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coupling vibration characteristics of pipelines is crucial for targeted vibration reduction and
reinforcement of vulnerable pipeline sections. Therefore, this paper proposes a coupled vibration
characteristics analysis method for the dike crossing pipeline based on EWT and CWT, taking the
6# dike crossing pipeline of Yang’er water plant in Foshan city, Guangdong province as the
research object, firstly, the main vibration sources of the dike crossing pipeline are analyzed with
the help of the prototype observation data using the mutual correlation power spectral, and the
characteristics of the main vibration sources of the pipe are extracted using the empirical wavelet
transform (EWT); then, focusing on the main vibration source, wavelet transform is used to
analyze the source characteristics of the dike crossing pipeline; finally, the pipeline coupled vi-
bration characteristics are analyzed using the cross wavelet transform (CWT). The research results
show that: 1) The vibration of the 6# dike crossing pipeline of Yang’er water plant is mainly
caused by the multiple rotational frequency such as 29.5 Hz, 36.5 Hz and the leaf frequency 59.0
Hz; 2) The EWT method can effectively remove the interference signal and extract the charac-
teristic frequencies 29.5 Hz, 36.5 Hz and 59.0 Hz; 3) Analyzing the coupled vibration charac-
teristics of the dike crossing pipeline based on the CWT, the peak energy of the coupled vibration
of the 6# pipeline is generally concentrated at the frequency of 29.5 Hz, and the source of the
coupled vibration is the multiple rotational frequency of the 6# pipeline unit. The results of this
study can offer new insights into the identification of vibration characteristics of the dike crossing
pipeline, and can provide technical support for the analysis of vibration characteristics and
reduction needs of similar projects.

1. Introduction

As an important part of the flood and tide control system of rivers, lakes, and seas, dike engineering is an important infrastructure to
protect national economic construction and plays a very important role in national economic development as well as social harmony
and stability [1]. With the rising demand for water in industry, agriculture, and other fields, the number of water supply pipelines has
surged, and the structure of water supply networks has become increasingly complex. Pipeline crossing technology, characterized by
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minimal impact on traffic and natural waters, preservation of the natural environment, short construction cycles, and relatively low
costs, has gained widespread use in urban water supply and conveyance engineering [2,3]. Most dike crossing pipelines are flow
pressure pipelines, and under the influence of dynamic and control systems, water hammer frequently occurs, causing severe vibration
and potentially leading to loosening and damage of pipeline joints. In recent years, scholars have conducted extensive research on the
vibration characteristics of pipelines, yielding substantial findings.

In the analysis of pipeline structural characteristics, Liu [4] identifies the vibration characteristics of the circular tube by using the
panoramic amplitude electronic speckle pattern interferometry and determines that the natural mode frequency of the structure would
be significantly reduced by the axial crack; Liu [5] uses the wave propagation method to judge the dynamic characteristics of the
buried pipeline filled with liquid, and finds that the natural vibration frequency of the pipeline is related to the type of media around
the pipeline, which provides a new angle for the analysis of similar projects. In the study of fluid-structure interaction (FSI) charac-
teristics of flow pipelines, Guo [6] puts forward an improved transfer matrix model to study the vibration characteristics of fluid
conveying tube (FCP), it overcomes the disadvantage that the traditional transfer matrix model (TMM) can only be used to analyze the
frequency response of FCP under point or pulsating excitation, the effects of the base amplitude, flow velocity and pressure on the
vibration characteristics of parallel fluid conveying pipes (PFCP) are further studied; Quan [7] explores the axial vibration response
characteristics of FSI vibration of hydraulic pipes, and verifies the correctness of the friction model through experiments, it is proved
that the analytical accuracy of the axial velocity response of FSI vibration can be improved by considering the friction coupling. In the
study of pipeline vibration characteristics under special loads, Jiang [8] summarizes the characteristics of buried pipeline under
blasting vibration and vibration propagation characteristics, introduces the internal law of pipeline blasting vibration load, and
comprehensively analyzes the dynamic failure mode and safety criterion of buried pipeline; Zhang [9] establishes the pipe-soil
coupling vibration model for natural gas pipeline, and analyzes the relationship between pigging velocity and pipeline vibration
through the finite element model. In pipeline vibration damping and control, Ding [10] proposes that a quasi-zero stiffness system
composed of three linear springs be used as a nonlinear isolator to attenuate the lateral vibration of a fluid conveying pipeline caused
by foundation excitation, it is found that the quasi-zero stiffness isolator can transfer several natural frequencies of pipe vibration to the
low frequency region, and realize the high frequency region effective vibration isolation.

The above scholars have conducted research on the complex vibration characteristics of pipelines from the perspectives of nu-
merical simulation, theoretical analysis, and model experiments, achieving excellent results. However, there are still some deficiencies
in the study of the main vibration sources and their characteristics. The study of the cause and state of pipeline vibration based on
prototype observation data is crucial for ensuring the safe and stable operation of pipelines. In hydraulic engineering practice, due to
environmental disturbances affecting the collecting equipment and the complexity of the signals, a time-frequency analysis method is
needed for comprehensive analysis.

Short-time Fourier transform (STFT) is an effective method for time-frequency analysis of non-stationary signals [11,12]. Chen [13]
uses the STFT to identify the flow characteristics of multiphase flow in a pipeline. Jeon [14] proposes an area-efficient STFT processor
for real-time and frequency analysis of non-stationary signals. Bykerk [15] proposes to use semi-permanent vibration acoustic sensors
for leakage monitoring, and convolutional neural network (CNN) is trained based on the STFT of the acquired signals to achieve
classification results for different operating and leakage situations. Although the STFT algorithm can do time-frequency analysis
effectively, it still needs to set parameters artificially, and the analysis ability of abrupt signals is insufficient. Morlet put forward the
concept of wavelet transform in 1974, and it has become an important method in the field of time-frequency analysis after continuous
improvement [16,17]. Wang [18] uses continuous wavelet transform to extract different time-frequency components of electrocar-
diogram (ECG) signal, so as to achieve rapid identification of arrhythmia. Liu [19] uses wavelet transform to extract the characteristics
of non-stationary wind power time series and uses the Long Short-Term Memory (LSTM) method to achieve short-term prediction of
wind power. Perna [20] uses wavelet transform to analyze the fluid pressure signal of a pulsating heat pipe under different heat power
input and realizes the visualization analysis of the main frequency of the pulsating heat pipe. Wavelet transform can overcome the
problem of STFT parameter selection, effectively identify the time and frequency features of signal mutation, and realize the feature
extraction in the time-frequency domain.

On the basis of the wavelet transform, in order to further analyze the correlation time-frequency characteristics between non-
stationary signals, the cross wavelet transform (CWT) method is proposed [21]. Pagliaroli [22] analyzes the strong interaction rela-
tionship between the structure and the liquid in a hydraulic cantilever using the CWT; Ellis [23] analyzes the correlation between wind
field short-time series and salinization response series, and identifies the relationship between wind-sand time and interval with the
help of CWT; Dhar [24] realizes the effective classification and recognition of abnormal ECG signals by CWT and AlexNet CNN. Up to
now, the CWT has become an important method in the field of signal correlation time-frequency characteristics analysis [25].

Under the excitation of overflow environments, the vibration characteristics of dike crossing pipelines are easily masked by noise
and interference signals. Therefore, an effective signal processing method is required to extract the feature information of the pipeline
vibration signal. Empirical mode decomposition (EMD) is an adaptive signal analysis method for dealing with non-linear and non-
stationary signals [26,27]. Barbosh [28] gives a detailed description of the application of EMD methods in complex vibration
signal processing and modal identification of civil structures. However, the decomposition process of EMD may cause boundary effects
and mode mixing due to deficiencies in the computational theory of the algorithm [29,30]. In an attempt to decrease the interference of
mode mixing, the ensemble empirical mode decomposition (EEMD) method is proposed [31,32]. Zhang [33] uses EEMD to process the
vibration response signal of the overflow factory building and identify the vibration mode parameters of the structure. Gao [34]
achieves early prediction of bearing faults by extracting weak fault signals from bearing vibration signals using the EEMD method.
However, the effectiveness of the EEMD decomposition depends on the integration time and the amplitude of the added white noise
[35], and mode mixing will not be mitigated if the parameters are not properly chosen. With the purpose of overcoming the above
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problems, Gilles [36] proposes empirical wavelet transform (EWT), which combines the ideas of EMD and wavelet transform, has
higher arithmetic precision and accuracy than EMD decomposition, and is able to adaptively decompose the signal and extract fea-
tures. Peng [37] uses EWT to decompose the original energy consumption series, identifies the trend component and the cycle
component of the original energy consumption data, and achieves high-precision prediction of energy consumption with the LSTM
method. Liu [38] uses the EWT algorithm to suppress the noise to the modal interference, extracts time-domain, frequency-domain,
amplitude-domain features and obtains bearing structure fault information. Yu [39] uses EWT to decompose the three-channel vi-
bration signals of hydraulic pumps, and fuses the decomposed signals using variance contribution rate to realize the frequency
identification of weak fault characteristics of hydraulic pumps.

In summary, CWT is an effective method for time-frequency characteristic analysis of related sequences, and EWT is effective for
data noise removal and feature extraction. To address the challenge of effectively identifying the vibration characteristics of dike
crossing pipelines, this paper proposes a method for analyzing vibration characteristics based on EWT and CWT. Firstly, the effec-
tiveness of wavelet transform, EWT and CWT in signal processing is verified with the help of simulation signal analysis; Then, taking
the 6# dike crossing pipeline of Yang’er water plant in Foshan city, Guangdong province as the research object, based on the prototype
observation data, the mutual correlation power spectrum is used to identify the main sources of vibration and the EWT method is used
to extract the characteristics of the pipeline’s main vibration sources; Finally, the wavelet transform method is applied to identify the
influence of the vibration sources in the time domain, and the cross wavelet transform is applied to identify the coupled vibration
characteristics of the dike crossing pipeline. This study provides a theoretical basis for identifying vibration characteristics, offers
technical support for pipeline vibration reduction, and ensures the safe operation of dike crossing pipelines.

2. Methodology
2.1. Wavelet transform algorithm

Wavelet transform can effectively identify the time-frequency characteristics of a signal by stretching or compressing the wavelet
basis function to make the wavelet basis function converge to the original signal [16,40]. For the energy limited signal x(t), there is the
following equation:

x(t) e L2(R) & / x(6)Pdt < +oo o)
R
The wavelet transform integrates the function clusters v, .(t) and x(t) as follows:

WTy(a,7) % / T Ow..Odt, a>0 @

where: WTy(a, ) is the wavelet transform, 7 is the time factor, and a is the scale factor.
The function cluster y, .(t) consists of the wavelet basis functions y/(t) and behaves as follows:

1 t—1
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From Eq. (4), it can be seen that the essence of wavelet transform is to converge stretchable cluster functions to the signal x(t).
Through the process of wavelet transform, the signal x(t) time and frequency characteristics are identified.

2.2. Empirical wavelet transform

2.2.1. Empirical mode decomposition

Empirical mode decomposition (EMD) is proposed by Huang [26], this method adaptively decomposes the signal into characteristic
intrinsic mode function (IMF), which is widely used in the field of vibration signal analysis.

The computational procedure is as follows: between the maximum and minimum values of a set of original signals x(t), the mean
value mj (t) is obtained by interpolation of the spline function with the upper and lower envelopes fitted. x(t) minus mj (t) to get the
signal value hy (t):

h (t) =x(t) — m (t) ®

If hy (t) can satisfy the two conditions of the IMF component and the sieve termination criterion, then h; (t) is the first IMF. If h; (t)
cannot satisfy the characteristics of the IMF component, h; (t) is treated as the original signal and the computation is continued until the
data h;,(t) is obtained for the k-th time that satisfies the characteristics of the IMF:

hik(t) = hyge—1) (t) — My () (6)
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Let the first order IMF component be ¢, (t), x(t) minus ¢, (t) to obtain the residual r; (t).
() =x(t) — e (t) %)

Using r (t) as a new signal, the above steps are repeated until the second IMF is obtained that satisfies the requirement. Multiple
IMFs are obtained by cyclically calculating according to the above steps. The decomposition terminates when the residual is a
monotonic function. The signal x(t) can be expressed as

n

x(t)=">ci(t) +ralt) ®)

i=1

2.2.2. Empirical wavelet transform

EMD is computationally intensive and prone to mode confusion, causing the loss of effective feature information in the original
signal. Building on previous results, Gilles combined wavelet transform theory with the EMD method to propose the EWT method. EWT
provides theoretical robustness, complete adaptivity, swift computational capabilities, and effectively circumvents mode mixing issues
[36]. The EWT performs spectrum banding based on the Fourier transform of the signal to obtain the closely connected amplitude
modulation-frequency modulation (AM-FM) functions with the help of a band-pass filter bank. Based on this, the adaptive decom-
position of the signal is achieved and the intrinsic mode function (IMF) of the vibration signal is obtained.

The proper division of the Fourier spectrum of the vibration signal by using the EWT algorithm is the basis of signal adaptive
analysis. In the signal spectrum, the appropriate number of segments N and boundaries w, are important factors that determine
whether the signal features can be divided effectively. Taking Fourier support [0, 7| as an example, when two known boundaries of
0 and = are removed, there are still N — 1 boundaries to be determined. During the Fourier spectrum decomposition, [0, 7] is divided
into N segments, @, is used to represent the boundary of each segment (wy = 0, wy = 7), the segmented spectrum is defined as A, =
[@n-1,wy], and for each wy, the transition region of T,, = 27, is defined. The decomposition process is shown in Fig. 1.

When n > 0, the empirical scale function ¢,(w) and the empirical wavelet function y, () can be defined as:

1 ol < (1~ p)om
=4 0[5 (5 (01 = @ = piom)) | (1= Phows < ol < 1+ P ©
0 otherwise
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1
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where: 7, = yw,,0 <y < 1,7 = min, (’”“*"’”"), B(x) = x*(35 — 84x + 70x* — 20x°), x € [0,1].

The detail function of EWT is W{(n, t) and the approximate function is W§(0,¢). The inner product of the empirical wavelet function
y,(w) and the empirical scale function ¢, (w) with the signal f(t), respectively, leads to the following equation:
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Fig. 1. The division of the Fourier spectrum.
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WE(0,8) = (f(£), 1 (£) =F " [f(@) by ()] 12)

where: F~1[.] is the inverse Fourier transform, i = 1,2,...N.
The reconstructed signal f(t) is

FO)=WE(0,8) @ y (¢ +Z (i,t) ® w;(t)

N
=F | W(0,0) @ ¢ (o) + ;WE@ ) Oy (o) 13)

where: ® stands for convolution; /W;(O, ) and /M\/;(i, ) represent the Fourier transform of W;(0,t) and Wi (i, t).
Mode function f(t) is defined as follows:

So(t) =W;(0,0) ® ¢, (1) a4
Jut) =Wi(k, 1) @ ¢y (1) (15)
where: k =1,2..N— 1.

2.2.3. The optimal decomposition order N

Before the EWT of the signal, an optimization strategy for mode parameter identification is proposed to reduce the subjective error
caused by artificially setting the EWT decomposition parameter N. According to the EWT decomposition equation, the total energy of
the original signal is the sum of the energies of each component. During decomposition, energy leakage can cause the sum of the
component energies to be less than the total energy of the original signal. However, if the decomposition order N is set too high, virtual
components may appear, increasing the total energy of the components. Based on this theory, Eq. (16) is established to distinguish the
optimal decomposition order.

16)

|Exy — En_1]
Ey

Onn-1 =

where: E} is the energy of each component signal, Ey is the sum of the energy of the N components obtained by decomposition, and
Onn-1 represents the energy difference of the component signal under different N values.

The optimal N value is determined by calculating the 6yy_1 for the component signals and analyzing the change in 6yy_1 for
different N values. When 6y y_; becomes small, it means that the signal is decomposed normally; when 0y y_; suddenly becomes larger,
it shows that the EWT decomposition process appears the phenomenon of over-decomposition, resulting in false components. At this
time, the corresponding decomposition times N — 1 is the optimal decomposition order of EWT.

In summary, the main process of EWT is shown in Fig. 2.

2.3. Cross wavelet transform

In order to further analyze the common time-frequency characteristics between the correlated signals, we propose the cross wavelet
transform algorithm based on the wavelet transform algorithm. For an energy limited signal x(t), there is wavelet transform as:

(a,7) 2 (H)dt,a>0 17
f/ o

For signal y(t), there is WT,(a,7), let the cross wavelet transform of x(t) and y(t) be [41]:

Original Fourier The optimal . Component
. > .. —>| Filter bank > q
signal transform decomposition order NV signal

Fig. 2. The process of the EWT method.
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CWT(a,7) = WIx(a,7)WT,(a,7) (18)

The cross wavelet scale spectrum (CWS) is:
CWS(a,7) = CWT(a, 7)CWT* (a,7) = |CWT(a,7)|* 19)

Leveraging cross wavelet transform, this study simultaneously analyzes the time and frequency domain characteristics of signals,
extracts common features between correlated signals, and investigates the correlation and related features among vibration signals,
thereby broadening the scope of vibration signal analysis.

3. Simulation analysis

Simulation signals with the same frequency characteristics but different time domain distributions are constructed and simulation
tests are carried out to analyze each method. The simulation signals are as follows:

. sin(6mt) 0<t<2s,4<t<6s

s1= { sin(6nt) + sin(14nt) 2<t<4s (20)
_ sin(6mnt) 0<t<4s

§2= { sin(6nt) + sin(14nt) 4 <t < 6s 21

Set the sampling frequency to 100 Hz, for the signals s1 and s2, with the help of Fourier transform, the respective signal time course
diagrams and power spectrum density diagrams can be obtained as Fig. 3(a-d).

By comparing the time course of the signals s1 and s2, it can be seen that although both signals have the same components, each
component occupies different period, and the moments of the peaks are also different. Comparing the power spectrum density from the
Fourier transform of the signals s1 and s2, the two signals have the same main frequency and main frequency energy, with the main
frequencies of 3 Hz and 7 Hz, respectively, which is consistent with the frequency characteristics of the signal construction. Comparing
and analyzing the time course diagrams and power spectrum density diagrams of s1 and s2, it can be seen that the Fourier transform
has a high discriminative ability in frequency domain feature recognition, but it cannot accurately locate the moments corresponding
to each signal frequency feature, which has some limitations in the analysis of vibration signals.
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3.1. Wavelet transform simulation analysis

The signals s1 and s2 are analyzed by wavelet transform and the results are shown in Fig. 4(a and b).

Fig. 4 clearly shows the wavelet transform results of the signals. The wavelet transform coefficients exhibit different peaks at
various frequencies and times, indicating that the wavelet transform can simultaneously analyze both time-domain and frequency-
domain characteristics of the signal. In the wavelet transform results of vibration signals, the x-axis represents time, the y-axis rep-
resents frequency, and the z-axis represents the amplitude of the wavelet transform coefficients. These elements complement each
other, forming a three-dimensional map. However, in the three-dimensional image, the coordinate information cannot be read
accurately, which affects the quality of analysis, so the three-dimensional image is simplified to a two-dimensional graph, the x-axis
represents the time, the y-axis represents the frequency, and the amplitude of the transform coefficients of the corresponding points is
indicated by the color, the amplitude from large to small corresponding to the color of the light to dark, which is easy to observe and
study, and the time-wavelet scale spectrum of the signals s1 and s2 respectively are shown in Fig. 5(a and b).

Comparing Fig. 5(a) and (b), it can be seen that the main frequency characteristics are still 3 Hz and 7 Hz. 3 Hz frequency cor-
responds to the same distribution of amplitude energy in the time domain, and 7 Hz frequency mainly appears in the wavelet transform
results of the signal s1 at the position of 2~4s, and the vibration signal s2 mainly appears in the wavelet transform results of the
vibration signal at the position of 4~6s, which is basically the same as that in the composition of the signals in Eq. (20) and Eq. (21).
Wavelet transform can accurately reflect the frequency distribution in the time domain and clearly identify the frequency charac-
teristics of vibration signals. This method offers precise analysis results and strong adaptive capabilities, making it widely applicable in
signal analysis.

3.2. Empirical wavelet transform simulation analysis

The EWT can adaptively decompose the frequency characteristics of vibration signals, effectively avoid over-decomposition and
mode mixing, eliminat errors from artificial parameter settings, and achieve significant results in signal feature extraction and analysis.

The EWT is performed on the two simulation signals. The optimal decomposition order N is judged in Fig. 6.

From Fig. 6, Oyn-1 increases rapidly when N is 3, indicating that a spurious component may be present, so N = 2 is taken as the
optimal decomposition order. The results of the frequency domain division are shown in Fig. 7(a and b).

As can be seen from Fig. 7, the simulation signal of a multi-source combination can be decomposed into multiple component signals
used by EWT. Since the simulation signals s1 and s2 have the same constituent elements, the Fourier spectrum of the two signals are
same, and the frequency division results of the two signals are similar when the EWT is performed. In the following, the EWT
decomposition results of the signals s1 and s2 are shown in Fig. 8(a - d) and Fig. 9(a—d), respectively.

From the EWT decomposition results, it can be seen that the EWT can be used to extract the two sources of the signal, 3 Hz and 7 Hz.
Although the whole process is affected by the 3 Hz signal, the corresponding signal of 7 Hz can still be decomposed and the component
signal with 7 Hz as the main frequency can be obtained. This shows that the EWT has good applicability and effectiveness in multi-
source signal decomposition and analysis.

In the following, the time-domain distribution characteristics of the component signals are analyzed with the help of wavelet
transform to check whether the EWT results coincide with the actual composition of the signals. Time-wavelet scale spectrum for the
IMF are shown in Fig. 10(a—d).

As can be seen from Fig. 10(a—d), the IMF1 of the signal s1 and s2 characteristics have similar characteristics, corresponding to a
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Fig. 4. Wavelet transform results of the signals s1 and s2.
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major frequency of 3 Hz and a major time-domain energy distribution of 0-6 s. The IMF2 of the signal s1 and s2 corresponds to a major
frequency of 7 Hz and the main time-domain energy distribution are 2~4s and 4~6s, respectively. This demonstrates that the EWT can
extract IMFs consistent with the signal’s characteristics in both time and frequency domains, providing favorable conditions for
subsequent signal analysis.

3.3. Cross wavelet transform simulation analysis

For vibration signal analysis, the cross wavelet transform can effectively identify the main features of the signal and accurately
extract the correlation feature between two signals. The cross wavelet transform is performed on the simulation signals s1 and s2, and
the cross time-wavelet scale spectrum is obtained, as shown in Fig. 11.

From the cross time-wavelet scale spectrum, it can be seen that the main correlation frequency of the two signals is 3 Hz, which
exists in the whole time course of the two signals. In addition, at 4s, the peak energy of the correlation frequency of both signals
corresponds to 7 Hz, indicating that the frequency 7 Hz appears in both signals at the moment of 4s. It can be seen that the cross
wavelet transform can not only clearly identify the stable correlation frequency of 3 Hz and the change correlation frequency of 7 Hz
between two signals, but also accurately determine the moment when the 7 Hz frequency occurs in two signals at the same time. The
method has the advantages of high sensitivity and accuracy in analyzing the time-frequency domain characteristics of correlated
signals.
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4. Engineering example
4.1. Project summary

Yang’er water plant is located in Shunde district, Foshan city, Guangdong province. The water plant is adjacent to the dike of the
Shunde waterway, which was constructed in 1992 and reconstructed in 1997 with a production scale of 12101 x 10 m3/a water and a
plant area of 90440 m>. At present, Yang’er water plant is a high quality drinking water source in Shunde, with a daily water supply
capacity of 400,000 m3, which provides important support for the development of the regional industry and brings significant social
and economic benefits. Fig. 12(a, b) is the dike crossing pipe of Yang’er water plant.

There are nine DN600 water supply pipelines set up in Yang’er water plant, and the pumps are MOTOR M43-44-8AA/01 (rated
speed 730 r/min) and MOTOR M54-38-10AA/01 (rated speed 590 r/min) with a single machine flow rate of 3 m>/s. The main object of
study in this paper is the 6# dike crossing pipeline.

Four measurement points are arranged, measurement point 1 is arranged at the inlet bend of the pipeline in the pump house,
measurement point 2 is arranged in the straight section after the pipeline exits the pump house, measurement point 3 is arranged on the
pier where the pipeline enter the dike, and measurement point 4 is arranged in the straight section after the pipeline exit the dike, as
shown in Figs. 13 and 14.

This prototype observation uses the sensors for 891-2 low frequency pickup, which has a sensitivity of 0.1v*s/m, a measurement
accuracy of 0.01 %, and a measurement range of 0.5-100Hz. By combining the 891-2 low frequency pickup with the data acquisition &
signal processing (DASP) system, multiple channels of signals can be collected and stored to ensure the true and comprehensive
collection of vibration acceleration signals from the dike crossing pipeline. In addition, three working conditions are set up and the
description are shown in Table 1. In Table 1, the process of 6# Pipeline unit startup means that the unit speed reaches stability from
0 r/min, the process of the unit shutdown means that the speed decreases from stability to 0 r/min, and normal operation means that
the unit speed is in a stable state.
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4.2. Main vibration source analysis of the dike crossing pipeline

The mutual correlation function reflects the mutual matching between two functions, and the Fourier transform of the mutual
correlation function is called the mutual correlation power spectrum [42].
For the signals f(x,y) and g(x,y), there is a mutual correlation power spectrum:

Wf-g(u$ V) :F(u7 V)G* (ur V) (22)

Where: F(u,v) is the Fourier transform of f(x,y) and G*(u,v) is the complex conjugate of the Fourier transform of g(x,y).

In order to obtain the main correlation frequency between the measurement points and derive the main source of vibration that
causes the synchronous vibration of each measurement point, this section applies the Fourier transform based mutual correlation
analysis method to obtain the mutual correlation power spectrum and achieve the analysis of the correlation frequency of the mea-
surement points.

Firstly, the correlation frequency analysis is carried out by taking the X-direction measurement point of the shutdown condition as
an example, and the result of the cross-correlation power spectrum is shown in Fig. 15(a—f).

Similarly, the cross-correlation power spectrum of the signals of the measurement points in the startup condition and the normal
operation condition are analyzed. The number of occurrences of different peaks in the cross-correlation power spectrum of the
measurement points under the three operating conditions is counted, and the results are shown in Fig. 16(a—c).

Comprehensively analyzing the above three statistical graphs, among the multiple correlation frequencies between different
measurement points under the three working conditions, 29.5 Hz, 36.5 Hz and 59.0 Hz appeared the most, indicating that these three
frequencies have a greater impact on the vibration of each measurement point, have a certain degree of correlation between the
measurement points, and are the main factors leading to the vibration of the pipeline.

Analyzing whether the characteristic frequency obtained is correct according to the situation of the field equipment. The rated
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1\l

(a) Satellite view of the dike crossing pipeline at the . . L
(b) Side view of the dike crossing pipeline
Yang'er water plant

Fig. 12. The dike crossing pipeline of Yang’er water plant.

Fig. 13. Pickup arrangement.

Heliyon 10 (2024) e37411

speed of the unit of 6# pipeline is 590 r/min, and the rotational frequency is 9.83 Hz; the rated speed of the unit of 7# pipeline is 730 r/
min, and the rotational frequency is 12.16 Hz. Because 29.5 Hz and 36.5 Hz are multiple times of 9.83 Hz and 12.16 Hz, the vibration
source with main frequency of 29.5 Hz and 36.5 Hz is the multiple rotational frequency; 6# pipeline unit rotational frequency is 9.83

12
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Table 1

Conditions for testing a prototype pipeline.
working condition Description of working conditions Sampling time/s Frequency/Hz Sensors Signal type
1 67# Pipeline unit shutdown 100 512 891-2 acceleration
2 6# Pipeline unit startup 100 512 891-2 acceleration
3 6# Pipeline unit normal operation 100 512 891-2 acceleration

Hz, the pump has six sets of blades, corresponding to the unit leaf frequency is 59.0 Hz, the vibration source with main frequency of
59.0 Hz is the unit leaf frequency.

Since the cross-correlation power spectrum is based on Fourier transform, it is not possible to get the time characteristics of the
frequency with correlation, and the distribution of the cross-correlation power spectrum is same in each direction under each working
condition, it is difficult to obtain the influence of different vibration sources on the vibration of the measuring point.

Therefore, the three main correlation frequencies of 29.5 Hz, 36.5 Hz, and 59.0 Hz are the focus of subsequent analysis, aiming to
clarify the influence of main vibration sources on the pipeline’s vibration process using wavelet transform and cross wavelet transform.

4.3. Feature information extraction of the dike crossing pipeline

On the basis of clarifying 29.5 Hz, 36.5 Hz and 59.0 Hz as the main characteristic frequencies, feature information extraction is
carried out on the signals with the help of the EWT method. Take the vibration signal collected in the Y-direction at measurement point
1 under the shutdown condition of the 6# pipeline as an example to show the process of feature information extraction. The vibration
time course diagram and power spectrum density diagram of the signal are shown in Fig. 17(a and b). It can be seen that there are many
interference signals with unknown frequency and high-frequency noise in the original signal, which can’t get the real feature infor-
mation of the vibration signal directly.

According to Eq. (16) to determine the best decomposition order N of EWT for the signal, the calculation results of Oy y_; are shown
in Fig. 18.

According to Fig. 18, it can be found that Oy y_; increases rapidly when N = 7. When N = 6, Oy y_1 increases by 0.005 and when N =
7, Oy n-1 suddenly increases by 0.06, suggesting that a false component may be present. So N = 6 is taken as the best decomposition
order, and the Fourier spectrum of this signal is divided by using EWT algorithm. The result is shown in Fig. 19.

By EWT decomposition, the signal is decomposed into six feature components, the time course diagram and power spectrum
density diagram of each feature component are shown in Fig. 20(a-1).

According to the EWT decomposition results, IMF1 shows low-frequency vibration of the pipeline caused by the water flow factor,
which corresponds to a low amplitude; IMF2~IMF3 show high-frequency vibration with the main frequency of 29.5 Hz and 36.5 Hz;
IMF4~IMF5 show a cluster of signals without a clear main frequency centered on 40 Hz and 50 Hz; IMF6 shows high-frequency vi-
bration with a main frequency of 59.0 Hz and mixed with a large amount of noise. Because IMF4~IMF5 features are blurred with low
energy values, they are considered as interference signals. The IMF4~IMF5 should be removed, IMF1~IMF3 and IMF6 should be
retained. Singular value decomposition (SVD) is a traditional and effective method of noise removal [43]. The interference noise
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appearing in each IMF can be removed by the SVD algorithm, and IMF6 is used as an example to show the signal after SVD processing.
The time course diagram and power spectrum density diagram of the signal after SVD processing are shown in Fig. 21.

From Fig. 21(a), it can be found that the waveform of the processed signal is clearer. Fig. 21(b) shows that the SVD method can
extract signal features effectively, the main feature frequency 59.0 Hz of IMF6 is retained and other interference frequencies are
effectively removed. The Y-direction signal of measurement point 1 after noise reduction is obtained by reconstructing the noise-
reduced components of the SVD. The comparison of the Y-direction signal of measurement point 1 before and after noise reduction
is shown in Fig. 22.

According to Fig. 22(a), although the original signal acquired in the Y direction at measurement point 1 is processed with noise
reduction, it has little effect on the signal amplitude, the signal waveform and most of the peaks in the time-range diagram are still
retained after noise reduction, and the signal characteristics are basically complete. With the help of EWT-SVD joint feature extraction
method, the mixed interference signals in the vibration signal are filtered out, and the main energy signal is not lost. According to
Fig. 22(b), it can be found that the spectrum density curve after noise reduction removes the interference signals distributed in the
original signal between 10 and 100 Hz and with lower peaks, and retains the main frequencies 29.5 Hz, 36.5 Hz and 59.0 Hz of the
signal.

Combining pipeline vibration signal analysis results with pipeline unit operations, it is evident that the feature extraction algorithm
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Fig. 19. Frequency domain division result of the original signal.

based on EWT effectively identifies the vibration characteristics of actual projects. This verifies the accuracy and practical engineering
value of the EWT algorithm in signal analysis. The EWT method can further analyze pipeline vibration characteristics.

4.4. Characteristics of vibration sources for the dike crossing pipeline

In Section 4.2, the main vibration sources of the pipe vibration are identified as 29.5 Hz, 36.5 Hz, and 59.0 Hz. In Section 4.3, the
EWT method is used to extract the characteristic frequencies of the signals at each measurement point and to filter out the interference
signals. In order to obtain the vibration source characteristics of the pipeline, this section analyzes the time domain vibration of the
vibration source based on the feature information extracted signals.

Considering that measurement points 1 and 2 exhibit the most intense vibrations, with the strongest vibration directions being the
Y direction during shutdown, the X direction during startup, and the X direction during normal operation, the vibration source
characteristics of the dike crossing pipeline are analyzed using the strongest vibration direction signals from these points as examples.

4.4.1. Shutdown condition
Yang’er water plant piping system using slow closing check valves to reduce the phenomenon of water hammer and prevent the

backflow of water in the pipe. When the valve starts to close, 70-80 % of the valve is closed within 2-7 s, and then the valve is
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completely closed according to the actual situation of the water supply network and the internal pressure of the pump. 6# pipe unit
shutdown from 30s in shutdown condition. In order to refine the analysis of the pipeline shutdown process and identify the influence
characteristics of the vibration source, the time-wavelet scale spectrum for the Y-direction signals of measurement point 1 and Y-
direction signals of measurement point 2 under the shutdown condition are taken as examples, as shown in Figs. 23 and 24.

As shown in Figs. 23 and 24, the multiple rotational frequency 29.5 Hz is the main cause of pipe vibration. In the time-wavelet scale
spectrum of the two measurement points, 29.5 Hz reaches the peak energy at 32.5s and 42.5s, which has the largest vibration energy.
Besides, the energy corresponding to the leaf frequency of 59.0 Hz gets peaked at 42.5 s in the time-wavelet scale spectrum, and the
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Fig. 20. (continued).

energy is no longer highlighted after 44.5 s, which corresponds to the valve close of the pipeline shutdown condition. The pipeline unit
starts to shutdown at 30s, and the time-wavelet scale spectrum of the measurement points shows obvious energy peaks at 32.5s and
42.5s due to the influence of the shutdown process. 32.5s corresponds to the first shutdown of the pipeline slow-closing check valve,
42.5s corresponds to the second shutdown of the pipeline slow-closing check valve, and the shutdown process is completed when the
6# pipeline unit stopped at 44.5s. The whole shutdown process took 14.5s.
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4.4.2. Startup condition

Under the startup condition, the 6# pipeline unit begins to startup at 10s. In order to prevent cavitation, according to the operation
of the pumping unit, the outlet valve is opened to complete the startup process after the unit speed is stable. The influence of vibration
sources under the startup condition of the 6# pipeline unit is analyzed, and the time-wavelet scale spectrum of the signals in the X-
direction of measurement point 1 and measurement point 2 under the startup condition are shown in Figs. 25 and 26.

Analyzing the time-wavelet scale spectrum of the X-direction measurement points under the startup condition, the energies of 29.5
Hz, 36.5 Hz, and 59.0 Hz appear in all time domains. Since 36.5 Hz is caused by the neighboring unit of the 7# pipeline and is not
directly generated by the 6# pipeline unit, the energy is lower than 29.5 Hz and there is no obvious energy peak in the time domain.

Comprehensive analysis of the time-wavelet scale spectrum of the measurement point signals under the startup condition, the
pipeline unit begins to startup at 10s, as the unit continues to run, the 29.5 Hz rotational frequency energy continues to increase, the
29.5 Hz rotational frequency energy appears a peak and the leaf frequency energy of 59.0 Hz increases significantly at 29s, which
corresponds to the state of the pipeline outlet valve is open, and the unit startup is completed. After 29s, the pipeline enters the normal
operation state, and the vibration energy of the pipeline is higher than that before the unit is startup. The analysis results based on the
time-wavelet scale spectrum correspond to the real characteristics of the pipeline operation, which objectively reflects the vibration
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Fig. 24. Time-wavelet scale spectrum of Y-direction signal at measurement point 2.

process of the pipeline under the startup condition.

4.4.3. Normal operation condition

The time-wavelet scale spectrum of the signals in the X-direction at measurement point 1 and measurement point 2 under normal
operation condition are shown in Figs. 27 and 28.

As can be seen from Figs. 27 and 28, under normal operation condition, the pipe vibration has no obvious energy change char-
acteristics, the vibration energy is relatively equal in the entire time domain, the vibration energy of each measurement point is 29.5
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Fig. 25. Time-wavelet scale spectrum of X-direction signal at measurement point 1.
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Fig. 26. Time-wavelet scale spectrum of X-direction signal at measurement point 2.
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Hz, 36.5 Hz, 59.0 Hz, these frequencies are distributed throughout the entire time domain; The highest energy is 29.5 Hz, indicating

that the vibration at the measurement point is mainly caused by multiple rotational frequency of unit.

4.5. Coupled vibration characteristics for the dike crossing pipeline

Using the time-wavelet scale spectrum, the strong moments and energy characteristics of the vibration source during pipeline
operation under various conditions are effectively analyzed, clarifying the influence of multiple rotational and leaf frequencies in the
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Fig. 28. Time-wavelet scale spectrum of X-direction signal at measurement point 2.

time domain. However, the effect of different vibration sources on pipeline measurement points varies with operating conditions, and
each measurement point exhibits unique structural characteristics and interactions. Therefore, studying the coupled vibration char-
acteristics between different measurement points is essential. This section analyzes the coupled vibration characteristics of the
measurement points under shutdown condition, startup condition and normal operation condition with the help of cross wavelet
transform method. The cross time-wavelet scale spectrum of the Y-direction signals of measurement point 1 and measurement point 2
under the shutdown condition, the cross time-wavelet scale spectrum of the X-direction signals of measurement point 1 and mea-
surement point 2 under the startup condition, and the cross time-wavelet scale spectrum of the X-direction signals of measurement
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point 1 and measurement point 2 under the normal operation condition are shown in Fig. 29(a—c).

As can be seen from Fig. 29(a-c), measurement point 1 and measurement point 2 show strong correlation throughout the startup
and shutdown conditions. During the shutdown condition from 30s to 44.5s, the cross-time-wavelet scale spectrum achieves an energy
peak at 32.5s, indicating that the coupled vibration of the measurement points is strongest at that moment. Similarly, during the
startup condition from 10s to 29s, the cross time-wavelet scale spectrum obtains the energy peak at 29s, indicating that the coupled
vibration of the measurement point is strongest at 29s.

Combined with the preceding analysis, the results of cross wavelet transform are consistent with the operation law of the dike
crossing pipeline, and can show the coupled vibration energy peaks in the corresponding time, which further identifies the relevant
vibration characteristics of the dike crossing pipeline. The peak value of vibration energy of 6# pipeline under shutdown condition,
startup condition and normal operation condition is concentrated at 29.5 Hz, indicating that the source of coupled vibration for the
dike crossing pipeline is the multiple rotational frequency of the 6# pipeline unit.

5. Discussion

In this study, we propose an EWT-CWT based method for analyzing the coupled vibration characteristics of the dike crossing
pipeline to achieve a comprehensive understanding of pipeline vibration characteristics. With reference to the literature [44-47], the
application of the research method in other fields and the application of the EWT-CWT coupling vibration analysis method are dis-
cussed in this section in order to fully illustrate the rationality and wide applicability of the method in this paper.

The signals collected from engineering structures often contain various noise components, necessitating effective methods to
extract feature information. This paper primarily involves two steps: correlation frequency identification and main vibration source
extraction. The mutual correlation analysis is a method used to analyze the correlation of two or more signals in the frequency domain.
By employing this technique, we can identify the correlation frequency components within the signals, which represent the main
sources of vibration. EWT is an adaptive signal analysis tool particularly suited for non-stationary and multi-component signal analysis
[36-39]. By decomposing the signal into multiple frequency bands using the EWT method and extracting the main vibration sources in
each band, a foundation is laid for subsequent analysis of vibration source characteristics.

Fourier transform is a widely used technique in signal processing and vibration analysis, capable of converting time-domain signals
into frequency-domain signals, thereby revealing the frequency components within the signal [48]. Traditional structural vibration
analysis typically employs Fourier transform for vibration source identification and frequency domain feature analysis [33,38,43].
However, its main limitation lies in providing global frequency information rather than local or time-domain information. This means
that while we can determine the presence of a frequency component over the entire time period, we cannot directly discern its specific
impact range in the time domain from the Fourier transform results. In the simulation analysis section, we have discussed this limi-
tation may pose in practical applications. From the perspective of comprehensively and deeply identifying vibration source charac-
teristics, Fourier transform is not the optimal choice.

To address this issue, this paper employs the Wavelet Transform method for analyzing the time-domain characteristics of main
vibration sources. When analyzing the vibration of a single component, Wavelet Transform effectively identifies and separates vi-
bration characteristics at different time and frequency scales, clearly pinpointing which parts of the structure exhibit significant vi-
brations at specific frequencies and time points [18-20]. However, for a large, complex system involving multiple components,
vibration issues often extend beyond a single part and involve interactions and influences between components. In such cases,
analyzing the vibration characteristics of a single part may not fully reveal the system’s dynamic behavior, nor can it capture the core
coupled vibration of the entire system.

CWT is a method for analyzing the interrelationship between two time series, particularly suited for examining the interactions of

Frequency/Hz
Frequency/Hz

Frequency/Hz

peety M : T IONCr. L i gl

M W 4 % 6 70 & W0 W00 0 10 20 30 40 S 60 70 80 90 100

Time/s Time/s Time/s

(a) (b) (©)

Fig. 29. Cross time-wavelet scale spectrum of different working conditions

(a) Cross time-wavelet scale spectrum between measurement point 1 and measurement point 2 of Y direction signal under shutdown condition
(b) Cross time-wavelet scale spectrum between measurement point 1 and measurement point 2 of X direction signal under startup condition

(c) Cross time-wavelet scale spectrum between measurement point 1 and measurement point 2 of X direction signal under the normal opera-
tion condition.
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nonlinear and non-stationary signals. Swati [49] applied CWT to two ECG time series and cross-checked the two series, revealing local
similarities in time and frequency. Aslak [50] applied CWT to the Arctic Oscillation index and the Baltic Sea maximum ice extent
records to validate the method’s effectiveness in analyzing the time-frequency space between two time series. Li [51] studied the
propagation time of agricultural drought using cross wavelet analysis.

In summary, EWT is an effective method for extracting main vibration sources, CWT can effectively analyze the coupling char-
acteristics between related signals. The pipeline is influenced by various vibration sources such as multiple rotational frequency and
the leaf frequency, which have different time-domain impacts and affect different parts of the structure. These sources exhibit both
temporal and spatial characteristics, potentially propagating and interacting within the pipeline structure to form complex coupled
vibration patterns. By employing EWT-CWT, we can accurately analyze these vibrational interactions in both time and frequency
domains, identifying core vibration sources through phenomenon such as frequency synchronization and energy concentration. The
study identifies the multiple rotational frequency of the 6# pipeline unit (29.5Hz) as the core source of coupled vibrations. Combining
EWT and CWT methods based on prototype observation data for analyzing coupled vibration characteristics of pipelines leverages the
strengths of both methods, yielding optimal results. This approach is highly innovative and theoretically feasible in the field of pipeline
vibration research.

This research provides a systematic analysis framework for structural coupled vibrations, contributing significantly to scientific
research and technological advancements in the field of structural vibrations. The study’s methodologies are not only applicable to
dike crossing pipelines but also to other structures such as bridges, buildings, and mechanical equipment. It effectively aids researchers
in more efficient structural design and maintenance, offering high practical value and potential for widespread application.

Currently, this study is primarily based on prototype observation data, utilizing the EWT-CWT method to effectively extract the
coupled vibration characteristics of dike crossing pipelines. Although the results derived from real-world data are accurate and reli-
able, there are still areas for improvement in the analysis of pipeline coupled vibration characteristics. Numerical simulation has
become a common method for analyzing pipeline flow-induced vibrations. Liang [52] considered the interaction between fluid (e.g.,
water) and pipeline structure. Through FSI analysis, they identified the dynamic variations of pipeline vibrations caused by gas-liquid
two-phase flow in bends. Kun [53] studied fluid-acoustic-structure coupled vibrations in nuclear power plants, using computational
fluid dynamics (CFD) analysis and Strouhal number calculations to verify that fluid-acoustic-structure coupling is the fundamental
cause of stagnant branch pipeline vibrations. Liu [54] employed CFD to establish discrete phase models (DPM) and erosion wear
models (EWM), investigating the erosion effects on pipelines under different conditions and proposing optimization measures for
pipeline protection.

Prototype observation data reflect the vibration behavior of pipelines in real working environments and provide a basis for vali-
dating and calibrating numerical models. Numerical simulations can model the sensitivity parameters of prototypes, identifying more
complex and comprehensive coupled vibration characteristics. Combining prototype observation data with numerical simulation
analysis will be a new direction for future research on pipeline coupled vibration characteristics.

6. Conclusion

This paper explores a vibration characteristics identification method based on EWT and CWT, verifies the effectiveness of the
algorithm through simulation signal analysis, analyzes the vibration source characteristics and coupled vibration characteristics of the
dike crossing pipeline, and obtains the following conclusions.

(1) According to the results of the mutual correlation power spectrum analysis, the multiple rotational frequency 29.5 Hz, 36.5 Hz
and the leaf frequency 59.0 Hz of the 6# pipeline unit have the highest energy and appear the most times, indicating that the
two vibration sources are the main factors leading to pipeline vibration and there is a certain degree of correlation between each
point.

(2) Through the analysis of simulation signals, it is clear that the EWT parameter optimization method can effectively identify the
optimal decomposition order N, and the EWT algorithm can effectively extract the signal characteristic frequency. According to
the signals of the dike crossing pipeline, the vibration characteristic frequencies 29.5 Hz, 36.5 Hz and 59.0 Hz are extracted with
the help of the EWT method. It is found that the EWT method can effectively remove the interfering signals and extract the
signal feature information, which lays the foundation for the subsequent research and provides new ideas for similar engi-
neering analyses.

(3) Analyzing the time-domain characteristics of vibration sources of dike crossing pipeline using time-wavelet scale spectrum. The
pipeline unit starts to shutdown at 30s, and the time-wavelet scale spectrum of the measurement points shows obvious energy
peaks at 32.5s and 42.5s due to the influence of the shutdown process. 32.5s corresponds to the first shutdown of the pipeline
slow-closing check valve, 42.5s corresponds to the second shutdown of the pipeline slow-closing check valve, and the shutdown
process is completed when the 6# pipeline unit stopped at 44.5s. The pipeline unit begins to startup at 10s, as the unit continues
to run, the multiple rotational frequency energy of 29.5 Hz appears a peak and the leaf frequency energy of 59.0 Hz increases
significantly at 29s, which corresponds to the state of the pipeline outlet valve open and the unit startup is completed.

(4) Analyzing the coupled vibration characteristics of the dike crossing pipeline based on the cross wavelet transform, the peak
energy of the coupled vibration of the 6# pipeline is generally concentrated at the frequency of 29.5 Hz, and the source of the
coupled vibration is the multiple rotational frequency of the 6# pipeline unit.

Currently, this study primarily relies on prototype observation data, utilizing the EWT-CWT method to effectively extract the
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coupled vibration characteristics of dike crossing pipeline, which heavily depends on the quality of the observation data. Noise or
incompleteness in the data may potentially affect the accuracy of the analysis results. It should be noted that numerical simulation has
become a common method for analyzing pipeline flow-induced vibrations. In the future, combining prototype observation data with
numerical simulation analysis will be a new direction for research on pipeline coupled vibration characteristics and vibration miti-
gation for safety.
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