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In the process of coal mining, pressure will be induced in the working face, resulting in the stress concentration of surrounding rock, which will affect the safety and orderly normal operation of coal energy mining. The all-fiber optic micro-seismic monitoring technology offers advantages such as high sensitivity, wide dynamic range, and passive front-end intrinsic safety, resolving the conflict between high sensitivity and broadband frequency response. This technology enhances both the sensitivity and frequency response range of micro-seismic monitoring, enabling effective real-time monitoring of pressure-related activities in coal mines. Taking the II1012 working face of Taoyuan Coal Mine as the engineering background, the all-fiber optic micro-seismic monitoring work is carried out, and the data are analyzed by the methods of micro-seismic event detection, identification, classification and location. The characteristics of micro-seismic activity during the first weighting (the mine pressure appears before and after the primary fracture of the basic roof), periodic weighting (the mine pressure of the old roof is manifested by periodic fracture or collapse) and square pressure (the mining pressure of the working face is equivalent to the length of the cutting hole) are studied. The results show that: High-energy events in the first weighting stage play a major role in roof failure. In the periodic weighting stage, the influence of micro-seismic activity on the roof is greater than that on the floor, but the influence on the floor is increasing. The high-energy events increase significantly in the square pressure stage, which is easy to promote the frequent occurrence of high intensity and stress micro-seismic activities. The occurrence of micro-seismic events in mine pressure phases have advanced characteristics. There is a positive correlation between the intensity of micro-seismic activity and the rate of recovery, and the all-fiber optic micro-seismic has a good response to the mine pressure. The research work provides theoretical basis and technical support guidance for the safe production of the II1012 working face in Taoyuan Coal Mine and other similar working faces in other coal mines, reduces the risk of geological disasters caused by micro-seismic events during the pressure period, and further guarantees the safe and normal orderly development of the subsequent production work of the working face. It is of great significance to the safe mining of coal energy and the supply of production and life.
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1 INTRODUCTION
As a common dynamic disaster phenomenon in the process of coal mining, mine pressure often leads to roof fall, landslide, mine earthquake, rock burst and other accidents, which pose a serious threat and influence on the life safety of miners and the production efficiency of mines. The occurrence of disasters caused by mine pressure is closely related to rock mass fracture, and the abnormal mechanical response of rock mass is the precursor in-formation of disasters. Therefore, real-time monitoring of rock mass mechanical response is an important means to realize geological disaster early warning. Liu et al. (2024) developed a coal mine disaster monitoring, early warning and prevention platform based on geological support system, which effectively reduced the incidence of disaster accidents and promoted the intelligent construction of coal mines. Zheng et al. (2024), Zheng et al. (2025) studied the evolution process of rock damage by tomography, and monitored the velocity evolution of rock by acoustic emission, which provided a new way for monitoring rock activity in mines.
Monitoring mine pressure activities and taking relevant supporting measures are of great significance to control the influence of mine pressure and ensure safe production. He Y. L. et al. (2021) studied the mining pressure development law of mining roadway and optimized the width of coal pillar, which could further strengthen the optimization of roadway support parameters, improve the stability of surrounding rock, and form a “support - pressure relief” collaborative control technology system. Li J. Z. et al. (2023)used geological survey, displacement monitoring, numerical simulation and other methods to study the mining ground pressure development mechanism under the influence of geological structure. Other scholars have also studied it through traditional methods such as electrical method (He Z. Q. et al., 2021) and laser scanning (Zhu et al., 2025), but there are problems such as limited monitoring range, discontinuous data and poor real-time performance, which are difficult to meet the needs of modern coal mine safety production.
By capturing micro-fracture signals of rock mass, micro-seismic monitoring technology can provide early warning of dynamic disasters, achieve high-precision continuous monitoring, and obtain strong spatiotemporal information of micro-seismic events (Li et al., 2022). It has extensive and advanced application in tunnel rock burst (Yang et al., 2023), coal and gas outburst (Lu et al., 2012), slope instability (Srinivasan et al., 2015), water damage prevention (Zuo et al., 2022), coal mine rock burst (Cao et al., 2016) and so on. At present, the traditional electrical monitoring technology is widely used in mine safety monitoring, which is easy to be disturbed by environmental temperature and humidity, electromagnetic and so on, and has a wide limited area and is unstable. The development and application of multi-scale rock mass mechanical response sensing equipment, especially optical fiber sensing equipment, has created conditions for coordinating the relationship between production and safety. Optical fiber sensors can change the intensity, frequency and other characteristic information of incident light (Yang et al., 2020), and play an important role in road traffic (Wang et al., 2023), geological disasters (Anjana et al., 2024) and other fields. Optical fiber sensing monitoring technology has become the focus of applied research on mine safety monitoring. The application of optical fiber micro-seismic monitoring equipment in mine safety production is constantly expanding, meeting the needs of monitoring under harsh mining environment. Effective micro-seismic events can be selected from massive data (Song et al., 2020), which is of great significance for mine pressure safety monitoring and early warning. The optical fiber is used as the sensing medium to capture micro-seismic events by detecting the changes of optical signals in the optical fiber, and has the advantages of high sensitivity, wide frequency response, large dynamic range, front-end passive intrinsic safety, etc. It can monitor the pressure activity in real time and accurately record the characteristics of the surrounding rock stress changes caused by pressure in the production process. It can provide a solid foundation for mine safe and efficient production.
Taking the II1012 working face of Taoyuan Coal Mine in Suzhou City as the research object, the all-fiber optic micro-seismic monitoring system was established for the working face. Through the collection and analysis of micro-seismic signals, the failure location, energy and possible affected area of micro-cracks are accurately calculated, and the data characteristics of micro-seismic events during the mining pressure period in the process of mining at the working face are further analyzed, and the relevant laws are explored. The re-search work provides data and technical support for the safe mining of Taoyuan Coal Mine, which is conducive to the normal mining of Taoyuan Coal Mine.
2 MATERIALS AND METHODS
This paper takes the II1012 working face of Taoyuan Coal Mine in Suzhou City, Anhui Province as the engineering background, and establishes an all-fiber optic micro-seismic monitoring system for the working face. Through on-site exploration to understand the geological conditions, the monitoring system is designed, which mainly includes determining the installation position and mode of the sensor, laying the cable, in-stalling the monitoring host, and connecting and debugging the overall equipment. The all-fiber optic micro-seismic monitoring system runs in the whole process of production work in the working face, and completes the collection and preliminary processing of micro-seismic data through micro-seismic event detection, identification and classification, and positioning. For the data collected and preliminarily processed by the monitoring system, it is necessary to further screen and process manually. The main steps include event waveform recognition, waveform first arrival picking and recalculation to obtain more ac-curate positioning, energy, magnitude and other information of event data. Finally, the data of micro-seismic events in the research period are counted, processed, analyzed and studied, and the mine pressure characteristics of the working face based on all-fiber optic micro-seismic monitoring are obtained. The overall research process is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Research method flow chart.
2.1 Engineering situations
Taoyuan Coal Mine is located in Taoyuan Town in Yongqiao District, Suzhou City, Anhui Province, about 11 km to the north of Suzhou City, and the administrative division is under the jurisdiction of Yongqiao District, as shown in Figure 2. II1012 working face is located in the first stage of the north wing of II1 mining area, and its upper section is the goaf under 1,019 and 10,110. It is near the seven# exploration line to the northeast of the open-off cut of the working face, and near the boundary of the scour area of the ancient river bed to the southwest of the cutting line. The strike length of the working face is 1,276∼1,368 m, the inclined width is 148–161 m, and the area is 204,910 m2. The cutting length of the working face is about 150 m, and the elevation of the working face is −672∼-590 m. The II1012 mining face is shown in Figure 3.
[image: Figure 2]FIGURE 2 | Taoyuan Coal Mine location map.
[image: Figure 3]FIGURE 3 | II1012 mining face.
The total thickness of the 10 coal seam in the excavation block of the II1012 working face is 0∼7.4 m, with an average of 3.8 m. Most of the coal seam contain mud and silty ton-stein, and the thickness of the tonstein is 0∼1.8 m, with an average of 0.5 m. The immediate roof of the coal seam is mudstone, and the main roof is siltstone. The immediate floor is mudstone, the hard floor is siltstone. The roof and floor of the coal seam are shown in Table 1. The dip Angle of the coal (rock) bed is 10°∼32°, with an average of 22°. The working face of II1012 in Taoyuan Coal Mine is a monoclinal structure with a strike of NNE and a tendency of SEE. The working face has wide and gentle fluctuation along the strike coal seam. According to the data of 3D seismic survey, borehole drilling and excavation, 25 faults are developed in the working face, and there is no water cut and no water diversion after excavation. The faults of F10, F14 and F20 have great influence on the mining work, and there are no abnormal geological structures such as igneous rock intrusion area, collapse column and structural window in the working face.
TABLE 1 | The coal seam’s roof and floor of II1012 working face.
[image: Table 1]2.2 Monitoring methods
In this paper, the all-fiber optic micro-seismic monitoring system is mainly used to monitor the micro-seismic events occurring in the mining process of II1012 working face of Taoyuan Coal Mine. The micro-seismic events generated in the underground mining work are collected by arranging acceleration sensors on the working face, and then the collected events are transmitted to the ground data processing terminal through the micro-seismic monitoring host. The micro-seismic event data are processed by event detection, identification and classification, positioning calculation, etc., and the processed micro-seismic data are obtained, and then the characteristics and laws of micro-seismic events in mine pressure activities during the mining process are studied.
2.2.1 Monitoring principles
The rock is destroyed under the action of stress and micro-seismic is generated. The data are collected in real time by arranging multiple sensors. After data processing, the location of micro-seismic events can be determined. Micro-seismic is essentially a process of stress accumulation and intermittent release. With the continuous accumulation of energy, when the rock mass does not have sufficient strength conditions to bear high energy and high stress, energy will be released in the form of roof and floor cracking or breaking, resulting in the generation and expansion of micro-cracks and micro-seismic events. The micro-seismic monitoring host uses the light source generated by the fiber laser to form the optical fiber micro-seismic monitoring array through the space division, time division or wavelength division multiplexing network. The micro-vibration collected by the fiber optic sensor is converted into a digital signal through the signal acquisition and demodulation module, which is transmitted to the micro-seismic processing platform for analysis, positioning, processing and storage.
The all-fiber optic micro-seismic monitoring system includes low-noise narrow line-width fiber laser, fiber acceleration sensors, high speed fidelity demodulation, positioning interpretation module, and 3D visualization analysis system, as shown in Figure 4. All-fiber optic micro-seismic monitoring technology solves the contradiction between high sensitivity and wide frequency response, so that the sensitivity of micro-seismic monitoring is improved and the frequency band response range is increased.
[image: Figure 4]FIGURE 4 | All-fiber optic micro-seismic monitoring system composition.
The difference between the all-fiber optic micro-seismic monitoring technology and the traditional monitoring technology is shown in Table 2.
TABLE 2 | Comparison of differences between all-fiber optic micro-seismic and traditional monitoring technology.
[image: Table 2]2.2.2 Monitoring system
The all-fiber optic micro-seismic monitoring system based on the II1012 working face of Taoyuan Coal Mine adopts acceleration sensors, and the response frequency of the sensor ranges from 10 Hz to 5 kHz. The acceleration sensor is composed of passive all-optical devices, and its superior optical characteristics make the monitoring radius of a single sensor reach 200–300 m, and it can monitor micro-seismic activities for a long time in the coal mine without electrification, with strong anti-interference ability and high signal-to-noise ratio.
According to the geological condition of Taoyuan Coal Mine, in the current mining operation of II1012 working face, 16 sensors are used for data acquisition and transmission. The sensor number of transportation roadway is 1→8, and the sensor number of return-air roadway is 9→16, as shown in Figure 5. The distance between two adjacent sensors on the same roadway is about 110 m.
[image: Figure 5]FIGURE 5 | II1012 Working face sensor layout.
The monitoring system layout is designed according to the principles of all-fiber acceleration sensor installation and micro-seismic network layout, as shown in Figure 6. The all-fiber optic micro-seismic monitoring system is composed of three parts: monitoring host, optical fiber sensors and signal transmission system. During the mining process of Taoyuan Coal Mine II1012 working face, micro-seismic signals are generated due to rock fracture. These signals are received by the acceleration sensors in the mine and transmitted to the micro-seismic monitoring host through optical cable, and then transmitted to the data server on the ground through the communication optical cable. After being filtered by the data server, the data is transmitted to the engineering analysis center through the Internet, and data service engineers process and analyze the data.
[image: Figure 6]FIGURE 6 | Layout diagram of all-fiber optic micro-seismic monitoring system for II1012 working face.
2.3 Data processing
The micro-seismic data processing methods used in this paper mainly include micro-seismic event detection, event recognition and classification, micro-seismic location algorithm, statistical analysis and so on.
2.3.1 Micro-seismic event detection
The STA/LTA algorithm is widely used in seismic wave recognition because of its simple algorithm, fast speed and easy real-time processing (Shi H. et al., 2023). This algorithm was first proposed by Stevenson. STA is the short-time window average, which represents the change trend of signal amplitude and energy. LTA is the mean value of the long-term window, which represents the change trend of the signal background noise and energy (Yoones and Mirko, 2015). The principle is to use the ratio of STA and LTA to reflect the change in signal energy or level, when the ratio is greater than a pre-set threshold, it is considered that an event has occurred. The STA/LTA algorithm calculation equations are as shown in Equations 1-3.
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Where, [image: image] represents the sampling time, [image: image] represents the STA using points, [image: image] represents the LTA using points, [image: image] represents the signal at the time of the characteristic function value, generally amplitude or energy.
Combined with the above formula and the geological conditions of the working face, the duration of micro-seismic events and other realistic conditions, in order to reduce noise interference and ensure that high-frequency and low-frequency micro-seismic events are detected, the short window duration selected in this paper is 0.02 s, and the long window duration is 0.05 s. It can effectively distinguish micro-seismic signals from noise, and can improve the efficiency and accuracy of event detection and ensure the accuracy of monitoring results (Liu and Zhang, 2014).
2.3.2 Event recognition and classification
In Taoyuan Coal Mine II1012 working face monitoring area, the geological conditions and interference signals are complex and changeable, and the recognition of various events is more difficult than that of natural earthquakes. In this study, all-fiber acceleration sensors are used to collect micro-seismic signals, and a new network structure, called T_CNN model (Jin et al., 2024), is obtained by combining CNN(convolutional neural network) with transformer, which is used for automatic classification and recognition of micro-seismic events. The CNN in the model is used for feature extraction, and the key information is focused based on transformer, and the final multi-classification results are obtained by multi-layer perceptron. T_CNN model uses attention mechanism instead of the traditional de-noising algorithm, so that the network can effectively process multi-channel signal processing and estimate micro-seismic energy.
T_CNN model combines the advantages of CNN and Transformer. Compared with the CNN model, T_CNN model has stronger modeling and data capture capabilities. Compared with the Transformer model, T_CNN model adopts advanced convolution technology to optimize the data calculation efficiency, which can extract the local features of the data more efficiently and improve the operation efficiency of the model.
The number of data trained by T_CNN model is 9,180, including 4,469 noise data, 3,493 micro-seismic data, 1,218 data such as blasting and knocking,etc. The data set is randomly 80% as the training set and 20% as the test set. Different models are used to identify and classify them. The results are shown in Table 3. The results show that the classification accuracy based on T_CNN model is 98%.
TABLE 3 | Different model classification recognition results.
[image: Table 3]2.3.3 Event location
The location accuracy of micro-seismic source is the key to micro-seismic monitoring technology, and the accuracy of micro-seismic source location is related to the application effect of micro-seismic technology (Feng et al., 2022). Assuming that the propagation medium of micro-seismic waves is uniform and isotropic, the travel time equation of micro-seismicwaves is as shown in Equation 4.
[image: image]
Where, [image: image] represents the micro-seismic event, [image: image] is the occurrence time of the micro-seismic event, [image: image] are the three-dimensional coordinates of the occurrence of the event; [image: image] is the coordinate of the ith sensor; [image: image] is the wave speed. The theoretical time for the microseismic wave to reach the ith sensor is as shown in Equation 5.
[image: image]
[image: image] is the time interval between the micro-seismic wave beginning to propagate and the sensor receiving the micro-seismic wave. The estimated time residual can be obtained by comparing the theoretical time and actual time of each channel. For micro-seismic events at the time when n sensors pick up the P-wave, the sum of squares of the residual of this set of time is as shown in Equation 6.
[image: image]
Micro-seismic location is the minimum value of Equation 6.
The specific description of each parameter in the above formula is as follows: ①Source parameters: source location coordinates of micro-seismic events [image: image], and its unit is m; occurrence time of micro-seismic events [image: image], and its unit is s. ②Sensor parameters: the spatial coordinates of the ith sensor [image: image]. The spatial distribution of the sensor has an important influence on the positioning accuracy. In general, the more sensors and the more uniform the distribution, the higher the positioning accuracy. ③Medium parameters: since the propagation medium of micro-seismic wave is assumed to be uniform and isotropic, the wave velocity [image: image] is a constant, and its unit is m/s ④Residual parameter: residual sum of squares [image: image], and its unit is s2, which is used to measure the fitting degree between the theoretical model and the observed data; the smaller the pickup error is, the higher the positioning accuracy is. ⑤Time pickup accuracy: The pickup accuracy of the actual observation time [image: image] directly affects the positioning result.
The specific parameters of the all-fiber optic micro-seismic monitoring system in the II1012 working face of Taoyuan Coal Mine are shown in Table 4.
TABLE 4 | Parameter table of all-fiber optic micro-seismic monitoring system in II1012 working face of Taoyuan Coal Mine.
[image: Table 4]3 MONITORING RESULTS
Since the initial mining of the II1012 working face in Taoyuan Coal Mine on 12 January 2024, the all-fiber optic micro-seismic monitoring system has been operating and recording data since the initial mining of the II1012 working face, and the mining of the II1012 working face has advanced by about 200 m in total until 20 March 2024. From January 20 to March 20, the micro-seismic system detected a total of 974 effective micro-seismic events, including 585 roof micro-seismic events and 389 floor micro-seismic events, with an average of about 16 micro-seismic events recorded every day. The total energy of micro-seismic events is 117,360.87 J, and the average energy of each event is about 120.50 J. The histogram of the data distribution of the number of micro-seismic events, the energy of the day, and the maximum energy of the day within the research period is shown in Figure 7. And the three views of the spatial distribution of micro-seismic events are shown in Figure 8. The top, front and side views represent the plane distribution map, the dip distribution map and the strike distribution map respectively.
[image: Figure 7]FIGURE 7 | Histogram of micro-seismic data distribution during the study period.
[image: Figure 8]FIGURE 8 | Spatial distribution of micro-seismic events during the study period.
The micro-seismic data generated by the mining work of the II1012 working face in Taoyuan Coal Mine during the study period have typical pressure characteristics, including first weighting, periodic weighting, and square pressure. Based on the site mining situation and micro-seismic data of Taoyuan Coal Mine, the following information is preliminarily known: the first weighting occurred on the II1012 working face on January 28, periodic weighting occurred in the working face from February 1 to March 5, square pressure occurred on the working face from March 6 to March 17. Table 5 shows the distribution of roof and floor micro-seismic events. According to Figure 8, during the study period, micro-seismic events mainly occur at the roof position, events with large energy and large magnitude are distributed in the coal seam and roof position, and events with small energy and small magnitude mainly occur at the floor position.
TABLE 5 | Distribution of micro-seismic events on roof and floor.
[image: Table 5]4 ANALYSIS
In this paper, the study period of pressure activity in the II1012 working face of Taoyuan Coal Mine is from January 20 to 20 March 2024, and the study results are discussed and analyzed based on the data of micro-seismic events in the coal seam roof and floor during the mining process and the mining footage.
4.1 Relationship between mining footage, first weighting and microseism
4.1.1 Mining footage and microseism
The position of mining line of II1012 working face (part) during the research period is shown in Figure 9. Combined with Table 5, the location of the mining line corresponding to the date marked in Figure 9 is the location of the mining line at the key time in the research period of this paper. Jan.26th∼Jan.31st is the first weighting stage of the working face, and Jan.28th is the time of the first weighting. Feb.first∼Feb.11th, Feb.12th∼Feb.26th and Feb.27th∼Mar.fifth are the three stages of periodic weighting of working face, Mar.sixth∼Mar.17th is the stage of square pressure of working face, and Mar.seventh, Mar.11th, Mar.15th are the three time points of energy peak of micro-seismic events. The time points corresponding to each mining line in the figure will be elaborated in the subsequent chapters of this paper.
[image: Figure 9]FIGURE 9 | II1012 Working face (part) line location diagram.
During the period from open-off cut position to 200 m, the mining speed of II1012 working face was maintained at 3∼4 m per day. The number of micro-seismic events and energy sum were counted every 10 m of mining at the self-open-off cut position of the working face, and the results were shown in Figure 10.
[image: Figure 10]FIGURE 10 | Cumulative footage-micro-seismic event number-energy sum change curve.
During the footage period of 0∼20 m, it is in the initial mining stage, and the daily number of micro-seismic events at the working face is maintained within 5. There is a small range of fluctuation in the energy and the number of micro-seismic events. The number of micro-seismic events is small, the energy is low, and the stress level is low. During the 20∼140 m mining footage period, the change of energy sum per 10 m footage is slow, within 7500 J.The number of micro-seismic events increased more during the period of 20∼30 m footage, and the first weighting stage was in this footage period. During the footage period of 30∼140 m, the indexes of the number of events and energy sum per 10 m showed an overall trend of in-creasing fluctuation, and the number of events was less than 90. The fluctuation of the indexes indirectly reflected that the surrounding rock activities of the working face showed a periodic change law under the influence of mining, and the corresponding pressure stage was periodic weighting. During the footage period of 140∼180 m, the indexes of the number of events and energy sum increase rapidly, reaching the peak state, and the corresponding pressure stage is the square pressure; compared with the 20∼30 m footage stage, the number of micro-seismic events increased by 692.68%, and the energy sum increased by 4,122.94%; compared with the 30∼140 m footage stage, although the number of micro-seismic events decreased by 35.26%, the energy and growth increased by 139.86%. This shows that the energy intensity of micro-seismic events in the 140∼180 m footage stage is greater, indicating that the activity in-tensity of surrounding rock in the working face under the influence of mining is greatly in-creased, and the failure range of roof and floor also reaches the peak. The energy sum and the number of events in the 180∼200 m footage stage is greatly reduced, which is in the later stage of pressure, and the influence of square pressure is weakened and tends to end.
It can be seen from Figure 10 that the slope of the curve in the periodic weighting stage is significantly smaller than that in the square pressure stage, so the micro-seismic activity in the square pressure stage is more intense.
The average mining speed equation of each pressure stage is as shown in Equation 7.
[image: image]
Among them, v represents the average mining speed, l represents the mining distance, t represents the mining time.
According to the 10 m standard statistics, the mining footage shows that the mining distance of the first weighting, periodic weighting and square pressure stage is 10 m, 110 m and 40 m respectively, and the mining time is 4 days, 34 days and 12 days respectively. According to Equation 7, the average mining speed of the first weighting, periodic weighting and square pressure stage is about 2.5 m/day, 3.24 m/day and 3.33 m/day respectively. The first weighting stage of the average mining speed of the working face is less than the periodic weighting stage, and the periodic weighting stage is less than the square pressure stage. It can be speculated that the indexes of the number of micro-seismic events and energy sum are positively correlated with the mining speed. In the current mining work, the change of mining speed will affect the occurrence of micro-seismic events and the release of energy in the working face to an extent. The faster the mining speed, the more likely it is to aggravate the stress and energy release caused by the change of in-situ stress in the working face space. On the contrary, the micro-seismic activity is more moderate. Similarly, the more intense the micro-seismic activity, the greater the impact on the roof and floor of the working face. The mining work of the working face and the micro-seismic activity interact with each other, which also shows the necessity of maintaining the uniform speed of the mining speed of the working face from the side. To an extent, it can reduce the pressure of the working face and the occurrence of micro-seismic events, and ensure the safe and orderly operation of mining production.
4.1.2 Relationship between first weighting and microseism
In the first weighting stage, the number of micro-seismic events began to increase on January 26, and the number of micro-seismic events and energy reached the peak on January 27. The first weighting occurred on January 28, and the first weighting step was 25.10 m. During the period to January 31, there was a small amount of reduction and fluctuation, and the micro-seismic energy did not change much. The impact of the first weighting on the working face basically ended.
There are 60 micro-seismic events during the whole first weighting period, including 42 roof micro-seismic events and 18 floor micro-seismic events. The three views of the spatial distribution of micro-seismic events are shown in Figure 11. The red mining line in the figure is the mining position of the first weighting on January 28. The number of micro-seismic events is small, the magnitude is small, and the spatial distribution is relatively scattered. The micro-seismic events along the mining direction of the working face are basically in front of the current mining position. The distance between the maximum energy event position and the mining line on the day is about 68 m. The average distance between the location of all events and the mining line is about 69 m. The occurrence of micro-seismic events is advanced, and the coal seam and floor are mainly small energy events. The large energy event is distributed in the roof position, which plays a major role in the roof collapse caused by the first weighting.
[image: Figure 11]FIGURE 11 | Spatial distribution of micro-seismic events during the first weighting period.
4.2 Relationship between periodic weighting and microseism
The periodic weighting of II1012 working face in Taoyuan Coal Mine occurred from February 1 to March 5. A total of 481 effective micro-seismic events were monitored by the all-fiber optic micro-seismic monitoring system, including 268 roof micro-seismic events and 213 floor micro-seismic events. The mining footage of the working face was 28.61 m–132.96 m, and the mining distance was about 104.35 m. The whole periodic weighting period was divided into three stages, and the corresponding time periods were Feb.01st∼Feb.11th, Feb.12th∼Feb.26th and Feb.27th∼Mar.05th, respectively. The three views of the spatial distribution of micro-seismic events are shown in Figure 12. A small number of large-energy and large-magnitude events are distributed above the roof, and most of the small-energy and small-magnitude events are concentrated in the floor and the middle and lower parts of the roof.
[image: Figure 12]FIGURE 12 | Spatial distribution of micro-seismic events during periodic weighting period.
After the first weighting of the II1012 working face, the mining footage of the first stage from February 1 to February 11 was 28.61∼58.34 m, and the mining distance was about 29.73 m. During the period, the number of micro-seismic events fluctuated greatly, and the number of events remained at about 5∼20, but the energy of micro-seismic events did not change much, which was basically the same as that during the first weighting. The three views of the spatial distribution of micro-seismic events are shown in Figure 13. During this period, the number of roof events is 84, and the number of floor events is 48. The location of the daily maximum energy events is mostly in the roof position. The disturbance of micro-seismic events to the roof during the mining process of the working face is more severe than that of the floor, but the micro-seismic events are mostly small energy events, and the degree of damage to the roof is not large. During the period, the number and energy sum of events on February 3 and February 6 reached a new small peak at the same time. The micro-seismic events before and after the period showed the characteristics of small number and small energy. The energy and surrounding rock stress were accumulated and released on the peak day. Due to the shutdown of the II1012 working face of Taoyuan Coal Mine during the Spring Festival from February 9 to February 11, the number and energy of micro-seismic events decreased sharply.
[image: Figure 13]FIGURE 13 | Spatial distribution of micro-seismic events in the first stage.
After the end of the Spring Festival holiday on February 11, the II1012 working face of Taoyuan Coal Mine began to continue the mining production work. In the second stage, the number of micro-seismic events began to increase and the energy began to rise. On February 14, February 16 and February 19, the maximum energy events were about 1162 J, 728 J and 1462 J respectively, and the energy sum was also rising. On February 19, the number of micro-seismic events, maximum energy and energy sum all reached the peak, the stress of surrounding rock continued to accumulate and release, and the pressure of roof and floor continued to increase. From then to February 26, the micro-seismic activity began to slow down, the number of events was small, the energy was small, and the pressure of the roof and floor began to decrease. The influence of periodic weighting tends to end, the mining footage reaches 105.74 m, and the second stage mining distance is about 47.40 m. The three views of the spatial distribution of micro-seismic events are shown in Figure 14. The red mining line in the figure is the mining position on February 19. The micro-seismic events along the mining direction of the working face are basically in front of the current mining position. The maximum energy event position on the day is about −12 m away from the mining line. The average distance between the location of all events and the mining line is about 70 m. The occurrence of micro-seismic events is advanced. In the second stage, the number of roof events is 87 and the number of floor events is 72. Compared with the first stage, the number of floor micro-seismic events begins to increase, and the daily maximum energy events occur at the floor position. The micro-seismic activity caused by periodic weighting has a significant degree of damage to the floor.
[image: Figure 14]FIGURE 14 | Spatial distribution of micro-seismic events in the second stage.
In the third stage, the micro-seismic activity was severe from February 27 to March 5, and the indexes of micro-seismic events changed significantly. The number of micro-seismic events generally showed an increasing trend, reaching three peaks on February 27, February 29, and March 5, with 19, 26, and 37, respectively. On February 29, the number and energy sum of micro-seismic events reached the peak. At this stage, the mining footage of the working face reached 132.96 m, and the mining distance was about 27.22 m. It began to approach the length of the open-off cut of the working face. It had begun to be affected by the early stage of the square pressure, mainly with small energy and small magnitude events, and began to accumulate stress and energy for the later square pressure activities. The three views of the spatial distribution of micro-seismic events are shown in Figure 15. The red mining line in the figure is the location of the mining line on February 29. The micro-seismic events along the mining direction of the working face are basically in front of the current mining position. The location of the maximum energy event on the day is −50 m away from the mining line. The average distance between the location of all events and the mining line is about 44 m. The occurrence of micro-seismic events is advanced. In the third stage, the number of micro-seismic events in the roof and floor reached 100 and 93, respectively. The stress of surrounding rock and energy accumulation and release intensity were large. The damage degree of micro-seismic activity to the roof and floor was more severe, and the pressure of the roof and floor was increasing. During the periodic weighting period, the mining work disturbed and destroyed the equilibrium state of the in-situ high stress field of the working face, the structure of the surrounding rock of the working face was adjusted, and the stress of the surrounding rock was repeatedly accumulated and released, which promoted the fracture, migration and even collapse of the roof strata, and induced the increase of large energy and large magnitude events and distributed in the roof position.
[image: Figure 15]FIGURE 15 | Spatial distribution of micro-seismic events in the third stage.
4.3 Relationship between square pressure and microseism
The instability, movement and rupture of the overlying roof strata during the mining process of the working face are the main reasons for the mine pressure appearance of the working face, and the stress change of the overlying strata is the strongest in the square stage of the working face goaf. When the mining length of the working face is equal to the distance of the working open-off cut, the pressure activity is the square pressure, which is a special case of mining pressure. At this time, the activity intensity of the roof in the goaf reaches the peak, the dynamic load caused by the roof fracture is large, the ground pressure appears violently, and the risk of dynamic pressure on the working face increases.
The length of open-off cut of II1012 working face in Taoyuan Coal Mine is 150 m, so the mining footage is accumulated to about 150 m which is considered to be the square of the working face. The influence period of the working face is from March 6 to 17 March 2024. A total of 346 effective micro-seismic events were monitored by the all-fiber optic micro-seismic monitoring system, including 204 roof micro-seismic events and 142 floor micro-seismic events. The maximum energy events occurred in the roof position of the working face. As shown in Figure 16, during the influence of the square pressure on the II1012 working face, with the continuous mining work, the energy and average energy have three peaks. The time is March 7, March 11, and March 15, respectively. The first peak energy is much higher than the latter two peak energies. The energy and average energy of other times show an upward and downward trend before and after the peak time. It can be seen that the three peak times are the most intense time period for the influence of the square pressure on the working face, and as the follow-up mining work progresses, the influence of the square pressure gradually weakens.
[image: Figure 16]FIGURE 16 | The relationship diagram of date - footage - energy during square pressure period.
On 6 March 2024, when II1012 working face was mined to 138.80 m, the influence of square pressure began to appear. The number of micro-seismic events decreased, mainly small energy events. On March 6, the total energy released was not large, and the stress accumulation began to develop rapidly, resulting in small strain and small energy micro-seismic events.
When the working face is mined to 142.12 m on March 7, the influence of square pressure is the most severe, the stress concentration, the strength is close to the peak, the maximum energy event appears, and the energy of micro-seismic event reaches the maximum peak. The micro-seismic events are concentrated in the position of 0∼20 m of the coal floor and 0∼60 m of the coal roof. The micro-seismic events are mainly low-frequency large energy events and concentrated in the roof position. The number of micro-seismic events is 17, the total energy is 12,765 J, the average energy is 750 J, and the maximum energy event is 4624 J, which belongs to the typical stress accumulation and release process. The frequency of stress change in some areas is low and the strength is large. At this time, the stress of the surrounding rock of the working face is highly concentrated, the risk of instability and failure is high, and the in-tensity of mining disturbance is large. After comprehensively evaluating the production situation, the mine side of Taoyuan Coal Mine took timely safety countermeasures such as safety support and drilling pressure relief.
After the release of the peak stress on March 7, the footage of the working face from March 8 to March 10 was 145.80∼153.19 m. The micro-seismic activity was relatively gentle during the new equilibrium process of stress, mainly small energy and small magnitude micro-seismic events. On March 11, the working face was mined to 155.73 m. The micro-seismic events were concentrated in the position of 0∼20 m of coal floor and 0∼60 m of coal roof. The micro-seismic events were mainly small energy and small magnitude events, and a few large energy events occurred in the roof position. The number of micro-seismic events was 33, the total energy was 10,868 J, the average energy was 329 J, and the maximum energy event was 2509 J. The stress of surrounding rock reached a new accumulation state, but the release of total energy was more moderate than that on March 7, but it still reached a new peak. At this time, the stress accumulation intensity of surrounding rock was strong, so it was necessary to pay close attention to it and take pressure relief measures in time.
After the release of the peak stress on March 11, the process of reaching a new balance on March 12, 13, and 14 was dominated by small-energy and small-magnitude micro-seismic events. On March 15, the working face was mined to 172.43 m. The distribution of micro-seismic events was relatively scattered, and the number of large and small energy events was relatively balanced. The number of micro-seismic events was 34, the total energy was 11,025 J, the average energy was 324 J, and the maximum energy event was 2469 J. The stress of surrounding rock reached a new peak, but the total energy released was still lower than the first peak. After March 16, the number of micro-seismic events decreased, the sum of energy decreased, and the current mining work was at the end of the influence of the pressure. On March 17, when the working face was mined to 181.68 m, the number and energy of micro-seismic events decreased to a low point. The micro-seismic events were mainly small energy events within a week after the release of the stress concentration. Combined with the analysis of the mining footage and the ground pressure phenomenon feedback from the Taoyuan Coal Mine, it can be seen that the influence period of the pressure has basically ended.
The spatial distribution of micro-seismic events corresponding to the above analysis results is shown in Figure 17. In the figure, the red mining line is the mining position on March 7,11 and 15 along the mining direction. The micro-seismic events along the mining direction of the working face are basically in front of the current mining position, and the occurrence of micro-seismic events is advanced. On March 7, the location of the maximum energy event is 7 m away from the mining line, and the average distance between the location of all events and the mining line is about 37 m. On March 11, the location of the maximum energy event is 66 m away from the mining line, and the average distance between the location of all events and the mining line is about 14 m. On March 15, the location of the maximum energy event is −12 m away from the mining line, and the average distance between the location of all events and the mining line is about 24 m. The large energy events are mainly distributed in the roof of the working face, with a large number. There are some large energy events in the right wing adjacent to the 1,019 goaf. It is speculated that the disturbance response of the working face mining work to the adjacent old mining area, and the floor is still dominated by small energy events, with a small number.
[image: Figure 17]FIGURE 17 | Spatial distribution of micro-seismic events during square pressure period.
5 DISCUSSION
5.1 Analysis of result
Combined with Figures 3, 5, 7–9, 11–13, it can be seen that in the initial stage of mining, the advancing abutment pressure period, the first weighting, and the first stage of periodic weighting, there are some small faults that have some impacts on the mining work of the working face, but the impact is small, resulting in a few micro-seismic events and small energy. It is analyzed and judged that the initial mining work leads to the crushing and fracture of small faults, which is the main reason for the first weighting of the working face, and has some impacts on the first stage of periodic weighting, but the overall impact on the mining work of the working face is limited, and the subsequent mining production work of the working face is carried out normally and orderly.
In this paper, the research period is from January 20 to 20 March 2024, the research time is about 2 months, and the cumulative mining footage of the working face is 200 m.According to the mining progress of about 3∼4 m per day, more than ten times of pressure activities occur in the working face, which are divided into first weighting, periodic weighting, square pressure and other specific pressure activities, so as to explore the micro-seismic variation law of mine pressure in the mining process of the working face (Li X. P. et al., 2023).
There are some relationships between the energy of micro-seismic events and the risk of mine pressure disasters (Cheng et al., 2023). Discussion on this can better predict disaster risk and guide mine production. Combined with the micro-seismic data in the research period of this paper and Figure 7, it can be seen that when the mining work of the working face enters the pressure state, the number of micro-seismic events and the energy of micro-seismic events increase, and the change trend of the number of micro-seismic events and energy is basically the same, showing a positive correlation. In the periodic weighting and the middle and late stages of square pressure, when the energy of micro-seismic events reaches the peak, the number of micro-seismic events also reaches the peak state. However, in the initial period of square pressure, the number of micro-seismic events is negatively correlated with energy. The energy of micro-seismic events increases greatly, but the number of events decreases, indicating that the pressure stage is more likely to promote the occurrence of large energy events, which means that there is greater potential destructive power in the working face. As shown in Table 6, for the study period of energy threshold classification and disaster risk.
TABLE 6 | Micro-seismic event energy threshold classification and disaster risk situation.
[image: Table 6]According to micro-seismic data and Table 6, the higher the energy threshold of micro-seismic events, the greater the risk of mine pressure-induced disasters, and large energy events and high risks mainly occur in the square pressure stage (Lai et al., 2022). The relevant situation has been communicated with Taoyuan Coal mine in time, and relevant supporting measures have been taken in time, which has effectively reduced the occurrence of mining pressure disasters on the working face.
Based on the all-fiber optic micro-seismic monitoring technology, this paper analyzes and studies the characteristics of the first weighting, periodic weighting and square pressure stage generated in the II1012 working face of Taoyuan Coal Mine during the research period. There is a positive correlation between the intensity of micro-seismic activity and the mining speed of the working face. Generally speaking, the faster the mining distance of the working face in the same time, the more the number of micro-seismic events produced by the mining work, the greater the energy of micro-seismic events, the more intense the micro-seismic activity, the deeper the damage to the surrounding rock, and the greater the pressure on the working face. Therefore, the mining work of the working face needs to maintain a fixed mining speed, and take safety measures such as support in time to ensure the safety, normal and orderly progress of the mining work.
Through the analysis and research on the micro-seismic data of the three stages of the first weighting, periodic weighting and square pressure of the working face, the three stages have the same characteristics. Along the mining direction of the working face, the location of micro-seismic events is basically distributed in the front of the current mining position, and the micro-seismic events are scattered in a small amount behind the current mining position, indicating that the mining work has a great impact on the unmined area in front of it. The occurrence of micro-seismic events has significant advance characteristics, and its hysteresis characteristics are not obvious (Figures 11, 14, 15, 17). This law is of great significance for predicting the occurrence of micro-seismic activity. The micro-seismic activity based on all-fiber optic micro-seismic monitoring technology has a good response effect on mining pressure.
5.2 Method discussion
Mine pressure refers to the force generated by the rock movement caused by the mining process on the surrounding rock of the support, which often leads to a series of mechanical phenomena such as roof subsidence and collapse, floor heave, rib spalling, support deformation and damage, filling subsidence and compression, rock strata and surface movement, rock burst, water and gas outburst, and even safety accidents. Therefore, the real-time monitoring and early warning of mine pressure plays a vital role in mine production safety and prevention of mining accidents (Xu et al., 2022). Some scholars predict the pressure disaster of coal mine through Logistic regression model and Adagrad optimization algorithm, which provides a reliable guarantee for coal mine safety production (Zhu et al., 2023). At present, the depth of coal mining is increasing, the geological situation is more complicated, and the pressure of coal mine is becoming more and more prominent. An evaluation method for the implementation of pressure relief in the dangerous area of rock-burst in deep mining area is based on the frequency change rate of micro-seismic high-energy interval events and the change rate of blasting strain energy, which provides a reference for the monitoring and prevention of mining pressure (Li Y. et al., 2023).
In this paper, all-fiber optic micro-seismic monitoring technology is used to monitor the micro-seismic activities generated during coal mining, and then the characteristics and laws of micro-seismic events in mine pressure activities are studied. As an emerging monitoring technology, all-fiber optic micro-seismic monitoring technology is based on the principle of optical fiber interference. It uses a narrow line-width and low noise laser light source. It has the advantages of high sensitivity, wide response frequency and large dynamic range, and can realize the detection of weak signals. In recent years, all-fiber optic micro-seismic monitoring technology has developed rapidly, and its application in coal and gas outburst, mine dynamic disaster (Guo, 2022; Zhang et al., 2023), coal mine water inrush, tunnel rock burst (Jin et al., 2024) and other fields has been continuously expanded (Wu et al., 2024). Previously, all-fiber optic micro-seismic monitoring technology has a good application effect in the monitoring of floor water inrush in the 11,023 working face of Pan ‘er Coal Mine. The relationship between floor failure and micro-seismic activity in the fault anomaly area of the 11,023 working face was analyzed and studied. It reflects the advantages of all-fiber optic micro-seismic monitoring technology system, such as high signal-to-noise ratio and wide monitoring range, and is suitable for monitoring work in different coal mine working faces. In the future, all-fiber optic micro-seismic monitoring technology can be combined with other Frontier technologies to jointly assist the monitoring work in mines, tunnels, slopes and other fields, further promote the sustainable development of the industry, and ensure the safe and efficient mining and supply of coal energy and other resources (Shi Y. N. et al., 2023; Wu et al., 2022; Shi et al., 2024; Wu et al., 2020; Wu et al., 2025).
5.3 Limitations and prospects
As an emerging monitoring technology, the all-fiber optic micro-seismic monitoring technology is not particularly mature compared with the traditional monitoring technology. The monitoring system may produce errors in the process of micro-seismic data acquisition and preliminary processing. Therefore, after the system uploads the preliminary processed data to the engineering analysis center, it is necessary to manually screen and process the data to reduce the error of the data and further improve the accuracy of the micro-seismic data. In view of this deficiency, in the future, we can strengthen the system‘s data processing ability through cutting-edge technologies such as artificial intelligence to reduce data errors and improve work efficiency.
In the equipment installation work of the all-fiber optic micro-seismic monitoring system, the follow-up equipment failure investigation work and the dismantling and moving work of the equipment, the construction personnel need to go deep into the underground mine, the tunnel and other harsh environment construction sites to work. In these places, safety accidents such as gas leakage, water inrush accidents and rock collapse may occur, which poses potential threat to the safety of construction personnel. In response to this problem, future construction personnel can command robots on the ground to work on the spot, which can not only reduce the security threat to construction personnel, but also improve work efficiency.
In addition, in the micro-seismic location algorithm, it is assumed that the medium is homogeneous and isotropic, which may be different from the actual geological conditions of Taoyuan Coal Mine. There are differences in different lithology, density and porosity in the actual situation of the coal mine, which leads to different propagation speeds of seismic waves in different regions. There are faults, folds and other structures in coal mine geology, which will change the propagation direction of seismic waves. The above factors may have some impacts on the positioning accuracy of micro-seismic, resulting in positioning deviation.
This paper studies the use of all-fiber optic micro-seismic monitoring technology, which has excellent characteristics such as strong anti-interference ability, large dynamic range continuous monitoring, intrinsic safety, low loss and large capacity transmission, and can better reduce the impact of coal mine geological conditions on seismic wave propagation and positioning. Based on this, in the future research work, detailed information such as stratum distribution and lithology in the coal mine area can be obtained. Combined with the physical parameters of different rock strata, considering the velocity changes of different rock strata, the micro-seismic positioning algorithm is introduced to establish a more accurate velocity model. In addition, seismic tomography technology can also be used to image the velocity structure of the coal mine area to obtain the velocity distribution details of the underground medium, so as to update the velocity model in the micro-seismic positioning algorithm and improve the positioning accuracy.
This paper refers to a large number of international journal literature, including optical fiber sensor technology, micro-seismic monitoring, coal mine pressure research, etc. The research work of coal mine pressure based on all-fiber micro-seismic monitoring is of great significance to related research work at home and abroad. All-fiber optic micro-seismic monitoring technology has attracted more and more attention from international researchers. In the future, researchers around the world can conduct in-depth research on various fields such as mines, tunnels, highways, and railways based on all-fiber optic micro-seismic monitoring technology, and jointly promote international academic development in related research fields.
6 CONCLUSION
Based on the above all-fiber optic micro-seismic monitoring results and discussions, the following conclusions are drawn:
(1) In the first weighting stage, a small number of large-energy and large-magnitude micro-seismic events have a major impact on roof collapse, and the first weighting interval is 25.10 m.
(2) In the periodic weighting stage, the influence of micro-seismic activity on the roof is greater than that on the floor, but the influence on the floor failure is increasing significantly.
(3) In the square pressure stage, the high-energy micro-seismic events are significantly more than those in the previous mining stage, and the square pressure is easy to promote the frequent occurrence of high-strength and high-stress micro-seismic activities.
(4) The occurrence of micro-seismic events in the stages of first weighting, periodic weighting and square pressure has the characteristics of advance, and has a great in-fluence on the front area along the mining direction, which is of great significance to predict the occurrence of micro-seismic activities in the working face.
(5) The mining work of the working face is related to the micro-seismic activity. There is a positive correlation between the intensity of micro-seismic activity and the mining speed. The faster the mining speed, the more intense the micro-seismic activity. The micro-seismic activity based on all-fiber monitoring has a good response to mine pressure.
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Sensor principle
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and piezoelectric effect, the formation motion s
transformed into electrical signal
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problems such as signal distortion and accuracy
degradation may occur in a complex electromagnetic
environment

Monitoring range

Data transmission

Sensitivity and precision

‘The monitoring range is wide, and the monitoring
radius of a single sensor can reach 200-300 m

“The transmission loss is small, the distance is long, and
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without affecting the signal quality

With wide response frequency, high sensitivity and
large dynamic range, it can realize high-precision
micro-seismic signal monitoring and capture weak
micro-seismic events

‘The monitoring range is limited and is easily blocked
by other media

‘There may be signal attenuation during transmission,
and for long-distance transmission, equipment such as
signal amplifiers may need to be added

‘The sensitivity and accuracy are relatively low, and it
may be difficult to accurately capture and measure
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