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An unsuspected fault in front of a roadway is a key hidden disaster-causing factor that can result in major accidents in coal mines; therefore, the accurate advanced detection of faults is important for the safe coal mining. However, existing seismic advanced detection methods are difficult to execute because of the narrow space limits of roadways. Therefore, on the basis of the generalized theory of scattered waves and the scenes of advanced detections in roadways, we construct a new and superior advanced detection method using scattered waves. In this method, a virtual equivalent survey line perpendicular to the roadway strike is established to reconstruct scattered wave records and a polarization filter function is built to dynamically and accurately extract different types of scattered waves in the target area. An analysis of numerical simulations indicates the following. 1) The true reflection position of a fault in front of a rock roadway is closely related to its dip, and the proposed method can accurately extract and image the scattered multiwaves generated at the true reflection position to identify the inclination of the fault, which can avoid the arc-shaped illusion problem caused by the false reflection signal. 2) Under the condition that the scattered waves at the breakpoint of a broken coal seam are significantly disturbed by the coal seam waveguide effect, the fault inclination of the coal roadway can be determined by the joint imaging and interpretation on the reflected channel wave of the hanging wall breakpoint and the scattered wave of the footwall breakpoint. A field study was performed to verify the effectiveness of the proposed method. The results indicate that this method can effectively identify the position and inclination of faults and provide an effective new means for the accurate detection of faults in front of coal mine roadways.
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1 INTRODUCTION
A roadway is a key channel of coal mine production. 76% of major accidents in coal mines occur in the stage of roadway excavation, and a fault is a key hidden disaster-causing factor. Therefore, the accurate advanced detection of faults is a major national demand for ensuring the coal basic mining.
The means of roadway advanced detections mainly include the seismic wave method, direct current method, transient electromagnetic method and geological radar method, in which the seismic wave method has become the most widely used because of its large detection distance and high resolution (Li et al., 2019). Reflected-wave is the most widely used seismic wave in advanced detections. In reflected-wave methods, linear observation systems are usually arranged on the sides of roadways, and a Radon transform and two-dimensional Fourier transform are used to extract the reflected waves in front of roadways. Finally, a diffraction migration imaging is performed to achieve the prediction of geological structures within 100 m in front of roadways (Liu et al., 2006; Liang and Song, 2009; Shen et al., 2009). In addition, reflected wave advanced detection technologies for tunnels are also used in mine roadways, mainly including the negative apparent velocity method, TSP, HSP, TRT, TST, ISIS, TGP, etc. (Bohlen et al., 2007; Lüth et al., 2008; Chen J. L et al., 2014; Esmailzadeh et al., 2018). Compared with the tunnel advanced detection (Luo et al., 2020; Liu et al., 2022), the reflected-wave received in small observation apertures of coal mine roadways is difficult to identify the position of true reflections (Chen F. et al., 2014), and its imaging with a lack of vertical resolution is ineffective in identifying the fault inclination (Wang and Huag, 2022).
Main energies of mine seismic waves will be bound in coal seams, and interfere to form strong channel waves (Krey, 1963; Dresen and Rüter, 1994). Channel waves will reflect or scatter when encountering the geological structures in coal seams, which can be used to detect the geological structures in front of coal roadways (Teng et al., 2019; Guo et al., 2020). The numerical simulation study shows that (Essen et al., 2007; Yang et al., 2016; Ji et al., 2018), the reflected channel wave is one of the characteristic waves of the fault in front of coal roadways, but it does not have the response ability of fault inclinations (Jiang et al., 2018). Diffracted/Scattered waves have an obvious advantage over reflected waves in the high-resolution imaging (Zhang and Zhang, 2014; Xi and Huang, 2020; Zhao et al., 2020), which can effectively identify discontinuous geological bodies such as pinch out points, intrusive bodies and irregular salt domes (Rad et al., 2018), and is suitable for the small-scale fault detection in coal mines. Under the background of obvious difference in wave-impedance between coal seams and surrounding rocks, the diffracted/scattered wave of the coal seam breakpoint in front of the roadway is characterized by the strong energy and easy identification (Yang and Chen, 2010; Wang et al., 2019). In the space limitation of the driving roadway, the advanced detection arranging observation systems on the side wall or the roof and floor of roadways along the roadway trend is in essence to image targets in the non-coverage range of the survey line. Therefore, using diffracted/scattered wave for advanced detection is more in line with the theoretical and practical situation.
Therefore, on the basis of the generalized theory of scattered waves and the scenes of advanced detections in coal mine roadways, we construct a new advanced detection method that has the abilities of the vector extraction and improved equivalent offset imaging of scattered waves. And seismic numerical models of faults in front of the rock roadway and coal roadway are established respectively to study the scattered wave field characteristics. Then the method in this paper is used to image the true reflection position of the fault in the rock roadway model and the coal seam breakpoint of fault in the coal seam roadway model. Finally, a field study was performed to verify the effectiveness of the proposed method. The results indicate that this method can effectively identify the position and inclination of faults and provide an effective new means for the accurate detection of faults in front of coal mine roadways.
2 THEORY AND METHODOLOGY
2.1 Equivalent offset migration
On the basis of the Huygens–Fresnel principle, the signal of a scatter point can be obtained at each receiving point when a seismic wave is excited on the surface. As shown in Figure 1A, in the equivalent offset migration (EOM) method (Bancroft and Geiger, 1994; Bancroft et al., 1998), the double-square-root equation of the time t of the seismic wave propagating from a source point S to a scattering point SP at a depth Z0 and then to the receiver point R can be converted into a single-square-root equation by assuming the existence of a self-excited self-receiving point E. For the convenience of calculation, we define the midpoint of S and R as M, CSP represents the projection of the underground common scattering point on the ground, t0 is the zero-offset two-way travel time of the scattering point, he is the equivalent offset, E is the juxtaposed equivalent source point and equivalent receiving point, and te is the travel time from E to SP. At this time, the equivalent offset he, which is the distance from E to the ground projection of the underground common scattering point (CSP), is
[image: image]
[image: Figure 1]FIGURE 1 | Schematic diagram of equivalent offset. (A) Conventional diagram; (B) Improved diagram.
In Eq. 1, h is the distance between S and M, x is the distance from M to CSP, and vmig represents the root-mean-square velocity at the scattering point.
Then, the scattered waves can be mapped from the input traces to the CSP gathers by using Eq. 1 to extract the scattered waves to the maximum theoretical extent without any loss of reflected waves (Zhang et al., 2021). Finally, we can use Kirchhoff integral summation on the gathers to complete the EOM scattered-wave imaging. This method, with its characteristics of a low requirement for signal to noise ratio and high folds of the scattered waves, is superior for detecting small-sized faults in front of roadways.
2.2 Improved equivalent offset formula for advanced detections
In roadway advanced detection, the survey line arranged along the roadway strike causes the detection direction and the survey line direction to not meet a conventional two-dimensional relationship. Therefore, on the basis of the concept of equivalent offset, a virtual equivalent survey line perpendicular to the roadway strike is established and the seismic records are reorganized without time shifting to make the detection direction perpendicular to the survey line direction. This method should expand the limited detection space of mine roadways and improve the acquisition ability of the effective scattered waves in front of a roadway.
In a roadway space of a uniform medium, the drivage direction is defined as X, the horizontal direction is defined as Y, and the direction perpendicular to the roof and floor is defined as Z. As shown in Figure 1B, taking the XZ-plane as an example, an equivalent virtual survey line LZ perpendicular to the roadway strike with X as the detection direction is established to convert the seismic records received in the roadway into records received on the virtual survey line. To facilitate calculations, the virtual survey line LZ (−L, L) is defined as being located at the heading position of the roadway (the dotted line in Figure 2), where the intersection point O of LZ and the shot-receiver line is the zero point (Figure 2 only shows the (0, L) section of LZ). If there is a scattering point SP at X0 in front of the virtual survey line, the travel time of the seismic wave from the source point S to the receiving point R is the total travel time t of the seismic scattered wave. Then,
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[image: Figure 2]FIGURE 2 | Roadway scattered-wave advanced detection method. (A) Detection model in front of a roadway; (B) Basic flow chart.
In Eq. 2, hs is the distance from the source point S to point O, hr is the distance from the receiving point R to point O, the CSP point is the projection of SP on the equivalent virtual line, and ho is the distance from point O to the CSP point. There is a self-excited self-receiving point E on the equivalent virtual survey line such that the two-way travel time to the scattering point SP is equal to the total travel time, that is, t = 2 te. Then,
[image: image]
In Eq. 3, he is the equivalent offset of the scattering point on the virtual survey line and t0 is the vertical one-way travel time from the scattering point to the virtual survey line. It can be seen that he is
[image: image]
Eq. 4 above is the improved equivalent offset formula and can be used to formulate the EOM method suitable for roadway advanced detection by substituting it into Eq. 1.
2.3 Polarized filter function
The adaptive instantaneous polarization analysis method (Diallo et al., 2006) based on the Hilbert transform can select an accurate and dynamic covariance calculation time window using the instantaneous frequency characteristics of the signal and can then obtain the instantaneous polarization parameters of each sampling point in the three-component (X, Y, Z) seismic records. The detailed procedure for solving the covariance matrix is given in the reference just cited and will not be repeated in detail in this paper. Below is a list of the relevant equations of the polarization parameters when using the adaptive instantaneous polarization analysis method.
1) Major ellipsoid-ratio [image: image], minor ellipsoid-ratio [image: image], and horizontal ellipsoid-rate [image: image] (λ1, λ2, and λ3 is the three eigenvalues of the covariance matrix, where λ1 ≥ λ2 ≥ λ3).
2) Polarization coefficient [image: image]. In this formula, the range of Te is (0,1). When Te is equal to 1, the signal shows characteristics of complete linear polarization; when Te is equal to 0, it shows characteristics of ellipsoidal polarization.
3) Major polarization azimuth angle [image: image]. Here, [image: image] represents the real part of the signal, x1(t) and y1(t) represent the seismic records of two horizontal components in a single receiver.
4) Major polarization dip angle [image: image]. Here, z1(t) represents the seismic records of a vertical component in a single receiver.
5) Major polarization direction [image: image]. The eigenvector corresponding to eigenvalue λ1 is the major polarization direction.
Different types of seismic waves in different directions are mixed in working faces. To accurately image the seismic scattered waves in working faces, it is necessary to extract specific types of seismic signals at specific locations. To this end, a polarization filtering function with a spatial direction filtering attribute is constructed by Eq. 2:
[image: image]
For this function, [image: image] is the polarization strength factor, and [image: image] is the directional filter factor. In these equations, i is a placeholder standing in for the subscript corresponding to each type of target imaging wave, such as p for the P wave, sh for the SH wave, and sv for the SV wave, among others. The superscripts a and b represent the exponentially weighted values of the two factors, which are used to adjust the system bias for different filtering purposes. The polarization strength factor G1 is mainly used to suppress non-linear waves, such as noise signals. The parameter a is usually assigned the value of 1, and it is possible to further suppress non-linear wave signals by increasing the value of a. In addition, G1 is represented by 1-Te when it is necessary to extract non-linear waves, such as Rayleigh waves. The directional filter factor G2 filters the waves on the basis of direction, using the angle between the theoretical direction of vibration and the main polarization direction of the target wave to complete the dynamic selection and filtering of seismic waves of different types and directions. The parameter b is usually assigned the value of 1, and it is possible to further suppress target-type echoes in non-target directions by increasing the value of b.
For a known scattering point in space, it is evident that the propagation direction vector of the seismic echo signal at a receiving point is [image: image] and that the major polarization direction of the three-component seismic record is [image: image]. In the formula for the directional filter factor, [image: image] represents the theoretical vibration direction vector of the different types of seismic waves, where the P-wave vector [image: image] is consistent with [image: image]; the SH-wave vector [image: image] and the SV-shear-wave vector [image: image] are perpendicular to [image: image] in the shot-receiver plane and the normal line plane, respectively; and the Love-channel-wave vector [image: image] is consistent with [image: image].
It is evident that the above filter function can reduce the influence of non-linear interference waves and improve the signal-to-noise ratio of seismic records. In addition, the way its filtering characteristics change with the spatial position of the imaging points and the type of imaging wave can improve the filtering accuracy and enable vector extraction of the wavefield to a certain extent.
2.4 Roadway scattered-wave advanced detection method
In keeping with the conventional observation system of current roadway advanced detection methods, the seismic scattered-wave detection model can be established as shown in Figure 2A (taking the XZ-plane as an example). The actual survey line is arranged on the roadway floor or the side wall, where the X-direction is aligned with the front of the roadway, the Y-direction is in the horizontal direction cutting across the roadway, and the Z-direction is the direction perpendicular to the plane of the roadway. The XZ section of the detection area is located in front of the roadway heading. The virtual survey line starts from −Z to +Z, and the actual survey line is located at Z = 0. The CSP gathers with X in the depth direction are arranged at a certain interval on the virtual survey line. At this time, the propagation direction of the seismic echoes from any scattering point and the polarization direction of the theoretical P and S waves can be expressed by the two-dimensional vector in the XZ-plane.
On the basis of the above detection model, the improved equivalent offset formula and polarization filter function for roadway advanced detection can be dynamically combined to first map the CSP gathers of the detection area to enable the dynamic extraction of scattered waves of different types and in different directions. Then, the velocity analysis and Kirchhoff migration of the CSP gathers of the different types of scattered waves in the detection area can be performed to enable tunnel scattered wave advanced detection. It should be noted that the velocity is usually unknown. At this time, we can first set the initial velocity v0 (usually referring to the velocity of direct waves) to map the CSP gathers and perform velocity analysis. Then the multiple iterations of mapping CSP gathers are carried out by using the values of velocity analysis. In the case of uncomplicated formation, a stable velocity profile can be obtained by 2-3 iterations (Bancroft et al., 1998) which can not only provide accurate velocity information for migration imaging, but also improve the accuracy of mapping the CSP gathers. Then, each gather can output a stacked trace using Kirchhoff pre-stack migration based on the velocity profile. Finally, all the stacked traces are combined to form a seismic profile. A basic flowchart of this method is shown in Figure 2B.
3 NUMERICAL SIMULATION
3.1 Fault model with a 60° dip in front of a rock roadway
3.1.1 Model parameters
The numerical simulations were performed using the high-order staggered grid finite difference method. A two-dimensional model of a 60° dip fault in a rock roadway with a size of 300 m × 200 m was established, as shown in Figure 3, where X is the roadway drivage direction and Z is the vertical direction of the roof and floor. We referred to the lithology of common coal measure strata to obtain realistic petrophysical parameters for the model, as shown in Table 1. The seismic survey line was arranged at X = 50–100 m and Z = 100 m. A total of 26 receivers with 2-m intervals and a single source were installed to achieve wave acquisition Table 2. The source was located at point (50, 100), and the horizontal direction in front of the survey line intersected with the fault at X = 150 m. A mesh size of 0.2 m × 0.2 m, with Rick wavelets of 200 Hz and a sampling rate of 10 kHz, was applied in the simulations with a recording length of 150 m. A high-order, staggered-grid, finite-difference scheme was used for elastic-wave forward modeling (Xia et al., 2004).
[image: Figure 3]FIGURE 3 | Model of a 60° dip fault in a rock roadway.
TABLE 1 | Petrophysical parameters of the 60° dip fault model.
[image: Table 1]TABLE 2 | Petrophysical parameters of the faulted coal seam model.
[image: Table 2]3.1.2 Wavefield characteristics
Figure 4 shows snapshots of the simulated wavefield of the above model. The following can be observed. 1) At 40 m, the incident P wave is converted into PP and PS scattered waves on the fault plane, while the fault scattered waves ahead and below the side (the red circle in the figure) cannot be received by the survey line. 2) At 55 m, the incident S wave is converted into SP and SS scattered waves on the fault plane, and the SP wave with a fast propagation velocity overlaps the previous PS wave. 3) In advanced detection, the groups of wave signals received by different receivers are actually signals of multiple different scattering points and the collection of these scattering points constitutes the true reflection position of the front fault.
[image: Figure 4]FIGURE 4 | Snapshots of the rock roadway 60° dip fault model. (A) 40 ms X-component; (B) 40 ms Z-component; (C) 55 ms X-component; (D) 55 ms Z-component; (E) 65 ms X-component; (F) 65 ms Z-component.
Figures 5A,B shows synthetic records of the X- and Z-components obtained from the simulation. The signal primarily contains four groups of waves: the PP, PS, SP, and SS waves. The actual propagation direction of a scattered wave has a certain angular relationship with the X- and Z-components, resulting in the energy of the P and S waves of the same component being close. Compared with the PP and SS waves, the weaker converted PS and SP waves are completely superimposed into a single group of waves on receivers far from the fault position (the PS wave disappears in the X-component and the SP wave disappears in the Z-component).
[image: Figure 5]FIGURE 5 | Synthetic records of the rock roadway 60° dip fault model. (A) The records of X-component; (B) The records of Z-component; (C) Polarization dip angles of the records at receiver No. 26.
3.1.3 Polarization analysis
In the analysis of wavefield characteristics, it is shown that the four kinds of waves in this model are linear polarized waves. Therefore, the differences in the main polarization direction of the signal are primarily reflected in the polarization dip angle. The polarization dip angle of the No. 26 receiver was obtained using the adaptive instantaneous polarization analysis method. The results of the four types of wave signals with a time window of 5 m (i.e., 50 sampling points) are shown in Figure 5C. The PP wave is located in the interval of 35–40 m, the PS wave is located in the interval of 43–48 m, the SP wave is located in the interval of 55–55 m, and the SS wave is located in the interval of 57–62 m. The polarization dip angles of the PP and SP waves have good stabilities and are located in the range of 43–47°, indicating the direction of the main echoes in front of the fault, that is, the true reflection position. The stability of the polarization dip angles of the SS wave is better than that of the PS wave, which is located between −43° and −47°. The polarization inclinations of the signals in the anterior part of the PS waves fluctuate to some extent, which is speculated that this is caused by the interference of the PP waves. The polarization dip angle difference between the S and P waves is close to 90°, which conforms to the theoretical polarization characteristics. In summary, this polarization analysis method has the ability to dynamically and accurately identify the direction and type of wave signal and can provide a basis for wavefield vector separation. It is evident that the directional filter factor G2 in the polarization filter function constructed in this paper helps to extract the target imaging wave in the target direction.
3.1.4 Imaging result
The conventional EOM scattered-wave imaging method was used to map and image the CSP gathers. A total of 51 CSP gathers were arranged with a spacing of 2 m from Z = −50 m − +50 m, a maximum equivalent offset distance of 150 m, an equivalent offset step of 2 m, and a root mean square velocity vmig equal to the P wave velocity of the model. In Figure 6, the red dotted line indicates the actual position of the fault in the model. The imaging effect is poor as a result of the multi-wave signals. In addition to the coincidence of the imaging position of the PP wave with the actual position of the fault, there is still obvious converted-wave and SS-wave imaging in the section, which results in incorrect assessments of the location and number of faults. Furthermore, there are obvious arc illusions in the imaging, which make it impossible to distinguish the true reflection position and inclination of the fault.
[image: Figure 6]FIGURE 6 | Conventional EOM section of the rock roadway 60° dip fault model.
The method proposed in this paper is used for model imaging. Since the PS and SP converted waves of the model are relatively weak and mixed, only the vector extraction and imaging of P- and S-wave are performed here. Firstly, the CSP gathers of different types of scattered waves are vectorially extracted using the same mapping parameters. In order to extract linearly polarized P waves and S waves, the polarization strength factor G1 is derived using the value of Te. Figure 7 are the P-wave and S-wave CSP (PCSP and SCSP) gathers of the model respectively. As shown in the figure, affected by polarization filtering, only the PP scattered waves in the PSCP 41 gather that are located at the true reflection position of the fault are obvious, while the interference signals in the other gathers (PCSP 11 and PCSP 26) located at false reflection position of the fault are obviously suppressed. The same situation exists in the S-wave CSP gathers, in which the target wave is well extracted.
[image: Figure 7]FIGURE 7 | CSP gathers of the fault model. (A) P waves; (B) S waves.
Kirchhoff migration imaging was performed for the above CSP gathers, as shown in Figure 8. This figure shows that the imaging of the two waves can indicate the true reflection position of the fault model correctly and that the false reflection signal is suppressed to avoid the arc-shaped illusion problem. The imaging results can effectively help determine the inclination of the fault and its true exposure position in front of the roadway.
[image: Figure 8]FIGURE 8 | Multi-wave sections of the 60° dip roadway fault model. (A) Section of PP waves; (B) Section of SS waves.
3.2 Model of the faulted coal seam
3.2.1 Model parameters
Faults in front of coal roadways cause a disconnection of the coal seam, such that a model of the faulted coal seam needs to be established. As shown in Figure 9, the thickness of the coal seam was 5 m, with the hanging wall of the coal seam located at X = 0–150 m and Z = 95–100 m and the footwall of the coal seam located at X = 127–300 m and Z = 135–140 m. The survey line was arranged on the coal seam floor along X = 0–50 m and Z = 0 m, and a source was installed at (0, 100). The coal seam simulation used parameters consistent with those in the previous simulation except that the recording length was 220 m.
[image: Figure 9]FIGURE 9 | Model of the faulted coal seam.
3.2.2 Wave field characteristics
Figure 10 shows wavefield snapshots of different components at different times for the model. The existence of the coal seam and its breakpoints render the wavefield complex. The following can be observed. 1) At 75 m, the PP wave and the converted wave of the footwall are relatively clear, while the wave of the hanging wall is weak and difficult to directly distinguish because of the influence of the channel wave. 2) At 105 m, the SS waves of the hanging wall and the footwall appear and produce interference superposition in the coal seam to form a group of signals with a long wave train. 3) At 150 m, channel waves with different phase velocities are reflected at the breakpoint of the hanging wall and return to the receivers in turn. Overall, the scattered body waves, especially the P wave, at the breakpoint of the footwall are obvious; however, the scattered body waves at the breakpoint of the hanging wall are seriously affected by the coal seam. Meanwhile, the reflected channel wave of the hanging wall is obvious and has the ability to image the hanging wall.
[image: Figure 10]FIGURE 10 | Snapshots of the advanced faulted coal seam model. (A) 75 ms X-component; (B) 75 ms Z-component; (C) 105 ms X-component; (D) 105 ms Z-component; (E) 150 ms X-component; (F) 150 ms Z-component.
Figure 11 shows a synthetic record of the X- and Z-components of the model. Combining the snapshots and the actual model, the signals in the record can be divided into nine groups of signals that are identified in the figure: ① the direct P wave; ② the direct S wave; ③ the direct channel wave with a long propagating wave train and strong energy; ④ the PP wave scattered by the breakpoint of the footwall of the coal seam; ⑤ the PP wave scattered by the breakpoint of the hanging wall of the coal seam; ⑥ the mixed converted wave of the footwall; ⑦ and ⑧ the SS waves scattered by the breakpoints of the footwall and hanging wall, respectively, which show characteristics of a long propagating wave train and high separation difficulty under the influence of the coal seam; and ⑨ the reflected channel wave generated at the breakpoint of the hanging wall, which shows low-velocity, strong-energy, and long-duration characteristics.
[image: Figure 11]FIGURE 11 | Synthetic records of the advanced faulted coal seam model. (A) X-component; (B) Z-component.
On the basis of the above analysis, the scattered body waves of the footwall breakpoint appear to be well-suited to imaging while the body waves of the hanging wall breakpoint are difficult to use for imaging. However, the obvious reflected channel wave of the hanging wall breakpoint can remedy the above imaging defect.
3.2.3 Polarization analysis
A polarization analysis was performed on the record of receiver No. 10, and Figure 12 shows the results for the polarization dip angles in the signal during four different periods. As shown in Figure 12A, the period of 68–80 m contains the PP wave generated at the breakpoints of the hanging wall and footwall, in which the dip angle of the footwall signal is stable at 15–20° and the dip angle of the hanging wall signal is stable near −6°. The polarization dip angle of the footwall signal is more consistent with the model parameter than that of the hanging wall signal, which is significantly disturbed by the coal seam. Figure 12B shows the result of the mixed converted waves during the period of 86–98 m. Using the differences in the polarization dip angle, it can be determined that, during this period, the signal, which is difficult to distinguish in the wavefield, is a converted wave dominated by the SP wave generated at the footwall breakpoint. Figure 12C shows the result during the period of 103–115 m. The polarization dip angles of the SS waves generated at the footwall and hanging wall are approximately −70° and 80°, respectively. They differ by approximately 90° from the dip angles of the PP waves of the hanging wall and footwall, respectively, shown in Figure 12A, which conforms to the polarization characteristics of the P and S waves. As shown in Figure 12D, the polarization dip angles of the signal during the period of 157–169 m fluctuate greatly, indicating that this period consists of the reflected Rayleigh channel wave which is generated by interference of P-SV wave under point source. Consequently, the existence of a coal seam inevitably leads to a further complexity of the wave signals; regardless, the adaptive instantaneous polarization analysis method still has the ability to accurately identify the characteristics of the signals at each sampling point. It is evident that the directional filter factor G2 in the polarization filter function constructed in this paper helps to extract the target imaging wave in the target direction.
[image: Figure 12]FIGURE 12 | Polarization parameters of the receiver No.10 in the model. (A) 68–80 m; (B) 86–98 m; (C) 103–115 m; (D) 157–169 m.
3.2.4 Imaging result
Figure 13 shows the CSP gathers of the P, S, and C (channel) waves mapping by the method purposed in this paper with the same parameters in the previous model, in which PCSP 55 and SCSP 55 are both located at Z = 35 m (i.e., the position of the footwall breakpoint of the faulted coal seam) and CCSP (channel-wave CSP) 36 is located at Z = 0 m (i.e., the position of the hanging wall breakpoint of the faulted coal seam). At PCSP 55, the wave signals are suppressed except for the PP wave of the footwall. In addition, the signal of the breakpoint of the hanging wall is weak because the gather is not located at the breakpoint. The same situation exists at SCSP 55. The coal seam channel wave can only respond to the breakpoint of the hanging wall; therefore, the channel wave is obvious at CCSP 36, which is located at the breakpoint of the hanging wall. In addition, it is should be noted that the polarization strength factor G1 is derived using the value of 1-Te when extracting non-linear polarized channel waves.
[image: Figure 13]FIGURE 13 | Multi-wave CSP gathers of the faulted coal seam model.
Figure 14 shows the multi-wave sections of the faulted coal seam model obtained by the proposed scattered-wave advanced detection method. It shows that the PP and SS waves can correctly image the two breakpoints of the faulted coal seam, while the breakpoint imaging of the hanging wall is not as good as that of the footwall because of the low-quality scattered wave generated at the hanging wall. Meanwhile, the inaccurate polarization characteristics of the signals under the interference of coal seams make the arc-drawing imaging phenomenon in this model more obvious than that in the rock roadway model. In addition, even without an envelope calculation, the channel wave can image the breakpoint of the hanging wall well, which can compensate for the disadvantages associated with using scattered body waves to image the breakpoint of the hanging wall. In summary, the method proposed in this paper can satisfactorily complete vector extraction and imaging both of the body waves and the channel waves in the complex wavefield of a mine roadway. Furthermore, the fault inclination can be inferred from the imaging results of different types of waves generated at the breakpoints of the hanging wall and footwall.
[image: Figure 14]FIGURE 14 | Multi-wave sections of the faulted coal seam model. (A) Section of PP waves; (B) Section of SS waves; (C) Section of channel waves.
4 FIELD STUDY
The Yilan Coal Mine, in its construction period, is driving three rock roadways at the −580 mining level. During the driving process, several faults were continuously exposed, which seriously affected the driving safety and the layout of the first mining face. Therefore, a field study was conducted in one of the rock roadways to determine the distribution of the fault within 100 m in front of the roadway and to provide guidance for the safe and efficient construction of roadways. Figure 15A shows the site layout of the field study. Ten sources in hole with 2-m intervals and two receivers with 5-m intervals were arranged on the right side of the roadway at a height of 1.5 m above the floor. The source in each hole is excited with 200 g explosives in sequence. The S10 source was placed 1 m from the heading and the R2 receiver was placed 63 m from the S1 source to ensure a sufficient offset and to avoid the impact of the roadway acoustic wave. The three components X, Y, and Z of the geophone were consistent with the observation system in Figure 15A, in which the X-component points in the heading direction, the Y-component points in the horizontal direction, and the Z-component points in the vertical direction of the roof and floor. A sampling rate of 10 kHz and a sampling time length of 200 m were used for the data acquisition in the field study.
[image: Figure 15]FIGURE 15 | Field Study in Yilan Coal Mine. (A) Site layout. (B) Three-component records with τ-p transform. (C) Section of SV scattered waves in the field study. (D) Geological section of the roadway in the field study.
After preprocessing, including filtering and denoising of the acquired data, the τ–p transform was used to preliminarily extract the wave signals in front of the roadway, as shown in Figure 15B. There are three groups (a, b, and c in the figure) of negative apparent velocity characteristic signals in the Z-component and the arrival time of the first group signal (a in the figure) coincides with the heading position of the roadway. Therefore, the SV wave in this record is highly developed and can be used as the target wave for imaging. A total of 51 CSP gathers were arranged with an interval of 2 m, a maximum equivalent offset distance of 100 m, an equivalent offset step of 2 m, and with root mean square velocities vmig of 3.5 m/ms for the P waves in accordance with the direct wave velocities empirically observed. As shown in Figure 15C, the depth section obtained by the proposed method has two strong wave-impedance interfaces (SI), SI1 and SI2, in the section, with the SI1 interface located above the roadway level. On the basis of the imaging position and roadway space, SI1 is speculated to be an anti-dip fault with a dip angle of 73° and is expected to be exposed 57 m in front of the roadway. The SI2 interface is located in front of the roadway and is inferred be an approximately vertical fault with a dip angle of 85°; this fault is expected to be exposed 97 m in front of the roadway. It should be noted that we only use the tangent of the imaging interface as the inferred value of the fault dip.
Figure 15D shows the geological section of the actual exposure after roadway excavation, in which the roadway was driven at the −580 mining level. The geological section shows that there is a reverse fault with a dip angle of 70° and a throw of 30 m located 55 m in front of the heading of the detection day. Referencing Figure 15C, this fault corresponds to the SI1 interface in the imaging section with a position deviation of only 2 m and a dip deviation of only 3°. In addition, according to the field excavation records, the roof of the roadway was broken at a position 95–98 m in front of the heading of the detection area, which corresponds well to the SI2 interface in the imaging section. The verification results therefore indicate that the proposed roadway scattered-wave advanced detection method can effectively identify the horizontal position and inclination of faults and can provide an effective safety guidance for actual roadway excavations.
5 DISCUSSION
The EOM method is an applicable scattered-wave migration imaging method proposed by Bancroft (Bancroft and Geiger, 1994; Bancroft et al., 1998), and the detailed derivation and application method can refer to the references given in this paper. Therefore, in view of the unique setting of the roadway and based on the concept of EOM, this paper derives a new and innovative equivalent offset formula that meets the requirements of advanced detection in mine roadways by establishing an equivalent virtual survey line perpendicular to the roadway strike.
Although the instantaneous polarization analysis method adopted in this paper can accurately obtain the polarization parameters at each point, there may be a sudden change or overflow of the instantaneous frequency value given complex signals, which may cause abnormal changes in the polarization parameters and affect the extraction effect of the target wave. Therefore, in practical applications, constraints are required according to the possible signal polarization characteristics of the detection target to ensure that abnormal values do not affect the final result. In this paper, the polarization dip mutation of five consecutive signal sampling points is treated as the effective true value, otherwise polarization dip mutation is treated as an invalid abnormal value and the average value of the polarization parameters of the two points before and after it is taken as a substitute.
A coal seam channel wave is a unique wave propagating in a coal seam that responds significantly to a coal seam fault with a drop greater than half the coal thickness and therefore plays an important role in mine detection. However, a channel wave characterized by low velocity and strong energy will significantly cover the effective window of the body wave, making it difficult for the conventional imaging method to account for the above two types of waves. In this paper, we use the high sensitivity of channel waves to detect the breakpoint of the hanging wall of a fault and use the scattered body waves generated by the breakpoint of the footwall to detect the footwall of the fault, enabling detection of the position and inclination of coal roadway faults via body waves and channel waves.
In an advanced detection of a fault in a rock roadway, the difference of lithology on both sides of the fault will affect the amplitude of the secondary scattered waves on the fault plane. When the lithological difference is small, the scattered wave of the fault plane is weak. In this case, it is evident that the method constructed in this paper which is superior in the extraction of scattered wave can improve the ability to identify lithological interfaces. However, due to the influence of the noise and the signal attenuation, scattered waves generated by interfaces with small wave impedance differences may not be received in the field. Therefore, we suggest to adopt an acquisition mode of high frequency and high sensitivity in field applications. The spatial resolution of seismic scattered waves is determined by the wavelength. But in the advanced detection of faulted coal seams, the scattered wave is essentially generated by faulted coal seams. Even if the fault drop is small, the faulted coal seam extending in front of roadways, is a non-uniform whole with significant differences from the surrounding rock, which is still large enough to be distinguished by the seismic wave of conventional wavelength. Therefore, the drop of a fault will not significantly affect the detection effect at this time.
6 CONCLUSION
One characteristic wave associated with faults in front of a roadway is scattered waves; the full space effect of a roadway leads to the mixing of different types of waves in different directions, such that a wavefield separation method with vector characteristics is essential. Accordingly, this paper proposed a new and superior advanced detection method using scattered waves and performed corresponding numerical model and field studies. The following results were found.
1) In the method proposed in this paper, a virtual equivalent survey line perpendicular to the roadway strike is established to reconstruct scattered wave records, and a polarization filter function is built to dynamically and accurately extract different types of scattered waves in the target area. Accordingly, it has vector extraction and high-precision imaging abilities.
2) In the numerical simulations, under the limited observation space of the roadway, the true reflection position of the fault is not located in front of the rock roadway. The method in this paper can accurately extract the scattered wave of the true reflection position of the fault to solve the problem of arc-shaped false images caused by an insufficient imaging aperture and therefore determine the fault inclination of the rock roadway.
3) Significant seismic wave scattering phenomenon occur at the breakpoints of both the hanging wall and the footwall of coal seams. However, because of the waveguide characteristic of coal seams, the imaging effect of the scattered body waves of the hanging wall is poor. At this time, this defect can be compensated for using the reflected channel waves propagating in the coal seam of the hanging wall. So we proposed to determine the inclination of faulted coal seams using the joint imaging and interpretation on the reflected channel wave of the hanging wall breakpoint and the scattered wave of the footwall breakpoint.
In summary, the results show that the method can effectively identify the positions and inclinations of faults and therefore provide a new and superior method for the accurate detection of faults in front of coal mine roadways. However, considering the complexity the complexity and actual wavefields in roadway cavities, further studies concerning its applicability, anti-interference capabilities and resolution for faults are still needed to improve its application value.
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