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Abstract. 
Accurate and timely identification of modal parameters of long-span bridges is important for bridge health monitoring and wind tunnel tests. Wavelet analysis is one of the most advantageous methods for identification because of its good localization characteristics in both time and frequency domain. In recent years, the wavelet method has been applied more frequently in parameter identification of linear and nonlinear systems. In this article, based on wavelet ridges and wavelet skeleton, the improved modal parameter identification method was studied. To find the appropriate time-frequency resolution, an optimal wavelet basis design principle based on minimum Shannon entropy was proposed. Aiming at endpoint effect in wavelet transform, a prediction continuation method based on support vector machine (SVM) was proposed, which can effectively suppress the endpoint effect of the extended samples. In view of the fact that the ridges of metric matrices obtained by the traditional crazy climber algorithm cannot fully reflect the distribution of ridges of modulus value matrices of wavelet coefficients, an improved high-precision crazy climber algorithm was put forward to accurately identify the position of the ridge of wavelet coefficients. Finally, taking a long-span cable-stayed bridge and a long-span suspension bridge as the engineering background, improved continuous wavelet transform (CWT) was applied to modal parameter identification of bridge under ambient excitation. The modal parameters such as modal frequency, damping ratio, and mode shape were obtained. Compared with the calculation value of the numerical simulation of long-span cable-stayed bridge and wind tunnel test of long-span suspension bridge, the reliability of CWT for modal parameter identification of long-span bridges under ambient excitation was verified.

1. Introduction
In the last few decades, for the innovative tools for understanding and the optimization of design and assessment of structural health, the modal parameter identification is becoming more and more important [1]. The structural modal parameters, which could affect the design of structures, include natural frequencies, damping ratios, and mode shape vectors [2, 3]. The development of related technology has a very positive significance for the bridge structure in the complex environment [4]. The accurate identification of modes is beneficial to the dynamic response analysis of bridges in various environments [5–7]. There were various techniques used for signal decomposition in determining the bridge modal parameter identification, such as empirical mode decomposition (EMD), stochastic subspace identification (SSI), and wavelet transform (WT). Based on field measurement data, the dynamic response and the model parameters of a cable-stayed bridge were carried out [8, 9].
Because of the ability of decomposing the nonlinear and nonstationary signal, empirical mode decomposition was an adaptive signal decomposition method [10, 11]. However, some aspects need to be improved in the original EMD like the recurrent emergence of mode mixing because of the signal intermittence, and a single intrinsic mode function (IMF) either consists of signals of widely disparate scales or signals of similar scale residing in a different IMF [11]. Huang et al. [10] introduced the intermittence test. To overwhelm the scale separation problem, a new method based on the statistical studies of white noise called ensemble EMD (EEMD) was introduced by Wu and Huang [11]. The EEMD defines the IMF component as a mean of an ensemble of trails having signal as well as white noise of finite amplitude [11]. The new concept of white noise was also investigated ([12–14]). Yeh et al. [15] introduced the complimentary EEMD to improve the computation efficiency.
During the past few years, the stochastic subspace identification (SSI) has been successfully applied on the structures for output-only system identification. There are basically two important numerical tools for subspace methods in linear algebra, one is the singular value decomposition (SVD) and the other is the QR decomposition [16]. For large-scale civil structures such as long-span bridges, the output-only SSI is very effective for identification and monitoring of these vibrations of structures because of ambient. Therefore, there are various SSI techniques such as covariance-driven SSI, data-driven SSI (DATA-SSI), and combination of others methods, like expectation maximization technique (EM-SSI) [17, 18]. DATA-SSI algorithms were fully enhanced [19]. The main output-only identification in the DATA-SSI techniques is the orthogonal projections performed by LQ decomposition [19, 20]. Then, it is followed by the SVD to extract the subspace system. In DATA-SSI, there are variants which correspond to different choices for weighting the matrices before factorization of the projection matrix. Then, Weng et al. [21] studied the DATA-SSI to investigate the dynamic characteristics.
Since the introduction of wavelet theory was put forward in the 1980s [22], the application of wavelet transform has penetrated in various fields. Gurley and Kareem [23] systematically summarized the application of wavelet transform in civil engineering. The WT method can achieve automatic decoupling of low-frequency dense modal of multi-degree-of-freedom systems with its good time-frequency resolution. Many scholars have also done a lot of research on identifying structural modal parameters by using the WT method [24–27]. Based on a long-span cable-stayed bridge, which was excited by typhoon Haikui, the model parameters including frequency and damping ratio were identified using the WT method [28].
To find a suitable time-frequency resolution, this article proposed an optimal wavelet basis design method based on minimum Shannon entropy. The method of structural modal parameter identification based on wavelet ridges and wavelet skeleton was discussed in detail. A method called “predictive continuation” based on support vector machine (SVM) was proposed to control the endpoint effect in wavelet transform, and the suppress effect is verified by comparing the R2 of the logarithmic curve of wavelet ridge amplitude and the least square curve before and after the extension. Because the metric matrix wavelet ridges obtained by the traditional crazy climber algorithm cannot fully reflect the distribution of the wavelet coefficient modulus matrix wavelet ridges, to accurately identify the position of wavelet ridge, the traditional crazy clipper algorithm was improved. Finally, a long-span cable-stayed bridge with numerical simulation and a long-span suspension bridge for wind tunnel test were taken as the engineering background to verify the improved continuous wavelet transform method for modal parameter identification.
2. Identification of Modal Parameters by Continuous Wavelet Transform
For an arbitrary time series , the continuous wavelet transformation coefficient  is defined as follows:where  means the conjugate .
For the multi-degree-of-freedom viscous damped system shown in Figure 1, the free response signal is as follows:where  are the  order natural frequencies of the system without damping and with damping, respectively, and  is the damping ratio. The relationship among them is as follows:


	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	

Figure 1: Viscous damping system of multiple degrees of freedom.


Continuous wavelet transformation for  is also carried out, and the wavelet coefficient is as follows:
Wavelet coefficients reflect the similarity between wavelet basis and signal to be recognized. Therefore, from equation (4), for a fixed scale factor , the  gets the maximum value only when .
Taking the logarithm operation for equation (5), and then doing derivation for the translation factor b:
Similarly, equation (7) shows the deviation of the phase of wavelet coefficients:
Simultaneous equations (3), (6), and (7); the system’s  order undamped frequency ; and the damping ratio  can be obtained as follows:
3. Improved Continuous Wavelet Transform Algorithm
3.1. Optimal Wavelet Basis Design Based on Minimum Shannon Entropy
The complex Morlet wavelet contains time window and frequency window which corresponds to temporal resolution and frequency resolution, respectively. For two adjacent frequencies , the frequency interval is  and the average value is . The relationship between the wavelet's scale factor a at  and the mother wavelet center frequency  can be written as
Frequency resolution  is
Therefore, to decouple the adjacent two-order modals, the following conditions must be satisfied.where  is a custom parameter; generally, the adjacent modal frequencies can be decoupled when  [29]. It can be seen from equation (11) that multiple  meet the dense modal decoupling requirements when the mother wavelet center frequency  is determined and the dense modal decoupling ability is stronger when  is larger. However, because of the time-frequency window area of wavelet being fixed, excessive frequency resolution can cause a very small time resolution, which leads to obvious endpoint effect. To eliminate this effect, this article introduced the concept of Shannon value. Shannon reflects the degree of the order of the probability distribution sequence, and the smaller the Shannon value the more orderly the distribution and the stronger the regularity of information. Therefore, when Shannon value of the wavelet coefficient reaches the minimum, the corresponding wavelet basis is most similar to the characteristic component of the analysis signal, where  and  are the optimal parameters.
Suppose  as a series of wavelet coefficients obtained when the scale factors are . The energy of the wavelet coefficient at each scale is
The Shannon value of the wavelet coefficient iswherewhere  indicates the probability distribution of the energy of the wavelet coefficients at the  scale and the set is the probability distribution sequence of the energy of the wavelet coefficient at each scale.
In this article, MATLAB method is used to simulate the free decay response signal of a two-degree-of-freedom viscous damping system. The sampling frequency is 100 Hz, and the sampling time is 10 s. The theoretical frequency and damping ratio of the system are given in Table 1. The time domain and the frequency curve of the signal are shown in Figure 2.
Table 1: Simulation system theoretical frequency and damping ratio.
	

	Order	Frequency (Hz)	Damping ratio
	

	1	0.44	0.02
	2	0.68	0.02
	





	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
	

Figure 2: Free decay response signal of simulation system: time domain (a) and frequency domain (b).


In this system, according to equation (11), it is necessary to satisfy  to decouple the two-order modal. When , the relationship between the Shannon value of the wavelet coefficient and  is shown in Figure 3. It can be seen that when , the Shannon value of wavelet coefficient for the system is the smallest, and the time-frequency distribution of the corresponding wavelet coefficient modal is shown in Figure 4(c). In addition, the time-frequency distributions of wavelet coefficients when  and  are shown as Figures 4(a) and 4(b), respectively.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
		
			
			
				
			
		
	
	
		
		
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
			
			
			
			
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	



Figure 3: Relationship curve of Shannon and .
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(c)
Figure 4: Time-frequency graph of wavelet coefficients with different : (a); (b); (c).


From Figure 4, the wavelet transform is not enough to decouple the two-order modal frequencies when  and two obvious wavelet ridges cannot be found in Figure 4(a), while  is equal to 1 and 42, the wavelet transform can decouple the two-order modal. However, from Figure 4(c) two elongated wavelet ridges can be clearly seen, and there are only two fuzzy wavelet ridges in Figure 4(b). It can be proved that the decoupling effect when  is better than that when . Therefore, optimal wavelet basis design based on the minimum Shannon can easily find a suitable bandwidth parameter , and construct a wavelet basis for wavelet transform to achieve dense modal decoupling of the analysis signal, and a better solution coupling effect can be guaranteed.
3.2. Endpoint Effect Suppression Based on SVM Prediction Extension
For large civil engineering structures such as long-span bridges, the natural frequency is generally low. The wavelet transforms with larger time window will produce obvious endpoint effect. At present, the intermediate unaffected wavelet coefficients after wavelet transform for modal identification are used to eliminate the endpoint effect. However, for short samples with limited data, there are not much data left after the interception, which causes inefficient use of data and decreases the recognition accuracy. To avoid this situation, regression prediction method based on support vector machine (SVM) was used to extend the data. The extended data obtained by this method not only retain the characteristics of the original signal but also ensure its continuity and derivative.
The natural excitation method was used to obtain the vertical response at midspan of bridge. The sample time was set to 30 s, and the sampling frequency of the impulse response was 100 Hz. All impulse response data were divided into 200 samples and trained each sample with SVM method, and 1000 data points were predicted and extended at both ends, respectively. The obtained extended curve is shown in Figure 5; the blue line means the original data and the red line means the predicted extension data.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
	
		
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
		
		
		
	

Figure 5: Vertical impulse response function and its extended data curve.


The optimal wavelet basis was used to perform the continuous wavelet transform on the unexpanded impulse response data and the extended data, and the corresponding wavelet coefficient was obtained. For the wavelet coefficient of the extended data, the amplitude logarithmic curves of the first three-order wavelet ridges after removing the extension part are presented in Figure 6. The solid blue line represents the amplitude logarithmic curve of the wavelet coefficient, whereas the red dashed line means its least square linear fitted curve. From equations (6) to (8), it can be known that the accuracy of the curve fitted is directly related to the accuracy of the identified modal parameters. The R2 of wavelet ridge amplitude logarithmic curve and least square curve is shown in Table 2. Comparing the amplitude logarithmic curves before and after the extension, the endpoint effect of each order of modal is well suppressed and the quality of fitted curve is also improved. Table 2 shows that R2 of first order increased from 0.6513 to 0.9214, R2 of second order increased from 0.8003 to 0.9392, and R2 of third order increased from 0.8728 to 0.9951. For the first-order modal, the suppress effect of the endpoint effect is increased by 41.5%. For the high-order modal, because the wavelet time window is small, the data expansion can basically eliminate the endpoint effect. Therefore, using SVM to expand the sample data can effectively reduce the endpoint effect.
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(f)
Figure 6: Logarithmic curve of the amplitude of wavelet coefficients up to the third orders before and after extension. (a) First order before extension. (b) First order after extension. (c) Second order before extension. (d) Second order after extension. (e) Third order before extension. (f) Third order after extension.


Table 2: The R-square of wavelet ridge amplitude logarithmic curve and fitted curve.
	

	Order	R-square
	Before extension	After extension
	

	First	0.6513	0.9214
	Second	0.8003	0.9392
	Third	0.8728	0.9951
	



3.3. Extracting Wavelet Ridges Based on Improved Crazy Climber Algorithm
3.3.1. Traditional Crazy Climber Algorithm
It is assumed that the wavelet coefficient modulus matrix obtained by wavelet transform is , where  means the number of rows for the matrix, indicating the vertical direction [10, 11], and H means the number of columns for the matrix, indicating the horizontal direction. Referring to the definition of Cartesian coordinate system,  is defined as the  row and  column element in the matrix, where . In addition, a metric matrix D of the same size as the M matrix is defined. When each climber in the modulus matrix is moved once, the corresponding modulo value is superimposed at the corresponding position of the metric matrix D. Before calculation, the metric matrix is initialized to 0 and N climbers are generated; all climbers are randomly distributed in the M matrix, and then climber is moved in the following steps. Step 1: at the initial moment, set  as the system initial temperature parameter, mark the initial coordinate  of each climber. And use the modulus  of each climber position to stack the corresponding positions of the metric matrix, where k represents the kth climber. Step 2: at time , the system temperature is Tt, the coordinate of climber , and at time , the coordinate  can be determined according to the following rules. Step 2.1: because the wavelet ridges are continuous in time, the climber in the horizontal direction moves left or right one grid with the same probability, and the coordinate is . Step 2.2: then, in the vertical direction, it is assumed that the climber moves up or down one grid with the same probability and the coordinate after moving is ; then follow the conditions to determine whether to move this step:(i)If , this step should be moved in the vertical direction, and the coordinate after moving is ;(ii)If , there is a certain probability p to move, that is . There is also a probability of  that does not move, that is , where p is determined according to the following formula: Step 3: after the movement mentioned above ends, system temperature is updated; the corresponding positions of the metric matrix are superimposed using the modulus value  at each climber position. Step 4: repeat steps 2 and 3 until the system temperature drops to the threshold, and terminate the iterative process to obtain the final metric matrix D. Step 5: the ridge line can be obtained by connecting the more prominent points in the metric matrix.
3.3.2. Improved Crazy Climber Algorithm
In the traditional crazy climber algorithm, the ridge is determined by the location of the maximum value in the metric matrix D. Acquisition process of the metric matrix has certain randomness, and the distribution of modulus matrix of wavelet coefficients cannot be fully reflected, so the extracted ridge may not be the real ridge of the system. Wavelet transform was applied on the signal shown in Figure 5, and the modulus values of the first ten columns of wavelet coefficients near the first-order ridge position are shown in Table 3. Corresponding position matrix metric obtained by the crazy climber algorithm is shown in Table 4. In the two tables, gray cells in the table represent the local maximum. Comparing the two tables, metric matrix wavelet ridges obtained by the crazy climber algorithm cannot fully reflect the distribution of the wavelet coefficient modulus matrix ridge. If only the metric matrix is used to extract the ridge of wavelets, the obtained wavelet skeleton will be quite different from the real wavelet skeleton.
Table 3: Wavelet coefficient modulus value near the first-order ridge.
	

	Line number	Columns number	Modulus magnitude: 10−6
	1	2	3	4	5	6	7	8	9	10
	

	20	3.083	3.085	3.091	3.093	3.095	3.097	3.099	3.100	3.101	3.102
	21	3.318	3.318	3.318	3.319	3.319	3.319	3.319	3.319	3.320	3.320
	22	1.142	1.142	1.142	1.141	1.141	1.141	1.141	1.141	1.141	1.141
	



Table 4: Metric matrix metric value near first-order ridge.
	

	Line number	Columns number	Metric order of magnitude: 10−8
	1	2	3	4	5	6	7	8	9	10
	

	20	2.920	6.037	5.658	4.980	5.863	5.475	8.217	7.633	9.104	8.029
	21	3.560	5.237	6.913	5.657	6.705	6.705	6.391	9.535	6.707	7.545
	22	0.685	2.054	1.730	2.450	2.090	2.306	2.666	1.910	2.883	3.387
	



Aimed at this problem, an improved crazy climber algorithm was put forward in this part. Although ridge distribution of the metric matrix does not represent the exact distribution of the wavelet ridges accurately, the distribution range basically includes the distribution range of the wavelet ridges. In addition, the crazy climber algorithm has excellent antinoise ability. Therefore, the basic idea of the improved algorithm was to use the traditional crazy climber algorithm to remove the noise interference and obtain the approximate distribution range of the wavelet ridges. Then, use the modulus maximum method to extract the exact position of the wavelet ridges within the distribution of each ridge line. The basic implementation process is as follows: Step 1: complete steps 1 to 5 of the traditional crazy climber algorithm to obtain the ridge distribution of the metric matrix. Step 2: determine the number n of the ridge of the measurement matrix and obtain the minimum row number  and the maximum row number  of each ridge. Step 3: construct an empty matrix Hi that is consistent with the wavelet coefficient modulus value matrix M and fill the modulus values in the  ridge distribution range  in the modulus value matrix into the same position in the empty matrix Hi. Then, find out the maximum value of each column in the matrix  and mark the coordinates of each point. Step 4: connect the points obtained in step 3 in the modulus value matrix to obtain the  ridge line of the wavelet coefficients. Step 5: repeat steps 3 and 4 until all the ridges are found.
To verify the effectiveness of the algorithm, the continuous wavelet of the optimal wavelet base is used to transform the signal shown in Figure 5, and then the wavelet coefficients are obtained. The time-frequency distribution of the wavelet coefficient after discarding the wavelet coefficient of the extension part at both ends is shown in Figure 7; the wavelet ridges obtained by the traditional crazy climber algorithm and the improved crazy climber algorithm are shown in Figure 8. Amplitude logarithmic curves of corresponding second-order wavelet coefficients are shown in Figure 9. Comparing with the two pictures in Figures 8 and 9, respectively, it can be found that the wavelet ridges and wavelet coefficient amplitude obtained by the improved crazy climber algorithm are more concentrated, which can represent the real situation of the wavelet coefficient of the analysis signal. Therefore, the improved crazy climber algorithm not only has exceptional antinoise ability but also can accurately determine the position of the wavelet ridges, so it has better practicability.


	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
	
	
		
	

Figure 7: Time-frequency distribution of modulus value of wavelet coefficients.




	
		
	
	
	
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
	

(a)


	
		
	
	
	
	
		
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
	













(b)
Figure 8: Wavelet ridges. (a) Traditional crazy climber algorithm. (b) Improved crazy climber algorithm.
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(b)
Figure 9: Logarithmic curve of second-order wavelet coefficient amplitude. (a) Traditional crazy climber algorithm. (b) Improved crazy climber algorithm.


4. Verification Examples
4.1. Numerical Example
4.1.1. Dynamic Characteristic Calculation
Taking Oujiang Bridge, which is a concrete cable-stayed bridge with double pylons and double cable planes, as the engineering background, the span arrangement is 52 m + 90 m + 300 m + 90 m + 52 m, and the length of the bridge is 584 m. The width and the height of the main girder are 13 m and 4 m, respectively. The bridge adopts a space double cable plane system and fan arrangement. The diamond-shaped towers are arranged as follows: the heights of the towers are 118 m and 112.5 m, respectively, and the height above the girder is 75 m. The overall arrangement of the Oujiang Bridge is shown in Figure 10. The principal vibration frequencies and vibration modes of the bridge calculated by ANSYS are shown in Table 5.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
	
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
	
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
	
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
	
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		



Figure 10: Oujiang Bridge overall layout (unit: m).


Table 5: Main frequency and mode of vibration.
	

	Order	Frequency (Hz)	Mode of vibration
	

	Vertical bend	1	0.447	Symmetrical vertical bend −1
	2	0.677	Antisymmetric vertical bend −1
	3	1.077	Symmetrical vertical bend −2
	4	1.430	Antisymmetric vertical bend −2
	5	1.575	Symmetrical vertical bend −3
	6	1.745	Symmetrical vertical bend −4
	7	1.808	Antisymmetric vertical bend −3
	8	1.979	Antisymmetric vertical bend −4
	

	Lateral bend	1	0.318	Symmetrical lateral bend −1
	2	0.524	Antisymmetric lateral bend −1
	3	0.617	Symmetrical lateral bend −2
	4	1.067	Antisymmetric lateral bend −2
	5	1.677	Symmetrical lateral bend −3
	6	1.992	Symmetrical lateral bend −4
	

	Torsion	1	2.455	Symmetrical torsion −1
	2	4.742	Antisymmetric torsion −1
	



4.1.2. Bridge Response under the Train and Fluctuating Wind Loads
The response of Oujiang Bridge under the combined action of the train and the fluctuating wind loads was calculated by using the wind-train-bridge coupling calculation and analysis software system BANSYS (bridge analysis system). The wind speed was set as 30 m/s and the train was selected as C62 freight cargos, and the speed of the train was 72 km/h. Seven measuring points along the bridge were arranged and the vertical, lateral, and torsional acceleration responses of each measuring point were also obtained. The location of the measuring points is shown in Figure 11.


	
	
	
	
	
	
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
		
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
	
	
	
	
		
			
			
				
			
			
				
			
		
	
	
		
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
	
	
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
	
	
	
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
	
	
	
	
		
			
			
				
			
			
				
			
		
	
	
		
		
		
		
	
	
	
		
	
	



Figure 11: Arrangement of measuring points (unit: m).


The sampling frequency of each measuring point was set as 100 Hz, and the sampling time was 50 s. Figure 12 shows the acceleration response time history at the midspan measuring point (measuring point no. 4) under the combined action of fluctuating wind load and vehicle load.
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(c)
Figure 12: Acceleration-time curve of measuring point no. 4 (unit: m/s2). (a) Case 1: vertical acceleration. (b) Case 1: lateral acceleration. (c) Case 1: torsion acceleration.


4.1.3. Modal Parameter Identification
The measuring point no. 4 was selected as the reference point for identification of the vertical bending modal parameter. The cross-correlation function calculated by the natural excitation method between the responses of other measuring points and the reference point is used as the free response signals of the system. The sampling frequency was 100 Hz, and the sampling time was 30 s. Then, the SVM method was used for each free response signals, and 1000 data points were extended at both ends of the signal. The extended signal history of measuring point no. 2 and no. 4 is shown in Figure 13, respectively.
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(b)
Figure 13: Free response signal of point no. 2 and point no. 4 with predictive extension.


Based on the minimum Shannon criterion of the wavelet coefficients, the parameters of the optimal complex Morlet wavelet basis function are . Continuous wavelet transform was performed on the free response signal of each measuring point by using the optimal wavelet basis, and the wavelet coefficients of the extended part were discarded. Finally, the improved crazy climber algorithm was used to extract the wavelet ridges. The wavelet ridges of measurement point no. 2 and no. 4 are shown in Figure 14.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
	

Figure 14: Wavelet ridges of point no. 2 and no. 4.


The wavelet coefficients of each ridge line were extracted, and the logarithmic and phase curves of the amplitude of the wavelet coefficients were plotted. The slope rate of each curve was calculated by least squares linear fitting. And, the frequencies of each order and the damping ratio of each measuring point can be calculated by equation (8). The modal parameter of the system was the average value of the modal parameters of each measuring point. For measuring point no. 2 and no. 4, the logarithmic curve, phase curve, and fitting curve of the amplitude value of each order are shown in Figure 15.
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(f)
Figure 15: The amplitude logarithm and phase curves of the wavelet coefficients of measuring point no. 2 and no. 4 up to the third orders. (a). Measuring point 2, first order. (b). Measuring point 4, first order. (c). Measuring point 2, second order. (d). Measuring point 4, second order. (e). Measuring point 2, third order. (f). Measuring point 4, third order.


The results of vertical bend, lateral bend, and torsional modal parameters of the Oujiang Bridge are shown in Table 6. It can be seen from Table 4 that the improved continuous wavelet transform can accurately identify the main modal parameters of long-span cable-stayed bridge, and the decoupling effect is better for low-order dense modal.
Table 6: Continuous wavelet transform algorithm Oujiang Bridge modal parameter identification result.
	

	Order	Finite element results	Results of CWT algorithm	Frequency error (%)
	Frequency (Hz)	Frequency (Hz)	Damping ratio (%)
	

	Vertical bend	1	0.447	0.457	1.11	2.29
	2	0.677	0.682	1.13	0.73
	3	1.077	1.086	1.29	0.83
	

	Lateral bend	1	0.318	0.321	0.90	0.86
	2	0.524	0.531	1.19	1.34
	3	0.617	0.628	1.16	1.66
	4	1.067	1.075	0.87	0.77
	

	Torsion	1	2.455	2.513	0.13	2.34
	2	4.742	5.008	0.11	5.61
	



4.2. Wind Tunnel Example
4.2.1. Background Introduction
In the last section, the reliability of the proposed method is verified by numerical simulation. In this part, an aeroelastic model of full bridge was used to examine the method proposed by authors. Taking Jinshajiang Bridge of Lijiang-Shangri-La expressway as the engineering background, the main bridge of the bridge is a 766 m single span steel truss suspension bridge. The upper part of the main bridge is designed as a whole, with a stiffening girder of 26.0 m wide and 6.0 m high. The scale ratio of aeroelastic model of the bridge is 1 : 80, and the elevation design and real bridge model of aeroelastic model of the whole bridge are shown in Figure 16. The boundary conditions of the completed bridge state model of the Jinshajiang Bridge are consistent with the actual bridge, and the constraints are (1) the bottom of the bridge tower is consolidated with the rigid floor, i.e., the freedom in all six directions is constrained; (2) the main cable is connected with the rigid ground anchor, i.e., the translational freedom in all three directions is constrained; (3) the beam end of the main beam is located at the bridge tower, with the vertical displacement, the transverse displacement, and the axial displacement along the bridge Torsional degrees of freedom are constrained, and the rest are not.


	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		



(a)


	
		
	













(b)
Figure 16: The elevation view and model of the Jinsajiang Bridge. (a) Elevation view. (b) Bridge model placed in the wind tunnel.


4.2.2. Measurement Arrangement and Bridge Responses under Wind Load
In the aeroelastic model modal test of the whole bridge of Jinsha River bridge, the static vortex generator, distributed rough element, serrated main baffle, and additional baffle are arranged in front of the wind tunnel test section to simulate the atmospheric boundary layer and generate fluctuating wind, so as to obtain the displacement time history response signal of each measuring point of the main beam under the excitation of fluctuating wind. The measuring instrument adopts the ILD1401-200 noncontact laser displacement sensor produced by Micro-Epsilon Company, with a range of 200 mm, a static test accuracy of 40 μm, and a sampling frequency of 1 kHz. The noncontact laser displacement sensor is shown in Figure 17, and the atmospheric boundary layer simulation device is shown in Figure 18.


	
		
	













Figure 17: The noncontact laser displacement sensor.




	
		
	













Figure 18: Rough element placed in wind tunnel test to simulate fluctuating wind.


To obtain the concerned modal response of each stage, 11 measuring points are arranged along the bridge span in the aeroelastic model test of Jinshajiang Bridge, and the positions of each measuring point are shown in Figure 19. During the test, the response of the bridge under the action of the fluctuating wind is collected by the laser displacement device. The sampling frequency is 128 Hz, and the duration is 128 s. Under the action of fluctuating wind, the vertical, horizontal, and torsional response time history curve of measuring point 6 is shown in Figure 20.


	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
		
	
		
	
	
	
		
			
			
				
			
			
				
			
		
	
	
		
		
		
		
	
	
	
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
	
	
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
	
	
		
	
		
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
		
	
	
	
	
		
			
				
			
				
			
			
				
			
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
		
	



Figure 19: Layout of measuring points (unit: cm).
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(c)
Figure 20: Response time history curve at point no. 6. (a) Vertical displacement. (b) Lateral displacement. (c) Torsion displacement.


4.2.3. Modal Parameter Identification
Using the improved continuous wavelet transform for modal parameter identification, the modal parameters of the aeroelastic model of Jinshajiang Bridge are obtained as shown in Table 7. From Table 7, it can be seen that the improved CWT can accurately identify the modal parameters of long-span suspension bridges, and has a good decoupling effect for low-order dense modes.
Table 7: Model parameter identification results of Jinshajiang Bridge by CWT.
	

	Order	Test frequency (Hz)	Results of CWT	Mode of vibration
	Frequency (Hz)	Damping ratio (%)	Error (%)
	

	1	1.334	1.304	1.79	2.25	Antisymmetric vertical bend −1
	2	1.838	1.780	2.01	3.16	Symmetrical vertical bend −1
	3	2.452	2.407	1.45	1.84	Symmetrical vertical bend −2
	4	3.023	2.893	0.64	4.30	Antisymmetric vertical bend −2
	5	0.743	0.639	0.94	14.00	Symmetrical lateral bend −1
	6	3.280	3.256	1.01	0.73	Symmetrical torsion −1
	



5. Conclusion
In this article, an improved continuous wavelet transform method for bridge modal parameter identification under environmental excitation was proposed. The main conclusions are as follows:(1)With the optimal wavelet base design based on minimum Shannon entropy, it is easy to find a suitable bandwidth parameter and construct the wavelet base for the wavelet transform. This method can effectively decouple the signal intensive mode with relatively high accuracy.(2)The support vector machine (SVM) regression prediction method can be used to extend the measured data. Based on this, not only the characteristics of the original signal will be preserved but also the continuity and conductivity can be guaranteed. The endpoint effect of extended samples is suppressed well for all modal orders. For the first-order modal, the suppress effect of the endpoint effect is increased by 41.5%. Even for those in the higher order modal, the endpoint effect is basically eliminated after the extension.(3)The improved crazy clipper algorithm can extract the exact location of wavelet ridge from the approximate distribution range of wavelet ridge, whereas the traditional crazy climber algorithm can only get the approximate distribution range of wavelet ridge. Therefore, the improved crazy clipper algorithm has excellent antinoise ability and good practicability.(4)Taking the Oujiang Bridge and Jinshajiang Bridge as the engineering background, the improved continuous wavelet transform was applied to the identification of bridge modal parameters under environmental excitation, and the modal parameters such as modal frequency, damping ratio, and vibration mode of the model were obtained. Compared with the theoretical values, the reliability of the improved method in the modal parameter identification of long-span bridge has been verified.
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