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Temporal variation of wall pressures of Temporal variation of wall pressures of 
a higha high--rise building model rise building model 

((zz == H /H / 2,2, DD ::BB ::HH = 1 : 1 : 4,= 1 : 1 : 4, θθ = 0= 0°° Kawai 1982Kawai 1982))
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Temporal variation of wall pressures of Temporal variation of wall pressures of 
a higha high--rise building model rise building model 

((zz == H /H / 2,2, DD ::BB ::HH = 1 : 1 : 4,= 1 : 1 : 4, θθ = 10= 10°° Kawai 1982Kawai 1982))
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Temporal variation of wind speed, velocity Temporal variation of wind speed, velocity 
pressure and windward wall pressures of pressure and windward wall pressures of 
a 30ma 30m--high building (Fullhigh building (Full--scale, scale, D / B D / B = 2)= 2)
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Wind speed Wind speed (m/s)(m/s)
UU((tt))

Velocity pressureVelocity pressure
(1/2)(1/2)ρρUU((tt))22 (10N/m(10N/m22))

Point 44Point 44

4545

4646

4747

4848

Wind pressureWind pressure
(10N/m(10N/m22))

secsec

Temporal variation of velocity Temporal variation of velocity 
pressure at roof height and wind pressure on pressure at roof height and wind pressure on 

windward center (Fullwindward center (Full--scale, scale, HH=30m, =30m, D / B D / B = 2)= 2)

secsec

Velocity pressureVelocity pressure
(1/2)(1/2)ρρUU((tt))22
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Wind pressureWind pressure
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Point 35Point 35

3636

3737

3838

3939

Wind pressureWind pressure
(10N/m(10N/m22))

secsec
Temporal variation of wind speed, velocity Temporal variation of wind speed, velocity 

pressure and leeward wall pressures of pressure and leeward wall pressures of 
a 30ma 30m--high building (Fullhigh building (Full--scale, scale, D / B D / B = 2)= 2)

Wind speed Wind speed (m/s)(m/s)
UU((tt))

Velocity pressureVelocity pressure
(1/2)(1/2)ρρUU((tt))22 (10N/m(10N/m22))

Temporal variation of velocity Temporal variation of velocity 
pressure at roof height and wind pressure on pressure at roof height and wind pressure on 
leeward center (Fullleeward center (Full--scale, scale, HH=30m, =30m, D / B D / B = 2)= 2)

secsec

Wind PressureWind Pressure
(Leeward Center)(Leeward Center)

Velocity PressureVelocity Pressure
(1/2)(1/2)ρρUU((tt))22

(10N/m(10N/m22))

(10N/m(10N/m22))
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Temporal variation of wind pressures of Temporal variation of wind pressures of 
a 200ma 200m--high RC chimney high RC chimney 

(Full(Full--scale, 0.7scale, 0.7HH, , H / D H / D = 13.2)= 13.2)
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Fluctuating Pressure Coefficient Fluctuating Pressure Coefficient CCpp’’
σσp p σσppCCpp’’ =  =  ⎯⎯⎯⎯⎯⎯⎯⎯ == ⎯⎯⎯⎯11⎯⎯ ρρUURR

2             2             qqRR22
σσp  p  = = √√ ( ( pp −− p p ))22

pp :  Wind pressure:  Wind pressure
pp :  Mean wind pressure :  Mean wind pressure 
ρρ :  Air density:  Air density

UUR R :  Reference wind speed:  Reference wind speed
qqRR :  Reference velocity pressure:  Reference velocity pressure
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Temporal Variations of Temporal Variations of 
Fluctuating Pressures on RoofFluctuating Pressures on Roof
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(a) Mean pressure                    (b) Fluctuating pressure (a) Mean pressure                    (b) Fluctuating pressure 
coefficientcoefficient CCpp coefficient coefficient CCpp’’

Pressure distributions on a lowPressure distributions on a low--rise building rise building 
model model ((θθ = 0= 0°°, , D D : : B B : : H H = 4 : 4 : 1)= 4 : 4 : 1)

-- 0.30.3
-- 0.30.3

-- 0.30.3
-- 0.40.4

-- 0.40.4
-- 0.40.4 -- 0.50.5-- 0.50.5

-- 0.50.5-- 0.80.8
-- 0.80.8 -- 0.80.8-- 1.11.1-- 1.31.3 -- 1.21.2

0.40.40.30.3 0.30.30.20.2

-- 0.30.3 0.10.1 0.10.1

0.10.1 0.10.1
0.10.1

0.10.1

0.20.2

0.20.2 0.20.2

0.30.30.30.3

0.30.3

0.30.3
0.40.4

0.40.4
0.40.4

0.40.4 0.40.4

-- 0.60.6 -- 0.60.6
-- 0.70.7 -- 1.01.0 -- 0.70.7
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(a) Mean pressure                    (b) Fluctuating pressure (a) Mean pressure                    (b) Fluctuating pressure 
coefficientcoefficient CCpp coefficient coefficient CCpp’’

Pressure distributions on a lowPressure distributions on a low--rise building rise building 
modelmodel ((θθ = 45= 45°°,, DD :: BB :: HH = 4 : 4 : 1)= 4 : 4 : 1)

-- 0.50.5

-- 0.50.5

-- 0.50.5

-- 0.50.5

-- 0.60.6 -- 0.60.6

-- 0.60.6
-- 0.60.6

-- 0.60.6

-- 0.60.6

-- 0.40.4

-- 0.40.4 -- 0.40.4

-- 0.70.7

-- 0.70.7
-- 0.80.8

-- 0.80.8

-- 0.30.3

-- 0.30.3

-- 0.10.1

-- 0.10.1

-- 0.90.9

-- 0.90.9

-- 1.01.0

-- 1.01.0

-- 1.41.4

-- 1.41.4

0.10.1

0.10.1 0.20.2

0.20.2

0.40.4

0.40.4

0.10.1 0.10.1

0.10.1

0.10.1 0.10.1

0.10.1

0.20.2

0.20.2

0.20.2

0.20.2

0.30.3 0.30.3

0.30.3
0.40.4

0.50.5

0.50.50.90.9

-- 0.40.4

(a) Mean pressure               (b) Fluctuating pressure (a) Mean pressure               (b) Fluctuating pressure 
coefficientcoefficient CCpp coefficient coefficient CCpp’’

Pressure distributions on a highPressure distributions on a high--rise building rise building 
modelmodel ((θθ = 0= 0°°,, DD :: BB :: HH = 1 : 1 : 5)= 1 : 1 : 5)

0.80.8

0.70.7

0.60.6
0.50.5

0.40.4 0.40.4

-- 0.80.8
-- 0.80.8

-- 0.80.8

-- 0.60.6

-- 0.80.8

-- 0.60.6
-- 0.60.6

-- 0.80.8
-- 0.60.6
-- 0.50.5

-- 0.60.6-- 0.60.6

0.150.15

0.140.14

0.220.22
0.250.25
0.300.30

0.350.35

0.370.37

0.270.270.330.33
0.360.360.200.20

0.220.22

0.250.25

0.300.30

0.350.35

0.370.37

0.330.33
0.360.36

0.270.27

0.200.20

0.150.15

0.180.18
0.210.21

0.220.22
0.230.23

0.210.21
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Pressures Pressures 
in in 

Unsteady Flow FieldsUnsteady Flow Fields

Generalized BernoulliGeneralized Bernoulli’’s Equations Equation
((BlasiusBlasius Equation)Equation)

∂∂φφ 1         1         PP———— + + —— U U 2  2  + + —— + + ΩΩ = = nn ((t t ))
∂∂ tt 2         2         ρρ
ρρ : Fluid density: Fluid density
U U : Flow velocity: Flow velocity
P P : Pressure: Pressure
φφ : Velocity potential: Velocity potential
ΩΩ : External force potential = : External force potential = gzgz
nn((tt) ) : Time function: Time function

Unsteady / Unsteady / IrrotationalIrrotational / Ideal Flow/ Ideal Flow
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QuasiQuasi--steady Assumption steady Assumption 
and and 

Fluctuating PressuresFluctuating Pressures

QuasiQuasi--steady Assumptionsteady Assumption
The flow field at every moment is The flow field at every moment is 
the same as the steady flow fieldthe same as the steady flow field
for the wind speed and the wind for the wind speed and the wind 
direction upstream of its instance.direction upstream of its instance.

Fluctuating pressure on a structure Fluctuating pressure on a structure 
follows the variations in follows the variations in 
longitudinal wind velocitylongitudinal wind velocity
upstream.upstream. (a narrow sense)(a narrow sense)

U +  u
v Steady Flow
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QuasiQuasi--steady Assumption steady Assumption 
(a narrow sense)(a narrow sense)

Fluctuating pressureFluctuating pressure
11pp ((tt ) = ) = CCpp —— ρρ UU ((tt ))2 2 
2  2  
11== CCp p —— ρρ {{U U ++uu ((tt )) }}22
22

uu ((t t )) << << UU
1                       1                       uu ((tt ))≈≈ CCp p —— ρρ UU 2 2 { { 11 + + 22 ———— }}
2                         2                         UU

=  =  pp + + pp’’((tt ))
pp’’((tt ))

= = pp { { 11 +  +  ———— }}
pp

Mean Pressure Mean Pressure 
CoefficientCoefficient

σσp p // pp ≈≈ 22σσu u // UU

IIpp ≈≈ 22IIuu

UU22 +2+2uu ((tt ))UU++uu ((tt ))22

QuasiQuasi--steady Assumption steady Assumption 
(a narrow sense)(a narrow sense)

Fluctuating pressure: Fluctuating pressure: 
u u ((tt )) << << UU →→ u u ((tt ))22 ≈≈ 00
p p ((t t ) ) == pp + + pp’’((t t ))

11p p = = CCp p ——ρρ U U 2  2  : : Mean PressureMean Pressure22
pp’’((t t ) ) ≈≈ CCp p ρρ UUuu((t t )  : )  : Fluctuating ComponentFluctuating Component
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Spatial Scale Spatial Scale 
of of 

Pressure FluctuationPressure Fluctuation

Distortion Distortion 
of Turbulenceof Turbulence

Size Reduction Size Reduction 
EffectEffect

Aerodynamic Aerodynamic 
AdmittanceAdmittance
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(a) (a) Wind speedWind speed (b) (b) Windward WallWindward Wall (c) (c) Side WallSide Wall (d) (d) Leeward WallLeeward Wall

Power spectral densities of fluctuating Power spectral densities of fluctuating 
wind speedwind speed and and wind pressureswind pressures

ff B /B / UUff LLx x / U/ U ff B /B / UU ff B /B / UU
SS pp(f

)(f
) //

σσ
22

SS pp(f
)(f
) //

σσ
22

SS pp(f
)(f
) //

σσ
22

SS uu(
f)(f
) //

σσ
22

secsec secsec secsec secsec

BB

Reduced Frequency : Reduced Frequency : 
Building SizeBuilding Size BB———————————————————————— =  =  ————

Spatial Scale of FluctuationSpatial Scale of Fluctuation LLff
BB=  =  ————

TTffUU
ff BB=  =  ————
UUf f :  Fluctuating Frequency :  Fluctuating Frequency 

1 1 TTff =  =  ——ff
f Bf B———— :  Reduced Frequency :  Reduced Frequency 
UU

Temporal ScaleTemporal Scale
of Fluctuationof Fluctuation

similar to Eddy Size of Turbulence
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Schematic view of distortion of turbulenceSchematic view of distortion of turbulence

Power spectral density of                       Power spectral density of                       
fluctuating pressure fluctuating pressure SSpp( ( ff )) ::

SSpp( ( ff )) = =   ρρ 22UU 22 || χχ ( ( ff )) ||22SSuu( ( f f ))

SSuu( ( f f )) :  :  Power spectral density of Power spectral density of 
fluctuating wind speedfluctuating wind speed

|| χχ ( ( f f ) ) ||22 :  Velocity:  Velocity--pressure pressure 
admittanceadmittance

ρρ :  Air density:  Air density
U     U     :  Wind speed:  Wind speed

QuasiQuasi--steadysteady::
pp’’((t t ) = ) = CCp p ρρ UUuu((tt))
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(a)(a) Windward wall                  (b) SidewallWindward wall                  (b) Sidewall

VelocityVelocity--pressure admittance pressure admittance || χχ ( ( f f ) ) ||22
((z z = = H / H / 2,  2,  D D : : B B = 1 : 1)= 1 : 1)
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2D2D

2D2D

ff B /B / UUff B /B / UU

Distortion of TurbulenceDistortion of TurbulenceBB

LargeLarge LLff
SmallSmall
LLffBB BB

Turbulence DistortionTurbulence Distortion
B      B      B        B        ff BB

———— = = ———— = = ————
LLff TTff U       U       UU

Fluctuation FrequencyFluctuation FrequencyFluctuation ScaleFluctuation Scale

Low   Low   ff B/B/UU High   High   ff B/B/UU
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Schematic view of turbulence distributionSchematic view of turbulence distribution

ppBB((tt))

ppAA((tt))

RootRoot--coherence of wind pressures on the coherence of wind pressures on the 
windward wall of a highwindward wall of a high--rise building modelrise building model

((D D ::B B ::H H = 1 : 1 : 5)= 1 : 1 : 5)

DD

AA

EE

CC

BB

FF

f Lf L
√√cohcoh = =   expexp ((−− k k ———— ))

UU

ff LL
expexp ((−− 6 6 —— ) ) 

UU

ff L /L / UU

LL: distance: distance
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Pressure Correlation Pressure Correlation distance distance 
betweenbetween
two pointstwo points

ff LL
√√cohcoh = =   expexp ((−− kk ———— ))

UU
decay constantdecay constant√√cohcoh

ff LL
UU00

11 ff LL
exp (exp (−− k k ———— ))

UU
ppAA((tt))

ppBB((tt))

LL

windwind
UU

Critical reduced frequencyCritical reduced frequency
for fluctuating pressure fieldfor fluctuating pressure field

√√cohcoh

ff LL
UU

00

11

ff LL
exp (exp (−− k k ———— ))

UU

ffcc LL
UU

ffcc : The largest frequency : The largest frequency 
for which the pressure for which the pressure 
correlation can be assumed correlation can be assumed 
to be unityto be unity

11exp (exp (−− k xk x) ) dd xx == ——
kk∫∫00

∞∞
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Critical Frequency Critical Frequency ffcc and Equivalent   and Equivalent   
Averaging Time Averaging Time TTcc for Panel Pressure for Panel Pressure 
of Size of Size LL

f f LL LL———— = = ————
UU TTccUU

Size of PanelSize of Panel
= = ————————————————————

Critical Critical Size of FluctuationSize of Fluctuation
11= = ——
kk

UU
LL

Decay ConstantDecay Constant
k k =  0 : Fully Correlated=  0 : Fully Correlated
k k = = ∞∞ : No Correlation: No Correlation

ppii((tt))

ppii((tt))dAdA

AA

∫∫AA

Note: Exactly speaking, we Note: Exactly speaking, we 
have to consider two have to consider two 
dimensional (area) correlations dimensional (area) correlations 
for panel pressures.for panel pressures.

cc

Size Reduction FactorSize Reduction Factor(Spatial Averaging Effects)(Spatial Averaging Effects)

Size Size LL acts as a lowacts as a low--pass filter.pass filter.
Larger Larger LL→→ Smaller Smaller ffcc (Larger (Larger TTcc))

UU

LL TTcc

tt

pp((tt)) TTcc

tt

pp((tt))

ppEmaxEmax

ppEmaxEmax

Maximum PanelMaximum Panel
Pressure Pressure 

(Spatial Average)(Spatial Average)

Equivalent TemporalEquivalent Temporal
Average MaximumAverage Maximum

PressurePressure ppEmaxEmax

- should be Moving Average

pp((tt))

Representative Point PressureRepresentative Point Pressure
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Equivalent averaging timeEquivalent averaging time TTcc ofof
the minimum size of fluctuating the minimum size of fluctuating 
gust acting simultaneously gust acting simultaneously 
on the panelon the panel

kk LL
TTcc = = ————

UU
ex.ex. L L = 1m, = 1m, UU = 40m/s, = 40m/s, kk = 8= 8

8 8 ×× 11
TTcc = = —————— = 0.2 sec= 0.2 sec

4040

UU

LL

Equivalent averaging timeEquivalent averaging time TTcc ofof
the minimum size of fluctuating the minimum size of fluctuating 
gust acting simultaneously gust acting simultaneously 
on the panelon the panel

kk LL
TTcc = = ————

UU
ex.ex. L L = 10m, = 10m, UU = 30m/s, = 30m/s, kk = 8= 8

8 8 ×× 1010
TTcc = = —————— = 2.7 sec= 2.7 sec

3030

UU

LL
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Temporal Variation Temporal Variation 
of of 

Internal PressureInternal Pressure

Necessary timeNecessary time TTcc (sec) (sec) to reachto reach
equilibrium after giving a pressureequilibrium after giving a pressure
difference difference ∆∆ pp (Pa)(Pa) at an opening at an opening 
(T.V. Lawson, 1980)(T.V. Lawson, 1980)

BB
TTcc = 1.2 = 1.2 ×× 1010−−44 √∆√∆ pp

AA
BB : : Volume of a roomVolume of a room (m(m33))
AA : : Area of an openingArea of an opening (m(m22))
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ex. ex. 
CCpepe = 0.8, = 0.8, CCpipi = = –– 0.34, 0.34, 
UU = 35 m/s= 35 m/s
→→ ∆∆ p p = 860 Pa= 860 Pa
BB : : Volume of a roomVolume of a room = 200 m= 200 m33

AA : : Area of an openingArea of an opening = 0.02 m= 0.02 m22

200200
TTcc = 1.2 = 1.2 ×× 1010−−4  4  √√ 860  = 35 sec860  = 35 sec

0.020.02

CCpipi = = –– 0.340.34

CCpepe = 0.8= 0.8

UU = 35m/s= 35m/s

The internal pressure cannot respond to the The internal pressure cannot respond to the 
external pressure fluctuation with a shorter external pressure fluctuation with a shorter 
period than period than TTcc →→ Time ConstantTime Constant

ex. ex. a broken glass windowa broken glass window
CCpepe = 0.8, = 0.8, CCpipi = = –– 0.34, 0.34, 
UU = 35 m/s= 35 m/s
→→ ∆∆ p p = 860 Pa= 860 Pa
BB : : Volume of a roomVolume of a room = 200 m= 200 m33

AA : : Area of an openingArea of an opening = = 11 mm22

200200
TTcc = 1.2 = 1.2 ×× 1010−−4  4  √√ 860   = 860   = 0.7 sec0.7 sec

11

CCpipi = = –– 0.340.34

CCpepe = 0.8= 0.8

UU = 35m/s= 35m/s

The internal pressure can respond highThe internal pressure can respond high--
frequency external pressure fluctuations !frequency external pressure fluctuations !
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Temporal Variation Temporal Variation 
of of 

Wind ForcesWind Forces

General BuildingsGeneral Buildings
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AlongAlong--wind Force:wind Force:

FFDD ((tt ))

==∫∫00
HH∫∫00

BB
{{ ppWW((y,z,ty,z,t)) –– ppLL((y,z,ty,z,t)) }}dydzdydz

==∫∫00
HH∫∫00

BB
{{ ppWW((yy,,zz,t,t)) –– ppLL((yy,,zz,t,t)) }}dydzdydz

+ + ∫∫00
HH∫∫00

BB
{{ pp’’WW((yy,,zz,t,t)) –– pp’’LL((yy,,zz,t,t)) }}dydzdydz

= = FFDD ((tt ) ) + + FF DD’’((tt ) ) 

QuasiQuasi--steady assumption & steady assumption & uu ((tt )) // UU <<<< 11
FFDD’’ ((tt ) = ) = CCDD ρ ρ UUuu((tt))BHBH
SSD D (( ff ) = () = (CCDD ρ ρ UBHUBH))22SSuu(( ff ))

ppWW((yy, , zz, , tt))

ppLL((yy, , zz, , tt))

yy

zz

BB

HH

Power Spectrum of AlongPower Spectrum of Along--wind Forcewind Force
Size Reduction Effect & Distortion of Turbulence  Size Reduction Effect & Distortion of Turbulence  

SSuu(( f f ))
SSD D (( f f ) = 4) = 4CCDD

22 χχDD(( f f ) ) 22
U U 22

χχ DD(( f f ) ) 2   2   : : Aerodynamic admittanceAerodynamic admittance
e.g. Vickery (1968) e.g. Vickery (1968) 

11
χχDD(( f f )   =  )   =  

22ff√√AA
1 + (           )1 + (           )44/ / 33

UU
A A : Projected Area: Projected Area
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Aerodynamic admittance of plates and prisms 
(Vickery 1968)

√√ A
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88””××88””plate plate 
88””××1212””plate plate 
88””××1616””plate plate 
88””××2424””plate plate 
1.51.5””××1.51.5””plate plate 
1.51.5””××66””plate plate 
88””××88””××22””prismprism
88””××88””××44””prismprism
44””××44””plateplate
1212””φφ circular platecircular plate

11
χχDD(( f f )   =  )   =  

22 ff √√ AA
1 + (            )1 + (            )44/ / 33

UU

ff√√AA / U/ U

χχ DD
(( f

 f ))

Temporal variation of wind forces acting on a highTemporal variation of wind forces acting on a high--
rise building model (2rise building model (2HH/3, Wind tunnel)/3, Wind tunnel)

(time)(time)
AlongAlong--wind forcewind force

(time)(time)
AcrossAcross--wind forcewind force

CCDD
CCDD

CCLL

CCLL
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Power spectra of wind forces acting on a highPower spectra of wind forces acting on a high--rise rise 
building model building model 

(2(2HH/3, Wind tunnel, Kikuchi & /3, Wind tunnel, Kikuchi & HibiHibi 1995)1995)

CCDD

Force balanceForce balance
PressurePressure

AlongAlong--windwind AcrossAcross--windwind

SS

ffvv BB
S =S = UU

Strouhal NumberStrouhal Number

ff B /B / UUff B /B / UU

ff SS
( ( f

 f ))
// ((

qq HH
B

HB
H

))22

ff SS
( ( f

 f ))
// ((

qq HH
B

HB
H

))22

Fluctuating Wind Force CoefficientFluctuating Wind Force Coefficient
σσDDCCDD’’ =  =  ⎯⎯⎯⎯⎯⎯⎯⎯11⎯⎯ ρρ UURR

22AA22
σσLLCCLL’’ =  =  ⎯⎯⎯⎯⎯⎯⎯⎯11⎯⎯ ρρ UURR

22AA22
σσD D , , σσL L : Standard deviation of : Standard deviation of FFDD and and FFLL
ρρ : Air density: Air density
UUR           R           : Reference wind speed: Reference wind speed
AA : Projected area: Projected area
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LineLine--like Structureslike Structures

Line-like Structures

Lattice PlateLattice Plate

Cylinder / PrismCylinder / Prism
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Local Two DimensionalityLocal Two Dimensionality
-- Strip TheoryStrip Theory
Masts, Chimneys, Towers, BridgesMasts, Chimneys, Towers, Bridges
AcrossAcross--wind Responseswind Responses
(except lattice towers)(except lattice towers)
VortexVortex--resonance,  Aerodynamic Instabilitiesresonance,  Aerodynamic Instabilities

2D Flow2D Flow

LineLine--like Structureslike Structures

11

AcrossAcross--wind Force Spectrum for wind Force Spectrum for 
a circular chimney a circular chimney 
((MarukawaMarukawa, Tamura et al., 1984), Tamura et al., 1984)

SSL L (( f f ))
11= (= (⎯⎯ρρ U U 22DCDCLL’’ ))22
22
kk

  ××[[⎯⎯{{  ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ++ ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ }}
22ππ (( f f + + ffss ))22 + + λλ2 2 ffss

2                2                ( ( f f –– ffss ))22 + + λλ2 2 ffss
22

22d             d             70.870.8 fdfd 22 –– 55/ / 66
  + + ⎯⎯ {{  1+1+ ⎯⎯⎯⎯ ((⎯⎯) }    ]) }    ]

UU (1(1––kk ))2   2   UU

λλ ffss λλ ffss

FFLL

DD

Strouhal Component

Gust Component



27

Lattice StructuresLattice Structures

Lattice structuresLattice structures
Local velocity pressureLocal velocity pressure
Size reduction factorSize reduction factor

Distortion of Distortion of 
turbulence can turbulence can 
be ignored !be ignored !

Solidity Ratio  Solidity Ratio  φφ = = AASS / / AAOO (less than (less than ≈≈ 0.6)  0.6)  
AASS : Projected Area,  : Projected Area,  AAO O : Outline Area: Outline Area

AASS
AAOO
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Lattice StructuresLattice Structures
Diameters of individual members are small.Diameters of individual members are small.
→→ Momentum loss is small.Momentum loss is small.
→→ AlongAlong--wind Force onlywind Force only for whole structurefor whole structure
(Across(Across--wind forces can act on individual wind forces can act on individual 
members) members) 

→→ Total AlongTotal Along--wind Force wind Force DD
= Sum of Along= Sum of Along--wind Forces of wind Forces of 

Individual Members Individual Members DDii
(governed by local velocity pressure (governed by local velocity pressure qqii ))

Lattice Plate TheoryLattice Plate Theory
-- SizeSize--reduction Factorreduction Factor
-- Aerodynamic AdmittanceAerodynamic Admittance

Simplest !

MotionMotion--induced induced 
Wind ForcesWind Forces
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Generation of motionGeneration of motion--induced fluid forceinduced fluid force

FlowFlow Fluctuating Fluctuating 
ForceForce

BluffBluff
BodyBody

ResponseResponse
Flow FieldFlow Field
(Wake)(Wake) Fluid Fluid 

OscillatorOscillator

MotionMotion--inducedinduced
ForceForce

MotionMotion--induced Wind Forces: induced Wind Forces: FFMM

AlongAlong--wind motion : wind motion : FFMM generally acts to generally acts to 
suppress the motion. suppress the motion. 

Positive aerodynamic dampingPositive aerodynamic damping
AcrossAcross--wind motion : wind motion : FFMM occasionally acts   occasionally acts   
to stimulate the motion. to stimulate the motion. 

Negative aerodynamic dampingNegative aerodynamic damping
Flutters                Flutters                

Unsteady flow Unsteady flow // Vibrating body Vibrating body 
with an accelerationwith an acceleration UU

---- accompanies inertial force / resistance accompanies inertial force / resistance FFAA ∝∝ UU
---- FFAA / U = M/ U = MAA :  Virtual mass (Additional mass):  Virtual mass (Additional mass)

··
··

··
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Mean                    Fluctuating Mean                    Fluctuating 
Wind Speed         Wind SpeedWind Speed         Wind Speed

U                  uU                  u xx··

xx··UUrelrel = U + u= U + u –– xx··
RelativeRelative
Wind Speed Wind Speed 

11M x + C x + K x M x + C x + K x = = CCD D —— ρρ UUrelrel 22AA
2  2  
AA= = CCD D —— ρρ ((U U + + uu –– xx)) 22
2 2 
AA≈≈ CCD D —— ρρ ((U U 2 2 + 2+ 2UuUu –– 22UUxx))
22

···· ··

··

··

AlongAlong--wind Motionwind Motion

AAM x + M x + C xC x + K x + K x = = CCD D —— ρρ ((U U 2 2 + 2+ 2UuUu –– 22UUxx))22

Damping TermDamping Term
((C + C + ρρ CCD D AAUU ) ) xx

Aerodynamic Damping Ratio Aerodynamic Damping Ratio ζζaa

ρρ CCD D AAUU
ζζaa = = ⎯⎯⎯⎯⎯⎯⎯⎯

22ωω0 0 M                        M                        ωω00 = = √√ KK // MM
Generally small and negligibleGenerally small and negligible

··

···· ·· ··
AlongAlong--wind Motionwind Motion

always positivealways positive
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ρρ
–– FFyy = = LLcoscosαα + + DDsinsinαα = = ⎯⎯ AUAUrr

22((CCLLcoscosαα + + CCDDsinsinαα))22
ρρ

= = ⎯⎯ AUAU 22((CCLL + + CCDDtantanαα)sec)secαα22

AcrossAcross--wind Motionwind Motion

··αα

RelativeRelative
Wind Speed Wind Speed 

yy

FFyy

Wind SpeedWind Speed
U     U     

··yy

FFyy

00°° 1010°° 2020°°

αα ≈≈ yy // U U 

11

00
··

DD

LL

··
··

··

UUrr

Derivative of Derivative of FFyy by by αα near near αα = 0 := 0 :
ddFFyy ρρ ∂∂CCLL⎯⎯⎯⎯ ≈≈ –– ⎯⎯ AUAU2 2 ((⎯⎯⎯⎯ + C+ CDD))ddαα 22 ∂∂αα

Unsteady force near Unsteady force near αα = 0            (= 0            (αα ≈≈ y / U y / U ))
ρρ ∂∂CCLLFFyy ≈≈ –– ⎯⎯ AUAU ((⎯⎯⎯⎯ + C+ CDD) ) yy22 ∂∂αα

Aerodynamic Damping RatioAerodynamic Damping Ratio
ρρ AAUU ∂∂CCLLζζaa = = ⎯⎯⎯⎯⎯⎯ ((⎯⎯⎯⎯ + C+ CDD))

44ωω0 0 M     M     ∂∂αα

AcrossAcross--wind Motionwind Motion

can be negativecan be negative

··

··
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Variations of mean  drag and lift coefficients Variations of mean  drag and lift coefficients 
with attacking angle with attacking angle (2D)(2D)

Turbulent FlowTurbulent Flow

TurbulentTurbulent
FlowFlow SmoothSmooth

FlowFlow

SmoothSmooth
FlowFlow

D
ra

g 
C

oe
ff

ic
ie

nt
 

D
ra

g 
C

oe
ff

ic
ie

nt
 CC
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 CC
LL

∂∂φφ———— in in BlasiusBlasius EqEq. : Unsteady term. : Unsteady term
∂∂tt

Inertial resistance Inertial resistance 
Virtual mass  : Virtual mass  : MMAA

ex. 2D circular cylinder    ex. 2D circular cylinder    
MMAA = Fluid mass of the same volume= Fluid mass of the same volume

Unsteady Flow / Vibrating BodyUnsteady Flow / Vibrating Body
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Fluctuating Wind Forces Fluctuating Wind Forces 
Acting on Acting on 

Basic Sectional Shapes Basic Sectional Shapes 

Fluctuating wind force coefficients vs. aspect ratioFluctuating wind force coefficients vs. aspect ratio
of square prisms (Turbulent boundary layer flow)of square prisms (Turbulent boundary layer flow)

Aspect Ratio   Aspect Ratio   H/BH/B
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BB
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Power spectra of across-wind forces on 3D prisms
(1st mode generalized force, Turbulent shear layer flow)

ff BB // UU

ff BB // UUff BB // UU

ff BB // UU

ff SS
FF((

f f ))
// ((

qq HH
B

HB
H

))22
ff SS

FF((
f f ))

// ((
qq HH

B
HB
H

))22

ff SS
FF((

f f ))
// ((

qq HH
B

HB
H

))22
ff SS

FF((
f f ))

// ((
qq HH

B
HB
H

))22

Strouhal number vs. side ratio of prisms Strouhal number vs. side ratio of prisms 
(2D, Smooth Flow, (2D, Smooth Flow, OkajimaOkajima 1983) 1983) 

I  Always separatedI  Always separated

II  Separated in terms of temporalII  Separated in terms of temporal
averageaverage
(Occasionally reattached)(Occasionally reattached)

III Reattached in terms of temporalIII Reattached in terms of temporal
average (Occasionally separated)average (Occasionally separated)

IV Always reattachedIV Always reattached
D/BD/B
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DD



35

Strouhal number of 3D cylinder and prisms 
（Turbulent Flow, Vickery 1968)

Aspect Ratio   Aspect Ratio   H/BH/B
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 SS

Circular CylinderCircular Cylinder

Rectangular PrismRectangular Prism

Fluctuating lift coefficient of circular cylinder Fluctuating lift coefficient of circular cylinder 
（（2D, Smooth Flow, 2D, Smooth Flow, ScheweSchewe 1983)1983)

Reynolds Number  Reynolds Number  ReRe
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Power spectra of fluctuating lift forces of 3D 
circular cylinder （Turbulent Flow, Vickery 1968)

Reduced Frequency Reduced Frequency ff DD //UU

D

H

ff SS
F

 F
 (( f

f ))
// ((

qq HH
H

D
H

D
))22

Fluctuating lift coefficient and mean drag Fluctuating lift coefficient and mean drag 
coefficient of a 200m high circular chimney coefficient of a 200m high circular chimney 
（（FullFull--scale, Local wind forces at 0.7scale, Local wind forces at 0.7HH, Vickery 1988), Vickery 1988)

Turbulence Intensity  Turbulence Intensity  IIuu (%)(%)
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Strouhal number of chimneys （Full-scale)

Reynolds Number  Reynolds Number  ReRe
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Vortex-shedding frequency 
（3D tapered chimney model, Vickery & Clark 1972)

Frequency (Hz)Frequency (Hz)
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TipTip

Smooth FlowSmooth Flow
Turbulent FlowTurbulent Flow
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Bandwidth index of power spectral peak of 
fluctuating lift force of a chimney model 

（Vickery & Clark 1972)

Bandwidth IndexBandwidth Index
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 zz
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TipTip

Turbulent FlowTurbulent Flow

Smooth FlowSmooth Flow

Correlation of pressures acting on a circular 
cylinder (θ = 90°) (2D, Novak & Tanaka 1975)
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(a) Smooth Flow(a) Smooth Flow
Distance Distance L/DL/D

Distance Distance L/DL/D

Vibration Vibration 
AmplitudeAmplitude

Vibration Vibration 
AmplitudeAmplitude

StationaryStationary

StationaryStationary

(b) Turbulent Flow(b) Turbulent Flow

D

L
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Design Wind Loads Design Wind Loads 

Wind Load Effects Wind Load Effects 
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Pressure Measurement Model and Pressure Measurement Model and 
Analytical Lumped Mass ModelAnalytical Lumped Mass Model

Length Scale = 1/400Length Scale = 1/400

Mean Wind Speed ProfileMean Wind Speed Profile
αα = 1/6= 1/6

500 Pressure Taps500 Pressure Taps

∆∆tt = 0.00128 sec= 0.00128 sec

TT = 42 sec (32,768 samples)= 42 sec (32,768 samples)

3DOF 3DOF ×× 25 masses = 75DOF25 masses = 75DOF

AlongAlong--wind Force (Fluctuating Component only)wind Force (Fluctuating Component only)

AcrossAcross--wind Forcewind Force

Torsional MomentTorsional Moment

Generalized Wind Force Coefficients Generalized Wind Force Coefficients 
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AlongAlong--wind Displacement (Fluctuating Component only)wind Displacement (Fluctuating Component only)

AcrossAcross--wind Displacementwind Displacement

Angular DisplacementAngular Displacement

Tip Displacement Tip Displacement 

LL
FF ((λλ ,t ,t ))z = z = λλ

Wind ForceWind Force

zz SS11 ((z,tz,t))

Load Effect 1Load Effect 1

(Shear Force)(Shear Force)

zz SS22 ((z,tz,t))

Load Effect 2Load Effect 2

(Displacement)(Displacement)

Wind load effects Wind load effects SS at any point at any point z z 
(except for resonant component)(except for resonant component)
SS((z,tz,t)) = = ∫∫00

LL
FF((λλ ,, tt) ) ββ ((zz,,λλ)) ddλλ

ββ ((zz,,λλ) : Influence Function) : Influence Function
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Wind forces and wind load effects Wind forces and wind load effects 
on roof beamson roof beams

Wind Force
Wind Force

LL

Bending Moment
Bending Moment
Shear Force
Shear Force

FF ((λλ,t ,t ))

QQ ((z,tz,t))

MM ((z,tz,t))

z = z = λλ

zz

Influence functionInfluence function
-- BendingBending moment at moment at z z of a roof beamof a roof beam

zzββ ((zz,,λλ) = ( 1 ) = ( 1 –– —— )) λλ ,   ,   0 <0 < λλ ≤≤ zz
LL
λλββ ((zz,,λλ) = ( 1 ) = ( 1 –– —— ) ) z ,    z z ,    z << λλ ≤≤ LL
LL

-- Shear force at Shear force at z z of a roof beamof a roof beam
λλββ ((zz,,λλ) = ) = –– —— ,              ,              0 <0 < λλ ≤≤ zz
LL

λλββ ((zz,,λλ) =  1 ) =  1 –– —— ,          z ,          z << λλ ≤≤ LL
LL

SS((z,tz,t)) = = ∫∫00
LL
FF((λλ,,tt))ββ ((zz,,λλ)) ddλλ
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Static Wind Load, Static Wind Load, 
Dynamic wind Load Dynamic wind Load 

and and 
QuasiQuasi--static Wind Load static Wind Load 

GPS AntennaGPS Antenna

108m108m

16m16m

GPS AntennaGPS Antenna

GPS AntennaGPS Antenna
AnemometerAnemometer

AccelerometerAccelerometer

GPS MonitoringGPS Monitoring
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00
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44

66
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t DD

(( tt ))

cmcm

Time (s)Time (s)

Wind-induced Response of a 108m TowerWind-induced Response of a 108m Tower

RTKRTK－－GPSGPS

AccelerometerAccelerometer

--2020
--1010

00
1010
2020

A
cc
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er
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n
A

cc
el
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n

cm/scm/s 22

DD’’((tt))

––
DD

Virtual Monitoring of Temporal Variations Virtual Monitoring of Temporal Variations 
of Member Stressesof Member Stresses

WindWind
ZZ

YY

XX

  
  

Inner ColumnInner Column
Outer ColumnOuter Column Lattice MemberLattice Member

--obtain member stresses corresponding to  unit tip obtain member stresses corresponding to  unit tip 
displacement by FEMdisplacement by FEM

-- calculate member stresses based on GPS tip displacement calculate member stresses based on GPS tip displacement 
during a typhoon including dead load effectsduring a typhoon including dead load effects
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22 ]]
Temporal variations of member stresses during a Temporal variations of member stresses during a 

typhoon due to GPS monitoring and FEM analysistyphoon due to GPS monitoring and FEM analysis

Outer Column Outer Column 

Lattice MemberLattice Member

Inner ColumnInner Column Time [s]

Mean Component of Wind Force Mean Component of Wind Force FF
→→ Static Wind LoadStatic Wind Load
→→ Mean Wind Load Effects Mean Wind Load Effects SS

Fluctuating Component of Wind Force Fluctuating Component of Wind Force 
FF ’’((tt))

→→ Dynamic Wind LoadDynamic Wind Load
→→ Fluctuating Wind Load Effects Fluctuating Wind Load Effects SS ’’((tt))

(due to mean wind speed)(due to mean wind speed)
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Load Effect: Normal Stress of Load Effect: Normal Stress of Member AMember A
S S ((tt)  = )  = SS + + SS ’’((tt))

Maximum Load Effect:Maximum Load Effect: SSmaxmax = = SS++SS ’’maxmax

FF ((z,t z,t ))
Wind ForceWind Force Mean ValueMean Value

=               +               =               +               

FF ((zz)) FF ’’((z,t z,t ))

Fluctuating Fluctuating 
ComponentComponent

Normal Normal 
StressStress

SS((tt)) AA

Power Spectrum of Wind Load Power Spectrum of Wind Load 
EffectEffect SS
SSSS ( ( f f )) =  =  |H|H((ii f f ))||22 SSFF ( ( f f ))

Power Spectrum ofPower Spectrum of
Wind Load Effect Wind Load Effect 
(Response)(Response)

11

00 ff00

||HH( ( ii f f ))||22 SSF F ( ( f f ))

=                  =                  ××

ff00

SSS S ( ( f f ))

Power Spectrum Power Spectrum 
of Wind Forceof Wind Force

Mechanical Mechanical 
AdmittanceAdmittance
( ( HH((ii f f ): Frequency Response Function)): Frequency Response Function)
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Variance of wind load effect Variance of wind load effect SS::
∞∞

σσSS
22 == ∫∫00 SSS S (( f f )) dd f f = = AABB + + AARR

AABB : Background (Quasi: Background (Quasi--static) componentstatic) component
AARR : Resonance component: Resonance component

Mechanical Admittance    Power Spectrum of     Power Spectrum ofMechanical Admittance    Power Spectrum of     Power Spectrum of
Wind Force       Wind Force       Wind Load Effect Wind Load Effect 

(Response)(Response)

11

00 ff00

||HH( ( ii f f ))||22

QuasiQuasi--static static 
Wind LoadWind Load

SSF F ( ( f f ))

ff00

AABB

AARR

SSS S ( ( f f ))

××

(Spectrum: One(Spectrum: One--sided)sided)

Maximum Load Effect Maximum Load Effect SSmaxmax = = S S + + SS ’’maxmax
FFS S =  =  ————
KK

SS ’’maxmax = = ggSS σσSS = = ggSS √√ AABB + + AARR

Gust Response Factor : Gust Response Factor : GGSS
SSmaxmax SS + + SS ’’max                  max                  SS ’’maxmaxGGSS = = ———— =  =  ———————— = 1 + = 1 + ——————

SS SS SS
Equivalent Static Wind Load Causing  Equivalent Static Wind Load Causing  
Maximum Load Effect Maximum Load Effect SSmaxmax : : FFESES
FFES  ES  ≡≡ GGS S FF

FFES                   ES                   FF(  (  ———— = = GGS S ———— = = GGS S SS == SSmaxmax ))
KK KK

Peak FactorPeak Factor
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Peak Factor : Peak Factor : ggSS
0.57720.5772ggSS ≈≈ √√ 2ln2lnνν TT + + ————————

√√ 2ln2lnνν TT
TT : Sample length  : Sample length  
νν : Average number of peaks for unit time: Average number of peaks for unit time

1    1    ∫∫00 (2(2ππ f f ))44SSS S ( ( f f ))dd f f 
νν = = —— ————————————————

22ππ ∫∫00 (2(2ππ f f ))22SSS S ( ( f f ))dd f f 

1     1     ∫∫00 (2(2ππ f f ))22SSS S ( ( f f ))dd f f 
≈≈ —— ———————————————— ≈≈

22ππ ∫∫00 SSS S ( ( f f )) dd f f 
(Narrow(Narrow--band Process)band Process)

S.O. Rice (1945), S.O. Rice (1945), 
Cartwright & Cartwright & LonguetLonguet--Higgins Higgins (1956)(1956)

∞∞

∞∞

∞∞

∞∞

{

{

}

}

1/21/2

1/21/2

Fundamental Fundamental 
Natural FrequencyNatural Frequency

EulerEuler’’s Constants Constant

e.g. 10mine.g. 10min

AARRff00 ————————
AABB++AARR√√

≈≈ ff00

Variance of wind load effect Variance of wind load effect SS::
∞∞

σσSS
22 == ∫∫00 SSS S (( f f )) ddf f = = AABB + + AARR

11 ∞∞ ππ ff0 0 SSF F (( ff00))
≈≈ ⎯⎯ ∫∫0   0   SSF F (( ff )) dd f + f + ⎯⎯⎯⎯ ⎯⎯⎯⎯⎯⎯⎯⎯

KK 22 44ζζ KK 22

σσFF
22 ππ ff0 0 SSF F (( ff00))

= = ⎯⎯ {{11 + + ⎯⎯⎯⎯ ⎯⎯⎯⎯⎯⎯⎯⎯ }}
KK 22 44ζζ σσFF

22

AccelerationAcceleration Response:Response:
σσxx

22 == (2(2ππ ff00))44AARR
ππ ff0 0 SSF F (( ff00))

=  =  ⎯⎯⎯⎯ ⎯⎯⎯⎯⎯⎯⎯⎯
44ζζ MM 22

• •

KK : Building Stiffness: Building Stiffness
ζζ : Damping Ratio: Damping Ratio
M M : Building Mass: Building Mass

11
00 ff00

SSFF((ff00))

××

Response due to a white Response due to a white 
noise input Snoise input SFF((ff00))

}



49

Equivalent Static Wind Load : Equivalent Static Wind Load : FFESES

FFES  ES  ≡≡ GGSS FF
= = Gust Response FactorGust Response Factor ×× Static Wind LoadStatic Wind Load

ggSS √√ AABB + + AARRGGSS = = 11 ++ ————————————
SS

ggSS : Peak Factor : Peak Factor 
AABB: Quasi: Quasi--static Componentstatic Component
AARR: Resonant Component: Resonant Component

Acceleration ResponsesAcceleration Responses
AlongAlong--wind wind :  :  XXMAXMAX ∝∝ UU 2.52.5

AcrossAcross--wind:  wind:  YYMAXMAX ∝∝ UU 3.73.7

Displacement ResponsesDisplacement Responses
AlongAlong--windwind :  :  XXMAXMAX ∝∝ UU 2.12.1

(Mean component (Mean component ∝∝ UU 22))
AcrossAcross--wind:  wind:  YYMAXMAX ∝∝ UU 3.13.1

Variation of Responses with Variation of Responses with 
Mean Wind SpeedMean Wind Speed

··
··

Example !!
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wind speedwind speed

SSF F ( ( ff00))
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ff BB⎯⎯⎯⎯
UU

Resonant ComponentResonant Component
ππ σσFF

22 ff00 SSF F (( ff00))
AARR == ⎯⎯⎯⎯ ⎯⎯⎯⎯⎯⎯⎯⎯

44ζζ KK 22 σσFF
22

Power spectra of wind forces acting on a highPower spectra of wind forces acting on a high--rise rise 
building model building model 

(2(2HH/3, Wind tunnel, Kikuchi & /3, Wind tunnel, Kikuchi & HibiHibi 1995)1995)

CCDD

Force balanceForce balance
PressurePressure

AlongAlong--windwind AcrossAcross--windwind

SS

ffvv BB
S =S = UU

Strouhal NumberStrouhal Number

ff B /B / UUff B /B / UU

ff SS
( ( f

 f ))
// ((

qq HH
B

HB
H

))22

ff SS
( ( f

 f ))
// ((

qq HH
B

HB
H

))22


