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In view of the inability to accurately locate vibrations in isolated workings under complex geological conditions, an adaptive rotational categorization method, a downhill comparison method based on time-frequency analysis (TFA-DC method), a variable-step acceleration search method, and a dual-phase seismic source location method (TD-DL method) are proposed. A set of integrated software with features of “visualization”, “interactive” and “one-click” was developed for microseismic data processing. Results show that compared with the improved STA/LTA method, the recognition accuracy of the island working face microseismic signal by the adaptive wheel classification method is increased by 4.8%. Compared with the improved STA/LTA method, the TFA-DC method has the advantage that it can simultaneously pick up the exact p wave and the peak S wave, and the failure ratio is 0. Compared with simulated annealing algorithm and genetic algorithm, stepwise accelerated search method has better results. The standard deviation of objective function value, location error and wave velocity error are all 0. Method improves the positioning of the TD - DL detector coordinates, dual phase and coherence of known information, such as the positioning result positioning error is only the p wave and S wave ChanZhen phase positioning method of 9.5% and 14.5%, to a certain extent offset the p wave and S wave ChanZhen phase calculation of the positioning error, so as to improve the effect of source localization precision of the inversion.
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1 INTRODUCTION
With increase in mining depth and scale, the uncertainty of the underground environment in which it takes place gradually increases, which is manifested by the fact that the primary geological structure of the strata in which it is located is susceptible to extensive disturbance or even destruction. This may imply that the mining of mineral resources may also be accompanied by a number of environmental and safety hazards such as impact pressure, collapse of the mining area, rock explosion, and roofing of the tunnel flake (Pan et al., 2007; Cui et al., 2019; Li et al., 2019).
In order to monitor and prevent these safety hazards, microseismic monitoring technology is now commonly used in the mining process to monitor and locate disaster sources (Gong et al., 2010; Gong et al., 2012). This predicting is necessary as part of monitoring the rock interface damage, matrix or inclusions fracture during the mining process to ensure the safety of construction and reduce economic losses (Li and Xu, 2020). The core elements of microseismic monitoring are phase identification, arrival time pickup, algorithm optimization, and source localization.
For seismic phase recognition, Zhao et al. (2015) used microseismic waveform repetition, tail-wave drop, signal principal frequency, and occurrence time that fall under Fisher classification method parameters to construct a seismic phase recognition model. Dong et al. (2016) selected microseismic occurrence time, seismic moment, total radiated energy, P- and S-wave energy ratio, corner frequency, and static stress drop as feature parameters for microseismic recognition. Used Fisher classification method, and Plain Bayes method and logistic regression were used for classification. Jiang et al. (2021) proposed an earthquake phase identification method based on random forest classifier after reducing the data volume by singular value decomposition and used the time-frequency characteristics of microseismic signals. Wu et al. (2016) proposed an earthquake phase identification method based on S-transform, and the similarity of phase and frequency and random combination analysis of P-wave waveform.
In arrival pickup, Ross et al. (2018) proposed a method for the P-wave arrival pickup and the initial motion polarity determination using deep learning. Perol et al. (2018) proposed a method for seismic phase identification and arrival pickup based on U-shaped neural networks. Lee et al. (2017) proposed a modified energy ratio (MER) method for arrival pickup. Diehl et al. (2009) proposed a method for the P-wave arrival pickup based on a hybrid STA/LTA-Polarization-AIC algorithm. for P-wave arrival pickup is proposed based on the short time-window average/long time-window average (STA/LTA), polarization and AIC criteria.
In terms of optimization of algorithms, Li et al. (2014) proposed a simplex shape localization method based on L1 parametric statistics, which had high immunity to outliers with large deviations. Jia et al. (2017) analyzed the relationship between localization error and the number and location of sensors using high-density table-array and particle swarm algorithms. In the source location, the joint inversion localization method is more common (Li et al., 2013; Zheng et al., 2016; Xue et al., 2018), and there are many other methods, Wang et al. (2019) proposed a differential evolutionary microseismic localization method with improved localization objective function for traditional localization method which relied heavily on the walking time accuracy. Wang et al. (2020) proposed a hybrid microseismic source localization algorithm based on simplex-shortest path ray tracing.
The above research results have improved the accuracy of earthquake source localization to a certain extent, but there are some shortcomings. For the seismic phase identification, the commonly used STA/LTA method calculates the ratio of the long- and short-time windows of the whole signal, and the invalid background noise in the whole signal accounts for most of it, resulting in lot of arithmetic power and time; for the arrival pickup, with the increase of the geophone arrangement density (Jia et al., 2017; Zhao et al., 2019), the quality of the waveforms collected by each geophone is increasingly different for poor quality signals. Therefore, for some of the poor quality signals, even if the high-precision pickup method is used, the pickup results will have large errors, leading to an increase in the source inversion error. For optimization algorithms, traditional algorithms such as genetic algorithms and simulated annealing algorithms usually rely on the selection of iterative initial parameters, which may lead to distorted or scattered localization calculation results if they are not selected properly (Tian and Chen, 2002). Due to their fixed search step, these may also lead to poor accuracy or convergence of localization results. For different objective functions, and initial data (including geophone coordinates, P-wave initial value arrival time, etc.), the localization effect may occur for source localization, and hence it may be difficult to recognize the accurate initial arrival time of the single phase of the S-wave due to interference with other phases. On this basis, the current utilization of the S-wave single-phase relative to source localization is not high. The difference and connection between P-wave single-phase and S-wave single-phase in source localization are not clarified; the effect of source localization using S-wave arrival time alone is unknown.
Aiming at the above existing problems, by means of theoretical analysis, algorithm programming, numerical calculation and engineering verification, the adaptive wheel classification seismic phase identification method and time-frequency analysis-downhill comparison method (TFA-DC Method) are put forward respectively. The phases location method for the double seismic phase is TFA-DC-double Seismic Phases (TD-DL method), and the optimization algorithm of accelerated search with variable step size. And integrated into interactive microseismic signal processing software, the source inversion and location results can be obtained by one-click through the original signal, which provides a new feasible scheme for real-time microseismic monitoring.
2 PROJECT OVERVIEW
2.1 Geological conditions of the 8204–2 working face of Tashan Mine
Tashan Mine is a model mine in Datong area, and is a mega mine with the largest design capacity, with an annual production of 15 million tons of coal in China. The project team conducted several field surveys of the Tashan Mine and finally selected the 8204–2 working face in the second pan area as the basis for the study. The mine conditions of 8204–2 working face of Tashan Mine are as follows:
Tashan mine 8204–2 working face is an isolated island working face, coal seam mining depth is about 500 m, coal seam thickness is 12–20 m averaging about 15 m, coal seam dip angle is 2–5°, uses comprehensive mining, the working face length is about 150 m, advances 10 cuts per day of about 8 m, and has no underground monitoring system.
Therefore, in view of the geological conditions at Datong Tashan Mine, the microseismic monitoring system was placed at the 8204–2 working face in the second pan area.
2.2 Tower hill mine introduction to microseismic monitoring
The initial selection of the site of the stations was based on the above-ground and below-ground comparison map of the 8204–2 working face of the Tashan Mine, which required each station to cover the 8204–2 working face as much as possible, and there should be no “three points and one line” between each ground station, which is conducive to observation and data processing (Jia et al., 2017). It was planned to set up 11 alternative ground monitoring stations in the mine. Initially, seven stations were set up for observations, and later, if necessary, 1–2 stations were set up according to the results from the observations, and key monitoring areas. After repeated surveys of the pre-selected locations, the specific locations of the seven ground monitoring stations were finally determined. The precise mine coordinates of the ground monitoring stations were measured on site by GPS positioning equipment at the mine site, as shown in Table 1.
TABLE 1 | Coordinates of mining area of station.
[image: Table 1]As shown in Table 1, the distribution map of the ground monitoring stations in the mining area with seven stations is drawn, as shown in Figure 1, where the red mark is the location of the selected ground monitoring stations.
[image: Figure 1]FIGURE 1 | Distribution of ground monitoring stations in mining area.
2.2.1 High-frequency microseismic collector architecture
The high-frequency microseismic signal collector consisted of a data collector, a three-component vibration velocity sensor, a GPS timing system, and a Wi-Fi transmission module.
The data collector consists of a first- and second preamplifier, an analog-to-digital conversion unit, a data storage unit, a control unit, a display, a hard disk, a USB module, a Wi-Fi interface, and a power supply module. The data collector adopted high-frequency data acquisition and synchronous segment index compression technology to achieve high-speed retrieval, high-precision data segmentation and rapid upload, and high efficiency in post-processing to browse data, count overall parameters, and sieve valid data.
Three-component high-frequency vibration velocity sensor was used to have complete, continuous signal acquisition, three-component vibration velocity sensors were assembled from one vertical and two horizontal sensors, which monitored the vibration signal in three directions: east-west, north-south, and vertical velocity, Each sensor was such that it covered a circular area of 1–2 km of monitoring, with the frequency of vibration velocity signal within 10–1,400 kHz flat response, high signal-to-noise ratio, small phase difference, high dynamic resolution, and strong temperature adaptability.
The collector equipment was IP68 rated for water and dust resistance and is equipped with 4 TB of space for binary stream data storage. Each collector is designed with eight sampling channels, which had a sampling channel sampling frequency of up to 10 kHz with a sensitivity of 100 ± 5% (V/m/s). A three-component vibration velocity sensor has six channels, GPS timing system occupies one channel, and the remaining one channel can be connected to other sensors. The design of the high-frequency micro-vibration collector is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Structure of the high frequency microseismic collector.
The GPS timing system determines the ground station data sampling time with the Earth coordinates of the ground station, occupying one acquisition channel of the data collector. The data collector uses its external port to read the PPS (Pulse Per Second) signal of the GPS timing system to synchronize with the vibration signal with a timing accuracy of 10 µs,, to ensure the sampling accuracy of 10 kHz of the data collector.
The Wi-Fi transmission module has the wireless transmission support of the data collector and the speed-sensor sensing data, which are, in turn, connected to the bridge data transmitter.
3 DETAILS ON THE MICROSEISMIC PHASE IDENTIFICATION AND THE SEISMIC SOURCE LOCALIZATION METHODS
3.1 Adaptive rotation categorization method fundamentals
The adaptive rotational categorization method consists of four main steps which are as follows::
1) Adaptive high-pass filtering
In order to reduce the interference of the background noise on the microseismic response and to improve the recognition accuracy and algorithm stability of the adaptive rotational categorization method, high-pass filtering of the original signal was required, and the lower high-pass filtering limit required for high-pass filtering needed to be entered manually. Therefore, in order to realize automatic process operation of the whole method, an adaptive high-pass filtering processing method that can process various forms of microseismic signals is needed.
For the automated operation of high-pass filtering, here a base over-zero rate was used, which used the period function to discriminate the period (the number of times it crosses the X-axis from bottom up per unit time) to estimate the frequency of the main trend waveform with higher energy and stable frequency in the intercepted signal. The number of times the signal crosses the X-axis from bottom up in 10 s is 9, so the base rate was 0.9 Hz. The number of segments of the intercepted signal calculated is shown in Figure 3.
2) Calculation of the upper and lower bounds of the background noise amplitude
[image: Figure 3]FIGURE 3 | Calculation diagram of basic zero-crossing rate.
In order to further bring out the microseismic response signal, and determine the basis for taking the radius of rotation circle Rw (mm/s) after the original signal had undergone the adaptive high-pass filtering to improve the signal-to-noise ratio, the 95% probability of the falling point in the horizontal axis interval (μ-2σ,μ+2σ) of the normal distribution was introduced as the confidence interval of the signal. This, method gradually used increasing the coverage from Y=0, and judging whether the whole signal was included. The method of 95% of data points was used to iteratively compare the upper and lower bounds of the background noise amplitude that satisfied the above conditions to ensure that the obtained results covered most of the background noise, invalid responses, and filtered out the microseismic response signals.
3) Rotation circle radius calculation and rotation iteration
A small number of higher amplitude data points were selected from a single microseismic response that provided the base data for the next step of grouping the exceedance points into categories. The center of the rotating circle was located on the X-axis, and its radius was taken as the range expansion factor, Q, times the distance between the upper bound Du (mm/s) and the lower bound Dd (mm/s) of the background noise amplitude. By traversing all data points of the whole signal and comparing them, the data points larger than the radius Rw of the rotating circle were filtered out to obtain all the exceedance points needed for the next step. The iterative screening used the average of the absolute values of the two elements before and after in the whole segment signal to represent the amplitude of the signal here. This, increased the applicable range of the iterative comparison, and avoided the identification error caused by the radical change of a single data point.
4) Clustering of exceedance points
In order to finally obtain the influence region of the microseismic response in the microseismic signal, i.e., to identify the seismic phase of the whole microseismic signal, the overruns selected by the rotation circle needed to be grouped into the same group to represent a single seismic phase identification result, and into multiple groups to represent multiple seismic phase identification results. If the time difference between the two was greater than the grouping interval, Fint, the points were grouped into one category, after which the points were grouped into the next category.
3.2 TFA-DC method determine the pickup time
Speech and power density spectrograms were used to obtain the location and regularity of the background noise and the change of frequency, amplitude and energy of the microseismic signal before and after the initial arrival of P-wave and the S-waves. On this basis, the FIR band-pass filtering was carried out twice continuously with the main frequency of the S-wave as the circle point, and the specified filtering range in radius was used to filter out the high and low frequency background noise with regularity and power greater than that of P-wave and S-wave signals. This made the power density spectrogram of the S-wave of the main frequencies clearly appear, and also made the signal image smoother and more suitable for iterative comparison. Based on the above theoretical results, the TFA-DC method for the joint pickup of the P-wave and S-wave dual-oscillation phase arrivals was used by setting the mathematical expression of the full-subwave amplitude as a threshold, and followed three major relationships between the P-wave and the S-wave power magnitude, the arrival sequence, and the waveform overlap.
3.2.1 Connection between P wave and S wave
After analyzing the original signal by speech spectrogram and power density spectrogram and using two consecutive FIR bandpass filtering, the three relations between p wave and S wave are as follows: power magnitude relationship, arrival sequence relationship, waveform overlap relationship.
1) Power relationship
The power and amplitude of S wave in the microseismic signal are larger than that of p wave, so the amplitude surge caused by the initial arrival of the microseismic signal is mainly caused by the arrival of S wave, so the seismic pickup by S wave is more concise than that by p wave.
2) The relationship of arrival sequence
In most cases, p wave velocity is greater than S wave velocity, so p wave should arrive at the detector first than S wave. That is, from the perspective of microseismic signal waveform, the shock change of microseismic signal waveform caused by the arrival of p wave should be on the left side of the shock change of microseismic signal waveform caused by the arrival of S wave.
3) Waveform overlap relationship
Usually, the distance between the seismogenic position and the detector is relatively small, so it is difficult to completely calm the mechanical vibration caused by the initial arrival of p wave before the arrival of S wave. Therefore, the p wave shape should overlap with the S wave shape, and the overlap is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Overlap of P-wave and S-wave.
To sum up, to pick up the precise arrival time of p wave, the peak arrival time of S wave must be found first, and the precise arrival time information of S wave is often covered by the tail of p wave and background noise. Therefore, in order to improve the adaptability of the algorithm and the calculation speed of the algorithm, the peak arrival time of S wave must be extracted first.
3.2.2 When S wave peak value is collected
S there should be a p wave crest value after know signal with wavelet amplitude of the first great point, and according to the law of conservation of energy, mechanical vibration amplitude detector should be gradually decreases, and the S wave reaches the since the arrival, or S wave signal wavelet amplitude should gradually decreases, and there will be no signal wavelet amplitude repeated shocks, Therefore, the peak arrival time of S wave should be the time corresponding to the maximum amplitude of the signal wavelet after the precise arrival time of p wave, and the amplitude of the signal wavelet itself is the maximum value of the current wavelet. Therefore, the peak arrival time of S wave can be obtained by sorting all the sampled values of the signal according to the size.
3.2.3 P wave accurate time pickup
In order to obtain the precise time limit of p wave, the corresponding amplitude of the peak value of S wave and the amplitude of the left signal wavelet are successively compared by iterative comparison method. The program flow is shown in Figure 5, and the steps of the method are described as follows.
[image: Figure 5]FIGURE 5 | Flow chart of the TFA-DC method procedure.
3.3 The variable-step accelerated search methods for microseismic optimization calculations
The variable-step acceleration search method (Jia et al., 2022)was divided into three major modules, namely, the continuous comparison module, the variable-step module, and the acceleration module, where the continuous comparison module was the main line process, and the variable-step module and the acceleration module were adjust the search step for the main line journey.
1) Continuous comparison module
The module essentially took the advantage of the uniqueness of the minimal value of the objective function by taking any starting point from which the objective function values of the adjacent specified points were calculated successively and compared numerically.
The objective function unknowns were three, and the positions of each prescribed point of the three-dimensional polyhedron are shown in Figure 6, and the three-dimensional iterative process is shown in Figure 7. When the unknown quantity of the objective function was four or more, it was reduced to a four-dimensional space or a multi-dimensional space above four dimensions according to mathematical induction.
[image: Figure 6]FIGURE 6 | Diagram of specified points of three-dimensional polyhedron.
[image: Figure 7]FIGURE 7 | Schematic diagram of three-dimensional iterative process.
Usually, the closer the value of the objective function was to zero, the more accurate was its corresponding source localization. When the value of the objective function failed to converge or had a large value, it indicated that the source could not be localized, or had a large error. The minimum point was found using the optimization algorithm, and the spatial location corresponding to this minimum point was the location of the source. Therefore, the microseismic source localization problem could be transformed into finding the value of the respective variable corresponding to its minimum value in the case of convergence of the multivariate objective function.
2) Variable step-size module
If the objective function value of each specified point was smaller than the objective function value of the starting point, then the coordinate value of the specified point with the smallest objective function was assigned to the starting point. Further, if no specified point with a smaller objective function value was found, then the distance from this point to each specified point (search step) was reduced to one-half of the original, and the cycle was iterated until the search step was smaller than the lower limit of the search step, and the current value of the desired variable was the final output.
3) Acceleration module
The essence of the acceleration module is to record the position number of the geometric center point of the polyhedron to each specified point of the polyhedron twice in succession, and if the position number is the same twice, the search step will be expanded to Q (the acceleration factor) times of the original one, so that the single-variable convergence process can be accelerated, thus speeding up the computation. In practical engineering problems, due to the increase in the anisotropy of the spatial distribution of the objective function, a smaller acceleration factor can effectively improve the error tolerance rate in the face of the computational errors caused by the increase in the search step. Hence, the acceleration factor in the range of 1.0–1.5 can be better adapted to the convergence of different objective functions. In summary, the recommended value of the acceleration factor is 1.5, and the specific value can be adjusted according to the actual working conditions.
In the actual operation, the range of values of the four variables and the convergence range were usually different, and if a uniformly varying search step was applied to them, the individual variables converged while the rest continued to iterate gradually. This resulted in a lot of waste of arithmetic power as well as computation time. Therefore, the acceleration module was used whereby most of the variables converged while a single variable is calculated separately.
3.4 The TD-DL method study for microseismic source localization
The TFA-DC method was used to process the microseismic event signal by substituting the exact P-wave arrival time and the peak S-wave arrival time into the dual-phase objective function, and integrating the dual-phase wave velocity as the phase propagation speed., The variable-step acceleration search method was performed to search for the minimum value of the objective function, and a dual-phase source location method used both the exact P-wave arrival time and the peak S-wave arrival time.
A single microseismic event usually contained multiple seismic phase information such as the P-wave, the S-wave, the surface wave, and the reflection wave at the same time. Except for the P-wave, the rest were not used for localization calculation due to overlapping and interference problems. Therefore, the dual-earthquake phase objective function (Li et al., 2017), which used both the P-wave single-earthquake phase and the S-wave single-earthquake phase, was introduced, and the wave velocity of the dual-earthquake phase was integrated in it as follows (Eq. 1):
[image: image]
where: R (x0, y0, z0, vm) is the travel time residual of the double shock phase; vm is the shock phase propagation velocity (m/s); γ is the equilibrium coefficient, taking values from 0 to 1.
It was because the P- and S-wave velocities were unknown and changed continuously, and the magnitude of this change varied during propagation, the algorithm failed to converge when the two wave velocities were substituted into the calculation independently. Therefore, due to the uncertainty of the wave velocity structure, the simultaneous substitution of the average wave velocities of the two single seismic phases for the localization inversion calculation lead to a decrease in the localization accuracy.
In view of the above unknowns and uncertainties, the average wave velocities of the P-wave and S-wave were set to the same value, and were thus calculated by substituting them into the variable-step acceleration search method together with the required spatial coordinates of the seismic source x0, y0, z0. Firstly, this method avoided the pre-velocity measurements, and achieved real-time monitoring. Secondly, this method reduced the influence of the wave velocity structure on the localization accuracy, and made the objective function converge to the minimum value as much as possible. Finally, this method improved the convergence of the objective function because the degree of the geotechnical rupture was different under different seismic conditions. Due to this, the wave velocities of the P-waves generated by extrusion and the S-waves generated by shear were not constant. Under small-scale microseismic monitoring here, the propagation distance between P-wave and S waves had short propagation distances and their velocity variations were small. Hence, the ratio of the wave velocities of the P- and S waves in a single microseismic event were considered as constant. the seismic phase propagation velocity (vm) was characterized as the uniform propagation velocity of the two.
The improved dual-phase objective function worked by forming an equation with four independent variables based on the existing geophone coordinates and the dual-phase arrival time. The minimum value of the objective function was searched in the definition domain using an optimization algorithm, and the values of the four independent variables corresponding to the minimum value were the required source inversion coordinates and their corresponding seismic phase propagation velocities.
TFA-DC method is an arrival picking method that can simultaneously obtain the P-wave accurate arrival time and the S-wave peak arrival time of microseismic signals. Firstly, by analyzing the speech spectra and power density spectra of the original signal, the position and rule of the background noise and the frequency, amplitude and energy changes of the microseismic signal before and after the initial arrival of p wave and S wave were obtained. The first band-pass filtering was carried out according to the algorithm to filter out the background noise of high and low frequencies with regular power greater than p wave and S wave signals, so that the main frequency of S wave in the power density spectrum was clearly displayed.
Then, the main frequency of S wave is taken as the dot, and the filtering range is specified as the radius to carry out the second bandpass filtering, which makes the signal image smoother and suitable for iterative comparison. Due to the radius of the choice of p wave and S wave frequency range, and the p wave velocity than the S wave, so the filtered waveform of p wave precisely when the p wave to wave and S wave crest value that corresponds to the full signal waveform amplitude can be clearly revealed, and in most cases will not produce interference or covering.
Finally, the mathematical expectation of the full wavelet amplitude is set as a threshold, and the filtered signals are compared down hill according to the three relations of P-wave and S-wave power, arrival sequence and waveform overlap, so as to obtain the precise P-wave arrival time and the S-wave peak value represented by the first peak on the right side of the P-wave seismic phase.
Due to the smoothing effect of bandpass filtering on the abrupt signal, the smooth transition phenomenon of increasing or decreasing wavelet amplitude will occur at the abrupt signal, which leads to the fact that the P-wave accurate arrival time pickup in TFA-DC method is earlier than the actual arrival time. Since the S wave signal collected by the geophone needs a certain time course from its arrival to its peak value, and sometimes other seismic phases are superimposed on it, the peak value of S wave is actually later than its real arrival time. Therefore, the inversion and location of the source using the above p wave or S wave single seismic phase time data alone may cause a certain deviation of the location results compared with the real source.
After selecting the objective function and importing the relevant time and geophone space coordinate information, the variable step acceleration search method is used to search the minimum value of the objective function. The value of the independent variable corresponding to the minimum value of the objective function obtained by iterative search is the spatial coordinate of the source.
The proposed TD-DL method is a new localization method including a complete set of microseismic localization solutions, which includes a joint TFA-DC dual-phase arrival pickup method that can pick up both the P-wave accurate arrivals and S-wave peak arrivals, a dual-phase objective function that integrates wave velocities, and a variable-step acceleration search method, which combine to form the TD-DL method that can automatically pick up arrivals and calculate localization.
3.5 Integrated software development
All the microseismic signal processing methods proposed in this paper were integrated, and the graphical user interface of the integrated software was designed using Matlab programming language for the development of a full-process processing software for microseismic signals. As a microseismic signal processing software with the features of “visualization”, “interactive” and “one-click”, the software has the functions of signal playback, seismic phase identification, on-time pickup, and inversion. The integrated software has a graphical user interface as shown in Figure 7. The graphical user interface of the integrated software is shown in Figure 7.
3.5.1 Basic functions
The initial parameters required by the software were nine, namely sampling frequency, sampling interval, grouping interval, reduction multiplier, fine-filter radius, coarse-filter upper limit, coarse-filter lower limit, variable-step lower limit, and check mark. The sampling frequency, sampling interval, and grouping interval were required for echo identification, the reduction multiplier and fine filter radius were required for on-time pickup, the coarse-filter upper limit and coarse-filter lower limit were required for all functions, the variable-step lower limit was required for inversion positioning, and the check mark was required to limit the playback data. The abbreviations in Figures 8A, B are represented in detail as follows, details are: sample frequency (S. frequency)、sample interval (S. interval) 、group intervals (G. interval) 、reduced multiplier (R. multiplier) 、fine filtration radius (F-FIL radius) 、upper limit of coarse filtration (U-L-C filtration)、lower limit of coarse filtration (L-L-C filtration) 、variable-step lower limit (V-S-L limit) 、oscilloscope markers (O. markers).
[image: Figure 8]FIGURE 8 | Integrated software graphical user interface.
The commands were import signal, phase identification, pickup time, continuous pickup and inversion positioning. The single pickup time function picks up the precise P-wave arrival time and the S-wave peak time of a single microseismic signal of the corresponding geophone, while the continuous pickup function picks up the P-wave precise time and S-wave peak time of multiple geophones corresponding to multiple microseismic signals in a single test. All the results of the above operations were obtained. The results of all the above operations are displayed in the result output panel for specific extraction of the valid information. The graphical user interface for the basic functions of the integrated software is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Basic function graphical user interface.
3.5.2 Signal analysis functions
The soft-signal analysis interface was mainly divided into three image areas, namely the original signal image area, the seismic phase recognition image area, and the arrival pickup image area. The original signal image area shows the waveform of the original signal obtained from the import data function, the seismic phase recognition image area is the seismic phase recognition result obtained from the seismic recognition function through the red dotted rectangular box, and the arrival pickup image area is the exact arrival time of the P-wave and the peak arrival time of the S-wave obtained from the pickup arrival function through the circle and the square, respectively.
3.5.3 Inverse positioning function
The inverse positioning interface was divided into four main functional areas, namely the optimization algorithm and objective function adjustment control, the geophone coordinates and the arrival time display and modification control, the initial parameters display and adjustment control, and the source inversion positioning image display and adjustment control. By entering the initial parameters such as the geophone coordinates, dual-phase arrival time, and the search starting point of the optimization algorithm, the inverse positioning function was used to locate the microseismic source inversion.
3.5.4 Other functions
To facilitate further analysis of the microseismic signals and a comparative analysis between different methods, the following functions are provided:
1) Optimization algorithms are available as pattern search algorithm, variable step accelerated search method, simulated annealing algorithm, and genetic algorithm.
2) The objective function could be selected as either single-phase or dual-phase, with two single-phase objective functions available under the single-phase option, and one dual-phase objective function corresponding to the dual-phase option.
3) The initial parameters and the geophone coordinates and the arrival support the function of modifying and restoring the default parameters.
4) The 3D plot window and the result output panel support clearing function.
5) The initial arrival time could be selected according to the single or double oscillation phase with only the P-wave precise arrival time or only the S-wave peak arrival time, or a corresponding group of the precise P-wave arrival time and the peak arrival time of the S-wave could be selected at the same time.
Some of the other features are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Display of some other functions.
4 ENGINEERING EXAMPLE VALIDATION
4.1 Engineering validation of the seismic phase identification
According to the monitoring results of the ground monitoring station of the Tashan mine, the microseismic signals generated from seven microseismic events with different periods and different seismic locations were classified, and the sources were named as “Source I” to “Source O”, in which each event contained seven three-directional microseismic signals. Each event contained seven microseismic signals in the X-, Y-, and Z-axes, and each microseismic signal contained one microseismic response, and the signal form is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Schematic diagram of microseismic signal in microseismic monitoring project.
4.1.1 Comparison of the effect of seismic phase recognition
The initial parameters used for the adaptive rotational categorization method in the following analysis were: sampling frequency, Fs =5000 Hz, sampling interval, Cint =10, grouping interval, Fint =10 s, and range expansion factor, Q = 2.
1) Analysis of identification results
Through daily monitoring of the microseismic events in the mine area, a total of 168 microseismic signals were collected from seven sources, seven geophones, and three sub-directions, which were expressed in the form of “source - sub-direction”. For e.g. “I-X” indicates the microseismic signals from source I and the X-axis sub-direction of the geophone. The microseismic signal was monitored under source I (Liu et al., 2017). The results are shown in Figure 12, where each rectangle represents a segment of a microseismic signal, and the true value of microseismic response count of each segment was 1. If the result is 1, the recognition was classed under successful, and if not, the recognition was classed under failed. The absolute value of the difference between the number of phases and the true value of the microseismic response is called the recognition deviation.
[image: Figure 12]FIGURE 12 | Microseismic phase identification results of the two methods.
From Figure 12A it can be seen that the number of recognition failures of the improved STA/LTA method is 9 times, the maximum magnitude of recognition bias is one time, and the distribution of recognition failure results is not regular. From Figure 12B it can be seen that the number of recognition failures of the adaptive rotational categorization method is one time, and the maximum magnitude of recognition deviation is one time.
2) Calculation time analysis
As shown in Figure 13, the calculation time of the improved STA/LTA method and the adaptive rotational categorization method was higher than that of the adaptive rotational categorization method for the above 168 segments of microseismic signals with a mean value of 0.281 s and a wide range of variation of 0.303 s. The calculation time of the adaptive rotational categorization method is shorter than that of the improved STA/LTA method, with a mean value of 0.115 s and a small range of variation of 0.152 s. The calculation time of the adaptive rotational categorization method is shorter than that of the improved STA/LTA method. and the range of computation time variation is also smaller, with a polar difference of 0.152 s.
3) Comparison of the recognition effect of the two methods
[image: Figure 13]FIGURE 13 | Calculation time for the two methods
By collating and analyzing the identification results with the computation time, the results are shown in Table 2.
TABLE 2 | Comparison of the microseismic phase identification effects for the two methods.
[image: Table 2]As can be seen from Table 2, compared with the improved STA/LTA method, the recognition accuracy of the adaptive rotational categorization method is improved by 4.8%, the standard deviation of recognition deviation is 34.2% of the former, the mean value of computation time is 40.9% of the former, and the standard deviation of computation time is 55.9% of the former. This shows that the method has advantages over the improved STA/LTA method in terms of seismic phase recognition accuracy, stability, and computation speed and stability, and thus has advantages over the improved STA/LTA method.
4.2 Engineering validation of the TFA-DC method
To further verify the reliability of the TFA-DC method for microseismic signal arrival pickup, the microseismic signal data from the microseismic monitoring project at the Tashan Mine were selected for verification, as shown in Figure 14, and the pickup results are shown in Table 3.
[image: Figure 14]FIGURE 14 | Three-component velocity profiles for each station for microseismic events.
TABLE 3 | Analysis of arrival-time picking results of data from the practical engineering by TFA-DC.
[image: Table 3]According to Table 3, the following conclusions can be drawn:
1) The maximum time difference, the minimum time difference, the mean time difference and the standard deviation of the time difference at the peak of the S-wave to time are all 0 s.
2) The maximum time difference when the P-wave is accurate is 0.025380 s, the minimum time difference is 0 s, the average time difference is 0.007825 s, and the standard deviation of the time difference is 0.006180 s.
3) The maximum calculated run time is 2.220,169 s, the minimum calculated run time is 1.418,231 s, the average calculated run time is 1.853,774 s, and the standard deviation of the calculated run time is 0.220,383 s.
4) There is no pickup failure due to low signal-to-noise ratio in the above pickup results.
It can be seen that the TFA-DC method has certain advantages in terms of the types of the pickup waves, the average time difference, the standard deviation of time difference, the average computation time required for a single pickup, the standard deviation of time, and the success rate of pickup. This indicates that it is an effective method for picking up microseismic signals in time, and can thus meet the needs of engineering sites.
4.3 Engineering example validation of the variable-step accelerated search method
In order to further demonstrate the advantages of the variable-step acceleration search method for seismic source localization, the localization effects of the three algorithms, the simulated annealing algorithm, the genetic algorithm, and the variable-step acceleration search method, were compared using the P-wave initial arrival time and the spatial coordinates of the geophone from engineering field data under the simplified velocity model using the average wave velocity.
4.3.1 Geophone coordinates and observation arrival times
The data obtained from blasting at the Tashan mine were used as an example to compare and analyze the positioning effects of the three algorithms. The first arrivals of the P-waves were picked up by the seven geophones after the blast, and the blast coordinates, i.e., the true values of the source, were determined at the site (2,732.7 m, 226,57.6 m, 56.3 m). The spatial coordinates of each geophone and the arrival times of the P-wave first arrivals picked up by them are shown in Table 4.
TABLE 4 | Geophone coordinates and first arrival-time of the P-waves.
[image: Table 4]4.3.2 Analysis of the variable-step acceleration search method
To this end, the initial coordinates of the starting point were: X0 = 1,000 m, one Y0 = 20000 m, Z0 = 30 m; the initial value of the average wave velocity of the P-wave, V0 = 5 m/ms: the upper limit of the model size, Xu = 5000 m: Yu = 30000 m: Zu = 100 m: the lower limit of the model size, Xd = 0 m, Yd = 0 m, Zd = 0 m; the upper limit of the velocity, Vu = 20 m/s: the lower limit of the velocity, Vd = 0 m/s: the search step for the lower limit, J = 0.001 m: and the initial value of search step, r = 2000 m. The results of the 10 calculations using the variable-step acceleration search method are shown in Table 5.
TABLE 5 | The location results of the three algorithms.
[image: Table 5]Data shown in Tables 5 and 6 imply that the mean and standard deviation of the objective function value, and the mean and standard deviation of the localization error of the variable step acceleration search method are smaller than the remaining two algorithms. This indicates that the accuracy and convergence stability of the results of this algorithm were better than the remaining two algorithms, and the mean value of the computation time was smaller than the remaining two algorithms.
TABLE 6 | Comparison of location effect of three algorithms.
[image: Table 6]Hence, the variable-step acceleration search method could find the optimal convergence point precisely and quickly with the specified P-wave arrival time, the target function model, and the coordinates of the geophones. and the results are guaranteed to be the same every time. The optimization algorithm had no substantial impact on the localization accuracy, which was mainly due to other factors such as P-wave arrival time, objective function model, geophone position coordinates, and wave speed model.
4.4 Engineering validation of the TD-DL methods
In order to further confirm the superiority and practicality of the TD-DL method in seismic-source inversion localization, the seismic signals from the microseismic monitoring project of the Tashan mine were selected for the on-time pickup and inversion localization calculation, and the results were compared with the localization calculation results of P-wave and S-wave single seismic phases. These signals were named as, “KZXH-1”, “KZXH-2”, and “KZXH-3”. The time pickups of the above three groups of microseismic signals were performed using the TFA-DC method, and the time pickups obtained after the filtering process are shown in Figure 15, and the obtained P-wave precise time pickups and S-wave peak time pickups are shown in Table 7.
[image: Figure 15]FIGURE 15 | Schematic diagram of picking up mine seismic signal at arrival-time.
TABLE 7 | Arrival-time data of P-wave and S-wave of mine seismic signal.
[image: Table 7]4.4.1 Geophone arrangement
The geophones of the mine microseismic monitoring project were arranged at a depth of 2 m below the surface, and were only used for two-dimensional monitoring, i.e., monitoring the X-axis and Y-axis coordinates of the source location, so the coordinate variation range of the geophones are mainly distributed in the X-axis and Y-axis, and its coordinates are shown in Table 8.
TABLE 8 | Three-dimensional coordinates of the geophones at the
[image: Table 8]4.4.2 Analysis of positioning results
In order to increase the constraint information at the arrival of the double-shock phase and improve the convergence and positioning accuracy of the localization algorithm, the Z-axis coordinates were imported at the same time in addition to the geophone X-axis and Y-axis coordinates for cooperative localization during the calculation., and only the X-axis and Y-axis coordinates are used for the localization results. Although the variation range of the Z-axis coordinates of the geophones was much smaller than that of the X-axis and Y-axis, the addition of the Z-axis coordinates increased the convergence error tolerance and reduced the converged objective function value. This indicated that the addition of the Z-axis coordinates improved the positioning accuracy. After importing the geophone coordinates and arrival data, the inverse localization calculations were performed using the variable-step accelerated search method, and the results were compared with the true coordinates of each source and the localization errors are shown in Table 9, where the true coordinates of the source were obtained from the reported seismic location of the mine.
TABLE 9 | Location results of each seismic phase in mine seismic signal.
[image: Table 9]From Table 9, it can be seen that under the source KZXH-1, the TD-DL method localization error is 14.7% and 16.5% of the P-wave and the S-wave single seismic phases, respectively; under the source KZXH-2, the TD-DL method localization error is 8.6% and 10.5% of the P-wave and the S-wave single seismic phases, respectively; under the source KZXH-3, the TD-DL method localization error is 5.1% and 16.5% of the P-wave and the S-wave single seismic phases, respectively.
4.5 Engineering applications of integration software
In January 2019, the high-frequency microseismic wireless ground monitoring system of Tashan coal mine was officially put into operation, and the monitoring was carried out during the operation of Tashan coal mine 8204–2 working face, which is an isolated island working face with the risk of power disaster. In April, the working face was advanced 120 m, and a total of 41 microseismic events were monitored, with a total release energy of 24,300 J, including 15 events below 102 J, 15 events between 102 J and 103 J, 12 events between 103 J and 104 J, and no events larger than 104 J. At this stage, the working face was widened, the advance speed was reduced, and the number of microseismic events and the energy of microseismic events were low.
The microseismic signal microseismic arrival time pickup and its localization were performed using the integrated software for microseismic events received at station one from 12:00 to 14:00 on April 10. From the integrated software, the microseismic arrival time and source location of the microseismic events in the mine was easily obtained. It was easy to operate and did not require complicated calculations. The process merely imported the measured microseismic waveform data by clicking on the arrival time pickup from the software, and the source inversion positioning to get the desired results. The obtained positioning data are shown in Table 10, and the positioning effect is shown in Figures 16, 17.
TABLE 10 | Integrated software inversion of Tashan mine positioning data on April 10.
[image: Table 10][image: Figure 16]FIGURE 16 | Software calculation of the April 10 microseismic arrival pickup event.
[image: Figure 17]FIGURE 17 | Software calculation of the microseismic localization results for the April 10 event.
5 CONCLUSION
Combining simulated algorithms, geophone coordinates, initial arrival times, and microseismic signals obtained from actual projects. The main conclusions that can be drawn are as follows:
1) Analysis of microseismic signals based on monitoring of isolated working face at Tashan mine, the recognition accuracy of the adaptive rotation categorization method improved by 4.8%, the standard deviation of recognition deviation was 34.2% of the former, and the mean and standard deviation of calculation time were 40.9% and 55.9% of the former, respectively.
2) The TFA-DC method compares with the improved STA/LTA method, the average time difference and the standard deviation of the former P-wave were 6.18‰ and 3.98‰ of the latter, the average computation time and standard deviation required for a single pickup of the former were 43.99% and 10.54% of the latter, and the former arrival time pickup failure ratio was 0, while for the latter was 15.63%.
3) Under the simulated cases, when simulated annealing algorithm and the genetic algorithm were compared, the standard deviation of the objective function value, the standard deviation of the localization error, and the standard deviation of the wave velocity error of the variable-step acceleration search method were all 0; the average value of the localization error of this algorithm was 0.7% and 1.9% of the remaining two.
4) The TD-DL method offset the positioning errors obtained from the P-wave and S-wave single-phase calculations to a certain extent, thus improving the inversion positioning accuracy of the source; the average value of the positioning errors of the TD-DL method under the engineering data was 9.5% and 14.5% of the P-wave and S-wave single-phase positioning, respectively.
5) The software was integrated with “visual”, “interactive” and “one-click” features for microseismic data processing, and the analysis of the April data from the Tashan mine enables faster and more direct access to the location of the source of microseismic events.
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