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A STUDY OF ALONG WIND SPEED POWER
SPECTRUM FOR TAIWAN AREA
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ABSTRACT

The Purpose of this paper is to formulate the wind speed power
spectrum by time history data of strong wind speed in Taiwan area.
By utilizing random vibration theory and statistical regression
analysis, a systematic analysis and discussions of along wind
turbulence effects for wind speed power spectrum is performed.
This study includes the time history data collection of along wind
speed for typhoon in Taiwan and the regression analysis of wind
speed spectral formulas. The strong wind speed data was first
transformed from time domain to frequency domain. Then, the
statistical analysis methods were applied for spectrum formulation
and regression analysis. At the end of this study, a suitable along
wind speed power spectral formula for future wind-resistant struc-
tural design for Taiwan area is presented.

INTRODUCTION

The portion of the tall and huge structures above
ground or sea level is usually sensitive to strong wind
force. In practice, wind force is one of the most
important loading factors for structural design in ad-
dition to earthquake force. The response of structures
when subjected to dynamic wind force is very compli-
cate. Usually, the dynamic wind effect is much larger
than the static one, and their ratio is called the dy-
namic gust wind factor. If a structure is designed by
the current wind loading design code which is based
on static analysis, it will be neither safe nor economi-
cal. The dynamic effects of wind pressure force on
tall and slender structures should be considered care-
fully to ensure the structural safety.

The wind speed changes from time to time.
Because of its nature of uncertainty, the statistical
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methods, such as mean, standard deviation and prob-
ability density function are required for description
and evaluation. Generally, for the convenience of
analysis, it is assumed that the mean of the whole wind
speed data batch obtained at any designated time ¢,
will not change despite of the variation of time ;.
Therefore, the wind speed is considered as a station-
ary random process for spectrum analysis in this

paper.

ESTABLISHMENT OF WIND SPEED POWER
SPECTRUM

Davenport [1] suggested that fluctuation
wind speed may be expressed by Fourier series as
follows:

WZ, = X u;sin Qatr+ ), (1)
j=1 a

where Z = the elevation,
L = the jth harmonic frequency,
u= the jth amplitude,
¢; = the jth phase angle,

The mean square root can be formulated as fol-
lows:

.
L - ﬁ
% __jgl 2
oo 2
or al= —(g ) dn, (2)

where n =?’_' = frequency.

In Eq. (2), ”—(g ") is defined as Sy(Z, n) which
indicates the energy spectral density function for
vertical turbulence fluctuation u(Z, r).

Auto-Correlation Spectrum
Based on stationary random function u(Z, t).

Auto-correlation function R,,(7) is defined as follows
to describe the correlation relationship among various



72 Journal of Marine Science and Technology, Vol. 6, No. 1 (1998)

time periods in the same batch record:
Ru(T) = E[u(t) u(t + 7)],
11m [T'. u(Z, Hu(Z, t+ T)dt]. (3)
According to the assumption that this process is
stationary and random, R,,(7) is only related to de-
layed time 7. but not to absolute time ¢. The formula
is as follows:
Ruu( T) = E[u{t) M(I + T) ]*
= E[u(?) u(1-7) ],
= R,(-7). (4)

The implication of Eq. (4), R,,(7) is an even function.
Assume that:

R, (7o) =0 and ’“ | R,ui(0)|dt < oo

The energy spectral density function then can be
obtained by proceeding R,,(7) with Fourier conver-
sion,

S )= j R (De 285y, (5)
Equation (5) is the vertical turbulence frequency spec-
trum density function when « is specified by wind
speed.

Cross-Correlation Spectrum

Assume that stationary random process U(t) is
overlapped by two independent stationary random
processes each with a mean of zero. The auto-corre-
lation function U(r) (u(t) + u>(t)) of Ryy(7) then is
defined as following:

Ryy(7) = ELUOU(t + 7)],

= E[{u () + ua(O)} {uy (t + t) + ua(t + T},
= E[uj(Qu (1 + D] + E[uy(Qua(t + 7)1,

+ E[us(Ou(t + 7)] + E[ua(t)us(t + 1)),

= u[ul(t) + Ru[uz(r} + Ruzu'[{r} + Ruzuz{ry
(6)

While R, ,,(7) and R,,,,(7) in Eq. (6) are auto-corre-
lation functions as defined in Eq. (3), R, (7) and
R,».,(7) which indicate below are related to each other

as cross-correlation functions:

o
Ry (D) = Jlim [%_l wy(Z, uy(Z, t + T)dr],
0

Ry (D) = Jim [TI uy(Z, hu(Z, t + 1)dt).

Because the two equations are stationary random
processes, then we have

u|u—:{r)_ uqu](_r)' (8)
M‘)HI(T) RIJ]H"i )
The co-spectrum S, ,,(n) and quadature spectrum
Si,uy(n) are defined as “follows:

() = 2[ R. . (1) cos 2nrn)dT, ©)

ll'lI{') !!luz

(7) sin 2nr7)dT. (10)

Lo L]

(n) = 2| R

Hlﬂ‘)
By applying Eq. (8), one can get

SG up() = S5 (), an
531"2( )= ugiq(u)'

Assume that two different location data are
sampled from point M, and point M, with vertical
distance r in between. The cross-spectrum of vertical
turbulence fluctuation is defined as follows:

(r,n) =S5,y (ro ) +8S5 (o n). (12)

H 142 LS L)

Under dimensionless analysis, coherence func-
tion ¥ r, n) is defined as

®(r, n) = Coh*(r, n) = c2 +q31“2(r.n). (13)

Uz
Skl
where culm(r n)= 517, H)S,‘z(zz- "k (14)
[S2 ., (r, )]
2 = e o il
quluz(rs n)‘- S'HI(ZI ) 2(22‘ n)- ([SJ

S4(Z,. n) and S,,(Z,, n) represent the vertical turbu-
lence fluctuation spectrum between point M, and M.

Davenport [2] assumed that the line connecting
point M| and M, is perpendicular to the along wind
speed direction, and suggested that the coherence
function or so called narrow-band cross-correlation is
defined as following:

Coh(r,n)=e ' | (16)
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2 2, 2 2,172
whcref.:n[Cz(Zl—Zz) +Cp(Y, - Y] - a7

@) +(2))]
Y; and Y, are horizontal coordinates of M, and M,
while Z; and Z, are vertical ones. Cyand Cz which
indicate exponential decay coefficients are related to
ground surface roughness, altitude, and wind speed.
Usually Cy =16 and Cz =10 are used [3].

FORMULATIONS OF WIND SPEED POWER
SPECTRUM

Since the purpose of this study is to find out a
suitable formula of along wind speed spectrum for
Taiwan area, the following formulas from literature
which only focus on along wind speed turbulence
spectrum may be used for regression analysis.

1. Kolmogorov [4]:
nS,(Z, n)
2

Ux

=0.26f2"3, (18)

where n = Frequency (unit: Hertz),
w* = friction velocity,

f= U%= reduced frequency which is a
non-factor measurement,
U(Z) = the mean wind speed at height Z.

According to the spectrum study of Solari [3], the
higher frequency area of Eq. (18) will get the better

results.

2. Von Karman [5]:

nL’,
ns(zm_ 4y (19)
P uLF 2576

[1+ ?0.8(—U~“) ]

where L), = lSl(lzd)a" = integral length scale (unit:
meter),
oy = Coefficient as indication of relationship
with altitude.

Although this spectra is not good for those high-
frequency structures, it can be applied on those struc-
tures with low-frequency, such as ocean platform
with long period.

3. Davenport [1]:

ns,(n) 4.0x?
w2 1+ e

- 1200n
where x = U(10)"

U(10) = the mean wind speed of 10m altitude.

This formula has been adopted by SNBCC
(Supplement to the National Building Code of Canada,
1990) and ANSI (American National Standards Insti-
tute, 1990). It is noted that this spectra has no
relationship with altitude. Simiu [4] indicates that
when the altitude is 300 meters and the ground surface
roughness length is 0.08m, this formulas will result
100% to 400% of over-estimation if high-frequency
(n > 0.1) spectral area is used.

4. Harris [6] (*“Von Karman” type spectrum):

nS,(n) 4.0x*
7 R 1 F 21
us (2 +x°)

— 1800n
where x= U(10)°
This spectra has been adopted by ESDU (Engineering
Science Data Unit, 1989). The functional form is
similar to Eq. (20) and is not a function of altitude
either.

5. Hino [7](“Von Karman” type spectrum):

nS.Z,n) _ 0.475x
WZn) _ 0475x 22
&2 (l+xz)5£ﬁ ( )
250242

where x= U@

6. Kaimal [8] & Simiu [9]:

nS.Z,n) _  200f
ub o (1+500)°"°
where f= F"é)

(23)

This spectra has been adopted by NBS (National
Bureau of Standards, 1980). It can be applied to both
low-frequency and high-frequency spectrum area.

7. Reinhold, et al. [4]:

nS.Z,n) _ 4(nL; /1 U)

=- ; (24)
a’ [1.0 +71.05(nL:/ U)*'°
8. Simiu [9]:
PISH(Z.Rl_ C1+a[f+blf2* 0<f<fw (25)

B Vept s f bl fSFSE

where f,, = Peak similarity coordinate,
f, = Lower limit of inertial subrange.

9. Teunissen [10]:
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nSAZ,m) _ 105f

Sl = —_— 26
u? (0.44 +337)°"3 G
10. Olesen, et al. [11]:
¥
nSZ.m) _ Af %

o+ By
| Sprie
where f,=(—5%) . and y-of=-2/3.
The values of A, B, & f, y will change from high-
frequency to low-frequency range. The constants A
and B determine the spectral frequency range, while
parameters &, f, Y determine the spectral shape.

11. Solari [12]:
nS(Z.n)

2

u? (1+33185f)

where 02(Z) = Pu?, B=5.53,
o, = standard deviation of u.

29182
T BT (28)

12. Solari [13]:

fL“
nS(Z,n) _ 686B(TZH (29)

_2 5137
u [1+ 10.302(%11

when f, =0. |456L %Z)' nS,(Z, n) will reaches maxi-
mum value. -

The above turbulence spectral density formulas
have their own advantages and disadvantages. Up to
today, most countries has their own wind speed turbu-
lence spectrum. However, there is not any wind speed
spectral formula proposed or established for Taiwan
area until now. Therefore, this research would like to
synthesize and recommend an along wind speed spec-
tra for Taiwan area, and hope that will be helpful for
future structural wind resistant design and building
codes modification.

REGRESSION OF ALONG WIND SPEED POWER
SPECTRUM FOR TAIWAN AREA

The wind speed data collected by the Central
Weather Bureau of Taiwan is only available for aver-
age or maximum wind speed. For those continuous
time history wind speed data with frequency greater
than 5 Hz, the Central Weather Bureau does not have
further collection. Owing to such a limitation, the
wind speed data used in this study for along wind
speed turbulence spectrum analysis is based on two
sources: 1) strong wind speed data from the anemom-
eter collected by the authors, and 2) continuous wind

100
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Fig. 1. Proposed Spectrum and Real Spectrum.

speed data recorded by other researchers.

The purpose of the regression of along wind
spectra is to establish a energy spectral density func-
tion that can be applied for dynamic analysis and
structure wind resistant design in Taiwan area. In
comparison with several spectrum shown in Fig. 2, we
found that the actual wind speed spectra especially for
average wind speed plus one standard deviation has a
closest match with the formula proposed by Kaimal &
Simiu. The spectrum suggested by Kolmogorov tends
to over-estimate as frequency is less than 0.1 Hz,
while the one suggested by Davenport tends to under-
estimate as frequency is less than 0.01 Hz. Therefore,
we adopt Kaimal and Simiu’s auto-correlation spec-
trum to proceed regression. The closet match of
Kaimal and Simiu’s formula by normalized actual
spectra of average wind speed plus one standard
deviation can also be seen in Fig. 3 and Fig. 4. The
Kaimal and Simiu’s formula which is a function of the
altitude,

S{Z,n) _ af
u? n(c+bf)5“ )

where a, b, ¢: coefficients to be determined.

(30)

The least square error method was applied to
obtain the spectral density function which is closest to
the actual data. There are three variables a, b and ¢
used in this spectral function. First, the variable c is
set to 1.0. Then, the other two variables (a and b) can
be found under the data of the average wind speed and
the data of the average wind speed plus one standard
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Fig. 2. Different Along Wind Speed Power Spectrum.
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Fig. 4. Normalized Different Along Wind Speed Power Spectrum.

deviation.

By using the average wind speed data, the aver-
age wind speed spectra with a =217 and b = 118 is
obtained. That is

nS.Zm) _  217f

uz 1 +118H°%"%"
By using the average wind speed plus one standard
deviation, the spectra with coefficients a = 222, b =52
is obtained. That is

L 2 (32)
U (1452f)

The difference between the above two spectrum and
real spectrum obtained from real wind speed data are
shown in Fig. 1. It shows lower the frequency higher
the spectral energy, especially for frequency range
less than 0.01 Hz. Because most tall structures has
much higher frequency, therefore, it shall be appro-
priate to omit the vortex impact and to use quasi-static
method to analyze the influence of along wind turbu-
lence on structures.

3D

CONCLUSIONS AND DISCUSSIONS

1. According to the wind speed spectrum obtained
from elapsed wind speed time history data as shown
in Fig. 1, the high-energy data are concentratedly
distributed in the 0.001~0.01 Hz range. Therefore,
we suggest that the elapsed time is no less than 1000
seconds when collecting wind speed time history
data, otherwise, the obtained spectrum will not be
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accurate. Since the unit time length adopted in this
study is 20 minutes for each data, it should still be
adequate. However, we recommend that the re-
corded time per data might extend to 30 minutes for
better results.

. The high-energy area of along wind spectrum is

concentratedly distributed between 0.001 Hz and
0.01 Hz. Generally the dynamic frequency of high-
rise structures will not be influenced much under
external forces with a low vibration frequency.
Therefore, it is appropriate to omit the vortex
impact effect of along wind force. And we can
analyze the along wind force on strictures by Quasi
static method.

. The spectral density function suggested by Kaimal

[8] & Simiu [9] has the closest match with the real
spectrum obtained from actual wind speed. There-
fore, the along wind speed spectral density function
suggested as an design accordance in this study is:

nS,.Z,n)  222f

ul - (1+520)° % (32)

It is difficult to collect time history data of strong

wind speed for an independent researcher without
financial sponsor. Therefore, it is strongly recom-
mended that the Central Weather Bureau, which
has many anemometers in Taiwan, should collect
continuous strong wind speed data (at least 10 Hz
for 30 minutes per unit record) when strong wind
(such as typhoon) occurs. After that, the wind
speed spectrum analysis in Taiwan area can be
improved and enhanced further.
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