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TopicsTopics
•• Design criteria to be satisfied for windDesign criteria to be satisfied for wind--

induced vibrations of buildingsinduced vibrations of buildings
•• A review of various means to reduce windA review of various means to reduce wind--

induced responses of buildingsinduced responses of buildings
•• Some statistics on damping devices and Some statistics on damping devices and 

buildings employing them in Japanbuildings employing them in Japan
•• FullFull--scale proof of efficiency of damping scale proof of efficiency of damping 

devices devices 
•• Points to note in designing damping devices Points to note in designing damping devices 

and in evaluating their performanceand in evaluating their performance
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Seismic Force & Wind ForceSeismic Force & Wind Force
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Building HeightBuilding Height
≈≈ 200m200m

Seismic ForceSeismic Force

Wind ForceWind Force

Seismic Force & Wind ForceSeismic Force & Wind Force

•• Tall BuildingsTall Buildings
  -- Seismic ForceSeismic Force：：Inertial ForceInertial Force
  Light Weight & Flexible Light Weight & Flexible 
  -- Wind Force   Wind Force   ：：Surface PressureSurface Pressure
  Massive & StiffMassive & Stiff
•• Seismic ForceSeismic Force＞＞Wind Force  (Wind Force  (HH < 200m)< 200m)
  →→ Buildings in Japan are basically designed   Buildings in Japan are basically designed   
  against seismic force.  against seismic force.  
  →→ Vulnerable to WindVulnerable to Wind
  →→ Auxiliary Damping DevicesAuxiliary Damping Devices
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Criteria for Criteria for 
Wind Resistant DesignWind Resistant Design

in Japanin Japan

Wind Response CriteriaWind Response Criteria
•• Level 0 Wind:    Level 0 Wind:    1 1 -- Year RecurrenceYear Recurrence
HabitabilityHabitability Acceleration < HAcceleration < H--1,2,3,41,2,3,4

•• Level 1 Wind:  Level 1 Wind:  50 50 -- Year RecurrenceYear Recurrence
FunctionalityFunctionality Drift Ratio < 1/200Drift Ratio < 1/200

Stress < Allowable StressStress < Allowable Stress

•• Level 2 Wind: Level 2 Wind: 500 500 -- Year RecurrenceYear Recurrence
Structural SafetyStructural Safety Mostly ElasticMostly Elastic

•• Instability : Instability : 1000 1000 -- Year RecurrenceYear Recurrence
Onset Wind Speed > Onset Wind Speed > UU10001000
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WindWind--induced Vibration Problems induced Vibration Problems 
to be Suppressedto be Suppressed

Habitability to Habitability to 
Building VibrationBuilding Vibration
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Probabilistic Human Perception 
Threshold

Tamura (1998)Tamura (1998)
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AlongAlong--wind Response & Acrosswind Response & Across--wind wind 
ResponseResponse

•• AlongAlong--wind wind ::
  XX((tt) = ) = XXmm + + xx((tt))
•• AcrossAcross--wind:wind: zero meanzero mean
  YY((tt) = ) = yy((tt))

AlongAlong--wind wind 

AcrossAcross--windwind AlongAlong--windwind

AcrossAcross--windwind

AlongAlong--wind Response & Acrosswind Response & Across--wind Responsewind Response

①①AlongAlong--windwind

YY
②②AcrossAcross--windwind

XX
③③AlongAlong--windwind

XX

④④AcrossAcross--windwind

YY

•• XX--dirdir..③③AlongAlong--wind wind >>②②AcrossAcross--windwind H H << 85m85m
  ②②AcrossAcross--windwind >>③③AlongAlong--windwind HH >> 85m85m
•• YY--dirdir..①①AlongAlong--windwind >>④④AcrossAcross--windwind H H < 150m< 150m
  ④④AcrossAcross--windwind <<①①AlongAlong--windwind H > H > 150m150m

・・20m20m××40m40m ・・Category IICategory II
・・UU00=35m/s   =35m/s   ・・100y100y--recurrencerecurrenceWindWind

WindWind
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AlongAlong--wind Response & Acrosswind Response & Across--wind Responsewind Response

①①AlongAlong--windwind

②②AcrossAcross--windwind ③③AlongAlong--windwind

④④AcrossAcross--windwind

zz 0     < 0     < HH < 150m:   Max. Wind Load = < 150m:   Max. Wind Load = ①①AlongAlong--windwind
zz150m <150m < HH < 250m:   Max. Wind Load = < 250m:   Max. Wind Load = ④④AcrossAcross--windwind
zz HH > 300m:   Max. Wind Load> 300m:   Max. Wind Load = = ②②AcrossAcross--windwind

・・20m20m××40m40m ・・Category IICategory II
・・UU00=35m/s   =35m/s   ・・100y100y--recurrencerecurrence

WindWind

WindWind

Suppression Suppression 
of of 

WindWind--Induced ResponseInduced Response
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Suppression of WindSuppression of Wind--Induced Induced 
ResponseResponse

•• MMSSŸŸ + + CCSSYY + + KKSSYY
= (1/2)= (1/2)ρρUU 22BB22CCWW(t)(t) ++FFC C (t)(t)

MMS S : Mass,  : Mass,  CCS S : Damping Factor, : Damping Factor, KKS S : Stiffness, : Stiffness, 
Y Y : Displacement,  : Displacement,  U U : Mean Wind Speed,  : Mean Wind Speed,  ρρ : Air: Air--density, density, 
CCWW((tt) : Aerodynamic Coefficient,  ) : Aerodynamic Coefficient,  FFCC((tt) : Control Force) : Control Force

•• ŸŸ**+2+2ζζSS YY** + + YY**

= = nn**UU**2 2 CCWW(t(t**)) ++FFCC
**(t(t**))

ζζS S : Damping Ratio,  : Damping Ratio,  YY ** = Y= Y /B/B : Reduced Displacement, : Reduced Displacement, 
UU* * = = U/U/ωωSSB B : Reduced Velocity,  : Reduced Velocity,  nn** = = ρρBB 33// 22MMSS : Mass Ratio, : Mass Ratio, 
ωωS S = 2= 2ππffSS : Building: Building’’s Natural Circular Frequency, s Natural Circular Frequency, 
FFCC

**((tt**) : Non) : Non--dimensional Control Force for Unit Massdimensional Control Force for Unit Mass

··

··

Suppression of Suppression of 
WindWind--Induced ResponsesInduced Responses

•• Aerodynamic MeansAerodynamic Means
  -- change in sectional shapechange in sectional shape
  -- shear layer controlshear layer control
•• Structural DesignStructural Design
  -- increase in massincrease in mass
  -- increase in stiffnessincrease in stiffness
•• Auxiliary Damping DevicesAuxiliary Damping Devices
  -- increase in dampingincrease in damping
  -- vibration controlvibration control
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Various Means to Suppress Various Means to Suppress 
WindWind--induced Responses of Buildingsinduced Responses of Buildings

Aerodynamic Means to Suppress Aerodynamic Means to Suppress 
WindWind--Induced ResponsesInduced Responses

Buildings and TowerBuildings and Tower--Like StructuresLike Structures
•• Corner Cutting, Corner ChamferingCorner Cutting, Corner Chamfering
•• Opening HolesOpening Holes
•• Helical Strakes, FinsHelical Strakes, Fins
•• Shrouds, Splitter PlateShrouds, Splitter Plate
•• JetsJets
•• RotorsRotors
•• Vibrating PlateVibrating Plate
•• Changing Sectional ShapesChanging Sectional Shapes
•• etc.etc.
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Aerodynamic DesignAerodynamic Design

•• Wind Direction (Building Orientation)Wind Direction (Building Orientation)
B B = 20m,  = 20m,  D D = 40m,  = 40m,  H H = 40m= 40m

  Max. AccelerationMax. Acceleration

  Max. DisplacementMax. Displacement

63%63% 100%100%

50%50% 100%100%

Aerodynamic DesignAerodynamic Design

•• Wind RosesWind Roses

Sapporo                              TokyoSapporo                              Tokyo
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Aerodynamic DesignAerodynamic Design

Helical Strakes          Shroud                  SlatsHelical Strakes          Shroud                  Slats

Aerodynamic DesignAerodynamic Design

Basic               Fins          Vented FinsBasic               Fins          Vented Fins

Slotted      Chamfered       Corner Slotted      Chamfered       Corner 
Corners        Corners         Cutting Corners        Corners         Cutting 

Kareem et al., 1999
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Aerodynamic DesignAerodynamic Design

AcrossAcross--wind wind 
Force SpectraForce Spectra

Aerodynamic DesignAerodynamic Design

Vertical variationVertical variation
of sectional shape of sectional shape 
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Aerodynamic DesignAerodynamic Design

Vertical variationVertical variation
of sectional shapeof sectional shape

Aerodynamic DesignAerodynamic Design

AcrossAcross--wind wind rmsrms tip deflections tip deflections 
from force balance tests (Isyumov)from force balance tests (Isyumov)
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Suppression of Wake Buffeting by RotorsSuppression of Wake Buffeting by Rotors

Suppression of Wake Buffeting by RotorsSuppression of Wake Buffeting by Rotors
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Suppression of Wake Buffeting by RotorsSuppression of Wake Buffeting by Rotors

Rotors are not rotating.Rotors are not rotating.

Vortex Shedding Vortex Shedding 
FrequencyFrequency

SVSVffvv = = ⎯⎯⎯⎯
DD

Suppression of Wake Buffeting by RotorsSuppression of Wake Buffeting by Rotors

Rotors are rotating.Rotors are rotating.

Vortex Shedding Vortex Shedding 
FrequencyFrequency

SVSVffvv = = ⎯⎯⎯⎯
DD
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StructuralStructural DesignDesign
•• Increasing Stiffness Increasing Stiffness KKS S 
  -- increases natural frequency increases natural frequency ffSS
  -- reduces nonreduces non--dimensional dimensional windspeedwindspeed U*U*
ÑÑ reduces member stressesreduces member stresses

•• Increasing MassIncreasing Mass MMSS
  -- reduces air/building mass ratio reduces air/building mass ratio n*n*
  -- decreases natural frequencydecreases natural frequency ffSS

  

Structural DesignStructural Design

•• Increase of Stiffness Increase of Stiffness KKSS
・・ Reduction of Mean DisplacementReduction of Mean Displacement

YYmm ∝∝ 11／／KKSS
・・ Increase of Member ThicknessIncrease of Member Thickness
→→ Reduction of StressReduction of Stress σσ

・・ Increase of Natural FrequencyIncrease of Natural Frequency ωωSS
→→ Reduction of Reduced VelocityReduction of Reduced Velocity UU**==U/U/ωωSSBB
→→ Reduction of Dynamic DisplacementReduction of Dynamic Displacement YY**

→→ Little Reduction of AccelerationLittle Reduction of Acceleration ŸŸ ? ? 
→→ Almost No Improvement of Habitability Almost No Improvement of Habitability ! ! 
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Probabilistic Human Perception Probabilistic Human Perception 
Threshold (Individual Differences)Threshold (Individual Differences)

(Tamura, 1998)(Tamura, 1998)

Increasing Stiffness Increasing Stiffness KKSS
→→ Increase of Natural Frequency Increase of Natural Frequency ff11
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AccelerationAcceleration ζ =4%

Displacement Displacement ζ =1%

Building ResponseBuilding Response

ζ : Damping Ratio: Damping Ratio
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Structural DesignStructural Design

•• Increase of MassIncrease of Mass MMSS
・・ Reduction of Mass RatioReduction of Mass Ratio mm** = = ρρBB 33// 22MMSS

→→ Reduction of Dynamic DisplacementReduction of Dynamic Displacement YY**

・・ Decrease in Natural FrequencyDecrease in Natural Frequency ωωSS
→→ Increase of Reduced VelocityIncrease of Reduced Velocity UU**==U/U/ωωSSBB
→→ Increase of Dynamic DisplacementIncrease of Dynamic Displacement YY**

;;Increase of Seismic ForceIncrease of Seismic Force

Increasing Mass Increasing Mass MMSS

  -- reduces air/building mass ratio reduces air/building mass ratio n*n*
  -- reduces natural frequencyreduces natural frequency ffSS
  →→ increases nonincreases non--dimensional dimensional 
  windspeedwindspeed U*U*

ÑÑ occasionally increases occasionally increases 
  displacementdisplacement XXSS
ÑÑ reduces accelerationreduces acceleration XXSS    ∝∝ 1 1 / / √√MMSS

·· ··



20

Increasing Mass Increasing Mass MMSS
��increases seismic inertia force increases seismic inertia force 
��increases sections of supporting members increases sections of supporting members 

including foundation systemsincluding foundation systems
•• If If MMSS & & KKSS are are both doubledboth doubled,,

response response XXSS is halved.is halved.

•• AnAn auxiliary damper auxiliary damper with a   with a   
  massmass mmDD≒≒MMSS // 300300 can halve can halve 
  the response the response XXSS ..

Steel Buildings andSteel Buildings and
Reinforced Concrete BuildingsReinforced Concrete Buildings
  Steel Steel Reinforced ConcreteReinforced Concrete

ff11 1    1    :: 1.2 1.2 
ζζ11 1       :1       : 1.31.3
ρρS S 1    1    :: 2.02.0
AAMAXMAX,1yr          ,1yr          1      1      :        0.36       :        0.36       
XXMAXMAX,100yr,100yr 1      1      :        0.32:        0.32

  ff11 : Natural Frequency (1st mode) : Natural Frequency (1st mode) 
  ζζ1  1  : Damping Ratio (1st mode): Damping Ratio (1st mode)
  ρρS S : Building Mass per Unit Volume: Building Mass per Unit Volume
  AAMAXMAX,1yr  ,1yr  : Maximum Wind: Maximum Wind--Induced Acceleration   (1yr rec.) Induced Acceleration   (1yr rec.) 
  XXMAXMAX,100yr ,100yr : Maximum Wind: Maximum Wind--Induced Displacement (500yr rec.) Induced Displacement (500yr rec.) 
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Auxiliary Damping DevicesAuxiliary Damping Devices

Auxiliary Damping DevicesAuxiliary Damping Devices
•• To Suppress VibrationsTo Suppress Vibrations
ÑÑ solves problems caused by vibrationssolves problems caused by vibrations  
•• To Guarantee a Certain Amount of To Guarantee a Certain Amount of 

Damping ForceDamping Force
ÑÑ improves structural design reliabilityimproves structural design reliability
  

-- significant uncertainty of significant uncertainty of 
  inherent structural dampinginherent structural damping
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Uncertainty in Structural DampingUncertainty in Structural Damping

•• C.O.V C.O.V ≈≈ 70%  (Havilland, 1974)70%  (Havilland, 1974)
ζζSS = 2 %= 2 % ⇒⇒ 0.6% 0.6% ~ 3.4%~ 3.4% (5.7(5.7 times difference)times difference)

→→ 2.4 times2.4 times difference of winddifference of wind--
induced Accelerationinduced Acceleration  

•• If a certain damping (e.g. If a certain damping (e.g. ζζaddadd = 4 %= 4 %) is added ) is added 
artificially:artificially:
ζζ = = ζζSS ++ ζζadd add ⇒⇒ 4.6% 4.6% ~ 7.4%~ 7.4% (1.6 times difference)(1.6 times difference)

→→ 1.3 times1.3 times difference of winddifference of wind--
induced Accelerationinduced Acceleration

⇒⇒ improves structural design reliabilityimproves structural design reliability

Practically UsedPractically Used
Auxiliary Damping SystemsAuxiliary Damping Systems
��Passive Damping SystemsPassive Damping Systems
zz Hysteretic DampersHysteretic Dampers

Steel Dampers, Lead Dampers, Steel Dampers, Lead Dampers, 
Friction Dampers, Friction Dampers, ViscoVisco--Elastic DampersElastic Dampers

zz Viscous Fluid DampersViscous Fluid Dampers
Viscous Damping Walls, Oil DampersViscous Damping Walls, Oil Dampers

zz Mass DampersMass Dampers
Tuned Mass Dampers, Tuned Liquid DampersTuned Mass Dampers, Tuned Liquid Dampers

��Active Control SystemsActive Control Systems
zz Mass DampersMass Dampers

Active Mass Dampers, Hybrid Mass DampersActive Mass Dampers, Hybrid Mass Dampers
zz Gyro DampersGyro Dampers

Active Gyro StabilizerActive Gyro Stabilizer
zz NonNon--Resonant SystemsResonant Systems

Active Variable StiffnessActive Variable Stiffness
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Auxiliary Damping DevicesAuxiliary Damping Devices

��Tall BuildingsTall Buildings
•• AlongAlong--wind Response (Buffeting)wind Response (Buffeting)

Stationary BroadStationary Broad--band Random Vibrationband Random Vibration
・・Viscous Damper Viscous Damper ・・ViscoVisco--elastic Damperelastic Damper
・・Friction Damper Friction Damper ・・Oil Damper  Oil Damper  ・・TLD TLD ・・TMD TMD 

•• AcrossAcross--wind Responsewind Response
Stationary NarrowStationary Narrow--band Random Vibrationband Random Vibration
・・TMD TMD ・・TLD TLD ・・ViscoVisco--elastic Damper elastic Damper ・・Viscous Damper Viscous Damper 
・・Oil Damper Oil Damper ・・Friction Damper Friction Damper 

��Towers, ChimneysTowers, Chimneys
•• AcrossAcross--wind Responsewind Response(Vortex Resonance)(Vortex Resonance)

NarrowNarrow--band Random Vibrationband Random Vibration (Quasi(Quasi--harmonic Vibration)harmonic Vibration)
・・TMD  TMD  ・・TLD TLD ・・Oil Damper Oil Damper ・・Impact DamperImpact Damper

HystereticHysteretic DampersDampers
Control Force:   Control Force:   FFC C (t) (t) = = –– ((CCE E XXSS + + KKE E XXS S ) ) 
CCE E : Equivalent Damping Force Coefficient: Equivalent Damping Force Coefficient
KKEE : Equivalent Restoring Force Coefficient: Equivalent Restoring Force Coefficient
CCEE and and KKEE depend on:depend on:

-- vibration frequencyvibration frequency
-- vibration amplitudevibration amplitude
-- temperaturetemperature
-- etc.etc.

Parameters must be determined fromParameters must be determined from
experimental results.   experimental results.   

・・



24

Viscous Damping Walls Viscous Damping Walls 
TV Shizuoka Media City BuildingTV Shizuoka Media City Building
Outer Walls + Inner Wall + Outer Walls + Inner Wall + Hydrocarbon PolymerHydrocarbon Polymer
Dimensions of Walls:         Dimensions of Walls:         HH×× BB = 290 cm = 290 cm ×× 290 cm290 cm
Gap Between Inner and Outer Walls:          Gap Between Inner and Outer Walls:          ∆∆ = 6.5mm= 6.5mm
Design Basic Viscosity:         Design Basic Viscosity:         60,000 Poise60,000 Poise
Number of Walls Installed:Number of Walls Installed: 80(80(xx--dir.) + 90(dir.) + 90(yy--dir.) = 170dir.) = 170

20% (Summer  3020% (Summer  30ººCC))
1st Mode Damping Ratio:       1st Mode Damping Ratio:       ζζ = 27% (Standard 20= 27% (Standard 20ººCC))

35% (Winter35% (Winter 1010ººCC))
Design Formula:  Design Formula:  Voigt ModelVoigt Model

= A Function of = A Function of Basic ViscosityBasic Viscosity
Velocity Increasing RateVelocity Increasing Rate
Temperature & FrequencyTemperature & Frequency

Mass DampersMass Dampers
Tuned Mass Dampers      Tuned Liquid DampersTuned Mass Dampers      Tuned Liquid Dampers
(TMD)                                (TLD)  (TMD)                                (TLD)  
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Tuned Mass DampersTuned Mass Dampers
�� Control Force:Control Force:  ‥‥FFC C (t) (t) = = –– mmDD XXSS・・ ・・= = kkDD((xxDD –– XXSS) + ) + ccDD((xxDD –– XXSS))
�� Classical TMD Theory (Den Classical TMD Theory (Den HartogHartog):):

Optimum TMD Frequency & DampingOptimum TMD Frequency & Damping
ffSSffD,optD,opt =    =    ――――――1 + 1 +  µ µmm33µµmmζζD,opt D,opt ={={―――――――――― }}1/21/2

8(1+8(1+µµmm))33

µµm m :: Damper Damper / / Building Mass RatioBuilding Mass Ratio

Effects of Damping Ratio of TMDEffects of Damping Ratio of TMD

Building Damping Ratio:Building Damping Ratio: ζζS S = 1%= 1%
Mass Ratio:Mass Ratio: µµmm = 1%= 1%

Damping Ratio of TMD:Damping Ratio of TMD: ζζD D = 1%= 1% ζζD D = 6%= 6%

ζζD D = 60%= 60%ζζD D = 3%= 3%
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Optimized Tuned Mass DampersOptimized Tuned Mass Dampers
•• Mass Ratio                                          Mass Ratio                                          ExamplesExamples

µµmm = = mmDD / M/ MSS = = 1 %          3 %1 %          3 %
•• Optimum Frequency and Damping   Optimum Frequency and Damping   

ffSSffD,optD,opt =    =    ―――――――― =  =  0.990.99ffS       S       0.970.97ffSS1 + 1 + µµmm
33µµmmζζD,opt D,opt = {= {―――――――――― }}1/21/2 = = 6 %      10 %6 %      10 %

8(1+8(1+µµmm))33

•• Additional Damping RatioAdditional Damping Ratio
µµmmζζS,add S,add = {= {――――――――――}}1/2   1/2   == 3.5 %      6 %3.5 %      6 %4(2 +4(2 +µµmm))

Tuned Mass DampersTuned Mass Dampers
��Maximum Stroke Maximum Stroke δδMAXMAX = = xxDD –– XXS S ||MAXMAX

-- Available SpaceAvailable Space
-- Design of Mass Support SystemDesign of Mass Support System
→→ Upper Limit of Efficient Vibration LevelUpper Limit of Efficient Vibration Level

��Friction Between Auxiliary Mass Friction Between Auxiliary Mass 
and Supporting Systemand Supporting System
-- Design of Mass Supporting SystemDesign of Mass Supporting System
→→ Lower Limit of Efficient Vibration LevelLower Limit of Efficient Vibration Level
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Sloshing Dampers       Sloshing Dampers       Liquid Column DampersLiquid Column Dampers

Tuned Liquid DampersTuned Liquid Dampers

Tuned Liquid DampersTuned Liquid Dampers
��TMD Model: TMD Model: 
  Effective Mass:    Effective Mass:    mmDD
  Effective Damping:    Effective Damping:    ccDD
  ofof waterwater is generally is generally less thanless than
  optimum valueoptimum value
  →→ Floating Particles, Nets,Floating Particles, Nets,
  Projections, etc.Projections, etc.
•• AmplitudeAmplitude DependenceDependence
•• Depth of LiquidDepth of Liquid
•• Shape of ContainersShape of Containers
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Tuned Liquid DampersTuned Liquid Dampers
��absorb absorb building vibration energy as building vibration energy as 

kinetic energykinetic energy of liquid motion  of liquid motion  
��dissipatedissipate energy through:energy through:
  -- shear of liquidshear of liquid
  -- friction between liquid and  friction between liquid and  
  container walls, nets, etc.container walls, nets, etc.
  -- collision of floating particlescollision of floating particles
  -- etc.etc.

TLD FrequencyTLD Frequency
•• Circular ContainerCircular Container
  1     3.671     3.67gg 3.673.67hhWW  ffDD = = ————[[—————— tanhtanh((————————)])]1/21/2
  22ππ DDDD DDDD

•• Rectangular ContainerRectangular Container
  gg ππhhWW  ffDD = = —————— tanhtanh((——————)])]1/21/2
  44ππDDDD DDDD
  hhWW : Water Depth: Water Depth
  DDD D : Container Diameter or Length: Container Diameter or Length
  g g : Gravity Acceleration: Gravity Acceleration
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Fundamental Natural Frequency of Fundamental Natural Frequency of 
Sloshing Motion of Water Inside a Sloshing Motion of Water Inside a 

Circular Cylindrical VesselCircular Cylindrical Vessel

Advantages in Advantages in TLDsTLDs
•• Low Initial and Running CostLow Initial and Running Cost
•• Low MaintenanceLow Maintenance
•• Efficient from Small Amplitude Level to Large Efficient from Small Amplitude Level to Large 

Amplitude LevelAmplitude Level
•• Ease of Application to Existing BuildingsEase of Application to Existing Buildings
  etc.etc.

  ――――――――――――――――――――――
  TLCVA (Kwok et al.)TLCVA (Kwok et al.)
  Active TLCD (Kareem)Active TLCD (Kareem)
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Active Control SystemsActive Control Systems
•• Active Mass DamperActive Mass Damper
•• Hybrid Mass DamperHybrid Mass Damper
•• Active Gyro DamperActive Gyro Damper
•• Active Variable Stiffness SystemActive Variable Stiffness System
•• ElectroElectro--rheologicalrheological Fluid DamperFluid Damper
•• MagnetoMagneto--rheologicalrheological Fluid DamperFluid Damper
•• etc.etc.

Active Control SystemsActive Control Systems

  Equation of Building MotionEquation of Building Motion
  
  MMS S XXS S + + CCS S XXS S + + KKS S XXSS = = FFW W (t) (t) ++ FFC C (t)(t)

  FeedFeed--Forward Active ControlForward Active Control
  Control Force Control Force FFC C (t)(t) == －－FFW W (t)(t) Wind ForceWind Force

  -- requires accurate prediction of requires accurate prediction of FFW W (t)(t)
  ex. Active Variable Stiffness (AVS)ex. Active Variable Stiffness (AVS)
  FeedFeed--Back Active ControlBack Active Control
  FFC C (t) (t) = = FFCA CA (X(XSS:t):t)

···· ··
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FeedFeed--Back Active Control Back Active Control 
•• State Equation :State Equation :
・・{{XXSS ((tt)) } = [} = [AA ]{]{XXSS ((tt)) } + [} + [BB ]{]{FFCC ((tt)) } + [} + [DD ]{]{FFWW ((tt)})}

{{XXS S ((tt)) } : State Vector,  {} : State Vector,  {FFW W ((tt)) } : Wind Force} : Wind Force
•• ControlControl Force :Force : {{FFCC((tt)) } = [} = [GG ]{]{XXmm((tt)) } } 

[[GG ] : Feed] : Feed--Back Gain MatrixBack Gain Matrix
ex.  ex.  ・・ ・・{{XXmm((tt)) }}T T = {= {XXSS,,XXSS,x,xDD,x,xDD} : Monitored State Vector} : Monitored State Vector

•• Evaluation Function to be MinimizedEvaluation Function to be Minimized
(LQ Control): (LQ Control): RiccatiRiccati EquationEquation

ttffJJ ==∫∫ [[{{XXmm((tt)) }}TT[[QQ ] {] {XXmm((tt)) }+{}+{FFCC ((tt)) }}TT[[RR ] {] {FFCC ((tt)) }}]]dtdt
00
[[QQ ] and [] and [RR ]] : Weighting Matrix: Weighting Matrix

��SpilloverSpillover CollocationCollocation

HMD OperationHMD Operation
•• No VibrationNo Vibration
  XXSS＜＜AAL                L                Waiting ModeWaiting Mode
•• Small Amplitude Range  Small Amplitude Range  
  AALL≦≦XXSS＜＜AAMM Active ModeActive Mode
•• Large Amplitude RangeLarge Amplitude Range
  AAMM≦≦XXSS＜＜AAGG Passive ModePassive Mode
•• Extremely Large Amplitude RangeExtremely Large Amplitude Range
  AAGG≦≦XXS                 S                 Shut Down (Locked)Shut Down (Locked)
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Kansai International Airport Kansai International Airport 
Tower Employing HMD (Tower Employing HMD (HH=86m)=86m)

HMD installed in Kansai HMD installed in Kansai 
International Airport TowerInternational Airport Tower

(5(5××101033kgkg××2)2)
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Active Gyro DamperActive Gyro Damper

(by courtesy of Taisei Corporation)(by courtesy of Taisei Corporation)

Statistics on Buildings Statistics on Buildings 
Employing Damping Devices Employing Damping Devices 

in Japan (as of 1997)in Japan (as of 1997)
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Buildings Employing Auxiliary Buildings Employing Auxiliary 
Damping Devices in JapanDamping Devices in Japan

�Yearly Variation of Number of Buildings  

Number of Buildings Employing Auxiliary Number of Buildings Employing Auxiliary 
Damping Devices in JapanDamping Devices in Japan

(Sakamoto, 1996)(Sakamoto, 1996)
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Number of BaseNumber of Base--isolated Buildings Which Structural isolated Buildings Which Structural 
Design was Approved by The Building Center of JapanDesign was Approved by The Building Center of Japan

Installation of Damping Devices Installation of Damping Devices 
Before and After Kobe EarthquakeBefore and After Kobe Earthquake

��Before Kobe EarthquakeBefore Kobe Earthquake
  -- by designers and researchersby designers and researchers
  -- for highfor high--rise buildingsrise buildings
  -- to improve habitabilityto improve habitability
��After Kobe EarthquakeAfter Kobe Earthquake
  -- by building ownersby building owners
  -- also for middlealso for middle--height buildingsheight buildings
  -- demanding safer buildingsdemanding safer buildings
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3/43/4

1/41/4
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Target Excitations on Design StageTarget Excitations on Design Stage

Active Mass DampersActive Mass Dampers
---- are designed only for are designed only for 
  -- strong windstrong wind
  -- middle class earthquakesmiddle class earthquakes
��Application toApplication to
  -- extremely strong windextremely strong wind
  -- extremely strong earthquakes extremely strong earthquakes 
  are still on the research stage are still on the research stage 
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Mass Supporting Mechanisms and Mass Supporting Mechanisms and 
Dampers for TMDDampers for TMD

Mass Supporting mechanisms and Mass Supporting mechanisms and 
Actuators for Actuators for AMDsAMDs and and HMDsHMDs
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Mass Ratio and Maximum Mass Ratio and Maximum 
Stroke Stroke 

Most Important Design Parameters:Most Important Design Parameters:
  Mass Ratio           Mass Ratio           μμmm = = mmDD/M/MSS
  Maximum Stroke Maximum Stroke δδMAXMAX = = xxDD--XXS S ｜｜MAXMAX

of Mass Effective Dampers: of Mass Effective Dampers: 
Tuned Mass Damper Tuned Mass Damper (T(T MMD)D)
  Tuned Liquid Damper Tuned Liquid Damper (T(T LL D)D)
  Hybrid Mass Damper Hybrid Mass Damper (HMD)(HMD)
  Active Mass Damper    Active Mass Damper    (A(AMMD)D)
  etc.etc.

Mass Damper SystemsMass Damper Systems

•• Accumulated Kinetic Energy:Accumulated Kinetic Energy:

EEDD∝∝µµmmδδMAXMAX

µµmm = = mmDD / M/ MS       S       : Mass Ratio: Mass Ratio
δδMAX MAX = = xxDD–– XXSS｜｜MAX MAX : Maximum Stroke: Maximum Stroke

ÐÐrepresents vibration reduction abilityrepresents vibration reduction ability
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Mass Ratio and Stroke ofMass Ratio and Stroke of
Actual Dampers in JapanActual Dampers in Japan

��Tuned Mass DamperTuned Mass Damper

��Active Mass DamperActive Mass Damper

��Hybrid Mass DamperHybrid Mass Damper

Accumulated Kinematic Energy of TMDAccumulated Kinematic Energy of TMD

•• Accumulated Kinematic Energy:  Accumulated Kinematic Energy:  EEDD
mmDDEED D ∝∝ ———— ×× δδDDMM

��TMD only for Wind   TMD only for Wind   
mmDD———— ×× δδDD << 0.2cm0.2cm
MM

��TMD for Wind & Earthquake   TMD for Wind & Earthquake   
mmDD———— ×× δδDD >> 0.5cm0.5cm
MM

Mass RatioMass Ratio
Mass RatioMass Ratio



41

Accumulated Kinematic Energy of AMDAccumulated Kinematic Energy of AMD

•• Accumulated Kinematic Energy: Accumulated Kinematic Energy: EEDD
mmDDEED D ∝∝ ———— ×× δδDDMM

��AMD   AMD   
mmDD———— ×× δδDD << 0.5cm0.5cm
MM 11≈≈ —— of TMDof TMD

22

Mass RatioMass Ratio
Mass RatioMass Ratio

Maximum Control ForceMaximum Control Force

Designed for Wind Force OnlyDesigned for Wind Force Only
FFC, MAXC, MAX≦≦ 0.100.10 mmDD gg

Designed for Wind andDesigned for Wind and
Seismic ForcesSeismic Forces

FFC, MAXC, MAX≒≒ 0.150.15～～ 0.250.25mmDD gg
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Numerical Example of Maximum Numerical Example of Maximum 
Stroke and Control Force   Stroke and Control Force   

•• Analytical Model: Analytical Model: 10DOF10DOF SystemSystem
•• Building: Building: BB××DD = 50m= 50m××50m50m, , HH = 200m= 200m
•• AcrossAcross--Wind Excitation: Wind Excitation: Wind Tunnel DataWind Tunnel Data
•• AMD and HMDAMD and HMD::
  Mass Mass RatioRatioμμmm==mmDD/M/MS S = 1%= 1%
•• WindspeedWindspeed: : UU1010 = 20m/s = 20m/s (1(1--yr rec.)yr rec.)
•• Criteria:Criteria: HH--2 2 (AIJ Guidelines) (AIJ Guidelines) ResidencesResidences
  HH--3 3 (AIJ Guidelines(AIJ Guidelines) ) OfficesOffices

Efficiency of TMD, HMD and AMD for Efficiency of TMD, HMD and AMD for 
Suppressing WindSuppressing Wind--Induced ResponsesInduced Responses

••LQG DesignLQG Design
  Minimize:Minimize:
J J = = ∫∫{ { qqTT xxTT(t(t) ) 2 2 + + qqSS xxSS(t(t) ) 2 2 + + qqDD ffDD(t(t) ) 2 2 }}dtdt

qqTT ,, qqSS ,, qqDD : Weighting Constants: Weighting Constants
xxTT(t(t)        )        : Tip Displacement: Tip Displacement
xxSS(t(t)  )  : Damper Stroke: Damper Stroke
ffDD(t(t) ) : Control Force: Control Force
qqTT // qqDD : varied: varied
qqSS // qqDD : constant: constant
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Variation of Maximum Stroke of AMD to Variation of Maximum Stroke of AMD to 
Satisfy AIJ Guidelines Satisfy AIJ Guidelines HH--22 and and HH--33 with with 

Natural Frequency of a 200m High BuildingNatural Frequency of a 200m High Building

Efficiency ofEfficiency of
Damping Devices Damping Devices 
for Suppressing for Suppressing 

WindWind--Induced Responses Induced Responses 

FullFull--Scale ProofScale Proof
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FullFull--Scale Proof of Efficiency of Scale Proof of Efficiency of 
TLDTLD

•• Nagasaki Airport Tower                  Nagasaki Airport Tower                  (1987)(1987)
•• Yokohama Marine Tower                Yokohama Marine Tower                (1987)(1987)
•• ShinShin--Yokohama Prince Hotel         Yokohama Prince Hotel         (1992)(1992)
•• Tokyo International Airport Tower Tokyo International Airport Tower (1993)(1993)

•• The TLD reduced the acceleration responses The TLD reduced the acceleration responses 
during strong winds down to during strong winds down to 1/2 1/2 -- 1/3 1/3 of the of the 
response without the TLD when the water response without the TLD when the water 
mass ratio to the total mass of structures was mass ratio to the total mass of structures was 
around around 0.3% 0.3% -- 0.6%0.6%..

Efficiency of Dampers During Efficiency of Dampers During 
Strong WindsStrong Winds

•• FullFull--Scale Measurements of Scale Measurements of 
WindWind--Induced Responses of Induced Responses of 
Buildings with/without Dampers Buildings with/without Dampers 

•• Tuned Liquid DampersTuned Liquid Dampers
•• Hybrid Mass DampersHybrid Mass Dampers
  etc.etc.
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Buildings Employing Buildings Employing TLDsTLDs

Nagasaki Airport Tower Employing Nagasaki Airport Tower Employing 
TLDsTLDs (March 1987)(March 1987)
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TLD Vessels Installed in Nagasaki Airport TowerTLD Vessels Installed in Nagasaki Airport Tower

TLD Vessel for Nagasaki Airport TowerTLD Vessel for Nagasaki Airport Tower
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AcrossAcross--wind Responses of wind Responses of 
Nagasaki Airport Tower With/Without Nagasaki Airport Tower With/Without TLDsTLDs

with TLDwith TLD

withoutwithout
TLDTLD

AcrossAcross--wind Accelerations of Yokohama wind Accelerations of Yokohama 
Marine Tower With/Without Marine Tower With/Without TLDsTLDs
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AcrossAcross--wind r.m.s. Accelerations of Yokohama wind r.m.s. Accelerations of Yokohama 
Marine Tower With/Without Marine Tower With/Without TLDsTLDs

ShinShin--Yokohama Prince Hotel  Yokohama Prince Hotel  
Employing Employing TLDsTLDs (March 1992)(March 1992)

H H = 149m= 149m
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ShinShin--Yokohama Prince Hotel  Yokohama Prince Hotel  
Employing Employing TLDsTLDs (March 1992)(March 1992)

H H = 149m= 149m

WindWind--induced Accelerations of Shininduced Accelerations of Shin--
Yokohama Prince HotelYokohama Prince Hotel

(Wakahara et al., 1993)(Wakahara et al., 1993)
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Trajectories of WindTrajectories of Wind--induced Accelerations induced Accelerations 
of Shinof Shin--Yokohama Prince HotelYokohama Prince Hotel

TLD Vessels Installed in Tokyo TLD Vessels Installed in Tokyo 
International Airport TowerInternational Airport Tower
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TLD Vessel Installed in Tokyo TLD Vessel Installed in Tokyo 
International Airport TowerInternational Airport Tower

TLD Vessel Installed in Tokyo TLD Vessel Installed in Tokyo 
International Airport TowerInternational Airport Tower

1.21.2

mmF F 
(kg)(kg)

0.740.74

ffDD
(Hz)(Hz)

3.2 (x3.2 (x--dir.)dir.)
2.0 (y2.0 (y--dir.)dir.)2.27 2.27 ×× 10104414.914.91404140460 60 ×× 12.512.5

mmDDµµ = = ———— (%)(%)
MM11

mmDD
(kg)(kg)

MMWW
(kg)(kg)

NND D ×× HH
(cm (cm ×× cm)cm)

Number of vesselsNumber of vessels
Sloshing frequencySloshing frequency
Water mass in a vesselWater mass in a vessel
Mass of floating particles in a vesselMass of floating particles in a vessel
Total mass of Total mass of TLDsTLDs (water + floating particles)(water + floating particles)
Mass ratio of Mass ratio of TLDsTLDs to 1st generalized mass of  towerto 1st generalized mass of  tower
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Floating ParticlesFloating Particles

Efficiency of Floating ParticlesEfficiency of Floating Particles

DampedDamped--free oscillations free oscillations 
of building model of building model 
with/without TLDwith/without TLD
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Damped free components extracted by Random Damped free components extracted by Random 
Decrement Technique from windDecrement Technique from wind--induced induced 

accelerations (Tokyo International Airport Tower)accelerations (Tokyo International Airport Tower)

Without Without TLDsTLDs :  :  ζζ = 1.2 %= 1.2 %

With With TLDsTLDs :        :        ζζ = 7.6 %= 7.6 %

Temporal variations of windTemporal variations of wind--induced responses induced responses 
and damping ratios during a typhoon (Tokyo and damping ratios during a typhoon (Tokyo 

International Airport Tower)International Airport Tower)

Acceleration ResponsesAcceleration Responses Damping (RD technique)Damping (RD technique)
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Nagasaki Nagasaki HuisHuis Ten Bosch Ten Bosch DomtorenDomtoren
Employing TMD (1992)Employing TMD (1992)

  

WindWind--induced Responses of Nagasaki induced Responses of Nagasaki HuisHuis
Ten Bosch Ten Bosch DomtorenDomtoren With/Without TMDWith/Without TMD
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Building Employing AMDBuilding Employing AMD
•• KyobashiKyobashi SeiwaSeiwa Building (1989)Building (1989)
  HH = 32.8m,   = 32.8m,   MMSS=340=340××101033kgkg
  Mass:Mass:
  mmDD = 4= 4××101033 kg,  kg,  FFC C = 10 = 10 kNkN
  (For Translational Component)(For Translational Component)
  mmDD = 1= 1××101033 kg,  kg,  FFCC = 2.5 = 2.5 kNkN
  (For Torsional Component)(For Torsional Component)
  Maximum Stroke:Maximum Stroke:δδMAX  MAX  = = ±±25cm 25cm 
  Actuator:              Actuator:              Hydraulic Actuator Hydraulic Actuator 
  Electric Power:     Electric Power:     22kW Pump 22kW Pump 
  1.5kW Pump and Accumulator1.5kW Pump and Accumulator
  (Ceaseless Engagement)(Ceaseless Engagement)
  
  Relative velocityRelative velocity

WindWind--induced Responses of induced Responses of KyobashiKyobashi SeiwaSeiwa
Building With/Without AMD Operation Building With/Without AMD Operation 

(Sakamoto et al.,1993)(Sakamoto et al.,1993)
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Building Employing HMDBuilding Employing HMD

Osaka ORC Symbol Tower (1992)Osaka ORC Symbol Tower (1992)
  HH = 200m,   = 200m,   MMSS=56,680=56,680××101033kgkg
  Damper Mass:Damper Mass: mmDD = (100= (100××101033 kg)kg)××22
  TMD(longitudinal xTMD(longitudinal x--dir.)dir.)
  Maximum Stroke:              Maximum Stroke:              δδMAX  MAX  = = ±±50cm50cm
  HMD(transverse yHMD(transverse y--dir.)dir.)
  Maximum Stroke:            Maximum Stroke:            δδMAX  MAX  = = ±±100cm100cm
  Maximum Control Force:Maximum Control Force: FFCC = 70 = 70 kNkN
  Electric Power:Electric Power: AC Servo MotorAC Servo Motor 55kW 55kW 
HMD Operation ModeHMD Operation Mode
00→→→→→→→→→→→→→→ Amplitude Amplitude →→→→→→→→→→→→ Large    Large    
Waiting ModeWaiting Mode⇔⇔Active ModeActive Mode⇔⇔Passive ModePassive Mode⇔⇔AnchoredAnchored

(Air Brake)(Air Brake)

Osaka ORC Symbol Tower Building (Osaka ORC Symbol Tower Building (HH=200m) =200m) 
Employing HMD and TMD [Employing HMD and TMD [MaebayashiMaebayashi, 1993], 1993]
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WindWind--induced Responses With/Without HMD induced Responses With/Without HMD 
Operation(Osaka ORC Symbol Tower Building)Operation(Osaka ORC Symbol Tower Building)

[[MaebayashiMaebayashi, 1993], 1993]

Devices to Adjust Frequency etc.Devices to Adjust Frequency etc.
•• Period Adjustable Period Adjustable TLDTLD
  ex. ex. Hotel Hotel CosimaCosima (112m)(112m)
•• Period Adjustable Pendulum Period Adjustable Pendulum HMDHMD
  ex. ex. HikarigaokaHikarigaoka MKD8 MKD8 (100m)(100m)
•• VV--Shaped Shaped HMDHMD
  ex. ex. Shinjuku Park Tower Shinjuku Park Tower (226.5m)(226.5m)
•• MultiMulti--Pendulum Pendulum AMDAMD
  ex. ex. Yokohama Landmark Tower Yokohama Landmark Tower (296m)(296m)
•• Variable StiffnessVariable Stiffness AVSAVS
  ex. ex. KaTRIKaTRI No.21 Building No.21 Building (12m)(12m)
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Fundamental Natural Frequency of Fundamental Natural Frequency of 
Sloshing Motion of Water Inside a Sloshing Motion of Water Inside a 

Circular Cylindrical VesselCircular Cylindrical Vessel

Hotel Hotel CosimaCosima employing a TLCD with a employing a TLCD with a 
frequency adjustable system [frequency adjustable system [TeramuraTeramura, 1995], 1995]
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Frequency Adjustable TLCD Installed in Hotel Frequency Adjustable TLCD Installed in Hotel 
CosimaCosima [[TeramuraTeramura, 1995], 1995]

VV--shaped HMD installed in Shinjuku Park shaped HMD installed in Shinjuku Park 
Tower Building [Tanida et al., 1993]Tower Building [Tanida et al., 1993]
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MultipleMultiple--pendulum HMD (170pendulum HMD (170××101033kg) installed in kg) installed in 
Yokohama Landmark Tower [Yamazaki et al., 1993]Yokohama Landmark Tower [Yamazaki et al., 1993]

MM

MM

LL

L / L / 33

Effects of HMD installed in Yokohama Landmark Effects of HMD installed in Yokohama Landmark 
Tower [Yamazaki et al., 1993]Tower [Yamazaki et al., 1993]

Response Acceleration (Without HMD)Response Acceleration (Without HMD)

Excitation (Acceleration)Excitation (Acceleration)

Response Acceleration (With HMD)Response Acceleration (With HMD)

CalculationCalculation
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Utilization of Existing MassUtilization of Existing Mass
•• Heat Storage TanksHeat Storage Tanks
  L.T.C. Bank of Japan:L.T.C. Bank of Japan: 200 200 ×× 101033 kgkg AMDAMD
  ×× xx--, , yy--dirsdirs..
•• Ice Thermal Storage TanksIce Thermal Storage Tanks
  SendagayaSendagaya INTES:INTES: 36 36 ×× 101033 kg kg ×× 2 2 AMDAMD
  Crystal Tower:Crystal Tower: xx--dir.dir. 90 90 ×× 101033 kg kg ×× 4  4  TMDTMD
  yy--dir.dir. 90 90 ×× 101033 kg kg ×× 22
•• Water Supply TanksWater Supply Tanks
  Hotel Hotel CosimaCosima:              :              49 49 ×× 101033 kg  kg  TTLLDD
•• Heliport DecksHeliport Decks
  Hankyu Hankyu ChayamachiChayamachi Building:Building:
  480 480 ×× 101033 kg  kg  AMDAMD

AMD utilizing 200AMD utilizing 200××101033kg (kg (××2 dirs.2 dirs.) heat storage tanks ) heat storage tanks 
as the mass, LTC Bank of Japanas the mass, LTC Bank of Japan

[Kitamura et al., 1995][Kitamura et al., 1995]
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AMD utilizing a 480AMD utilizing a 480××101033kg heliport deck as a kg heliport deck as a 
mass, Hankyu mass, Hankyu ChayamachiChayamachi BuildingBuilding

[[HigashinoHigashino et al., 1993]et al., 1993]

AntiAnti--seismic Shaft seismic Shaft 
in the in the MarunouchiMarunouchi Building Building (Inada et al., 2002)(Inada et al., 2002)
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AntiAnti--seismic Shaft seismic Shaft 
in the in the MarunouchiMarunouchi Building Building (Inada et al., 2002)(Inada et al., 2002)

45-11

AntiAnti--seismic Shaft seismic Shaft 
in the in the MarunouchiMarunouchi BuildingBuilding

LowLow--yield Strength Steelyield Strength Steel
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