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Strip coal pillars caused by strip mining are widely distributed in China. Over time, strip coal pillars are posing more potential hazards as their stability decreases; therefore, it becomes increasingly important to recover coal pillars without damaging the ground surface. In this paper, strip-filling and second-mining technique is adopted to probe into an optimal scheme for mine goafs. Construction waste was one type of the materials used for backfilling, which was taken to underground from the surface with a pumping system. Jisuo Coal Mine of Tengzhou, Shandong province was taken as the object of study. Through theoretical calculation and on-site survey, we set a re-mining scheme to control rock stratum stability, i.e., 8-m-wide backfilling for the first time and 4-m-wide backfilling for the second time; moreover, the ground pressure behavior and subsidence of working surface were monitored and a contour map of surface subsidence was thus mapped. In-situ practice indicated that the underground pressure from coal pillars was transmitted to the backfilling materials, the maximum normal stress of which was 5 MPa, so it was sufficient for the backfilling strip to support the weight of overlying strata; the maximum value of roof-to-floor convergence of backfilled mining face is 45 mm, the maximum surface subsidence 44mm, the maximum inclination value 0.65 mm/m, the maximum surface curvature 0.018 mm/m2, and the maximum horizontal deformation 0.16 mm/m. The filling body in the original goafs plays the role of “pier”. By the monitoring data of subsidence, its surface deformation value was less than that of buildings suffering from grade I damage, which verified the feasibility of strip-filling and second-mining scheme. The success in this technique provides reliable technical and theoretical support for mines with similar conditions.
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1 INTRODUCTION
Strip mining is an effective method for mining coal resources reserved under railways, rivers and buildings (Huang et al., 2014; Du et al., 2019a). For decades, China has mined an enormous amount of coal resources in the eastern and northern regions of China from coal mines with the above conditions. With such method, however, a large number of coal pillars are left underground (Ghasemi et al., 2014). Over the years, coal pillars have been exposed to the risk of instability caused by weathering and rheology, resulting in mine tremors and surface subsidence (An et al., 2016; Raffaldi et al., 2019; Sun D. Q. et al., 2021). In addition, some coal mines in eastern China hardly have any coal resources to recover. Given the current situation, it is of great significance in China not to disrupt the ecology and surrounding environment (Qian et al., 2007; Zou et al., 2018b; Hao et al., 2019; Zhou et al., 2022).
In the past few decades, filling and remining has developed rapidly and has been widely used in underground mines in China (Cao, 2017; Yan et al., 2018; Li et al., 2021; Wang et al., 2022). In this regard, relevant scholars first focused on filling materials (Guo et al., 2007; Mkadmi et al., 2014; Qu et al., 2017; Xuan and Xu, 2017; Zhu et al., 2018). (Mohamed and Li, 2017) presented a numerical study carried out to evaluate the stresses in backfilled stopes overlying, compared with the case of a single isolated backfilled stope, the numerical results show that the stress magnitudes in the overlying backfill are considerably increased due to the excavation of the underlying stope (Mohamed and Li, 2017). Zhu et al. (2020a) used the filling scheme to recover wide coal pillars, investigated the stability of coal pillars, the structural characteristics of the overlying strata and the paste filling technical parameters in coal pillar after strip mining through laboratory test (Zhu et al., 2020a), numerical simulation and physical simulation, and put forward a more feasible filling and remining scheme (Liu et al., 2017; Cao et al., 2018; Jiang et al., 2020; Shao et al., 2021). Luan et al. (2017) introduced a new technique for filling and remining thin coal seams, including the development of filling materials, the design and key technology of the filling system for thin seam working faces (Luan et al., 2017). Tuylu, (2022) studyed fly ash with four different chemical compositions (TFA, SFA, YFA, and CFA) was used as a cement substitute in CPB. By substituting fly ash with different chemical compositions in different proportions, CPB samples were created and their strength was elucidated according to 28, 56, and 90-day curing times (Tuylu, 2022). Sun Q. et al. (2021) used short-strip coal pillar recovery with cemented paste backfill (Sun Q. et al., 2021). They developed a paste filling recovery method for residual room coal pillars and investigated its performance through numerical simulation (Luan et al., 2017; Zhou D. W. et al., 2019; Mu et al., 2019; Liu et al., 2020; Sun Q. et al., 2021; Tuylu, 2022). Mamadou Fall et al. (2007) discussed the stress–strain behaviours of cemented paste backfill (CPB) subjected to uniaxial compression and conventional triaxial tests (Fall et al., 2007). In the mining process, in order to solve the problems of rock stratum movement and solid waste disposal, engineers, technicians and researchers have always adopted the filling and remining method. They have also studied the response of formation to partial backfilling and mining technique (Chen et al., 2010; Du et al., 2019b). It is stated that the partial use of C-Class fly ash instead of cement in paste backfill greatly increases the strength in long-term curing (Benzaazoua et al., 2002; Cihangir et al., 2015; Ercikdi and Yilmaz, 2019). Taking into account different geological conditions, Ning et al. (2021) studied the stress distribution on the floor boundary during open-pit mining and backfill mining above the confined aquifer (Ning et al., 2021). These two mining types were simplified as mechanical problems under different boundary conditions. The stress distribution and floor failure evolution in strip mining and filling replacement mining were studied with an elastic mechanics method (Sun and Wang, 2011; Chang et al., 2014; Sun et al., 2018).
Some scholars adopted FLAC3D numerical simulation to study the sensitivity of the main control factors of surface movement and deformation in strip filling and remining, which has important practical significance for protecting surface structure, reducing ecological damage and realizing green and sustainable development of coal mine (Zhang et al., 2016). Based on the limit equilibrium theory, Zhu et al. (2020) established the calculation formulas for the widths of the crushing zone, plastic zone and elastic zone of different types of composite supports, and proposed the design methods for the safety widths of different types of composite supports, providing a theoretical basis for the stability analysis of composite supports (Zhu et al., 2020b; Zou et al., 2020). Nevertheless, studies regarding the recovery of shallow narrow coal pillars have rarely been reported.
In order to increase the mine life and improve the recovery rate of resources, this paper takes the 16E104, 16E106, and 16E108 working faces of Jisuo Coal Mine as the engineering background, and puts forward and implements a coal pillar remining and disaster pre-control technology for strip goafs. Filling and remining is carried out with a filling material comprised of construction waste as the aggregate, a proprietary three-stage continuous concrete mixing device and a large domestic displacement concrete pump used as the filling power system. This technology allows the recovery of about 500 strip coal pillars with modest surface subsidence. Verification through underground mine pressure monitoring and surface settlement observation reveal that the strip filling bodies can work successfully in place of underground coal pillars without damaging the buildings or the environment, providing an effective method for recovering coal pillars. The strip filling and remining technology is effective in controlling the surface movement and deformation and protecting surface buildings. It also provides useful clues for other mining areas with similar geological and mining technical conditions.
2 ENGINEERING BACKGROUND
2.1 Mine overview
Jisuo Coal Mine is located at the southern end of Wangchao exploration area of Tengbei coalfield. The mine field is of plain terrain with high population density. Coal under village accounts for more than 80% of the recoverable reserves of the mine. The length of the mine field is about 5.8 km. The average width is about 1.2 km, and the mine field area is about 7.0 km2. Figure 1 shows the location of the mine.
[image: Figure 1]FIGURE 1 | Mine location.
Since the 1990s, Jisuo Coal Mine has been operating for almost 20 years under the villages by means of strip mining. So far, 655 strips have been mined, and a total of 807,000 tons of coal resources have been recovered. However, 564 strip coal pillars as the support of the overlying strata are still left underground, resulting in a stagnant coal reserve of 717,000 tons. The untapped reserves under the village are about 5.61 million tons, as shown in Figure 2. With the depletion of recoverable reserves, the mine is facing the threat of closure and shutdown.
[image: Figure 2]FIGURE 2 | Distribution map of the remining pillars in Jisuo Coal Mine.
2.2 Overview of working face
In order to investigate the feasibility of remining strip coal pillars, filling remining test was carried out on 16E104, 16E106, and 16E108 working faces. There are no buildings on the ground in this area. Surface subsidence was observed after backfilling to provide basis for the filling and remining of the other areas. The coal seam mined in the test working face is Coal 16, which has an average thickness of 1 m and a dip angle of 5°–10°. Its occurrence is stable or relatively stable, and its thickness variation is insignificant. The coal bed texture is simple and is a comparatively regular coal seam. The average vertical depth of mining is 120 m. The roof is limestone with a thickness of 5.3 m and the floor is mudstone with a thickness of 4.3 m. The length of the working face is 80 m. The original strip mining scheme of the working face was to mine at a 10 m interval in width, leaving pillars with equal width. Therefore, there are a large number of 10-m wide coal pillars left. Figure 3 shows the layout of the working face and the histogram of the rock stratum.
[image: Figure 3]FIGURE 3 | Panel layout of the study site and coal strata distribution and geological description, (A) Panel layout of the study site, (B) Coal strata distribution and geological description.
3 FILLING MECHANISM, PROCESS, AND RELATED EQUIPMENT
3.1 Analysis of filling mechanism
As strip mining (mining at a 10-m-wide interval) was applied before the 16E104, 16E106, and 16E108 working faces were filled, the direct roof above the working face showed a wavy flexual subsidence as a result of the load from the overlying strata while the overlying strata showed flexual subsidence as a result of its own weight (Deng et al., 2016; Zhou N. et al., 2019). As it was quite a long time since the working face was mined, after the first filling, the overlying roof remained the same state as before.
During the first filling, the last filling strip has to cure for 28 days. It takes 1–2 days to fill one single goaf. The working face cannot be remined until 38 days after the filling. Due to previous mining, the direct roof above the coal pillar in the first strip continued to sink flexually, with fine fractures being produced at the same time, but the direct roof in front of the working was not affected significantly, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Change of direct roof, (A) Recovery of coal pillar, (B) Second filling.
After the last strip of coal pillar in the working face had been recovered, the working face has also been filled for the second time. Under the mine pressure, the direct roof above the original strip of coal pillar subsided flexually. The original goaf served as the “pier” due to the existence of the filling body. At the same time, more cracks began to appear inside the direct roof. At the end of the recovery of the working face, the subsidence of the wavy flexual subsidence zone above the working face gradually increased, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Replacement of all coal pillars.
3.2 Filling process
3.2.1 Related parameters
The working faces of Jisuo Coal Mine include 16E104, 16E106 and 16E108, with an average depth of 120 m and an average length of 80 m. The width of the filling body is calculated according to the formula of total weight of overlying strata, as shown in (Eq. 1):
[image: image]
Where [image: image] is backfilling width, m; [image: image] is length of working face, m; [image: image] is the mining depth of working face, m; [image: image] is average volume density of rock, t/m3; [image: image] is unidirectional compressive strength of backfill material, MPa.
In the filling scheme, the final setting strength of the filling body is calculated as 5 MPa, so the support strength per unit area is 5 MPa. The weight of overburden per unit area is 3 MPa, λ=1.6.
As shown in Table 1, increasing the filling width and strength can improve the stability of backfilling, but it also increases the filling cost. With the increase of mining depth, the stability of the strip filling body decreases, thus degrading the adaptability of the mining scheme. Considering the actual situation of the coal mine, the scheme with safety factor of 1.5 is selected for the scheme of “12 m filled 8 m left”.
TABLE 1 | Safety factors for different mining schemes.
[image: Table 1]3.2.2 Filling system

1) Top-down filling system for Jisuo Coal Mine, first, the filling process system was installed in locations with suitable distance to the filling face to ensure short distance, low cost and convenient access. Second, filling aggregates, including coal gangue and construction waste, are crushed. Then, coal ash from power plants is utilized to mix well with the coal ganue, construction waste, cement and water with proper proportion in a mixer and stored in the material warehouse. The above processes form the aggregate processing system and paste material preparation system. The paste material conveying system uses a concrete pump to transport the filling material to the underground filling pump through the filling pipeline and to the goaf through the filling pipeline. Filling is operated in two stages: first filling and second filling after the residual coal pillar is recovered. The filling isolation system is composed of formwork and hydraulic pressure prop. The pathway for the filling material to enter into the well is independent from the pathway for coal recovery. The whole filling system can be divided into four parts: an aggregate processing system, a paste material preparation system, a paste material delivery system and a filling isolation system. The backfilling system and the process flow are shown in Figure 6.
2) Underground filling system to prevent the backfill concrete from flowing to other areas, a relatively closed room must be isolated so that the backfill concrete can well contact the roof. In this process, hydraulic pillars and building formwork are used as the frame. Braids are laid inside to form a temporary isolation wall, as shown in Figure 7. In this way, the backfill slurry can be pumped to the isolated backfill area through the pipe.
[image: Figure 6]FIGURE 6 | Filling system flow chart, (A) Top-down filling system, (B) Process flow chart of filling system.
[image: Figure 7]FIGURE 7 | Transport diagram of filling paste.
To avoid serious pipeline blockage caused by filling pump faults and other reasons, a sedimentation tank was installed near the filling station in Jisuo Coal Mine. An emergency treatment ditch was excavated in the filling drilling chamber. Tees were mounted along the filling pipe at intervals to ensure that quick treatment was possible to avoid pipe blockage in case of any power interruption or machine shutdown.
3.2.3 Filling scheme
According to the protection requirements of buildings and the actual mining situation of the mine, in order to ensure that the weight of overburden can be transferred to the “pier” successfully (Tan et al., 2017; Zhang et al., 2017), a filling and remining scheme of mined area (Coal 16) under village was adopted: first filling then mining, then strip remining and strip filling. In this scheme, the preparation for the first filling is to seal the area to be filled with building formwork and hydraulic pillars to prevent slurry leakage, and hang a layer of woven cloth on the inside to form a closed space. Because the coal seam inclination of Jisuo Coal Mine is small, four distribution pipes are evenly arranged in each filling strip to fill from the low end to the high end of the elevation. When the filling body reaches the expected strength, the middle pillar strip is mined, and the strip width is D1 = 8 m. After the coal pillar strip is completely recovered, the coal pillar is filled for the second time. The filling materials will connect with the initial filling body, serving as an integral filling pillar to support the roof. The backfilling width is D2 = 4 m.
1) According to the low-to-high direction of floor elevation, all mined-out strips in a working face are filled from north to south, with a filling width of 8 m. With concrete filling pouring in, stress meters are buried to monitor the stress change inside the filling body in real time.
2) There are generally 6–10 mined-out strips in a working face, and each will take 1–2 days to fill, thus in total it will take 15–25 days to fill all cavities in a working face.
3) When the last filling strip in the first working face meets the setting time of 28 days, the mining working face can be arranged according to the low-to-high direction of floor elevation, or from north to south in practice, and the original coal pillar strip can thus be mined. It takes 5–6 days for a coal pillar strip to complete mining. At this time, the second working face has been filled.
4) After the pillar strip mining is completed, the second backfilling shall be carried out in time with a backfilling width of 4 m, and corresponding dynamic monitors shall be arranged to monitor the corresponding variation characteristics of the surrounding rock in the goaf, including roof displacement, roof subsidence, bolt/anchor cable stress etc.
5) Generally, five to nine coal pillar strips need to be mined in a working face, thus it takes 25–45 days to complete all mining operations. Therefore, when the last pillar strip mining is completed, the first secondary filling body (4 m-wide filling body) in the first working face and the last primary filling body in the second working face have solidified for more than 28 days. At this time, the northernmost pillar strip of the adjacent second working face can be mined. The strip retreat mining method is adopted, with single hydraulic props and filling strips to support the roof, and full height mining is applied in operation. The filling sequence is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Filling sequence diagram, (A) First filling, (B) First filling completed, (C) Second filling, (D) Second filling is completed.
3.2.4 Filling related equipment
3.2.4.1 Aggregate processing system
Aggregate processing mainly includes crushing, iron removal, impurity removal and screening. Construction waste is crushed in two stages by jaw crusher and impact crusher to ensure the particle size and the purity of filled aggregate can meet required standards. Jaw crusher is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Jaw crusher.
3.2.4.2 Paste preparation system
In the process of backfill preparation, firstly, the processed aggregate is screened and subdivided according to the required ratio of backfilling materials. Secondly, it is mixed with fly ash, cementitious materials and water in a required proportion through the mixing system. Paste backfill concrete is thus formed, ready to be used for the next process. The filler bin and water sump are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Backfill paste and concrete preparation system, (A) Filler bin, (B) Water sump.
As shown in Figure 11, fly ash and water are stored in one tank. The mixing plant is a three-stage continuous mixing plant, including three cylindrical devices with spiral stirring apparatus. The mixing plant has the following characteristics: 1) Three machines are installed on the same base to form a three-stage facility which can operate synchronously; 2) The upper machine entrance is square shaped and can be loaded automatically; 3) The intermediate machine is equipped with automatic water supply device; 4) The bottom machine is equipped with automatic raw material feeding and batching devices.
[image: Figure 11]FIGURE 11 | Concrete mixing device.
3.2.4.3 Paste conveying system
The system includes a concrete pump and a pipeline pumping system. The concrete pump is used to deliver the paste concrete to the filling working surface for filling. The mining concrete pump is one of the key equipment for goaf filling and mining, and its actual pumping capacity is not less than 120 m³/h. HGBS200/14-800 industrial filling pump, a large displacement concrete pump developed by China, is selected for the pumping purpose. The pipeline pumping system consists of filling standpipe, surface pipelines, underground trunk pipeline and underground branch pipeline. Pumping process: The concrete paste is delivered by two surface filling pumps to run through the ground pipes, drill pipes, tunnel pipes, working face pipes, three-way valves and then reach the slurry bin, from which it is pumped into the formwork to fill the goafs.
4 FIELD MONITORING
4.1 Underground monitoring equipment and layout
In order to master the control effect of strip filling and remining, strata movement monitoring was carried out on the underground filling mining face (Li and Aubertin, 2008; Widisinghe and Sivakugan, 2016; Liu et al., 2022). Monitoring indicators include roof displacement and vertical stress of filling body. Devices for filling body stress monitoring and roof dynamic monitoring are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Monitoring equipment, (A) GYD60 Filling body stress meter, (B) KY-82 Roof dynamic instrument.
The function of the GYD60 filling body stress gauges are to measure the vertical stress in the backfilling area. Before the first strip filling, they were placed in the designated area, and the related monitoring equipment was also arranged, then filling commenced to cover the stress gauges and the stress data was collected and sent back to the collector through the communication line. The function of the KY-82 roof dynamic instruments is to measure the change of rock stratum displacement, monitor the cumulative subsidence of stope roof, and work with pressure measurement to reflect the characteristics of roof. The dynamic instrument was placed in the strip coal pillar, and space at regular intervals has been prepared to install the dynamic instruments. The observation data were collected on a regular basis.
Three groups of rock movement monitoring equipment were set for each 6 backfills, each containing four KY-82 roof dynamic meters and four GYD60 backfill stress meters. Four stress meters were placed in the filling body built in the first filling, with a length of 80 m and a width of 8 m. The spacing between two stress meters (used to monitor the vertical stress in the backfill body) was 20 m. After the second filling was completed, four roof dynamic instruments were placed in the 8-m-wide goaf to monitor the cumulative subsidence of stope roof, which worked simultaneously with the stress gauges to reflect the roof characteristics. The monitoring equipment layout is shown in Figure 13.
[image: Figure 13]FIGURE 13 | Top view of instrument layout.
4.2 Surface monitoring content and monitoring point layout
In order to learn the surface subsidence and evaluate the effect of strip filling and re-mining, the surface subsidence observation stations were set up above the 16E104, 16E106, and 16E108 working faces of Jisuo Coal Mine. Monitoring indicators include vertical settlement, surface curvature and horizontal deformation. Observation lines were arranged along the 16E104, 16E106, and 16E108 working faces, and monitoring lines were arranged perpendicular to the 16E106 working face, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | Location map of surface stations.
5 RESULTS AND DISCUSSION
5.1 Response of underground strata to coal pillar recovery
5.1.1 Vertical stress in backfill area
GYD60 stress meters were installed in the filling area in advance to monitor the vertical stress of the filling body (Helinski et al., 2010; Doherty et al., 2015). Three groups of strata movement monitoring equipment were set for every six filling bodies, and each group had four GYD60 stress meters. The monitoring results are shown in Figure 15.
[image: Figure 15]FIGURE 15 | Stress evolution law, (A) Curve based on 1 # stress meter monitoring, (B) Curve based on 2 # stress meter monitoring, (C) Curve based on 3 # stress meter monitoring.
As can be seen from Figure 15A, the horizontal axis shows the number of days after the installation of the stress gauge, the longitudinal axis shows the stress value inside the filling body. The filling body of 1 # station became solidified within 35 days, and the stress change was relatively small. After 35 days, with the mining of coal pillar, the vertical stress in the filling area gradually increased. During the 50–60 days, the stress increased at the fastest speed. This phenomenon had an significant relationship with the distribution of bearing pressure in front of the working face until it reached the maximum value, and the internal stress of the filling body gradually levelled off during the 65–75 days. There were four groups of stress convergence values monitored by 1 # station, which were 4.74 MPa, 4.93 MPa, 5 MPa and 5.27 MPa respectively. As can be seen from Figure 15B, the change rate of the internal stress of the filling body at 2 # station was very small within the first 40 days, and the stress gradually increased during the 40–70 days. The rising rate was the fastest during the 55–65 days, and the stress reached the maximum value on about the 70th day and then gradually became stabilized. There were four groups of stress convergence values monitored by 2 # station, which were 5.04 MPa, 4.95 MPa, 5.54 MPa, and 5.66 MPa respectively. It can be seen from Figure 15C that the increase rate of internal stress in the filling body of 3 # measuring station began to accelerate on the 45th day. With the mining of the working face, the stress increased sharply during 50–70 days, and the stress reached the maximum on about the 70th day. There were four groups of stress convergence values monitored by 3 # station, which were 4.57 MPa, 4.62 MPa, 4.89 MPa and 4.92 MPa respectively.
The variation pattern of vertical stress in coal pillar recovery can thus be seen. With the replacement of coal pillar, the vertical stress increased in varying degrees. The stress change with stoping can be divided into three stages: It was relatively stable at the initial filling stage; stress increased gradually during the 35–45 days due to the occurrence of ground pressure; the stress gradually stabilized during the 65–75 days.
In the early days after the stress meters were installed in the filling body, the vertical stress barely increased, remaining at a stable state. It took about 65–75 days for the vertical stress to stabilize. The mine pressure distributed on the coal pillar can be transmitted smoothly to the filling body, and the filling belt was strong enough to bear the weight of the rock strata.
5.1.2 Monitoring of underground roof dynamic instruments
The displacement meter was used to monitor the roof displacement in the filling area, which could reflect the deformation law and the compression ratio of the filling body. Three groups of rock movement monitoring equipment were set for each 6 filling bodies, and each group was provided with four KY-82 roof dynamic instruments. Based on the monitoring results, the variation pattern of roof displacement was drawn. In these figures, the horizontal axis shows the time span for installing the displacement meters, and the vertical axis shows the underground roof displacement. The variation curve based on the monitoring results of the roof dynamic instrument is shown in Figure 16.
[image: Figure 16]FIGURE 16 | Variation curve upon dynamic instrument monitoring, (A) 1 # Variation curve upon dynamic instrument monitoring, (B) 2 # Variation curve upon dynamic instrument monitoring, (C) 3 # Variation curve upon dynamic instrument monitoring.
As shown in Figure 16A, by the monitoring results of 1 # station, the slope of curve is higher at first and the deformation rate of roof becomes increasingly faster, indicating that displacement took place between roof and floor; The deformation of roof was about 50 mm on about the 50th day, and then the slope decreased gradually. After about 70 days, the roof and floor reached a stable state, which was consistent with the vertical stress monitoring results. The abnormal curve of roof subsidence monitored by one to four instruments in 1 # station was due to the development of faults here, and thus the subsidence speed was fast; the changes of other subsidence curves were normal. The maximum roof displacement of the four groups monitored by 1 # station were 52 mm, 51 mm, 53 mm, and 52 mm respectively. The mining height was calculated as 1.21 m, and the average compression ratio of filling body was 4.3%. It can be seen from Figure 16B that the roof deformation monitored by 2 # station has increased significantly from the beginning, and the roof subsidence rate was the largest between the 45th day and 55th day. The roof subsidence levelled off around the 70th day, and the cumulative roof subsidence was 58 mm. The maximum moving amounts of the four groups monitored by 2 # station were 56 mm, 55 mm, 57 mm, and 58 mm respectively. The average compression ratio of the filling body was 47%. It can be seen from Figure 16C that the roof of 3 # station sank slowly from the beginning. With the mining of the working face, the roof subsidence increased gradually from Day 40, and the cumulative roof subsidence was 59 mm on about Day70. The maximum subsidence of the four groups monitored by the 3 # station were 57 mm, 56 mm, 59 mm, and 61 mm respectively. The average compression ratio of the filling body was 48%. After the mined-out area was filled, the roof rock beam became stable and the ground pressure became small, which means the requirement of replacing coal pillar has been met and the overlying strata was effectively controlled.
5.2 Surface response of pillar extraction techniques
Surface deformation were surveyed to evaluate the effect of pillar extraction. The related indicators include the vertical settlement value, horizontal deformation value and surface curvature. All calculations were performed on the computer using specially designed programs.
5.2.1 Surface subsidence
The point with a subsidence of 10 mm was determined as the boundary point of surface subsidence basin according to the regulations (Chen et al., 2016; Janez et al., 2018). The angular parameters, including the strike boundary angle (59°), the inclined upward boundary angle (62°) and the inclined downward boundary angle (57°) were determined under this geological condition. The contour map of surface subsidence after mining of the test working face was drawn, as shown in Figure 17.
[image: Figure 17]FIGURE 17 | Surface subsidence contour map.
Surface subsidence is the vertical component of the surface movement vector of the main section (Qu et al., 2010). After the coal seam is mined, the stress state of the strata above the goaf is redistributed. With the increase of the goaf, different types of strata collapse and sink one after another until a stable condition is achieved (Guney and Gul, 2018; Zou et al., 2018a; Navid et al., 2019).
As shown in Figure 17, the three working faces of 16E104, 16E106, and 16E108 were adjacent to each other, and the overlying strata activities affected each other during the filling and mining of each working face. The subsidence values of the ground monitoring points at the same distance from the center line of the four working faces were of little difference and showed symmetry. From the initial movement to stability, the subsidence of the monitoring points in the middle of the working face was all greater than that at the boundary of the working face. Taking the monitoring points in the inclined direction of 16E104 working face as an example, after the surface was stable, the maximum subsidence was 50 mm, and the subsidence at the boundary was 14 mm. From the boundary of the working face to the center of the working face, the surface subsidence showed a steady increasing trend. The maximum subsidence in the inclined direction of 16E106 working face was 48 mm; The surface subsidence characteristics of 16E108 working face were similar to those of 16E104 working face. The subsidence increased steadily along the dip direction, and the maximum subsidence was 48 mm. The four working faces gave rise to a subsidence basin through surface subsidence, and the maximum subsidence value was in the center of the working face.
5.2.2 Surface tilt
Detecting surface tilt is one of the main methods of fixed-point observation of surface deformation. Tilt refers to the change of subsidence per unit length of the surface. It mainly measures the relative movement in the vertical direction at a certain point on the surface. Inclination is the first derivative of surface subsidence. There are two groups of inclinations in different directions, the inclination between boundary point and maximum subsidence point has positive value and negative value.
As shown in Figure 18, the three working faces of 16E104,16E106, and 16E108 were adjacent to each other. The working face and its surrounding areas had tilted in different directions with varied degrees. The surface tilt value above the working face was larger than that at the boundary of the working face. The tilt contours in the middle of 16E104 working face and 16E108 working face were denser; On the whole, the surface tilt increased steadily from the boundary to the top of the working face, and the tilt degree increased gradually. The minimum surface tilt value around the three working faces was 0.05 mm/m, and the maximum surface tilt value above the working face was 0.65 mm/m. The surface tilt change was affected by the characteristics of surface subsidence. The surface tilt at the center of the four working faces was larger and the boundary tilt was smaller.
[image: Figure 18]FIGURE 18 | Surface tilt contour map.
5.2.3 Surface curvature
Surface curvature represents the degree of surface subsidence and bending, Unit: mm/m2.
As shown in Figure 19, the three working faces of 16E104, 16E106, and 16E108 were adjacent to each other. The curvature contour at the boundary was denser than that above the working face, indicating that the surface curvature at the boundary was smaller than that above the working face; The greater the subsidence curvature of the curve, the more the subsidence bending will become. Due to the influence of mining, the subsidence curve at the roof of the working face had obvious depression and protrusion near the mining boundary, the subsidence curvature of the surrounding rock was less than that of the roof of the goaf, i.e., the roof protruded downward into the goaf, and a subsidence basin was formed on the surface above the goaf.
[image: Figure 19]FIGURE 19 | Surface curvature contour map.
The maximum curvature of 16E104 working face was 0.015 mm/m2; The minimum curvature was 0.001 mm/m2; The maximum curvature of 16E106 working face was 0.013 mm/m2, the minimum curvature was 0.002 mm/m2; The maximum curvature of 16E108 working face was 0.018 mm/m2; The minimum curvature was 0.001 mm/m2. Among the three working faces, the minimum curvature value was 0.001 mm/m2 and the maximum curvature value was 0.018 mm/m2, the variation characteristics of curvature was consistent with the surface subsidence and surface inclination. In conclusion, the filling effect was obvious and the surface subsidence was small.
5.2.4 Surface horizontal deformation
Horizontal deformation represents the change in horizontal movement per unit length, Unit: mm/m. The physical meaning of positive horizontal deformation indicates that the surface is subject to tensile stress, while the physical meaning of negative value indicates the surface is subject to compressive stress.
As shown in Figure 20, the three working faces 16E104, 16E106, and 16E108 were adjacent to each other. Influenced by mining in the working face, the surface showed different degrees of horizontal deformation. Such deformation was relatively large in the south of 16E104 working face and the south of 16E108 working face, but the horizontal deformation of 16E106 working face was relatively small because it was in the middle of the three working faces. In addition, as it sank into a subsidence basin, the surface at the junction of the three working faces was subject to tensile stress, and the maximum horizontal deformation at the junction was 0.08 mm/m; the surface above the working face was subject to compressive stress and the maximum horizontal deformation was 0.16 mm/m.
[image: Figure 20]FIGURE 20 | Surface horizontal deformation contour map.
5.2.5 Surface horizontal displacement
Horizontal movement represents the horizontal component of the surface movement vector, and the variation of horizontal movement and tilt is similar.
As shown in Figure 21, horizontal movement from boundary point to working face increased gradually in three working faces of 16E104, 16E106, and 16E108. Due to the influence of mining, the contour lines of surface horizontal movement above the working face were dense. In the three working faces, the minimum horizontal movement was 0.5 mm and the maximum was 6 mm. As the terrain of the three working faces was relatively flat, from the curve distribution, the strike and inclination of surface movement generally conform to the general subsidence law. The horizontal movement deformation in the middle of 16E104 working face and 16E108 working face had an abrupt change, and the deformation value increased or decreased suddenly.
[image: Figure 21]FIGURE 21 | Surface horizontal movement contour map.
As mining of the working face proceeded, the surface subsidence gradually increased, and a subsidence basin was formed. According to the surface observation results, the maximum surface subsidence value was 44 mm (H13), and the subsidence at H32, H33, H34, H35, and H36 was 35 mm. By the follow-up observation results, the observation line of surface inclination and strike were gradually stabilized, and the 43 mm observed at point Z17 turned out to be the maximum change value of surface. Taking the subsidence process as a whole, there was no sudden change detected. The surface had continuous subsidence, and the whole subsidence basin fluctuated slightly with a fluctuation about 10 mm. In addition, it was concluded that the maximum surface subsidence after mining in 16E104, 16E106, and 16E108 working faces was 44 mm. The maximum inclination value was 0.65 mm/m; the maximum curvature value was 0.018 mm/m2; and the maximum horizontal deformation was 0.16 mm/m. All of them were less than the surface deformation value of buildings suffering from grade I damage.
Based on the comprehensive consideration of the deformation value of surface movement, the stability of composite support, social and economic benefits, the strip coal pillar under the village was re-mined, which improved the recovery rate of coal resources, prolonged the service life of the mine and maintained the sustainable development of the mine. Meanwhile, it fundamentally eliminated the hidden dangers of major disasters such as surface collapse and building damage caused by strip coal pillar instability, and ensured the happiness and stability of people’s life in the mining area, the harmonious development and long-term stability of society, which was of great practical and far-reaching significance.
In addition, Figure 22A showed the construction of filling formwork at the filling site, which was reinforced by hydraulic props to ensure that the concrete slurry would not leak. Figure 22B showed the effect of the filling body after removing the filling formwork. The filling body was well-structured and well-functioning, with no mechanical damage such as fracture.
[image: Figure 22]FIGURE 22 | Filling support and effect diagram, (A) Hydraulic prop support diagram, (B) Filling effect diagram.
6 CONCLUSION
Taking the strip-filling and second-mining test in Jisuo Coal Mine as an example, this paper verified effectiveness of this technique by means of monitoring the underground mine pressure and observing the surface settlement. The results show that the strip re-mining technique after backfilling has an ideal effect in controlling surface settlement, effectively solving surface cracks and protecting ecology and surrounding environment.
1) In order to exploit the coal resources reserved under railways, rivers and buildings, a practical technique featuring strip re-mining after filling and disaster pre-control was proposed and implemented. With this technology, the construction waste is used as the aggregate to prepare the backfill material, and the self-developed three-stage continuous concrete mixing device and domestic large displacement concrete pump are used as the backfill power system. The workflow is determined as follows: aggregate processing, slurry preparation, slurry transportation and underground backfilling. The construction waste is used as the filling material to meet the needs of filling and mining. The whole schedule provides a new model for solid waste treatment of coal mine and green mining.
2) Taking Jisuo coal mine as the test object, this paper collected the data, through underground ground pressure monitoring and surface settlement observation, that the maximum stress is 5.27 MPa, the maximum roof subsidence is 59 mm, the maximum surface subsidence after mining is 44 mm, the maximum inclination is 0.65 mm/m, the maximum curvature value is 0.018 mm/m2 and the maximum horizontal deformation value is 0.16 mm/m. These deformation values did not reach the damage limit of surface buildings, which verified the success of the test scheme.
3) Practice has proved that the application of strip filling re-mining technique in coal mining, especially mines under railways, rivers and buildings, has improved the stress environment of the stope, played a positive role in controlling surface subsidence, and is of great significance to the sustainable development of the ecological environment around the mining area. Therefore, this technology can provide some useful clues for the remining research of foreign coal resources.
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