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DampingDamping

�� Reduction of intensity with time or spatial Reduction of intensity with time or spatial 
propagationpropagation
-- Vibration EnergyVibration Energy→→ Thermal EnergyThermal Energy
-- Radiation to OutsideRadiation to Outside

�� Cease of vibration with timeCease of vibration with time
�� Reduction of windReduction of wind--induced/earthquakeinduced/earthquake--

induced vibrationinduced vibration
�� Increase of onset wind speed of Increase of onset wind speed of 

aerodynamic instabilityaerodynamic instability
�� etc.etc.
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Damped Free Oscillation (FullDamped Free Oscillation (Full--scale)scale)
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Damped Free Oscillation (SDOF)Damped Free Oscillation (SDOF)

xx((tt) = ) = AAexpexp ((−− ζωζω00tt)(cos)(cos√√1 1 −− ζζ 22ωω00tt −− ϕϕ))

tt
xxm+1m+1xxmm

Logarithmic Decrement Logarithmic Decrement 
xxmm 22ππζζδδ = = lnln ⎯⎯⎯⎯ =  =  ⎯⎯⎯⎯⎯⎯
xxm+1m+1 √√1 1 −− ζζ 22

AAexpexp ((−− ζωζω00tt))

ωωDD==√√1 1 −− ζζ 22ωω0 0 ≈≈ ωω00

22ππ//ωωDD

ζζ :: Damping RatioDamping Ratio
ωω0 0 = 2= 2ππff00



3

Damping in BuildingsDamping in Buildings

�� Estimation of dampingEstimation of damping
-- no theoretical methodno theoretical method
-- based on fullbased on full--scale datascale data
→→ significant scattersignificant scatter

Dispersion of Damping DataDispersion of Damping Data

Structural MaterialsStructural Materials
Soil & FoundationsSoil & Foundations
Architectural FinishingArchitectural Finishing
JointsJoints
NonNon--structural Membersstructural Members
Vibration AmplitudeVibration Amplitude
NonNon--stationaritystationarity of Excitationsof Excitations
Vibration Measuring MethodsVibration Measuring Methods
Damping Evaluation TechniquesDamping Evaluation Techniques

  etc.etc.
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Uncertainty of Response Prediction Uncertainty of Response Prediction 
Due to Uncertainty of Damping RatioDue to Uncertainty of Damping Ratio

�� Coefficient of variation of fullCoefficient of variation of full--scale scale 
damping datadamping data

ex. Havilland (1976)     C.O.V.ex. Havilland (1976)     C.O.V.≒≒ 70%70%
→→ If damping ratio was estimated at If damping ratio was estimated at ζζ = 2%   = 2%   

on average,on average,
ζζ can generally takecan generally take 0.6%0.6%～～3.4%3.4% (2%(2%±±1.4%1.4%））
→→ WindWind--induced acceleration responseinduced acceleration response

AA((ζζ = 0.6%)= 0.6%)／／AA((ζζ = 2%) = = 2%) = 1.81.8
AA((ζζ = 3.4%)= 3.4%)／／AA((ζζ = 2%) = = 2%) = 0.80.8

→→ provides significant reduction of provides significant reduction of 
reliability of structural design reliability of structural design 

2.32.3 timestimes

Importance of DampingImportance of Damping

�� Improvement of Reliability of Structural Improvement of Reliability of Structural 
DesignDesign

→→ Accurate Accurate ResponseResponse PredictionPrediction
→→ Accurate Accurate Damping PredictorDamping Predictor
→→ Reliable Reliable Damping DatabaseDamping Database
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Physical Causes of Damping in BuildingsPhysical Causes of Damping in Buildings

Internal Viscous Internal Viscous 
DampingDamping

GasGas SS−−GGSS−−LLSS−−SSLiquidLiquidSolidSolid

−−
External External 
Friction Friction 

DampingDamping
−−

Internal Internal 
Friction Friction 

DampingDamping
FrictionFriction

−−Radiation DampingRadiation Damping−−RadiationRadiation

HystereticHysteretic
DampingDamping

−−

−−

Energy Dissipation InsideEnergy Dissipation Inside

−−−−PlasticityPlasticity

AeroAero--
dynamic dynamic 
DampingDamping

HydroHydro--
dynamic dynamic 
DampingDamping

−−InteractionInteraction

External Viscous External Viscous 
DampingDamping−−ViscosityViscosity

Energy Dissipation OutsideEnergy Dissipation Outside

Internal Friction Damping Internal Friction Damping 

Energy dissipation due to internal friction of Energy dissipation due to internal friction of 
solid materialssolid materials
�� Deformation of MaterialsDeformation of Materials
→→Relative displacement between moleculesRelative displacement between molecules

Slip of microSlip of micro--cracks in microscopic structures such   cracks in microscopic structures such   
as crystalsas crystals

Macroscopic:Macroscopic: ElasticElastic
Microscopic:Microscopic:

Friction damping between microscopic structures Friction damping between microscopic structures 
→→ Elastic hysteretic lossElastic hysteretic loss

Very small in metalsVery small in metals (Energy loss (Energy loss ≈≈ 0.5%)0.5%)
<< Different from energy loss due to plastic hysteresis>><< Different from energy loss due to plastic hysteresis>>
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Plasticity DampingPlasticity Damping

Energy dissipation due to plasticity of solidsEnergy dissipation due to plasticity of solids

�� Hysteresis due to PlasticityHysteresis due to Plasticity
→→ Change in microscopic structure of materialsChange in microscopic structure of materials
→→ Hysteretic characteristics / Plasticity RateHysteretic characteristics / Plasticity Rate

Significantly greater than the energy Significantly greater than the energy 
dissipation due to internal material frictiondissipation due to internal material friction

ForceForce--Deformation Relation of Deformation Relation of 
Structural MaterialsStructural Materials
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Internal Viscous DampingInternal Viscous Damping

Energy dissipation due to internal viscosity Energy dissipation due to internal viscosity 
of liquidsof liquids

�� Molecular ViscosityMolecular Viscosity
Collisions of moleculesCollisions of molecules
Coefficient of Kinetic Viscosity Coefficient of Kinetic Viscosity νν
→→ Conversion of kinetic energy to thermal energyConversion of kinetic energy to thermal energy

�� Turbulence ViscosityTurbulence Viscosity
Reynolds Stress (Virtual stress due to correlation of Reynolds Stress (Virtual stress due to correlation of 
fluctuating velocity components of fluids)fluctuating velocity components of fluids)
Coefficient of Kinetic Vortex ViscosityCoefficient of Kinetic Vortex Viscosityννtt
→→ Mixture and diffusion of kinetic energy and so onMixture and diffusion of kinetic energy and so on

External Friction DampingExternal Friction Damping
Energy dissipation due to friction Energy dissipation due to friction 
between  solidsbetween  solids

�� Mainly Sliding FrictionMainly Sliding Friction
Coefficient of FrictionCoefficient of Friction

Work done by friction force preventing relative motion Work done by friction force preventing relative motion 
between solid bodiesbetween solid bodies
→→ Conversion of vibration energy to thermal energyConversion of vibration energy to thermal energy
・・Sticking of molecules due to contactSticking of molecules due to contact
・・Damage and replacement of sticking due to relative  Damage and replacement of sticking due to relative  

motionmotion
・・Digging up by projectionsDigging up by projections
ex. ex. Friction between joints, Friction between members, finishing  Friction between joints, Friction between members, finishing  

etc.etc.
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Radiation DampingRadiation Damping
Energy transfer between Solid Energy transfer between Solid −− Solid, or Solid, or Solid Solid −− LiquidLiquid

�� Propagation and loss of a systemPropagation and loss of a system’’s energy s energy 
to outsideto outside
-- Necessary work for exciting a body contacting the  Necessary work for exciting a body contacting the  

systemsystem
-- Penetration of wave energy through boundaryPenetration of wave energy through boundary
ex.ex.
-- Radiation damping due to soilRadiation damping due to soil--structure interactionstructure interaction
-- Damping due to wave generation for a floating bodyDamping due to wave generation for a floating body

Reflection of ground motions from building surface: Reflection of ground motions from building surface: 
Input lossInput loss

External Viscous DampingExternal Viscous Damping

Energy dissipation due to viscosity of liquids Energy dissipation due to viscosity of liquids 
or gas contacting the bodyor gas contacting the body
�� Viscous resistance acting on a moving body in oil Viscous resistance acting on a moving body in oil 

or wateror water

-- Large velocity gradient near body surfaceLarge velocity gradient near body surface
-- A function of relative velocityA function of relative velocity

ex.ex.
Oil Damper, Viscous Wall DamperOil Damper, Viscous Wall Damper
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FluidFluid--Dynamic DampingDynamic Damping
(Aerodynamic Damping)(Aerodynamic Damping)

FluidFluid--body interactionbody interaction

�� Effects of relative velocityEffects of relative velocity
�� Effects of additional unsteady flow induced by Effects of additional unsteady flow induced by 

body motion (Feedback system)body motion (Feedback system)

Ex.Ex.
AlongAlong--wind Vibrations (Buffeting) due to turbulence: wind Vibrations (Buffeting) due to turbulence: 

Positive DampingPositive Damping
AcrossAcross--wind Vibrations (Galloping, Vortexwind Vibrations (Galloping, Vortex--resonance resonance 
etc.):                                                     etc.):                                                     Negative DampingNegative Damping

Damping and Building VibrationDamping and Building Vibration

Careful and precise observation ofCareful and precise observation of Vibration PhenomenaVibration Phenomena
↓↓

Analytical ModelAnalytical Model with high accuracywith high accuracy
↓↓

Damping EvaluationDamping Evaluation appropriate for the modelappropriate for the model

Equivalent Model, Mathematical FormulaEquivalent Model, Mathematical Formula
Treatment of DampingTreatment of Damping：：Restriction in numerical analysisRestriction in numerical analysis

SoilSoil--Structure Dynamic InteractionStructure Dynamic Interaction
Ground Domain Ground Domain ／／Boundary Treatment,Boundary Treatment,

Internal Damping of GroundInternal Damping of Ground
Evaluation of higher mode damping Damping Matrix, Evaluation of higher mode damping Damping Matrix, 

Value of Damping Ratio, NonValue of Damping Ratio, Non--linear Rangelinear Range
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Damping Ratio of BuildingsDamping Ratio of Buildings
�� Damping Matrix Proportional to Stiffness MatrixDamping Matrix Proportional to Stiffness Matrix
�� Realistic Proportional Matrix Meeting ConditionsRealistic Proportional Matrix Meeting Conditions
�� Actual Damping RatioActual Damping Ratio
�� Design Damping Ratio Closely Following Actual Design Damping Ratio Closely Following Actual 

PhenomenaPhenomena
�� Variation of Natural Frequency and Damping Ratio Variation of Natural Frequency and Damping Ratio 

With Amplitude / Effects of Secondary MembersWith Amplitude / Effects of Secondary Members
�� Initial Stiffness / Instantaneous StiffnessInitial Stiffness / Instantaneous Stiffness
�� QQ--∆∆ and Damping Characteristics in Inelastic Range and Damping Characteristics in Inelastic Range 

During Extremely Strong EarthquakeDuring Extremely Strong Earthquake
�� Damping in Above Ground Structure / SoilDamping in Above Ground Structure / Soil--Structure Structure 

Interaction / FullInteraction / Full--scale Values of Damping Ratioscale Values of Damping Ratio
�� Damping for Vertical Vibrations ?Damping for Vertical Vibrations ?

  -- AS 1170.2 Part 2            AS 1170.2 Part 2            -- Chinese Standards       Chinese Standards       
  -- DIN1055, Teil 4              DIN1055, Teil 4              -- ESDU 83009                 ESDU 83009                 
  -- EUROCODE 1              EUROCODE 1              -- ISO4354                        ISO4354                        
  -- ISO/CD 3010                  ISO/CD 3010                  -- ONORM B4014ONORM B4014
  -- Swedish CodeSwedish Code
  -- US Atomic Energy Commission      etc.US Atomic Energy Commission      etc.

Currently Used Design Damping ValuesCurrently Used Design Damping Values
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Design Damping Ratio Used in JapanDesign Damping Ratio Used in Japan
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Currently Currently Used Damping ValuesUsed Damping Values
(Steel Buildings)(Steel Buildings)

Country             Actions/Stress Levels                 JointsCountry             Actions/Stress Levels                 Joints/Structures      Damping ratios /Structures      Damping ratios 
ζζ11 (%)(%)

Australia             Serviceability                            Australia             Serviceability                            0.5 0.5 –– 1.0 1.0 
(AS1170.2)(AS1170.2) Ultimate & Permissible          Frame Bolted         Ultimate & Permissible          Frame Bolted         55

Frame Welded                        2Frame Welded                        2
Austria               Austria               ((ÖÖNORM B4014 )NORM B4014 )
ChinaChina (GB50191(GB50191--93)93) Steel (TV) Tower                  Steel (TV) Tower                  22
France                                                        France                                                        Standard Bolt                        0.8Standard Bolt                        0.8

High Resistance Bolt           0.5High Resistance Bolt           0.5
Welded                                   0.Welded                                   0.3 3 

Earthquake                      Earthquake                      Bolt                                           4Bolt                                           4
Welded                                     Welded                                     22

Germany             Wind                      Germany             Wind                      (DIN 1055)(DIN 1055)
Italy                      Wind                      Italy                      Wind                      (EUROCODE 1)(EUROCODE 1)

Earthquake                      Earthquake                      55
Japan                   Habitability                            Japan                   Habitability                            11

Earthquake                      Earthquake                      22
Singapore                                                     Singapore                                                     11
Sweden            Sweden            (Swedish Code of Practice)(Swedish Code of Practice) 0.90.9
United Kingdom   Wind                      United Kingdom   Wind                      (ESDU)(ESDU)
USA  (Penzien, USA  (Penzien, US Atomic Energy CommissionUS Atomic Energy Commission))

Currently Used Damping ValuesCurrently Used Damping Values
(RC Buildings)(RC Buildings)

Country             Actions/Stress Levels                 StructCountry             Actions/Stress Levels                 Structures                    Damping ratios ures                    Damping ratios 
ζζ11 (%)(%)

Australia             Serviceability                            Australia             Serviceability                            RC or Prestressed C        0.5 RC or Prestressed C        0.5 –– 1.0 1.0 
(AS1170.2)(AS1170.2) Ultimate & Permissible          Ultimate & Permissible          RC or Prestressed C              RC or Prestressed C              55
Austria               Austria               ((ÖÖNORM B4014 )NORM B4014 )
ChinaChina (GB50191(GB50191--93)93) RC Structures                     RC Structures                     55

RC (TV) Towers                     5RC (TV) Towers                     5
Prestressed RC Tower         Prestressed RC Tower         33

France                                                        France                                                        Standard                                1.6Standard                                1.6
Reinforced                            0.65Reinforced                            0.65

Earthquake                      Earthquake                      Standard                               3 Standard                               3 -- 44
Reinforced                               2Reinforced                               2

Germany             Wind                      Germany             Wind                      (DIN 1055)(DIN 1055)
Italy                      Wind                      Italy                      Wind                      (EUROCODE 1)(EUROCODE 1)

Earthquake                      Earthquake                      55
Japan                   Habitability                            Japan                   Habitability                            11

Earthquake                      Earthquake                      33
Singapore                                                     Singapore                                                     22
Sweden            Sweden            (Swedish Code of Practice)(Swedish Code of Practice) 1.41.4
United Kingdom   Wind                      United Kingdom   Wind                      (ESDU)(ESDU)
USA                     USA                     (US Atomic Energy Commission(US Atomic Energy Commission))
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DIN 1055 DIN 1055 
TeilTeil 4, The German Pre4, The German Pre--StandardStandard

StructuresStructures ConditionsConditions Damping ratios Damping ratios 
ζζ11 (%)(%)

-- Steel                    Steel                    BoltedBolted 0.5 0.5 –– 0.80.8
Welded Welded 0.30.3

-- Reinforced C     Reinforced C     Without cracksWithout cracks 0.60.6
With cracksWith cracks 1.61.6

-- Prestressed C                                    Prestressed C                                    0.60.6

Wind Wind (Actual Wind Load Code) (Actual Wind Load Code) 

ESDU ESDU 
Damping of Structures Damping of Structures –– Part 1 Part 1 

Tall Buildings, 83009, 1983Tall Buildings, 83009, 1983

WindWind
11stst mode damping ratio mode damping ratio ζζ1 1 (%)(%)
ζζ1 1 == ζζss ++ ζζaa

ζζs s : Structural damping ratio: Structural damping ratio
xxHH 6060

ζζs s = 100(= 100(ζζs0s0++ζζ’’――――)  )  ≤≤ ――――+1.3    (%)+1.3    (%)
HH HH

ζζs0  s0  = f= f1 1 / / 100100 (Most Probable),    (Most Probable),    ff11//250 (Lower Limit)250 (Lower Limit)
ζζ’’ = = 1100√√D/2D/2 (Most Probable),   (Most Probable),   1010√√D/2.5D/2.5 (Lower Limit)(Lower Limit)

ζζa a : Aerodynamic damping ratio: Aerodynamic damping ratio
xxHH : Tip displacement (m),     : Tip displacement (m),     HH : Building height (m): Building height (m)
ff1   1   : 1st mode natural frequency (Hz): 1st mode natural frequency (Hz)
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EUROCODE EUROCODE 
Wind Actions, ENVWind Actions, ENV--1991, 19941991, 1994

WindWind
11stst mode damping ratiomode damping ratio ζζ11 (%)(%)
ζζ1 1 == ζζss ++ ζζa a ++ ζζd d 

ζζs s : Structural damping ratio: Structural damping ratio
ζζs s = = a fa f11 + + bb ≥≥ ζζmin min 

ff1  1  = 46 = 46 / H  / H  (1st mode natural frequency)(1st mode natural frequency)
a =     a =     0.72 (Steel),   0.72(RC)0.72 (Steel),   0.72(RC)
b =       b =       0    (Steel),   0.8  (RC)0    (Steel),   0.8  (RC)
ζζmin min = = 0.8   (Steel),   1.6  (RC)0.8   (Steel),   1.6  (RC)

ζζa a : Aerodynamic damping ratio: Aerodynamic damping ratio
ζζd d : Damping ratio due to vibration control devices: Damping ratio due to vibration control devices

ÖÖNORM B4014 NORM B4014 
TeilTeil 1, Code for Austria1, Code for Austria

WindWind ((Actual Wind Load Code for Austria)Actual Wind Load Code for Austria)
11stst mode damping ratio mode damping ratio ζζ1 1 (%)(%)
ζζ1 1 == ζζmm ++ ζζcc ++ ζζf f 

ζζmm : Structural damping ratio : Structural damping ratio due to materialsdue to materials (%)(%)
0.08  (Steel)   0.08  (Steel)   
0.72  (RC with cracks), 0.4  (RC without cracks, PS0.72  (RC with cracks), 0.4  (RC without cracks, PSRC)RC)

ζζcc :: Structural damping ratioStructural damping ratio due to constructionsdue to constructions (%)(%)
0.32  (Steel tall buildings),   0.32  (Steel tall buildings),   
0.32  (RC tall buildings, Panel systems) 0.32  (RC tall buildings, Panel systems) 
0.64  (RC tall buildings, Frame systems)0.64  (RC tall buildings, Frame systems)

ζζf f :: Structural damping ratioStructural damping ratio due to foundations due to foundations (%)(%)
0.08  (Support with hinges)   0.08  (Support with hinges)   
0.24  (Support with sliding bearings) 0.24  (Support with sliding bearings) 
0.16  (Fixed support of frame structures) 0.16  (Fixed support of frame structures) 
etc.etc.
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US Atomic Energy Commission US Atomic Energy Commission 
““Regulatory GuideRegulatory Guide””

Damping Ratio (%)Damping Ratio (%)
StructuresStructures

OBE or OBE or ½½ SSE           SSE           SSESSE
Welded Steel                2Welded Steel                2 44
Bolted Steel          Bolted Steel          44 77
Prestressed C         Prestressed C         22 55
Reinforced C          Reinforced C          44 77

OBE : Operating Basis EarthquakeOBE : Operating Basis Earthquake
SSE  SSE  : Safe Shutdown Earthquake: Safe Shutdown Earthquake

ISOISO

ISO4354ISO4354 (Wind Actions on Structures, 1997)(Wind Actions on Structures, 1997)

11stst mode damping ratiomode damping ratio
ζζ1 1 = 1.0 % (Steel Buildings)= 1.0 % (Steel Buildings)
ζζ1 1 = 1.5 %= 1.5 % (RC Buildings)(RC Buildings)

ISO/CD3010ISO/CD3010 (Seismic Actions on Structures, 1999)(Seismic Actions on Structures, 1999)

11stst mode damping ratiomode damping ratio
ζζ1 1 = 2 = 2 -- 5 %5 %
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Design Damping Ratios Currently Used Design Damping Ratios Currently Used 
in Various Countries in Various Countries (Steel Buildings)(Steel Buildings)

Depending on Depending on HH or or ff11

Japan
(Earthquake)

Japan
(Habitability)

ISO4354

ISO/CD 3010

DIN1055

Italy
(Earthquake)

China

Singapore

Sweden

USA

Australia

France

Poland

US Atomic Energy Commission

ONORM B4014

For All Buildings: Depending on For All Buildings: Depending on 
Connection Types, Stress Levels, Connection Types, Stress Levels, 
Foundation Types, etc.Foundation Types, etc.
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Eq.(12)AIJ, 2000AIJ, 2000

Design Damping Ratios Currently Used Design Damping Ratios Currently Used 
in Various Countries in Various Countries (RC Buildings) (RC Buildings) 

Depending on Depending on HH or or ff11

For All Buildings: Depending on For All Buildings: Depending on 
Concrete Materials, Stress levels, Concrete Materials, Stress levels, 
Foundation Types, etc.Foundation Types, etc.
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Eq.(8)AIJ, 2000AIJ, 2000
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PenzenPenzen, J. (1972), U.C. Berkley, J. (1972), U.C. Berkley
HavilandHaviland, R. (1976), MIT, R. (1976), MIT
Cook, N.J. (1985) Cook, N.J. (1985) ‘‘The designerThe designer’’s guide to wind s guide to wind 
loading of building structuresloading of building structures’’
Davenport, A.G. & HillDavenport, A.G. & Hill--CarrolCarrol, p. (1986), ASCE, p. (1986), ASCE
Jeary, A.P. (1986), Jeary, A.P. (1986), JEESDJEESD
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Ellis, B.R. (1998)Ellis, B.R. (1998)
etc.etc.

  

Damping Data & PredictorsDamping Data & Predictors

Desirable Damping DatabaseDesirable Damping Database

Enough DataEnough Data
Enough Building TypesEnough Building Types
HighHigh--Quality & AccurateQuality & Accurate
Information in DetailInformation in Detail

  -- Building & SoilBuilding & Soil
  -- Measuring ConditionsMeasuring Conditions
  -- Evaluation TechniquesEvaluation Techniques
  -- AmplitudesAmplitudes
  -- StationarityStationarity
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Research Committee on Damping DataResearch Committee on Damping Data
organized by 

Architectural Institute of JapanArchitectural Institute of Japan
(1993(1993--2000)2000)

  

Japanese Damping DatabaseJapanese Damping Database

Sources of Damping DataSources of Damping Data

Original data from Members of the Research CommitteeOriginal data from Members of the Research Committee
Research Committee Report on Evaluation of Damping of Buildings,Research Committee Report on Evaluation of Damping of Buildings,
Building Center of JapanBuilding Center of Japan, 1993, 1993
Summary Papers presented at the Summary Papers presented at the Annual Meeting of Architectural Annual Meeting of Architectural 
Institute of Japan Institute of Japan (AIJ) (AIJ) 1970 1970 --
Journal of Structural and Construction Engineering Journal of Structural and Construction Engineering (Transactions of (Transactions of 
AIJ), AIJ), 1970 1970 --
Proc. Proc. Annual Meeting of Kanto Branch of Architectural Institute of Annual Meeting of Kanto Branch of Architectural Institute of 
JapanJapan, , 1970 1970 --
Proceedings of Proceedings of Annual Meeting of Kinki Branch of Architectural Annual Meeting of Kinki Branch of Architectural 
Institute of JapanInstitute of Japan, , 19701970--
Proc. Proc. National Symposium on Wind EngineeringNational Symposium on Wind Engineering, , 1970 1970 --
Proc. Proc. National Symposium on Earthquake EngineeringNational Symposium on Earthquake Engineering, , 1970 1970 --
Proc. Proc. International Conference on Earthquake EngineeringInternational Conference on Earthquake Engineering, , 1974 1974 --
Vibration Tests of Buildings, Vibration Tests of Buildings, Architectural Institute of JapanArchitectural Institute of Japan, , 19781978
Technical Reports published by Technical Reports published by Research Institute of Construction Research Institute of Construction 
CompaniesCompanies, , 1974 1974 --
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Accuracy and Quality Accuracy and Quality 
of Damping Dataof Damping Data

  Questionnaire Studies to Designers Questionnaire Studies to Designers 
  and Ownersand Owners

Confirmation of Values
- Dynamic Properties in Literature
Collection of Necessary Data
- Building Information
- Measurement Methods
- Evaluation Techniques
- Amplitudes
Exclusion of Unreliable Data
Approval for World-Wide Distribution

ÑÑ Many original nonMany original non--published data and additional published data and additional 
information were collected.information were collected.

Japanese Damping DatabaseJapanese Damping Database

Number of Buildings and Structures
285

Steel
Buildings

(Steel)

Steel
Encased

Reinforced
Concrete
Buildings

(SRC)

Reinforced
Concrete
Buildings

(RC)

Tower-Like
Non-Building

Structures

137 43 25 80
HAve.= 101m HAve.= 60m HAve.= 124m

15.5m ～ 282.3m 11.6m～167.4m 10.8m～129.8m 9.1m～226.0m
Office :
Hotel :

Others :

99
25
13

Apartment :
Office :
School :
Others :

35
20
4
9

Chimney :
Lattice :
Tower :
Others :

26
24
23
6

(Damping in buildings, AIJ, 2000)
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Japanese DampingJapanese Damping Database (JDD)Database (JDD)

Contained Information
Location Structural Type
Time of Completion Cladding Type
Building Usage Foundation Type
Shape Embedment Depth
Height Length of Foundation Piles
Dimensions Soil Conditions

Building
Information

Number of Stories Reference

Damping Ratio
(up to the 6th mode)
Natural Frequency
(up to the 6th mode)

Excitation Type
Experimental &
Measurement Method
Evaluation Technique
Amplitude

Dynamic
Properties

Time of Measurement etc.

(Damping in buildings, AIJ, 2000)
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Fundamental Natural PeriodFundamental Natural Period
(RC/SRC Buildings)(RC/SRC Buildings)
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(Damping in buildings, AIJ, 2000)

Higher Translational ModeHigher Translational Mode
Natural Periods Natural Periods (Steel Buildings)(Steel Buildings)
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Torsional Mode Torsional Mode 
Natural PeriodsNatural Periods
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Damping Ratios & Natural Periods Damping Ratios & Natural Periods 
(Steel Buildings)(Steel Buildings)

ζζ

(Damping in buildings, AIJ, 2000)
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Damping Ratios & Natural PeriodsDamping Ratios & Natural Periods
(RC/SRC Buildings)(RC/SRC Buildings)
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(Damping in buildings, AIJ, 2000)

zz Jeary (1986) :Jeary (1986) :
  ζζ11 = 0.01= 0.01ff11 + 10+ 10√√DD/2/2((xxH H //HH))
zz Lagomarsino (1993) :Lagomarsino (1993) :
  ζζ11 = = αα / / ff1 1 ++ ββ ff11+ + γγ ((xxH H //HH))
  

  DD : Building Dimension along: Building Dimension along
  Vibration DirectionVibration Direction
  xxHH //HH : Tip Drift Ratio: Tip Drift Ratio

Damping PredictorsDamping Predictors
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JearyJeary’’ss Damping PredictorDamping Predictor

High amplitude High amplitude 
plateau regionplateau region

ζζ

ζζ00

ζζII

Amplitude  Amplitude  x/Hx/H

Small low amplitude Small low amplitude 
plateau region with plateau region with ζζ00

Friction between elementsFriction between elements

All joints and contact surfaces slipAll joints and contact surfaces slip ζζ11 = = ζζ00 + + ζζII・・ xx//HH

ζζ00 = = ff11/100/100
ζζII = = 1010 √√DD/2/2

ff11 ：： Lowest NLowest Natural  atural  
Frequency (Hz)Frequency (Hz)

DD ：：Width of Building Base in Width of Building Base in 
Vibration Direction (m)Vibration Direction (m)

Fundamental Damping Ratios Fundamental Damping Ratios 
for Very Lowfor Very Low--Amplitude DataAmplitude Data
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zzFrequency Dependent TermFrequency Dependent Term
  RCRC buildings :buildings :
  ζζ11 = 0.0143 = 0.0143 ff1          1          ( ( rr = 0.89)= 0.89)
  SRC SRC buildings :buildings :
  ζζ11 = 0.0231 = 0.0231 ff1            1            ( ( rr = 0.32)= 0.32)
  SteelSteel buildings :buildings :
  ζζ11 = 0.013 = 0.013 ff11 ( ( rr = 0.65)= 0.65)
  ff11: : Fundamental Natural Frequency (Hz)Fundamental Natural Frequency (Hz)

Very LowVery Low--Amplitude DataAmplitude Data
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Q = Qc
xc

Qc

x

k

0

1

Q

Q = kx < Qc

FrictionFriction

x
xc

StickStick SlipSlip
FrictionFriction

k k

x

StickStick--slip Model slip Model 
for Damping in Buildingsfor Damping in Buildings

StickStick--slip Model slip Model 
for Damping in Buildingsfor Damping in Buildings

Increase of amplitudeIncrease of amplitude
→→ Increase of number of slipping jointsIncrease of number of slipping joints
→→ Increase of friction dampingIncrease of friction damping

& & Decrease of stiffnessDecrease of stiffness
Sum of a lot of frictional damping effectsSum of a lot of frictional damping effects
≈≈ Viscous dampingViscous damping

++ ++ ++ ·············· ==
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An Observatory Building (An Observatory Building (HH=99m)=99m)
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Damping Ratio Damping Ratio ζζ11

NaturalNatural
Frequency Frequency ff11

Amplitude Dependence of Damping RatioAmplitude Dependence of Damping Ratio

��Steel BuildingsSteel Buildings
 xxHH
  ζζ11 =  =  ＡＡ＋＋BB────
  HH
  Tall Office Buildings :Tall Office Buildings :
  B B = 400,= 400, Upper LimitUpper Limit xxH H / H = / H = 22××1010−−55

  ∆∆ζζ11 ((xxH H / H/ H)) = = 0.8%0.8%
  Tall Towers :Tall Towers :
  B B = 3000,= 3000, Upper LimitUpper Limit xxH H / H = / H = 55××1010−−66

  ∆∆ζζ11 ((xxH H / H/ H)) = = 1.5%1.5%

(Damping in buildings, AIJ, 2000)
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RCRC buildings :buildings :
  ζζ11 = 0.0143 = 0.0143 ff1 1 +  470+  470((xxH H //HH) ) −− 0.00180.0018
  xxH H //H < H < 22××1010−−55,   30m < ,   30m < H < H < 100m100m

SteelSteel buildings :buildings :
  ζζ11 = 0.013 = 0.013 ff1 1 +  400+  400((xxH H //HH) ) ++ 0.00290.0029
  xxH H //H < H < 22××1010−−55,  30m < ,  30m < H < H < 200m200m

Proposed Damping Predictor Proposed Damping Predictor 
in AIJ 2000in AIJ 2000

Natural Frequency Dependent Natural Frequency Dependent 
TermTerm
←←Height DependentHeight Dependent
←←SoilSoil--StructureStructure--InteractionInteraction

Large in LowLarge in Low--rise Buildingsrise Buildings

Comparison of FullComparison of Full--Scale Damping Scale Damping 
Ratios and Proposed PredictorsRatios and Proposed Predictors

RC BuildingsRC Buildings

0 50 100 150 200
Building Height       (m)H

0

0.05

0.1

Eq.(8)(Proposal)

Eq.(4)(Lagomarsino)

Frequency   Frequency   
Dependent Dependent 
Term OnlyTerm Only

Including Amplitude Including Amplitude 
Dependent TermDependent Term

Lagomarsino
Lagomarsino

AIJ 2000AIJ 2000
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Comparisons of FullComparisons of Full--Scale Damping Scale Damping 
Ratios and Proposed PredictorsRatios and Proposed Predictors

Steel BuildingsSteel Buildings

0 50 100 150 200 250 300
Building Height       (m)H
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Eq.(12)(Proposal)

Eq.(4)(Lagomarsino)

AIJ 2000AIJ 2000

Lagomarsino
Lagomarsino

Frequency   Frequency   
Dependent Dependent 
Term OnlyTerm Only

Including Amplitude Including Amplitude 
Dependent TermDependent Term

FullFull--Scale Known Amplitude Damping Scale Known Amplitude Damping 
Ratios Ratios vsvs Proposed Predictor in AIJ 2000Proposed Predictor in AIJ 2000
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Damping Ratio for HabitabilityDamping Ratio for Habitability
  -- Human ComfortHuman Comfort
  -- Vibration Perception ThresholdVibration Perception Threshold
  -- HH--3 Level3 Level (AIJ Guidelines, 1991)(AIJ Guidelines, 1991)

Damping Ratio for Structural SafetyDamping Ratio for Structural Safety
  -- Elastic RegionElastic Region

Damping Ratio Damping Ratio 
for Structural Design (AIJ, 2000)for Structural Design (AIJ, 2000)

(JDD)(JDD)

RC/SRCRC/SRC Buildings :Buildings :
  TT11 = 0.015 = 0.015 H     H     ((ff11= 67/= 67/HH))

Steel Steel Buildings :Buildings :
  TT11 = 0.020 = 0.020 H     H     ((ff11= 50/= 50/HH))

Ellis (1980)  Ellis (1980)  S/SRC/RCS/SRC/RC buildings:buildings:
  TT11 = 0.022 = 0.022 HH ((ff11= 46/= 46/HH))
  H H : Building Height (m): Building Height (m)

Fundamental Natural PeriodsFundamental Natural Periods TT11 (sec)(sec)
(Damping in buildings, AIJ, 2000)
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Guidelines for the evaluation of habitability to building vibratGuidelines for the evaluation of habitability to building vibration ion 
(AIJ, 1991)(AIJ, 1991)
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�� 11--yearyear--recurrence Peak Accelerationrecurrence Peak Acceleration
  A A = 2.3 = 2.3 ff1 1 –– 0.431 0.431 

  Level HLevel H--3 3 : : Guidelines for the evaluation of Guidelines for the evaluation of 
habitability to building vibration habitability to building vibration (AIJ, 1991)(AIJ, 1991)

�� FoundamentalFoundamental natural Frequencynatural Frequency
  ff11 = 1 = 1 / / 0.0150.015H H ((RC Buildings)RC Buildings)
  ff11 = 1 = 1 / / 0.0200.020H H (Steel Buildings)(Steel Buildings)

Performance Evaluation of 
Habitability to Building Vibration
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FullFull--scale Fundamental Natural scale Fundamental Natural 
Periods & Their Design ValuesPeriods & Their Design Values

Design Natural Period       (s)
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(Steel Buildings)(Steel Buildings)

－－20%20%

(Damping in buildings, AIJ, 2000)

TTmm = 0.80 = 0.80 TTdd

Steel Buildings :Steel Buildings : Satake et al. (1997)Satake et al. (1997)
RC Buildings :RC Buildings : Shioya et al. (1993)Shioya et al. (1993)

Contributions of Secondary Contributions of Secondary 
Members to StiffnessMembers to Stiffness

FullFull--scale Natural Periodscale Natural Period TTmm
and Design Natural Periodand Design Natural Period TTd d 

(JDD)(JDD)
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  Tip Drift Ratio Tip Drift Ratio xxH H //H = H = 22××1010−−55

RC BuildingsRC Buildings
  ff11 = 1 = 1 / / 0.0180.018HH

Steel BuildingsSteel Buildings
  ff11 = 1 = 1 / / 0.0240.024HH

Design Damping Ratio Design Damping Ratio 
for Structural Safetyfor Structural Safety

(JDD)(JDD)

  

AIJ 2000 AIJ 2000 (RC Buildings)(RC Buildings)

Habitability Safety
Damping Ratio

ζ1  (%)
Damping Ratio

ζ1  (%)
Height
H (m)

Natural
Frequency

f1 (Hz) Rec. Standard

Natural
Frequency

f1 (Hz) Rec. Standard
30 2.2 2.5 3 1.9 3 3.5
40 1.7 1.5 2 1.4 2 2.5
50 1.3 1.2 1.5 1.1 2 2.5
60 1.1 1.2 1.5 0.93 1.5 2
70 0.95 0.8 1 0.79 1.5 2
80 0.83 0.8 1 0.69 1.2 1.5
90 0.74 0.8 1 0.62 1.2 1.5
100 0.67 0.8 1 0.56 1.2 1.5

•  "Rec." : "Recommended" values.
•  f1 = 1／0.015H (Habitability),  f1 = 1／0.018H (Safety)
•  Safety : Elastic Range

(JDD)(JDD)

(Damping in buildings, AIJ, 2000)
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AIJ 2000 AIJ 2000 (Steel Buildings)(Steel Buildings)

Habitability Safety
Damping Ratio

ζ1  (%)
Damping Ratio

ζ1  (%)
Height
H (m)

Natural
Frequency

f1 (Hz) Rec. Standard

Natural
Frequency

f1 (Hz) Rec. Standard
30 1.7 1.8 2.5 1.4 2 3
40 1.3 1.5 2 1.0 1.8 2.5
50 1.0 1 1.5 0.83 1.5 2
60 0.83 1 1.5 0.69 1.5 2
70 0.71 0.7 1 0.60 1.5 2
80 0.63 0.7 1 0.52 1 1.5
90 0.56 0.7 1 0.46 1 1.5
100 0.50 0.7 1 0.42 1 1.5
150 0.33 0.7 1 0.28 1 1.5
200 0.25 0.7 1 0.21 1 1.5

•  "Rec." : "Recommended" values.
•  f1 = 1／0.020H (Habitability),  f1 = 1／0.024H (Safety)
•  Safety : Elastic Range

(JDD)(JDD)

(Damping in buildings, AIJ, 2000)

Steel BuildingsSteel Buildings
zzOffice BuildingsOffice Buildings
  ζζAVE AVE = = 1.15 %  (1.15 %  (HHAVE AVE = = 112.6m )112.6m )
zzHotels and Residential BuildingsHotels and Residential Buildings
  
  ζζAVE AVE = = 1.45 %  (1.45 %  (HHAVE AVE = = 100.4m )100.4m )

  25% Increase due to interior walls25% Increase due to interior walls

Effects of Building UseEffects of Building Use
(JDD)(JDD)

(Damping in buildings, AIJ, 2000)
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Ratio of Higher Mode Damping to Next Ratio of Higher Mode Damping to Next 
Lower Mode DampingLower Mode Damping

Steel BuildingsSteel Buildings
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(Damping in buildings, AIJ, 2000)

  (AIJ2000)(AIJ2000)

zz RCRC BuildingsBuildings
  ζζn+1n+1 = 1.4 = 1.4 ζζn n ,    ,    ((nn=1,2)=1,2)

zz SteelSteel BuildingsBuildings
  ζζn+1n+1 = 1.3 = 1.3 ζζn   n   ,   ,   ((nn=1,2)=1,2)

Higher Mode Damping RatioHigher Mode Damping Ratio
(Damping in buildings, AIJ, 2000)
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Large Amplitude TestsLarge Amplitude Tests
(A Steel Model House)(A Steel Model House)

Wire CuttingWire Cutting}}

1G1G

Large Amplitude TestsLarge Amplitude Tests
(A Steel Model House)(A Steel Model House)

Wire Wire 
CuttingCutting}}
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-- Damage to Secondary MembersDamage to Secondary Members
-- Development of Micro CracksDevelopment of Micro Cracks
ËËLarger Damping ValuesLarger Damping Values
  Almost No Quantitative EvidenceAlmost No Quantitative Evidence

Effects of Hysteretic Response of Effects of Hysteretic Response of 
Frames Frames 

Damping RatioDamping Ratio
for Ultimate Limit Statefor Ultimate Limit State

Output InformationOutput Information
■■ Spectral MethodsSpectral Methods
・・HalHal--Power MethodPower Method
・・AutoAuto--Correlation MethodCorrelation Method
→→ StationarityStationarity is strictly required.is strictly required.
■■ Random Decrement TechniqueRandom Decrement Technique
→→ StationarityStationarity is not necessarily required.is not necessarily required.
→→ Appropriate for amplitude dependent            Appropriate for amplitude dependent            

phenomenaphenomena
→→ Each mode should be clearly separated.    Each mode should be clearly separated.    
■■ Frequency Domain DecompositionFrequency Domain Decomposition
→→ Each mode does not have to be well Each mode does not have to be well 

separated.separated. 

Evaluation of Damping Ratio from Evaluation of Damping Ratio from 
Randomly Excited MotionRandomly Excited Motion

35-03



38

Random Decrement TechniqueRandom Decrement Technique
Estimation by SDOF Fitting

tt

xx00

xx((tt))

00

35-04

Random Decrement TechniqueRandom Decrement Technique
Estimation by SDOF Fitting

xx00

tt

vv00

SubSub--samplesample

xx00

xx((tt))

00

35-05
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Random Decrement TechniqueRandom Decrement Technique
Estimation by SDOF Fitting

tt
vv00

xx00

SubSub--samplesample

xx00

xx((tt))

00

35-06

Random Decrement TechniqueRandom Decrement Technique
Estimation by SDOF Fitting

General Solution of SDOFGeneral Solution of SDOF
MxMx + + CxCx + + KxKx = = ff ((tt))
xx((tt) = ) = DD((tt) + ) + RR((tt))
DD((tt) : Damped Free Component Depending   ) : Damped Free Component Depending   

on Initial Condition (on Initial Condition (xx00,,vv00))
RR((tt) : Randomly Excited Component ) : Randomly Excited Component 

= = ∫∫ ff ((ττ ))hh((tt−−ττ ))ddττ
Superimposition of SubSuperimposition of Sub--samplessamples
(Ensemble Averaging)(Ensemble Averaging)

•••• ••

tt

00

zerozero--mean randommean random
excitationexcitation

35-07
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Random Decrement TechniqueRandom Decrement Technique
Estimation by SDOF Fitting

Superimposition of SubSuperimposition of Sub--samplessamples
(Ensemble Averaging) (Ensemble Averaging) 
= = Random Decrement SignatureRandom Decrement Signature
∝∝ AutoAuto--correlation Functioncorrelation Function
≈≈ Damped Free Component with Initial   Damped Free Component with Initial   

Amplitude Amplitude xx00

ζζ
∝∝ exp (exp (−− ζωζω00ττ)(cos)(cos√√1 1 −− ζζ 22ωω00ττ + + ⎯⎯⎯⎯⎯⎯ sinsin√√1 1 −− ζζ 22ωω00ττ ))

√√1 1 −− ζζ 22

35-08

Random Decrement SignatureRandom Decrement Signature

Number of SuperimpositionNumber of Superimposition
xx00

xx00

xx00

++

++

++
•• •• •• •• •• •• •• •• •• •• 35-09
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Damping Estimation of Chimney with Closely Located Damping Estimation of Chimney with Closely Located 
Natural Frequencies by Natural Frequencies by Random Decrement TechniqueRandom Decrement Technique
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Power Spectral Density of Ambient Power Spectral Density of Ambient 
Acceleration Response Acceleration Response (NS comp. at 220m)(NS comp. at 220m)
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35-11

xx0101xx11 =               e        =               e        coscos ((√√11−−ζζ11
2 2 ωω1 1 tt −− φφ11))

√√11−−ζζ11
22

––ζζ11ωω1 1 tt

xx0202xx22 =               e        =               e        coscos ((√√11−−ζζ22
2 2 ωω2 2 tt −− φφ22))

√√11−−ζζ22
22

––ζζ22ωω2 2 tt

x = xx = x1 1 + x+ x2  2  + + ・・・・・・・・・・ + + xxNN + + mm

Least Square Approximation ofLeast Square Approximation of
MDOF Random Decrement Signature MDOF Random Decrement Signature 

xx0N0NxxNN =               e        =               e        coscos ((√√11−−ζζNN
2 2 ωωN N tt −− φφNN))

√√11−−ζζNN
22

––ζζNNωωNNtt
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Mean Value ErrorMean Value Error
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40-01

Estimated Dynamic Characteristics of a 230mEstimated Dynamic Characteristics of a 230m--high high 
Chimney by Chimney by 2DOF RD2DOF RD technique and technique and FDDFDD

0.390.300.410.412

0.390.422.382.386

0.77−3.10−8

0.650.552.172.175

0.300.831.471.473

FDDRDFDDRD

−−2.87−7

0.910.851.521.534

0.240.180.400.401

Damping Ratio (%)Natural Frequency (Hz)
Mode #

40-02
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FullFull--scale Measurement of Dynamic scale Measurement of Dynamic 
Properties of a 15Properties of a 15--story CFT Buildingstory CFT Building

SE Elevation SW Elevation

53
.3

5m

40-04

Ambient Vibration Measurement of Ambient Vibration Measurement of 
Completed BuildingCompleted Building

}
12 components (Moved)12 components (Moved)

15F Reference Point 15F Reference Point 
(Fixed)(Fixed)

zz53 components were 53 components were 
measured in total.measured in total.

40-10
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Frequency Domain Decomposition Frequency Domain Decomposition 
(FDD)(FDD)

Spectral Density Matrix of Measured ResponsesSpectral Density Matrix of Measured Responses

Singular Value DecompositionSingular Value Decomposition

�� Singular Value (Singular Value (ωωkk ≈≈ ωωii) becomes large ) becomes large 
→→ has a peak equivalent to SDOFhas a peak equivalent to SDOF--PSD functionPSD function
�� Left Singular Vector Left Singular Vector uurr associated with a peak associated with a peak 

≈≈ Mode ShapeMode Shape

Natural Frequencies, Damping Ratios,Natural Frequencies, Damping Ratios,
Mode ShapesMode Shapes

GGyyyy((jjωω))

GGyyyy((jjωωkk) = ) = UUkkSSkkVVkk
HH

40-11

FDD : Basic FormulationsFDD : Basic Formulations
�� PSD: Input/Output relationPSD: Input/Output relation

�� PSD: Modal DecompositionPSD: Modal Decomposition

�� PSD: Singular Value DecompositionPSD: Singular Value Decomposition

�� Mode Shape EstimationMode Shape Estimation
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Singular Value PlotsSingular Value Plots
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•• PeakPeak--PickingPicking
•• Average of Normalized S.V. of PSD Matrices of All Data SetsAverage of Normalized S.V. of PSD Matrices of All Data Sets
•• Analytical Software: Analytical Software: ARTeMISARTeMIS 40-13

Identification of Closely Located PeaksIdentification of Closely Located Peaks
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20

0.4 0.8 1.2

dB

11stst ModeMode
ComponentComponent

22ndnd ModeMode
ComponentComponent

0.76Hz0.76Hz

0.85Hz0.85Hz

-- SV Plot : Single Mode Selection SV Plot : Single Mode Selection --
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FEM Analytical ModelsFEM Analytical Models

1111--story Modelstory Model 1515--story Modelstory Model
45-01

Natural Frequencies of 15Natural Frequencies of 15--Story Story 
CFT BuildingCFT Building

ModeMode FEM (Hz)FEM (Hz) AMBAMB (Hz)(Hz) ErrorError (%)(%)
11 0.760.76 0.760.76 00
22 0.870.87 0.860.86 2.222.22
33 1.151.15 1.111.11 3.513.51
44 2.142.14 2.232.23 --3.993.99
55 2.532.53 2.472.47 2.592.59
66 3.023.02 2.942.94 2.822.82
77 3.853.85 3.853.85 00
88 4.264.26 4.264.26 00
99 4.674.67 4.474.47 4.294.29

Field DataField Data

AdjustedAdjusted
by Additionalby Additional
Stiffness  Stiffness  

45-02
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FDD IDENTIFIED MODE SHAPES FDD IDENTIFIED MODE SHAPES (1-3)

f 1= 0.760 Hz f 2 =0.854 Hz f3 = 1.111 Hz

45-03

FDD IDENTIFIED MODE SHAPES FDD IDENTIFIED MODE SHAPES (4-6)

f4 = 2.230 Hz f5 = 2.468 Hz f6= 2.939 Hz

45-04
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FDD IDENTIFIED MODE SHAPES FDD IDENTIFIED MODE SHAPES (7-9)

f7= 3.849 Hz f8= 4.255 Hz f9= 4.493 Hz

45-05
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Basic Idea & Procedure of Basic Idea & Procedure of 
Damping EstimationDamping Estimation

�� Select SDOF approximation of the  Select SDOF approximation of the  ““PSD BellPSD Bell””
based on using MACbased on using MAC

�� Calculate SDOF correlation function viaCalculate SDOF correlation function via
Inverse FFT of the selected Inverse FFT of the selected ““PSD BellPSD Bell””

�� Estimate damping ration by LogarithmicEstimate damping ration by Logarithmic
Decrement TechniqueDecrement Technique

45-09

Damping EstimationDamping Estimation

Inverse Fourier TransformInverse Fourier Transform of of 
Identified Mode Component (SDOFIdentified Mode Component (SDOF--PSD)PSD)

AutoAuto--Correlation FunctionCorrelation Function: : RR((ττ))

-1

-0.5

0

0.5

1

R(τ)
R(0)

f1=0.76Hz,   ζ1=0.54%

1st Mode 

45-10
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Variation of Estimated Damping Ratios by FDD Variation of Estimated Damping Ratios by FDD 
with FFT Data Points (Frequency Resolution)with FFT Data Points (Frequency Resolution)
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Variation of Estimated Damping Ratios by FDD Variation of Estimated Damping Ratios by FDD 
with FFT Data Points (Frequency Resolution)with FFT Data Points (Frequency Resolution)
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Estimated Damping Ratios Estimated Damping Ratios 
and FFT Data Pointsand FFT Data Points

Data Data 
PointsPoints 256256 512512 10241024 20482048 40964096 81928192

1st1st 3.053.05 1.601.60 0.950.95 0.650.65 0.540.54 0.510.51
2nd2nd 2.812.81 1.581.58 0.990.99 0.740.74 0.670.67 0.580.58
3rd3rd 2.062.06 1.291.29 0.980.98 0.840.84 0.800.80 0.870.87
4th4th 1.521.52 1.241.24 1.111.11 1.101.10 1.081.08 1.061.06
5th5th 1.911.91 1.641.64 1.651.65 1.561.56 1.621.62 1.291.29
6th6th 1.901.90 1.731.73 1.661.66 1.671.67 1.721.72 1.681.68
7th7th 2.372.37 2.232.23 2.182.18 2.152.15 2.112.11 1.631.63
8th8th 1.571.57 1.601.60 1.381.38 0.850.85 0.780.78 n/an/a
9th9th 1.911.91 1.921.92 1.621.62 1.251.25 0.860.86 n/an/a

45

Singular Values of PSD Matrix
of Ambient Vibrations 
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ff1 1 = 1.03Hz          = 1.03Hz          ff2 2 = 1.09Hz          = 1.09Hz          ff3 3 = 1.31Hz= 1.31Hz

ff4 4 = 1.93Hz          = 1.93Hz          ff5 5 = 2.58Hz          = 2.58Hz          ff6 6 = 2.74Hz= 2.74Hz

ff7 7 = 2.88Hz          = 2.88Hz          ff8 8 = 2.97Hz           = 2.97Hz           ff9 9 = 3.30Hz= 3.30Hz

Mode Shapes Obtained by 
SVD of PSD Matrix

ff10 10 = 3.90Hz           = 3.90Hz           ff11 11 = 3.94Hz           = 3.94Hz           ff12 12 = 4.58Hz= 4.58Hz

ff13 13 = 4.86Hz           = 4.86Hz           ff14 14 = 5.38Hz          = 5.38Hz          ff15 15 = 5.57Hz= 5.57Hz

ff16 16 = 5.79Hz          = 5.79Hz          ff17 17 = 6.70Hz          = 6.70Hz          ff18 18 = 6.83Hz= 6.83Hz

Mode Shapes Obtained by 
SVD of PSD Matrix



56

ff19 19 = 7.00Hz          = 7.00Hz          ff20 20 = 7.42Hz           = 7.42Hz           ff21 21 = 7.71Hz= 7.71Hz

ff22 22 = 8.23Hz          = 8.23Hz          ff23 23 = 8.70Hz= 8.70Hz

Mode Shapes Obtained by 
SVD of PSD Matrix

----0.610.6116160.270.2788

0.500.5023230.850.8515151.471.4777

0.720.7222220.830.8314141.381.3866

1.041.0421211.011.0113132.172.1755

0.510.5120200.980.9812120.210.2144

0.500.5019190.660.6611110.560.5633

0.750.7518181.441.4410100.590.5922

0.730.7317170.910.91990.690.6911

ζζ (%)(%)ModeModeζζ (%)(%)ModeModeζζ (%)(%)ModeMode

Damping Ratios Obtained
by SVD of PSD Matrix 


