Wang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2012 13(2):91-104 91

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)
ISSN 1673-565X (Print); ISSN 1862-1775 (Online)

www.zju.edu.cn/jzus; www.springerlink.com

E-mail: jzus@zju.edu.cn

JZUS

Digital simulation of 3D turbulence wind field of Sutong Bridge

. *
based on measured wind spectra

Hao WANG ', Zhou-hong ZONG', Ai-qun LI'?, Teng TONG', Jie NIU', Wen-ping DENG'*

('Key Laboratory of Concrete and Prestressed Concrete Structures of Ministry of Education, Southeast University, Nanjing 210096, China)
(*Key Laboratory of Environmental Impact and Structural Safety in Engineering, China University of Mining & Technology, Xuzhou 221116, China)
E-mail: whzjn@sina.com
Received July 7, 2011; Revision accepted Sept. 23, 2011; Crosschecked Dec. 29, 2011

Abstract: Time domain analysis is an essential implement to study the buffeting behavior of long-span bridges for it can consider
the non-linear effect which is significant in long-span bridges. The prerequisite of time domain analysis is the accurate description
of 3D turbulence winds. In this paper, some hypotheses for simplifying the 3D turbulence simulation of long-span cable-stayed
bridges are conducted, considering the structural characteristics. The turbulence wind which is a 3D multivariate stochastic vector
process is converted into four independent 1D univariate stochastic processes. Based on recorded wind data from structural health
monitoring system (SHMS) of the Sutong Bridge, China, the measured spectra expressions are then presented using the nonlinear
least-squares fitting method. Turbulence winds at the Sutong Bridge site are simulated based on the spectral representation method
and the Fast Fourier transform (FFT) technique, and the relevant results derived from target spectra including measured spectra
and recommended spectra are compared. The reliability and accuracy of the presented turbulence simulation method are validated
through comparisons between simulated and target spectra (measured and recommended spectra). The obtained turbulence si-
mulations can not only serve further analysis of the buffeting behavior of the Sutong Bridge, but references for structural anti-wind
design in adjacent regions.
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1962; Bocciolone et al., 1992; Bartoli and Mannini,
2008; Qiseth et al., 2010; Wang et al., 2010a).

1 Introduction

Long-span bridges such as cable-stayed and
suspension bridges are vulnerable to wind-induced
vibrations. The aerostatic and aerodynamic behav-
iors of these bridges under strong winds have been
the concern of engineers for a long time (Davenport,
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Among them, bridge buffeting, induced by turbu-
lence winds, is becoming of greater concern for that
this would be significant with the rising span and the
broadening deck (Scanlan, 1978; Katsuchi et al.,
1999; Xu et al., 2000; Wang et al., 2011). To combat
bridge buffeting, analyses in frequency (Simiu and
Scanlan, 1978) and time domain (Kovacs et al., 1992)
are two general approaches. Analysis in frequency
domain about dynamic responses under stochastic
winds can be realized by numerically integrating the
product of the bridge’s transfer function and the
wind load spectra (Yang et al., 1997). However, the
prerequisite of the methodology is the linear hy-
pothesis, which indicates its unsuitability to most of
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long-span bridges, for that, flexibilities and nonlin-
ear behaviors resulted from either geometrical or
aerodynamic effects are apparent in these bridges
(Niemann and Hoffer, 1995; Yang et al., 1997; Su et
al., 2007). Conversely, time domain analysis, em-
ploying step-by-step numerical integration, is the
only choice for resolving nonlinear aerodynamic
responses of long-span bridges. To conduct time
domain analysis, wind load histories at bridge sites
are important for accurate simulation since aerody-
namic behaviors are sensitive to the selected winds
(Bocciolone et al., 1992; Chen et al., 2000).

As for certain stochastic issues involved in
nonlinearity, large variations of uncertain parameters,
etc., the Monte Carlo method seems to be the only
universal method that can provide accurate solutions
(George, 1996). The core task of the methodology is
to generate sample functions of stochastic processes.
The auto-regressive and moving average (ARMA)
method (Li and Kareem, 1993; Di Paola, 1998) and
spectral representation method (Shinozuka, 1972) are
mainly adopted to produce such sample functions.
The ARMA method offers a computationally efficient
scheme which does not require large computer stor-
age whereas crude calculated results are obtained.
Conversely, the spectral representation method, al-
though with computationally expensive efforts, is
mostly adopted since it can produce unconditionally
stable results (Yang et al., 1997). Shinozuka (1972)
and Shinozuka and Jan (1972) first applied the spec-
tral representation method to simulate multidimen-
sional, multivariate and non-stationary cases. Yang
(1972; 1973) combined it with the fast Fourier trans-
form (FFT) technique and the computational effi-
ciency of the spectral representation algorithm is
drastically improved. Since then, the spectral repre-
sentation method combined with the FFT technique
achieved rapid development and many researchers
made considerable contributions to refine this meth-
odology in various arenas (Li and Kareem, 1993;
Yamazaki and Shinozuka, 1998).

In this paper, turbulence simulations are con-
ducted for the Sutong Bridge in China which is the
longest cable-stayed bridge globally so far, employ-
ing the spectral representation method and the FFT
technique. Sample functions of turbulence velocities
and turbulence power spectra are generated with the
assistance of the measured wind data from the struc-

tural health monitoring system (SHMS). Some hy-
potheses and improvements are adopted to simplify
and refine the relevant simulations for the main girder
and towers, respectively. Specifically, it is assumed
that the girder is on the same elevation and the wind
field is homogeneous along the spanwise direction of
the bridge, which means winds are evenly distributed
along the bridge span. The improvement is taken
which considers non-uniform wind distribution along
the vertical direction to refine turbulence simulations
for towers. The accuracy of obtained results is vali-
dated by comparing them with those derived from the
current specification (Xiang et al., 2004). Turbulence
simulations in this paper can provide not only reliable
turbulence data for further analysis of buffeting be-
havior of the Sutong Bridge, but references for anti-
wind design of structures in adjacent regions.

2 Related works
2.1 Description of Sutong Bridge

Sutong Bridge (Fig. 1) connects Suzhou and
Nantong cities of Jiangsu Province with the main span
of 1088 m. The bridge construction was initiated in
June, 2003 and opened to the public on May 25, 2008.

The stream-line flat steel-box girder, with the
overall width including the two wind mouths of
41.0 m and the height at the centerline of 4.0 m, is
employed in the Sutong Bridge. The two main towers
are inverted Y-shaped, including upper columns,
middle columns, lower columns and lower beams.
The overall height of towers is 300.40 m, and 230.41
m of the total height is above the main girder, and are
the world’s tallest bridge towers. Parallel wire cables
with intervals being 16 and 2 m on the deck and
towers respectively are adopted, and the total number

Fig. 1 The Sutong Bridge, China
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of cables is 272. Among them, the longest cable is
577 m with the largest size of PES7-313 (polyethyl-
ene extrusion cable with 313 steel wires of 7 mm in
diameter), which is a record-breaking stayed-cable.
Horizontal anti-wind bearings and vertical viscous
dampers are installed at the junction of the main
girder and towers. For the two enormous foundations,
131 bored piles with the inner diameter of steel tubes
being 2.8 m are constructed to support each tower.
The configuration of the bridge is schematically
shown in Fig. 2.

2.2 Climate and SHMS

Sutong Bridge is located at the lower reach of the
Yangtze River and towards the sea (Fig. 3). The me-
teorological survey reveals that this region is domi-
nated by a humid subtropical monsoon climate. Prior
to the construction, anti-wind design is mainly ac-
cording to in-field measurement by the local mete-
orological department (Liu et al., 2006), as well as
wind tunnel aeroelastic model (1:85) of full bridge
(Chen, 2004). Nevertheless, both of them are insuffi-
cient for buffeting analysis of the real bridge.

To monitor and assess bridge conditions during
the constructing and operating periods, especially
under extreme events such as typhoons, heavy snow
falls, heavy traffic, etc., the SHMS is installed (Wang
et al., 2010a). The SHMS with anemometers is a
powerful implement for studying wind characteristics.
Fig. 4 shows the layout of sensors in the SHMS in the
Sutong Bridge. The SHMS has four sub-systems
including the sensory, data acquisition and
transferring, data managing and controlling, and
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structural health estimation systems. There are in total
15 types of sensors ensuring measurements of
different loads and effects on the bridge. The number
in the bracket indicates the sensor quantity. For wind
measurements, four 3D ultrasonic anemometers are
installed. Two of them are installed in upstream and
downstream sides respectively at the midpoint (76 m
in elevation). The others are at the top of the south and
north towers (306 m in elevation).

3 Simulation of stationary stochastic vector
process

Natural winds are divided into two components
which are mean and turbulence winds (Simiu and
Scanlan, 1978). Turbulence wind, average velocity
equals zero, is not only a function of time, but varies
with the spatial location (x, y, z), namely a 1D and
4-variate (1D-4V) stationary stochastic vector process.
The spectral representation method combined with
the FFT technique (George, 1996) is generally
adopted to deal with such processes.
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Fig. 4 Wind direction frequency of the largest daily wind speed

3.1 Spectral representation method

Consider a 1D, n-variate (1D-nV) stationary
stochastic vector process with components of f;’(¢),
£, ...y f2(t), having average values equal to

zero, and the superscript “0” denotes the target
functions.

E[f(®)]=0, j=12,.n, (1)
the cross-correlation matrix is
R101 (7) R102 (7) Rlon (7)
RO(Z_) — RIOZ(T) R§2(‘[) R3’1.(T) , (2)
R)(1) R),(7) R, (7)
and the cross-spectral density matrix is
Slol (0) Sloz (@) Slon (0)
Sr(r)l(w) Sr?z (@) Sr(l)n (@)

To simulate the 1D-nV stationary stochastic
process jjo(t), j=1,2,..., n, the cross-spectral density
matrix $°(w) must be divided into the following
products:

S"(0) = H(0)H" (). 4
The division can be performed through Cholesky’s
method, in which case H(w) is a lower triangular
matrix. H(w) is

H(® 0 - 0

H,(0) H,(0) - 0

H(o)= )

H,(0) H,(®) H,, (o)

whose diagonal elements are real and non-negative
functions of w, and off-diagonal elements are gener-
ally complex functions of w. The following relations
are validated for the elements of matrix H(w):

(6)
H,(0)=H,(-0), j=23,k=12,j>k (7)

H/J(a)) = H_;j (_w), ] = 1,2,...,}’1,

The off-diagonal elements H , () can be writ-

ten in polar form as

ij ((0) = |ij (a))| eigim(w)> ] = 2’3’ k= 1’25 ] > ka (8)
where
Im[ H, () |

(9jm (w) =tan” Re [H/_m (a)):| .

)
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Once the matrix $°(w) is divided, the stochastic
process can be simulated by the following series as
N—00:

(0= ZZj:ﬁ]ij (a))|x/@c0s(a)m, -0, (®,)+d, ),

m=1 [=1

Ji=12,n, (10)
where
o, =(1-DAo+Z A0, j=1,2,..N, (11)
n
Awv=w,/N, (12)

where / denotes one of the number of FFT points, N is
the frequency segment, w, denotes the upper cutoff
frequency beyond which the elements of the
cross-spectral density matrix may be assumed to be
zero for either mathematical or physical reasons, and
o are sequences of independent random phase an-
gles distributed uniformly over the interval from 0 to
2m.

When generating sample functions of the simu-
lated stochastic process according to Eq. (10), the
time step At separating the generated values in time
domain must satisfy the demand to avoid aliasing:

Ar< 2T
20,

(13)

The period T; of simulated stochastic process is

_2mn _2mnN (14)
Aw 0]

u

T

0

From the above description, it can be concluded
that sampling functions of a stochastic process can be
obtained, with the known S$°(w) and adequate selec-
tion of N, w, and At.

3.2 FFT technique

The cost of digitally generation of sample func-
tions of the simulated stochastic vector process can be
drastically reduced by the FFT technique. To achieve
this, Eq. (10) should be written as

m=1

1, (i) = Re{i By (gA0) exp[i( ’"ﬁ“’j(pm)}},

p:0919“'92N><n_17j:1729“'9n9 (15)

where ¢ is the remainder of p/(2N), ¢=0,1,---,n—1, and
h;m(qAt) is given by

2N-1 qu
hjm (th) = Z Bjm (ZAQ)) exp [17j3
I=1

B, (IA®)

(16)

mAw

2(Aw)H ,,, (ZAa) + jexp(i(pm,), 0<I<N,

0, N<I<2N.
(17)
From the above equations, it shows that /;,,(qA?)
is the Fourier transform of B;,(/Aw). Thus, the FFT

technique can be used in simulations of turbulence
winds with the spectral representation method.

4 Hypotheses for wind field simulation
4.1 Simplified wind fields for long-span bridges

Natural winds can be divided into two compo-
nents: mean and turbulence winds:

U=UZ)+u(x,Z,1),
v=v(x,Z,t),
w=w(x,Z,t),
0<x<L,0<Z<H,

(18)

where u, v and w are turbulence winds in
across-bridge, along-bridge and vertical directions,

respectively; U(Z) is the mean wind velocity in

across-bridge direction; L is the span of bridges and H
is the tower height.

The continuous wind fields should be divided
into finite components to facilitate the calculation. As
the correlations between the three turbulence parts in
x, y and z directions are negligible, they are not con-
sidered in practical terms. Only the correlation in
spatial distributions of turbulence winds is taken into
account. Wind fields can therefore be divided into
three independent 1D components in x, y and z direc-
tions, which is a process of converting a 3D
multi-variate (3D-nV) stochastic vector process into
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three independent 1D multi-variate (1D-nV) stochas-
tic processes.

Turbulence simulations for large-scale structures
are complicated because of the numerous simulated
points. Consider the structural characteristics of each
type of long-span bridges (cable-stayed and suspen-
sion bridges), some hypotheses can be construed to
improve the calculation. Specifically, in suspension
bridges, the main girder is the primary component
subjected to wind loads and the coupled vibrations of
the main girder and towers are negligible, indicating
that mere simulations of wind fields of the main
girder can generate accurate results. However, for
cable-stayed bridges, the coupled vibrations between
the main girder and towers are intense. In addition,
towers in cable-stayed bridges are larger than coun-
terparts in suspension bridges, meaning that the tow-
ers are more prone to wind loads. Hence, neglecting
the wind fields of towers in cable-stayed bridges
would be inappropriate.

4.2 Simulation of wind fields

As mentioned above, for long-span cable-stayed
bridges, wind simulations for the main girder and
towers should be undertaken. Specifically, for the
main girder, turbulence simulation in along-bridge
direction (v) is not considered as the main girder is the
linear component in the direction. For towers, turbu-
lence simulations in along-bridge direction (v) are not
considered as towers are intensively constrained by
the main girder and cables, which means along-bridge
vibrations are greatly affected by the main girder and
cables and influences from turbulence winds are
negligible in this direction. Turbulence simulation in
vertical direction (w) for towers is also not considered
(Han et al.,2003; Wang et al., 2010b). Therefore, four
independent 1D univariate (1D-1V) stochastic proc-
esses can be assumed for the Sutong Bridge according
to hypotheses above, listed in Table 1.

300

100 100"
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The layout of simulated points in the Sutong
Bridge is schematically shown in Fig. 5. There are 37
simulated points (from G1 to G37) uniformly dis-
tributed along the main girder, with the interval being
56 m. Similarly, there are 10 simulated points (from
T1 to T10) in the left tower distributed uniformly
along each tower, with intervals being 30 m.

5 Turbulence simulations for Sutong Bridge

To conduct turbulence simulations by the spec-
tral representation method and the FFT technique
(George, 1996), the selection of power spectra is
indispensable. There already exist certain turbulence
power spectra, e.g., the Davenport spectrum, Kaimal
spectrum, and Kaman spectrum. Nevertheless, these
spectra are not homogenous and some apparent dif-
ferences appear, leading to the questionable simulated
wind fields (Wang et al., 2010b). In the following
simulations, the turbulence power spectra rely on the
measured wind data from the SHMS. In addition, the
adverse effects, such as mechanical filtering of the
anemometers and the influence of the sampling rate,
are removed prior to comparing with theoretical
spectra (Beljaars, 1987; Gurley and Kareem, 1993).

5.1 Wind spectra

The distribution of the mean wind velocity with
the attitude at the Sutong Bridge site is consistent with
the power law (Hu et al., 2010):

Table 1 1D-1V stochastic wind fields for the Sutong
Bridge
Wind . L Space Number of
field Position  Direction InterI\)/al (m) simulated nodes
1 Main girder u 56 37
2 Main girder w 56 37
3 Left tower u 30 10
4 Right tower u 30 10

2088

1088 300

Fig. 5 Simulated points of the Sutong Bridge (unit: m)
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U _ (Z—J , 19)
Ul Zl

where U, and U, denote wind velocities at the height
Z, and Z, above the ground, respectively, and a is a
dimensionless exponent dependent upon roughness of
terrain, taken as measured value 0.12 herein (Wang et
al., 2010a).

The power spectra are obtained by fitting the
wind velocity records to the objective function. The
wind records are from field measurements of Ty-
phoon Fung-Wong, Typhoon Kalmaegi (Hu et al.,
2010) and strong winter winds (Wang et al., 2010a),
using the nonlinear least squares method (Strutz,
2010). In along-wind direction, the objective function

takes the form like the Kaimal spectrum (Kaimal et al.,
1972):

nS,(n) ___af
@) A+bN)

(20)

where a, b and f are parameters to be fitted; fis the
Moning coordinates, and " is the wind friction speed.
fand u” can be further expressed as below:

f=nZlU,
u =kU(Z)/In(Z | Z,).

e2y)
(22)

where 7 is the frequency of the wind speed, and 7 is
the roughness length.

For the Sutong Bridge, based on the measured
wind data, the parameters are fitted as: U(Z)=
15.6986 m/s, k=0.4, Z,=0.01, Z=75.59 m and
u'=0.703. Therefore, a=90.2, b=58.5 and £=0.95 can
be obtained whereas in the Kaimal spectrum the pa-
rameters are a=200, b=50, and p=1. Their compari-
sons are plotted in Fig. 6.

Similarly, based on the data measure for three
strong winds, the initial fit equation for the across-
wind turbulence wind power spectrum density func-
tion can be taken as the Panofsky spectrum (Panofsky
and McCormick, 1960):

nS af

W

(23)

The parameters are fitted as: U(Z)=15.6986 m/s,
k=0.4, Z,2=0.01, Z=75.59 m and u'=0.703. Therefore,
a=2.1, b=1.6, and £=0.80 can be obtained whereas in
Panofsky spectrum the parameters are a=6, b=4, and
p=1. Their comparisons are plotted in Fig. 7.

Figs. 6 and 7 reveal an apparent discrepancy
between the fitted/measured power spectra and the
recommended power spectra in both along-wind and
vertical directions, validating the importance of the
measured data from the SHMS.

10° —
»-.,-____ Melasured
102 \\\___‘- B — Kaimal
— :*\-{.,’:)\‘r : - - — - Fitted

10 /‘Hi“”ﬂmd‘
» IF
S
[%5)

10"

102

103 - .

10° 102 10" 10°

f(Hz)

Fig. 6 Turbulence wind power spectra in along-wind
direction
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101 P - - - - Fitted
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107 . N
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Fig. 7 Turbulence wind power spectra in vertical direction

5.2 Turbulence simulation for main girder

5.2.1 Modified spectral representation method for
main girder

Eq. (3) is practically converted into a real matrix.
With turbulence simulations for the main girder being
taken into consideration, further hypothesis which
assumes the turbulence spectra as constant at the iden-
tical elevation can be conducted (Cao et al., 2000):

Sh(@) =S (@)=...= S, (@) = S(w),

nn

(24)
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S° (w) =

Jm

S (@)S,,, (@)Coh(4,,,0)

mm

= S(w)Coh(4,,.0),

Jm?>

(25)

where 4,,, is the distance between points j and m which
are at the same height, Coh(4,,,) is the coherence
function. Consider that the simulated points in the
Sutong Bridge are distributed uniformly in the main
girder and the horizontal distance between points j and
m is A;,=A4]j—ml|, then the coherence function recom-
mended by Davenport can be written as

AwA, ﬂwA| Jj— m|
Coh(A,.m,a))zexp - — |=exp| ———————
‘ 2rU(2) 2rU(2)
AwA

|j=n
_ _ _ (i
= [exp( 27tU(Z)D cV, o (20)

where 1=7-10 denotes the reducing factor for tur-
bulence winds in across-bridge direction. Substi-
tuting Egs. (24)—(26) into Eq. (3), we can obtain

1 ¢ & c!

c 1 C - C?
S@=Sw=|c c 1 S @

_Cmfl Cvan Cn73 1 |

Converting Eq. (27) into an explicit approach:

H(w)=S(0)G(v), (28)
where
G(w)=
[1 0
c Ji-¢
C? CV1-C? V1-¢?
¢ ci-¢2 ah-¢ Ji-¢?
: : : : 1-¢?
_CUH) C(WZ) /1 _ CZ C(M*J) [1 _ CZ C(nﬂ!) 1— CZ 1— CZ |
(29)
Converting Eq. (29) into an analytical formula:
0, 1< j<m<n,
G (0)={C"" m=1Lm< j<n, (30)

Jjm

clJa-c?), 2sm< j<n,

for that 0<C<1, the matrix H(w) is therefore a real
matrix. Hence,

H" (0)=H"(0),
6, =0.

jm

G
(32)

5.2.2 Turbulence simulation

Turbulence simulations for the main girder in
along-wind and vertical directions are generated by
the modified spectral representation method and the
FFT technique. The Davenport coherence function
(Simiu and Scanlan, 1978) is adopted with 4 being 7.
The measured spectra and recommend spectra in
current specification (Xiang et al., 2004) are em-
ployed to carry out the comparison. Details involved
in simulations are listed in Table 2.

Table 2 Details for turbulence simulations of main girder

Parameter Value Parameter Value
Overall length, 2088 [Height of midpoint, 75.59
L (m) Z (m)
Number of simulated 37 [Upper cutoff fre- 107
points, quency, w, (rad/s)
Frequency segmen- 2048 [Sample interval, 0.1
tations, N At (s)
Sample period, 7} (s) 15155 |Simulated time, 7, (s) 1200

Turbulence simulations for 3D wind fields are
achieved by Matlab. In the spectral analysis, the size
of FFT technology is 1024 with a frequency incre-
ment of 0.00175 Hz between two adjacent data points,
the piecewise smoothing method and the Hamming
window are adopted and the nonlinear least squares
fitting technique is used to reduce the random error of
spectral estimates. Turbulence velocities in along-
wind and vertical directions based on the recom-
mended and fitted spectra are shown in Figs. 8 and 9,
respectively. Note that the selection of simulated
points is points G1 and G19 located at the left side and
midpoint of the Sutong Bridge (Fig. 5).

Comparisons between the simulated spectra of
selected points (points G1, G2, G19 and G37, refer to
Fig. 5) and the Kaimal spectrum, as well as the
simulated spectra of selected points and the fitted
spectrum in along-wind direction are shown in Fig. 10
(p-100). In addition, comparisons between the simu-
lated spectra of selected points and the Panofsky
spectrum, as well as the simulated spectra of selected
points and the fitted spectrum in vertical direction are
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Kaimal (a) and fitted (b) spectra for point G1; Kaimal (c) and
fitted (d) spectra for point G19

shown in Fig. 11. The supplement of points G2 and
G37 primarily considers the comparison of correlations
between points spatially distributed, for that points
G2 and G37 are the nearest and farthest ones from
point G1. Overall, it can be concluded that the simu-
lated spectra of points G1, G2, G19 and G37 match
well with the Kaimal spectrum or fitted spectrum,
signifying the reliability of the measured wind data.

Furthermore, comparisons for temporal auto-/
cross-correlation functions between generated sample
functions and fitting spectrum in along-wind and ver-
tical directions are shown in Figs. 12 and 13. Through
comparing values of auto-correlation (point G1) and
cross-correlation (points G1 and G19) functions, it is
indicated that the correlation of the wind velocities at
two points reduces as the distance between two points
increases. The effectiveness and reliability of the
methodology applied for spatial wind simulation are
also validated.

MM

N T TN T TR N

Turbulence
velocity (m/s)

0 1 2 3 4 5 6 7 8 9101 121314151617181920
Time (min)

Turbulence
velocity (m/s)

a4 ) A
01234567 8 91011121314151617181920
Time (min)

AN A

Turbulence
velocity (m/s)

-4
012345678 9101112131415161?181920
Time (min)

Turbulence
velocity (m/s)

01234567 891011121314151617181920
Time (min)

Fig. 9 Simulation of turbulence velocity for main girder in

vertical direction

Panofsky (a) and fitted (b) spectra for point G1; Panofsky (c)

and fitted (d) spectra for point G19

5.3 Turbulence simulation for towers

5.3.1 Modified spectral representation method for
towers

In turbulence simulation for towers, the wind
velocity is generally assumed to be identical along the
tower, which means that different phase angles are not
considered. This hypothesis leads the cross spectral
density matrix to be a real symmetric positive matrix,
simplifying the relative analysis. However, the distri-
bution of the wind velocity is approximately consistent
with the exponential relationship (Eq. (19)), and the
discrepancy will be more significant with high towers
being regarded. Therefore, turbulence simulations for
long-span cable-stayed bridges’ towers should take this
discrepancy into account. The cross spectral density
matrix will be a complex and non-positive matrix,
proposing difficulties for simulation. In general cases,
the turbulence spectral density function is
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Sin(@)=S;(@)S,, (@)Coh,,(4,,, ) explip(n’)],

mm Jjm
(33)

where the different phase angles q)(n*) at various
locations are empirically expressed as

n'n/4, |n"[<0.1,

p(n")=1-10mn" +1.25, 0.1<|n" |<0.125, (34)
Random, |n" [>0.125,
n =2n(z,-Z,)IU, +U,). (35)

From Egs. (34) and (35), it can be inferred that values
of the wind frequency () and the height of simulated
points (Z;) are two factors which may lead the spectral
density matrix to be non-positive definite. Consider
that the simulated points are determined by the finite
model, the wind frequency is the dominating factor
responsible for the non-positive definite. In this study,
the wind frequency is divided into positive domains
and non-positive domains with reference to the criteria
that would lead Eq. (3) to a positive definite matrix. In
positive domains, Eq. (3) could be divided through
Cholesky’s method directly. In non-positive domains,
the divisions could be approximately obtained through
interpolation.

5.3.2 Turbulence simulation

Turbulence simulations for towers in along-wind
direction are generated based on the modified spectral
representation method and the FFT technique. The
Davenport coherence function is adopted with 4 being
10. The measured spectra and the recommended
spectra in current specification (Xiang et al., 2004)
are employed to facilitate the comparison. Details
involved in the simulation are listed in Table 3.

Table 3 Details for turbulence simulations of girder (each
tower)

Parameter Value Parameter Value

Towers’ height, 306 [Simulation range, 15-315
H (m) Z (m)

Number of simulated 10 (Upper cutoff fre- 10%
points, n quency, o, (rad/s)

Frequency segmenta- 2048 [Sample interval, 0.1
tions, N At (s)

Sample period, Ty (s) 4096 [Simulated time, 7}, (s) 1200

The refinement of FFT technology is identical as
in the turbulence simulation for the main girder. Tur-
bulence velocities for towers in along-wind direction
based on the recommended and fitted spectra are re-
vealed in Fig. 14. Note that the selection of simulated
points is points T1 and TS5 which are located at the
bottom and the middle of the left tower of the Sutong
Bridge (Fig. 5).
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Fig. 14 Simulation of turbulence velocity for towers in
along-wind direction

Kaimal (a) and fitted (b) spectra for point T1; Kaimal (c) and
fitted (d) spectra for point TS

Comparisons between the simulated spectra of
points T1 and T5 (Fig. 5) and the Kaimal spectrum, as
well as the simulated spectra of points T1 and TS and
the fitted spectrum in along-wind direction are re-
spectively revealed in Fig. 15 and Fig. 16. It can be
concluded that the simulated power spectra of points
T1 and T5 match well with Kaimal spectrum or fitted
spectrum, signifying the reliability of the measured
wind data.
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Furthermore, comparisons for temporal auto-/
cross-correlation functions between generated sample
functions and fitting spectra in along-wind direction
are shown in Fig. 17. Comparisons of auto-correlation
(point T1) and cross-correlation (points T1 and T5)
functions indicate apparent deviations between the
simulated and target ones. The inaccuracy of the
measured wind data and theory formulations adopted
for generating sample functions is responsible for the
deviations.
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Fig. 17 Comparison of correlation of along-wind direction
(target: Kaimal spectra)
(a) Auto-correlation function for point T1; (b) Cross-
correlation function for points T1 and T5

6 Summary and conclusions

To facilitate further studies in buffeting behavior
of the Sutong Bridge in time domain, turbulence
winds are simulated based on the measured wind data
from the SHMS. Principles of the spectral represen-
tation method and the FFT technique dealing with the
stationary stochastic vector process are reviewed. The
fitted spectra are obtained from wind data of Typhoon
Fung-Wong, Typhoon Kalmaegi and strong winter
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winds, collected by the SHMS. Relative comparisons
are conducted to validate the reliability and accuracy
of the measured data.

Simplifications for turbulence simulations con-
sidering the special structural characteristics of
long-span bridges are briefly introduced. For a cable-
stayed bridge, turbulence wind which is a 3D
multi-variate (3D-nV) stochastic vector process is
converted into four independent 1D univariate
(1D-1V) stochastic processes. Turbulence simula-
tions in the along-wind and vertical directions for the
main girder and the along-wind direction for the
tower are then conducted. The hypothesis for the
main girder is applied which assumes the elevation of
the overall main girder as being homogeneous. The
refinement for the tower is applied which considers
the spatial distribution of wind velocity. Comparisons
in terms of turbulence velocities, power spectra and
auto-/cross-correlation functions between the meas-
ured spectra and target spectra (including Kaimal,
Panofsky and fitting spectra) are undertaken. The
characteristics of simulated turbulences and target
ones agree well overall, validating the effectiveness
and reliability of the presented turbulence simulation
method. The obtained turbulence simulations can
provide not only reliable turbulence data for further
analysis about the buffeting behavior of the Sutong
Bridge, but also references for anti-wind design for
other engineering structures in adjacent regions.
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