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Abstract:  In order to investigate the wind characteristics of coastal areas of China, a long-term field measurement of natural
wind was carried out. Based on the field measurement results, this paper presents the natural wind characteristics of typhoons and
strong monsoons at the site of Xi-hou-men Bridge, including mean wind speed, mean wind direction, mean wind elevation angle,
turbulent intensity, gust factor, turbulence integral length scales, power spectrum of wind speed and spatial correlation of gusty
wind, the profiles of mean wind speed and turbulent intensity, etc. The correlation among wind characteristics is analyzed in detail,
and the similarities and differences of wind characteristics between typhoons and monsoons are analyzed. These results can pro-

vide detailed wind characteristics of coastal areas of China.
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1 Introduction

Field measurement of wind characteristics is one
of the basic research areas on bridge wind
engineering. The wind characteristics results based on
field measurement can provide a reference for the
modification of wind tunnel testing and simulation
technology. Long-span suspension bridges are
susceptible to wind excitation due to relatively small
mass and extremely low inherent damping. The effect
of wind-induced response has to be taken into account
in the design and construction.

Xi-hou-men Bridge, located in the Xi-hou-men
Bay of Zhoushan City of China, is one of the longest
span suspension bridges. It has a total length of
2713 m, a main span of 1650 m, and two side spans of
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578 and 485 m, respectively. The girder is 36 m wide
with four traffic lanes, with a clearance height
approximately 72 m above water level. Xi-hou-men
Bay is one of the regions most badly impacted by
typhoons and strong monsoons in the world. Hence,
the bridge is subjected to fierce wind forces induced
by typhoons and strong monsoons. All these facts
make a detailed study of wind effects on the long span
bridge important and necessary. To investigate wind
characteristics and to provide reliable field measure-
ment data for the design and construction, four
ultrasonic anemometers were installed on the bridge
deck, 3.5 m above the deck and about 75.5 m above
the sea surface. Eleven propeller anemometers were
installed near bridge tower to measure the profiles of
mean wind speed and turbulence intensity. Three
receivers of global positioning system (GPS) were
installed on the bridge deck. The layout of ane-
mometers and GPS are shown in Fig. 1. The installa-
tion station of field measurement apparatus is shown
in Figs. 2 and 3. The 81000 ultrasonic anemometer
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produced by R.M. Yong Company is adopted for the
turbulence wind characteristics in which wind speed
ranges from 0 to 40 m/s, azimuth ranges from 0.0° to
359.9° and elevation ranges from —60° to 60°. The
05103V propeller anemometer produced by R.M.
Yong Company is adopted for the profiles of mean
wind speed and turbulent intensity in which wind
speed ranges from 0 to 100 m/s, and azimuth ranges
from 0.0° to 359.9°. In the field measurement, the
sampling frequency was set to 100 Hz. The field
measurement at this bridge was conducted from Oct.,
2007 to Mar., 2009. This paper is based on the field
measurement of typhoon “Rosa” and some extremely
strong monsoons.

2 Modification of field data

As the duration time of field measurement is
very long, enormous field data are obtained. Many
field data of low wind speed are included only for the
continuity of field data. But the field data of low wind
speed are insignificant for the wind characteristics. So
a “Strong Wind Principle” is adopted, which means
that the field data of mean speed greater than 8 m/s are
applied in the analysis of wind characteristics and
others are eliminated (Pang, 2006).

In addition, to reflect the real wind characteris-
tics of mid-span of Xi-hou-men Bridge, the measured
position is set in the mid-span on the deck. Due to the
limitation of installation position, four ultrasonic
anemometers are 3.5 m above the deck which may
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Fig. 1 Layout of sensors of wind speed, wind pressure and
buffeting response

Fig. 2 Locations of 81000 ultrasonic anemometers

influence the results of wind characteristics. So a
computational fluid dynamics (CFD) simulation
method is used to modify the influence of deck height
to the field measurement data. Fig. 4 shows the local
computational domain and grid around the deck.
These boundaries are sufficiently far away from the
cross-section. Using the CFD method, the wind speed
is obtained at the observation position assuming the
incoming flow wind speed ranges from 0-50 m/s.
Vector-graph of wind speed is shown in Fig. 5 in
which the inlet wind speed is 15 m/s and the attack
angle is —4°. Similarly, wind elevation angle is
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Fig. 3 Locations of anemometers for mean wind speed
profiles (a); Photo of 05103V propeller anemometer (b)

Fig. 4 Local computational domain and grid around deck
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Fig. 5 Vector-graph of wind speed (inlet speed 15 m/s,
attack angle —4°)
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obtained assuming the incoming flow wind elevation
angle ranges from —10° to 10°. The correlation rela-
tionship of wind speed and wind elevation angle
between observation position and incoming flow can
be expressed by Eq. (1). The wind speed and wind
azimuth around bridge tower can be modified by the
same method.

The modified expression of wind elevation angle
is

1=0.00502x>+0.54235x—2.6855, —10°<x<0°, (la)
3=0.01312x>+0.31132x—1.58705, 0°<x<10° ; (1b)

and the modified expression of wind speed is

y=0.0063x"+0.2644x+0.90971, (1c)
where y is the wind elevation angle or wind speed of
incoming flow, and x is the wind elevation angle or
wind speed at observation position.

3 Wind characteristics of boundary layer
wind

3.1 Turbulence intensity and gust factor

Turbulence intensity and gust factor are two
important parameters to describe the wind character-
istics of boundary layer fluctuating wind speed, and
are also useful to determine design wind loads on
structure. Turbulence intensity is defined as the ratio
of the standard deviation of the speed component to
the longitudinal mean wind speed in a certain duration
(normally 10 min), respectively. It can be described as
(Lietal., 2007; Fu et al., 2008)

I==2t, )

where o; (i=u, v, w) is the standard deviation of the
speed component, and U is the mean wind speed.

Gust factor is defined as the ratio of the max gust
speed within gust duration #, to the mean wind speed
U in a certain duration (Li et al., 2007):

max(u(t,))

Gu(tg)=l+T, (3a)

(1) =", (3b)
Gw(tg)=%w(tg))’ (3¢)

where f, is adopted as 3 s in this study, and G,, G,, G,
is the longitudinal, lateral, and vertical gust factor,
respectively, u, v, and w is the longitudinal, lateral and
vertical turbulence wind speed, respectively. Nor-
mally, the gust factor decreases with the increase of
gust duration f,, and the longitudinal gust factor G,
decreases to 1 when the gust duration 7, is 10 min.

3.2 Friction velocity

Friction velocity indicates the vertical energy
loss of horizontal average momentum because of
ground roughness. It can be calculated by (Li et al.,
2008)

M*z =—uw-—vw, (4)

where u+ is the friction velocity, and a bar means the
average value.

To eliminate the effect of instability of atmos-
phere, the following expression is adopted to elimi-
nate the effect of instability (Tieleman, 1983; Li et al.,
2008):

uZ = (uw)’ +(w) . (5)

Eq. (5) can eliminate the probability of the
Reynolds stress that is negative value. Therefore,
Eq. (5) is adopted in this study.

3.3 Turbulence integral length scale

Turbulence integral length scale is another im-
portant parameter for describing the turbulence
characteristics. The turbulence length scales define
the position of the turbulence spectral content (Solari
and Piccardo, 2001). It is often interpreted as the
wavelength corresponding to the maximum normal-
ized spectral density. The turbulence integral length
scale can be estimated by fitting the field measured
spectrum to the theoretic spectrum. Relative to other
estimated methods, this method has the advantage of
fitting the whole spectrum rather than only the
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position of the peak. The von Karman spectrum
Eq. (6) are usually used as the theoretic spectrum
(Solari and Piccardo, 2001; Fu et al., 2008; Hui et al.,
2009a; 2009b).

nSu (n) 4Lun /U
T L6 (6a)
o, [1+708(L,n/U) |
nS,(n) _ (4L | U)[1+755.2(Ln /| UY’ ] @
o [1+283.2,n/ Uy ]"
ns, () _(@Ln/O)[1475520,0 0P
. b

. [1+283.2,n/0) "

where 7 is the frequency of natural wind, L,, L,, L,, is
turbulence integral length scale of longitudinal, lat-
eral and vertical, respectively, S,, S, S,, is the wind
speed spectrum of longitudinal, lateral and vertical,
respectively.

3.4 Power spectrum of wind speed

Power spectrum of wind speed describes the
energy distribution of fluctuating wind velocity in the
frequency domain, which presents descriptions of
frequency characteristics of fluctuating wind speed.
The power spectrum of every sub-sample was calcu-
lated using the Fast Fourier Transform technique
(FFT) on transforming the fluctuating wind velocity
from time domain to frequency domain. The field
measurement power spectrum is obtained by aver-
aging the power spectrum of all sub-samples. As the
Kaimal spectrum and Panofsky spectrum have been
recommended by Wind-Resistant Design Specifica-
tion of China, the following experiential expressions
are adopted:

Longitudinal wind spectrum:

nS (n) Af
o (4B ) (72)
Lateral wind spectrum:
S A
n v(n) _ Vf (7b)

o> (1+Bf)*’

v

Vertical wind spectrum:

nS, (n)  Af
o> (1+B,f)’

w

(7¢)

where fis the non-dimension frequency, f~nz/U, z is
the height. 4,, B,, A, B,, A,,, B, are parameters.

4 Results of wind characteristics
4.1 Field results of typhoon “Rosa”

4.1.1 Mean wind speed and mean direction of Ty-
phoon “Rosa”

Typhoon “Rosa” attacked Xi-hou-men Bridge
from Oct. 6 to 7, 2007. A total of 31 h field meas-
urement data were recorded. The whole typhoon
measured data were divided into 186 sub-samples of
10-min duration. Fig. 6 shows the variations of
10-min mean wind speed, 10-min mean wind eleva-
tion angle and 10-min mean wind direction of ty-
phoon. It was found that the maximum 10-min mean
wind speed was 15.9 m/s. During the duration of the
typhoon, the mean elevation angle was of negative
value, which ranged from —0.85° to —4.0°, and the
mean value of wind elevation angle was —2.25°.

4.1.2 Turbulence intensity and gust factor of typhoon
“Rosa”

According to Egs. (2) and (3), the longitudinal
turbulence intensity (/,) of typhoon “Rosa” ranged
from 0.08 to 0.29, the lateral turbulence intensity (/,)
ranged from 0.06 to 0.20, and the vertical turbulence
intensity (/,,) ranged from 0.01 to 0.09. The mean
values of /,, I, and I,, were 0.17, 0.11 and 0.04, re-
spectively. The ratio amongst them was [,:1,:[,~
1:0.67:0.24. The mean values of G,, G, and G,, were
1.38, 0.28, and 0.11, respectively. The turbulence
intensity and gust factor were greater than the rec-
ommended value of Wind-Resistant Design Specifi-
cation of China. Figs. 7 and 8 show the distributions
of turbulence intensities and gust factors of typhoon
“Rosa”. It can be seen that the distributions of turbu-
lence intensities and gust factors are random, indi-
cating the randomness of typhoon.

Fig. 9 presents the relationship between turbu-
lence intensities of typhoon “Rosa”. It can be seen
that there is a linear relationship between the turbu-
lence intensities. Fig. 10 presents the relationship
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Fig. 6 Variations of typhoon “Rosa” of (a) 10-min mean
wind speed; (b) 10-min mean wind elevation angle; and (c)
10-min mean wind azimuth

between the turbulence intensities in longitudinal,
lateral and vertical directions to the mean wind speed.
It can be seen that there are tendencies for the turbu-
lence intensities to decrease with the increase of mean
wind speed. Fig. 11 presents the relationship between
the longitudinal turbulence intensities and longitudi-
nal gust factor. It can be seen that there is a linear
relationship between the turbulence intensities and
gust factors, and can be expressed as G,=1+2.31,.

4.1.3 Friction velocity of Typhoon “Rosa”

Fig. 12 shows the relationship between the fric-
tion velocity and mean wind speed. It can be found
that the square value of friction velocity increases
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with the increase of mean wind speed. The relation-
ship between the friction velocity u+ and longitudinal
standard deviation o, is shown in Fig. 13 and can be
described as

ol =—-0.43+3.59u;. ®)

4.1.4 Turbulence integral length scale of Typhoon
“Rosa”

Fig. 14 shows the distribution of integral length
scales of Rosa. The mean values of longitudinal
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integral length scale (L,), lateral integral length scale
(L,) and vertical integral length scale (L,,) were 127,
73, and 23 m, respectively. The ratio among them was
L,L,L,~1:0.58:0.18.

Fig. 15 presents the relationship between the
turbulence integral length scales and mean wind
speed. It can be seen that there are tendencies for the
turbulence integral length scales to increase with the
increase of the mean wind speed.

4.1.5 Power spectrum of typhoon “Rosa”

Fig. 16 shows the normalized power spectrum of
longitudinal, lateral and vertical of typhoon “Rosa”.
Fitting the field measured spectrum to the theoretic
spectrum Eq. (7), the following expressions can be
obtained to describe the normalized power spectrum
of typhoon “Rosa” at the site of Xi-hou-men Bridge.

Longitudinal wind spectrum:

nS,(n) 3841 (92)
ol (1+6.891)"’
Lateral wind spectrum:
nS, (n 241
2 (9b)
o, 1+3.931)
Vertical wind spectrum:
nS,(n)  0.19f (%)

o (1+0.15/)

4.2 Field results of strong monsoons

4.2.1 Turbulence intensity and turbulence integral
length scale

Fig. 17 shows the distribution of turbulence in-
tensities and gust factors of strong monsoons. The
mean values of longitudinal, lateral and vertical tur-
bulence intensities were [,=0.105, 1,=0.093, and
1,=0.063, respectively, and the ratio of them was
1,:1,:1,=1:0.87:0.58, which is similar to the recom-
mended value of Wind-Resistant Design Specifica-
tion for Highway Bridges of China.

Fig. 18 shows the distribution of integral length
scales of strong monsoons. The mean values of
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longitudinal integral length scale (L,), lateral integral
length scale (L,) and vertical integral length scale (L,,)
were 102.5, 44.2, and 15.4 m, respectively. The ratio
among them was L,:L,:L,=1:0.43:0.15.

4.2.2 Friction velocity and power spectral density of
strong monsoon

At the strong monsoons, the relationship be-
tween the friction velocity u+ and standard deviation
o, can be described as

ol =0.05+1.26u;. (10)

Fig. 19 shows the envelope curve of power
spectral density of wind speed in strong monsoons.
The power spectral density of strong monsoons can be
described as

Longitudinal wind spectrum:

nS,(n) _ 234lf

o (1430.63/)" (1)
Lateral wind spectrum:
Vertical wind spectrum:
nS, (n)  524f (11¢0)

ol (1+551f)°

4.2.3 Mean wind profiles and turbulence intensity
profiles

Mean wind speed profile is defined to describe
the changing of mean wind speed with the change of
height. At present, the mean wind speed profile can be
expressed by power law or logarithmic law. The
power law has been adopted by the Wind-Resistant
Design Specification of China. Therefore, this study
adopts the power law. It is expressed as Eq. (12) (Dai
et al., 2009). Because of the randomness of turbu-
lence, the results are very discrete. To compare vari-
ous results, the field measured results in each height
are normalized. The profiles of mean wind speed and
longitudinal turbulence intensity are shown in Fig. 20
and Fig. 21, respectively. It can be seen that they
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do not comply to the power law strictly. The reason
may be (1) the randomness of atmosphere system; (2)
the atmosphere has strong votex movement and
strong vertical hybrid movement which accede to the
influence of rough condition seriously; (3) the wind
field is disturbed by the terrain nearby.

(12a)

(12b)

where U and U, is the mean wind speed at height z and
zo, respectively. 1, and 4 is the turbulent intensity at
height z and z, respectively. a is the mean wind profile
exponent, and £ is the turbulent intensity exponent.

Table 1 presents some mean wind profile expo-
nents. The range of variation is quite large, the
maximum value can be up to 0.12 and the minimum
value can be as small as 0.064, or even a negative
value (it means that the profile of mean wind cannot
obey the power law). The mean value of wind speed
profile exponent o is 0.097. As shown in Table 1, the
exponent a is directional. In the same wind direction,
there is a tendency for the exponent a to decrease with
the increase of mean wind speed. Table 2 presents the
exponents of turbulence intensity profile. It can be
seen that the rule of turbulence intensity profile is
similar to the mean wind profile.

4.2.4 Spatial correlation of winds

At present, there are very few field measurement
results about spatial correlation of natural wind. In the

wind-resistant design, the decay factor is often set to
be 7, which affects the wind-resistant design of long
span bridge. Therefore, the spatial correlation of
winds at the site of Xi-hou-men Bridge is very im-
portant and necessary.

To determine the spatial correlation of wind,
co-coherence of wind records are calculated, which is
defined as (Toriumi et al., 2000; Solari and Piccardo,
2001; Miyata et al., 2002; Hui et al., 2009b)

Sl.il(xl’xz’f)

VS (%15 )8, (x5, )
—oxp| kY
—exp( k U ),

Co- coherence =

(13)

where S,,(x1,/), S.u(x2,f) s the spectrum of wind speed
fluctuation u at x; and x, respectively. S¢ (x,,X,, f)

is the real part of cross-spectrum of u between x; and
X», k is the decay factor, and Ay=|x;—x;| is the trans-
verse distance.

The field measurement results of decay factors
are shown in Table 3. The transverse distance is 18 m.
It can be seen that the decay factors range widely. The
decay factor for the along wind C,,, ranges from 8.7 to
22.7, the factor for crosswind C,, ranges from 7.8 to
13.2, and the factor for vertical components C,,,
ranges from 13.4 to 23.4. The average values are
c.=16.7, C,,=10.1, and C,,~=18.8, respectively. The

Table 1 Wind profiles exponents at the site of Xi-hou-
men Bridge

Date o Mean speed (m/s)  Azimuth
Mar. 17,2009  0.120 9.02 SSE
Mar. 21,2009  0.064 11.17 SE
Mar. 26,2009  0.084 10.00 SE
Mar. 27,2009  0.111 8.52 ESE
Apr. 19,2009  0.107 12.41 SSE

S: south; E: east

Table 2 Turbulence intensity profiles exponents at the
site of Xi-hou-men Bridge

Date 1) Mean speed (m/s)  Azimuth
Mar. 17,2009 -0.159 9.02 SSE
Mar. 21,2009 —0.089 11.17 SE
Mar. 26,2009 —0.076 10.00 SE
Mar. 27,2009 -0.053 8.52 ESE
Apr. 19,2009  0.032 12.41 SSE

S: south; E: east
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Table 3 Decay factors at the site of Xi-hou-men Bridge

Date Cu C,, Cow U (m/s)
Nov. 8, 2008 215 109 216 12.06
Nov. 19, 2008 176 9.0 232 10.93
Nov. 27, 2008 227 117 229 14.68
Dec. 1, 2008 203 107 210 12.19
Dec. 4, 2008 227 132 234 14.91
Dec. 5, 2008 212 128 207 14.46
Mar. 17, 2009 119 78 150 8.99
Mar. 21, 2009 126 86 172 11.21
Mar. 26, 2009 87 98 134 9.99
Mar. 27, 2009 148 88 147 8.51
Apr. 18,2009 125 86 158 10.05
Apr. 19,2009 138 93 17.0 12.23
Average value 167 10.1  18.8 11.60

recommended value of Wind-Resistant Design
Specification for Highway Bridges of China is
C=7-21, and C=7 1is applied in the design of
long-span bridge, which is too conservative to be
economic. The field measurement results within the
recommended value, and are similar to the field re-
sults of Pang (2006) at the site of Sutong Bridge
which are C,=16.2, C,~=15.0, and C,,=17.0, re-
spectively. The field measurement value of Akashi-
Kaikyo Bridge ranges from 4 to 17, and the average
value of all data is 9.3 (Toriumi ef al., 2000). The field
measurement results at the site of Xi-hou-men Bridge
show that the winds are less coherent in comparison
with that assumed in the design, and the lateral
component is more coherent than longitudinal com-
ponent and vertical component.

5 Conclusions

This paper presents part results of the field
measurements at the site of Xi-hou-men Bridge. Wind
characteristics and the relationships among them are
analyzed and discussed in detail. Some conclusions
from this study are summarized as follows.

1. At typhoon “Rosa”, the mean values of tur-
bulence intensities 7, 1, and /,, are 0.17, 0.11 and 0.04,
respectively, and the ratio among them is [,/
1,=1:0.67:0.24. The mean values of L,, L, and L,, are
127, 73 and 23 m and the ratio amongst them is
L,:L,:L,~1:0.58:0.18. At strong monsoons, the mean
values of turbulence intensities 7, I, and I,, are 0.105,

0.093 and 0.063, respectively and the ratio among
them is 7,:1,:1,=1:0.87:0.58, which is similar to the
recommended value of Wind Resistant Design
Specification for Highway Bridges of China. The
mean values of L,, L, and L,, are 102.5,44.2 and 15.4
m and the ratio among them is L,:L,:L,,~=1:0.43:0.15.
It can be seen that the wind characteristics of ty-
phoons and monsoons are quite different. The turbu-
lence intensities of typhoons are greater than those of
monsoons and the recommended value. The turbu-
lence integral length scales of typhoons are greater
than those of monsoons. This means the atmosphere
of typhoons is more complex than that of monsoons.

2. From the relationship between wind charac-
teristics, it can be found that the turbulence intensities
decrease with the increase of mean wind speed, and
the turbulence integral length scales increase with the
increase of mean wind speed.

3. At typhoon “Rosa”, the relationship between
the friction velocity u« and standard deviation o, can
be described as

o) =—0.43+3.59u’.
At the strong monsoons, the relationship is
ol =0.05+1.26u;.

4. At typhoon “Rosa”, the power spectral density
of wind can be described as
Longitudinal wind spectrum:

nS,(n) 3.84f ]
ol (1+6.891)"’

Lateral wind spectrum:

nS,(n) 241f )
ol (1+3.93f)"’

Vertical wind spectrum:

nS, (n)  0.19f
ol (1+0.15()

At strong monsoons the expressions can describe
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as follows:
Longitudinal wind spectrum:

nS,(n) 23.41f )
ol (1+30.631)"°

Lateral wind spectrum:

nS,(n) 20921
ol (1+29.21f)"

Vertical wind spectrum:

nS,(n)  524f
o> (14551

w

5. The field measured results show that the range
of mean wind profiles is quite wide, the maximum
value can up to 0.12 and the minimum value can be as
small as 0.064, or even a negative value. The expo-
nent « is directional, under the same wind directions,
and decreases with the increase of wind speed.

6. The field measurement results of decay factors
show that the winds are less coherent in comparison
with that assumed in design, and the lateral compo-
nent is more coherent than the longitudinal compo-
nent and vertical component. The mean values of
decay factors are C,,=16.7, C,,=10.1, and C,,~18.8,
respectively.

7. The field measurement results have some
difference to the recommended value. Therefore, a
continuous and long-term field measurement should
be carried out.
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