.
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3 EXPERIMENTAL STUDY AND MODELING OF A NEW
MAGNETORHEOLOGICAL ELASTOMER ISOLATOR

3.1 Introduction

This chapter reports an experimental setup aiming at evaluating the performance of a
newly designed MRE seismic isolator. As a further effort to explore the
field-dependent stiffness/damping properties of the MRE isolator, a series of
experimental tests were conducted. Based on the analysis of the experimental
responses and the characteristics of the MRE isolator, a new model that is capable of
reproducing the unique MRE isolator dynamics behaviors is proposed. The
validation results verify the model’s effectiveness to portray the MRE isolator. A
study on the field-dependent parameters is then provided to make the model valid
with fluctuating magnetic fields. To fully explore the mechanism of the proposed
model, an investigation relating the dependence of the proposed model on every

parameter is carried out.
3.2 Experimental Setup and Testing

3.2.1 Configuration of the MRE seismic isolator

A prototype of a new MRE base isolator was designed and fabricated [18]. The
configuration of the MRE isolator, as shown in Figure 3.1, incorporates the
laminated structural design of traditional laminated rubber bearing [19]. It consists of
multilayer thin MRE sheets bonded onto multilayer thin steel plates. In this design,
there are 26 layers of the steel sheet with a thickness of 1 mm and 25 layers of MRE
sheets with a thickness of 1 mm being used. The diameter of the MRE and steel

sheets is 120 mm.
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Figure 3.1 Cross section of the MRE seismic isolator

In the design, the laminated bearing element is placed inside of a solenoid, which
generates magnetic field after it is energized with electric currents. The solenoid is
made of electromagnetic coil and thin non-magnetic support as illustrated in Figure
3.1. The detailed dimensions can be referenced to [19]. The cylindrical shape
non-magnetic support is made of epoxy material and has an inner diameter of 146
mm and a thickness of 2 mm. The cylindrical electromagnetic coil has an inner
diameter of 150 mm and an outer diameter of 200 mm. The coil is firmly attached to
the epoxy support. The diameter of the coil wire is 1.0 mm with a total winding
number of 2900 turns. The wire made of copper has an electric resistance of 42.3 Q.
The space between the laminated MRE structure and the coil enables the MRE
isolator to have a maximum deformation of 15 mm, equivalent to the maximum

allowable shear strain of 60%.

3.2.2 Magnetic circuit design

In the design of the highly adaptive MRE isolator, one innovation is the laminated
structure consisting of 25 layers of MRE sheets sandwiched between 26 layers of
steel plates. As can been seen from Figure 3.2, the MRE material is placed inside of
the magnetic coil, serving as the magnetic core of the magnetic circuit. Comparing
with the weak and divergent magnetic field outside of the coil, the magnetic field
inside the solenoid is strong and uniform. The major advantage of this design is that
it creates a large effective area that is essential for MRE base isolator design. The
MRE material inside the solenoid can be fully energized by a uniform magnetic field.
However, due to the low permeability of the MRE material, the configuration needs
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to be modified in actual design to increase the permeability of the magnetic coil for
which MRE forms a part of it.
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Figure 3.2 Invention design of magnetic circuit

3.2.3 Experimental setup

To evaluate and characterize the performance of the MRE base isolator prototype, a
series of experimental tests were conducted. Figure 3.3 shows the schematic of the
experimental set-up, where a shake table, which is available in the University of
Technology, Sydney, was used to provide horizontal loadings to the isolator either in
the quasi-static mode or in dynamic mode. The MRE base isolator was mounted on
the shake table and moves along with the shake table motion. A load cell (Model No.
STS-300-B10, Sun Scale INC) was installed to a fixed reaction rig to measure the
lateral load applied to the isolator. During the test, the top plate of the MRE isolator
and the load cell remain motionless thus eliminate the undesired inertia force in the
measurements. A displacement sensor (MTS, USA) was used to measure provides
the displacement. A DC power supply (DC Power Conditioner, SOLA Electric,
Division of SOLA Basic Australia) with a capacity of 240V and 5.3A, as shown in
Figure 3.4, provides DC current to energize the magnetic coil. A slider (Type:
S-260-10, Yamabishi Electric Co. Ltd, Tokyo, Japan) was used to adjust the applied
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current to the magnetic coil, also shown in Figure 3.4. A multi-meter (Model No.
115, Fluke) was also used to monitor the current output from the slider during the

testing.

Load Cell

MRE Base
Isolator
| | |

Reaction Floor 1 ]
Shake Table motion
-

Figure 3.3 Sketch diagram of the experimental set-up

Figure 3.4 MRE seismic isolator during testing and equipment (power conditioner
and the slider)

In this study, a series of preliminary tests were conducted to measure the response of
the damper under various loading conditions. In each test, the MRE isolator was
driven with a sinusoidal signal with a fixed frequency, and the current applied to the
MRE isolator was held at a constant level. A wide range of frequencies (0.1Hz,
1.0Hz, 2.0Hz, and 4.0Hz), amplitudes (2mm, 4mm, and 8mm, corresponding to shear
strain of 8%, 16%, and 32%), and currents (0A, 1A, 2A, and 3A) are considered. The
sampling rate for the data acquisition was set at 256 Hz for capturing all test results
including the dynamic tests. The velocity response was calculated from the measured

displacements using a central difference method.
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3.2.4 Testing results

Figure 3.5 shows the responses of force-displacement (Figure 3.5(a)) and
force-velocity (Figure 3.5(b)) when the MRE isolator was loaded with the sinusoidal
signal of three amplitudes (2 mm, 4mm and 8mm) at constant frequency (4 Hz) and
current (2 A). The effects of changing the amplitudes are clearly observed. On one
hand, it is observed from Figure 3.5(a) that the maximum force and the equivalent
damping, indicated by the area enclosed by the force-displacement loop, gain a large
increase with the increasing amplitude. Also it is noted that the nonlinear relationship
between force and velocity appears much more obvious when the amplitude is large,
as shown in Figure 3.5(b). On the other hand, a closer observation on the hysteresis
loops reveals that the effective stiffness of the MRE isolator, represented by the slope
of force-displacement loop, decreases slightly with ascending loading amplitudes.
This physical phenomenon is called Mullins Effect, which was first studied by Holt
[199] and further examined by Mullins [200, 201].
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Figure 3.5 Experimental responses of the MRE isolator under sinusoidal inputs

with different amplitudes: (a) Force vs. displacement; (b) Force vs. velocity

Mullins Effect is explained that if a rubber is stretched to a relative elongation and
released, it will not follow the same stress-strain curve when it is stretched once
again. Instead, the rubber appears to be much softer on the second stretch. The
physical meaning of Mullins effect is the strain softening behavior of the elastomer
when increase the loading amplitude, indicated by the descending stiffness for

ascending amplitude cases [202].
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The effects of changing frequencies on performance of the MRE isolator are
presented in Figure 3.6. It is noticed from Figure 3.6 (a) that frequencies have a
slight influence on the maximum force and effective stiffness. In particular, in the
cases when the frequencies are above 0.1Hz the measured force and effective
stiffness almost remain independent of frequency. Similar to amplitudes, the
ascending frequencies induce an increasing nonlinearity of force-velocity
relationship.
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Figure 3.6 Experimental responses of the MRE isolator under sinusoidal inputs with
different frequencies: (a) Force vs. displacement; (b) Force vs. velocity
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Figure 3.7 Experimental responses of the MRE isolator under sinusoidal inputs with
different currents: (a) Force vs. displacement; (b) Force vs. velocity

The response of the MRE isolator based on a 2 Hz sinusoid with an amplitude of
8mm is shown in Figure 3.7 for four constant current levels, 0 A, 1A, 2 A, and 3 A.
At the 0 A level, the force-displacement relationship is approximately elliptical, and
the force-velocity relationship is nearly linear. However, as the current level

increases, the strain stiffening phenomenon shown in Figure 3.7(a) and the nonlinear
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response of force-velocity illustrated in Figure 3.7(b) appear to be evident. Also, the
increase in the force-displacement loop area and the effective stiffness demonstrates
that the damping capacity and shear modulus of MRE are functions of the applied
current.

Another property to be noted in the experimental data is strain stiffening which is
obvious when the amplitude is large. The explanation for strain stiffening is
attributed to the limited extensibility of the polymer chains [203] for normal rubber.
However, for the field-dependent MRE cases, it is much more complicated. When a
certain current level is applied to the MRE, in addition to the resistance of rubber
matrix, the iron particles are also held by the magnetic force from the surrounding
iron particle, which makes the extensibility of the chain structure even less. This
explains some cases where the strain stiffening is minimal for zero field situations

but is obvious for nonzero magnetic field, as illustrated in Figure 3.7(a).

3.3 Modelling and Validation

In modeling the MRE isolator responses, a major challenge is being able to capture
the strain stiffening in force-displacement loops and the nonlinear relationship
between force and velocity. To accurately portray these unique behaviors of the
MRE isolator, a new phenomenological model is proposed in this section as shown
in Figure 3.8. This model incorporates a Bouc-Wen component, which reproduces
hysteresis loops, in parallel with a Viogt element, which describes solid-material
behaviors. The Bouc-Wen component is described by the evolutionary variable z
that represents a function of the time history of the displacement. It is widely
accepted in structure engineering and MR behavior for its mathematical simplicity
and ability to represent a large class of hysteretic behavior. In this work, the
Bouc-Wen component combined with a spring and a damper is used to portray the
unique field dependent stiffness/damping properties of MRE isolator. The force of

this system is given by:
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Figure 3.8 Schematic diagram of the proposed MRE isolator model
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F =akyx + (1 — a)kyz + cox , (3.1)
where the evolutionary variable z is described as:
z = Ax — B|x||z|" "tz — yx|z|®, (3.2)

k, is the stiffness of the spring, and c, represents the viscous coefficient indicating
the damping capacity of the system. The item of cyx is a component of the total
force. The rest part represents the restoring force as the summation of a linear
component akyx and a purely hysteretic component (1 — a)kyz, in which
a € (0,1) represents the linearity level of the hysteresis loops. In Eq. (2), A, n, 3
and y, which are non-dimensional parameters, are responsible for the shape and the
size of the hysteresis loops. The parameter A has a big influence on the maximum
force, and n is recognized to control the transition from linear to nonlinear range. In
this work, the value of n =1 is considered for the purpose of reducing the overall
number of system unknowns in the identification process on the ground that the
chosen value satisfies the fitting requirements. 3 andy mainly shape the hysteresis
loops. Different combinations of the signs of § +y and 8 —y reproduce different
shapes of hysteresis loops. A detailed investigation has been done in [204], where
five kinds of hysteresis loops corresponding to five combinations of the signs of
B+ vy and B —y have been presented.

To evaluate the model’s effectiveness to predict the MRE isolator performances, a
set of parameters are identified for the model to fit the experimental data shown in
Figure 3.5 (8mm-amplitude, 4Hz-frequency, and 2A current). The identified values

are listed in Table 3.1. In the identification process, there are in total 6 parameters to
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be determined and a least-square method in combination with the
Trust-region-reflective algorithm available in MATLAB (2011b) is employed to
determine the appropriate values for them. The Trust-region-reflective algorithm
refers to minimizing the value of a function, denoted as g(x), by approximating
g(x) with a simpler function p(x), which reasonably reflects the behavior of
function g(x) in a neighborhood N which is defined as the trust region. The key
questions in defining a specific trust-region approach to minimizing g(x) are how to
choose and compute the approximation p(x), how to choose and modify the trust
region N, and how accurately to solve the trust-region problem. The objective herein

is to minimize the root mean square, as indicated by Eq. (3.3).

(Fpi—Fei)?

_ ©N
] = di=1 N

(3.3)
where N is the number of input-output pairs in each loop. F, indicates the

model-predicted output and F,, the experimentally obtained output.

Table 3.1Parameter values of the proposed MRE isolator model

Parameters A a B 4 Co ko
Values 0.32774
0.62288 | 0.40962 | 0.30397 | -0.47708 14.542N/mm
N/(mm/sec)

Figure 3.9 shows the tracking process and relative errors of the predicted and
measured forces with increasing time. It is observed that the relative error percentage
is limited below 8%, which is acceptable in this modeling study. Figure 3.10 plots
the comparison between the simulated and experimentally obtained responses. Figure
3.10(a) illustrates the force-displacement loop and Figure 3.10(b) describes the
nonlinear relationship of force and velocity. It is obviously observed that the
predicted behaviors resemble the experimental data very well, especially in the

regions where the strain stiffening is obvious.

38




300 : : : —
200

100

Force/N
o

-100F S

-200

; —e— Experimental Data
vesd —e— New Estimation
-300 ! '

0 0.05 0.1_ 0.15 0.2 0.25
Time/sec

(@)

Relative Error(percentage)

r oo r

0 0.05 0.1 _. 0.15 0.2 0.25
Time/sec

(b)

Figure 3.9 Force Tracking and Relative Error: (a) Force vs. time; (b) Relative error
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Figure 3.10 Comparisons between the model predictions and experimental responses:
(a) Force vs. displacement; (b) Force vs. velocity

To further validate the capability of the model for portraying the behaviors of the
MRE isolator, more sets of comparisons between the predicted and measured data
corresponding to different loading conditions are given in Figure 3.11. The new
estimations presented in Figure 3.11(a) are optimized to fit the experimental data of 2
A - current, 4 Hz - frequency for 2mm, 4mm, and 8mm amplitudes respectively. It is

seen that the experimentally measured responses are reasonably modeled. A closer
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look at the three predicted force-displacement loops illustrates that the effective
stiffness reduces slightly as the amplitudes increases, demonstrating that the model is
able to capture the Mullins Effect revealed in the experimental data. The measured
force-displacement pairs shown in Figure 3.11(b) are obtained by loading the isolator
with a 4 Hz sinusoid and an 8mm-amplitude at three current levels, 0 A, 1A, and 3 A,
respectively. The three sets of comparisons verify the model’s ability to describe the
increasing nonlinearity of the hysteresis loops with the increasing currents. In
particular, in each hysteresis loop, the predicted response resembles the unique

behavior of straining hardening very well.
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The predicted hysteresis loops change in the same regulation are summarized in
Section 2.2. Besides some specific phenomena, for instance, strain stiffening, are
captured, general rules are revealed in the figures as well. For example, the
equivalent damping and maximum force change in an ascending way with the
increasing amplitudes and currents, and also the increase in the current induces a
large gain in the effective stiffness. All in all, Figure 3.11 further proves this
proposed model is capable to accurately portray the MRE isolator’s dynamics
behaviors. Specifically, the predicted responses of the proposed model are matched
the experimentally measured data of the MRE isolator when the current is in a
constant level. Evidences provided verify the model’s ability to accurately portray
the behaviors of MRE isolator, especially in some specific regions. However, a
versatile model is expected to achieve the unique performances of MRE isolator
device when the fluctuating magnetic field is considered. To this end, a study on the
field-dependent parameters is presented in the next section. Additionally, the effect

of every single parameter on the sizes and shapes of hysteresis loops is discussed.

3.4 Field-Dependent Modeling and Discussion

In the proceeding section, the effect of fluctuating currents on the parameters in the
proposed model is discussed and analyzed. Furthermore, the contribution of every
parameter to the sizes and shapes of the predicted hysteresis loops is investigated.

Table 3.2 lists four groups of optimal values for the parameters of the proposed
model described by Equations (3.1) and (3.2). These values are identified using the
experimental data obtained by loading the isolator with an 8 mm and 4 Hz sinusoidal
signal at four current levels of 0 A, 1A, 2 A, and 3 A respectively. Among the four
columns, the first one is chosen as the initial guess for the other three optimization
processes. In each process, only one parameter is identified for three current levels. It

is therefore that 18 cases in total have been conducted.
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Table 3.2 Identified values of parameters under different currents

0A 1A 2A 3A
A 0.0014419 0.095326 0.17508 0.24699
a 0.9916 0.63032 0.32596 0.12973
ko (N/mm) 5.6994 14.792 24.913 31.494
Co 0.1246 0.38192 0.59138 0.69734
(N/(mm/sec))
y -3.3327 -3.6512 -3.7028 -3.7239
B 2.6644 2.3265 2.2756 2.2351

Figure 3.12 shows the relationships between the parameters and the current based on
the listed values in Table 3.2. It is seen that these four parameters of A, o, k, and c,
appear to vary linearly with the current. Therefore, the following relations are
proposed:

A=A, +A4,] , a=a,+a,]l ,

ko = kOa + kob[ and CO = COa + CobI

(3.4)

The optimal parameters for relationships in Equation (3.4) are provided in Table 3.3.
To validate the effectiveness of the field dependent parameters, comparison plots are
presented in Figure 3.13, where the experimental data is from a loading of 4 mm and
4 Hz sinusoidal signal with the current of 1A. It can be seen from Figure 3.13 that the

MRE isolator’s behaviors are well captured.

Table 3.3 Identified values for field dependent parameters

Parameter Value Parameter Value
A, 0.80225 Ap 1.5043/71
a, 0.15371 ap, 0.28939] 1
Koa 1.3103/(N/mm) Kob 3.322/(N*1/mm)
Coa 0.044604/(N*sec/mm) Cob 0.087104/(N*sec*I/mm)
B 0.8549 y -0.91404
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Figure 3.12 Relationships between parameters and current: (a)A vs. current; (b) a vs.
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Taking the continuously varied currents into account makes this model more
comprehensive for use, and meanwhile makes it easier to adjust parameters.
Parameter adjustment after identification process helps improve the resemblance
between the predicted and measured response, however, the influence of every
parameter on the performances of the proposed model must be first investigated. In
the following part, an effort to study the parameters’ effects on the model output for
the purpose of making it possible for the model to be easily controlled and adjusted is
made. The optimized values listed in Table 3.1 are used as reference values. In each
case among five cases, only one parameter is adjusted and the corresponding
input-output pairs are collected and plotted to see variations of hysteresis loops.

As mentioned above, a indicates the linear degree of every hysteresis loop. For
this reason, every value of a represents a hysteresis loop of different shape. Three
sets of hysteresis loops corresponding to three a values, 0, 0.40962, and 1,

respectively, are given, as shown in Figure 3.14.
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Figure 3.14 o dependent responses of the proposed MRE isolator model: (a) Force
vs. displacement; (b) Force vs. velocity
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When a equals to 1, the force function is simply represented in Eqg. (3.5), it is
observed from Figure 3.14 that the hysteresis loop is exactly an ellipse which
presents a linear relationship. Instead, when o equals to zero corresponding to force
function of Eq. (3.6), the nonlinearity of the hysteresis loop reaches the maximum
degree. When o fluctuates in the range of (0,1), the nonlinearity degree varies
between the two extreme situations, namely linearity and maximum nonlinearity.
F = kox + cpx (3.5)
F =kyz+ cox (3.6)
Similar to the force-displacement responses, the force-velocity response shows the
same rule, i.e. the hysteresis loops tend to be more nonlinear with the descending
values of a.
As can be seen from the force-velocity relationships shown in Figures 3.5-3.7, the
output forces almost reach its maximum when the velocity is zero and decrease to its
minimum when the velocity equals to its maximum. It is concluded that the damping
force, indicated by cyx in the force function, contributes a small part to the total
force. The identified values of c, being very small support this conclusion. It is
therefore reasonable that c, varies in a small range. Figure 3.15 presents four sets of
hysteresis loops of different sizes and shapes corresponding to four different values
of co. As might be expected, the effect of changing c, on the maximum force is
slight. The other effect to be noted is that the sizes of the force-displacement loops
tend to be thinner when c, is fixed at a small value than when c, is assigned a
bigger one. Since the areas enclosed by the force-displacement loops indicate the
equivalent damping, the change in the graphical curves matches the numerical

variations.
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Figure 3.16 presents the resultant hysteresis loops by changing the values of k,. It is
seen that the maximum force and effective stiffness change almost linearly with k.
Another phenomenon worth noting is that all the loops intersect at two points, as
highlighted by M and N in Figure 3.16(a), from which the system stiffness under
different k,becomes different. Furthermore, the two points indicate the critical
points of strain stiffening, as observed in each loop strain stiffening tends to be
obvious from these two points. In order to provide a more detailed explanation, the

hysteresis loop can be divided into two parts, separated by the solid line. Take only
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the upper section for an example, as the force-displacement loops follow clockwise
paths, it is noticed that the system stiffness of the left part of point M decreases as the
hysteresis loop progresses, while the system stiffness of the right part tends to
increase. It is therefore reasonably inferred that strain stiffening starts from point M.
Additionally, the horizontal axis range for strain stiffening is from -2 mm to 8 mm.
The same rule applies to point N and the strain stiffening range of the lower section

is from 2 mm to -8 mm.
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Figure 3.16 k, dependent responses of the proposed MRE isolator model: (a) Force
vs. displacement; (b) Force vs. velocity
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The effect of parameter A on the response shape is shown in Figure 3.17. It is
noticed that the effect of adjusting A on hysteresis loops is very similar to that of
changing k,. Conclusions includes that the maximum force and effective stiffness
vary linearly with A, and two critical points for strain stiffening exist as well, donated
by P and Q. However, the strain stiffening range is [-4, 8] mm and [-8, 4] mm
respectively which is larger than that of k, indicating that A is more sensitive than

k, to this model.
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Figure 3.17 A dependent responses of the proposed MRE isolator model: (a) Force
vs. displacement; (b) Force vs. velocity
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B and y have been recognized to shape the hysteresis loops. Figure 3.18 presents a
series of hysteretic responses with respect to different § and y. Figure 3.18(a)
shows the effects of B on shaping hysteresis loops and Figure 3.18(b) shows that
of y. It is seen from Figure 3.18(a) that the nonlinearity tends to be more obvious as
the value of B gets smaller. On the contrary, when  grows, the hysteretic shapes
are inclined to be linear ellipses. One point needs to be emphasized is that when 8 is
increased to a certain value, its influence on the shape is limited. As donated by an
arrow in Figure 3.18(a), the hysteretic shapes remain an ellipse as the (3 increases
from 1 to 2 with an increment of 0.2. Another important finding to add is that an
effective B should be kept positive. In other words,  should fluctuate in an
effective range for reproducing reasonable hysteretic shapes on condition that all the
other referenced parameters are fixed. Speaking of the effect of y, as noticed in
Figure 3.18(b), it is very similar except minor differences to that of 8. In the case
when y is negative, the nonlinearity level increases with the increasing absolute
value of y, otherwise, the hysteresis loops progress linearly. Also note that the

responses remain linear when the value of y is above zero.
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Figure 3.18 B and y dependent responses of the proposed MRE model: (a)
dependent response; (b) y dependent response

Referring to the combinations of signs of B + y and y — 8, a leading study has been
done in presenting five kinds of hysteretic shapes relating to five combinations of
signs of B+ yandy — B. In this work, five cases will reappear for the purpose of

validating the influence of  andy on controlling the hysteresis loop shapes.
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Table 3.4 Five combinations of B+y and y-p
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For the reason that the hysteresis curves are produced by Eqg. (2), it is natural the five
cases will describe the relationship between the input displacement and the
evolutionary variable z. Table 3.4 lists different values for 8 and y to satisfy five
combinations of § + yand y — 8 and the associated hysteretic shapes are plotted in
Figure 3.19. As discussed above, B should be positive to be effective andy has a
wide variation range. Hence, the five cases are obtained by adjusting y. It is clear that
five different situations are presented as observed in reference [204]. And clearly the
optimal values of B+ yandy — 8 listed in Table 3.1 satisfies the combination of

case one.

3.5 Conclusions

A highly adjustable MRE seismic isolator was designed, fabricated and tested. The
performances reveal that the increase in loading amplitude leads to an increase in the
damping capacity and maximum force but a light decrease in effective stiffness, that
frequency poses minor influence on these three performance indicators, especially
when it is above 0.1Hz, and that MRE exhibits field-dependent property that the
effective stiffness and equivalent damping tend to increase with the progressively
larger currents.

To take the maximum advantage of potential MRE material into control applications,
a model for MRE isolator is developed. The resemblance between the predicted and
measured response verify that the newly proposed model is competent to model the
MRE isolator device. To make the proposed model more adaptive, the fluctuating
magnetic field is taken into account. And the study on the dependence of the model
to every parameter further improves the model to be more easily controlled and

adjusted.
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4 ANEW MRE ISOLATOR WITH SOFTENING STIFFNESS FOR
VIBRATION REDUCTION

4.1 Introduction

MREs have attracted attentions of researchers in the development of smart isolators
and absorbers due to their controllable stiffness and damping properties. For the
purpose of mitigating unwanted structural and/or machinery vibrations, the
traditional MRE based isolators have generally proven effective because the MR
effect can increase the stiffness when the magnetic field is strengthened. This chapter
presents a new MRE isolator with softening stiffness, i.e. its stiffness was reduced
when the applied current was increased. This innovative work was accomplished by
applying a hybrid magnet (electromagnet and permanent magnets) onto a
multilayered MRE structure. To characterise this negative changing stiffness
concept, a multilayered MRE isolator with a hybrid magnet was first designed,
fabricated, and then tested to measure its properties. An obvious reduction of the
effective stiffness and natural frequency of the proposed MRE isolator occurred
when the current was continuously adjusted. On the other hand, this device could
also work as a conventional MRE isolator as its effective stiffness and natural
frequency also increased when a control current was applied. Further testing was
carried out on a 1-degree-of-freedom system to assess how effectively this device
isolated vibration. In this experiment, two cases were considered, and in each case
vibration of the primary system was obviously attenuated under ON-OFF control
logic, thus demonstrating the feasibility of this new design as an alternative adaptive

vibration isolator.
4.2 Design and Fabrication

4.2.1  Fabrication of a multilayered MRE structure

The components used to fabricate an MRE include silicone sealant (Selleys Pty. Ltd),
silicone oil (Sigma-Aldrich Pty. Ltd), and carbonyl iron particles (C3518,
Sigma-Aldrich Pty Ltd). The weight ratio of these three materials was 1.5:1.5:7. The
detailed fabrication procedure of MRE can refer to Section 2.2.3.

The multilayered MRE structure incorporates a traditional laminated rubber bearing

205, 206] that consists of multiple layers of thin MRE sheets and thin steel plates.
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The inner steel plates give the required vertical load capacity and stiffness, while the
MRE sheets offer horizontal flexibility which can be varied instantly under an
applied magnetic field. This laminated bearing element consists of 10 layers of 1mm
thick by 35mm diameter MRE sheets and 11 layers of 1mm thick by 35mm diameter
steel sheets.

4.2.2 Design of hybrid magnet system

To use this multilayered MRE structure as an adaptive stiffness element, a
controllable magnetic system that produces a uniform and powerful magnetic field to
energise the low magnetic-conductive MRE materials must first be designed. One of
the new designs that had to be developed for this study was an adjustable hybrid
magnet system with permanent magnets and an electromagnetic coil. Although a
similar idea can be found in [154] where a hybrid magnetic system was incorporated
into an adaptive vibration absorber, the hybrid magnetic system designed and
presented by this study differs significantly in its structure and operation compared to
[154]. By including permanent magnets, a stable magnetic field could be applied to
the laminated MRE and steel structure at all times without any power consumption.
Then the electromagnetic coil is responsible for either strengthening or weakening
the nominal magnetic field generated by the permanent magnets through adjusting
the direction and magnitude of the applied current. The stiffness of the MRE
materials was controlled by the superposition of these two magnetic fields. One clear
advantage of this design is its ability to increase and decrease the magnitude of the
hybrid magnetic field such that the stiffness of the MRE structure can be both
increased and decreased such that the natural frequency of the system can be turned
to be both above and below the passive natural frequency, which would be a

desirable achievement for practical purpose.

SQtenl

Permanent
magnets

Electromagnetic

Laminated MRE and__/
steel layers

Figure 4.1 Schematic diagram of the hybrid magnetic system
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Figure 4.1 shows the assembly of this hybrid magnetic system. To overcome the low
magnetic permeability of MRE materials, two steel cylinders were placed at both
ends of the laminated structure to increase magnetic conductivity [19] before the
laminated structure was placed between the permanent magnets. The permanent
magnets generate a vertical and stable magnetic field perpendicular to the laminated
structure, so when this compact structure is placed inside the electromagnetic coil it
becomes the magnetic core of the electromagnetic circuit, and because the
electromagnetic field inside the solenoid is uniform and vertical, by adjusting the
current, the hybrid magnetic system can work in different modes, as shown in Figure
4.2. The blue closed loop represents the magnetic circuit generated by the permanent
magnets, while the yellow loop represents the adjustable magnetic circuit produced
by the electromagnetic coil.

In this study, current passing through the coil can generate an electromagnetic field
that is opposed to the permanent magnetic field and is defined as a positive current.
In this case, as Figure 4.2 (a) shows, the overall magnitude of the hybrid magnetic
field has been reduced. Otherwise, the current that increases the permanent magnetic
field is defined as a control current, as shown in Figure 4.2 (b). When a positive
current is applied the magnetic field generated by the permanent magnetic field
would be reduced by the electromagnetic field, such that the higher the current the
more of the magnetic field is reduced, but if the current keeps on increasing, the
overall magnitude of the hybrid magnetic field would keep decreasing until it
reached zero, after which the hybrid magnetic field would begin to increase in
reverse. Correspondingly, the stiffness of the MRE based structure would decrease in
the first stage and then increase as the current keeps growing, but when a negative
current was applied, the permanent- and electro- magnetic fields would be in the
same direction, which means that the superposition of the hybrid magnetic field
would be enhanced, and the stiffness of the system would increase until it reached

saturation where the control current keeps increasing.
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Figure 4.2 Different working modes for hybrid magnetic system: (a) Hybrid
magnetic field under positive current; (b) Hybrid magnetic field under negative

current

4.2.3 Assembly of MRE based isolator

Figure 4.3 Photographs for electromagnetic coil and MRE isolator

Figure 4.3 shows the physical maps for the electromagnetic coil and the MRE based
isolator. The rectangular bottom plate was appropriate for fixing the isolator to the
base, through which the disturbance excitation is passed to the whole system. The top
steel plate was used to support the weight. Such a new isolator has inherited the
classical laminated structure and incorporated the hybrid magnetic system while
being compact enough to be used safely and conveniently, and yet it is strong enough
to maintain a high vertical stiffness while simultaneously providing lateral flexibility.
Furthermore, this hybrid magnetic system makes the MRE isolator energy friendly

and yet powerful enough to possess a high controllability over its characteristics.
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4.3 Characterising the MRE isolator

4.3.1 Experimental setup

To evaluate and characterise the performance of the MRE base isolator prototype, a
series of experimental tests were conducted under various loading conditions. A
detailed experimental set up is shown in Figure 4.4 and a schematic diagram of the
experimental set up is shown in Figure 4.5. The isolator was fixed to the bearing
through an aluminum sheet. A base was fabricated to support the bearing in order to
avoid any unwanted vibration in the measurement. The isolator was forced to vibrate
horizontally by a shaker (VTS, .VC 100-8), which was driven by a signal source
from a power amplifier (YE5871), and a laser sensor (MICRO-EPSILON Company)
monitored the horizontal movement of the bottom plate. A force sensor
(CA-YD-302) was mounted between the top plate of the isolator and the fixed rig to
measure the lateral force produced by the isolator. During the test, the top plate and
the force sensor remained motionless in order to eliminate any unwanted inertia force
in the measurements. A DC power supply (THURLBY-THANDAR,
INSTRUMENTS LTD) was used to provide DC current to energise the magnetic
coil. The amount and direction of the output current could be adjusted to change the
magnitude of the electromagnetic field. The interface connecting the computer and
the device (amplifier and signal sensors) was supplied by the Data Acquisition
(DAQ) board (LabVIEW PCI-6221, National Instruments Corporation. U.S.A). The
LabVIEW program was designed to be the control unit and the display unit where
harmonic excitation could be generated and the results displayed and recorded.

Bearin
. MRE isolator
Shaker Load cell
Displacement sensor
Base

Figure 4.4 Experimental Setup for testing the MRE isolator
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Figure 4.5 Schematic diagram for the experimental setup

In the first part of the test various harmonic inputs were used to assess the dynamic
properties of the MRE based isolator. A wide range of frequencies, amplitudes, and
currents were selected to demonstrate the ability of the isolator to become both
‘softer’ and ‘harder’, and both positive (1A, 2A, 3A, and 4A) and negative currents
(-1A, -2A, -3A, and -4A) were considered. In each case, the sampling rate for the
data acquisition was set to 1000Hz and at least 20 cycles were measured to stabilise
the isolator. The transmissibility and phase of the isolator under different levels of
current were also provided. To determine whether this design would offer an
alternative solution for suppressing vibration, a vibration isolation experiment was

conducted as the last part of these experiments.

4.3.2 Results of Dynamic testing

Figure 4.6 shows the force-displacement (Figure 4.6a) and force-velocity (Figure
4.6b) responses when the MRE isolator was run with a sinusoidal signal of five
different amplitudes at a constant frequency (3 Hz) and current (4 A). This series of
responses progressed from linear to nonlinear when the loading amplitudes were
increased. This can be reasonably explained by the resistance from the rubber matrix
and the magnetic force between iron particles that prevented the chain structure in
the MRE materials from extending when a larger amplitude was applied. Another
obvious finding was the measured force and equivalent damping which was indicated
by the enclosed area of the force-displacement loop, and an evident increase in gain
with ascending loading amplitudes. However, the lateral stiffness of the isolator,
indicated by the slope of the force-displacement loop, decreased slightly as the

amplitude increased.
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Figure 4.6 Experimental responses of the MRE isolator under sinusoidal inputs with

different amplitudes: (a) Force vs. displacement; (b) Force vs. velocity

60



Force (N)

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0

Displacement (mm)

(a)

3Hz-(-4)A
3 [——3Hz(-3)A
3Hz-(-2)A
3Hz-(-1)A
3Hz-0A
3Hz-1A
——3Hz-2A
——— 3Hz-3A
——3Hz-4A

0

)

Force (N)

2
3
1 1 1 1 1 1 1
-20 -15 -10 -5 0 5 10 15 20
Velocity (mm/s)
(b)

Figure 4.7 Experimental responses of the MRE isolator under sinusoidal inputs with

different currents: (a) Force vs. displacement; (b) Force vs. velocity
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One important highlight of this study was that the hybrid magnetic system enabled
the MRE isolator to increase and decrease its lateral stiffness, i.e., the
force-displacement and force-velocity performances under different levels of current
(different magnetic density) but same frequency and amplitude are presented in
Figure 4.7. As stated earlier, an electromagnetic field opposite to a permanent
magnetic field was generated when a positive current was applied; thus the larger the
current is, the smaller the superposition of the hybrid magnetic field will be.
Contrarily, the hybrid magnetic field will be strengthened. To better describe the
special properties the isolator can achieve, it was defined as a benchmark when no
current was applied, as highlighted with a black font in Figure 4.7. But one point
must be emphasized: the ‘no current’ was not equal to its usual passive status
because there was a permanent magnetic field working on the system even when no
current was applied. Indeed Figure 4.7 shows that the measured force and lateral
stiffness tended to be smaller than the benchmark when a positive current was
applied, while the equivalent damping (the enclosed area of the force-displacement
loop) decreased as the overall magnitude of the hybrid magnetic system was reduced.
In those cases where a negative current was applied, the measured force, and the
lateral stiffness, as well as the equivalent damping, increased as the amount of
current grew. The effective stiffness and equivalent damping of each loading case
was calculated and is listed in Table 4.1. The details of the effective stiffness

calculation can be found in [182].

Table 4.1 Effective stiffness of the MRE isolator under various applied currents

Current (A) Effective Stiffness (kN/m) Equivalent Damping (kN.s/m)
-4 5.31 0.2186
-3 5.08 0.2028
-2 4.62 0.1844
-1 4.13 0.1678

3.55 0.1500
3.15 0.1334

0

1

2 2.64 0.1185
3 2.28 0.09896
4

1.88 0.0800
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Figure 4.8 Effective stiffness and equivalent damping under various currents: (a)

Effective stiffness vs. curren; (b) Equivalent damping vs. current

It can be summarised from the effective stiffness listed in Table 4.1 that minimum
effective stiffness was achieved when the applied current was 4A and the relative
change between the minimum and maximum values was 182.4%. Figure 4.8a shows

the relationship between the effective stiffness and the current level, where the
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effective stiffness was almost a linear function of the applied current in certain areas.
Nevertheless, the effective stiffness was not evenly distributed when corresponding
to the current, especially when the current was larger. A closer observation reveals
that the relative increase of effective stiffness was smaller as the current diverged
from zero negatively, which can reasonably be explained as follows. When the
current changed to become negative from OA, the hybrid magnetic field was
strengthened as the current kept growing, so initially, the lateral stiffness of the
isolator also kept on rising until it eventually reached its saturation point after it
increased to a certain value. This explanation applies to Figure 4.8a where the
current was negative and the curve gradually tended to become saturated. For those
cases where the current was positive, the superposition of the hybrid magnetic field
decreased at first and then increased inversely after it reached zero; therefore there
must be a critical current that generates just enough of an electromagnetic field to
totally eliminate the permanent magnetic field. Accordingly, the lateral stiffness of
the isolator will decrease until it reaches its minimum and then begin to grow.
Unfortunately, this critical point cannot be observed from Figure 4.8a due to the
experimental limitation for a higher current level, but the effective stiffness still
decreased linearly in terms of an ascending positive current. As with the effective
stiffness, the equivalent damping presented by Figure 4.8b shows a linear
relationship in terms of the current. The calculated equivalent damping can be
increased or decreased along with the positive or negative current, which matches
well with the observations from Figure 4.7.
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4.3.3 Transmissibility and Phase responses
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Figure 4.9 Transmissibility and phase of the MRE isolator under different magnetic

field intensity: (a) Transmissibility vs. frequency; (b)Phase vs. frequeny
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Table 4.2 Natural frequency of the MRE isolator under various applied currents

Current (A) Natural Frequency (Hz)
-4 9.85
-3 9.60
) 8.89
-1 8.04
0 7.14
1 6.23
2 5.43
3 4.75
4 4.20

In this test two accelerometers (CA-YD-106) were installed to measure the lateral
acceleration of the top and bottom plates of the isolator respectively. In each case, a
sinusoidal excitation with a frequency range sweeping from 1Hz to 20 Hz was used
to drive the isolator under various current levels. Figure 4.9 presents the
transmissibility and phase performances of the device under different loading
conditions and Table 4.2 captures the natural frequency in each single case. Here the
natural frequency shifted from 9.85Hz to 4.2Hz as the currents changed from -4A to
4A. The relative change in the natural frequency for these two edge cases was about
135%, demonstrating that the natural frequency of this isolation system can be
increased and decreased from a nominal value. As the natural frequency of one

system is expressed by:

fo= —\/% (4.1)

where fo, kesp, and m present the natural frequency, effective stiffness, and mass
of the system, respectively. The relationship between the natural frequency and the
current should show similarities between the effective stiffness and the current. As
expected, Figure 4.10 shows that the trajectory of the natural frequency-current curve
progress was identical to that shown in Figure 4.8. On one hand the natural
frequency changed almost linearly in terms of applied current in some limited areas,

but when the current increased or decreased to a larger level negatively or positively,
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the natural frequency of the isolator kept climbing until it was saturated or it dropped

to a minimum before it began to increase again.

10

Natural Frequency (Hz)

Current (A)

Figure 4.10 Natural frequency as a function of the current

4.4 Vibration isolation experiment

A vibration isolation experiment was conducted to assess the effectiveness of the
MRE isolator as an isolation device. As Figure 4.11 shows, the mass attached to the
top plate of the isolator served as the primary system. To determine the feasibility of
the device as a vibration isolation system, two testing cases were included in this
part. In the first case sinusoidal signals with a constant frequency were used as the
means of excitation such that further testing subjected the system to a swept
sinusoidal signal. In this testing system, the interface used was a Hilink (ZELTOM)
board, as shown in Figure 4.11. The HILINK platform offers a seamless interface
between physical plants and Matlab/Simulink to implement hardware-in-the-loop
real-time control systems. It is fully integrated into Matlab/Simulink and has a broad
range of inputs and outputs. Through the HILINK board, the displacement signal was
input to the computer after being captured by the displacement sensor. After the
captured signal was processed by the Simulink block, the block generated a current
signal to the HILINK output channel, through which the output signal was sent to the

amplifier.
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Figure 4.11 Schematic diagram of the vibration isolation experiment
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Figure 4.12 The single-degree-of-freedom system

The mathematic model of the vibration isolation system can be represented by a
single-degree-of-freedom system, as shown in Figure 4.12. m,, is the mass of the
primary system; cg(I) and kg(I) represent the controllable damping coefficient
and lateral stiffness of the MRE isolator, respectively; x, and x; are the
displacements of the primary system and the driving signal, respectively. The

dynamic equation for the system is governed by:
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my%, + cs (D%, — x1n) + ks (D (%, — xi) = 0 (4.2)
The control algorithm chosen herein, i.e. ON-OFF control, aimed to shift the primary
frequency as far away as possible from the frequency of the driving signal. The
working logic  of the ON-OFF control is such that the lateral stiffness and damping
of the isolator will be decreased if the product of the relative displacement and
relative velocity of the primary system with respect to the driving excitation is below
zero. In other words, a positive current will be chosen if x, — x;;, and x, — x;, are
opposite to each other. Otherwise, if the relative displacement and relative velocity
are in the same direction, lateral stiffness and damping should be increased. This
control logic is concise and simple and yet efficient enough to obtain real time
control. The ON-OFF control law is expressed as [31]:
_ { 0, if (X = Xin) (X = Xin) > 0

haaxr  if (3 —x) (%, —x) <0 +Y

4.4.1 Sinusoidal Excitation

In order to obtain the natural frequency of the isolation system with the attached
mass, where the input current was zero, the system was first excited by a swept
sinusoidal, and the transmissibility is shown in Figure 4.13. The natural frequency
captured was 5.55Hz. Since vibration around a natural frequency is the most severe,
three sets of sinusoidal excitation with constant frequency of 5Hz, 5.55Hz, and 7Hz,
respectively were used in the first test. To show how effective this vibration isolation
was, each testing case was conducted as follows: no control law was applied to the
system until the ON-OFF control was turned on; the control law lasted for some time
and then it was turned off. This process was done by turning the amplifier, which

was connected to the HILINK output channel, on or off.
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Figure 4.13 Frequency response of the isolation system

Figure 4.14 describes the acceleration measured under different sinusoidal
excitations, and in each case, the acceleartion was clearly attenuated during the
period when the ON-OFF control logic was working, as marked in Figure 4.14. The
relative changes for each testing were 15%, 23.7%, and 28.6%, respectively, which

clearly indicated that the MRE isolator was very effective on reducing vibration.

4.4.2 Swept Sinusoidal Excitation

To further evaluate the as-designed vibration isolation system, the response of the
primary system under the swept sinusoidal excitation was measured. The working
mode without control logic was defined as passive off and the one under ON-OFF
control was defined as ON-OFF. A swept sinusoidal covers a frequency band from
2Hz to 15Hz. Figure 4.15 shows the results for the acceleration of the primary
system between passive off and ON-OFF. It was noted that vibration in the primary
system was significantly suppressed under the ON-OFF control algorithm, and
therefore vibration isolation under the ON-OFF control, as shown by the

experimental results, was very effecive.
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45 Conclusions

A new MRE isolator that includes a hybrid magnetic system was designed and
fabricated. This hybrid magnetic system generates a hybrid magnetic field which is
the superposition of a permanent magnetic field and an electromagnetic field. The
main contribution of this hybrid magnetic system is that it allows the overall
magnitude of a magnetic field to be both increased and decreased, and accordingly,
the lateral stiffness of the isolator can be both increased and decreased. To verify the
specialty of this isolator, a series of dynamic tests were conducted and the results
showed that the effective stiffness was reduced when a positive current was applied,
and it grows under a negative current. The transmissibility and phase responses
showed that the frequency range of the MRE isolator shifted when the applied
current varied from -4A to 4A, thus demonstrating that the natural frequency of the
isolation system can be increased and decreased. The isolator was also tested for its
ability to avoid unwanted vibrations by subjecting the isolation system to sinusoidal
signals with constant frequency and swept sinusoidal signals, respectively. Compared
to the passive off case where no current was applied, the acceleration for both cases
was obviously reduced under the ON-OFF control logic. The experimental results
proved that the proposed MRE isolator is a qualified candidate for vibration isolation

applications.
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5 APPLICATION OF A MULTI-LAYER MRE ISOLATOR ON
SUPPRESSING BUILDING VIBRATIONS UNDER SEISMIC EVENTS

5.1 Introduction

Protecting civil engineering structures from uncontrollable events such as
earthquakes while maintaining their structural integrity and serviceability is very
important. Following the research work introduced in Chapter 4, this chapter uses the
stiffness softening MRE isolator in a scaled three story building. In order to construct
a closed-loop system, a scaled three story building was designed and built according
to the scaling laws, and then four MRE isolator prototypes were fabricated and
utilised to isolate the building from the motion induced by a scaled El Centro
earthquake. Fuzzy logic was used to output the current signals to the isolators,
based on the real-time responses of the building floors, and then a simulation was
used to evaluate the feasibility of this closed loop control system before carrying out
an experimental test. The simulation and experimental results showed that the
stiffness softening MRE isolator controlled by fuzzy logic proved to suppress any

structural vibration.
5.2 Experimental setup

5.2.1 Dynamic performance of the stiffness softening MRE isolator.

This stiffness softening MRE isolator used a laminated structure of traditional
isolators with 10 layers of MRE sheets bonded onto 11 layers of steel sheets. A
permanent magnet was placed at each end of this laminated structure, which was
placed along the central axis of the solenoid with an appropriate gap between them.
The solenoid was enclosed in a steel cylinder with a top plate and bottom plate, in
order to generate a closed loop magnetic field. There was also an appropriate gap
between the top plate and steel cylinder for any possible relative movement. The
overall magnetic field working on MRE was the superposition of the permanent
magnetic field (PMF) and electrical magnetic field (EMF). The direction and the
magnitude of the EMF were controlled by the direction and amount of applied direct
current. To soften the lateral stiffness, an EMF that was opposed to the PMF was
chosen so that the lateral stiffness of the isolator would decrease when the applied

current increased, because part of the PMF was offset.
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To demonstrate the stiffness softening capability of the MRE isolator,
transmissibility under different levels of current were obtained by running the
isolator with a sinusoidal swept frequency. As Figure 5.1 shows, two accelerometers
measured the acceleration of the top and bottom plates, respectively. The
transmissibility of the top and bottom accelerations versus the sweeping frequency is
shown in Figure 5.2, and indicates that increasing the applied current decreases the
natural frequency and the lateral stiffness of the isolator. The natural frequency
decreased from 16.8Hz to 5Hz with a change percent of 70% when the current was
changed from OA to 3A.

Figure 5.1 Prototype photograph of MRE isolator
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Figure 5.2 Transmissibility of the MRE isolator due to different current
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5.2.2 Design of the scaled three story building.

A model three story building was designed and built with a length scale factor of
1:9. The height of the first two stories was 0.75m, which corresponds to a real three
story building approximately 10m high. All the variables and dimensions were scaled

down according to the scaling laws [207], with some examples shown in Table 5.1.

Table 5.1 Scaling factors of the variables

Variables Length Displacement Acceleration Time

Scaling factor 1:9 1:9 1 1:3

Figure 5.3 shows a schematic view of the scaled building model with four MRE
isolators. The three story building with adjustable masses was fixed to the top plates
of the four isolators, and the isolators were fixed to the shaking table via two linear
shearings. The building with four isolators was forced to vibrate horizontally by a
shaker (VTS, .VC 100-8) driven by a signal source from the computer through a
power amplifier (YE5871). DC power was ready at hand to supply current signals to

the isolators when needed.

Adjusted masses

Scaled building

MRE isolators
Shaker

Linear Bearings

Figure 5.3 Schematic view of the scaled building model
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5.2.3 Closed loop control system.

The interface used to link the software and hardware was a HILINK board
(ZELTOM) that offers a seamless interface between physical plants and
Matlab/Simulink to implement hardware-in-the-loop real-time control systems. It
was fully integrated into Matlab/Simulink and has a broad range of inputs and
outputs. Figure 5.4 shows a schematic diagram of the closed control system. The
real-time responses of the building were transmitted to the computer through the
HILINK input channels, after being processed and calculated by the controller in the
computer, a current signal was sent to the isolators through the HILINK output

channel.

= -

—_—

Power amplifier
/ Shaker
HILINK board 1 ED
————

Computer 7
Power amplifier
h / Three story

Displacement & building
Accelemeter sensors

Figure 5.4 Schematic diagram of the closed-loop control system

Figure 5.5 shows the whole isolation system where the scaled El Centro seismic
motion was used to excite the shake platform and the fuzzy logic controller designed
in the Simulation (Section 3.2) was used to change the stiffness of the isolation
system in real-time. Two laser displacement sensors (MICRO-EPSILON Company)
were used to measure the relative displacements of the third floor to the first floor,
and the first floor to the ground motions, respectively. Another laser sensor
(DT20-X224Bx, SICK) recorded the displacement data of the ‘ground motion’, and
three accelerometers recorded the accelerations of three floors, respectively. Three
cases were considered in this experiment: ‘fixed base’ means the building was fixed

to the shake table directly without isolators between them; ‘passive’ means no
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control logic was applied to but isolators were included in this system; ‘controlled’

means the isolation system was controlled by fuzzy logic.

Figure 5.5 Photograph of the practical experimental setup

5.3 Simulation

5.3.1 Modelling the isolated building.

By considering a three degrees-of-freedom (DOF) linear building structure controlled
by four isolators and subject to a horizontal earthquake excitation (1940 El Centro),

as shown in Figure 5.6, the motion equations can be written as:
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Figure 5.6 Mathematical model of the scaled building
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my X + (X — x3) + ka(xg — xp) + 1%y + ke (Dxy = —my Xy
myXy — (X1 — X3) — k(% — x2) + ¢3(X; — X3) + k3(x; — x3) = —m;Xy
(5.1)
mzX3 — c3(xy — X3) — k3(x; — x3) = —Mm3 Xy
MX + CX + KX = —Mx,

where

ml 0 0 C2 _Cz 0
X=[x1 x2 x3]T, M=[0 m, 0 ], C = [—Cz C; +C3 —C3]

0 0 mg 0 —C3 C3
k, —k, 0
K =|—k, ky,+ks —ks| m(i=1, 2, 3) is the mass of the ith floor; x; (i=1, 2, 3)
0 _k3 k3

is the relative displacement of the ith floor with respect to the ground; c; (i=2, 3) and
ki (i=2, 3) is the damping and stiffness coefficients of inter floors, respectively; c(l)
and k(1) are the current-dependent damping and stiffness coefficients of the isolators,
respectively. The masses of the building model are identical for each story unit and

given as mi=25Kg, for i=1, 2, 3.

5.3.2 Fuzzy logic controller

Fuzzy logic control can offer a simple and robust framework for specifying nonlinear
control laws that can accommodate uncertainty and imprecision [208, 209].
Alternatively, a fuzzy controller does not rely on the analysis and synthesis of the
mathematical model of the process, so the uncertainties of input data from external
loads and structural response sensors were treated in a much easier way by the fuzzy
controller than with classical control theory. Fuzzy logic uses IF-THEN rules as an
interface to connect the inputs and outputs, which means that continuous inputs are
transformed into linguistic variables which are then converted into numerical values
through defuzzication. In semiactive control, the numerical values provide control
commands that vary the mechanical properties of a semiactive control device. In this
study the relative displacement between the first and third floors, the first floor
displacement, and the scaled earthquake velocity data were used as inputs to obtain
the lateral stiffness of the MRE isolators controlled by the controller output.

The designing process of a fuzzy controller begins with choosing inputs and output,
and defining the membership functions (MFs). As mentioned before, the inputs

chosen were Xs-X1, X1, X4, Where xz-X; is the control target which is supposed to be
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small as much as possible; x, is the relative displacement to the ground of the first
floor, together with x; which predicts the direction the earthquake will move and
also determines the relative position of the isolators to the ground. Each input has
two member functions which were abbreviated to: P-Positive, N-Negative. The
output is the current signal and the membership functions were defined as: L-Large,
S-Small. Table 5.2 gives the inference rule based on the three inputs. It should be
noted that the softening lateral stiffness of the isolator corresponds to the largest

value of the current.

Table 5.2 The inference rule of the fuzzy logic

Variable MF
X3-X1 N N N N P P P P
X1 N P N P N P N P
X g P P N N P P N N
Isolator Soft Hard Soft Hard Hard Soft Hard Soft
stiffness
Current L S L S S L S L

5.3.3 Simulation results

The 1940 EI Centro record was chosen as the input to the simulation and experiment
since it covers a wide frequency range. A Simulink model that incorporated the
isolated building and fuzzy logic algorithm was built. The responses of the
inter-story displacement and relative acceleration were good demonstrations for the
effectiveness of the control logic. Figure 5.7 shows the maximum inter-story
displacements of Xx3-x; and xp-x;. Here the performances of the controlled case and
passive case were much better than the fixed case. The maximum value under fuzzy
logic was 28.6% and 36.4%, which was smaller than under the passive operation for
X3-X1 and Xp-Xi, respectively. Figure 5.8 shows the simulation results in terms of
relative acceleration under three cases. From an overall aspect, the controlled
situation performed best and the fixed situation performed the worst. A closer
analysis of the simulated data reveals that the peak accelerations x5, x5, and x,
were reduced by 16.7%, 26.8%, and 15%, respectively, under fuzzy logic control,
rather than under a passive operation. The simulation results verified that the isolated

building performed better under fuzzy logic.

79



—n— fixed
passive
—m— control n

Interstorey

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009
Interstorey displacement (m)

Figure 5.7 Maximum values of the inter-story displacement

—m— control
3+ ] passive ]
—u— fixed
9]
E
S 2 L] 0)
e
5]
9
[
1k n [ )
1 1 1 1 1
2 4 6 8 10 12 14

Relative acceleration (m/sZ)

Figure 5.8 Maximum values of the relative accelerations for three floors

5.4 Experimental results and discussion

The transmissibility of the earthquake motion to the building was measured first by
subjecting the isolation system to a sinusoidal sweeping signal, as shown in Figure
5.9. Obviously, the transmissibility decreased dramatically for the semi-active case,
unlike the passive case, which was up to 38.7%. Figure 5.10 shows the first floor
displacement to the ‘ground motion’ such that the magnitude under control was
larger than in a passive operation. This was reasonable because the softened isolators
under fuzzy logic gave the building more freedom to move, relative to the ‘ground’.
This did not alter the effectiveness of isolation because the objective was to minimise

the inter-story displacement to protect the building from fracture or collapse. Figure
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5.11 clearly shows the relative displacement between the first floor and the third
floor in three cases, where obviously, the ‘fixed base’ had the worst performance and
the controlled case had the minimum magnitude over the whole period. This
minimisation of inter drift would really help the building survive seismic events.
Now look at the accelerations of the second floor and the third floor individually, as
shown in Figure 5.12 and Figure 5.13, respectively. The isolated building definitely
performed better than the fixed one, as the difference between the passive case and
fixed case show, but it is also clear that the maximum magnitude in the passive case
decreased dramatically in the controlled case. Moreover, the reduction in vibration
continued until the scaled earthquake ended.
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Figure 5.9 The transmissibility of earthquake motion to the building for passive and
semi-active cases
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Figure 5.10 The relative displacement of the first floor to the ground
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Figure 5.13 The acceleration of the second floor
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Table 5.3 Peak responses of structures due to the El Centro earthquake

Control strategy X1-Xg (M) Xg-X1(M) %5 (m/s”) %, (M/s%)
Fixed base None 1.92x 1073 5.02 Passive6.33
Passive 1.49x 1072 9.91x107* 1.65 0.78
Controlled 214x 1073 7.75x107* 0.67 0.58
Percent reduction NA 21.80% 59.39% 25.64%
((controlled-passive)%/passive)
RMS(Controlled) 5.08E-04 1. 38E-04 1. 37E-01 1. 03E-01
RMS (Passive) 2. 42E-04 1. 80E-04 1. 83E-01 1. 14E-01
RMS (Fixed) 0 4. 14E-04 7. 03E-01 8. 30E-01
(RMS(Passive)-RMS(Control))%/ NA 23. 3% 25. 1% 9. 6%
RMS(Passive)

The peak responses of the structures for each control strategy are provided in Table
5.3; obviously the fixed base did not perform as well as the passive case and
controlled case. Moreover the data indicates that fuzzy logic control effectively
reduced the peak responses due to the ElI Centro earthquake, particularly the
inter-story drift and the accelerations. The maximum inter-story displacement (x3-X;)
of 21.8% decreased more under fuzzy logic control than in a passive operation. It
was remarkable that the peak third floor acceleration (x3) was 59.4% smaller with
fuzzy logic than with the passive control, while peak acceleration of the second floor
(x3) decreased by up to 25.6%. The superiority of the controlled case is also
evidenced by the RMS values. It is seen that the RMS values for each parameter is
much smaller under the fuzzy logic than under passive operation. These results are
quite persuasive and indicate that fuzzy logic was a better choice than semi-active

control.

5.5 Conclusions

A model three story building with a scaling factor of 1:9 was designed and built for
experimental tests. Four MRE isolators that can remain stiff under normal operating
conditions without any power consumption and soften its lateral stiffness to isolate
the building from seismic hazards were mounted between the shake table and the
model. A scaled El Centro earthquake motion was used as input to excite the
isolation system, and fuzzy logic was used to output the current signal sent to change

the mechanical property of the isolators in real-time. Both of these simulations and
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the experimental results showed that fuzzy logic reduced the inter-story drift and
acceleration over the full time range. The reductions in acceleration of the third
floor and second floor were by approximately sixty per cent and one quarter,
respectively, and relative displacement between the third floor and first floor
decreased by more than 20 per cent. These results verified that the stiffness softening
MRE isolators isolated vibrations and also proved that fuzzy logic was a better

choice for semi-active control.
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6 A SEMI-ACTIVE MRE TUNED MASS DAMPER FOR BUILDING
PROTECTION BASED ON MAGNETORHEOLOGICAL ELASTOMERS

6.1 Introduction

Apart from the base isolator as one of the effective way for building protection from
seismic events, tuned mass damper (TMD) is also an attractive method. This chapter
investigates and evaluates a semi-active tuned mass damper which incorporates four
multi-layered MRE structures. The four MRE structures formed a square and
provided the tuned mass damper variable stiffness used to track the excitation
frequencies. This design not only increases the stability of the tuned mass damper but
more importantly eliminates the magnetic circuit gap in a design which we used in
the past because all four of the magnetic circuits used to control the MRE isolators
are closed circuits. In order to verify the capability of the MRE-based tuned mass
damper to protect a building from an earthquake, extensive simulation and
experimental testing were conducted. The swept sinusoidal signal and the scaled
1940 El Centro earthquake record were used to excite a scaled three story building.
Both simulation and experiment have verified that the MRE-based tuned mass
damper outperformed all other passive tuned mass dampers under either swept

sinusoidal or seismic conditions.

6.2  Design and prototype of the proposed MRE TMD

Top Plate
“— Magneticcircuit |
—— Coils

Laminated MRE
structure

- Bottom Plate

Figure 6.1 Structure and photograph of the MRETMD

One of the innovations in this design is the adoption of the multi-layered MRE and
steel structure. This multi-layered structure has been popular and used for MRE
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isolators [20, 21, 197] and absorbers [210] for the advantages that it not only
improves the overall conductivity of MRE but enables large lateral displacement as
well. However, one big challenge is the inevitable magnetic flux leakage (MFL)
[211]. The most challenging target in designing the magnetic circuit of the
MRE-based device is to form an enclosed magnetic path with minimum leakage.
Only in this way can the magnetic flux leakage can be minimized and the magnetic
flux density maximized in the MRE. To avoid any magnetic flux leakage, this study
proposes a new design which assembles four multi-layered MRE structures together,
as shown in Figure 6.1. It is seen that the four multi-layered structures form a square
layout which is a more stable structure and retains sufficient lateral flexibility. These
four structures are in series connection when current is applied. The most noteworthy
point of this design is that one totally closed magnetic circuit forms between any two
adjacent multi-layered structures and thus there are a total of four closed magnetic
circuit. Any two adjacent structures have opposed winding directions of solenoid, so
that they will generate opposed magnetic fields when the current is applied. It is
shown in Figure 6.1 that the magnetic induction lines come out of the N-pole one
solenoid and go inside the S-pole of one adjacent solenoid, or vice versa. The clear
advantage of this design is that it guarantees most of the magnetic flux pass through
the MRE structures with minimum magnetic flux leakage. The prototype of the
proposed MRETMD is also shown in Figure 6.1. A mass of 8 Kg is attached on the
top of the MRE structures to improve the energy absorption efficiency of the TMD.
The detailed size of the MRE TMD is shown in Table 6.1.

Table 6.1 PARAMETERS OF MRE TMD

Parameters Values Parameters Values
h1 40 mm Ly 50 mm
h, 1 mm L, 5 mm
ds 35 mm Ls 100 mm
do 55 mm L4 5mm
ds 80 mm Ls 5mm
Excitation coil 1000 turns

After prototype was constructed, the magnetic flux density passing through the
MRE was calculated using the following equations.
The magnetic resistance of the MRE layers and steel layers can be calculated by:
20h, 20h,
R; = 6.1
LT @/ e | /2 (6.1)
The magnetic resistance of the four steel pillars is:

Rz = m(d1/2)2pz 1o (6.2)
The magneticresistances of the top and bottom plates are:
2d;
Ry = —— 6.3
3 7 2d;Lspano (6.3)

where p, is the vacuum permeability; p, is the relative permeability of the MRE
and p, is the relative permeability of the low carbon steel.

86



The overall magnetic resistance is given by:

Thus the following equation can be obtained following Ohm’s law:
2NI = B,S,Ry, (6.5)

where S is the area of the MRE layers and By is the magnetic flux density of the

MRE layers. NI is the magnetomotive force of one coil. The calculation results of the
two structures are shown in Table 6.2. Based on these results, it can be seen that the
new structure can generate stronger magnetic flux density under the same current.

Table. 6.2 The magnetic flux density of the two structures
Currents 0A 05A 1A 15A 2A 25A

By (Priordesign) T 0 0.08 0.17 0.25 0.34 0.42

By (Newdesign) T 0 0.12 024 0.36 0.49 0.60

6.3 Frequency shift test of the MRETMD

6.3.1 Experimental setup

The frequency-shift property is a key criterion to evaluate the effectiveness and
controllability of a semi-active MRETMD. In this experiment, a series of tests using
swept sinusoidal signals were conducted to measure the frequency-shift performance.
Figure 6.2 illustrates the detailed experimental setup, which mainly consists of the
shaker and the horizontal vibration platform. The MRETMD was fixed onto the
platform with two accelerometers (CA-YD-106) installed onto the top and bottom
plates, respectively, measuring their lateral accelerations. This vibration platform
was forced to vibrate horizontally by a shaker (VTS, VC 100-8) driven by a
harmonic signal generated by a computer and amplified by a power amplifier
(YE5871). A DC power supply (THURLBY-THANDAR, INSTRUMENTS LTD)
was used to provide current signals to the solenoids. A data acquisition (DAQ) board
was used as the interface between the hardware and the software and transferred the
measured accelerations to the computer. The signal collection, recording, and
processing were developed using the LabVIEW program. With this system, the
transmissibility of the laminated MRETMD with different currents was recorded and

displayed directly onto the computer.
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DAQ board
Accelerometers

| 11

Figure 6.2 Experimental set up for testing the frequency shift property of MRETMD

6.3.2 Testing results

In this test, the DC current was varied from 0A to 2.5A with a step of 0.5A. A total
of 6 testing cases were conducted. Figure 6.3 records the frequency-shift
performances (transmissibility and phase) under various current conditions. It is seen
that the natural frequency increased from 3.1Hz to 7.1Hz when the current was
changed from OA to 2.5A. The relative change of the natural frequency was about
229%, demonstrating that this MRETMD has a wide effective frequency bandwidth.
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Figure 6.3 Transmissibility of the MRETMD under different currents

6.4 Simulation of the scaled building with MRETMD

6.4.1 Modelling the isolated building

A three story building model was designed and built first. All the variables and
dimensions were scaled down according to the scaling laws in [207]. Detailed
scaled rules can be referenced to Table 5.1. The height of the building is 0.75m,
which corresponds to a real three story building of approximately 6.75m high. By
considering a three degrees-of-freedom (DOF) linear building structure with a
MRETMD on the top subject to ground motion, as shown in Figure 6.4, the motion

equations can be written as:
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= x

= xg

ks, c5

ki.cq

X1

Shaking table

Motion direction

Figure 6.4 Mathematical model of the scaled building

mzxz + CZ('X:Z - X3) + kz (xZ - X3) + Clx:z + k1x2 = mzxg (66)

mzXs — C(Xy — X3) — ka (X2 — X3) + crmp (X3 — X4) + krmp (X3 — X4) = m3xy
(6.7)

MrypXs — Crmp (X3 — X4) — Kymp (X3 — X4) = Myyp (6.8)

m; O 0 Cy —Cy 0
Where X = [X1 Xy XB]T, M = [ 0 m, 0 ], C = [_CZ Cy + C3 _C3]

0 O m3 0 _C3 C3
k2 _kz O
K==k, ky,+ks —ks|, m(i=1, 2, 3) is the mass of the ith floor; x; (i=1, 2, 3)
0 —ks ks

is the relative displacement of the ith floor with respect to the ground; ¢; (i=1, 2) and
ki (=1, 2) is the damping and stiffness coefficients of inter floors, respectively; crmp
and krwp are the current-dependent damping and stiffness coefficients of the
MRETMD, respectively. The masses of the building model are identical for each

story unit and given as m=25Kg, for i=1, 2, 3.

6.4.2 Fuzzy logic controller

Fuzzy logic control can offer a simple and robust framework for specifying nonlinear

control laws that can accommodate uncertainty and imprecision [208, 209].
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Alternatively, a fuzzy controller does not rely on the analysis and synthesis of the
mathematical model of the process, so the uncertainties of input data from external
loads and structural response sensors were treated in a much easier way by the fuzzy
controller than with classical control theory. Fuzzy logic uses IF-THEN rules as an
interface to connect the inputs and outputs, which means that continuous inputs are
transformed into linguistic variables which are then converted into numerical values
through defuzzication. In semiactive control, the numerical values provide control
commands that vary the mechanical properties of a semiactive control device. In this
study, the relative displacement and velocity between the top plate and bottom plate
of the MRETMD were used as inputs to control the lateral stiffness of the MRETMD
controlled by the controller output.

The designing process of a fuzzy controller begins with choosing inputs and output,
and defining the membership functions (MFs). As mentioned before, the inputs
chosen were x, — x5 and x, — x5. Each input has two member functions which
were abbreviated to: P-Positive, N-Negative. The output is the current signal and the
membership functions were defined as: L-Large, S-Small. Table 6.3 gives the

inference rule based on the two inputs.

Table 6.3 The inference rules of the fuzzy logic

Variables MF
X4 — X3 N N P P
X.4 - X'3 N P P N
MRETMD
_ Hard Soft Hard Soft
stiffness
Current L S L S

6.4.3 Simulation results.

A Simulink model that incorporated the three story building model was built. The
swept sinusoidal signal and the scaled 1940 EIl Centro record were then chosen as the
input to the simulation program. The simulation results include the transmissibility
responses under the swept sinusoidal signal, and the peak values for the accelerations

and relative displacement under EI Centro motions, of the third floor and the second
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floor. Figure 6.5 and Figure 6.6 show the transmissibility responses of the third floor
and the second floor to ground motion, respectively. Each of the two figures includes
nine cases which are the building without TMD, seven different ‘passive’ cases, and
a semi-active TMD. Here the ‘passive’ means that a certain current level was applied
to the MRETMD, such as OA, 0.5A, etc., so that these passive MRETMDs are
different from each other but with fixed parameters (stiffness and damping), while
the semi-active case means that the parameters of the MRETMD can be continuously
adjusted in real time. From Figure 6.5 and Figure 6.6, it is seen that the testing result
of the case without TMD has only one peak while the other seven passive cases all
have two peaks; and that the two peaks of each curve shifted to the right when the
applied current increased. The lowest point between the two peaks of any passive
curve indicates the most effective point where the MRETMD absorbed the largest
amount of energy. From Figure 6.5 and Figure 6.6, it can be seen that the effective
points of each passive MRETMD are near their natural frequencies and shifted to
right with the increase of currents. In terms of the semi-active MRETMD, it can vary
its natural frequency to trace the excitation frequency based on STFT control
algorithm [31]. Thus, the semi-active MRETMD can reach all the most effective
points and is shown as the red line in Figure 6.5 and Figure 6.6. The semi-active
MRETMD can reach the lowest transmissibility and outperforms all other passive
TMDs. In order to further verify the effectiveness of MRETMD, the performance of
the MRETMD controlled by fuzzy logic control algorithm was evaluated under
earthquake excitation. The simulation results are shown in Figure 6.7 and Figure 6.8.
It is seen that the peak values of acceleration and relative displacement change as the
currents changes, but the responses of semi-active remain the best among all cases,
especially for the relative displacement. These two figures effectively demonstrated
the efficiency of the semi-active MRETMD outperforms than other passive TMD on

reducing the accelerations and relative displacements.
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Figure 6.5 Transmissibility from ground to the third floor under the swept sinusoidal
signal
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Figure 6.6 Transmissibility from ground to the second floor under the swept
sinusoidal signal
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Figure 6.7 Peak values of acceleration of three floors with respect to the ground
under El Centro motions
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Figure 6.8 Peak values of relative displacement of three floors with respect to the
ground under EI Centro motions
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Figure 6.9 Photograph of the practical experimental set up

6.5 Experimental verification

6.5.1 Experiment setup

Figure 6.9 shows the whole experimental set up where the three story building model
was fixed onto the platform with the MRETMD mounted on the top. The first floor
stays relatively static with the vibration platform since they are screwed together.
Three accelerometers (CA-YD-106) were used to measure the accelerations and
displacements of the three floors, respectively. A laser displacement sensor
(MICRO-EPSILON Company) was mounted on the top floor to monitor the relative
motion between the top plate and the bottom one of the MRETMD. The first part of
the experiment was conducted by running the whole system under the swept
sinusoidal excitations, which consisted of a total of 8 cases for study and comparison.
The second part used the scaled 1940 El Centro data as the excitation to simulate a
real seismic scenario. The following subsections have given the detailed illustrations

and analyses.
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6.5.2 Experimental result under swept excitation

Figure 6.10 and Figure 6.11 show the transmissibility from the ground to the third
and the second floors, respectively, under the swept sinusoidal excitations. The
testing conditions are the same as used in the simulation results shown by Figure 6.5
and Figure 6.6. A total of six passive TMD with different currents and the building
without TMD were tested. The observations in the experimentally obtained results
match well with that in the simulation results (Figure 6.5 and Figure 6.6). There is
only one peak for the case without TMD and two peaks for the six passive cases. The
testing results indicate that the most effective vibration absorption points of each
passive TMD shifted to right with the increase of current. The semi-active
MRETMD controlled by STFT algorithm can trace the excitation frequency and
reach the most effective vibration absorption points under each excitation frequency
and its transmissibility, which outperforms than all of the passive TMDs, is shown as
red lines in Figure 6.10 and Figure 6.11.

8
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! ' —— With MRETMD (0A)
7+ H | With MRETMD (0.5A)
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Figure 6.10 Experimentally obtained transmissibility from ground excitation to the
third floor
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Figure 6.11 Experimentally obtained transmissibility from ground excitation to the
second floor

6.5.3 Experiment results under earthquake excitation

Three testing cases were included in this part, which are the three story building
without the MRETMD, with passive MRETMDs, and with semi-active MRETMD
under fuzzy logic. Figure 6.12 shows the relative displacement between the ground
and the third floor. It is obvious that the building without a TMD has the largest peak
response and performs worst during the entire time history; the passive case (no
current applied to the MRETMD) has better performance than the first testing case,
though, are much less than the semi-active case where fuzzy logic was used.
Similarly, the same observations can be found from Figure 6.13 which shows the
relative displacement between the ground and the second floor. The responses of the
case without MRETMD remain the worst and responses of semi-active case perform

best among these three cases.
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Figure 6.12 Relative displacement between ground and the third floor
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Figure 6.13 Relative displacement between ground and second floor

Figure 6.14 and Figure 6.15 show the accelerations of the third floor and the second
floor under three cases, respectively. It is seen that the acceleration responses of the
first case are comparable to those of the passive case during some periods; however,
the semi-active case still performs best during the whole time history. Table 6.4
shows the RMS of the inter-story drift and floor accelerations. Figure 6.16 and

Figure 6.17, which correspond to the simulation results shown by Figure 6.7 and
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Figure 6.8, present the relative acceleration and relative displacement of each floor
with respect to the ground, respectively. Similarly, each of the two figures includes
eight testings which are the building without TMD, six different ‘passive’ cases, and
a semi-active case. Each of the seven passive cases has fixed parameters but is
different from each other due to different current levels, while the semi-active used
the fuzzy logic control so that the parameters of the MRETMD can be continuously
adjusted in real time. The experimental results are consistent with the simulation
results shown by Figure 6.7 and Figure 6.8. The peak values of the accelerations and
relative displacements under semi-active control remains the smallest among all the
cases, especially for the relative displacement. All of the observations and analyses
from the experimental results have verified sufficiently that this semi-active
MRETMD under fuzzy logic guarantees the best vibration reduction performance

among all the tested cases.
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Figure 6.14 Acceleration of the third floor
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Figure 6.15 Acceleration of the second floor
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Figure 6.16 Peak accelerations of the building floors with different TMDs
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Figure 6.17 Peak relative displacements of the building floors with different TMDs

Table 6.4 RMS of the inter-story drift and accelerations

Control strategy X3-Xg (M) X2-Xg(M) X5(M/s%) %,(m/s°)
RMS(Semi-active) 0.31 0.26 0. 43 0. 44
RMS (Passive) 0.54 0.34 0. 52 0. 54
RMS (Without TMD) 0. 67 0. 42 0. 68 0. 64
(RMS(Passive)-RMS(Semi-active)%/ 43, 3% 24. 9% 16. 8% 19. 6%
RMS(Passive)

6.6 Conclusions

This chapter introduced an innovative MRETMD which included four multi-layered
MRE structures. This new design not only maintains the advantage of big lateral
flexibility but also improves the efficiency of the magnetic field by generating four
closed magnetic circuits. The frequency shifted from 3.1Hz to 7.1Hz when the
current was changed from OA to 2.5A has indicated the effectiveness and
controllability of the MRETMD as a method to reduce vibrations. The simulation
and experimental results fully verified its potential to protect the building from
ground motions. The transmissibility responses, the relative displacement, and the

relative acceleration as well as the peak displacement and the acceleration have
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clearly showed the superiority of the semi-active MRETMD over the passive TMDs
or the case without TMD.
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7 ANEW MRE TMD WITH DOUBLE NATURAL FREQUENCIES FOR
WIDE FREQUENCY BANDWIDTH VIBRATION REDUCTION

7.1 Introduction

As an extension of the work in Chapter 6, the design of an adaptive tuned vibration
TMD is refined to have two natural frequencies in this chapter for vibration
reduction. The innovation of the new MRETMD is the adoption of the eccentric
mass on the top of the multilayered MRE structure and thus the proposed TMD has
two vibration modes: one in the torsional direction and the other in translational
direction. This property enables the TMD to expand its effective bandwidth and to be
more capable of reducing the vibrations especially dealing with those vibrations with
multi-frequencies. The MRETMD was designed and tested on a horizontal vibration
table. The test results illustrate that the MRETMD realized double natural
frequencies, both of which are controllable. Inertia’s influence on the dynamic
behavior of the TMD is also investigated in order to guide the design of the MRE
TMD. Additionally, the experimentally obtained natural frequencies coincide with
the theoretical data, which sufficiently verifies the feasibility of this new design. The
last part in terms of the vibration absorption ability also proves that both of these two
natural frequencies play a great role in absorbing vibration energy.

7.2 Design and analysis of the MRETMD

Eccentric mass

Magnetic circuit

Laminated MRE
structure

Coil

(a) (b)

Figure 7.1 The schematic sketch and the prototype of the proposed TMD: (a)
Schematic sketch; (b) Prototype
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7.2.1 The structure of the MRE TMD

Figure 7.1 presents the schematic sketch and the photograph of the proposed TMD.
The first important component of the proposed TMD is a cylindrical structure which
encompasses a multilayered MRE pillar (m;), a solenoid, a steel cylinder, top plate
(my), and bottom plate. This structural combination has been widely approved and
used recently for its advantages that provide the translational flexibility and improve
the conductivity of the MRE as well as protect the MRE from bulging.

The weight ratio of carbonyl iron particles (C3518, Sigma-Aldrich Pty Ltd), silicon
rubber (Selleys Pty. Ltd), and silicon oil (Sigma-Aldrich Pty. Ltd) used for the MRE
fabrication is 7:1.5:1.5. The MRE sample was tested under a sinusoidal rotary
excitation with swept strain amplitude and frequency of 5 Hz. The MRE modulus
under magnetic field strength of OmT, 110mT, 220mT, 330mT, 440mT, and 1100mT
was obtained, respectively. The magnetic field strength was adjusted through tuning
the current. The storage modulus and loss modulus of the prepared MRE with respect

to different magnetic flux densities are shown in Figure 7.2.
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Figure 7.2 The storage modulus and loss modulus of MRE under different magnetic
flux densities: (a) Storage modulus; (b) Loss modulus

After the fabrication and test of the MRE, the multilayered MRE structure which
consists of 7 layers of MRE sheets and 7 layers of steel sheets can be built. The main
reason to design 7 layers of MRE sheets is to balance the resonance frequency in
torsional direction and the travel stroke of the oscillator. The thickness and the
diameter of the MRE sheets and the steel sheets are 1 mm and 35 mm, respectively.
This configuration has been widely approved and used recently for its advantages

that provide the translational flexibility and improve the conductivity of the MRE as
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well as protect the MRE from bulging. The lateral flexibility of the laminated
structure also increases the oscillator stroke. This means that a laminated MRE TMD
can absorb more energy, especially for vibrations with larger amplitude. This
compact MRE structure is fixed to two iron pillars with each end, respectively. A
solenoid is then used to house the MRE structure. The strength and direction of the
generated electromagnetic field can be controlled by changing the magnitude and
direction of the applied current. A 5 mm thick cylindrical steel cover was finally
installed outside the solenoid to close the magnetic circuit, shown as the yellow lines
in Figure 7.1.

The most important part of the TMD is the eccentric mass (m,). It is connected to the
main cylindrical structure through a steel beam (m3) which is fixed to the top of the
top plate (m,). The top plate and the eccentric mass together make it possible for the
TMD to have two vibration modes; one is from the torsional motion and the other
from the translational motion, as indicated in the TMD photograph.

7.2.2 Analysis of the MRE TMD

To explain how these two vibration modes are produced, theoretical derivation and
analysis are provided below.
With reference to [212], the increased shear modulus of MRE with different

magnetic fields can be calculated by:

46 = 360uoup?H," (%) ¢ 7.0
where B = (u, — w)(Mp +21) = 1, Y, is the vacuum permeability, p, ~ 1000
and ;= 1 are the relative permeability of the particles and silicon rubber,
respectively. ¢ is the volume fraction, a is the average particle radius, d is the
particle distance before deflection, ﬁo is the intensity of the applied magnetic field,
and ¢ = ¥, 5 ~1.202.

The torsional stiffness of the ith MRE sheet can be written as:

Gly  (GotAG),  (Go+360uomB2Hy (%) Ol
Ky =22 = G2 : (7.2)

where G is the overall shear modulus, G, is the initial shear modulus of MRE, L is
the thickness of the MRE sheet. I, is the polar moment of inertia of the MRE layer
and can be calculated by:

I, = mr;* /512 (7.3)
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where r; is the radius of the MRE layer.
The torsional stiffness of the whole laminated MRE pillar can be calculated by the

following equation:

2=y Y= (7.4)

krw - ki jzlk_rj
where k., is the overall torsional stiffness of the laminated MRE pillar, k, is the

torsional stiffness of steel sheet. It is known that k,; « ky, therefore k., can be

simplified as:
kyrw = %
(7.5)

The natural frequency of the laminated MRE TMD in torsional direction can be

written as:

_L/"r_w_i kri
fr_Zn J _Znﬁ (7.6)

where ] is the moment of inertia of the oscillator.

The moment of inertia can be calculated by the following equations:

myrs?
2

2 2 2
mqry myty msly
= + +
] 2

- - +m,d,’ (7.7)

+ m3d12 +

The main sizes of the designed MRE TMD are shown in Table 7.1. By substituting
equations (7.2), (7.3) and (7.7) into (7.6), the torsional natural frequency of the
laminated MRE TMD can be expressed as:

27 2(@)3 4
£l (Go+36¢uoB?Hy (3) mry (7.8)
r T o 2 2 2 2 .
2m 3584L(mlzr1 :mzzr2 :mil; :m3d12:m4zr3 rmady?)

The natural frequency of the MRE TMD in translational direction can be calculated
by [212]:

fe =

— 2/a\3
1 J(GO+36¢uouzf>’2H0 (3) 04 (7.9)

21 7(mi+my+mz+my)L

where A is the area of the MRE layer, the magnetic field ﬁo can be calculated by

the calculation method in [212]:

NI = ByrgSureRm (7.10)
Byrg = #MREﬁo (7.11)
Rm == Rl + Rz + R3 + R4_ + R5 (712)
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where NI is the magnetomotive force of coil, Bygrg is the magnetic flux density
passing through MRE and Sygrg is the flux area of MRE. R;, R,, R3, R4, and Rg
are the magnetic resistances of seven MRE layers, two steel pillars, air gap, steel
yoke, top and bottom plates, respectively.

Thus the frequency shift property of the as-designed MRE TMD in torsional and

translational direction can be calculated.

Table 7.1 Parameters of self-sensing MRE TMD

Parameters Values Parameters Values
h, 45 mm L, 5mm
L 1 mm L, 100 mm
I, 110mm L, 5mm
ry 18mm L, 7 mm
r, 45mm m; 0.2kg
rs 18mm m, 0.37kg
Excitation coil 1000 turns ms 0.13kg
m, 0.4kg

7.3 Experimental test of the MRE TMD

7.3.1 Experiment setup

In this part, the experimental tests were mainly focused on studying the dynamic
properties and the influence of the inertia of the oscillator on the behaviors of the
proposed TMD. Figure 7.3 shows the photograph of the experimental set up. The
TMD was fixed onto the vibration platform driven by a shaker (VTS, VC 100-8).
Two accelerometers (CA-YD-106) were used to measure the accelerations of the
excitation and the eccentric mass, respectively. A DC power supply
(THURLBY-THANDAR, INSTRUMENTS LTD) was used to provide current to the
TMD solenoid. A data acquisition (DAQ) board was used as the interface between
the hardware and the software and transferred the measured accelerations to the
computer. The signal collection, recording, and processing systems were developed

using the LabVIEW program.
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Figure 7.3 Experimental setup for characterizing the TMD
7.3.2 The frequency shift property testing

The frequency shift property is a key criterion to evaluate the effectiveness and
controllability of a semi-active TMD for the reason it reflects the effective frequency
bandwidth and the natural frequency of the TMD. The wider the frequency
bandwidth is, the more capable the TMD is. In this experiment, a total of six tests
using swept sinusoidal signals were conducted to measure the frequency-shift
performance. The DC current signal was changed from 0A to 2.5A with a step of
0.5A. Figure 7.4(a) shows the transmissibility of the TMD. The highest point in the
transmissibility is the resonance point. From Figure 7.4(a), it is obvious that each
case has two resonance points, for example, when the current was 2A, the resonances
occur at 5.39Hz and 22.4Hz, respectively. Table 7.2 gives the actual values of the
natural frequencies with respect to the currents. Based on this result, it can be seen
that the TMD with two resonances has wider effective frequency range (from 2.6 Hz
to 5.88 Hz and from 11.15 Hz to 26 Hz) compared with its counterpart torsional
TMD (from 2.6 Hz to 5.88 Hz) and translational TMD (from 11.15 Hz to 26 Hz). In
addition, compared with the TMD with single natural frequency, it has two effective
frequency ranges, which means it can better handle multi-frequency vibration

disturbance.
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Figure 7.4 The transmissibility of the TMD under different currents: (a). Amplitude;
(b). Phase
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Table 7.2 The torsional natural frequency and the translational natural frequency via
current

Relative
Current 0A 0.5A 1A 1.5A 2A 2.5A
change

Torsional natural
2.6 2.83 3.26 4.14 5.39 5.88 126%
frequency (Hz)

Translational natural
11.15 121 146 1934 224 26 133%
frequency (Hz)

It is noteworthy that the natural frequencies of these two modes do not overlap. It is
to say the maximum natural frequency of the first mode comes before the minimum
natural frequency of the second mode. Corresponding to the transmissibility shown
by Figure 7.4(a), Figure 7.4(b) is the phase difference between the eccentric response
and the excitation. From Figure 7.4 (b), the phase difference reaches negative ninety
degrees twice for each condition of current. This means this TMD has reached

resonance twice.

7.3.3 Investigation of the influence of the inertia on the two resonances
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Figure 7.5 The effect of changing the distance d, on the two resonances

As mentioned above, the position (d,) and the weight (m,4) of the eccentric mass will
significantly affect the frequency shift property of the proposed TMD. The change of

either the position (the moment arm) or the eccentric mass will cause the change of
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the moment of inertia of the eccentric mass. The following parts investigated how the
inertia of the eccentric mass influenced the two resonances. Figure 7.5 show the
influence of the moment arm of the eccentric mass on the resonances. As can be seen
the moment arm was set as 1cm, 3cm, and 5¢cm, respectively. It is observed that the
first mode natural frequency decreases as the moment arm increases. This can be
explained using Equation (7.7) and (7.8): the increase of moment arm causes an
increment on the inertia, which cause a decrease in the natural frequency. It is also
seen from Equation (7.9) that the moment arm d, has no function relationship with
the translational natural frequency, which matches well with the observations in
Figure 7.5 that the second mode natural frequency almost remains unchanged.
Therefore, it can be concluded that the first mode natural frequency can be changed,
independent of the second mode frequency, through the adjustment of the moment
arm da.

Figure 7.6 shows the influence of different masses on the two resonances. Three
cases were considered in this testing and each case has a different eccentric mass.
The whole curve shifted to the left when the mass was increased, which means that
the increased eccentric mass reduced the two natural frequencies. This observation
stays consistent with the theoretical analysis derived by Equation (7.8) and (7.9).
From the above experimental results and discussion, changing either the moment arm,
dy, or the eccentric mass, my, will produce different transmissibility responses (i.e.
frequency bandwidth), which will provide this TMD more choices to meet different

requirements.
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Figure 7.6 The effect of changing the eccentric mass on the two resonances
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The simulation results based on the theoretical analysis in section 2 (equations (7.8)
and (7.9)) are given. The simulation results include the torsional and the translational
natural frequencies under different applied current, different d,, and different m,.
Figures 7.7-7.9 show the comparison results between the experimentally obtained
natural frequencies and the theoretical data. It is seen from Figures 7.7 and 7.8, for
both the translational and the torsional natural frequency, the experimental results
agree well with the theoretical results when the applied current and d, were changed.
In Figure 7.9, even though the experimental data deviate slightly from the theoretical
prediction when it comes to the translational motion, it still reflects the right change
tendency of the translational natural frequency.
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Figure 7.7 The comparison between the theory and experiment under different

current
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Figure 7.8 The comparison between the theory and experiment under different
moment arm
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7.4 Vibration absorption evaluation

Upon the successful development and characterization of the proposed TMD, it is
also evaluated in terms of its vibration absorption effectiveness. Figure 7.10 shows
the photograph of the experimental set up. The adaptive tuned vibration TMD was
attached on the top of a mass which works as the primary system. Two
accelerometers acquired the accelerations of the primary system and the excitation,
respectively, and transmitted them to the computer. The vibration absorption
capability of the TMD is also indicated by the transmissibility. However, the
transmissibility here is defined as the ratio of the acceleration of the object to the
excitation. Therefore, the transmissibility will decrease when the excitation
frequency is close to the TMD’s natural frequency. Please be noted that although the
TMD uses torsional and translational direction vibration modes, the two resonance
TMD is designed to control one direction vibration of the primary system: the
translational direction. The translational vibration of the primary system can not only
induce the translational vibration of the oscillator of the TMD but also its torsional
vibration because of the existence of the eccentric mass. As a result, both of the two
mode resonances are effective to absorb the translational vibration of the primary
system. In this case, the new MRE TMD can occupy both resonance ranges to further
expand its effective frequency bandwidth compared with TMD with one natural

frequency.
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A total of six cases corresponding to coil currents of OA, 0.5A, 1A, 1.5A, 2A, 2.5A
were tested. Comparatively, the semi-active case, which means that the stiffness of
the MRE TMD can be controlled according to different excitation frequencies, is also
evaluated. In terms of the semi-active controlled MRE TMD, a short time Fourier
transform (STFT) control algorithm was used to control its stiffness to trace the
excitation frequency. The working principle of the STFT is explained by equations
(7.13)-( 7.18).

For the first step, the time segment can be calculated by multiplying the signal x(t)
by a window function h(t):

x:(t) = x(t)h(t — 1) (7.13)
where t is the fixed time, and t is the running time. The hamming window is used as
the window function. After that, the Fourier transform for the modified signal is

calculated as:

X (0) = %_n [ x(Oh(t — T)e @tdt (7.14)
The energy density of the windowed signal at the fixed time t can be calculated by
P(1,0) = X, (o)

= |\/%_nfx(t)h(t —T)e J@tdt : (7.15)

which can provide the time—frequency distribution. Then the instantaneous frequency

attime t is given by

1
lx(D)I?

After determining the excitation frequency, the natural frequency of the MRE TMD

(W) = J wlX(w)|?dw (7.16)

should be tuned to trace the excitation frequency so that the object’s vibration can be
attenuated. In other words, the desired natural frequency of the MRE TMD f,. and
f. can be known. Based on the relationship between current | and the natural
frequency of the TMD given in equation (7.8)-(7.10), the desired current can be
calculated by the following two equations.

When the excitation frequency is within the torsional resonance range, the current
can be calculated by:

] = UMREHoSMRERmM _
N

2 2 2 2
\/3584L(2nfr)2(m”1 M2t  mal” L, g2 MaT3T m4d22) — %G,

UMRESMRERm 2 2 12 2

N

semri*puomp? (%) ¢
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(7.17)
Similarly, when the excitation frequency is in the translational resonance range, the

current can be calculated by:

_ UmreHoSMre Rm
N
2 —
— #MRESII\;/IRERm 721 f) (m1+mz+m;-';m4)L AGo (7.18)
360 uomB2(g) ¢4

Figure 7.11 shows the testing procedure. The acquired acceleration signals were
processed by the STFT algorithm to analyze the excitation frequency fe. After the
excitation frequency is obtained, the controller will calculate the desired current for
MRE TMD based on equation (7.17) and (7.18) so as to tune the natural frequency of
the MRE TMD to trace the excitation frequency. Upon receiving the current signal,
the power amplifier will power the current signal to adjust the stiffness of the MRE
to track the excitation frequency. The vibration absorption performances of different
passive MRE TMDs (with different constant currents) and semi-active controlled
MRE TMD are shown in Figure 7.12. The vibration absorption points of each
passive MRE TMDs have been displayed with different alphabets. For the passive
MRE TMD, all of them have two vibration absorption points induced by the two
vibration modes, respectively. For example, when the current is 1.5A, the absorption
points are D (torsional resonance effective point) and J (translational resonance
effective point). The red line in Figure 7.12 is the tested result of the semi-active
MRE TMD under the frequency trace control. It is noteworthy that this semi-active
transmissibility almost connects all the lower points. This means the controlled
semi-active TMD remains in a most effective status all the time when the STFT
control algorithm applied.
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Controfler section

Figure 7.11 The flow chart for the semi-active control
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Figure 7.12 Transmissibility response indicating the vibration absorption
effectiveness

7.5 Conclusions

A MRE based vibration TMD involving an eccentric mass was designed,
implemented, and tested in this study. The eccentric mass enables the TMD to have a
torsional vibration mode as well as the translational vibration mode. The
transmissibility and the phase difference show that these two natural frequencies of
different vibration modes increase as the applied current increases, and the torsional
natural frequency changes from 2.6Hz to 5.88Hz with a relative change of 126%
while the translational natural frequency varies from 11.15 Hz to 26 Hz. In addition,
the frequency bandwidth can be adjusted according to different working conditions

by adjusting the moment of inertia. The theoretical analysis and its consistence with
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the experimental results provide evidence that this new design is effective and
feasible. Additionally, the vibration absorption experiment demonstrates that both of
resonances of the proposed TMD effectively absorbs vibration energy, implying that
the new TMD can further expand its effective frequency range compared with an

MRE TMD having only a single resonance.
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8 CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

The main objectives of this dissertation are to investigate the up-to-date aseismic
technology for buildings, with special emphasis on the research and development of
MRE based devices and applications. This research develops and progresses focusing
on the following aspects: material choosing and study, device design and
development, device modelling, theoretical and experimental evaluation, etc. The
contents of this dissertation have met the predetermined goals. The main original
contributions of this research include a comprehensive review on MRE and its
application, modelling a stiffness hardening MRE isolator, a new device design, i.e.
stiffness softening MRE isolator, comprehensive experimental evaluation and
verification, and development of an MRE based tuned mass damper with newly

proposed structure and magnetic circuit.

8.1.1 Modelling the multi-layered MRE isolator

Successful device development and design is exciting, though, it is not the ultimate
goal. Instead, successful practical application of the designed devices is the ultimate
pursuit. To achieve this, a series of extra work including modelling and control logic
development has to be done. Finding an appropriate model that can accurately
describe the unique characteristics of devices is a necessary step before advanced
control logic can be accessed. In chapter 3, a phenomenological model is proposed to
simulate the mechanical property of MRE isolators. Special attention is paid to the
properties of Mullins effect, strain stiffening, and nonlinear loops of the MRE
isolator. It is worth mentioning that the parameter-dependence investigation of the
model performance is significantly helpful with accurate parameter adjustment if
certain performance metric must be met. The precise modelling of the MRE isolator

has enabled the exploitation of advanced control algorithms.

8.1.2 Stiffness softening MRE isolator

It has to be admitted that MRE based base isolator has attracted considerable
research attention in recent years. This kind of technology has evolved from single

layer to multiple layers isolators, from stiffness hardening to stiffness softening.

119



Considering the actual situation that a really effective base isolator should decouple
the protected structure from the ground motion by becoming soft, a stiffness
softening MRE isolator is designed and presented in chapter 4. This MRE isolator
can operate in a passive mode with relatively high stiffness under normal operating
conditions by using a pair of permanent magnets, and it becomes relatively soft when
earthquakes occur by triggering the electromagnetic coil the magnetic circuit to
cancel the field of the permanent magnets. This design provides a higher level of cost
reduction, power efficiency, and sustainability. Its aseismic capability on a scaled
three building is evaluated and verified in chapter 5. The inter-story drift and
accelerations of the three-story building model are obviously reduced by using this
stiffness softening MRE isolator. This successful proof-of-concept has made this
stiffness softening MRE isolator a potential candidate for practical aseismic
application.

The requirements of the MRE isolator include two aspects: the first one is to provide
enough vertical support capability; the second one is to maintain larger stroke range.
In order to achieve these two goals, passive laminated rubber-based isolator has been
widely used and its feasibility has been verified. Our design only replaced the
natural rubber with MRE material, which means the MRE isolator possesses the
above two advantage and it is feasible to be utilized for the structure of real

dimension.

8.1.3 MRE based tuned mass damper

Apart from base isolation technology, tuned mass dampers are also a widely accepted
means for protecting building from earthquakes. However, a tuned mass damper
using an MRE as a stiffness element is seldom reported in the literature. The
advantage brought by using MREs is that the device can have multiple natural
frequencies by adjusting the stiffness of MRE so that it can more effectively deal
with the variability and unpredictability of earthquakes. To improve this MRE based
tuned mass damper, a little more thought is paid to the structure and magnetic circuit
of this MRE tuned mass damper. The square layout of four multi-layered MRE
structures increases the stability and lateral flexibility of this device and meanwhile,
reduces the magnetic leakage because four closed magnetic circuit are formed.
Besides the creative design, the vibration reduction capability is always the most

important evaluation standard for a new device. A scaled three story building acts as
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the protected subject and the scaled El Centro earthquake motion data is chosen as
the seismic event to evaluate the vibration reduction effectiveness of the MRE tuned
mass damper. Both the simulation results and experimental results verify that this
MRE tuned mass damper is of protecting buildings from earthquakes. As a means to
increase the number of natural frequencies of MRETMD, an eccentric mass was
attached to a multi-layered MRE structure so that the MRETMD has two natural
frequencies. In this way, the controllable MRETMD can handle with vibrations with

multiply frequencies.

8.2 Future Work

(1) For material itself, the mechanical properties of MREs should be further explored.
For example, their properties can be adjusted by considering changing the
compositions, component ratios, and fabrication conditions. Expectations of the
potential applications of MREs should cover more adaptive devices rather than just
limit to vibration isolation and absorption. One possible solution for this is to find a
new operation mode for MRE. Extra attention should be paid to those MREs with
longer life span, stronger intensity, higher stability, and better permeability because
such materials are in high demand. For example, natural rubber based MRE has
higher stability and longer life span than the silicon rubber based MRE.

(2) Optimized design of parameters of MRE devices need to be carried out
according to actual requirement in order to get the best performance.
(3) Advanced controllers, such as robust control and sliding mode control, that can
enhance the response time, adaptability, and controllability of MRE devices need to
be designed, evaluated, and optimized.
(4) Design of magnetic circuit still needs improvement and optimization for the
purpose of energizing thick MREs with large size. To meet the required performance,
large sized MREs are needed to be placed in the devices and thus a strong magnetic
flux is required to fully energize these materials. A possible solution for this problem
may be found by the optimal design of the magnetic circuit, such as coil placement.
(5) As mentioned above, practical application and even commercialization is always
the ultimate destination of theoretical investigation. In this regard, it is not enough to
limit research to the lab scale. Large scale that matches practical equipment or

devices is what the future research must focus on.
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