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Abstract


To investigate the variations in wave velocity fields between impact and outburst coal seams, we analyzed the fluctuations in wave velocity under loading conditions for both coal types. A comprehensive methodology was developed to correct coal wave velocities in response to stress and gas presence, which was then applied to field assessments of hazardous regions. Our findings reveal significant differences in wave velocity alterations between impact and outburst coal seams during loading-induced failure. Gas pressure exhibits a negative correlation with wave velocity in outburst coal (correlation coefficient R2 = 0.86), whereas wave velocity in impact coal demonstrates a positive correlation with stress (R2 = 0.63). A robust methodology for correcting coal wave velocities in response to stress and gas presence was established to enable more accurate measurement of wave velocity changes. In field applications, seismic wave computed tomography identified stress anomalies that closelycorresponded with geological structures and mining operations, effectively pinpointing hazardous zones. The abnormal wave velocity coefficient ranges for outburst coal seams and impact coal seams are −0.6 to 0.25 and −0.35 to 0.16, respectively, which correspond well with the field stress distribution.
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1. Introduction


The severity of coal-rock dynamic disasters has intensified with the increasing depth and intensity of coal mining [1]. These incidents are sudden occurrences resulting from the dynamic progression of coal-rock deformation and fracture induced by mining activities [2,3]. Effective monitoring and timely issuance of warnings for these phenomena are paramount for disaster mitigation. The comparative analysis of wave velocity variations across various coal and rock dynamic disasters, alongside the identification of hazardous zones, represents pressing scientific inquiries that demand attention.



Diverse monitoring methodologies have been developed and applied, predicated on distinct disaster occurrence mechanisms and their resultant physical manifestations, yielding promising outcomes [4]. In the process of coal failure, acoustic signals are generated [5]. Acoustic signal characteristics are used to study rock mechanical properties [6] and reveal the spatial-temporal effect of rock damage [7,8], leading to the widespread adoption of microseismic technology for rock burst monitoring [9,10]. He et al. [11] observed that coal-rock failure emits electromagnetic radiation signals, exploitable for early warning [12] and positional analysis of dynamic disasters [13]. Seismic wave computed tomography (CT), an innovative geophysical technique, finds utility in geological exploration [14], stress distribution detection [15], and other domains. Dou et al. [16] established technical indicators for seismic wave CT detection and shock hazard evaluation, including the wave velocity anomaly coefficient (An) and the gradient change coefficient of wave velocity (VG), demonstrating the technology’s dynamic evaluation and prediction capabilities for shock hazards. Wang et al. [17] utilized time-lapse seismic tomography to identify activity-affected areas and stress concentrations in mines. Ma et al. [18] analyzed three-dimensional passive microseismic signals of seismic activity at the Sudbury Creton mine in Ontario, Canada, and developed a wave velocity field model, confirming the presence of high wave velocity anomalies in high-stress areas. Zhao et al. [19] established a method for analyzing the relative permeability of coal seams based on the correlation between wave velocity, stress, and permeability, and conducted practical on-site experiments. Khayer K inferred the permeability and saturation of rock formations by analyzing the propagation characteristics of acoustic waves [20,21]. Hu et al. [15] used active velocity tomography technology to assess the stress status and rock burst risk in deep coal mines, establishing the relationship between wave velocity and formation stress, and found that the mining energy release area corresponds with the high-speed seismic field.



Previous research has predominantly focused on utilizing seismic wave CT technology for monitoring and predicting rock bursts [15,16,22]. However, there remains a paucity of investigations into microseismic monitoring and wave velocity field analysis specific to outburst mines. Peng et al. [23] conducted microseismic monitoring during the hydraulic fracturing process in gas mines, revealing that alterations in coal seam fractures can induce changes in the wave velocity field, consistent with findings from the direct current method. In contrast to rock burst mines, outburst coal exhibits diminished structural integrity [24] and elevated gas content. Furthermore, gas exerts a detrimental impact on wave velocity [19]. Consequently, the presence of gas reduces coal stress, thereby altering porosity and leading to anomalous wave velocity distributions.



An analysis was undertaken to discern disparities in wave velocity alterations between rock burst mines and outburst mines, delineating the unique wave velocity fields characteristic of these dynamic disasters. On-site hazardous zones were classified utilizing seismic wave computed tomography (CT). This study empirically explores the influence of gas on outburst coal and the concomitant changes in wave velocity during coal impact failure. Subsequently, a comprehensive method for determining the elastic wave velocity in coal, which is affected by the presence of gas and static stresses. Leveraging the corrected wave velocity field, a comparative analysis was conducted on the characteristics of rock burst and coal and gas outburst danger areas. The comprehensive flowchart of the research is shown in Figure 1.




2. Methodology


2.1. Experiment System


	(1)

	
Loading system







In this experiment, the MTS815 electro-hydraulic servo rock mechanics testing system was used. The main equipment is shown in Figure 2. The MTS815, produced by MTS Systems Corporation, Minnesota, USA, is a hydraulic servo mechanical system. It applies confining pressure to the sample through hydraulic oil and axial pressure through the upper and lower axial pressure heads. The system includes a pneumatic feeding mechanism that can test the mechanical and permeability characteristics of various coal and rock materials under complex stress conditions and perform loading tests on gas-containing coal and rock.



	(2)

	
Acoustic emission probe layout







The data acquisition and processing device for acoustic emission signals adopts the the DS5 series full-information acoustic emission signal analysis system produced by Ruike Instrument Technology Co., Ltd., Guangzhou, China, which mainly consists of DS5 acoustic emission tester, sensors, amplifiers, etc. In this experiment, two probes were arranged in the vertical direction; the upper probe excites waveform signals, while the bottom probe receives signals. The external acoustic emission signal amplifier of the probe has the same amplification factor. The waveform of all acoustic emission events during the dynamic loading process of coal-rock samples was collected, resulting in the full waveform diagram of the acoustic emission signal during the dynamic loading process of coal-rock. After collecting the acoustic emission waveform, the standard wave was used to identify the excitation point and initial arrival point of the wave, determine the time required for the wave to pass through the coal sample, and then calculate the longitudinal wave velocity based on the length of the coal sample. The arrangement of wave probes is shown in Figure 1.




2.2. Sample Preparation


The raw coal for the outburst coal-rock sample used in the experiment was extracted from the No. 22 coal seam of the Jinjia coal mine, a typical outburst mine in the Panjiang mining area, China. Due to the soft-coal quality in the Jinjia mine’s outburst coal seam, it is not possible to obtain a complete raw coal sample through drilling. Therefore, the coal samples used in this study were cylindrical specimens, each with a diameter of 50 mm and a height of 50 mm, with an end-face non-parallelism not exceeding 0.05 mm, compressed from coal powder. The raw coal sample for the impact test was selected from the Xinzhouyao Coal Mine. After on-site sampling, it was sent to the laboratory and prepared as a cylindrical sample with a diameter of 50 mm and a height of 100 mm. The basic parameter information of each sample is shown in Table 1.




2.3. Experiment Project


The gas pressure injection process affects the wave velocity test as follows: For Sample #1, the axial pressure was initially increased to 12 MPa, followed by the immediate introduction of 0.5 MPa of gas. Acoustic emission waveform collection began immediately thereafter. The gas pressure was then increased to 1 MPa and subsequently to 3 MPa, with waveform data collected every 10 s. For Sample #2, the same method was applied as for Sample #1, but with gas pressures of 1, 2, 3, 4, and 5 MPa, and waveform data were similarly collected every 10 s.



Measurement of the uniaxial compression wave velocity of outburst coal included the following: Uniaxial compression tests on outburst coal with an axial compression loading rate of 15 N/s and longitudinal wave velocity measurements every 3 s. The test concludes when the fracture percentage reaches 70%.




2.4. Waveform Testing Methods


To ensure the accuracy of test results, a preload of 500 N is applied to the specimen before the test to eliminate any gaps between the loading device and the specimen. The pulse width for automatic acquisition is set to 20 μs, and the pulse period is set to 2000 μs. The file is saved once the pulse period ends.



Figure 3 presents a schematic diagram of the standard wave principle for longitudinal waves [25]. The waveforms received by different probes are recorded on separate channels, as illustrated in the figure. Mark the position of the probe receiving the longitudinal wave, and then identify the corresponding time node to calculate the propagation time required for the wave to travel a length L during the loading process.



The coal sample is calculated using Equation (1) for inflation or wave velocity, where Tm − Tn is the propagation time of the sample through a length of L (1 − ε) during the loading process, and ε is the axial strain.


    V   p   =    L ( 1 − ε )     T   m   −   T   n       



(1)




where: Vp—longitudinal wave velocity, m/s; Tm—the time when longitudinal waves start to propagate; Tn—the time when the receiving probe receives the longitudinal wave; and L—the height of the sample before loading.





3. Results


3.1. Analysis of Changes in Wave Velocity and Gas Influence during Coal Body Failure under Load


The variation in coal wave velocity under different gas pressures is shown in Figure 4. It can be observed that as the gas pressure increases, the wave velocity of the #1 and #2 coal samples continuously decreases. The wave velocity of the #1 sample decreased by 13.66% as the gas pressure increased from 0.5 MPa to 3 MPa. The wave velocity of the #2 sample decreased by 38.26% as the gas pressure increased from 0.5 MPa to 5 MPa. Data fitting revealed that both have a decreasing slope of 46.77, which is essentially the same. During the process of gas adsorption in coal, micropores are affected by gas degradation and transform into larger pores, resulting in a relative increase in porosity [26]. Studies have shown that changes in porosity alter the material structure of coal, leading to changes in wave velocity [27]. Therefore, the increase in gas pressure causes damage and expansion of coal pores, weakens their mechanical properties, and thus reduces the wave velocity of coal [28].



For impact coal, the variation of wave velocity with stress is illustrated in Figure 5. It can be observed that with the increase in stress, the wave velocity of the #3 and #4 coal samples continues to increase. As the stress on the coal increases until failure occurs, the wave velocity of the #3 coal sample increases by 47.23%, and the #4 coal sample increases by 52%. With the increase in stress, the internal pores of the coal body are compressed and reduced, the internal joints are closed, and the wave velocity increases accordingly. Zhao et al. [19] found that the change in wave velocity of gas-containing coal is determined by the negative effect caused by gas adsorption and the compression of the matrix. Therefore, for rock burst mines, when conducting microseismic analysis, only the influence of stress concentration and the properties of coal-rock need to be considered. For outburst mines, a more comprehensive consideration is needed to account for the effects of gas and stress on coal wave velocity.




3.2. Comprehensive Stress Gas Coal Wave Velocity Characterization Method


The above experimental results indicate that changes in coal gas pressure and stress significantly affect its wave velocity variation. The gas pressure in most coal seams in China does not exceed 2 MPa. As shown in Figure 3, the range of stress changes’ impact on coal wave velocity is around 15%. The impact range of stress changes on coal wave velocity is around 50%. Thus, although the influence of gas is smaller than that of stress, it cannot be ignored.



From the fitting results of the experimental data in Figure 3, the wave velocity demonstrates a linear relationship with the decrease in gas pressure. For the same type of coal sample, the slope remains essentially consistent. Assuming the slope represents the coefficient of influence on coal wave velocity, the relationship between gas pressure and coal wave velocity is as follows:


    V   p 0   =   V   0   + k ·   P   g    



(2)




where V0 represents the wave velocity of the initial gas pressure of 0 MPa, m/s; Vp0 is the wave velocity of the initial gas pressure of Pg MPa, m/s; k is the coefficient of influence of gas on the wave velocity of coal, m/(s Pa); and Pg is the gas pressure, Pa.



From the influence of stress changes on wave velocity, it is observed that as stress increases, the wave velocity approximately doubles. This trend aligns with previous experimental results [19,22]. Assuming a linear trend in the analysis process, we fit the data accordingly, as illustrated in Figure 5. The relationship between shock coal wave velocity and stress is further defined as follows:


    V    p 1    =   V   p 0   +   k   1   ·   V   p 0   ·   P   p    



(3)




where Vp0 represents the wave velocity at an initial stress of 0 MPa (m/s); Vp1 represents the wave velocity at an initial stress of Pp MPa, m/s; k1 denotes the coefficient of influence of gas on the wave velocity of coal, 1/Pa; and Pg is the gas pressure, Pa.



Although the above research analyzed the wave velocity properties of coal samples from both rock burst mines and outburst mines, the focus was on analyzing the influence of gas action on the wave velocity of the coal body in outburst coal samples. In rock burst mines, the effect of gas can be ignored. In outburst mines, the coal body is jointly affected by gas and stress fields. As gas pressure increases, coal damage gradually intensifies, leading to instability in its properties [29].



In rock burst mines, the accumulation and sudden release of impact energy are the fundamental causes of disasters [30,31,32]. Therefore, despite the differences in properties between impact coal and outburst coal, the influence on wave velocity has an inherent unity. Furthermore, considering Formulas (2) and (3), a comprehensive characterization formula for stress–gas coal wave velocity was derived.


    V   p   =   V   0   + k ·   P   g   +   k   1   ·   V   0   ·   P   p    



(4)







In the above equation, we analyzed the variation in the ideal coal wave velocity. According to this experiment, k is assigned as −0.046 m/(s Pa) and k1 is assigned as 0.00013 1/Pa. In fact, the wave velocity during the coal body failure process exhibits a certain degree of fluctuation. However, the stress and displacement within the coal body are non-uniform, leading to different variations in wave velocity in different regions. Assuming an initial wave velocity of 1000 m/s, as shown in Figure 6, the variation of coal wave velocity under comprehensive stress gas conditions is illustrated. The dual influence of stress and gas pressure leads to variation in wave velocity. For rock burst mines, Figure 6 depicts a special case where Pg = 0 MPa, which belongs to the one-dimensional case of a two-dimensional problem. For outburst mines, the wave speed is influenced by both factors. The stress field and gas field of coal seams are relatively complex; therefore, the study of outburst mines presents greater complexity.




3.3. Principle of Stress Field Detection by Vibration Wave CT


The Shockwave CT technology is achieved via waveform inversion for imaging purposes. The system primarily comprises a series of signal collectors and detectors, as shown in Figure 7. The velocity distribution, V (x, y, z), or slowness, S (x, y, z) = 1/v (x, y, z), is inverted based on the initial travel time data of the received seismic wave. Assuming the propagation path of the i-th seismic wave is Li and its travel time is Ti, then the following is formulas are used:


  V =    L   T    → V ⋅ T = L  



(5)






    T   i   =   ∫    L   i         d s   V ( x , y , z )      =   ∫    L   i      S ( x , y , z ) d s    



(6)






    T   i   =   ∑  j = 1   M      d   i j     S   j      



(7)







Here, dij represents the length of the i-th seismic wave ray passing through the j-th grid; N represents the total number of rays; and M represents the number of grids.



When a large number of rays (such as M rays) pass through the inversion region, according to Formula (7), M equations (i = 1,2, …, M) can be obtained for the unknown quantity Sj (J = 1,2, …, N). The M equations are combined to form a linear system of equations from Equation (9):


          T   1   =   a   11     S   1   +   a   12     S   2   +   a   13     S   3   + ⋯ +   a   1 j     S   j           T   2   =   a   21     S   1   +   a   22     S   2   +   a   23     S   3   + ⋯ +   a   2 j     S   j         …    …         T   i   =   a   i 1     S   1   +   a   i 2     S   2   +   a   i 3     S   3   + ⋯ +   a   i j     S   j          



(8)







Written in matrix form, Equation (9) is as follows:


  A S = T  



(9)




where: A = (aij) M×N—distance matrix; T = (Ti) M×1—travel time vector, i.e., the first arrival travel time obtained by the receiver; and S = (Si) N×1—slowness column vector.



Furthermore, Dou et al. [16,33] proposed the following anomaly coefficient An of coal seam seismic wave velocity based on the degree of stress concentration and abnormal changes in different areas of coal-rock layers:


    A   n   =      V   p   −   V   p   a       V   p   a       



(10)







In the formula,     V   p   a     is the average value of the model wave velocity, m/s.



After considering Formulas (4) and (10) comprehensively, we obtain the following:


    A   n   =      V   0   + k ⋅   P   g   +   k   1   ⋅   V   0   ⋅   P   p       V   0   a   + k ⋅   P   0   a   +   k   1   ⋅   V   0   a   ⋅   P   p   a      − 1  



(11)







The superscript a in the formula represents the average value of this value



The index of abnormal gradient of wave velocity change utilizes the gradient value of wave velocity change to predict potentially dangerous areas. When there are geological structures such as folds, faults, and fractured zones in front of the excavation roadway, these structures affect the stress balance in the area, resulting in uneven stress distribution. From the experimental relationship between longitudinal wave velocity and stress, it can be inferred that fracture zones correspond to low wave velocity zones, while stress concentration zones correspond to high wave velocity zones. Between these two zones is a transitional zone from high wave velocity to low wave velocity, characterized by a large gradient in wave velocity variation.


    V   G     i , j   =   V   p     i , j   G r a d   i , j    



(12)









4. Geological Setting


4.1. Analysis of CT Hazardous Areas for Seismic Waves in Outburst Coal Seams


The prominent mine is situated within the Jinjia Coal Mine, located in the Panjiang mining area. The project is located at the 11,224 working face, situated in the second section of the 22# coal seam on the south wing of the Jinyi mining area shaft, above the 1721 level. The main tunnels in the 11,224 working face area include the 11,224 transportation roadway, the 11,224 cutting hole, and the 11,224 return airway. Seismic wave CT is monitored via the SOS microseismic monitoring system, and the arrangement scheme of microseismic probes is shown in Figure 8. In the figure, red dashed lines is the contour lines of gas pressure. Specifically, seismic sensors 1#, 2#, and 4# are arranged in the 11,224 return airway at distances of 170 m and 190 m, respectively. Seismic sensors 5# and 6# are arranged in the 211 transportation stone gate at a distance of 210 m. Seismic sensors 7# and 8# are arranged in the 11,224 excavation transportation roadway. There is a geological anomaly area about 20 m to the right of the 11,224 cut, characterized by fractured rock mass and a missing 22# coal seam. The layout of the probes has effectively surrounded the 11,224 working face, with the testing period being the head-on excavation period of the 11,224 transport roadway. Figure 9 illustrates the comparison between the upper and lower levels of the 11,224 working face. In the upper part of the entire 11,224 working face, there are two ridges from top right to bottom left and a valley between the two mountains, resulting in variations in the original stress distribution of the working face.



4.1.1. Comparison of Vp Correction before and after Wave Velocity Field in Gas Containing Coal Seams


Figure 10 illustrates the distribution of the wave velocity field in the 11,224 working face. The inversion results of wave velocity show a narrow band of increased stress, aligning with the position of surface valleys. After correcting the wave velocity field, a decrease in the high-stress area was observed, and the area greater than 6 km/s was significantly reduced. This indicates that there is a reduction in the wave velocity field after accounting for the effect of gas on wave velocity reduction. Meanwhile, considering that the gas distribution is between 0.5 and 1 MPa, the gas pressure and its variation gradient are relatively small, and their impact on wave velocity is minimal. Define high wave velocity as regions I and II, and regions with reduced wave velocity as region III.



Overall, seismic wave CT is related to the stress field, gas field, and coal properties of coal seams [25]. These properties are also primary factors causing coal-rock dynamic disasters. The CT wave velocity field of seismic waves thus indicates the positioning results of areas with different mechanical properties of coal, which belongs to the same origin detection method as microseismic detection [17]. Consequently, the red area in the figure represents the high-stress area, while the blue area represents the stress unloading area. There are various possibilities for the stress unloading area; primarily, it is distributed around the roadway, which may be related to the development of cracks caused by mining activities [34]. However, this explanation is relatively weak for Region I. Another possibility is that both areas are stress concentration zones, but Region III has already ruptured due to the influence of the original stress, while Region I has received relatively little original stress, forming a high wave velocity region. This explanation can also be compared with the distribution of gas concentration, indicating that the gas pressure in Region III is the highest, suggesting that its resolution is significantly greater than that of the other two regions.




4.1.2. Comparative Analysis of Abnormal Wave Velocity Values


Figure 11 illustrates the values of the wave velocity anomaly coefficient before and after correction. The distribution of wave velocity anomaly coefficients closely resembles that of wave velocity distribution; both exhibit a narrow and high-value area, corresponding to the strong danger level in Table 2. After correcting the original An values, as shown in Figure 11b, it was observed that post-correction, the area with An values between −0.25 and −0.075 merged, while the area with values less than −0.25 diminished. Additionally, a differential analysis was conducted on the data before and after correction, with the results presented in Figure 12. Figure 12 illustrates the differential results of the wave velocity anomaly coefficients before and after correction. The results indicated significant changes in the low An region, with high values reaching approximately 0.003, whereas changes in the high An region were about −0.0016, roughly half that of the low An region.



Figure 13 illustrates the corrected anomaly index of the wave velocity gradient change. The anomaly index of the wave velocity gradient reflects the rate of wave velocity change. Most gradient changes are relatively slow, with the primary areas in the graph changing around 0.05, whereas most of the corresponding anomalous wave velocity areas are less than 0.45. The highest value of the anomaly index for the gradient of wave velocity change is 1.05, which corresponds to the junction between the extremely low and peak values of wave velocity.





4.2. Analysis of CT Hazardous Areas for Shock Wave in Coal Seams


The rock burst mine takes Xinzhouyao Coal Mine as its background, and the current construction location is 8308 working face in the east area of the 14-3# coal seam. There is a residual coal pillar of 11-2# coal seam above it. The 8308 working face is fully covered by probes 6, 7, 8, 11, 12, 13, 14, and 15 around it (Figure 14).



By inverting the monitoring data of the 8308 working face from 7 July 2017 to 3 August 2018, Figure 15 illustrates that the high values of the wave velocity anomaly coefficient and wave velocity gradient anomaly coefficient are located near the overlying residual coal pillar, with a wave velocity anomaly coefficient of 0.16, reaching a moderate danger level. There is a strong correspondence between the anomalously high value position and the coal pillar position, indicating that the stress and energy at the coal pillar are relatively concentrated. Figure 16 shows that during the inversion period, the working face was mined below the overlying coal pillar. Due to stress mining, the stress concentration in this area was released, causing the stress concentration zone to spread to the surrounding area. Figure 17 indicates that due to the completion of mining in the working face, the high-value areas of wave velocity and wave velocity gradient anomalies have shifted to the stop mining line position and the left and right sides of the working face at 750 m to 850 m.




4.3. Discussion of on Site Comparison Results


Based on the results of seismic wave CT inversion, it can be observed that the high-value areas of wave velocity anomalies in outburst and impact coal seams exhibit a strong correlation with geological structures and disturbances caused by excavation. For impact coal seams, only the influence of stress on wave velocity needs to be considered, whereas the wave velocity in outburst coal seams is jointly affected by stress and gas pressure. Experimental results indicate that the presence of gas has the effect of reducing wave velocity.



Therefore, in outburst coal seams, attention should be paid not only to high-stress areas but also to low-stress areas, as low-stress areas may be where gas accumulates. Only by adopting a comprehensive stress–gas correction method can accurate wave velocity changes be obtained. Additionally, due to uneven gas content in the coal seam, there are variations in wave velocity within the same region of the outburst coal seam. Wave velocity analysis can provide insights into the relative permeability of the coal seam.





5. Conclusions


This study investigates the disparity in wave velocity between coal burst and coal outburst phenomena using controlled laboratory experiments. It establishes a comprehensive method for characterizing stress–gas wave velocities. Subsequently, it analyzes hazardous areas in coal mines vulnerable to outburst and impact events. The primary findings are summarized as follows:




	(1)

	
The wave velocity changes between impact coal and outburst coal under load exhibit significant differences. Gas pressure negatively correlates with the wave velocity of outburst coal. Specifically, wave velocity decreases by 13.66% and 38.26% when gas pressure increases to 3 MPa and 5 MPa, respectively. In contrast, the wave velocity of impact coal shows a positive correlation with stress, increasing by 47.23% and 52% in two sets of impact coal samples as stress levels rise.




	(2)

	
To address the differences in wave velocity changes between impact coal mines and outburst coal mines, a comprehensive stress–gas coal wave velocity formula was established:     V   p   =   V   0   + k ⋅   P   g   +   k   1   ⋅   V   0   ⋅   P   p    , improving the accuracy of wave velocity change prediction.




	(3)

	
The abnormal wave velocity coefficient ranges for outburst coal seams and impact coal seams are −0.6 to 0.25 and −0.35 to 0.16, respectively, aligning well with geological structure distribution and engineering disturbance effects. This demonstrates the accuracy of seismic CT in detecting hazardous areas.
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Figure 1. Flowchart. 
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Figure 2. Experiment system. 
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Figure 3. Schematic diagram of wave speed testing. 
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Figure 4. The variation law of outburst coal wave velocity with gas pressure. 
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Figure 5. The variation law of shock coal wave velocity with stress. 
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Figure 6. Comprehensive stress–gas coal body wave velocity changes. 
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Figure 7. Schematic diagram of detection principle. 
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Figure 8. Position of working face and distribution of sensors. 
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Figure 9. Comparison diagram of the upper and lower parts of the 11,224 working face well. 
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Figure 10. CT results of the original wave velocity field in the 11,224 working face. (a) Before correction; (b) Revised. 
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Figure 11. Abnormality coefficient An of original wave velocity in working face 11,224. (a) Before correction; (b) Revised. 
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Figure 12. Differences in wave velocity anomaly coefficients before and after correction. 
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Figure 13. Revised abnormal index VG of wave velocity gradient change. 
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Figure 14. Comparative analysis of abnormal wave velocity values. 
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Figure 15. Inversion results of abnormal wave velocity values before impact coal seam mining. (a) Wave velocity anomaly coefficient; (b) Abnormal coefficient of wave velocity gradient. 
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Figure 16. Inversion results of coal seam wave velocity anomaly value during mining of impacted coal seam. (a) Wave velocity anomaly coefficient; (b) Abnormal coefficient of wave velocity gradient. 
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Figure 17. Inversion results of abnormal coal seam wave velocity after impact coal seam mining (after mining). (a) Wave velocity anomaly coefficient; (b) Abnormal coefficient of wave velocity gradient. 
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Table 1. Original parameters of the sample.






Table 1. Original parameters of the sample.





	Sample Number
	Diameter/mm
	Height/mm
	Weight/mm





	#1
	51.16
	53.32
	145.14



	#2
	50.94
	50.06
	140.64



	#3
	49.84
	100.02
	264.34



	#4
	49.83
	100.07
	264.37










 





Table 2. Corresponding relationship between positive and negative changes in wave velocity and degree of anomaly.






Table 2. Corresponding relationship between positive and negative changes in wave velocity and degree of anomaly.





	Anomaly Index
	Risk Level
	An/%





	0
	None
	−7.5 < An/An < 5



	1/−1
	Weak
	−15 < An ≤ −7.5/5 ≤ An < 15



	2/−2
	Middle
	−25 < An ≤ −15/15 ≤ An < 25



	3/−3
	Strong
	An ≤ −25/25 ≤ An
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