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1 Introduction
The traditional stationary wind velocity model assumes that wind velocity in nature 
is stationary (Simiu and Yeo, 2019), and that the wind velocity signal can be decom-
posed into a deterministic constant mean value and a zero-mean stationary Gaussian 
stochastic process. However, according to the non-stationary model, the wind velocity 
should be decomposed into deterministic time-varying mean and zero-mean fluctuating 
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wind velocities. The critical step in applying the non-stationary model is extracting the 
time-varying mean wind velocity. Various methods have been developed to derive the 
slowly-varying trends of wind velocities, among which the empirical mode decompo-
sition (EMD) and the discrete wavelet transform (DWT) are two popular and efficient 
approaches. Jiang et  al. (2022) used  the DWT to extract the time-varying mean wind 
velocity and selected the best wavelet decomposition level according to the turbulence 
energy. Cai et  al. (2021) employed the EMD to extract the time-varying mean wind 
velocity and used quantitative methods to determine the optimal time-varying mean 
wind velocity. Tubino and Solari (2020) also discussed kernel regression techniques for 
extracting the time-varying mean wind velocity. In addition, the number of decomposed 
levels in the DWT-based or EMD-based approaches is usually determined empirically. 
Therefore, it is also a pressing issue to determine whether the remaining fluctuating 
wind velocity is stationary after subtracting the time-varying mean wind velocity from 
the original wind velocity.

The identification of the modal parameters of a bridge, including the modal frequen-
cies, mode shapes and modal damping ratios, is an essential link in the state assessment 
of the bridge. In addition to the common modal frequencies and modal damping ratios, 
the changes in mode shape can in some cases reveal the damage position of the bridge. 
On the other hand, identifying the modal parameters under environmental excitation 
is complicated because the modal parameters of the bridge are strongly influenced by 
external environmental factors, such as temperature and wind velocity (Li et al., 2010). 
Of these factors, much work has been devoted to studying the effects of wind velocity on 
the modal parameters via long-term or short-term field measurements.

The measured bridge damping ratio varies with many factors, such as temperature, 
wind velocity, and dynamic displacement. When the displacement amplitude of the 
bridge deck is relatively small, i.e., less than 0.01 m, the wind velocity can be considered 
the main factor controlling the modal damping ratio, especially for the first three vertical 
modes (Wang et al., 2020). Through wind tunnel tests and field measurements, Chang 
et al. (2022) found that the aerodynamic damping ratio increases approximately linearly 
with the wind velocity. Hsu et al. (2020) showed that the modal parameters, especially 
the modal damping ratios, are significantly affected by the wind velocity. Meng et  al. 
(2019) found that the modal frequencies of the first lateral and vertical modes depend 
on the wind velocity, and the modal frequency decreases with the increase of the wind 
velocity. Mao et al. (2017) pointed out that the damping ratio is more sensitive to the 
wind velocity than the modal frequency. Comanducci et al. (2015) found that the wind 
velocity changes significantly in the modal frequency. Many researchers have also con-
cluded that environmental factors affect the modal parameters of the structure (Cross 
et al., 2013; Wang et al., 2016; Ubertini, 2013). However, the identification of the bridge 
modal parameters and the influence of the wind velocity on the bridge modal param-
eters both require further study.

This paper studies the identification of the bridge modal parameters under various 
wind velocities using field measurement data. Wind characteristics under station-
ary and non-stationary models are analyzed and compared in detail. The covariance-
driven stochastic subspace system identification method (COV-SSI) and Hilbert 
transform methods based on the improved empirical wavelet transform (EWT-HT) 
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are then applied to identify the modal frequency and modal damping ratio of the two 
long-span bridges. The least squares fitting method is applied to obtain the relation-
ships between the identified modal parameters and the wind velocities. The applica-
bility of these two identification methods is also analyzed.

2  Data source
The Pingtan Straits Rail-cum-Road Bridge (PSRB) is located on China’s southeast 
coast, to the northwest of the Taiwan Strait. With a total length of 16.34  km, the 
bridge is the world’s longest cross-strait rail-cum-road bridge, and China’s first cross-
strait rail-cum-road bridge. The upper layer connects the Beijing-Taipei highway, one 
of the main longitudinal lines in China’s national highway plan. The lower layer is the 
critical control project of the Fuzhou-Pingtan Railway, which is also an extension of 
the Hefei-Fuzhou high-speed railway. The Xihoumen Bridge (XB) is a cross-sea bridge 
in Zhoushan city, Zhejiang Province, China, above the Xihoumen cross-sea waterway. 
It is one of the components of the Yongzhou highway and an essential part of the 
Zhoushan Cross-Sea Bridge project. The main bridge is a two-span continuous semi-
floating steel box girder suspension bridge with a main span of 1650 m, the fifth-long-
est in the world and the third-longest in China. The locations of the two investigated 
bridges and the observation points on the PSRB are shown in Fig. 1.

An ultrasonic anemometer and accelerometer are installed on the PSRB Guyu-
men cable-stayed bridge with a main span of 364 m (Yan et al., 2020). The sampling 
frequencies of the ultrasonic anemometer and accelerometer are 4 Hz and 51.2 Hz, 
respectively. During the observation period, the bridge was in the maximum single 
cantilever state (as shown in Fig. 1). In addition, the XB is taken as the comparison 

Fig. 1 Locations of two investigated bridges and observation points on PSRB
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subject to verify the findings of this study, and it was already open to traffic when it 
was observed (Wang et al., 2018).

3  Wind characteristics
3.1  Stationary and non‑stationary models

In the stationary model, the wind velocity is treated as a constant mean plus a zero-mean 
stationary random process, as follows:

where U(t) is the wind velocity; U(t) is the constant mean over a time interval T  , which 
is 10 min in this study; u(t) is the fluctuating component.

In the non-stationary model, the wind velocity is decomposed into the deterministic 
time-varying mean and a zero-mean fluctuating component, as follows:

where U∗(t) is the deterministic time-varying mean wind velocity reflecting the wind 
velocity’s temporal trend; u∗(t) is the fluctuating wind velocity component that can be 
modeled as a zero-mean stationary process.

Figure 2 shows the measured 10-min mean wind velocity starting at 18:00 on Septem-
ber 18, 2019 (Beijing Time) and ending at 00:00 on September 21, 2019. During the first 
few hours of the wind records, the 10-min mean wind velocity increased continuously, 
reached its peak value of about 22.5  m/s at about 01:00–02:00 on September 19, and 
then gradually decreased to 5 m/s.

3.2  Time‑varying mean wind velocity

Each recorded 10-min wind velocity is approximately non-stationary. Extracting the 
time-varying mean wind velocity is the first step under the non-stationary model. The 
DWT-based approach with the db10 wavelet is used to extract the time-varying mean 
wind velocity in this study. Another critical step is judging whether the extracted time-
varying mean wind velocity is reasonable. In other words, after extracting the time-var-
ying mean wind velocity, it is necessary to employ a rational stationarity test to check 
whether the remaining fluctuating wind velocity is stationary.

(1)U(t) = U(t)+ u(t)

(2)U(t) = Ũ∗(t)+ u∗(t)

Fig. 2 Measured 10-min mean wind velocities during PSRB observation period
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3.2.1  Stationarity test: recurrence plot and recursive quantitative analysis (RQA)

The physical meaning of the recurrence plot can be expressed as follows: let the track 
{Xi}nj=1 of the one-dimensional time series {x(ti), i = 1, 2, · · · , n} in state space, and 
check whether the distance between point Xi and point Xj in space is less than the set 
threshold ε . When the distance between two points is less than or greater than the 
threshold ε , it indicates that these two points are recursive or non-recursive, as repre-
sented by black or white dots (Yang, 2011; Chen and Yang, 2012).

The macro characteristics of the recurrence plot can describe the overall features of 
the system. According to the different macro graphical characteristics of the recur-
rence plot, it can be divided into Homogeneous mode, Periodic mode, Drift mode 
and Disrupted mode. Different models have different graphical characteristics, which 
accurately reflect the internal change law of the system.

In order to quantitatively analyze the macro pattern in the recurrence plot, Web-
ber and Zbilut (1994) proposed conducting a quantitative analysis of the recurrence 
plot, or, in other words, the distribution characteristics of the basic graph points and 
line segments in the statistical graph. This method is called recursive quantitative 
analysis. The recursive quantitative analysis indicators can be roughly divided into 
periodic, nonlinear and non-stationary types. This study mainly focuses on the non-
stationarity index in the recursive quantitative analysis index, also called the lamellar 
degree (LAM). The LAM refers to the percentage of recursive points constituting the 
vertical line structure in the overall diagram. The calculation formula is:

where P(v) is the sum of the number of vertical lines with length v , and the minimum 
vertical line length vmin , is usually 2. The size of the layered degree is usually inversely 
proportional to the number of independent recursive points in the recursive graph, 
which shows to some extent the relative velocity of the change of the system, and thus 
reflects the system’s stability.

The smaller the values of the layered degree, the better the stability of the signal. On 
the other hand, the larger the values of the layered degree, the worse the stationarity of 
the signal.

3.2.2  Extracting time‑varying mean wind velocity based on RQA

The self-adaptive DWT-based approach based on RQA was applied to extract a rea-
sonable time-varying mean wind velocity. Figure  3 shows the general framework 

(3)LAM =
∑N

v=vmin
vP(v)

∑N
v=1 vP(v)

Set the initial 
number of 

decomposed 
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Conduct a wavelet 
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the wind record 
U(t) with N levels
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Fig. 3 General framework of self-adaptive approach to determining time-varying mean wind velocity
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of this approach. According to the presented scheme, a time-varying mean can be 
derived automatically according to the signal stationarity.

The following four main steps can describe the principle of this self-adaptive 
approach. By following this framework, the inherent time-varying mean in a wind 
record can be derived based on signal stationarity. Once the underlying trend is 
removed, the residual turbulent wind velocity will be stationary.

Step 1: Determine the maximum level that can be decomposed by DWT using Eq. 4, 
which is derived from the decomposition mechanism of the Mallat algorithm (Mal-
lat, 1989). Then, set the initial number of decomposed levels N as N0;

where N0 is the maximum decomposed level for DWT; T is the time interval; s is the 
sampling frequency of the wind record.
Step 2: Conduct a wavelet decomposition of the wind record U(t) with N levels. Then 
reconstruct the low-frequency content L(t) at the Nth level according to the wavelet 
coefficients. The turbulent wind velocity u(t) can thus be obtained by subtracting L(t) 
from U(t);
Step 3: Conduct a stationary test on the turbulent wind velocity u(t). In this study, 
RQA is employed. If the obtained u(t) can be treated as stationary based on the pre-
scribed threshold, go directly to the final step. Otherwise, take N as N − 1 and go to 
Step 2;
Step 4: Determine the time-varying mean existing in U(t) as L(t).

Figure 4 shows the time histories of three fluctuating wind velocity components of the 
maximum 10-min wind velocity (22.5 m/s, as shown in Fig. 2). The constant and time-
varying mean wind velocities under the stationary and non-stationary models are also 
depicted in this figure. The constant and time-varying mean values in the three direc-
tions are different.

3.2.3  Comparison between stationary and non‑stationary models

The turbulence intensity is a parameter describing the degree of the fluctuating wind 
velocity’s variation with time and space. It is the ratio of the standard deviation of the 
fluctuating wind velocity to the mean wind velocity. The calculation formulas under the 
stationary and non-stationary models are as follows:

where a is the longitudinal, lateral and vertical fluctuating component; Ia and I∗a are the 
turbulence intensity of the a fluctuating component under the stationary and non-sta-
tionary models, respectively; σa and σ ∗

a  are the standard deviations of the a fluctuating 
component under the stationary and non-stationary models, respectively.

(4)N0 = log2(T · s)

(5)Stationary model Ia = σa
U
, (a = u, v,w)

(6)Non − stationary model I∗a=
σ ∗
a

Ũ
, (a = u, v,w)
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Figure 5 compares the turbulence intensities under the stationary and non-stationary 
models. The mean values of the longitudinal, lateral, and vertical turbulence intensity 
under the stationary model are respectively 6.44%, 6.80% and 5.66%, which are greater 

Fig. 4 Time histories of three fluctuating wind velocity components: a Longitudinal component; b Lateral 
component; c Vertical component

Fig. 5 Turbulence intensities during PSRB observation period: a Stationary model; b Non-stationary model
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than the mean turbulence intensity values (5.32%, 5.42% and 5.04%, respectively) under 
the non-stationary model. This difference is due to the reduction of the mean square 
deviation of the fluctuating wind velocity time history and turbulence intensity after 
excluding the time-varying mean wind velocity.

According to China’s Wind-Resistant Design Specification for Highway Bridges 
(JTG/T 3360–01-2018), the recommended longitudinal turbulence intensity at a 
height of 70  m to 100  m under a class A landform is 11%. The mean values of the 
longitudinal turbulence intensity under the stationary and non-stationary models are 
significantly lower than the recommended value.

The turbulence integral scale is used to characterize the wind field’s mean scale of 
the vortices. Based on the Taylor hypothesis, the autocorrelation function integral 
method is usually used for calculation. The formulas under the stationary and non-
stationary models are as follows:

where Lxa and Lx∗a  are the turbulence integral scales of the a fluctuating component in the 
longitudinal x direction under the stationary and non-stationary models, respectively; 
R(τ ) is the autocovariance function of the a fluctuating component; σ 2

a  and σ 2∗
a  are the 

variances of the a fluctuating component under the stationary and non-stationary mod-
els, respectively.

Figure  6 compares the turbulence integral scales under the stationary and non-
stationary models. The mean values of the longitudinal, lateral and vertical turbu-
lence integral scales under the stationary model are respectively 275.4  m, 338.8  m 
and 145.2 m, which are greater than the corresponding values (125.2 m, 118.3 m and 
83.3 m, respectively) under the non-stationary model.

The mean turbulence integral scale of the longitudinal fluctuating component under 
the stationary model (275.4 m) is larger than the recommended value of 140 m (JTG/T 
3360–01-2018). The calculated value under the non-stationary model (125.2 m) is closer 
to the recommended value.

(7)Stationary model Lxa = U

σ 2
a

•
∫∞
0 R(τ )dτ , (a = u, v,w)

(8)Non − stationary model Lx∗a = Ũ

σ 2∗
a

•
∫∞
0 R(τ )dτ , (a = u, v,w)

Fig. 6 Turbulence integral scales during PSRB observation period: a Stationary model; b Non-stationary 
model
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4  Modal parameter identification
4.1  Acceleration responses

Vertical acceleration responses at three observation points (as shown in Fig.  1) from 
18:00 on September 18 to 24:00 on September 20, 2019 (as shown in Fig.  2) were 
selected as input signals for modal parameter analysis. Figure 7 shows the acceleration 
responses after the low-pass filtering process with a cut-off frequency of 4 Hz. The closer 
the measurement point to the cantilever end, the greater the vertical acceleration during 
the observation period. The vertical acceleration of the AC10 measurement point is sig-
nificantly greater than that of the other two observation points, and it was selected to be 
input data for the next modal parameter analysis.

The displacement responses can be obtained by the frequency domain integration of 
the structural acceleration responses. Figure 8 gives the corresponding vertical displace-
ment responses at a time interval of 10 min. The vertical displacement response of meas-
urement point AC10 is the largest, AC8 is the second largest and AC6 is the smallest, 
which is consistent with the acceleration response results. The time during which the 
displacement exceeded 0.01 m for the whole observation period was only 7% of the total 
time, so the variation of the damping ratio in this case study can be considered to be 
unrelated to the displacement amplitude (Wang et al., 2020).

4.2  SSI‑COV and EWT‑HT identification methods

The SSI-COV is a traditional modal parameter identification method that is widely used 
in civil engineering (Van Overschee and De Moor, 1997; Zou et al., 2020). Figure 9 shows 
the process of identifying the modal parameters using the SSI-COV method.

In recent years, time–frequency signal processing techniques such as the empirical 
wavelet transform (EWT) have been widely used for the modal parameter estimation 
of civil structures. The EWT (Gilles, 2013) adaptively divides the Fourier spectrum of 

Fig. 7 Acceleration responses at three PSRB observation points: a AC-V6; b AC-V8; c AC-V10

Fig. 8 Displacement responses at three PSRB observation points
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the analyzed multi-component signal. It constructs a group of wavelet filter banks to 
filter the divided spectrum and decompose the multi-component signal into a series 
of amplitude modulation and frequency modulation single-component components 
with a tightly-supported Fourier spectrum.

In order to improve the boundary estimation of Gilles’ method when dealing with 
low signal-to-noise ratio multi-component signals, the power spectral density spec-
trum was employed to divide the signal frequency bands in this study, rather than 
the Fourier spectrum. Figure 10 compares the results using the Fourier spectrum as 
the basis of the frequency band division with those using the power spectral density. 
The power spectral density spectrum is smoother than the Fourier spectrum. Even in 
noisy cases, it can still identify each mode order frequency. The power spectral den-
sity curve of every significant spectral peak can be the signal of a single modal, and 
the band boundary can be more accurately estimated to establish the corresponding 
wavelet filter bank and better separation signals for each order mode.

For the selection of the frequency band boundary, Gilles (2013) proposed the 
method of selecting the mean value of two adjacent peaks of the spectrum as the 
boundary, which is very effective for signals with no noise and simple signal com-
ponents. However, for noisy signals, signal decomposition based on Gilles’ method 
is unsuitable due to the existence of small peak values caused by noise in the sig-
nal’s spectrum. In order to reduce the influence of noise on signal decomposition, 
Amezquita-Sanchez et  al. (2017) proposed an improved frequency band selection 
method that uses two minima adjacent to the maximum peak of the spectrum as 
the boundary. The improved method can better isolate the main vibration frequency 
and noise, and reduce the influence of the noise to the greatest extent.

Through the EWT, the original signal sequence was decomposed into the modal 
response component of the structure, which was composed of the free vibration 

Input signal

State-space 
equation

Hankel
matrix

Toeplitz
matrix

State matrix A
Output matrix C

Frequency
Damping ratio

system 
parameters SVD

Fig. 9 SSI-COV modal parameter identification framework

Fig. 10 Comparison results between two bases for dividing frequency band boundary: a Fourier spectrum; 
b Power spectral density
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response and the forced vibration response. The free attenuation response was 
obtained by the random decrement technique (Ibrahim, 2001) for the single compo-
nent. Its free attenuation response can be expressed as:

where ω0 is the circular frequency; ωd is the damping frequency; ζ is the damping ratio 
and A0 is a constant. The analytic signal z(t) corresponding to v(t) is:

where ṽ(t) is the Hilbert transform of v(t) . For general engineering structures, the ampli-
tude A(t) and phase θ(t) in the formula can be further expressed as:

By using logarithms and differential operators, the amplitude function and phase func-
tion of Eq. 11 and Eq. 12 are respectively transformed to obtain:

Obviously, the damping frequency ωd can be obtained from the slope of the phase 
function θ(t) corresponding to the equation of the line in Eq. 14. When the slope ζω0 
of Eq. 13 of the line is determined, the ω0 and the damping ratio ζ can be obtained by 
the following equation:

Figure 11 shows the modal parameter identification calculation process of EWT-
HT. The first step of this method is setting the maximum number of bands and cal-
culating the power spectral density spectrum of the low-pass filtered acceleration 
response to determine the boundaries. Then, according to the divided frequency 

(9)v(t) = A0e
−ζω0t cos(ωdt + φ0)

(10)z(t) = v(t)+ iṽ(t) = A(t)e−iθ(t)

(11)A(t) = A0e
−ζω0t

(12)θ(t) = ωdt + φ0

(13)lnA(t) = −ζω0t + lnA0

(14)ωd =
dθ(t)

dt

(15)ωd = ω0

√
1− ζ 2

Low pass 
filtered 

acceleration 
response x(t)

Set the 
maximum 
number of 
bands N

Bands detection
Build the 

corresponding filter 
bank

Simple-frequency 
signal 

EWT

Free damping 
vibration response RDT

Amplitude 
and phase 

angle curves

Frequency
and

damping 
ratio HTLS

PSD

Fig. 11 EWT-HT modal parameter identification framework
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bands, the corresponding filter banks are built and multiple simple-frequency sig-
nals are obtained. The simple-frequency signals are treated by the random decre-
ment technique to obtain the free damping vibration response, and the response 
amplitude and phase angle curves are found using the Hilbert transform. Finally, the 
least squares fitting method is used to extract the modal parameters.

4.3  Identification results and analysis

Based on the quasi-steady assumption, the aerodynamic force of the bridge deck can be 
expressed by the derivation of the static three-component coefficient and its first derivatives 
as follows (Kareem and Gurley, 1996; Kim et al., 2019). The theoretical aerodynamic damp-
ing ratio of the vertical bending motion is derived when the torsional motion is ignored:

where ρ is the air density, equal to 1.225 kg/m3; B is the width of the bridge deck, which 
is 36.8 m; m is the mass per unit length, which is 34286 kg/m; fi is the natural frequency 
of the structure of i mode order (Hz); CL is the lift coefficient; α is the wind attack angle; 
C

′
L is the first derivative of the lift coefficient with respect to radians, which is 4.3154; CD 

is the drag coefficient, which is 0.2314 (Zhang, 2019).
According to Eq.  16, when the bridge structure is entirely determined, the aerody-

namic damping ratio of the bridge deck is positively correlated with the mean wind 
velocity. This paper uses two methods, including the mentioned COV-SSI and EWT-HT, 
to identify the first three vertical bending modal parameters of the PSRB. The relation-
ships between the mean wind velocity and modal parameters are linearly fitted by Eq. 17 
and Eq. 18:

where U is the 10-min mean wind velocity in this study (m/s); fi is the modal frequency 
of the bridge (Hz); ζi is the modal damping ratio of the bridge; a1, a2, b1 and b2 are float-
ing parameters that must be fitted using measured data.

In addition, the standard deviation (σ), coefficient of variation (cv) and range (R) are 
used to judge the dispersion of the identified modal parameters using the two methods, as 
follows:

(16)ζaero =
ρBU

8π fim

([
C

′
L

]
α=0

+ CD

)

(17)fi = a1 ×U + b1

(18)ζi = a2 ×U + b2

(19)σ =

√∑n
i=1

(
Xi − X

)2

n− 1

(20)cv =
σ

X

(21)R = Xmax − Xmin
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where X is the modal frequency or modal damping ratio; X  is the mean value of X; Xmax 
is the maximum value of X; Xmin is the minimum value of X; i is the sample number; n is 
the total number of samples.

4.4  Modal frequency

Figure 12 shows the measured modal frequencies of the first-order vertical bending of 
the PSRB under various mean wind velocities using the SSI-COV and EWT-HT identi-
fication methods. The two identification methods can accurately identify the first-order 
vertical bending modal frequencies, but the SSI-COV identification method results in 
a few extreme values. The mean value of the difference between the two identification 
methods is very small and equal to -0.003 Hz. The difference decreases with the increase 
of the mean wind velocity. The greater the mean wind velocity, the more significant the 
difference between the two methods. The modal frequency identified using SSI-COV 
is quite large and has a few extreme values. This may be because there are many false 
modes in the application of the SSI-COV method. These false modes mainly arise from 
the system parameters and the input signal. The system parameters are also known as 
the system order, and this order, which must be empirically pre-determined, results in 
the generation of false modes. In addition, the input signal does not satisfy the white 
noise assumption, and the environmental influence on the output signal can also result 
in the generation of false modes.

Before the correlation analysis, the sample sizes of different wind velocity inter-
vals were statistically analyzed. Figure  13 shows that the sample sizes are different 
in different wind velocity ranges. The samples are not evenly distributed across 
each entire wind velocity range, and the sample size in the wind velocity range of 
8–20 m/s accounts for 85% of the total sample size. Since this study seeks the linear 
relationship between the modal parameters and the mean wind velocity, the linear 
fitting results using all the sample data cannot truly reflect the linear relationship 
between the sample data under such a distribution. Therefore, the median of the 
sample data within each wind velocity interval is set as 1 m/s for fitting, which can 
reflect the overall level and remove the influence of any extreme values.

Figure  14 shows the relationship between the measured modal frequency and 
wind velocity in the first three vertical bendings of the PSRB using the SSI-COV and 
EWT-HT identification methods. The first three vertical bending frequency results 

Fig. 12 Measured modal frequencies of first-order vertical bending of PSRB: a Two identification methods; b 
Difference between two identification methods
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using the two methods are basically identical, and the fitting results show that the 
variation of the modal frequency with the mean wind velocity is relatively small. 
There is almost no correlation between the modal frequency and the mean wind 
velocity. When the mean wind velocity is zero, the structural frequency (the inter-
cept of the fitting line) of the first-order vertical bending to the third-order vertical 
bending indicates that the identification results of the two identification methods 
are effective and accurate.

4.5  Modal damping ratio

Figure  15 shows the measured modal damping ratios of the first-order vertical bend-
ing of the PSRB under various mean wind velocities using the SSI-COV and EWT-HT 
identification methods. The mean value of the difference between the two identifica-
tion methods is very small and equal to -0.587%, and the difference decreases with the 
increase of the mean wind velocity. Similarly, the SSI-COV method results in some 

Fig. 13 Sample sizes in different wind velocity ranges (1 m/s)

Fig. 14 Relationship between measured modal frequency and wind velocity in first three vertical bendings 
of PSRB: a SSI-COV; b EWT-HT
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extreme damping ratios and the identified damping ratios are more extensive than those 
identified using the EWT-HT method. Because the modal frequency and modal damp-
ing ratio of each sample always appear in pairs, the sample number distribution of the 
damping ratio in different wind velocity ranges is the same as that in Fig. 13. The iden-
tified modal damping ratios need to be processed using the same approach before the 
linear fitting.

Figures 16 and 17 show the relationship between the identified modal damping ratio 
and the mean wind velocity using the SSI-COV and EWT-HT methods, respectively. 
According to the fitted curves and R2 results, the first-order vertical bending damping 
ratio has the strongest correlation with the mean wind velocity, and it increases with 
the increase of the mean wind velocity. The correlation between the second-order 
vertical bending damping ratio and the mean wind velocity is weaker than that of the 
first-order vertical bending, while the third-order vertical bending damping ratio can 
be regarded as having no correlation with the mean wind velocity. Figure  16 shows 
that when the mean wind velocity is zero, the intercept of the fitting curve of the 
damping ratio of the first three vertical bendings using the SSI-COV method (namely, 
the structural damping ratios), are 0.382%, 0.827% and 0.720%, respectively, which 
are larger than the structural damping ratio obtained by the theoretical aerodynamic 
damping ratio curve of the first three vertical bendings, i.e., 0.113%. 0.668% and 
0.429%. Both the structural damping ratios obtained by the measured damping fit-
ting curve and the structural damping ratio obtained by the theoretical aerodynamic 

Fig. 15 Measured modal damping ratio of first-order vertical bending of PSRB: a Two identification methods; 
b Difference between two identification methods

Fig. 16 Relationship between measured modal damping ratios and wind velocity in the first three vertical 
bendings of PSRB using SSI-COV: a First-order; b Second-order; c Third-order
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damping ratio curve are different from the structural damping ratio of 0.5% recom-
mended by the Chinese structural specification (JTG/T 3360–01-2018). Similarly, 
Fig. 17 shows that the structural damping obtained from the fitted curve of the damp-
ing ratios identified by the EWT-HT method is greater than that obtained from the 
theoretical aerodynamic damping curve. At the same time, regardless of the struc-
tural damping ratios obtained from the fitting curve of the measured damping ratios, 
or the structural damping ratios obtained from the curve of the theoretical aerody-
namic damping ratios, there is no phenomenon through which the structural damp-
ing ratio decreases with the increase of the mode order, which is similar to the results 
in Li et  al. (2011). Comparing the two identification methods, the fitting results of 
the damping ratios identified using the EWT-HT method are better than those found 
with the SSI-COV method in terms of R2 values. For the comparison fitted curve and 
theoretical curve, no matter which identification method is applied or which mode 
order is identified, the intersection point of the two curves is near the mean wind 
velocity of approximately 14 m/s. When the mean wind velocity is less than 14 m/s, 
the value of the fitted curve is greater than that of the theoretical curve. On the con-
trary, when the mean wind velocity is greater than 14 m/s, the theoretical curve value 
is greater than the fitted curve value.

Figure  18 shows the differences between the identified damping ratios of the first 
three vertical bendings using two methods. The mean differences between the identi-
fied damping ratios are -0.104%, 0.045% and 0.494%, respectively. The standard devia-
tions of the identified damping ratios are 0.007%, 0.088% and 0.031%, respectively. To 
sum up, the difference between the two methods in identifying the first-order verti-
cal bending damping ratio is small, while the differences in the identification of the 
damping ratios of the second-order and third-order vertical bendings are large.

The Pearson correlation coefficient is used to quantify the similarity between the 
modal damping ratios identified by different methods. The correlation coefficient r is 
defined as:

(22)r(Y1,Y2) =
Cov(Y1,Y2)√
Var[Y1]Var[Y2]

Fig. 17 Relationship between measured modal damping ratios and wind velocity in first three vertical 
bendings of PSRB using EWT-HT: a First-order; b Second-order; c Third-order



Page 17 of 21Lu et al. Advances in Bridge Engineering            (2022) 3:26  

where Y1 is the modal damping ratio identified by the SSI-COV method; Y2 is the modal 
damping ratio identified by the EWT-HT method; Cov(Y1,Y2) is the covariance of Y1 and 
Y2 ; Var[Y1] is the variance of Y1 ; Var[Y2] is the variance of Y2.

The correlation coefficients of the damping ratios of the first three vertical bendings 
identified by the different methods are 0.92, 0.16 and 0.17, respectively. The first-order 
vertical damping ratios identified by these two methods are highly consistent. In con-
trast, the similarities between the second-order and third-order damping ratios identi-
fied using the two methods are unsatisfactory.

In this study, the discreteness of the identification results of the two methods is ana-
lyzed to compare the methods’ engineering applicability and practicability.  A mean 
wind velocity of 20 m/s is selected (for example, the mean wind velocity of 19–21 m/s 
is selected at 20  m/s) to calculate the standard deviation (σ), coefficient of varia-
tion (cv) and range (R), as well as to draw a bar chart to analyze the dispersion of the 
results calculated by the different methods. Figure 19 shows that for the first- and sec-
ond-order vertical bending modes, the three parameters related to discreteness using 
the SSI-COV method are all larger than those using the EWT-HT method, especially 
for the second-order vertical bending mode. However, it is just the opposite for the 
third-order mode. This is consistent with the results presented in Figs. 16 and 17. The 
identification results of the SSI-COV method appear to be more discrete. The EWT-
HT method has better control over the calculation discreteness.

Fig. 18 Difference between identified damping ratios of first three vertical bendings using SSI-COV and 
EWT-HT: a First-order; b Second-order; c Third-order

Fig. 19 Dispersion index of different methods at 20 m/s wind velocity: a Standard deviation σ; b Coefficient 
of variation cv; c Range R 
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5  Discussion
In Section  4, the modal parameter identification results of the PSRB are obtained. In 
order to reach a more effective and accurate conclusion, the measured data of the XB 
are also analyzed and compared. Table 1 shows the fitting parameters of the identified 
modal frequencies of the PSRB and XB. The R2 values of the first-order linear fitting 
between the modal frequency and the mean wind velocity of the two bridges are all less 
than 0.30, indicating that there is no first-order linear relationship between the modal 
frequency and the mean wind velocity, or that the first-order linear relationship is weak. 
At the same time, the absolute slope value |a1| of the linear fitting curve of the PSRB 
modal frequency identification results is less than 0.0004. In the entire wind velocity 
range, the variation of the modal frequency caused by the increase of the wind veloc-
ity is 0.0004 × 22.5 = 0.009Hz , accounting for about 1.7% of the first-order structure 
frequency. Similarly, the absolute slope value of the primary linear fitting curve of the 
XB modal frequency identification results is less than 0.00004, and the variation of the 
modal frequency with the mean wind velocity is 0.00004 × 21.6 = 0.00086Hz , account-
ing for about 1% of the first-order structure frequency. The fluctuation of the second- 
and third-order modal frequencies with the wind velocity accounts for less than 1% of 
the corresponding structure frequency. Therefore, the mean wind velocity can be con-
sidered to have almost no effect on the modal frequency.

Table  2 shows the fitting parameters of the  identified modal damping ratios of the 
PSRB and XB. The fitting parameter a2 of the linear fitting curve of the modal damp-
ing ratios and the mean wind velocity of the two bridges is similar to the change rate of 

Table 1 Statistics of fitting parameters of identified modal frequencies of PSRB and XB

Bridge Mode order Identification method

SSI‑COV EWT‑HT

a1 b1 R2 a1 b1 R2

PSRB 1 0.00040 0.498 0.299 0.00040 0.499 0.284

2 0.00030 0.709 0.163 0.00040 0.721 0.002

3 0.00010 1.029 0.061 -0.00040 1.047 0.001

XB 1 0.00004 0.095 0.160 0.00001 0.095 0.198

2 -0.00004 0.130 0.144 -0.00002 0.132 0.138

3 -0.00002 0.229 0.088 0.00000 0.230 0.048

Table 2 Statistics of fitting parameters of identified modal damping ratios of PSRB and XB

Bridge Mode order Identification method Recommended 
structural damping 
(%)SSI‑COV EWT‑HT

a2 b2 R2 a2 b2 R2

PSRB 1 0.0286 0.382 0.549 0.0251 0.327 0.645 0.500

2 0.0221 0.857 0.199 0.0196 0.909 0.323 0.500

3 0.0023 0.720 0.022 0.0063 1.158 0.063 0.500

XB 1 0.0326 0.667 0.398 0.0561 0.759 0.563 0.500

2 0.0052 0.709 0.080 0.0369 0.251 0.771 0.500

3 0.0077 0.195 0.249 0.0309 0.076 0.755 0.500
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the theoretical aerodynamic damping, which is positive. Furthermore, the linear fitting 
curve of the modal damping ratios and the mean wind velocity shows a positive correla-
tion trend. However, the fitting parameter a2 of the fitted curve is lower than the change 
rate of the theoretical aerodynamic damping, which may be due to the fact that in the 
actual environment, the modal damping ratios are not only affected by the mean wind 
velocity, but also the temperature, traffic flow and environmental noise. These factors 
constitute a complex non-stationary environment. The theoretical value only considers 
the influence of the mean wind of the steady incoming flow in an ideal environment. For 
this reason, some R2 values are too small, especially those identified by the SSI-COV 
method. Compared with the SSI-COV method, the EWT-HT method has better recog-
nition performance under non-stationary environmental excitation.

At the same time, when the mean wind velocity is 0, the fitting parameter b2 of the fit-
ting curve is the structural damping of the actual bridge, which cannot meet the require-
ments of the design specifications. For the PSRB, the actual structural damping of the 
first mode is lower than that recommended by the design code, while the actual struc-
tural damping of the second and third modes is more significant than that recommended 
by the design code. However, the result of the XB is the opposite of that of the PSRB. 
The actual structural damping of the first-order mode is greater than the recommended 
modal damping ratio (JTG/T 3360–01-2018), and the actual structural dampings of the 
second- and third-order modes are greater than the recommended value, except for the 
results identified by the SSI-COV method for the second-order mode. This phenomenon 
may be related to the type and state of the bridges.

Table  3 shows the dispersion indexes of the identified modal damping ratios of the 
PSRB and XB. The dispersion indexes are averaged in each meter wind velocity interval. 
Obviously, the three dispersion indexes of the modal damping ratios identified by the 
EWT-HT method are all smaller than those obtained by the SSI-COV method, except 
for the third-order result. However, for practical engineering, more attention is paid to 
the frequency and damping ratios of the lower mode orders, which occupy more energy. 
It is proven that the EWT-HT method can identify the modal parameters stably and 
effectively in practical engineering applications. Compared with the SSI-COV method, 
the EWT-HT method can better adapt to the complex non-stationary environments of 
actual situations and is more applicable to the identification of low-order modes.

Table 3 Statistics of dispersion indexes of identified modal damping ratios of PSRB and XB

Bridge Mode order Identification method

SSI‑COV EWT‑HT

σ cv R σ cv R

PSRB 1 0.400 0.466 1.947 0.264 0.353 1.155

2 0.897 0.676 4.297 0.511 0.373 2.018

3 0.305 0.384 1.380 0.405 0.329 1.730

XB 1 0.671 0.579 3.064 0.656 0.450 2.629

2 0.620 0.694 2.720 0.373 0.515 1.418

3 0.173 0.548 0.641 0.278 0.595 1.154
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6  Conclusions
The calculated turbulence intensity and turbulence integral scale under the non-station-
ary model are smaller than those under the stationary model, especially the turbulence 
integral scale. It is necessary to extract the time-varying mean of the wind velocity.

Both the SSI-COV and EWT-HT methods can accurately identify the modal fre-
quencies of the PSRB. The absolute difference between these two methods is small, 
being equal to 0.003 Hz. The correlation between the modal frequency of the long-span 
bridge and the mean wind velocity is weak, and the wind velocity results in a change of 
less than 1% in the modal frequency.

The absolute difference between the identified modal damping ratio of the PSRB using 
the SSI-COV and EWT-HT methods is large and can reach up to 0.587%. The modal 
damping ratios are positively correlated with the mean wind velocities, especially the 
first- and second-order vertical bending modes, which is consistent with the curve trend 
of the theoretical aerodynamic damping ratios.

The identified structural damping ratios of the first three vertical bendings of the 
PSRB  and XB differ from the structural damping ratio recommended by the Chinese 
structural specification, i.e., 0.5%.

The applicability of the SSI-COV and EWT-HT methods to thePSRB and XB is eval-
uated using dispersion indicators of standard deviation, coefficient of variation, and 
range. The EWT-HT method is more suitable for identifying the modal parameters of 
long-span bridges under non-stationary wind velocities and practical engineering.
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