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Abstract
The Xihoumen Bridge, with a main span of 1650 m and two side spans of 578 m and 485 m, respectively, is a long-span 
suspension bridge spanning the Jintang and Cezi islands in Zhejiang Province, China. In order to establish a reference 
baseline for vibration mitigation and condition assessment of the bridge under typhoons, the wind field properties, vibration 
energy distribution, and modal parameters of the bridge are identified through in-situ monitoring. Dynamic responses at 
different locations on main span and wind speeds at 1/2 main span of the bridge under 10 typhoons and under normal wind 
were collected for this study. Vibration energy distribution is estimated using wavelet packet transform. Modal parameters 
are identified by the peak-picking (PP) and data-driven stochastic subspace identification (SSI-DATA) methods. The results 
indicate that in the low-frequency range, the fluctuating wind energy of typhoons changes more significantly than that of 
normal wind. More than 80% of the vibration energy is concentrated in the frequency band (0–1.5625 Hz) under typhoons, 
while nearly 90% of the vibration energy under normal winds is evenly distributed in three frequency bands (0–1.5625 Hz, 
1.5625–3.125 Hz, and 3.125–4.6875 Hz). When using typhoon-induced dynamic responses as input, the SSI-DATA method 
performs better than the PP method in the identification of modal parameters. The results obtained in this study can be used 
as a baseline for future structural condition assessment of the bridge after typhoon events.

Keywords  Long span suspension bridge · Monitoring system · Typhoon · Vibration energy distribution · Modal frequency · 
Damping ratio

1  Introduction

Typhoon is one of the most severe natural disasters in some 
coastal regions, with high frequency of occurrence, long 
duration of action, and wide range of influence. It often 
brings threats to human life, causes economic losses [1–4], 
and affects structural performance of high-rise buildings 
and spatial structures [5–7]. According to the historical 
data, there were about seven typhoons on average landing 
in China each year and most of them occurred at the eastern 
coast [1, 8]. Since long-span cable-supported bridges com-
prise flexible and slender components, they are susceptible 

to external wind excitations. For coastal regions, the impact 
of typhoons is more significant due to the lack of land cover, 
which brings greater challenges to bridge safety.

The relationship among the wind excitation, vibration 
response, and modal parameters of a long-span bridge is 
critical for the assessment of typhoon-induced risk. The 
vibration energy distribution in different frequency bands 
can help understand the wind-induced dynamic response 
characteristics of a bridge, while modal parameters repre-
sent the inherent dynamic characteristics of the bridge. As a 
result, the vibration energy distribution analysis and modal 
parameter identification of long-span bridges can provide 
baseline information for structural vibration suppression, 
health condition assessment, and reliability evaluation.

Many scholars have conducted investigations on vibration 
energy distribution evaluation and modal parameter iden-
tification of bridges. For wavelet-based vibration energy 
evaluation, the wavelet packet energy spectrum (WPES) was 
extracted using wavelet packet analysis from the measured 
dynamic responses caused by ambient excitations [9]. Ge 
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and Li [10] proposed the wavelet packet energy accumu-
lated variation index to detect structural damage in reliance 
on its ability to capture the change of energy distribution 
in frequency band. Wei et al. [11] proposed a method for 
extracting structural damage information and identifying 
structural damage based on the wavelet packet energy. In 
their study, the load was applied to a concrete slab, and the 
structural health status was determined by the energy change 
of each frequency band of the acceleration data. Based on 
experiment and finite element simulation (FEM), Guo and 
He [12] investigated the energy distribution of ship colli-
sion with bridge pier by using wavelet packet analysis and 
obtained dynamic features of structural response under dif-
ferent impact forces. Pan et al. [13] defined energy ratio 
deviation (ED) and energy ratio variance (EV) through the 
analysis of acceleration response signals by means of wave-
let packet and obtained the baseline threshold for structural 
damage warning.

In the field of modal parameter identification of bridges, 
Peeters et al. [14] and Ren et al. [15, 16] used the SSI-DATA 
method to identify the modal parameters of structural sys-
tems of different orders. Weng et al. [17] and Jang et al. [18] 
addressed output-only modal identification of bridges instru-
mented with wireless monitoring systems. Zarbaf et al. [19] 
adopted the covariance-driven stochastic subspace identifi-
cation (SSI-COV) method to identify the modal properties 
of a cable-stayed bridge. Mao et al. [20] and Wang et al. [21] 
pursued automated modal parameter identification of bridges 
using dynamic response monitoring data collected during 
typhoons, where the correlation between the modal parame-
ters and environmental factors (temperature and wind speed) 
was studied. The peak picking (PP) method was utilized for 
modal parameter identification as well [22, 23]. Zong et al. 
[24] used the PP method to identify the natural frequencies 
of a long-span prestressed concrete continuous rigid frame 
bridge. Ye et al. [25] applied the PP method to identify the 
modal parameters of a suspension bridge. In addition, a 
wavelet transform method was adopted to identify the modal 
parameters of a cable-stayed bridge under typhoons [26]. 
Sun et al. [27] derived the characteristic of the response 
transfer ratio that is equivalent to the mode ratio and is inde-
pendent of the input at the poles of a system. The mode 
ratio was estimated by singular value decomposition (SVD) 
and transfer ratio vector, from which the modal parameters 
of the system were determined. Zong et al. [28] used the 
monitoring data acquired by accelerometers, temperature 
sensors, and anemometers installed on an arch bridge with 
a main span of 636.6 m to conduct modal analysis. On the 
premise of eliminating the environmental factors such as 
temperature, vehicle load, and wind excitation, the nonlinear 
principal component analysis method and artificial neural 
network model were used to process the data, and finally a 
modal coefficient correction technique was proposed. Wen 

et al. [29] proposed a true modal screening algorithm based 
on preliminarily estimated modal parameters and applied 
the algorithm to a cable-stayed bridge with a main span of 
1088 m. With the acceleration data collected in 4 months, 
the stability diagrams were drawn and the modal parameters 
of the first ten modes were identified. Eshkevari et al. [30] 
proposed a modal identification method for bridges using 
the data collected from a mobile vehicle network. When the 
instrumented vehicle moved on a bridge, the built-in sen-
sor scanned the vibration of the bridge in space and time to 
obtain a large amount of data, and subsequently constructed 
a dense matrix from the observations using alternating least 
squares (ALS), with which the modal parameters of the 
bridge were identified.

The above investigations provide good references for 
vibration energy analysis and modal parameter identification 
of long-span bridges in operational condition. In the present 
study, we endeavor to understand the vibration energy distri-
bution characteristics of a long-span suspension bridge (the 
Xihoumen Bridge with a main span of 1650 m) in differ-
ent frequency bands by exploring ten typhoons and normal 
monsoon winds and to identify the modal parameters under 
strong winds with the purpose of providing a reference base-
line for post-hazard bridge health assessment in the future. 
To this end, using the measured acceleration and wind data 
acquired by a structural health monitoring system (SHMS) 
deployed on the bridge, the difference of the wind turbu-
lence characteristics under typhoons and normal wind is first 
identified, and the vibration energy distribution of the bridge 
responses under ten typical typhoons is analyzed using the 
wavelet packet method and compared with that under normal 
wind action. In addition, the PP and SSI-DATA methods 
are applied for the identification of modal parameters of the 
bridge under the long-lived typhoon Jongdari.

2 � The instrumented bridge and monitoring 
data pre‑processing

The Zhoushan islands–mainland connecting project [31, 32] 
aims to link Zhoushan Islands and Ningbo City in Zhejiang 
Province near the East China Sea. The Xihoumen Bridge 
is one of the five sea-crossing bridges in this project. As 
illustrated in Fig. 1a, the bridge in suspension form stretches 
from the southern Jintang Island to the northern Cezi Island. 
The total length of the bridge is 578 m + 1650 m + 485 m 
(Fig. 1a). The bridge girder is designed as twin-box structure 
as shown in Fig. 1b to resist strong winds in this region. The 
horizontal distance between the two boxes is 6 m, the width 
is 36 m, and the height is 3.5 m.

The Xihoumen Bridge was officially opened to traffic on 
December 25, 2009. A long-term SHMS was deployed since 
then to monitor the bridge condition in real time [33]. In 
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this SHMS, nine uniaxial accelerometers were installed at 
1/2, ¼, and 3/4 main span inside the steel box girder and 
an ultrasonic anemometer was installed at 1/2 main span 
on the left side. The deployment of the accelerometers and 
ultrasonic anemometer is shown in Fig. 2, and the sampling 
frequencies of different sensors are listed in Table 1.

Due to its special geographical situation, the site of the 
Xihoumen Bridge is significantly affected by normal winds 
(monsoons) of small intensities and typhoons (tropical 
cyclones) of large intensities. During July–October every 
year, the Xihoumen Bridge is hit by typhoons at a high fre-
quency. Different from normal winds, typhoons have obvi-
ous regional differences and strong specificity. In addition, 
there is a big difference in wind-induced bridge response 
characteristics due to the difference of aerodynamic features 
between typhoons and normal winds (monsoons). Therefore, 
it is of great significance to study the vibration energy distri-
bution under typhoons and normal winds and to identify the 

modal parameters of the bridge under typhoon excitations. 
In 2018, there were more than five typhoons affecting the 
bridge site in large scales. Among them the typhoon Jong-
dari was a typical long-lived one as shown in Fig. 3.

Acceleration and wind data collected by the deployed 
sensors are often subject to various environmental influences 
such as temperature, humidity, traffic, and electromagnetic 
interference, which make the data distorted [34, 35]. Fig-
ure 4 shows the 20 h of acceleration data collected from 
the bridge girder during the typhoon Jongdari on August 3, 
2018. A number of spikes are observed in the time series 
shown in Fig. 4 due to the external interference. In this 
study, the abnormal spikes corrupted in the monitoring data 
were removed by the well-known Pauta criterion. According 
to this criterion, the sample points with instantaneous abso-
lute values greater than three times the standard deviation 
in the measured data are removed. Then the linear interpola-
tion method is used to interpolate the missing data position 

Fig. 1   The suspension Xihoumen Bridge (dimension: m)
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after removing the abnormal values. In addition, denoising 
is carried out to refine the raw acceleration data. There are 
numerous denoising methods for monitoring data, such as 
the Wiener filter, Kalman filter, adaptive filter, and wave-
let denoising. Wavelet analysis has great advantages in the 
application of stationary and non-stationary signal denois-
ing and can achieve good results [36–39]. In this study, the 
wavelet threshold denoising procedure [12, 37] is adopted to 
further process the acceleration data in order to eliminate the 
influence of high-frequency noise. The acceleration time his-
tories during the typhoon Jongdari after removing abnormal 

spikes and denoising are illustrated in Fig. 5. Figure 6 shows 
the frequency spectrum of raw and denoised acceleration 
data. It can be seen that the difference in frequencies of the 
dominate vibration modes are within 1 Hz and the differ-
ence in frequency spectrum is very small before and after 
the spike removing and the denoising. The other monitoring 
data used in this study are pre-processed in the same way.

3 � Vibration energy distribution 
of wind‑induced bridge responses

3.1 � Analysis of wind field features

The difference of wind field features between typhoons and 
normal winds often leads to a significant difference in wind-
induced dynamic response characteristics. We try to grasp 
this difference of dynamic response characteristics through 
comparing the vibration energy distribution when the 
bridge is subjected to typhoons and normal winds, respec-
tively. Table 2 provides the maximum wind speeds, typhoon 
intensity levels and typhoon signaling numbers of ten typi-
cal typhoons, and a typical segment of normal wind, during 
which the wind and bridge response data collected will be 
used in the following study.

Among the ten typical typhoons in Table 2, the typhoon 
Jongdari and Chan-hom landed in Zhoushan, which was 
close to the site of Xihoumen Bridge and had a significant 
impact on the bridge. Therefore, the 20-h continuous wind 
data collected by the ultrasonic anemometer during the 
typhoon Jongdari and typhoon Chan-hom are used to com-
prehend the difference of turbulence characteristics between 
typhoons and normal winds. The comparison is made in 
terms of key turbulence characteristics such as turbulence 
intensity, gust factor, and fluctuating wind power spectral 

Fig. 2   Layout of accelerometers and anemometer

Table 1   Type and deployment locations of sensors

Sensor Location Sampling 
frequency 
(Hz)

Ultrasonic anemometer UA1 (left side) 32
Uniaxial accelerometer (vertical) AC1/4/7 (left side)

AC2/5/8 (right side)
50

Uniaxial accelerometer (lateral) AC3/6/9 (right side) 50

Fig. 3   Path map of the typhoon Jongdari
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density (PSD). The obtained turbulence intensity, gust fac-
tor, and fluctuating wind PSD during typhoon Jongdari, 
typhoon Chan-hom, and normal wind are shown in Figs. 7, 
8, and 9 and Tables 3 and 4.

It is seen in Figs. 7, 8, and 9 that the typhoons give rise 
to larger turbulence intensity, gust factor, and fluctuating 
energy than the normal wind. In addition, the energy of 
fluctuating wind during either typhoons or normal wind is 
larger in low-frequency band than in high-frequency band. 
Furthermore, it is observed that in the low-frequency range, 
the fluctuating wind energy of the typhoons change greatly, 
while that of the normal wind changes little.

3.2 � Analysis of vibration energy distribution

Since the fundamental frequencies of a long span suspen-
sion bridge are quite low, the bridge is easy to resonate in 
the low-frequency range with large fluctuating wind energy 
under wind excitations, which potentially brings about large 

acceleration of the bridge and poses a threat to bridge safety. 
Therefore, it is desirable to evaluate the vibration energy 
distribution of the bridge under typhoons and normal winds 
in the low-frequency range. The vibration energy distribu-
tion of the Xihoumen Bridge is evaluated by use of the col-
lected data during the ten typical typhoons and the normal 
wind (20 h for each). Since typhoon excitation is typically a 
nonstationary stochastic process, wavelet packet is utilized 
to conduct the signal processing due to its high resolution in 
both low- and high--frequency ranges. The wavelet packet 
is also applicable to the analysis of vibration energy dis-
tribution under normal winds. In this study, Daubechies-8 
wavelet (DB8) is selected as the mother wavelet for basis 
function construction since it has been widely used for this 
purpose [12, 40]. The acceleration signals pre-processed in 
the previous section are first decomposed into four layers 
of wavelet packets. Then the wavelet packet coefficients are 
extracted, and the signals are reconstructed in the decom-
posed 16 frequency bands. Finally, the ratio of the energy 

Fig. 4   Raw data of accelerations 
collected at a AC4, b AC6, and 
c AC5

Fig. 5   Denoised data of accel-
erations at a AC4, b AC6, and 
c AC5
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in each frequency band to the total energy is calculated in 
order.

Assuming the sampling frequency of a vibration signal is 
f (50 Hz in this study), the frequency range analyzed is 0 to 
f/2. The pre-processed acceleration signal S is decomposed 
into i layers by wavelet packet, and thus 2i sub-bands can be 
obtained. The signal can then be expressed by

where i is the total number of layers for wavelet packet 
decomposition, and Si,j is the reconstructed signal at the jth 
node of the ith layer.

(1)S =

2i−1∑
j=0

Si, j = Si, 0 + Si, 1 +⋯ + Si, j,

According to the Parseval theorem in signal spectrum 
analysis, the energy of the signal component in the ith layer 
can be estimated as

where m is the number of discrete sampling points, Ei,j rep-
resents the energy of the wavelet packet band at the jth node 
of the ith layer, and Aj,k is the amplitude of the reconstructed 
signal Si,j. The total energy E is the sum of the energy of 
each node signal component in the ith layer. The ratio of the 
energy of each frequency band to the total energy E can be 
obtained by

The schematic diagram of wavelet packet decomposition 
of the acceleration signal is shown in Fig. 10. According 
to Eqs. (1)–(3), the vertical vibration energy distributions 
at 1/2, ¼, and 3/4 main span at the left girder are obtained 
as shown in Fig. 11. It can be observed that the vibration 
energy during the ten typhoons is mainly distributed over 
the first three frequency bands, and the energy proportion 
in higher frequency bands is close to zero. Table 5 compares 
the average energy proportion of the first three frequency 
bands at different locations.

It is found from Fig. 11 and Table 5 that the vibration 
energy distribution over the first three frequency bands pos-
sesses more than 95% of the total energy under typhoons. 
The energy distributions of different typhoons are similar, 
and the dynamic responses at the three locations (1/4, ½, 
and 3/4 main span) generate similar energy distribution 
trends with about 76%, 10%, and 10% proportion in the first 
three bands, respectively. The energy proportion among the 
three frequency bands under typhoons conforms to a nearly 
identical ratio of 1:0.14:0.14 for all three locations. There-
fore, special attention should be paid to the low-frequency 
ingredients of typhoons when hitting a long span suspension 
bridge.

Typhoons have the characteristics of high wind speed 
and strong specificity, and their wind speed and intensity 
are significantly distinct from normal winds, as shown in 
Table 2. Also, the fluctuation characteristics of typhoons 
and normal winds are different, as illustrated in Figs. 7, 8, 
and 9. Furthermore, the low wind speed in normal winds 
may bring vortex-induced vibration to bridge girder, while 
the high wind speed in typhoons may bring flutter and other 
aerodynamic phenomena on the bridge. The difference of 
wind natures between typhoons and normal winds makes 
it important to evaluate the difference in bridge dynamic 
response characteristics under typhoons and normal winds, 

(2)E =

2i−1∑
j=0

Ei,j =

2i−1∑
j=0

∫ |Si, j|2dt =
2i−1∑
j=0

(
m∑
k=1

|Aj, k|2
)
,

(3)ei,j =
Ei,j

E
× 100% .

Fig. 6   Comparison of frequency spectrum
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and vibration energy distribution is one of such dynamic 
response characteristics. Table 6 lists the vibration energy 
distribution of the bridge response under normal wind, 
and Fig. 12 compares the energy distributions in each fre-
quency band under typhoons and normal wind. In Fig. 12, 
the energy proportions in relation to typhoons at different 
spans are the average values obtained from the ten typhoons.

It can be seen from Tables 5 and 6 and Fig. 12 that the 
energy proportion under typhoons in the first frequency band 
is the largest accounting for about 80% of the total energy, 

and the energy proportion in the second and third frequency 
bands is nearly accounting for 10% of the total energy. Under 
normal wind, the energy proportion is evenly distributed 
in the first three bands with about 90% proportion in total, 
and the energy proportion in the fourth band is small. It is 
worth mentioning that the energy proportion of different fre-
quency bands from responses at 1/4, 1/2, and 3/4 main span 
is similar under typhoons, but different under normal wind, 
which is mainly manifested in the difference of the range 
of frequency band with the largest energy proportion. The 

Table 2   Information of ten typhoons and normal wind

Number Name Intensity level Maximum wind 
speed (m/s)

Number Name Intensity level Maximum 
wind speed 
(m/s)

2013 No. 7 Soulik Super typhoon 31.69 2016
No. 14

Meranti Super typhoon 28.14

2013
No. 23

Fitow Strong typhoon 30.53 2017
No. 9

Nesat Tropical storm 27.22

2014
No. 10

Matmo Strong typhoon 28.33 2017
No. 18

Talim Tropical storm 26.20

2014
No. 16

Fung-
wong

Tropical storm 38.97 2018
No. 12

Jongdari Tropical storm 24.31

2015
No. 9

Chan-
hom

Super typhoon 41.21 2018 Normal wind Normal wind 10.35

2015
No. 21

Dujuan Super typhoon 21.90

Fig. 7   Turbulence intensity

Fig. 8   Gust factor
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frequency band with the largest energy proportion for the 1/2 
main span under normal winds is the third frequency band, 
but the frequency band with the largest energy proportion 

for the 1/4 and 3/4 main span is the first band under nor-
mal winds. In addition, the energy proportion in the first 
frequency band under normal winds is about 40% of that 

Fig. 9   Fluctuating wind (along-wind) PSD during typhoons and nor-
mal wind

Table 3   Mean turbulence intensity

Type Turbulence intensity

Along-wind Cross-wind Vertical

Typhoon Jongdari 0.4120 0.3090 0.1854
Typhoon Chan-hom 0.2802 0.2174 0.0979
Normal wind 0.1423 0.1272 0.0686

Table 4   Mean gust factor

Type Turbulence intensity

Along-wind Cross-wind Vertical

Typhoon Jongdari 1.7377 0.5006 0.3447
Typhoon Chan-hom 1.7046 0.4612 0.1961
Normal wind 1.2968 0.2992 0.1719

Fig. 10   Wavelet packet decomposition of a signal

Fig. 11   Energy distribution at 16 bands under ten typhoons

Table 5   Average energy proportion of first three frequency bands at 
different locations

Location Average energy proportion (%)

1st band 
(0–1.5625 Hz)

2nd band
(1.5625–
3.125 Hz)

3rd band 
(3.125–
4.6875 Hz)

1/2 span 78.48 10.35 8.03
1/4 span 77.08 11.73 10.22
3/4 span 76.71 10.8 11.37
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under typhoons, while the energy proportion in the second 
and third frequency bands under normal winds (about 30% 
each) is about three times that under typhoons (about 10% 
each). It is known from Fig. 9 that in the same range of 
low-frequency band, the fluctuating wind energy under nor-
mal wind changes little, while that under typhoons change 
greatly. The difference of wind energy in the low-frequency 
band contributes largely to the difference in wind-induced 
dynamic response. Based on the difference of energy dis-
tribution in different frequency bands under typhoons and 
normal winds, we gain insight into the influence of typhoons 
on bridge dynamic responses in different frequency bands.

Since a large amount of vibration energy is concentrated 
in the low-frequency bands under wind excitations especially 
typhoons, identification of the low-order modal parameters 
of the bridge under typhoons is of great significance for 
vibration suppression and structural condition evaluation.

4 � Modal parameter identification using 
typhoon‑induced dynamic responses

4.1 � Modal parameter identification methods

The modal parameters of the Xihoumen Bridge are identified 
by the peak picking (PP) method and the stochastic sub-
space identification (SSI) method using the bridge dynamic 
responses acquired during typhoons. Theoretically, the PP 
method estimates the modal frequencies by observing the 

peak values of frequency response function. However, since 
the accurate input (distributed wind loads) is unknown for 
a long-span bridge, it is impossible to obtain the frequency 
response function in practice. If the wind excitation can be 
considered as a random white noise and its amplitude distri-
bution satisfies the normal distribution, then the self-power 
spectral density function of the input signal is a constant. 
Under this assumption, the self-power spectral density func-
tion of the output signal also reaches peak values at the char-
acteristic frequency points [23], that is

where αi is a constant, i is the number of output channels, 
Gyy and Gxx are the power spectral density functions of the 
output and input, respectively. Ri = ϕiγiT, ϕi is mode vector, 
and γi is the mode participation vector.

In the PP method, the damping ratios of the structure 
are identified by the half-power bandwidth method [41]. A 
peak value appears at the corresponding characteristic fre-
quency fi with amplitude Ai. The frequencies at the horizon 
of Ai∕

√
2 are denoted as fh and fj. With these two half-power 

points, the damping ratio associated with the characteristic 
frequency fi can be obtained as [41]

The stochastic subspace identification (SSI) approach 
can be categorized as data-driven SSI (SSI-DATA) method 
and covariance-driven SSI (SSI-COV) method. The two 
methods have similar identification accuracy, but the SSI-
DATA method is superior to the SSI-COV method in regard 
to computational efficiency and configuration requirement. 
Therefore, the SSI-DATA method is used in this study.

The SSI approach proceeds in general first to construct 
the Hankel matrix and then to divide the response matrix 
into the past and future blocks [35]. The SSI-DATA method 
decomposes the Hankel matrix by QR decomposition, where 
the Hankel matrix is expressed to comprise the past and 
future blocks [42]

(4)

Gyy(j�i) = H∗(j�i)Gxx(j�i)H
T (j�i)

=
R∗
i

�i
C
RT
i

�i
=

�∗
i
�H
i
C�

i
�T
i

(�i)
2

= �i�
∗
i
�T
i
,

(5)�i =
fj − fh

2fi
,

(6)

H =
1√
n

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

y0 y1 … yn−1
y1 y2 … yn
⋮ ⋮ ⋱ ⋮

yi−1 yi … yi+n−2

yi yi+1 … yi+n−1
yi+1 yi+2 … yi+n
⋮ ⋮ ⋱ ⋮

y2i−1 y2i … y2i+n−2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

�
Y 0�i−1
Y i�2i−1

�
=

�
Yp

Yf

�
=

past

future
,

Table 6   Energy proportion of first four frequency bands under nor-
mal wind

Location Energy proportion (%)

1st band 2nd band 3rd band 4th band

1/2 span 25.63 28.41 38.53 6.74
1/4 span 31.01 27.66 29.1 2.2
3/4 span 37.64 22.79 31.59 7.18

Fig. 12   Comparison of energy distributions under typhoon and nor-
mal wind
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where n is the number of matrix columns, yi is the output 
data at the ith measurement point, Yp is the past response 
matrix (block),s and Yf is the future response matrix (block).

The future response matrix is projected onto the past 
response matrix to obtain the projection matrix by orthogo-
nal projection. Then the observation matrix and Kalman 
filtering vector are obtained by singular value decomposi-
tion of the projection matrix, from which the characteristic 
matrix and output matrix are elicited to identify the modal 
frequencies, damping ratios, and mode shapes. The modal 
frequencies and damping ratios obtained by the SSI-DATA 
method can be expressed as [42]

where �c
i
= ai ± jbi, �ci  is the ith eigenvalue of the system 

matrix of the structure, fi is the modal frequency (Hz), and 
�i is the damping ratio.

4.2 � Modal parameters identified by the PP method

The PP method is first applied to estimate the power spectral 
density (PSD) functions of the acceleration responses at the 
1/2 span measured during the long-lived typhoon Jongdari. 
The power spectra of the vertical responses at the left and 
right girders are illustrated in Figs. 13 and 14, while Fig. 15 
shows the power spectrum of the lateral response at the right 
girder.

Since the fundamental frequencies of a long-span suspen-
sion bridge are in general extremely low and the first mode 
has its frequency much less than 1 Hz, the PSD function in 
the range of 0–1 Hz is considered in the modal identification. 
As shown in Figs. 13 and 14, the peak frequencies obtained 
from the left and right girders at the 1/2 span in the vertical 
direction match well with each other. It is seen from Fig. 15 

(7)fi =

√
a2
i
+ b2

i

2π
,

(8)
�i =

−ai√
a2
i
+ b2

i

,

that the lateral frequencies obtained from the response at the 
1/2 span are mainly concentrated in 0 to 0.5 Hz.

4.3 � Modal parameters identified by SSI‑DATA 
method

The SSI-DATA method deals with the measured accelera-
tion data directly in the time domain, thus having better sig-
nal to noise ratio (SNR) in data processing. Also, because 
the SSI-DATA method uses an overall fitting approach when 
calculating the minimum implementation of the system, it 
is efficient in handling dense modes. One main challenge in 
the SSI-DATA method is the estimation of system (modal) 
order. A traditional procedure is to determine the system 
order according to the number of non-zero values in the 
singular value matrix. In practice, however, the higher-order 
singular values may not be zero due to the existence of noise. 
In this case, the modal order can be estimated by observ-
ing jump in the singular value sequence. If there is a jump 
in the singular value sequence, half number of the singular 
values before the jump point can be considered as the system 
(modal) order. Figure 16 shows the singular value diagram 
of the lateral acceleration at the 1/2 span during the typhoon 
Jongdari. Although several jumps are observed, the singular 
values at these jump locations are still quite large (much 
higher than 1.0).

Fig. 13   PSD of vertical acceleration of 1/2 span at left side

Fig. 14   PSD of vertical acceleration of 1/2 span at right side

Fig. 15   PSD of lateral acceleration of 1/2 span at right side
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Since it is difficult to determine the system (modal) order 
from the singular value diagram in our case, the stability 
diagram method is adopted hereafter to identify the modal 
parameters of the bridge. The stability diagram method [42, 
43] assumes that the system has Nmin to Nmax modal orders, 
then N (Nmin to Nmax) stochastic state-space models are 
obtained. The modal parameters of each state-space model 
are identified and plotted in the Cartesian coordinate sys-
tem, in which the abscissa denotes modal frequency and the 
ordinate represents modal order. If the error of the frequency 
and damping ratio between two critical points is within the 
allowable range, then they will be considered as stable 
points. The stable points at each modal frequency location 
will form a stable axis, thus the modal parameters of each 
order can be obtained. Figures 17 and 18 illustrate the stabil-
ity diagrams of the vertical and lateral accelerations obtained 
during the typhoon Jongdari. The modal frequencies of the 
bridge are then determined by the stable axes.

It can be seen from Figs. 17 and 18 that the stability dia-
gram of the vertical acceleration is more stable than that 
of the lateral acceleration, and the stabilization axes of the 
former are clearer. There are many disordered points in the 
stability diagram of the lateral acceleration, which indicates 
that the lateral acceleration is polluted with more noise.

4.4 � Comparison of Identified modal frequencies 
and damping ratios

The modal frequencies and damping ratios identified by the 
PP and SSI-DATA methods using the acceleration responses 
acquired during the typhoon Jongdari are compared to the 
benchmark results, which were obtained during the ambi-
ent vibration testing immediately after the construction of 
the bridge and before being open to traffic. Tables 7 and 8 
provide the vertical and lateral modal parameters (modal 
frequencies and damping ratios) of the bridge.

It is observed from Table 7 that for vertical modes, the 
modal frequencies’ identification results by the PP and SSI-
DATA methods agree well with each other, and both of them 
are in coincidence with the benchmark results. The modal 
damping ratios identification results by the PP method are 
significantly larger than those obtained by the SSI-DATA 
method, and the latter are favorably in agreement with the 
benchmark results (the response level under typhoon exci-
tation is greatly higher than that under ambient vibration 
excitation, and a higher level of responses in general arouses 
more damping). As far as the lateral modes are concerned in 
Table 8, it is found that the modal frequencies’s identifica-
tion results by SSI-DATA method are generally in agreement 
with the benchmarks. While the PP method leads to mis-
match in the modal frequencies identification. In addition, 
the first two order modal frequencies identified by PP and 
SSI-DATA methods error is relatively large, which may be 
caused by nonlinear factors brought under typhoon Jongdari. 
Likewise, the damping ratios identified by the PP method 
deviate greatly from the benchmark results, while those 
identified by the SSI-DATA method are much closer to the 
benchmark results.

Both PP and SSI-DATA methods have high reliability in 
frequencies identification, but there are obvious differences 
in damping ratios identification. PP method is a frequency 
domain identification method and transforms the measured 
acceleration data under typhoon to the frequency domain 
through Fast Fourier Transform (FFT), but it is difficult to 

Fig. 16   Singular value diagram

Fig. 17   Stability diagram of vertical acceleration

Fig. 18   Stability diagram of lateral acceleration
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find the half power point from the FFT spectrum. Generally, 
the half power point is approximately determined by lin-
ear interpolation to calculate the damping ratios. Moreover, 
FFT in PP method is easy to cause truncation error which 
makes PP method inaccurate in damping ratios identifica-
tio [44, 45], while the SSI-DATA method is a time domain 
identification method that overcomes the shortcomings of 
frequency-domain identification method such as PP method. 
Therefore, the SSI-DATA lead to the identification results 
with higher accuracy.

In summary, when using typhoon-induced dynamic 
responses, the SSI-DATA method achieves in general bet-
ter estimates of modal frequencies and damping ratios than 
the PP method. Nevertheless, it is worth recalling that the 
SSI-DATA method relies on the assumption of random 
white-noise excitations, yet the excitation during a strong 
typhoon maybe non-white and non-stationary. Furthermore, 
under the action of a strong typhoon, local nonlinear behav-
iors may appear in a long-span bridge, and this nonlinear-
ity would give rise to errors in modal identification. These 
critical factors require further exploration to obtain more 
accurate structural modal information of the actual bridge 
and this will be the work in the future.

5 � Conclusions

This paper presented a study on the wind turbulence 
characteristics, vibration energy distribution, and modal 
properties of a long-span suspension bridge under typhoon 
and normal wind (monsoon) conditions. The wind and 

acceleration data during ten typical typhoons and normal 
wind, collected by an online structural health monitoring 
system deployed on the bridge, were used in the study. 
The results obtained from this study provided a reference 
baseline for structural condition assessment and vibration 
mitigation of the bridge in the future typhoons. The pre-
sent study draws the following conclusions:

1)	 The wind field characteristics and the vibration energy 
distribution during typhoons and normal wind are dis-
tinct. In the low-frequency range, the fluctuating wind 
energy of typhoons changes more significantly than that 
of normal winds. The energy under typhoons is mainly 
concentrated in the first frequency band with more than 
80% proportion, while the energy under normal winds 
is evenly distributed in the first three frequency bands 
with about 90% proportion in total.

2)	 The vibration energy distributions of the dynamic 
responses at the locations of 1/4, ½, and 3/4 main span 
are similar under typhoons but different under normal 
winds, which is mainly manifested in the difference of 
the range of frequency band with the largest energy pro-
portion. In view of this, much attention should be paid 
to the vibration risk caused by the first frequency band 
under typhoons while the vibration risk under normal 
winds should consider a larger frequency range.

3)	 When using typhoon-induced dynamic responses for 
modal identification, the PP method may result in a dis-
tortion in modal frequencies and largely overestimate 
damping ratios while the SSI-DATA method performs 

Table 7   Vertical modal 
parameters identified by two 
methods

Mode No. Modal frequency (Hz) Damping ratio (%)

PP SSI-DATA​ Benchmark PP SSI-DATA​ Benchmark

1 0.104 0.103 0.103 2.54 1.92 1.32
2 0.133 0.134 0.133 2.07 1.56 1.18
3 0.230 0.231 0.229 1.05 0.81 0.71
4 0.327 0.329 0.327 1.16 0.39 0.52
5 0.436 0.428 0.435 0.65 0.36 0.29
6 0.552 0.562 0.549 1.07 0.37 0.41

Table 8   Lateral modal 
parameters identified by two 
methods

Mode No. Modal frequency (Hz) Damping ratio (%)

PP SSI-DATA​ Benchmark PP SSI-DATA​ Benchmark

1 0.0392 0.0420 0.0540 4.05 2.88 2.10
2 0.0520 0.211 0.123 2.79 1.61 2.10
3 0.240 0.253 0.260 1.40 0.70 0.86
4 0.359 0.372 0.372 1.38 0.42 0.65
5 0.423 0.406 0.399 0.72 0.45 0.56
6 0.565 0.560 0.601 0.45 0.23 0.15
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much better for both modal frequencies and damping 
ratios.
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