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ABSTRACT

A passive autduning mass damper (PATDH) is a vibrationcontrol device that consists of a
mass which is suspended in the top region of a structure and is forced into motion, due to
inertia, when the structure is excited. sAeel test structureis used to carry out the
experimental investigation. THRATMD is connected to the structure to be controlled by a
group of inelastic ropes and is free to move in any translational direction. It moves relative to
the structure, utiing and dissipating large amounts of energy as it swings from side to side,
and in thé way, the vibrational energy of the structure is absorbed and consequently the

vibrations of the structure are controlled.

Firsttt he OPATMD efficiency testsé are carried
translational, torsional and couplfde vibration testgnitially withoutthe PATMD and then

with the PATMD, in order to deterime the damping effects of the PID. Thetestmodel

is thensubjected to forced harmonic vibration tests similar to those described afbvbe

damping effectsare again analysed These tests aim to demonstrate tRATMD 6 s
effeciveness in controlling thé&anslational vibratiorin two directions torsionalvibration

and coupled vibrationynder both free and forced excitatiovithout being tuned

Secondlya parameter study is carried outerebythe dynamigropertiesof the primarytest
model are varied whilst the PATMD isleft unchanged.The free and forced vibratiotests
are repeated. Finally, thegperties of the PATMD are vad whilst the primarymodel
remains unaltered. Agairé testdescribedaboveare repeated, withowainy tuning of the
systemtakingplace

The resultsof the 6 PATMD e f f i cdeneonstrage itdcapabilitgy 6f providing
significantcontrol to translational, torsionalra coupled vibratiosiof the structurewvithout
being tuned in any way Furthermore, he parameter study demonstratae PATMD 6 s
effectiveness underery different conditions of the systenwithout having undergone any
tuning or specific adjustment. Thests reveal that tHeATMD is robust, uncomplicated and

versatilemaking it an ideal application f@ngineering structures.
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Chapter 1

INTRODUCTION

1.1 General

The control of the dynamic response of structures to certain loads is an important focus of
study in Civil Engineering, aiming tdiminate unwanted vibrationand b maintain a safe

and comfortable environmefdr the inhabitants of a structuré/ibrations can occur in floor
systems of tall, flexiblduildings due, most commonly, to excitation from human activity,
wind, and seismic activity. The dynamic naturehafse loadsancause vibrations which are

not usually a safety concern but rather a serviceability jssaesing discomfort to the
occupants One way of decreasing the vibrations inextisting structure is to change the
bui | dstifimepHos mass however this may not be a viable solution due to space

limitations, construction disruptions and cost.

In relatively recent years, the research of vibration control on Civil Engineering structures has
increased with the development of actiaed passive antrol devices Passive control
devices are those which are activated by the excitation of the structure and possess no
feedback capability. They seem to be favoured due to the fact that they do not require power
for their use as well as their mechanisiahplicity and efficiency. A common passive control
device which is frequently featured in the literature is the Tuned Mass Damper (TI1B).

World Trade Center Towers (1973) in New York and the John Hancock Tower (1976) in

Boston were among the firstgetical applications of this type of control device. Since then,



a number of highise buildings, towers, bridges, chimneys and mast structures have been

fitted with a TMD in order togppress wind induced vibrations.

Although TMDs have been widely swessful inmany applications around the warlidhey
possesswo main shortfalls their sensitivity todetuning and the lack of efficiency in
controlling torsional and coupledvibration For this reason, passive auttuning mass
damper(PATMD) is propogd, which aims tceliminate these shortcomingand create a

vibration control device which is simple, yet also feasible and effective.

1.2 Objectives of Study

It is obvious from observing the results of TMD applications that this systevibration

contol for the protection of Civil Engineering structures has baerffective solution As

stated above,lthough TMDs have achieved a great amount of success, the main shortfall of

their use is their need to be tuned to a particular modal frequency arfdcththat their

efficiency depends strictly othis frequency. Unfortunately, ttet r uct ur e$can f r equ
change with time due to changestire buildingd sise or occupancy and changes to-non
structural elements. These modifications may adjustthe b di ngdés mass or
therefore alter its modal frequenciesurthermore, ors in predicting the natural frequency

of the structurare inevitableas well asnaccuraciesn the fabrication of th&MD.

Generally, a TMD is used only to cooltrone frequencyf the structuré the frequencyo
which it has been tunedHowever, a redife structure will clearly contain more than one
natural frequency as it can vibrate a few translationaldirections (all with different
frequencies), as wedlsin torsiond and coupledirections élso with separate frequencies
Theoretically, each frequency to be controlled would require its own TNBe proposed

PATMD aims toindependentlgontrol multige frequencies of the structure

A further shortcoming of ypical TMDs is that theydo not effectivelycontrol torsionaland

coupledvibration which could be present inlfalender buildings

The objective of this research is therefore to come up wisaivevibration control device

which can control more than one frequenafythe structure.lt should be robust, so that if the

2



conditions of the system change for some reason, it does not run the risk of becoming
detuned. It must becapable of controlling torsional and coupled vibrationswa#l as
translational vibrations on tall structureBurthermore,timust be effective, but also simple

and practicalso that it can be adapted for use in-tg@lstructures.

1.3 Scope

The researchontained in thisesearch repors presented in thfollowing order:

Chapter Zontainst he O6Li terature Revi ewilesunwmaryathe pr es e
literature that is available oa number ofdifferent types of vibration control devicéisat
have been developed®n Introduction toVibration Cont r ol 6 di scug$oses ho
damping devices came aboahd documentshe differentways in whichvibrations on
structures can be controlledDampers and Detunidgliscusseshe pertinent problem othe
detuning of TMD systemsand considers varioussolutions 6 Damper s and Tor

Vi b r adisdusses forsional vibration control.

Chapter 3containst he O Ex per i me nt autlines e vahoosdpiocessebbti ¢ h
were underten in carrying outhis research.It describes the experimental getused for

the tests, as well ase experimental procedure followed.

Chaptes4to 8 containt he O Resul t s wiich presddt tiee cesutsin graptical
form, as well as wmmarisng the outcomes of the experimental tests and diswyssy

obsevations.

Chaptes9and1l0c ont ai n t h ea ndodC odnked rutshrespedie.Cleapter © h 6
summarise the findings thatcanbe drawn from the experimentaist result@and Chapter10

listsa few areas ahestudy which should bmvestigatedurther



Chapter 2

L ITERATURE REVIEW

2.1 An Introduction to Vibration Control

In recent yearsgnany office and apartment typeildings have evolved from beingelatively
short, sturdy, low-rise structures to tall, slendelightweight assemblies There are many
factors whichhaveled to thisstructural evolutionncluding the emergence of innovations
such asreliable elevators; electric lights and mechaiglumbing pumps;and more
importantly new construction materials angtructural design and analysis techniquen
increasing ppulation meant that more space was required to accommodate everyone
especially in business districts asoromic growthtook place The emergencef the
skyscraper brought with it a number of newaldnges for thearchitects,designes and

contractors

The first g e n er a tvéremao higtef thad ¥swmreyls and werd bdiit fnogns 6
heavy masonryvalls. The loads were supported by these walls which got wider and wider
towards the basas the structure got taller. Although the great amount of space taken up by
the masonry walls was undesirable, they provided a considerable amount of stiffness to the

building, andgaveit attractivedamping baracteristics



The 10-story steelframed Hbme Insurance Building in Chicago constructed in 1884 is
considered to be the oOoworl dés first skyscrarg
structural steel frame, and weighed about a third of what it would have weighed had the usual
heavy maonryor stonebeen used.This new type of construction allowed for more floor

space and windows but city officials were so concerned and uncertain thlsogtound
breakingapproachthat they halted thgrojectwhilst a safety investigation was carriedt

(Landau and Condit, 1996).

FigurelThe O6worl dés first skyscraperé, the Home

The Home Insurance Buildingas constructed in the middleaf 6 skyscraper bat
took pla@i n t he 18800s between Chicago and New
metropolis with the most impressive skylin@he race to be the talleBtilding ensuedn

busy business districts as skyscraper desighconstructiobbecame anoreviable opion. A

few decades laterhé Chrysler Building (1930) ardD Wall Stree{1930) both in New York

were also imolvedinad bat t | ed f o r(Alit2008). At comm@etion,dhe Chryslér e
Building stood at the same height i&s rival project, howeer 40 Wall Streetdesigner, H.

Craig Severance changed the originally announced height, and increased the building by 3

storeys, quickly announcing it o6the tallest

5



William Chrysler obtained permissionrfa 38m spire to be placed at @BbryslerBii | di ng o6 s
peak, gi ving it the title of wor |l ddived t al | e
however, as the Empire State building was completed 11 months later and stig3h at

making itt h e w o lest li@isg fdrtleelnext40 yeargAli and Moon, 2007). Although
theseimpressive heights were accomplished throtighemergence of the steel frame system

and other technological advancemerggcessivestructural material wastill being used

makingthesestructuredairly overdesignedand uneconomical

Figure2. The similar looking (alChrysler Building(1930) (b) 40 Wall StreeBuilding (1930) andc)
the Empire State Building1931)

A new generation of econondl and efficient structures emerged in about the 19608s
was due to the design of tall structsiteeing optimised as a resulf the development of
sophisticated structural modelling packages andtiventof lighter materials.Advances in

materialscience saw thdevelopmenbdf high-performance and light weight steel, concrete
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steel composite systems, megaframes and tube sysWialts were no longer loadearing,

as curtain walls containing glass, copper cladding and louvres emérgedesultsvere not

all positive though. The lighter sections which wbengused caused structures to have
much higher flexibility and reduced dampinbaracteristics This is particularly a problem
with skyscraperswhich are subjected ttarge wind loadsas hey travel higher The
accelerations inbuildings increase rapidlywith increasing height causing unwanted

vibrations in the structués floor systemg§Schmidt, 2012)

Furthermorejn areas susceptible to seismid¢idty, as a structure becomes taleend more

flexible,t he structur eds omadoser tathe forcing fraqeences veneh b e c
would be experienckin an earthquake The st r uct uwald sherafoeesbp o n s e
magnified as itnears resonanceThe Grand Hyatt hotel in San Fraeco provides gests

with a note on a windy dagdvising them that there may be creaking noises as the building
gently sways back and forth in the wind.
movement is not a structural concdaut rather a servicédity issue the inhabitantoften

find it disconcerting and some even suffer from motion sickness in severgleakksvitz,

2010). Therefore, even if theibrations arenot astructural integrityconcern,an acceptable

level of comfortneeds tde pravidedto the occupants of the building

The wor | buidsg, theaBuij Khalita is shown in red below, commghte a number

of otherskyscrapers Fol | owi ng Americabds domination of
1 9 0 0 6 s-tall beildimgy eonstriction has slowedn the areaand there are now only two
American buildings in the top ten, the Sears Tower and the new World Trade Center. Six of
the top ten are situated in Asian countries and two are in the Vi@diEeThe surge of super

tall structurs has happened relatively quickly making the development of effective vibration

controltechniquesmperative
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Figure3. The Burj Khalifa compared to otherell-knowntall structures.

2.1.1Different Vibration Control Techniques

There are a few ways in which the excessive vibrations on a structure can be dealt with. The
first way is to alterthe mass or stiffness typically of an existing structure which is
experiencing excessive vibrationin this way the strut ur e 6 s poperties will de
modifiedandt he structur edbds dyn amMewstructera glamenssesucit a n
as shear walls or bracing can be added to the existing building or beam/column jacketing
could be performedh order to strengthemembers However, these modifications apéien

notfeasibledue to cost restraintspace restraints and aesthetic reasons

The eight storey reinforced concrete Wallace F. Bennett Federal Building which was built in
the 196006s i s Washtchafduleid Utahe d&here wwere cbricezns that the
building would not perform well under an earthquake, an@001 the owner elected to
rehabilitate the building in order to prevent collapse during a seismic event with a 475 year
return period. In orer to cause the minimum disruption to the occupants, a braced frame

system to be added to the exterior of the building was selecdetbtal number of 344


http://upload.wikimedia.org/wikipedia/commons/f/f5/BurjKhalifaHeight.svg

buckling restrained braces (BRBs) were installed, each having a yield force of between
900kN and 850kN (Brown,Aiken and JafarzadeB001).

@)

Figure4. (a) The Wallace F. Bennett building and (b) the building witlgtaging showing the
buckling restrained bracing.

Secondly, in the case of tall, slender bintgs, aerodynamic changes to the buildnghape
can limit the windinduced vibrations on the building.Consideration of the wind in
designing a skyscraper is paramount. Gravity loads are well understood and easy to deal with
as they only act in ondirection- down. However, wind loadat high altitudesare less
predictable and are more complex. They can place extremely large lateral forces on tall

structures, causing it to sway and twidgiendiset al., 2007.

The shape of a building can signéittly affect the wind forces is subjected to and thereby
itsresultingmotion.By changing the structureds aerodyn.
phenomenon can be reducé&min andAhuja, 2010Q. In buildings that are yet toebbuilt,

chamfered arners, openings the structureand altering the buildingsross sectional shape

with height can all be considered in order to reduce the-imithaiced vibrations. In existing

structures, the addition of fins/vented fins could have significant effedteecalongwind and

crosswind response characteristidgigure 5 below shows possible aerodynamic alterations
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to a square buildingAlthough an aerodynamically efficient plan shape dam aneffective
means ofsuppressing winghduced loads, the size andlue of saleable/rentable floor area

may be reduced.

EE HOS

Basic Fins Vented fins Slotted corners Corner cut/
Chamfered corners

Corner recession Corner recession (double) Roundness of corners Through opening

Figure5. The various aerodynamic alterations to corner geonfigageem, Kijewski and Tamura,
1999)

The Shanghai World Financial Center was constructed with aniragp near the top ohé

building in order to improvés resistance to adverse aerodynamic effeltts oftenreferred

to as 6the bottl e ope,skowdin Rguré. Theotalléstbsildingnt er e
in the world, the Burj Khalifa wasonstructed with a tapering cressctionin order to

6conf us e sotthatess twri onrd@d f | ow p(Beblowiz, 2010 The inévenf o r m
crosssection prevents the wind fronorming whirlpools or vortices around the building

which would cause largeads on the structureéOver 40 wind tunnel tests were conducted on

the Burj Khalifa in orderto examinewhat effectshe wind would have on the tower and its
occupants Tests were carried out oarbe structural analysis models and facade pressure

tess were completed. As it stands, the Burj will still sway about 2 meters at the top.
Interestingly, a new monitoring technology c8knartSyndas beercommissioned fothe

Burj . It wi || provide feedback aéarthquakest he b
and wind stor ms, and wi l |l therefore Ths used
is ausefulapplication in structures with vibration control in order to assess the restlhis of

relatively new technology. Consequently, it alloappropriatechangedo be madewhere

necessaryin order to improve these applications going forward
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Figure6. The Shanghai World Financial Cently The Burj Khalifa.

The third way in which excessive vibrat® of buildings can be dealt with, is the addition of

an auxiliary damping deviceUnlike the mass and stiffness characteristics of a structure,
damping is not & easily measurable physical property and is often difficult to engineer
without the additionof an auxiliary damping system