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respectively. These non-stationary wind velocity models have obvious non-stationary

characteristics and then are validated by the classical power spectrum densities.
Finally, three displacement responses of the bridge deck under four different inde-
pendent variables of 8 in the exponential function and four modulation functions
were compared, respectively. Results show that the turbulence intensities using two
non-uniform modulation functions (NMF) are larger than those using uniform modula-
tion functions (UMF). Moreover, the root mean square (RMS) values of three displace-
ment responses increase with the decrease of 3. Besides, the RMS values of three
displacement under two NMFs are larger than those under two uMFs, and their RMS
values under the second uMF are the smallest.
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1 Introduction

With the rapid development of long-span bridge technology, more and more super long-
span suspension bridges with closed-box girders have been designed and constructed
overall the world, for example, the 1915 Canakkale Bridge in Turkey with a main span of
2023 m was in operation in February 2022. Compared with the twin-box girder [1], the
closed-box girder suspension bridge is more susceptible to wind loads owing to its low
stiffness, and its limit span without countermeasures is regarded as about 1500 m [2, 3].
Meanwhile, strong typhoons have frequently occurred in China in recent years, such as
the strong typhoon Lekima in 2019 with 16-level landfall in Zhejiang Province, China.
As a prominent characteristic of strong typhoons, the non-stationary wind velocity has
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a significant impact on buffeting performance of super long-span suspension bridges,
which could lead to discomfort for passengers and structural fatigue damage to bridges
[4—6]. In order to accurately predict the buffeting performance under strong typhoons,
it is essential to investigate the effect of critical parameters of non-stationary wind veloc-
ity on the buffeting responses of super long-span suspension bridges with closed-box
girders.

In the wind field analysis, non-stationary wind velocity is usually composed of the aver-
age wind velocity and the fluctuating wind velocity [7]. On one hand, many researchers
have studied the time-varying characteristics of the average wind velocity of typhoons
at the bridge location based on the typhoon field measurement. Xu et al. [8] analyzed
the time-varying average wind velocity from Typhoon Victor at the bridge site of the
Tsing Ma suspension Bridge by applying the empirical mode decomposition. Hu et al. [9]
adopted the wavelet transform method to obtain the time-varying average wind veloc-
ity, and proposed an effective wavelet-based nonstationary wind velocity model. Zhao
et al. [10] studied the wind characteristics over water terrain when the outer regions
of four typhoons passed the bridge. On the other hand, the time-varying average wind
velocity of a typhoon is assumed to be a special function. Liu et al. [11, 12] applied the
cubic spline function to simulate the time-varying average wind velocity of the hurricane
and derived the non-uniform modulation function of the evolutionary power spectrum.
Bao et al. [13] presented a new method of time—frequency interpolation to conduct two
rounds of spline interpolation, which could agree well with the target spectra. Tubino
et al. [14] compared the effects of various weighted functions on the harmonic content
and statistical properties of turbulence. In the absence of measured wind velocity data,
the average wind velocity is generally assumed to be a time-varying exponential function
[15], while the role of a key coefficient in the exponential function of the average wind
velocity should be further identified.

As for Priestley’s evolutionary spectral theory in the fluctuating wind velocity model
of non-stationary wind, Hu et al. [16] proposed a non-stationary typhoon model in com-
plex terrain to predict the non-stationary buffeting performance of bridges. Li et al. [17]
proposed a spectral-representation-based method to extract the inseparable time and
frequency components of the evolutionary power spectral density function using Tay-
lor series expansion. Tao et al. [18, 19] evaluated the non-stationary buffeting perfor-
mance of the Stonecutters Bridge due to the time-varying fluctuating wind coherence
of Typhoon Hato. Huang et al. [20] established a conditional simulation approach to
establish the multi-variable non-stationary typhoon wind for bridges, which takes into
account a non-modulation function of the fluctuating wind. Su et al. [4] presented an
efficient frequency domain scheme based on fast complete quadratic combination
(CQC) method, which was applied to evaluate the buffeting response of a long-span
suspension bridge located in a complex mountainous wind environment. However, the
effects of different uniform and non-uniform modulation functions of fluctuating wind
velocity models on the buffeting performance of super long-span suspension bridges are
unclear.

In order to accurately predict the buffeting performance of super long-span suspension
bridges under the non-stationary wind, the nonlinear buffeting responses of a suspension
bridge with a main span of 580+ 1756+ 630 m under four typical non-stationary wind
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Fig. 1 Structural layout of the suspension bridge (Unit: m)

Table 1 Structural parameters of the bridge with a closed-box girder

WidthB/m Height H/m Mass per unit Mass moment of  Vertical Torsional
lengthM/kg/m inertia frequency f, /Hz  frequency f,/ Hz
1.,/ kg-m?/m
417 35 327¢* 5.69¢° 0.0895 0.221

velocity models are analyzed in this paper. Firstly, the time-varying average wind velocity
with an exponential function and the fluctuating wind velocity with two common
uniform and two non-uniform modulation functions are selected to establish four non-
stationary wind models, which were then validated by classical spectra. Based on the
nonlinear finite element model of the 3D bridge combined with the nonlinear buffeting
force model of a 2D closed-box girder, the maximum displacement responses along the
bridge deck were compared by an exponential function with four different coefficient
values (i.e. § = 1000, 1500, 2000, 2500). Finally, buffeting displacement responses of
the bridge deck were further investigated under four non-stationary wind velocity
models with different modulation functions, respectively. This present study is helpful
to effectively evaluate the wind-resistance performance of suspension bridges under

specific wind events.

2 Non-stationary wind models

2.1 Wind parameters at the bridge site

A super long-span suspension bridge with three spans of 580+ 1756 + 630 m was chosen
as a typical bridge project, which was designed in the Ningbo City of Zhejiang province,
China. As shown in Fig. 1, the heights of two side towers are 245 m and 252.752
m with reinforced concrete structures, and the stage-to-span ratio of the cable is 1/9.5
with a longitudinal distance of 18 m between two adjacent suspenders. The structure
parameters of the suspension bridge are presented in Table 1.

Based on the Wind-resistant Design Specification (JTG/T 3360-01-2018) for Highway
Bridges in China, the associated average wind velocity at the bridge site is considered to
be Ut = 44.3 m/s at the reference height of Z, =10 m. Furthermore, as the B-type ter-
rain [21], z,=0.01 and & =0.12 in the wind field simulation at the bridge site. Therefore,
the reference average wind velocity at the height of the main span with z; = 70 m is
et = Urer ()" =443 (29)*™* = 58.7 mys.
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2.2 Four non-stationary wind velocity models

The non-stationary wind velocity is the sum of the time-varying average velocity and
the fluctuating wind velocity. The time-varying mean wind in the non-stationary wind
model could be assumed to be a special function, and the cosine function is a com-
mon special function [22], as described in Eq. (1):

u= Uref,iexp(t/ﬁ)' (1)

Where U is the time-varying average wind velocity at the bridge deck, B is the inde-
pendent variable of the exponential function, and ¢ is the time.

Based on Priestley’s evolutionary spectral theory [15], the uniform and non-uni-
form modulation functions are often used to modulate the classical power spec-
trums, in which two typical uniform modulation functions (namely, uMF1 and uMF2)
and two typical non-uniform modulation functions (namely, NMF1 and NMF2) are
selected to simulate the fluctuating wind velocities in this paper. The expression of the
first uniform modulation function [17-19] in uMF1 is Eq. (2):

A(t) = exp(—(t — a)?/8). 2)

Where o and § are the feature parameters of Eq. (2), which are defined as 200 and
18,000 in the assumption of time-varying wind spectra of Typhoon Hato, respectively.
The expression of the second uniform modulation function [23] in uMF2 is Eq. (3):

e—01t _ ,—02t

A@) = T o2s (3)

The expression of the first non-uniform modulation function [22] in NMF1 is
Eq. (4):

wz 5/3
[1 + som]

5/3
H®) 1+ 502;57@)}

G(w, t) = A%(w,0)S(w, 1), Alw, t) = (4)

Where G(w, t) is the evolutionary spectral and A(w, ) is the non-uniform modula-
tion function, z is the bridge deck’s height, and w is the frequency.
The express of the second non-uniform modulation function [20] in NMF2 is the

Eq. (5):
1066.67
1+ 70.8(50/3)*

S(w,t) = AX(w, ) A(w, t) = 0.5exp [—0.001(1: - 500)2600'9} 405,

(5)

The multi-variable random wind field at the bridge site with the combination of the

}5/6’

time-varying average wind velocity and the fluctuating wind velocity is obtained by
using the Weighted Amplitude Wave Superposition method and the Inverse Fast Fourier
Transform (FFT) method [7, 24]. Twenty-eight points along the bridge deck are used to
generate the wind field with an interval of 62.7 m. The time step and total time of the
wind field simulation are 0.1 s and 900 s, respectively. The total frequency component is
1024 and the sample frequency number is 256. As the examples of § = 2500 in Eq. (1),
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the time histories of vertical and along-wind wind velocities at the mid-span of four
non-stationary wind velocity models are illustrated in Fig. 2, respectively.

Under the four non-stationary wind velocity models, the simulated vertical wind
velocity always fluctuates around zero, and thus the vertical wind velocity has an obvious
time-varying variance. The horizontal (along-wind) wind velocity is the sum of the aver-
age wind velocity and the fluctuating wind velocity, and presents an upward trend with
the increase of time and fluctuates in different periods, which reflect the time-varying
variance and frequency of the non-stationary wind velocity. Therefore, the fluctuation
ranges of wind velocity in the horizontal direction are much larger than those in the
vertical direction, and all of these simulated wind velocity models have obvious non-
stationary characteristics.

2.3 Validation of wind velocity models

As listed in Table 2, the turbulence intensities I, of these non-stationary wind
velocity models (i.e., two examples of uMF1 and NMF1) are tested in the vertical and
horizontal turbulence, respectively. All of the simulated vertical turbulence intensities
are smaller than those of the target values, but their errors are still smaller than 30%.
The simulated horizontal turbulence intensities of the uMF1 are much smaller than
those of the target values, while the simulated horizontal turbulence intensities of the
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Fig. 2 Vertical and horizontal non-stationary wind velocities at the midspan: a-b time histories under uMF1;
c-d time histories under uMF2; e-f time histories under NMF1; g-h time histories under NMF2
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Table2 Turbulence intensity I, testing of non-stationary wind velocity models

Iy uMF1 NMF1
1/2L 1/4L 3/4L 1/2L 1/4L 3/4L
Vertical Simulation (%) 0.054 0.052 0.054 0.069 0.069 0.070
turbulence Target (%) 0.070 0.070 0.070 0.070 0.070 0.070
Error (%) 229 257 229 14 14 0
Horizontal turbulence Simulation (%) 0.093 0.095 0.095 0.149 0.156 0.150
Target (%) 0.130 0.130 0.130 0.130 0.130 0.130
Error (%) 285 269 26.9 14.6 20.0 154
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Fig. 3 Comparison between the vertical wind velocity correlation between the 1/2L and 1/8L of the bridge
deck: a uMF1; b uMF2; ¢ NMF1; d NMF2

NMEF]1 are larger than those of the target values. Meanwhile, the simulated turbulence
intensities at 1/2L are close to those at 1/4L or 3/4L. As a consequence, the turbulence
intensities by using non-uniform modulation functions are larger than those by using
uniform modulation functions.

Figures 3 and 4 describe the vertical and horizontal cross-correlation of the fluctuating
wind velocity at the 1/2L and 1/8L under the four non-stationary wind velocity models,
respectively. The cross-correlation coefficients of the vertical wind velocity decrease
rapidly from the maximum value at zero time to the low value at other times, while the
cross-correlation coefficients of the horizontal wind velocity slowly decrease, which
indicates that the non-stationarity of the horizontal fluctuating wind velocity is stronger.
Furthermore, the cross-correlation coefficients of the simulated horizontal wind velocity
are larger than those of the vertical wind velocity, and the spatial correlation of the
simulated horizontal fluctuating wind velocity is also stronger.

The Panofsky power spectrum and the Kaimal power spectrum are selected to
represent the classic vertical and along-wind horizontal fluctuating wind spectra [25,
26]. Where S, and S,, are auto-spectral density functions in the horizontal and vertical
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Fig. 4 Comparison between the horizontal wind velocity correlation between the 1/2L and 1/8L of the
bridge deck: a uMF1; b uMF2; ¢ NMF1; d NMF2

directions, # is the natural frequency of the fluctuating wind, « is the wind velocity, and f

is the non-dimensional normalized frequency.

nS, (n) 200f
Karmal power spectrum : 7 = 573" (6)
Uy (14 50f)
S 6
Panofsky power spectrum : Swn) _ f (7)

w2 (1+4H)%

The simulated power spectrum density (PSD) of five wind velocity models without
and with the evolution spectrum are compared with the corresponding classical
wind spectra, as plotted in Fig. 5. Under four non-stationary wind velocity models, the
high-frequency parts of the simulated PSD are close to the classical power spectrums,
and the low-frequency parts of the simulated PSD are slightly higher than those of the
classical power spectra. As two examples of uMF1 and NMF1, these non-stationary wind
velocity models could effectively simulate the non-stationary characteristics, regardless

of the horizontal and vertical wind velocity.

3 Buffeting responses under four non-stationary wind velocity models

3.1 Nonlinear finite element model of the bridge

Based on the developed nonlinear buffeting force model (NBFM), the detailed
parameters of the NBFM for the closed-box girder are identified, including the
coefficients of static aerodynamic force, self-excited force, and the buffeting force
[7, 24]. Figure 6 displays a three-dimensional nonlinear finite element bridge

Page 7 of 14



Zhou et al. Advances in Aerodynamics

(2023) 5:26

@ 104
a
102 ®)
102
‘a0 "
«~_ 10 )
£ £ 10°
[a) a
7o} 0
&, o
10 simulate 102 simulate
77777 Panofsky —-—-—Kaimal
= = = evolution = = = evolution
-4 4
10 10
102 102 107  10° 10’ 10% 102 10" 10° 10!
Frequency/Hz Frequency/Hz
) 4
10
© @ "
10° 102
B S St o -
Né 10° oé 10°
3 =
£ 107 - £ 107 -
simulate simulate
————— Panofsky —-—-—Kaimal
104 |= = = evolution 104} | = = —evolution
107 107 107! 10° 10! 100 102 10! 10° 10!
Frequency/Hz Frequency/Hz

Fig. 5 Comparison among the simulated PSD, the classical PSD, and the evolutionary PSD: a-b vertical and

horizontal PSD under uMF1; ¢-d vertical and horizontal PSD under NMF1

Fig. 6 Nonlinear finite element model of the bridge with the closed-box girder

model integrated with the NBFM of the 2D closed-box girder which is simulated
by the nonlinear aerodynamic force elements with 6 nodal degrees of freedom and
a set of self-excited force and buffeting force subsystem degrees of freedom. The
3D beam element is used to simulate the closed-box girder and main towers, and
the 3D truss element is used to simulate the main cables and hanger with the total
elements of 881. Their nonlinear buffeting displacement responses are solved by the
combination of the Newton—Raphson method and the Newmark-$ method under

the above four non-stationary wind velocity models.
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Fig. 7 Torsional displacement comparison of the bridge deck: a uMF1; b uMF2; ¢ NMF1; d NMF2
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Fig. 8 Vertical displacement comparison of the bridge deck: a uMF1; b uMF2; ¢ NMF1; d NMF2

3.2 Buffeting responses under various time-varying average wind velocities

Since the key factor § is related to the amplitude of average wind velocity in non-
stationary typhoons, four typical different values of the S (e.g., 5 = 1000, 1500, 2000,
and 2500) are used to investigate the effect of time-varying average wind velocity on
the nonlinear buffeting responses of the bridge. The RMS (root mean square) values of
three displacement responses along the whole bridge deck under four values of S are
compared in Figs. 7, 8 and 9, respectively. With the increase of the 3, all the RMS values
of three displacement responses significantly become smaller, especially when the S
changes from 2000 to 1500. As for the torsional displacement responses at the 1/2L, the
RMS values of torsional displacement under the uMF2 are the largest, while the RMS

Page 9 of 14



Zhou et al. Advances in Aerodynamics (2023) 5:26
0.04 r ———
a 0.06 » -
(@ PSR TN (b) - N
~ /* . 005 g
5 003 o TN 2 ¢ AR Y
< I * X £0.04t Iy Y
g e RIE e N \ 3 /';.,// i\
2o, g% chimtell e AN 2003 Ny
s A [+ g0 \H‘\\\k\ : 0.02} /""// - B=1000 Y
< 0.01 Ry —-%-— 3=1500 g s /'/ﬂ — % —[3=1500 AN
e Fe — - — §=2000 X oot o -— B=2000 \,
4 — - — 8=2500 Y _/; — = — §=2500 %\
[ L . \ 0L
-1000 -500 0 500 1000 -1000 -500 ) 0 500 1000
Main span(m) Main span(m)
(c)0.08 (d) 0.03
— .
~ AT _.0.025 Nt .
g 0.06 / \\ ;\'2 ) \
o . .. Z 0.02 .
M sstaay g o e
8 BGOSR 8 /o * .o\
£0.04 e - & £0.015 VA et ol SO IR
G S e \3 — W 7 i BN N
2 il DOLAred IR @ 001 107 il RS =TT i RN
So0nt — = B=1500 3 2 P e BN
o n — - -— $=2000 N ~ 0005 /,,{1 e 82000 ny
j// = -— =2500 %\ f'// .- 52500 \%
0 0
-1000 -500 0 500 1000 -1000 -500 0 500 1000
Main span(m) Main span(m)

Fig.9 Lateral displacement comparison of the bridge deck: a uMF1; b uMF2; ¢ NMF1; d NMF2

values of torsional displacement under the NMF2 are the smallest. The maximum RMS
values of torsional displacement responses under the uMF2 and NMF1 with 5 = 1000
are larger than 1°, whereas the maximum RMS values under the uMF1 and NMF2 are
only about 0.6° and 0.26°. Furthermore, the RMS values of the vertical displacement
under NMF1 are the greatest, and the vertical displacement RMS values of NMF2 are
the minimum. Similarly, the RMS values of the lateral displacement at NMF1 are the
greatest, while the RMS values of NMF2 are the smallest. Thus, the 5 in the exponential
function has an obvious effect on the displacement responses of the bridge deck, in
which the nonlinear buffeting responses under the NMF1 and the NMF2 are the largest
and smallest, respectively.

3.3 Buffeting responses under various fluctuating wind velocity models

The time histories of three buffeting displacement responses at the 1/2L mid-span of the
bridge deck under the four non-stationary wind velocity models are described in Fig. 10,
respectively. There are torsional displacement «, vertical relative displacement Y/H, and
lateral relative displacement X/B, where H and B are the height and width of the closed-
box girder. The maximum torsional displacement under the NMF?2 is the largest and the
maximum vertical relative displacement under the uMF1 is the largest among the four
models, respectively. In particular, the mean values of torsional displacements under the
uMF1, uMF2, NMF1, and NMF?2 are 0.0956°, 0.2255°, 0.2283°, and 0.0627°, respectively.
The mean square errors of torsional displacements under the uMF1, uMF2, NMF1, and
NMEF?2 are 0.172, 0.311, 0.244, and 0.069, respectively. Furthermore, the mean values of
vertical relative displacements under the uMF1, uMF2, NMF1, and NMF2 are -0.1679,
-0.1649, -0.1673, and -0.1612, respectively. Their corresponding mean square errors of
vertical relative displacements are 0.1849, 0.1809, 0.1757, and 0.179, respectively. Their
maximum lateral relative displacement responses are close to 0.068, in which the lateral
displacement of uMF1 is the largest. In general, the average square error of torsional

Page 10 of 14
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Fig. 10 Time histories of three displacement responses (i.e,, torsional, vertical, and lateral) at the mid-span:
a-c uMF1; d-f uMF2; g-i NMF1; j-I NMF2

displacement under the NMF1 is the largest, but the extreme values of vertical and
lateral displacements under the uMF1 are the smallest.

Furthermore, three displacement responses along the whole bridge deck under four
non-stationary wind velocities and a stationary wind velocity are compared in Fig. 11(a-
c), respectively. It shows that the RMS values of the three displacement responses
present an obvious symmetrical phenomenon at 1/2L of the main span, and most
of the three displacement responses without modulation functions are the smallest.
The RMS values of torsional displacement responses under the NMF1 are the largest,
while the vertical and lateral displacement responses under the NMF2 are the largest.
The three displacement responses at 1/2L under the NMF1 and NMF2 are slightly
larger than those under the uMFland uMF2. Hence, the nonlinear buffeting responses
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Fig. 11 RMS values comparison of displacement responses of the bridge deck: a torsional, b vertical, and
c lateral displacement responses under five wind velocity models
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Fig. 12 PSD comparison under five wind velocity models: a torsional and b vertical displacement responses

of the bridge under non-uniform modulation functions are larger than those with

uniform modulation functions.

As shown in Fig. 12, the Power Spectral Density (PSD) for the torsional and vertical
displacement responses is given in the case of four non-stationary wind velocities and
a stationary wind velocity. Two obvious spectral peaks in the frequency band occur
near 0.1 Hz and 1 Hz, and there are some fluctuations of vibrational energy in the
time axis for the vertical displacements. The spectral peak values of torsional and
vertical displacement responses at high frequencies are smaller than those at a lower
frequency, which indicates that most of the vibrational energy is concentrated in the
low-frequency range. The values of PSD under the NMF1 are relatively the largest, but
the values of PSD under the NMF2 are the relatively smallest. Therefore, the influence
of different modulation functions on the energy distribution of nonlinear buffeting

responses is very small and the low frequency has a larger peak of PSD.
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4 Conclusions

This present study systematically investigated the effect of non-stationary wind velocity
models on nonlinear buffeting responses of a super long-span closed-box girder suspen-
sion bridge by considering the nonlinear aerodyanmic force effects. The major findings
are described as follows:

+ Four typical non-stationary wind velocity models are established at the bridge site
by combing the average wind velocity of an exponential function and the fluctuat-
ing wind velocity of two common modulation functions and non-modulation func-
tions.

+ The turbulence intensities using two non-uniform modulation functions are larger
than those of two uniform modulation functions, and the four wind velocity models
have obvious non-stationary characteristics through the comparison of cross-corre-
lation and power spectrum density.

+  With the decrease of the independent variable /5 in the exponential function of the
average wind velocity, the RMS values of three displacement responses along the
bridge deck gradually become larger, especially when the 5 changes from 2000 to
1500.

+ Most of the torsional, vertical, and lateral displacement responses along the bridge
deck under the uniform modulation function are smaller than those under the non-
uniform modulation function, in which the RMS values of the NMF2 and uMF2 are
the largest and smallest, respectively.

The buffeting performance of a closed-box girder suspension bridge under non-sta-
tionary wind velocity with specific functions was investigated in the paper. The influence
of the non-stationary wind of measured strong typhoons on the buffeting performance
of suspension bridges will be discussed in further research. The coupling effect of traffic
loading and wind loading is very complex due to the randomness [27], which should be
studied by the wind-vehicle- bridge system in future.
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