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A fault is a main cause for water inrush in coal mines. The detection of faults plays an important role in the prevention and governance of water inrush in coal mines. It is hard to determine the direction of seismic wave propagation under the condition of full space of mines, leading to difficulty in accurate fault detection. This paper compares and analyzes the polarization information extraction capability of time-domain polarization analysis, frequency-domain polarization analysis, and time-frequency (TF)-domain polarization analysis, and proposes a TF-domain polarization analysis-based method for locating faults in coal mines. Firstly, the polarization analysis of signals mixed in the time domain was carried out. The results of three kinds of polarization analysis show that the TF-domain polarization analysis can accurately determine the polarization direction of multi-type signals in the case of aliasing. Secondly, a time-space-domain high-order three-dimensional three-component numerical simulation experiment was conducted. The TF-domain polarization analysis was adopted to extract the polarization information of each geophone and locate the fault. The error of the predicted fault strike was 0.16°, and the distance deviation was about 2.03%. Finally, in-situ three-component seismic signals of coal mine were used to predict the location and strike of fault. The data from on-site actual drilling verified the effectiveness of the mine fault location method based on the TF-domain polarization analysis. The predicted fault strike is consistent with the drilling data, and the distance deviation is about 5.5%.
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INTRODUCTION
Water inrush is the main accident in mines. Fracture structure is a main cause for water inrush in coal mines, and a fault is the most typical one. According to statistics, 80% of water inrush accidents are related to faults (Wu et al., 2020). Therefore, the detection of hidden faults is very significant for the safety production of coal mines. However, it is difficult to detect faults accurately in underground coal mines at present. We propose a fault location method based on polarization analysis.
Polarization analysis is a mathematical algorithm proposed by Flinn in 1965 (Flinn, 1965). Polarization information such as propagation direction and polarizability of seismic wave can be obtained by polarization analysis of three-component seismic data. The earliest polarization analysis was carried out in the time domain in terms of signals. The time-domain polarization analysis can produce polarization information of the measured seismic wave signals at different times. Park proposed the frequency-domain polarization analysis (Park et al., 1987) in 1987, which could generate polarization information of the measured seismic wave signals at different frequencies. In 2001, Reading et al. created the prototype of time-frequency (TF)-domain polarization analysis by applying Fourier transform to each period of three-component data and calculating eigenvalues and eigenvectors to establish filters (Reading et al., 2001). The TF-domain polarization analysis can help obtain the polarization information of seismic wave signals at different times and frequencies.
Currently, in seismic exploration, polarization analysis is mainly used for detection under the half-space conditions in seismic exploration of the ground or sea surface. Kong et al. used TF-domain polarization analysis to conduct surface wave filtering of ground seismic data collected from Sichuan Basin in 2018 (Kong et al., 2018). Kakhki et al. performed Rayleigh wave separation from seismic records measured by PEMO stations in Canada in 2020 by adopting the TF-domain polarization analysis (Kakhki et al., 2020). In terms of offshore seismic exploration, Du et al. conducted TF-domain polarization analysis on the data of offshore seismic exploration for wave filtering in 2016 and improved the signal-to-noise ratio of the data (Du et al., 2016). However, there are few studies on polarization analysis for full-space conditions in seismic exploration of underground (Seismic waves can travel not only from below to the geophone, but also from above). Feng et al. identified the polarization degree of seismic waves by using polarization analysis and further extracted Rayleigh channel waves in 2016 (Feng et al., 2016). In 2018, Ji et al. proposed a channel wave polarization migration technique. This technique has directional selectivity and filters out other interfering waves during the migration process, eliminates the artificial mirror phenomenon, and provides a higher imaging accuracy than other methods (Ji et al., 2018). In 2019, Liu et al. defined the polarization direction of seismic waves by conducting the TF-domain polarization analysis of seismic records in mines, separated and filtered seismic waves based on the polarization direction of seismic waves, and used different types of seismic waves for imaging (Liu et al., 2019). The above scholars and most of the current scholars adopted polarization analysis in mine seismic exploration for wave filtering and wave field separation. But there is no research on fault location by using TF-domain polarization information directly under the full-space conditions of mines.
This paper raises a method for identifying the location and strike of a fault by using the TF-domain polarization information of three-component seismic signals. Firstly, in order to accurately extract the polarization information of seismic waves under complex conditions, it compared the time-domain polarization analysis, frequency-domain polarization analysis and TF-domain polarization analysis by using synthetic data, and studied the capability of each polarization analysis method to extract the polarization information of weak energy seismic waves in the presence of strong energy seismic waves. Then, a time-space-domain high-order three-dimensional three-component numerical simulation experiment was conducted to verify the feasibility of the fault location method. Finally, field experiments were carried out to demonstrate the effectiveness of the fault prediction method.
PRINCIPLE OF POLARIZATION ANALYSIS
The time-domain polarization analysis, frequency domain polarization analysis and time-frequency domain polarization analysis used in this paper all need to construct covariance matrix. The polarization information of seismic signals is further obtained by calculating the eigenvalues and eigenvectors of the covariance matrix.
Formation of covariance matrix in time-domain polarization analysis
After Hilbert transform of the three-component data ui(t) (i=x,y,z), uih(t) is obtained, and an analytic signal ci(t) is constructed (Diallo et al., 2005):
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After obtaining the analytic signal ci(t) by Hilbert transform of ui(t), the ui (t+τ) (approximate value of u1 near t) can be obtained by using the analytic signal ci(t), which is stated as follows:
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Where instantaneous frequency [image: image]; (·)* refers to complex conjugate.
Construct the covariance matrix:
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Where k,m=(x,y,z); μkm is average value; Tkm(t) refers to the time window at time t. The expressions are stated as follows respectively:
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Where ℜ is the real part of a complex number;
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Where N is used to describe different polarization properties (generally equivalent to 1 or 2). When N is larger, it can describe 3D complex polarization properties (Liu et al., 2019).
Formation of covariance matrix in frequency-domain polarization analysis
By introducing the multi-taper spectral analysis method (MTM) into the frequency-domain polarization analysis, the spectral density matrix can be constructed with very small spectral leakage and very smooth (Chen et al., 2007).
Multi-taper spectral analysis is added to the fast Fourier transform of the three-component data ui(t) (i=x,y,z):
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Where ωt(k)(N,W) is the k-order window function (k=0,1,…,K-1), and 2W refers to the width of the selected frequency band.
Build the spectral density matrix:
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Where (·)* is a complex conjugate
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Formation of covariance matrix in TF-domain polarization analysis
After transforming the signal ui(t) (i=x,y,z) into the TF domain using time-frequency transform, the analytic signal can be constructed as STi(t,f) (Feng et al., 2016). When the signal is converted to time-frequency domain by zeroing negative frequency and double positive frequency, the analytic signal can be obtained in TF domain. At time t in the time-frequency domain, the complex covariance matrix MS(t,f) at frequency f can be described as follows (Ma, 2012):
[image: image]
Each element in the matrix is defined as follows:
[image: image]
Where |SCk(t,f)| and |SCm(t,f)| refer to the instantaneous amplitudes of two groups of analytical signals; Ωk and Ωm are instantaneous frequencies; arg represents instantaneous phase; μkm(t,f) is mean value, which is defined as follows:
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Where the function sinc(t) is defined as follows:
[image: image]
Tkm(t,f) is the adaptive time window length, which is defined as follows:
[image: image]
Where N is a positive integer, usually taken as 1 or 2.
Calculation of polarization parameters by using covariance matrix
The characteristics of the seismic wave vector can be described by polarization parameters which can be obtained by calculating the largest eigenvalue λ1 of the complex covariance matrix and its corresponding normalized eigenvectors (Vx,Vy,Vz) in the time-frequency domain (Wang and Huang, 2022).
The formula for the dominant polarized azimuth is stated as follows:
[image: image]
When −90°≤θ(t)≤90°, the dominant polarized azimuth represents the angle between the projection of the polarization principal axis on the XOY plane and X-axis. When the polarization principal axis is biased towards the positive direction of Y-axis, θ(t)>0°. When the polarization principal axis is biased towards the negative direction of Y-axis, θ(t)<0°.
The formula for the dominant polarized dip angle is stated as follows:
[image: image]
When −90°≤Φ(t)≤90°, the dominant polarized dip angle represents the angle between the polarization principal axis and the XOY plane. When the polarization principal axis is biased towards the positive direction of Z-axis, Φ(t)>0°. When the polarization principal axis is biased towards the negative direction of Z-axis, Φ(t)<0°.
PRINCIPLE OF LOCATING THE FAULT BY VIRTUAL SOURCE METHOD
As shown in Figure 1A, in a common shot gather, the reflected wave from the same reflection interface can be considered as coming from a common virtual source (Yang et al., 2022). The virtual seismic source has a mirror-image relationship with the real seismic source along the reflection interface. Therefore, the position and direction of the reflection interface can be known after knowing the location of the virtual source. Draw a straight line A to connect the virtual source and the actual source. Paint a line B perpendicular to the straight line A at the midpoint of line A. This perpendicular line B indicates the direction and spatial location of the reflection interface.
[image: Figure 1]FIGURE 1 | Schematic diagram of LFVS method. (A) The reverse extension lines of each geophone along the direction of seismic wave propagation intersect at the virtual source. (B) The polarization azimuth range of each detector is overlapped, and the area of the virtual source is located.
In actual exploration, the polarization direction of seismic wave can be obtained by polarization analysis, and then the propagation direction of seismic wave can be obtained. Draw a line from the geophone in the opposite direction of the propagation direction, which will pass through the virtual source. Do the above operation on all geophones, and the lines of all geophones will intersect at the virtual source.
Due to the complex wave field in practical seismic exploration, various types of waves are mixed, and the polarization information about target seismic waves will be adversely affected to a certain extent (Wang et al., 2020). Two azimuth limits are set according to the numerical values and the value variation amplitude of the polarization information in the time-frequency domain of channel waves, and the polarized azimuth of real seismic waves is within the range between the two azimuth limits. The range of polarized azimuth of each geophone is overlapped with each other, and the area overlapped most frequently is taken as the location of virtual seismic source, as shown in Figure 1B.
NUMERICAL SIMULATION
The process of locating the fault by virtual seismic source consists of two steps: extraction of polarization information and fault location. The first part of numerical simulation is aimed to verify the effect of polarization analysis. Artificial signals are synthesized by using the sine wave damping attenuation method to verify the extraction effect of each polarization analysis method. The second part of numerical simulation is to verify the effect of LFVS method. The three-dimensional time-space high-order finite difference method is adopted for numerical simulation to further verify the effect of polarization analysis and the accuracy of the fault location method.
Synthesized data calculation
Locating the virtual seismic source requires the most accurate polarization information about seismic waves. In coal seams, there exist Love waves with strong energy, which may influence the extraction of polarization information about effective waves. In order to accurately extract the polarization information about effective waves, it is necessary to study the capability of each polarization analysis method to extract the polarization information about effective waves in the presence of interference waves.
A synthetic signal is created according to the damping attenuation of sine wave (Diallo et al., 2005). The synthetic signal is composed of five segments of linear polarization signals with different polarization information, frequencies and durations: A, B, C, D and E, among which signal A is an interference signal with strong energy and long duration. Specific parameters are shown in Table 1, and the waveform of synthesized signal is shown in Figure 2.
TABLE 1 | Basic parameters of synthesized signal.
[image: Table 1][image: Figure 2]FIGURE 2 | Synthesis of three-component signals.
After the time-domain polarization analysis of the synthesized signal, the time-domain polarization information is obtained, as shown in Figure 3. According to Figure 3, the polarization information presented at the junction of signals B, C, D and E (0.4, 0.8, 1.2 s) is consistent with the theoretical polarization information about the background signal A. The polarized azimuths and dip angles change greatly within the periods of signals B, D and E. Due to the mixing with the strong-energy signal A in time domain, there is a large deviation between the polarization information within such periods and the theoretical polarization information about signals B, D and E. There is little change in the polarization information within the period of signal C with weak energy, and its polarization information is almost completely suppressed by signal A. Therefore, when there are two signals with different frequencies, energy scales and polarization characteristics within the same period, the polarization information about weak-energy signals obtained from the time-domain polarization analysis will be suppressed, leading to errors in the polarization information obtained from the analysis. The degree of suppression depends on the difference in energy between the two signals.
[image: Figure 3]FIGURE 3 | Time-domain polarization analysis of the synthesized signal.
After the frequency-domain polarization analysis of the synthesized signal, the frequency-domain polarization information is obtained, as shown in Figure 4. According to Figure 4, the polarization information obtained from the analysis at the frequencies of signals A, B, D and E is consistent with the theoretical polarization information, but there is a large deviation at the 55 Hz frequency of signal C. In Table 1, the frequencies of signal B and signal E are 60 Hz and 50 Hz respectively, which are very close to the frequency of signal C, and the length of the main polarization axis of these two segments of signals is not less than twice that of signal C. Therefore, signal C with weaker energy is suppressed by signals B and E with similar frequencies and stronger energy, resulting in a large difference between the polarization information obtained from the analysis of signal C and the theoretical value. Therefore, when there are signals with different periods, energy scales and polarization characteristics within the same frequency range, the polarization information about weak-energy signals obtained from the frequency-domain polarization analysis will be suppressed, leading to errors in the polarization information obtained from the analysis.
[image: Figure 4]FIGURE 4 | Frequency-domain polarization analysis of the synthesized signal.
After the TF-domain polarization analysis of the synthesized signal, the TF-domain polarization information is obtained, as shown in Figure 5. At the same time, such as 0.6 s, the polarization information obtained from the TF-domain polarization analysis varies at different frequencies. In the same frequency band, such as 60–70 Hz, the polarization information obtained by TF-domain polarization analysis varies at different times. The polarization information obtained by the TF-domain polarization analysis has different values at different time-frequency point and is consistent with the theoretical value of the signal. The TF-domain polarization analysis can distinguish the polarization information of signals in the two dimensions of time and frequency simultaneously, and the polarization information about weak-energy signals will not be suppressed by other signals in the same time or frequency band.
[image: Figure 5]FIGURE 5 | TF-domain polarization analysis of the synthesized signal. (A) The polarization azimuth information of different time-frequency points is different. (B) The polarization dip angle information of different time-frequency points is different.
Three-dimensional three-component seismic numerical simulation
In order to verify the effect of the LFVS method and further study the capability of various polarization analysis methods to extract polarization information under coal mine conditions, a three-dimensional numerical model is established, as shown in Figure 6. It is a “rock—coal—rock” layered model. The thickness of the middle coal seam is 2 m. The velocity of longitudinal waves in the middle coal seam is 2,200 m/s, and the velocity of shear waves is 1,270 m/s. The lithology of the roof and floor is the same, where the velocities of longitudinal waves and shear waves are 3,400 m/s and 1,962 m/s, respectively. The coal seam has a dip angle of 10°, and its inclination is the negative direction of Y-axis. A fault with a thickness of 5 m is inserted at the location of 150–155 m of the Y-axis. The velocities of longitudinal waves and shear waves in the fault are 1,500 m/s and 900 m/s, respectively. A concentrated force source in the Z direction was used in the simulation and placed at (0,0,0) in the model, and its dominant frequency was 125 Hz. 31 geophones with a sampling frequency of 2.5 kHz were placed along the positive direction of X-axis from (0,0,0). The spacing of geophones is 10m, and the length of the measuring line is 300 m. PML absorbing boundary was added to the model, and the 3D time-space-domain high-order finite difference method was used for numerical simulation (Fang et al., 2022).
[image: Figure 6]FIGURE 6 | 3D numerical simulation model.
In the data from the 14th geophone, there is overlap between reflected shear waves and other waves in both time domain and frequency domain. Thus, the data from the 14th geophone was selected as typical data, for which the polarization analysis in time domain, frequency domain, and TF domain was carried out respectively.
Determine the type of wave through time-frequency spectrum (Figure 7). By calculating the wave velocity, energy A is the refracted longitudinal wave from the roof and floor (A). Because the X component and Z component of energy B are obvious, combined with its wave velocity, it is judged that B is SV-type shear wave(B).The energy intensity of C and D is higher, which is judged to be channel wave. The C energy is more obvious in the X component, and the D energy is more obvious in the Y direction. Combining the velocity and frequency characteristics of Rayleigh trough wave and Love trough wave (Feng et al., 2018), it is judged that C and D are Rayleigh channel wave (C) and Love channel wave (D), respectively.The arrival time of energy E and F does not change rapidly with the offset, so it is most likely a reflected wave. Combined with its frequency, it is judged that energy E is the reflected SV-type shear wave (E), and energy F is the reflected Rayleigh-type channel wave (F). The reflected SV-type shear wave (E) overlaps with the direct Rayleigh channel wave (C) in time domain and with the direct SV-type shear wave (B) in the frequency domain.
[image: Figure 7]FIGURE 7 | Time-frequency spectrum of the data from 3D numerical simulation.
Three kinds of polarization analysis were carried out for the simulated data to extract the polarization information about the reflected SV-type shear wave with weak energy. The results of time-domain polarization analysis are shown in Figure 8. The azimuth and dip angle of the reflected SV-type shear wave (E) at 0.14 s are about −30° and −70°, respectively. The azimuth in the polarization information is quite different from the theoretical azimuth (−66°) of the reflected SV-type shear wave (E). The azimuth-related polarization information of the reflected SV-type shear wave (E) is suppressed by the direct Rayleigh channel wave (C), leading to the failure to produce accurate polarization information.
[image: Figure 8]FIGURE 8 | Time-domain polarization analysis of the data from 3D numerical simulation.
The results of frequency-domain polarization analysis are shown in Figure 9. The azimuth value of the reflected SV-type shear wave (E) at 280–450 Hz fluctuates around 0°, and the dip angle is about −70−-80°. The polarization information is consistent with that of the direct SV-type shear wave (B). The polarization information about the weak-energy reflected SV-type shear wave (E) is suppressed by the strong-energy direct SV-type shear wave (B).
[image: Figure 9]FIGURE 9 | Frequency-domain polarization analysis of the data from 3D numerical simulation.
The results of TF-domain polarization analysis are shown in Figure 10. The polarized azimuth and dip angle of the reflected SV-type shear wave (E) are about −65° and 70°, which are consistent with the theoretical polarization information. The polarization information of the reflected SV-type shear wave (E) is not suppressed by the direct Rayleigh channel wave (C) or the direct SV-type shear wave (B). At the same time, the azimuths and dip angles of the direct Rayleigh channel wave (C) and direct SV-type shear wave (B) are consistent with their theoretical values.
[image: Figure 10]FIGURE 10 | TF-domain polarization analysis of the data based on 3D numerical simulation. (A) polarization azimuth information of each type of seismic wave. (B) The polarization dip angle information of each type of seismic wave.
Because of the consistency between the polarized azimuth of the Rayleigh channel wave with the direction of its propagation, the polarization information about the Rayleigh channel wave is selected to locate faults. The polarization analysis of the 5th, 10th, 15th, 20th, and 25th geophones in the simulated data is conducted to extract the information about polarized azimuth of the reflected Rayleigh channel wave, and two azimuth limits are given respectively. The scopes defined by azimuth limits of different geophones are overlapped, and the area covered for the most times is regarded as the location of virtual seismic source. A perpendicular line is painted at the midpoint of the line connecting the virtual seismic source and real seismic source. This perpendicular line refers to a predicted fault. As shown in Figure 11, the angle difference between the predicted fault and the real fault is 0.16°. The difference in distance between the predicted fault and the real fault at the line connecting the virtual and real seismic sources is 3.05 m. The error within a detection distance of 150 m is about 2.03%.
[image: Figure 11]FIGURE 11 | The results of fault location based on the data from 3D numerical simulation.
CASE STUDY
In terms of the working face of a coal mine in Anhui, China, the coal seam has a thickness range of 3.0–5.2 m and an average thickness of 3.9 m. It has a dip angle range of 5–18° and an average dip angle of 10°. The roof is grayish-white medium-grained sandstone, and the floor is siltstone. There are normal faults developed in the working face, with strike of 250–265°, dip of 340–355°, dip of 65° and drop of 0–21 m. The roadway strikes 225°, the fault intersects the roadway, and the angle difference is 25–40°. The geophone R1 is 7.5 m away from the seismic source. A total of 13 seismometers were deployed. The spacing of geophones is 10 m. The specific observation system is shown in Figure 12.
[image: Figure 12]FIGURE 12 | The seismic observation system of the working face.
The TF-domain polarization analysis of R1∼R13 with well-developed channel waves is carried out. For example, according to the time-frequency spectrum of three-component data about R8 (Figure 13A), there is energy with a long duration at 150Hz, which complies with the frequency characteristics of Rayleigh channel waves (Pi et al., 2018). Thus, the energy is determined to be Rayleigh channel wave. According to the diagram of azimuth after TF-domain polarization analysis (Figure 13B), the polarized azimuth within the time-frequency range of reflected Rayleigh channel waves is 70–75°. The TF-domain polarization analysis was carried out for all valid geophones of R1∼R13 to extract the polarized azimuth range of reflected Rayleigh channel waves and further locate virtual seismic source. The time-frequency domain polarization information data of the valid geophone is generally very uniform and stable. On the contrary, The time-frequency domain polarization information data of the invalid geophone is very disordered, the polarization information cannot be extracted.
[image: Figure 13]FIGURE 13 | Time-frequency spectrum and time-frequency domain polarization analysis azimuth of working face data. (A) Time-frequency spectrum of seismic waves received by different components of geophone (B) Time-frequency polarization azimuth information of data.
Finally, the approximate location, strike, inclination and dip angle of the fault were identified, as shown in Figure 14. The fault detection area was verified by drilling in the coal roadway. The comparison between the detection result and the actual drilling result shows that the fault position error is 3 m, and the fault strike is consistent.
[image: Figure 14]FIGURE 14 | The results of fault detection based on the data from working face.
DISCUSSIONS

1. The effect of LFVS method is positively correlated with the quality of data. In practical applications, the azimuth information of some geophones often changes too much in the time-frequency range of the target wave (the difference between the maximum and minimum azimuth angles is more than 45°), which makes it difficult to extract polarization information. These data are invalid data. These data are invalid data. These data are invalid data. There are many reasons for invalid data, such as the three-component geophone is damaged or the target wave and the interference wave are overlapping in both time and frequency dimensions. Therefore, such geophones should be excluded when locating virtual seismic source. It is still feasible to locate virtual seismic source after excluding some geophones with significant errors.
2. Compared with traditional methods for fault detection, the LFVS method has many advantages such as faster processing and capability of identifying the strike. This paper only discusses the case of a single fault, but there may be multiple complex faults in practical situations. In the case of multiple faults, reflected signals of different faults may be initially identified according to the travel time of seismic waves, and then the polarization information can be extracted by TF-domain polarization analysis, thus helping locate the locations of different faults finally.
3. Wang et al. (2020) successfully applied a similar method to locate the broken wing of coal seam. Wang mainly uses the polarization dip angle information, while this article mainly uses the polarization azimuth information. If the two are combined, more fault information may be available.
4. The LFVS method can be combined with other methods to achieve better water inrush prevention effect. Combined with tomography method, the fault location accuracy can be further improved (Dong et al., 2022). As a typical water and gas channel (Chen et al., 2021; Tian et al., 2022), the fault can be further monitored by acoustic emission method after positioning by LFVS method (Rui et al., 2022a; Rui et al., 2022b).
CONCLUSION

1. The time-domain polarization analysis, frequency-domain polarization analysis and TF-domain polarization analysis were conducted for the three-component synthesized signal with overlapping in time and frequency domains. The time-domain polarization analysis fails to accurately extract the polarization information of weak energy wave signals overlapped with strong energy waves in time domain. The frequency-domain polarization analysis fails to accurately extract the polarization information of weak energy wave signals overlapped with strong energy waves in frequency domain. While the TF-domain polarization analysis can effectively extract the polarization information about the weak energy wave overlapped with strong energy waves in time or frequency domain. The capability of TF-domain polarization analysis to extract the overlapped signals in time and frequency domains is stronger than that of time-domain polarization analysis and frequency-domain polarization analysis.
2. In order to verify the effect of LFVS method, the three-dimensional time-space-domain high-order numerical simulation is adopted, and polarization analysis of the three-component signal from numerical simulation is conducted. The place of virtual seismic source is identified according to the spatial location of each geophone and its polarization information, and the location of the fault is predicted. The angle difference between the predicted fault and the real fault is 0.16°, and the difference in distance between the predicted fault and real fault at the line connecting the virtual and real seismic sources is 3.05 m.
3. The TF-domain analysis is carried out for the real data about channel waves in mines. The location, strike, inclination and dip angle of the fault are identified finally according to the spatial location of each geophone and polarization information. The data about the predicted fault is approximately consistent with the real geological information.
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