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The analysis of time-frequency variation and energy refinement characteristics of blasting vibration signals has contributed to understanding the propagation law of blasting vibration wave and reducing the possible losses. Combined with the measured data of tunnel blasting excavation and based on the newly constructed wavelet function, the spectrum distribution and energy refinement characteristics of tunnel blasting vibration signals are deeply explored and studied. The results demonstrated that compared to the Fourier spectrum, the innovative method of scale energy spectrum can not only acquire the dominant frequency of the blasting vibration signals, but also the obtained spectrum curve is smoother and can clearly reflect the change trend of the signal spectrum. The newly constructed biorthogonal wavelet has the characteristics of high vanishing moment, high regularity and matching with the waveform variation of the measured blasting vibration signals, and can describe the subtle variation characteristics of blasting vibration signal frequency. The continuous wavelet transform energy spectrum can reflect the three-dimensional energy distribution of blasting vibration signal in the time-scale domain, and the occurrence time of frequency, the frequency duration interval and time range of blasting vibration signal can also be acquired. Wavelet packet algorithm can precisely calculate the energy distribution of each frequency component in the signal, the tunnel blasting vibration signals (YBJ1, YBJ2) generated near the power tower presents low frequency, while the signals (YBF3,YBF4) far away from the power tower presents relatively high frequency. Measures should be taken to control the vibration and resonance of power tower caused by tunnel blasting. This research is of great significance for recognizing the propagation law of vibration waves, reducing the impact of blasting on surrounding buildings, and ensuring the safety of tunnel construction and surrounding buildings.
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INTRODUCTION
Drilling and blasting method is the main tunneling method in tunnel construction, which is especially suitable for the excavation of solid rock and sub-solid rock mountain tunnels (Koopialipoor et al., 2019; Sharafat et al., 2021; Li, et al., 2022; Ma et al., 2022). Drilling and blasting will not only cause damage and disturbance to the surrounding rock of the tunnel, but also the seismic wave effect caused by blasting will affect the stability and safety of the buildings around the tunnel (Singh et al., 2020; Kan et al., 2022). Energy and frequency are the main parameter indexes to measure the performance of blasting vibration signal. Among them, energy is the most direct quantity reflecting the strength of blasting vibration signal, and the harm to the tunnel is more intuitive, while the impact of blasting vibration signal frequency on structures is more subtle, but it is also the main factor threatening and damaging the stability of buildings (Chen et al., 2022; Mehboob et al., 2022; Wang et al., 2022; Wu et al., 2022). The principle of the effect of the frequency characteristics of the blasting vibration wave on the structure is that when the blasting vibration wave groups with different periods are transmitted from the blasting source to the structure, the structure will amplify some frequency wave groups consistent with or close to the natural period of the structure and act on the structure, while some frequency waves that are inconsistent with the natural period of the structure are reduced or filtered. It is precisely because of the amplification of the frequency close to the structure that the blasting vibration frequency is more harmful to the structure.
For a long time, confined to the development of theory, the Fourier transform method is often used to process the blasting vibration signal. The Fast Fourier transform (FFT) technology is quite effective for the analysis of periodic stationary signals and can obtain high accuracy and good results. However, Fourier theory is a global transformation theory, which can only determine the overall nature of the singularity of a function, lacking the positioning function of time and frequency (Robustelli and Pugliano, 2018; Tyrtaiou and Elenas, 2020; Zhang et al., 2022), so as that it has great limitations in analyzing blasting vibration signals. As an improvement of FFT method, short-time Fourier transform (STFT) can perform time localization analysis to a certain extent, but it cannot take into account the needs of frequency and time resolution, that means high time resolution and frequency resolution cannot be achieved simultaneously (Jing et al., 2018; Khodja et al., 2019). Wavelet analysis is a research method developed and evolved from the traditional Fourier transform theory. Due to the constant Q property and multiresolution analysis, it can meet the requirements of time subdivision at high frequency and frequency subdivision at low frequency (Quaye-Ballard et al., 2020; Babouri et al., 2021). It has great advantages in the processing of complex, nonlinear and nonstationary signals. Wavelet (packet) analysis has the property of spatial localization and has dual analysis characteristics of frequency and time, which can reveal and reflect the propagation law of signal frequency and energy over time (Hamid et al., 2019; Shahryari et al., 2019; Tian et al., 2019).
The key lies in the selection or construction of the optimal wavelet basis when performing wavelet analysis on blasting vibration signals (Hafiz et al., 2018; Graf et al., 2019; Zhang S. et al., 2021). Usually a general basic wavelet is selected from MATLAB wavelet library for engineering signal analysis. The construction of an existing general wavelet basis often only starts from the basic conditions and mathematical theorems satisfied by the wavelet function, and not consider the problem of matching with the structural characteristics of specific engineering signals. Therefore, the existing general wavelet basis is generally not targeted and matched when analyzing specific engineering signals. The wavelet basis function should not only meet the basic requirements of tight support and attenuation, but also consider the problem of matching with specific engineering signals. In this study, the continuous wavelet transform and wavelet packet theories are applied to concretely analyze the time-frequency localization property, frequency spectrum characteristics, frequency band energy refinement characteristics of the blasting vibration signals generated from different excavation positions of tunnel on the basis of constructing the biorthogonal wavelet function for blasting vibration signal analysis, to accurately obtain the frequency spectrum information and propagation law of blasting vibration wave, evaluate the safety impact of blasting vibration on the power tower around the tunnel, and provide references and guidelines for the research on the impact of related drilling and blasting excavation on the surrounding buildings.
ENGINEERING SITUATION
This project is the construction of DN2000 raw water pipeline from Yanshan Pumping Station to Yuanhang Waterworks. The raw water management project is constructed to meet the water consumption of residents and enterprises in Changle City. The raw water pipeline in this design starts from Yanshan Water Pumping Station and ends at Changle Yuanhang water plant. The design scope of this project is divided into five sections, in which the starting and ending pile numbers of the tunnel are EK0+000∼EK1+964.
The diameter of the raw water pipeline is DN 2000, and the length of the whole pipeline is nearly 9.0 km, of which the length of the raw water pipeline in the tunnel is 2.1 km. The tunnel area is mainly composed of tuff of Jurassic Upper Nanyuan Formation (J3n), with simple lithology and geological structural conditions, and poor groundwater development. There are no other adverse geological phenomena except for the possible collapse of the local tunnel section due to the development of fault structures. Most of the surrounding rocks in the tunnel site are grades II∼III. The tunnel location of the project is shown in Figure 1. The green line in the figure indicates the tunnel excavation route and an electric power tower is close to the tunnel site. The tunnel excavation method is drilling and blasting. The geological plan of the study area is shown in Figure 2. The blasting vibration meter is placed under the power tower, and the sensor of the blasting vibration meter is put on the concrete base of the power tower, and is closely connected with the base surface (see Figure 3). Each time the tunnel is blasted, the sensor receives the vibration wave data of the power tower and records it into the memory of the blasting vibration meter. The panorama near the entrance of the tunnel is shown in Figure 4.
[image: Figure 1]FIGURE 1 | Plane location map of the raw water pipeline tunnel.
[image: Figure 2]FIGURE 2 | Geological plan of tunnel area.
[image: Figure 3]FIGURE 3 | Electric power tower base and blasting vibration meter.
[image: Figure 4]FIGURE 4 | Panorama of tunnel entrance section.
BIORTHOGONAL WAVELET CONSTRUCTION BASED ON SECOND GENERATION LIFTING METHOD
The blasting vibration signal has nonlinear and nonstationary characteristics. The effective method to analyze the blasting vibration signal is wavelet analysis. Selecting or constructing the wavelet basis function corresponding to the structural characteristics of the analyzed blasting signal is of great significance to improve the effect of wavelet analysis and accurately extract the characteristic information of the target signal (Zhang L. et al., 2021). The biorthogonal wavelet basis matching the structural characteristics of the blasting vibration signal is constructed by using the second generation lifting scheme wavelet theory and particle swarm optimization algorithm (Daubechies and Sweldens, 1998; Tomiyama and Kawamura, 2016). Let [image: image] denote a set of initial biorthogonal wavelet filters. Among them, [image: image] and [image: image] are a set of analytical filters, representing low-pass and high-pass filters at the decomposition end, respectively, and h0 and g0 are a set of synthetic filters, constituting low-pass and high-pass filters at the reconstruction end and assume that the initial dual wavelet filter ([image: image]) and the initial wavelet filter (g0) have vanishing moment of [image: image] and N0 respectively. Let the new set of biorthogonal wavelet filters after one step of dual lifting and original lifting be [image: image], and the construction expression of the new filter bank is as follows (Li et al., 2001; Ling et al., 2019):
[image: image]
[image: image]
where [image: image] represents the lifting operator and [image: image] represents the dual lifting operator, both of them are Laurent polynomials.
Assuming that the initial wavelet is a lazy wavelet, the vanishing moments of the dual wavelet and the main wavelet after one-step alternating lifting are 2 and 4, respectively. Firstly, the dual lifting is performed on the initial filter bank with dual lifting operator [image: image]. The dual lifting objective is to raise the vanishing moment of [image: image] from [image: image] to [image: image], so it exists
[image: image]
where [image: image].
The new filter bank is transformed into [image: image] after dual lifting, and then the original liftings of [image: image] and g0 are performed, and there exists an lifting operator [image: image], the original lifting target is to raise the vanishing moment of filter g0 from [image: image] to [image: image]. The initial filter [image: image] can be represented as [image: image], and the filter [image: image] has been converted to be [image: image] due to a dual lifting. According to the above Eq. 1, there exists
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i.e.
[image: image]
where [image: image], and [image: image] is a Laurent polynomial.
Through simplification, it can be obtained as
[image: image]
The new filter bank can be transformed as [image: image] after the dual lifting and original lifting. Combined with the structural characteristics of the field measured blasting vibration signal and by searching and calculating, the coefficients of the newly constructed biorthogonal wavelet filter are as follows
[image: image]
The biorthogonal wavelet function (Blas2.4 wavelet), which matches the structural characteristics of blasting vibration signals, can be achieved by iterative operation.
ALGORITHM AND PRINCIPLES
Continuous wavelet transform
Wavelet transform is the development and extension of Fourier analysis. Continuous wavelet transform breaks through the limitation of Fourier transform base, which uses the translation and expansion of a function as the base to study the spectrum of the function (signals). For any square integrable function [image: image] in Hilbert space, if [image: image] and there is an admissible condition (Shah and Tantary, 2018; Kulak and Aydin, 2020):
[image: image]
where [image: image] is the Fourier transform of [image: image], [image: image] is called the mother wavelet. A set of functions that can be generated by the mother wavelet through translation and expansion
[image: image]
This can be called a wavelet basis function. where a is the scale parameter (dilation factor), b is the translation factor, with a, b∈R, and a≠0.
Let [image: image] and [image: image] be the mother wavelet, and define the formula (Lee et al., 2017; Rhif et al., 2019)
[image: image]
Which is a continuous wavelet transform on the basis wavelet [image: image]. Where [image: image] denotes the conjugate operation of X.
Formula of inverse continuous wavelet transform can be exhibited as
[image: image]
Continuous wavelet transform maps the original one-dimensional time-domain function to the two-dimensional “time-scale” domain to analyze the time-frequency characteristics of the signal. Wavelets with different time-frequency widths can be obtained to match any position of the original signal by adjusting the expansion factor a and the translation factor b, to achieve the purpose of the signal’s time-frequency localization analysis.
Scale energy spectrum and time-scale energy spectrum of blasting vibration signals
The amplitude square of the continuous wavelet transform coefficient of blasting vibration signal f(x) with the scale parameter a and translation factor b is called time-scale energy spectrum, i.e.
[image: image]
The total energy of the signal f(x) in the time-scale domain is as follows
[image: image]
If the energy spectrum density on the time-scale two-dimensional plane is integrated with the translation factor b, the wavelet energy spectrum on the scale axis can be obtained
[image: image]
The integration of time-frequency energy spectrum of blasting vibration signal with the time factor is the scale energy spectrum, which reflects the energy distribution of blasting vibration signal on different scales. Since the scale factor corresponds to the frequency of the signal in a certain sense, the scale energy spectrum can be used to characterize and research the energy variation of blasting vibration signals in different frequency intervals.
Wavelet packet analysis
Wavelet packet analysis, which can divide the signal frequency band into multiple levels and further decompose the high-frequency components that are not subdivided in wavelet analysis, is a more refined signal processing method. In multiresolution analysis, for the scale subspace Vj and wavelet subspace Wj, there exists an orthogonal decomposition Vj+1=Vj+Wj. If a unified subspace [image: image] is used to represent, and let [image: image], [image: image], then there is
[image: image]
Define subspace [image: image] as the closure space of the function un(t) and [image: image] as the closure space of the function u2n(t). The following two-scale equations hold
[image: image]
where the two coefficients gk and hk have an orthogonal relationship, that is, [image: image]. The following spatial decomposition can be obtained by using Eq. 12.
[image: image]
A three-layer wavelet packet decomposition tree structure is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Tree structure of three-layer wavelet packet decomposition.
Assuming that the wavelet packet algorithm is used to decompose the blasting vibration signal in layer i, the original signal can be expressed as
[image: image]
where si,j represents the wavelet packet decomposition subsignal. The energy of the subsignal si,j can be expressed as
[image: image]
where fj,k represents the amplitude of the discrete points of the reconstructed subsignal si,j ([image: image], m represents the number of sampling points of the reconstructed subsignal).
Then the total energy of blasting vibration signal is
[image: image]
The percentage of energy in each frequency band to the total energy of blasting vibration signal can be expressed as
[image: image]
Analysis process of time-frequency characteristics of blasting vibration signals
The continuous wavelet transform and wavelet packet methods are proposed to analyze the blasting vibration signals from the perspective of time-frequency and energy refinement characteristics. First, select and determine the optimal basis wavelet used in the continuous wavelet transform and wavelet packet decomposition according to the reconstruction error of Db orthogonal wavelets, Bior series biorthogonal wavelet and blas2.4 new wavelet on the measured blasting vibration signals, and calculate the center frequency of the optimal wavelet basis. Second, the scale energy spectrum and wavelet packet energy spectrum of the original vibration signals at different excavation positions are analyzed, and moreover, the possible safety impact of blasting is explored in combination with the actual situation of buildings around the tunnel excavation site. The analysis flow is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Flow chart of time-frequency characteristic analysis of blasting vibration signals.
SPECTRUM ANALYSIS OF BLASTING VIBRATION SIGNALS
To analyze the propagation law of blasting vibration signals and the impact of blasting vibration on buildings around the city, especially the power tower, a blasting vibration meter is fixed at the power tower to test and record the blasting vibration signals under the tunnel construction at different positions. A total of four complete blasting vibration signals monitored were extracted for analysis, and the signal numbers were YBJ1, YBJ2, YBF3, and YBF4, respectively. Signals of YBJ1, YBJ2 are the seismic signals monitored by the blasting excavation of the tunnel close to the power tower, the corresponding tunnel excavation mileages are EK0+060 and EK0+100, and the plane distances from the blasting site to the power tower are approximately 32m and 72 m respectively; the tunnel excavation mileages corresponding the signals of YBF3, YBF4 are EK1+450 and EK1+570, the distances from the power tower are approximately 1,350 and 1480 m respectively. The tunnel excavation position corresponding to YBJ1 signal is closest to the power tower. The millisecond blasting technology is used for tunnel excavation. The four blasting charges were all 72 kg. The waveforms of the original blasting vibration signals are illustrated in Figure 7 and the power spectrum calculation results are shown in Figure 8 based on the fast Fourier transform theory.
[image: Figure 7]FIGURE 7 | Waveforms of original blasting vibration signals generated by different excavation positions of the tunnel.
[image: Figure 8]FIGURE 8 | Spectrum analysis of different original blasting vibration signals.
From the power spectrum, the frequency range of each signal is below 200Hz, and the spectrum distribution is relatively dispersed, showing multiple local peaks of the spectrum. The dominating vibration frequency of blasting vibration signals can be determined from the figures, which are 23.19 Hz, 23.80 Hz, 28.08 Hz, and 29.91 Hz, respectively. Among them, the subdominant frequencies of YBJ2 and YBF3 signals are also prominent. The subdominant frequency of YBJ2 signal is 21.97 Hz, and that of YBF3 signal is 56.15 Hz. The dominant frequency of YBJ1 and YBJ2 signals generated by blasting excavation near the power tower is lower than that of YBF3 and YBF4 signals. The spectrum distribution of blasting vibration signal shows a sharp peak, and Fourier transform can only provide the result of signal spectrum distribution, but cannot provide the detailed information of signal time-frequency distribution and energy distribution.
TIME-FREQUENCY CHARACTERISTICS ANALYSIS FOR BLASTING VIBRATION SIGNALS
Selection of wavelet basis for blasting vibration signal analysis
Wavelet analysis is an applied mathematical method with fixed window size but variable shape (time window and frequency window are variable), which has multiresolution analysis characteristics and automatically adapts to the requirements of time-frequency signal and it is suitable for nonstationary signal processing of blasting vibration. The wavelet functions used in wavelet transform are nonuniqueness and diverse. An important task in wavelet analysis is to select the optimal wavelet basis according to the characteristics of the blasting vibration signal. Daubechies series wavelets have orthogonality and compact support and Bior series wavelets have symmetry and high vanishing distance (Dai and Cao, 2017; Zhao et al., 2018). They are commonly used to process the measured blasting vibration signals. The center frequency of Daubechies wavelet series, Bior biorthogonal wavelet series, and the constructed Blas2.4 wavelet and the reconstruction error of the measured blasting vibration signals have been calculated and analyzed respectively to select the best wavelet basis suitable for the analysis of blasting vibration signals. In Daubechies wavelet basis, the smoothness of Db1 and Db2 wavelets is too poor to be used for blasting vibration signal processing, Db5 and Db8 wavelets have a small center frequency, which are suitable for wavelet decomposition and reconstruction of blasting vibration signals, and Db5 wavelet has a lower signal reconstruction error as seen in Table 1, so the Db5 wavelet is selected in Daubechies series to analyze the blasting vibration signals. The newly constructed Blas2.4 wavelet among the biorthogonal wavelets has the highest reconstruction accuracy and smaller central frequency value. Therefore, Blas2.4 wavelet and db5 wavelet are preliminarily selected to analyze the measured blasting vibration signals.
TABLE 1 | Signal reconstruction error and center frequency of different wavelet basis.
[image: Table 1]Scale energy spectrum of blasting vibration signals
Scale is a parameter applied to represent the expansion of the basic wavelet and it corresponds to the frequency of the signal in the time-frequency analysis. The scale energy spectrum characterizes the energy of the signal on different scales. By calculating the center frequency of the wavelet function and converting the scale parameters to the actual frequency, the scale energy spectrum can be applied to measure and master the frequency variation law of the blasting vibration signals from the perspective of wavelet transform. Based on Eqs. 6, 8, 10, the obtained signal scale energy spectrum is shown in Figure 9 by taking the constructed Blas2.4 as the basic wavelet.
[image: Figure 9]FIGURE 9 | Scale energy spectrum of blasting vibration signals based on Blas2.4 wavelet.
The signal spectrogram obtained by the Fourier method is in the shapes of local spike. When the dominant frequency is almost the same as the subdominant frequency value, it is difficult to judge the dominant frequency of the signal directly from the spectrogram. The scale factor in the scale energy spectrum corresponds to the actual frequency of the signal through the length of the scale sequence and the center frequency of the wavelet function used. Different from the sawtooth waveform of the Fourier operation, the scale energy spectrum has smoothness and transition and can reflect the frequency variation of the blasting vibration signals concretely and continuously. Since the basis function used in the scale energy spectrum is compatible with the waveform change of the specific engineering signal, the dominant frequency of the signal can be accurately extracted and obtained. It can be seen from the above figures that the frequencies corresponding to the maximum energy of the four blasting signals YBJ1, YBJ2, YBF3, and YBF4 are 23.19 Hz, 23.80 Hz, 29.91 Hz, and 31.74 Hz respectively, which are basically consistent with the dominant vibration frequencies (23.19 Hz, 23.8 Hz, 28.08 Hz, and 29.91 Hz) obtained by Fourier spectrum. The sum of the relative error between the signal dominant frequency calculated by Blas2.4 wavelet and the Fourier spectrum results is only 11.89%, by accurate calculation, it can be seen that the scale energy spectrum can accurately represent the signal dominant frequency. And compared with the Fourier spectrum, the shape of the scale energy spectrum distribution curve is smoother, which can better reflect the spectrum change law and the trend of blasting vibration signal.
Taking the Db5 orthogonal wavelet, which is commonly used to analyze blasting vibration signals, as the basic wavelet, the calculated scale energy spectra of the blasting vibration signals are showed in Figure 10.
[image: Figure 10]FIGURE 10 | Scale energy spectrum of blasting vibration signals based on Db5 general wavelet.
From the figure that the scale energy spectrum method based on db5 general wavelet can also obtain the dominant frequency of the signal, and the obtained scale energy spectrum curve is relatively smooth. The dominant frequency is 21.97 Hz, 21.36 Hz, 28.69 Hz, and 29.29 Hz, respectively, and the total relative error is 19.75% compared with the frequency values of Fourier spectrum. The calculated results show a large inconsistency with the Fourier spectrum relative to the frequency results of Blas2.4 new wavelet. And the scale energy spectrum curves of the blasting vibration signals acquired by db5 general wavelet are basically the same in shape, which cannot reflect the difference of signal spectrum distribution. That is, due to the lack of matching with the blasting vibration signals, the traditional general wavelet cannot accurately analyze and characterize the measured blasting vibration signals, nor can distinguish the difference between the signals, and the spectral calculation results are relatively low accuracy.
Continuous wavelet transform energy spectrum and wavelet packet energy analysis
According to the principles of Eqs. 6, 8, the continuous wavelet transform energy spectrum, which represents the change law of blasting vibration signal energy with time and frequency of signal can be calculated. The essence of wavelet transform is to represent any function f(t) in [image: image] space as the superposition of its projection on the wavelet function [image: image] with different scaling factors a and translation factors b. Therefore, the continuous wavelet transform can map one-dimensional time domain function to two-dimensional “time-scale” domain to achieve the purpose of time-frequency localization analysis of signals. Through the continuous wavelet transform energy spectrum, the occurrence time corresponding to the signal frequency can be obtained. In wavelet analysis, the selection of wavelet basis plays an important role in obtaining accurate analysis results. From the previous section that the newly constructed blas2.4 wavelet can better highlight and characterize the details and characteristic information of blasting vibration signals, and is more suitable for analyzing blasting signals in this project. Therefore, the newly constructed blas2.4 wavelet is used as the basic wavelet, and taking the signal YBF3 as an example, the continuous wavelet transform energy spectrum of blasting vibration signal is shown in Figures 11A,B are the two-dimensional and three-dimensional time-frequency energy spectra, respectively. There are clearly four local energy peaks in the figure, which are consistent with the number of local speed peaks in the original signal. The first peak energy accounts for the majority. The frequency distribution range of the whole signal is mainly 5–70 Hz, and the time range is 0.05∼1.70 s. The frequency distribution range is consistent with the Fourier frequency range corresponding to the signal in Figure 7C. The occurrence times corresponding to the local energy peaks are approximately 0.1300, 0.6255, 1.1260, and 1.6250 s, which is basically consistent with the time corresponding to the local peak of velocity in the vibration velocity diagram.
[image: Figure 11]FIGURE 11 | Time frequency energy diagram of continuous wavelet transform for blasting vibration signal.
The wavelet packet theory is applied to analyze the energy refinement characteristics of blasting vibration and to explore the energy ratio of each frequency band in the signal. According to Shannon’s sampling theorem, the sampling frequency of the signal is fs=5,000 Hz, so the Nyquist analysis frequency is fs/2=2,500 Hz, the signal can be decomposed into 10 layers, with a total of 210=1,024 wavelet packets, so the original blasting vibration signal in the frequency domain can be divided into 1,024 frequency bands, each sub-band width is 2.44 Hz, the minimum sub-band range is 0∼2.44 Hz. In wavelet packet decomposition, the new constructed Blas2.4 wavelet is used as the wavelet basis, and the calculation program is compiled according to the formulas. The energy percentage of the reconstructed subsignals in each frequency band is shown in Table 2, and the energy percentage distribution of each frequency band is illustrated in Figure 12. Since the blasting vibration signal frequency is mainly in the range of 0∼70 Hz, the energy distribution of the first 70 Hz sub-band signals is mainly calculated and analyzed.
TABLE 2 | Percentage of energy distribution in different frequency bands.
[image: Table 2][image: Figure 12]FIGURE 12 | The percentage of energy distribution in each frequency band of blasting vibration signals.
Table 2 shows that the dominant frequencies of YBJ1 and YBJ2 are concentrated in frequency band 10, and the corresponding frequency range is 21.97∼24.41 Hz, while the dominant frequencies of YBF3 and YBF4 signals far from the power tower are located in frequency bands 15 and 13, respectively, and the corresponding frequency ranges are 34.18∼36.62 Hz and 29.30∼31.74 Hz. From the Figure that before the frequency band 11 (24.41∼26.86 Hz ), the energy proportion of signals YBJ1 and YBJ2 is much larger than that of YBF3 and YBF4. The closer to the power tower, the lower the main vibration frequency of the blasting vibration signal, and the farther away from the power tower, the higher the main vibration frequency of the signal. The energy proportion of each signal in the low frequency band (0∼12.21 Hz) is 9.84%, 10.01%, 1.33%, and 2.30%, respectively, the energy proportion in the medium frequency band (12.21∼51.27 Hz) is 79.51%, 83.54%, 65.63% and 78.69% respectively, and the energy proportion in the high frequency band (51.27∼2500 Hz) is 10.65%, 6.45%, 33.04% and 19.01% respectively. Since the natural vibration frequency of engineering structures is generally low (about 0∼10Hz), the YBJ1 and YBJ2 signals generated by excavation near the power tower contain more low-frequency signals. Therefore, from the perspective of dynamic response analysis, it should take note of the resonance effect of tunnel blasting on the power tower when the excavation is close to that.
CONCLUSION
Analyzing and acquiring the time-frequency characteristics and energy distribution law of blasting vibration signal are of great importance in judging the harm caused by blasting vibration, formulating preventive and control measures, and ensuring the safety of blasting construction. On the basis of the constructed high-performance blas2.4 biorthogonal wavelet, the spectrum distribution and energy characteristics of the measured blasting vibration signals are deeply explored and compared from the aspects of continuous wavelet and wavelet packet transform, and the impact of blasting vibration on the buildings around the city, especially the power tower, is analyzed. The main conclusions are drawn as follows:
(1) An biorthogonal wavelet basis (namely Blas2.4 wavelet) with high vanishing moment, high regularity and matching with the waveform characteristics of the measured blasting vibration signals by using the improved second-generation lifting scheme wavelet theory and optimization algorithm were constructed. The wavelet basis has excellent tight support, smoothness and symmetry, and has high precision in the decomposition and reconstruction of blasting vibration signals, which can provide a solid theoretical basis for the subsequent continuous wavelet transform and wavelet packet analysis of blasting vibration signals.
(2) The method of scale energy spectrum was creatively proposed to study the spectrum characteristics of measured blasting vibration signals on the basis of wavelet analysis. The dominant frequency of the blasting vibration signals can be obtained by the scale energy spectrum method, and the obtained spectrum curve is smoother, which can clearly reflect the change trend of the signal spectrum.
(3) The energy distribution of blasting vibration signals in the two-dimensional “time-scale” domain can be obtained by using the continuous wavelet transform method, and the frequency duration interval and the main time range of blasting vibration signal can be acquired, also the occurrence time corresponding to the frequency can be determined. The energy refinement characteristics of the blasting vibration signals were calculated by using wavelet packet theory. The blasting vibration signal generated by tunnel excavation near the power tower has more low-frequency components, while the signal far away from the power tower contains more medium and high-frequency components.
(4) The measures such as pre-splitting blasting, controlling one-time excavation footage of the tunnel, limiting the amount of primary explosive, uncoupled charging and interval charging are suggested to optimize the blasting design and reduce the impact of blasting vibration on nearby electric power steel tower. The next step is to study the active control of blasting vibration to achieve the ideal vibration reduction effect. By changing the millisecond delay time, controlling the maximum charge per delay and the total charge, explore the relationship between the millisecond delay time, charge amount and the peak velocity, dominant frequency of the blasting vibration signals.
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