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Arbitrary mining activities done by previous small-scale mines left many irregular damage zones in the ultra-thick coal seam, consequently leading to serious roof caving disasters and recovery ratio decline during repeated mining. Pre-filling the damage zones is an effective method to prevent mining-induced geological disasters. In this study, a novel method regarding damage zone filling–based repeated mining (FBRM) was proposed by combining the lower cutting layer (LCL) with the upper key bearing layer (UKBL) based on analyzing the disaster state when the workface passes through damage zones. To determine filling thickness, a method for calculating UKBL thickness was developed to preliminarily identify the filling thickness parameters of UKBL. On this basis, a numerical model incorporating damage zones and coal extractions was established to investigate the impact of UKBL thickness on fracture propagation and the maximum principal stress profiles around the damage zones. The proposed FBRM method was verified using the ground pressure data collected from Panel B909 of Pingshuo No.2 Colliery. The results show that 1) filling material with low strength and good cuttability is suitable for LCL, while material with high strength and robust bearing capacity is suitable for UKBL; 2) with increasing the UKBL filling thickness, the height of fracturing decreases, obeying a negative exponential function, suggesting a good effectiveness of the damage zone pre-filling technique; 3) as the UKBL filling thickness rises to 5 m, the maximum principal stress relocates from the area above both damage zones to the area closely in front of the workface, indicating a filling thickness threshold of 5 m that can ensure roof stability; 4) the maximum working resistance and bed separation were 11,800 kN and 26 mm, respectively, when the workface passed through damage zones B and E, favoring a good reliability of the FBRM method. The research can provide best-practice references for preventing roof caving disasters while exploiting the ultra-thick coal deposits affected by previous mining activities.
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INTRODUCTION
Due to lacking advanced production facility and good management, in the 1980s, small-scale coal mines prevailed in several major coal mining areas of China, such as Shanxi and Inner Mongolia provinces. The methods employed for exploiting underground coal resources were backward and had many issues concerning arbitrary exploitation, disordered management, and low recovery ratios (Wu and Xu, 2012; Yujiang Zhang et al., 2016). In the last two decades, large-scale coal production enterprises started to incorporate small mines (Shi, 2013) to manage underground mining strategically. For example, more than 3,300 small-scale coal mines in Shanxi Province, China, were closed or merged in the 4 years from 2005 to 2009 (Wang and Weng, 2012). By deploying more advanced production equipment, the new mines operate fully mechanized longwall mining with working efficiency and recovery ratio higher than before. However, due to previous arbitrary mining activities and lacking engineering drawings for indicating the pre-existing mined-out areas, newly designed longwall panels sometimes enter irregular mining areas left by the former mines. The irregular mining areas, called damage zones, are generally some cavities with a certain aspect ratio, and there are some residual coals accumulated at the bottom of the damage zones. As the longwall face approaches damage zones, the localized ground stress changes dramatically due to coal body removal, leading to significant stress concentration in the panel roof and abutment. A series of issues such as roof caving and rib spalling arise and deteriorate mine production and safety conditions. The problem becomes more pronounced if there are extensive damage zones existing in ultra-thick coal deposits. Furthermore, when the damage zone is higher than the maximum working height of hydraulic chocks, the overlying fragmented rocks tend to collapse into the face, potentially threatening the safety of workers and facilities. In this circumstance, the hydraulic chock cannot closely touch the roof and provide sufficient supporting resistance, meaning that the chock itself and the armored face conveyor (AFC) pushed by chocks have to progress slowly. However, it is unreasonable to abandon the damage zones considering the high volume of residual coals thereof. On the other hand, discarding the damage zones means that the panel is shortened, and various equipment has to be moved to the next panel in a short duration, which is an unpractical operation potentially decreasing coal recovery ratios. In Pingshuo No. 2 Colliery, the damage zones existing in the Second District can cause more than 4.5 million tons of coals to be wasted if there is no appropriate treatment. Therefore, it is vital to develop a scientific and practical mining method for retrieving the coals. Existing mining experience shows that backfilling is an effective technique to improve the stress condition of damage zones, alleviate stress concentration in frontal and side abutments, and address the problem regarding hydraulic chocks not touching roof rocks. Therefore, investigating the mechanism and method of repeated mining with preexisting damage zones filled is essential for ultra-thick coal seam extraction from safety and economy perspectives.
The backfilling technique has attracted extensive attention in the mining industry considering its advantages in controlling surface subsidence, decreasing rockburst risks, reducing gangue discharge, and protecting the localized hydrogeological environment (Chang et al., 2014; Edraki et al., 2014; Howladar and Karim, 2015; Jixiong Zhang et al., 2016; Hefni et al., 2021). The preliminary research mainly focused on developing backfilling materials and methods (Tapsiev et al., 2011; Seryakov, 2014; Deng et al., 2021). Mitchell et al. assessed the strength of filling materials regarding cemented classified tailings and sand using physical simulation (Mitchell et al., 2011). By numerical simulation and lab tests, respectively, Helinski and Zhang et al. studied the mechanical property of cemented tailing-based filling materials with variation in the cement-to-sand ratio, curing age, and consolidation (Helinski et al., 2010; Sasa et al., 2019). Benzaazoua and Nujaim et al. revealed that acid water and sulphate can degrade the cementing property of composite materials and decrease the strength and durability of the backfilling body (Benzaazoua et al., 2002; Nujaim et al., 2020). It was recognized that the size of gangue particles, mineral compositions, and cementing agents can affect the porosity, concreteness, and compressive strength of cemented paste backfills (Benzaazoua et al., 2004; Sivakugan et al., 2015; Walske et al., 2016; Xu et al., 2018; Li et al., 2020).
For the backfilling mining method, Ma et al. established a mechanical model incorporating the coal pillar in mined-out areas coupled with the roof backfilling. Based on this, the principles for calculating roof deflection and pillar compressibility were obtained to provide theoretical guidance for backfilling-based room-and-pillar mining (Ma et al., 2011). Kostecki and Spearing proposed the high-density backfilling method for room-and-pillar mining and analyzed how the shear strength, tensile strength, and stiffness of the filling body affect pillar strength and the bearing capacity of the lithologically soft floor (Kostecki and Spearing, 2015). By combining the advantages of backfilling-based longwall mining and room-and-pillar mining methods, Yu et al. put forward the concept of continuous mining and backfilling with a wall system (Yu et al., 2019). Zhou et al. analyzed the impact of solid backfill ratio on the movement and deformation behavior of overlying strata and the frontal abutment pressure through physical simulation (Zhou et al., 2017). Zhang et al. established a shortwall block mining method to collect coal residuals such as pillars and boundaries (Zhang et al., 2018). The previous research has performed extensive theoretical analysis and engineering practice in terms of the physical and mechanical properties of filling materials and backfilling mining technology, to some extent providing references for this study. One characteristic of these previous cases is that the backfilling operation was conducted following longwall face advancement. However, in the case of this study, the filling operation should be performed before longwall mining for addressing the damage zones left by the previous mining activities. In addition, the uncertain position and unregular profile of damage zones enhance the difficulty and complexity of repeated mining whether or not to fill the damaged zones.
With Panel B909 of Pingshuo No.2 Colliery as the case, this study first analyzed the geological condition of damage zones existing in ultra-thick coal seams due to the previous arbitrary mining activities. Then a new damage zone filling–based repeated mining (FBRM) method was first proposed by combining the lower cutting layer (LCL) with the upper key bearing layer (UKBL) based on the disaster analysis of the working face approaching damage zones. Furthermore, a new calculation method of UKBL thickness was given and used to preliminarily determine the filling thickness parameters of UKBL. Moreover, the numerical calculation model of the over-irregular damage zone was established to investigate the influence of UKBL filling thickness on crack propagation and maximum principal stress distribution around irregular damage zones. Finally, the FBRM method was performed in Panel B909 of Pingshuo No. 2 Colliery, and ground pressure data were also monitored. The research studies can provide a new idea for preventing roof caving and retrieving the coals left by the previous mining activities.
GEOLOGICAL AND ENGINEERING CONDITIONS
As shown in Figure 1, Pingshuo No. 2 Colliery is located in the north of Shanxi province in China. The depth and dip angle of Panel B909 are 190.0 m on average and 2.5°, respectively. The coal seam thickness is about 13.0 m. The Panel operates the top coal caving mining method, with a width and length of 282.0 and 1,590.0 m, respectively. The height of cutting is 3.5 m, with the above 9.5-m-thick coals technically caved. The ratio of coal recovery is about 85%. The longwall workface is shielded by hydraulic chocks (ZFY12000/23/40D) that are 1.8 m in width and 12,000 kN in the maximum working resistance. No. 4 Coalbed is above Panel B909, whose average thickness is 11.5 m. The comprehensive geological histogram of panel B909 is exhibited in Figure 1.
[image: Figure 1]FIGURE 1 | Comprehensive geological histogram of the panel B909.
Pingshuo No. 2 Colliery incorporates several preexisting small mines, making it possible for the current longwall workface to be affected by the previous mining activities. These small-scale mines used tunneling to cave coals, leaving many damage zones in Panel B909 area. Also, due to lacking engineering drawings for explicitly indicating the location and geology of damage zones, it is challenging to conduct ultra-thick coal seam mining smoothly. Transient electromagnetic methods and advanced detection were employed to capture the spatial position and dimension of these damage zones. Field observation identified seven damage zones within the designated area of Panel B909, labeled A to G in Figures 2A,B. The seven damage zones cover 173.0 m along the longitudinal direction (longwall retreating direction) and 175.0 m along the transverse direction. The distance between these damage zones and the set-up position of Panel B909 is about 410.0 m.
[image: Figure 2]FIGURE 2 | Position of seven damage zones with respect to Panel B909: (A) planform; (B) three-dimensional stereogram.
Field detection details show that all the damage zones are of semi-ellipsoidal profiles but different in the maximum height, dimension, and volume of residual coals. According to the geological conditions, the seven damage zones can be divided into three categories, including ① the case without residual coals in damage zones, ② the case where residual coals are thinner than the cutting height, and ③ the case where residual coals are thicker than the cutting height.
Taking damage zones B and E as examples, via the peak of both damage zones, a longitudinal section is made and labeled I-I in Figure 2A. It can be seen from Figure 2 that both damage zones are of a semi-ellipsoidal profile, and the maximum height of both reaches 18.0 m. There are 4.5-m-thick coals left in damage zone B but none in damage zone E. The characteristic parameters of the seven damage zones are shown in Figure 2B.
MECHANISM AND METHOD
FBRM Mechanism
The damage zones left by the previous small-scale mining activities can delay the routine work of newly scheduled longwall panels. If there are no pre-mining treatments, the damage zones are likely to connect the longwall face and lead to a series of mine hazards, which mainly include the following two aspects.
1) Hydraulic chocks are directly exposed to a high volume of fragmented rocks and are thus less capable of ensuring the safety of workers passing through the face. Within the area that is 20–60 m ahead of the face, hydraulic chocks provide substandard resistance against roof loads, slowing the advancement of the chock itself and the AFC pushed by chocks.
2) As they are filled with fragmented rocks, the damage zones are structurally unstable and prone to collapse due to the mining effect. The caved rocks shock mining equipment and impact their routine operation. Backfilling treatment is an effective tool in optimizing stress distribution and consolidating cracked rock masses in damage zones. Therefore, the damage zones can be filled in advance so that the intact coal body and the coals left by the previous mining activities can be extracted safely.
The coal mining in Panel B909 is expected to achieve the following targets. First, the filling thickness should be greater than the cutting height, and a particular part of the filling body should maintain above hydraulic chocks during cutting. The remaining layer allows hydraulic chocks to receive sufficient reactive force to push AFC forward and protect underlying facilities from caved materials. Second, the lower part of the filling body can be peeled off easily by the shearer so that the cutter teeth can be saved from wear and tear to a great extent.
According to the above analysis, this study proposes the FBRM method, whose essence is that the filling into preexisting damage zones should be performed before longwall panel extraction. The filling materials should not only satisfy the above targets but also consider filling expenditures. For acquiring a robust bearing capacity for the upper layer and satisfactory cuttability for the lower layer, different kinds of functional materials are expected to strengthen the two parts. Material with low strength and good cuttability applies to the lower part, namely, cutting layer filling. In contrast, high strength and strong bearing capacity material is used for the upper part to form a key bearing layer. The layered filling scenario is schematically exhibited in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic of layered filling for damage zone treatment.
Critical Procedures for FBRM Method
According to the FBRM mechanism, the procedure for the layered filling of damage zones is designed as follows:
1) Conduct precise detection towards the damage zone. The transient electromagnetic method, three-dimensional earthquake, and channel waves can capture key geological parameters, including spatial position, dimension, height, and thickness of residual coals.
2) Apply different filling materials to different layers. The material selection should be according to the designed function of the LCL and UKBL, as analyzed in Section 3.1.
3) Determine the filling thickness of the LCL. Specific filling parameters must be determined according to the relationship between maximum height of damage area (Hd) and cutting height of shearer (Hs). The determination method of filling thickness of the LCL is shown in Table 1.
4) Determine the filling thickness of the UKBL. It should consider the filling material property and rock caving impact and ensure that the UKBL remains intact during mining. The theoretical determination method of the thickness of the UKBL is shown in Table 1.
5) Perform in situ industrial tests, through which the material and filling thickness of the LCL and UKBL can be evaluated by monitoring roadway deformation and hydraulic chock reaction.
TABLE 1 | Determination method of thickness of the cutting layer and key bearing layer.
[image: Table 1]The critical procedures of the FBRM method are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Critical procedures for the FBRM method.
THEORETICAL ANALYSIS OF THE UKBL FILLING THICKNESS
As described in section 3.2, the filling thickness determination of the UKBL was the most important step in the FBRM method. The theoretical solution of the filling thickness of the UKBL can be obtained via the mechanical balance principle. The theoretical solution can provide a preliminary reference for the final determination of the filling thickness of the UKBL. Based on this theoretical solution, a numerical model representing the FBRM mechanism is established to acquire the optimal solution of the filling thickness.
The above analysis indicates two circumstances regarding the pre-mining filling of the UKBL when the LCL thickness is fixed. The first circumstance refers to a situation where the distance from the maximum damage height to the filling thickness of the LCL is no greater than the theoretical filling thickness of the UKBL. The area to be cut or the damaged area above residual coals are filled to consolidate fragmented rocks and keep mining safe, as shown in Figure 5A. Figure 5B describes another circumstance where the aforementioned distance is greater than the theoretical filling thickness of the UKBL. In this case, there is an unfilled void existing above, and mining-induced coal/rock caving impacts the underlying rock units and deteriorates the stability of the UKBL. The scenario in Figure 5B is taken as an example to calculate the filling thickness of the UKBL.
[image: Figure 5]FIGURE 5 | Two patterns of damage zone filling: (A) Mkt+Mc ≤ Hd; (B) Mkt+Mc > Hd.
According to the designed longwall operation, two to three hydraulic chocks move together following the shearer, as shown in the close-up view of Figure 6. This operation inevitably causes a particular area of the roof to be suspended, that is, a rectangular support lagging area. As a result, the rocks caving from the top of the support lagging area can directly stress the UKBL and lead to cracking and failure.
[image: Figure 6]FIGURE 6 | Hydraulic chocks moving forward, with a delay relative to the shearer.
It is assumed that the theoretical filling thickness of the UKBL is Mkt, the maximum height of a failure zone is Hd, and the filling thickness of the LCL is Mc. The maximum caving height H of failure zones can be expressed as follows:
[image: image]
The total width of the hydraulic chocks that are delayed in moving is a, and the distance from the delayed chocks to the frontal rib is l. The maximum shock load of overlying rocks caving onto the UKBL is as follows:
[image: image]
where Kd refers to the dynamic factor and equals [image: image] in free fall condition, [image: image] is vertical deformation of the UKBL and ranges from 0.8 to 1.0, ρ is density of caving rocks, and g is gravitational acceleration.
Assuming that the UKBL within the support lagging area fails in shear effect, the shear stress of the UKBL is as follows:
[image: image]
In line with Tresca failure criterion (Inoue, 1996; Cai and Wang, 2018), we have the following:
[image: image]
where σs refers to the tensile strength of the filling material of the UKBL.
By incorporating Eqs 1–4, the filling thickness of the UKBL is as follows:
[image: image]
For the UKBL, the filling body is anticipated to bear plastic deformation to alleviate the impact of rock caving on hydraulic chocks. The Remy filling materials from Minova International can meet the requirements mentioned above and generate microbubbles. Hence, two various Remy materials were used to fill the LCL (Label No. 2) and UKBL (Label No. 1). The two materials No. 1 and No. 2 are 1,250 kg/m3 and 600 kg/m3 in density, 1.6 and 1.9 GPa in elastic modulus, and 4.0 and 1.5 MPa in UCS, respectively.
By combining Panel B909 parameters and filling material properties to Eq. 5, the theoretical solution of the filling thickness of the UKBL is determined. Relevant numerical parameters are listed in Table 2, among which the maximum damage height is chosen from all damage zones.
TABLE 2 | Parameters for calculating the filling thickness of the key bearing layer.
[image: Table 2]Applying the parameters in Table 2 to Eq. 5, it is found that the filling thickness of the UKBL (Mkt) equals 4.40–4.88 m.
NUMERICAL SIMULATION OF THE UKBL FILLING THICKNESS
A numerical model of the over-irregular damage zone was established to determine the optimal filling thickness of the UKBL by comparing mining-induced fracture propagation and maximum principal stress level. The software adopted is Universal Distinct Element Code (UDEC).
Model Construction and Calibration
Numerical modeling has been extensively applied to address geotechnical issues regarding underground mining, tunneling, and slope movement, requiring an indispensable procedure that parameters for mechanical computation should be calibrated using actual data (Zhang et al., 2021a; 2021b). Existing studies show that uniaxial compression and Brazilian splitting tests are two frequently used methods to verify the property of the rock matrix and joints (Bai et al., 2016; Zhu et al., 2020). The modeled samples subjected to uniaxial compression and Brazilian splitting are exhibited in Figure 7A. The uniaxial compression test uses samples 100 mm in length and 50 mm in diameter, while the Brazilian splitting test uses samples 50 mm in diameter. In constitutive settings, both loading ends are rigid, and the rock matrix and joints are assigned as the elastic and residual strength models, respectively. The loading process is controlled via the rate. More detailed procedures are described in the studies by Singh and Rao (2005) and Kazerani and Zhao (2010). Take the 7.5-m-thick medium sandstone unit (shown in Figure 1) as an example; the simulated compression and tension on samples cored from this layer are exhibited in Figures 7B,C, accompanied by laboratory test results for comparison. The sample failure pattern and stress-strain curve indicate that the calibrated model has a good agreement with laboratory tests, possessing an error of 1.82% in uniaxial compressive strength and 0.32% in tensile strength with respect to the actual experimental data. The results indicate that various physical and mechanical parameters for the 7.5-m-thick medium sandstone stratum have been reliably calibrated. Similarly, numerical models for other rock units are also verified, and the parameters after calibration are summarized in Table 3.
[image: Figure 7]FIGURE 7 | Construction and calibration of numerical modeling: (A) model construction; (B) comparison of uniaxial compression; (C) comparison of Brazilian splitting.
TABLE 3 | Numerical simulation calculation parameters.
[image: Table 3]A large-scale model is then constructed with the geology of Panel B909 as the background, in which the calibrated physical and mechanical parameters are assigned to the corresponding rock units. Field measurement shows that the damage zone reaches its maximum height (18.0 m) in zones B and E. Damage zones B and E are close to each other and located almost along the longitudinal direction (longwall retreating direction), as shown in Figure 2. It can be extrapolated that, as the longwall face progresses, the strata above zones B and E experience more drastic impacts than other zones. Therefore, the large-scale model considers the case where the longwall face successively passes through zones E and B. Figure 8 shows the model incorporating a longwall panel, the overlying strata, and damage zones E and B.
[image: Figure 8]FIGURE 8 | Numerical model for analyzing rock mass behavior in response to FBRM.
The geo-mechanical model is 300 m in length and 98 m in height, with the 50-m-long coal body kept unmined for boundaries on both sides. The model is fixed along both sides and the bottom edge via zero velocity, and the top surface is treated as a stress boundary bearing vertical stress of 2.4 MPa. The ratio of horizontal stress to vertical stress is 1.2 throughout the whole profile. Phased excavation is used for simulating actual longwall work, for which the excavation command is executed per 5 m. According to the theoretical filling thickness calculated in Section 4, four scenarios are designed where the filling thickness of the key bearing ranges from 3 to 6 m. Besides, Voronoi meshing is adopted to densify the joints around the two damage zones for detailing rock mass deformation and caving behavior, as shown in Figure 8.
Result Analysis
Figure 9 shows four fracture propagation scenarios where the longwall workface is 5 m away from the damage zone E, with filling thickness ranging from 3 to 6 m, as exhibited in Figures 9A–D, respectively. Figure 10 suggests that peak positions of the maximum principal stress are varied under different filling thicknesses of the UKBL.
[image: Figure 9]FIGURE 9 | Fracture propagation profile: (A) 3 m; (B) 4 m; (C) 5 m; (D) 6 m.
[image: Figure 10]FIGURE 10 | Maximum principal stress contour: (A) 3 m; (B) 4 m; (C) 5 m; (D) 6 m.
The comparison between Figures 9A–D indicates that fracture density gradually decreases with increasing filling thickness of the UKBL. When a 3-m-thick area is filled, as shown in Figure 9A, the fractures are extremely dense around the damage zone, and the UKBL in both damage zones lose bearing capacity due to extensive fracturing. Simultaneously, pronounced rock caving occurs along the roof of both damage zones, shocking the underlying key bearing stratum. As the thickness of filling enlarges to 4 m, fractures about damage zones become slightly sparse, especially within the UKBL of damage zone B. The roof of damage zone E cracks but keeps its position, and roof rock cracking and caving are also relieved to some extent, as shown in Figure 9B. With filling thickness further increased to 5 m, fractures become lesser in the UKBL of damage zone E and fade away in damage zone B, and roof rocks remain uncaved in both damage zones, as shown in Figure 9C. Figure 9D shows that when a 6-m-thick area is filled, there is an increase in fracture population, especially within the UKBL of damage zone E, characterizing an increasing trend contrary to previous scenarios. Quantitatively, the distance between the top of continuous fracturing and the coal seam floor exponentially decreases with filling thickness enlarged; the height of fracturing above damage zone B declines from 32.4 to 28.1 m with filling thickness increased from 3 to 5 m. However, the decrease becomes slight if the filling thickness is further enlarged. The relationship between the height of fracturing and filling thickness is depicted in Figure 11.
[image: Figure 11]FIGURE 11 | Curves of the height of fracturing and the maximum principal stress versus filling thicknesses.
From Figure 10, when the filling thickness is no greater than 4 m, the maximum principal stress reaches its peak value in the area above the pillar between damage zones E and B and forms significant stress concentration, as shown in Figures 10A,B. It can be understood by combing Figures 9A,B that in both filling thicknesses, around damage zones E and B, the fractures drastically propagate, degrading the bearing capacity of surrounding rock masses and causing the peak stress to be transferred to a deep position. When a 5-m-thick area is filled, the maximum principal stress peaks in the frontal abutment, suggesting an adequate bearing capacity of the UKBL, as shown in Figure 10C. In the case of 6-m filling thickness, Figure 10D shows that stress concentration occurs in front of the workface and along the roof of damage zone E. The maximum principal stress shows a decrease–increase trend with filling thickness enlarged, as depicted in Figure 11.
The above analysis indicates that when the filling thickness is 5 m, the UKBL slightly cracks, and rock masses surrounding damage zones E and B remain stable. The maximum principal stress reaches the lowest level by adopting this filling thickness, and the UKBL shows good bearing capacity. Therefore, the optimal filling thickness of the UKBL is 5 m.
IN SITU TESTING
To verify the proposed FBRM method and appropriateness of technical parameters, in situ industrial tests were performed in Panel B909. Before longwall mining, each damage zone was treated with layered filling via grouting holes from belt and track roadways. Four monitoring points were placed along both roadways and corresponding to the top caving position of damage zones B and E for recording bedding plane separation, as shown in Figure 12A. The deep and shallow ends of the monitoring instrument were fixed to the middle of the overlying medium sandstone unit (basic roof) and sandy mudstone unit (immediate roof). In addition, the working resistance of the No. 54 hydraulic chock was continuously recorded to reflect roof pressure response to the filling-based longwall mining. Figures 12B,C show the records of bedding plane separation and resistance of hydraulic chocks.
[image: Figure 12]FIGURE 12 | Location of monitoring points and field measurement results: (A) location of monitoring points relative to Panel B909; (B) bedding plane separation; (C) working resistance of hydraulic chocks.
Figure 12B shows that with the workface approaching, bedding plane separation experienced a general increase–decrease trend. The separation phenomenon started to occur as the workface was 40 m away from monitoring points. No. 4 point recorded the maximum separation level reaching 26 mm, reflecting the stability and slight deformation of the roadway. Figure 12C shows that when the working face passed through damage zones E and B, the maximum working resistance was 11,800 kN, still lower than the rated level (12,000 kN). The working resistance started to increase as the face was 25 m away from damage zone E, dramatically decreased to 9,100 kN as the coalface entered damage zone E, and then increased again beneath the pillar between damage zones E and B. Similar fluctuation of working resistance repeated when the workface walked through damage zone B. The average working resistance of No. 52 hydraulic chock was 10,400 kN, reflecting a steady state throughout the repeated mining process. Also, roof caving and hydraulic chock failure did not occur. It means that the FBRM method developed in this study and the corresponding filling parameters are reasonable and reliable.
CONCLUSION
Pre-filling the irregular damage zone is an effective method for preventing roof caving disasters and improving the recovery ratio of ultra-thick coal deposits. Taking Panel B909 of Pingshuo No. 2 Colliery as the case, this study proposed a damage zone filling–based repeated mining method and detailed its procedures. A novel calculation method was developed to preliminarily determine the filling thickness of UKBL. By establishing a numerical model incorporating over-irregular damage zones and longwall mining, fracture propagation and the maximum principal stress profiles in the vicinity of damage zones were evaluated. In situ tests were performed to verify the reliability of the FBRM method. Conclusions are drawn as follows:
1) Pre-mining filling is an effective tool to strengthen the damage zone left by previous mining activities. The filling-based mining should guarantee that 1) the upper filling body has robust bearing capacity to provide sufficient reactive force for hydraulic chocks and to proof mining equipment from being impacted by caving rocks and 2) the lower filling body is of satisfactory cuttability so that cutter teeth can be saved to a great extent.
2) With enlarging the UKBL filling thickness, the fracture propagation height decreases, obeying a negative exponential function. The maximum principal stress shifts from the area above damage zones downward to the frontal abutment as the filling thickness is beyond 5 m, indicating a filling thickness threshold of 5 m where the roof can be stabilized in repeated mining.
3) The optimal filling thickness of the UKBL was determined to be 5 m by comprising the results of numerical simulation and theoretical calculation. In situ tests show that when the workface passed through damage zones B and E, the maximum working resistance of hydraulic chocks was 11,800 kN (12,000 kN in rated resistance), and the roof separation was 26 mm. The results suggest that the FBRM method is reliable and effective in addressing the pre-existing damage zones, thus providing best-practice references for retrieving the coals left by previous mining activities with roof caving hazards minimized.
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