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To facilitate coal mining under the industrial square in Western China, short-wall paste continuous mining and continuous backfilling (PCMCB) is proposed to release the overlaid resources and handle coal gangue. First, the concept of short-wall PCMCB is presented, and the principle of surface subsidence is analyzed. Second, the mechanical model of the branch roadway and strength of the backfill body are established via mechanical derivations. Third, the proportion of backfill materials is calculated. Finally, field applications are carried out in the Dingjiaqu coal mine. The results show the following: 1) Based on the simply supported beam model of the roof and strength design model of the backfill body, the reasonable width of the branch roadway was determined as 5 m and late strength of the backfill body should exceed 2.62 MPa in the Dingjiaqu coal mine. 2) According to the design strength of the backfill body and backfill material proportion, the reasonable ratio of cement: fly ash: gangue: water was determined as 1:1.82:4.17:1.78. 3) In accordance with the equivalent mining height theory, the critical filling rate of the goaf should be more than 90% to ensure that the deformation is within the first level of building damage. 4) The field application shows that subsidence could be effectively controlled by backfilling, the overall surface subsidence was very small, and the maximum subsidence value (77 mm) was far lower than the deformation extremes of the building protection requirements. This study provides practical guidance for the exploitation of overlaid resources under similar shallow burial conditions, which can help in the disposal of coal gangue with considerable social and economic benefits with popularization and application.
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1 INTRODUCTION
China has abundant coal resources that are widely distributed across the country. The overall distribution of the coal resources is uneven, with more availability in the west and less in the east. Coal resources in western China account for more than 70% of total national coal resources; with the gradual depletion of the coal resources in eastern China, the west is expected to be the main production base for coal and is characterized by its large scale, high intensity, high efficiency, and high recovery rate (Han et al., 2018; Xiao et al., 2021). Given the arid or semi-arid climate and inadequate water resources, the ecological environment in the west is fragile and coal seams are generally shallow (Yang et al., 2018). Traditional fully mechanized caving mining causes greater damage to the surface and environment, and the low recovery rate of partial mining does not conform with the concept of sustainable development (Fan and Ma, 2018; Yang et al., 2019). In parts of the west, the amounts of “three under” coal resources (i.e., those under buildings, railroads, and waterways) are large, and the problem of coal overlaid under industrial squares is typical. The amount of coal overlaid under the industrial square is estimated to be of the order of millions to tens of millions of tons, but there are many buildings in the industrial square with complex structures and high protection levels (Feng et al., 2020). Therefore, solving the problem of coal overlaid under the industrial square is important for solving the problem of three under mining in western China; this will also entail milestone significance for achieving large-scale resource recovery (Yan et al., 2018). Backfill mining is a technology developed in the past decade and can be used to control surface subsidence as well as protect buildings and structures in the industrial square by reducing the equivalent mining height. At the same time, the backfill method with coal gangue as the main raw material can effectively solve the problem of gangue disposal while protecting the fragile ecological environment in west China (Zhang et al., 2021a; Li et al., 2021).
The mainstream backfill technologies used in China are solid, paste, high water, and slurry backfill technologies. The application conditions of each of these backfill technologies are different. The purpose of backfilling is fundamental to the choice of the backfill technology used. If backfilling is adopted for solving problems with the three under coal resources, the primary purpose is to control subsidence; if it is used to solve problems with gangue disposal, then the main purpose is to digest solid wastes. At the same time, particular mining conditions must be considered in the backfill process because the proportion of backfill materials required in each mine as well as the model used are different.
Zhang Q. et al. (2019) summarized the research progress on solid backfill technologies in China and introduced the mining-separating-backfilling technology based on the specific engineering case of the Pingmei no.12 coal mine. Zhu et al. (2016) proposed a model to accurately predict the surface dynamic subsidence process of solid backfill mining and assess the mining damage; the validity of this method was verified using in situ measured subsidence data from the roofs of two backfill working faces. Zhang and Wang (2007) studied the feasibility of cemented gangue backfill and noted that coal gangue was not an ideal aggregate for pipeline gravity flow backfill; however, the disadvantages of gangue, such as bad fluidity and severe pipe wear, could be overcome by the addition of fly ash to obtain reasonable proportions of the backfill materials. Belem and Benzaazoua (2007) presented the laboratory- and backfill-plant-scale designs for paste backfill mix design and optimization, and they built different models (analytical, semi-empirical, and empirical) to predict the rheological factors of paste backfill (shear yield stress and viscosity). Chang et al. (2021) created a mechanical model of a paste false roof to analyze its stability for lower slicing mining and obtained the law of the plastic zone in the lower slicing face. Based on the characteristics of strip mining and backfilling, Zhu et al. (2007) proposed the method of filling with grouting for mining-induced overburden separation, which was successfully used without village relocation in the Huaibei mining area. Based on the properties of ultrahigh water materials, Jia and Feng (2012) analyzed the basic features of high water materials and presented different high water backfill methods for a goaf as engineering cases. By employing aeolian sand as the backfill aggregate, Bai et al. (2018) studied the mechanical properties of paste backfill materials with different proportions to provide reference for backfilling of the shallow seam in western China.
Extensive studies have been carried out to study the feasibility of using solid wastes, such as coal gangue, to recycle the overlaid coal resources owing to the increasing need for energy and consciousness regarding environmental protection. Great contributions on the backfill models and materials have been made in the development of backfill mining technologies by the above scholars, and good application results have been achieved in the field with various backfill technologies, especially in longwall mining. However, the filling rate of solid backfill is generally less than 80%, and its control of surface subsidence is not as good as those of paste and high water backfill; solid backfill is mainly used for digesting quantities of gangue. Although high water backfill can fulfill the control requirements of surface deformation, it cannot be used to dispose large amounts of solid wastes; spaces for separated strata need to be formed in slurry backfill, but the current research on delaminated space development are insufficient (Zhang J. et al., 2019). In response to the above problems, paste backfill is proposed as a reasonable means to achieve both high filling rate and effective digestion of gangue. The application of backfill mining is limited by restrictions on various factors, such as filling cost and filling yield. According to statistics, backfill mines are mainly distributed in eastern China in the Shandong, Shanxi, and Hebei provinces. There are very few cases of coal recovery under the industrial squares in western China (Liu et al., 2020). This study is mainly concerned with the short-wall PCMCB technology for developing resources under the industrial square. The basic concept is first presented, and the principle of controlling surface subsidence is analyzed; the mechanical model of the branch roadway and strength of the backfill body are established next; based on the geological mining conditions of the Dingjiaqu coal mine, the parameters of the branch roadway and strength of the backfill body are determined, and the reasonable proportions of backfill materials are calculated; finally, the critical filling rate for controlling deformation of the building structure is obtained from the equivalent mining height theory, and the feasibility of this technology is proved through a site application.
2 CONCEPT AND PRINCIPLE
2.1 Concept of short-wall PCMCB
Short-wall PCMCB is a green mining technology that is being used and developed since 2012. The diagram of the short-wall PCMCB system is shown in Figure 1, and the system is mainly divided into the gangue crushing and storage, stirring, pipeline pumping, and coal mining and separating systems. Coal gangue is transported to the backfill workshop after crushing; then, it is placed in a blender with fly ash, cement, and water to form a paste according to the determined proportion. Finally, the paste is transported to the goaf through pipelines. Before the backfill process, a complete ventilation and transportation system should be implemented on the basis of the original development and mining roadway. Then, the mining area is divided into multiple branch roadways in a direction parallel to the open-off cut and numbered serially as 1, 2, 3, 4, 5, etc. The odd-numbered branch roadways are mined first; when the filled odd-numbered branch roadways are stable, the remaining even-numbered branch roadways are mined so as to complete the mining and backfilling process (Lin et al., 2021). Short-wall PCMCB technology effectively integrates the three machines matching of short-wall mining and paste backfill process; it realizes separation of mining and backfilling while avoiding technical problems, such as mutual interference, low efficiency, and poor roof control in longwall mining and backfilling (Zhang et al., 2021b).
[image: Figure 1]FIGURE 1 | Diagram of the short-wall PCMCB system.
2.2 Principle of controlling surface subsidence by short-wall PCMCB
According to the basic principle of mining subsidence, when the overburden lithology is certain, a smaller mining width [image: image] leads to a lower mining degree, and a smaller surface movement and deformation are achieved (Kang et al., 2019); the surface subsidence model is shown in Figure 2. Under the action of the overburden load, a combined support is formed by the backfill body and coal pillar, which hinders further deformation of the goaf and maintains the surface stable. Through PCMCB, mining and backfilling can be carried out simultaneously; thus, the area is always in a state of subcritical mining so as to prevent large subsidence deformations on the surface. This is the principle of short-wall PCMCB for controlling surface subsidence.
[image: Figure 2]FIGURE 2 | Surface subsidence model of short-wall PCMCB.
3 DESIGN OF TECHNICAL PARAMETERS
3.1 Design of the width and length of the branch roadway
In the width design, the immediate roof can be regarded as a beam structure supported by coal pillars on both sides. Because the buried depth of the coal seam is low and the coal pillar is affected by mining, the stability calculation of the roof can be considered as a simply supported beam (Chi, 2012). The calculation of the roof load q is the premise of rock beam stability calculation; according to the principle of a composite beam (Figure 3), this can be expressed as (Qian et al., 1996)
[image: image]
In the above formula, [image: image] is the load imposed by the nth layer stratum controlled by the immediate roof [Pa]; [image: image] is the elastic modulus of the nth layer rock stratum [Pa]; [image: image] is the volumetric weight of the nth layer rock stratum [N/m3]; [image: image] is the thickness of the nth layer rock stratum [m].
[image: Figure 3]FIGURE 3 | Model of the composite beams.
When [image: image] is calculated, [image: image] is used as the load applied to the first layer. As shown in Table 5, [image: image], [image: image], and roof load [image: image].
In accordance with the stress distribution of a simply supported beam under a uniform load, the normal and shear stresses at any point B (Figure 4A) can be expressed as (Gere and Goodno, 2012)
[image: image]
[image: image]
where [image: image] and [image: image] are the bending moment and shear force in the cross section on which point [image: image] is located; [image: image] is the distance from point [image: image] to the neutral axis; [image: image] is the height of the beam.
[image: Figure 4]FIGURE 4 | Failure model of a simply supported beam under a uniform load for (A) the stress state of any point on the section, (B) bending failure, and (C) shear failure.
Taking into account the nonhomogeneity of rock, a safety factor [image: image] is considered for the ultimate strength of the rock beam, and the allowable normal stress [image: image] and shear stresses [image: image] can be expressed as
[image: image]
[image: image]
where [image: image] is the safety factor that ranges from 2 to 4; [image: image] is the tensile strength [MPa]; [image: image] is the shear strength [MPa].
When bending damage of a rock beam occurs, the maximum bending moment is at the center of the beam (Figure 4B), and the maximum normal stress can be expressed as (Gere and Goodno, 2012)
[image: image]
In this case, the ultimate span of the rock beam can be expressed as
[image: image]
When shear damage of a rock beam occurs, the maximum shear force appears at both ends of the beam (Figure 4C), and the maximum shear stress generated can be expressed as (Gere and Goodno, 2012)
[image: image]
Owing to shear damage, the ultimate span of the rock beam can be expressed as
[image: image]
Referring to Table 5, [image: image], [image: image], and [image: image] were substituted into the above Eqs 7, 9 to obtain [image: image] and[image: image]. Considering the site process design and other factors, the final branch roadway and coal pillar width are 5 m each.
The length of the branch roadway can be solved using the lowest cost per ton of coal, which can be expressed as (Liu et al., 2007)
[image: image]
where [image: image], [image: image], and [image: image] are the roadway tunneling, transportation, and maintenance costs, respectively; [image: image], [image: image], and [image: image] are the tunneling, transportation, and maintenance cost factors, respectively; [image: image] represents the length of the branch roadway; [image: image] represents the ancillary cost.
From the formula, it is seen that the longer the branch roadway, the lower is the tunneling cost. Correspondingly, the costs of transportation and maintenance of the roadway will also increase. The length of the branch roadway also depends on the mining equipment; in the Dingjiaqu coal mine, two EBZ-160 fully mechanized driving machines with 40T scraper conveyors are employed, and the maximum daily excavation capacity is 40 m. To reduce the amount of continuous handling of the equipment, the final length of the branch roadway is 200 m.
3.2 Strength design of the backfill body
The strength of the backfill body generally comprises early and late strengths. There is no concept of early strength for the short-wall PCMCB as the backfill materials are fully solidified in the odd-numbered branch roadways when the even-numbered branch roadways are to be mined. The maximum strength of the backfill body is required to recover the coal pillar safely under its supporting condition. Therefore, the late strength design is the key to the backfill body. At present, the effective area theory is mainly used to analyze the load sustained by the backfill body; the backfill body bears the gravity of the rock layers directly above it and half of the branch roadway on each side. The load [image: image] borne by the backfill body is calculated by the following formula (Xie et al., 1998):
[image: image]
where [image: image] is the average stress borne by the coal pillar [MPa]; [image: image] is the average weight of the overlying seam [MN/m3]; [image: image] is the average mining depth [m]; [image: image] and [image: image] are the widths of the reserved and mining coal pillars, respectively.
The late strength is usually calculated by the Bieniawski formula (Bieniawski and Van Heerden, 1975), which is expressed as
[image: image]
where [image: image] is the permissible strength of the backfill body; [image: image] is the uniaxial strength of the critical cube specimen; [image: image] is the width of the backfill body; [image: image] is the height of the backfill body; [image: image] is a constant that depends on the ratio of width to height of the coal pillar; when W/h>5, n=1.4, and when W/h<5, n=1.
Considering the influence of the specimen size (Shao et al., 2018), [image: image] can be expressed as
[image: image]
where [image: image] is the uniaxial compressive strength of the coal sample in the laboratory; [image: image] is the diameter or cube edge length of the laboratory coal sample; [image: image] is the limit size of the laboratory backfill sample.
Based on the limit strength theory, to maintain the stability of the backfill body, it is indispensable to consider the safety factor [image: image] such that [image: image]. The following equation can be deduced by combining Eqs 11–13.
[image: image]
According to the actual state, [image: image], [image: image],[image: image], and [image: image]; for [image: image],[image: image], and [image: image], we get [image: image].
3.3 Equivalent mining height prediction
To determine whether the surface deformation after backfilling meets the protection requirements of buildings, it is necessary to predict the surface deformation accurately. The probability integral method is the most widely used approach to subsidence prediction (Wang et al., 2018). Under the gravity of the overburden strata, a certain deformation is produced between the coal roof and floor, and the backfill body will dehydrate and shrink during the backfill process. Therefore, in actual calculations (Qu et al., 2010), the equivalent mining height theory is generally used to predict surface deformation, and the equivalent mining height is expressed as follows:
[image: image]
where [image: image] is the movement quantity of the roof and floor, [image: image] is the deficit distance of roof contact for the backfill body, and [image: image] is the deformation of the backfill body.
Based on the industrial square building protection grade and equivalent mining height theory, the surface movement and deformation parameters of the 42201 working face (Table 1) were selected, and the surface deformation characteristics under different filling rates (equivalent mining height divided by actual mining height) were obtained using the probability integral method (Table 2). The results show that when the filling rate is more than 90%, the damage may be within the first level of building damage.
TABLE 1 | Parameters of the rock strata and surface movement of the 42201 working face.
[image: Table 1]TABLE 2 | Surface deformation characteristics affected by the filling rate.
[image: Table 2]4 BACKFILL MATERIALS
Paste backfill materials are mainly composed of gangue, cement, fly ash, and water. As the most abundant material, gangue plays the role of the skeleton in the backfill body; as the cementitious material, cement is the fundamental source of strength; fly ash can significantly reduce the amount of cement required and effectively improve the pumping performances of the backfill materials.
4.1 Reasonable gradation of gangue
Washed gangue from the Dingjiaqu coal washery was used in the field. After screening, the size distribution of the washed gangue is as shown in Figure 5A. Since the particle sizes of the washed gangue did not meet the requirements of long-distance pipeline transportation, the washed gangue had to be crushed until the maximum particle size was less than 25 mm. The particle size distribution after screening for the crushed gangue is as shown in Figure 5B. It can be seen that most of the crushed gangue particles are between 0.3 mm and 20 mm, and only a very small fraction of the particles are 20–25 mm in size. The gangue particles between 5 and 20 mm account for 50.1%, and those with sizes less than 5 mm account for 48%, which conforms to the ideal particle gradation curve (maximum particle size of the gangue is less than 25 mm, and the proportion of gangue with particle sizes less than 5 mm is about 40–50%) (Zheng et al., 2006; Sun et al., 2017).
[image: Figure 5]FIGURE 5 | Different particle size percentages of gangue: (A) washed gangue; (B) crushed gangue.
4.2 Design of the proportion of backfill materials
Since there are many studies on the proportion of backfill materials (Koohestani et al., 2016; Jiang et al., 2020; Liu et al., 2022), the composition was adjusted according to the one in the neighboring Tianyu coal mine, and the laboratory and downhole proportioning experiments were conducted. As shown in Tables 3, 4, the final results obtained via the uniaxial compression test show that when the cement dosage is certain, excess gangue leads to lower strength of the backfill body, so the proportion of gangue should be in a reasonable range. The final choice of backfill material proportion for cement: fly ash: gangue: water is 1:1.82:4.17:1.78 for the Dingjiaqu coal mine.
TABLE 3 | Uniaxial compression test results for different ratios of the backfill body over the ground.
[image: Table 3]TABLE 4 | Uniaxial compression test results for different ratios of the backfill body under the ground.
[image: Table 4]5 CASE STUDIES
5.1 Geological settings and mining conditions
The Dingjiaqu coal mine is located in Ordos, Inner Mongolia, China. The terrain of the mining area is gentle, with a dip angle of less than 10°. At present, the 3-2 coal in the main coal seam has been mined out, and only the 4-2 coal under the industrial square, Baofu highway, and boundary coal pillar remain; the 5-2 coal is a thin seam with an average recoverable thickness of 1.24 m. Thus, a large quantity of coal gangue will be produced once mining commences. To extend the service life of the coal mine, improve the resource recovery rate, and digest the abandoned coal gangue, the short-wall PCMCB was considered for adoption for the pressed coal under the industrial square. The buried depth of the 4-2 coal is about 60 m, with a natural thickness of 0.70–3.45 m (average value: 2.57 m). The specific information and mechanical parameters of the coal seam roof and floor are shown in Table 5.
TABLE 5 | Rock mechanics parameters of the Dingjiaqu coal mine.
[image: Table 5]5.2 Determination of key parameters
First, the roof load [image: image] was determined, and the theoretical value of the ultimate span of rock beam damage was obtained according to the mechanical model of a simply supported beam. The width of the branch roadway was then selected as 5 m from engineering experience. The length of the branch roadway was selected as 200 m based on the lowest cost per ton of coal and field conditions. The design of the late strength of the backfill body was obtained according to Eqs 11–14. Combined with the mechanical model of the backfill body and Bieniawski formula, the late strength of the backfill body should be more than 2.62 MPa. Based on the design strength of the backfill body and backfill material proportions, the reasonable composition of cement: fly ash: gangue: water was determined as 1:1.82:4.17:1.78. To ensure that the deformation is within the first level of building damage, the critical filling rate of the goaf should be greater than 90% based on the equivalent mining height theory. The above data are summarized in Table 6.
TABLE 6 | Key parameters of the branch roadway and backfill body in the Dingjiaqu coal mine.
[image: Table 6]5.3 Backfill process
The pattern of building the backfill plant on the ground was adopted in the Dingjiaqu coal mine, and the physical effect diagram is as shown in Figure 6. There are two stages in the backfill process. The first stage involves paste preparation, where the raw materials are weighed by proportion and then transported to the mixer through belt conveyors and pipelines for complete mixing. The second stage involves pipeline pumping, where the prepared paste is carried to the storage hopper and then transported to the underground working face through backfill pipelines.
[image: Figure 6]FIGURE 6 | Diagram showing the physical effects of a backfill plant.
The 42207 working face was mined as shown in Figure 1. After each of the branch roadways were mined, the upper and lower exits of the branch roadways were sealed with paste baffles first, and single hydraulic props were installed on the outside to strengthen the supports (Figure 7); finally, the paste was injected from the upper exit.
[image: Figure 7]FIGURE 7 | Design and construction of a paste baffle.
5.4 Measurement of surface subsidence
In line with the layout of the 42207 mining area and distribution of the surface features, third-class leveling was adopted for deformation monitoring as it has sufficient for subsidence monitoring. A strike observation line and a tendency observation line were arranged above the 42207 mining area, as shown in Figure 8. There were 25 observation points numbered 1 to 25 and set along the north–south observation line at distances of 20 m for a total length of 500 m; then, 29 observation points numbered 26 to 54 were set along the east–west observation line at distances of 20 m for a total length of 560 m.
[image: Figure 8]FIGURE 8 | Layout of the surface subsidence measurement points and distribution of surface features.
The monitoring results (Figure 9) show that the subsidence could be reduced dramatically by backfilling and that the integral surface subsidence was small, with a maximum subsidence of 77 mm. The overall subsidence of the industrial square was uniform. Large inclination and horizontal deformations were observed at the edges of the subsidence basin as the coal seam is buried shallowly; accordingly, the inclination and horizontal deformation values changed rapidly. The maximum value of inclination was 1.99 mm/m; the maximum value of horizontal deformation was 0.56 mm/m; the maximum value of curvature deformation was 0.07×10–3 /m. Taking into account the errors between the forecast software and actual measurements, the observations basically show the law of surface deformation; a comprehensive analysis shows that the surface movement and deformations after backfilling meet the requirements of the building fortification level.
[image: Figure 9]FIGURE 9 | Results of surface subsidence: (A) strike line; (B) tendency line.
6 DISCUSSION
To further reveal the advantages and disadvantages of the proposed short-wall PCMCB technology, a comparison between similar technologies is given in Table 7. Considering the characteristics of the western mining area, the solid backfill is less effective for controlling the surface deformations, and the high water backfill cannot handle a large amount of coal gangue (Hu et al., 2020). The surface control effect of the full mechanized and paste backfill is good, but its mining and backfilling interferences are serious, geological conditions of the working face are poorly adapted (Zhu, 2021), and the total investment in the full mechanized and paste backfill is generally more than twice that of the short-wall PCMCB, with the production capacity and tons of coal filling cost being similar (Zhu et al., 2017). Short-wall PCMCB also realizes full separation of the mining and backfilling, and the working face arrangement of this backfill method is flexible without being limited by the thickness of the coal seam; it also has strong applicability to the exploitation of overlaid and boundary coal resources (Lu et al., 2017; Li et al., 2022).
TABLE 7 | Technical and economic comparisons of several backfill technologies.
[image: Table 7]7 CONCLUSION
In the practice of three under mining, it is necessary to pay attention to improving the resource recovery rate and controlling the surface subsidence. Backfill mining not only achieves excellent recovery of the remaining coal resources but also reduces environmental damage effectively. To solve the problem of coal compressed under the industrial square in western China, the short-wall PCMCB scheme is proposed. The key to short-wall PCMCB is in the reasonable design of the width, length of the branch roadway, and strength of the backfill body. Based on the stress state of the branch roadway roof, it can be simplified as a simply supported beam, and the width of the branch roadway can be designed according to the bending and shear failure modes; the length of the branch roadway can be designed in accordance with the lowest cost per ton of coal; the late strength is calculated according to the strength design model of the backfill body. The filling rate is the standard for assessing whether the surface movement and deformation meet the requirements of building protection, which is obtained by the probability integral method. The selection and proportion of backfill materials are other important factors in the short-wall PCMCB; a reasonable proportion of the materials affords sufficient strength to the backfill body while maintaining backfill cost and digesting as much gangue as possible. The field application of the short-wall PCMCB in the Dingjiaqu coal mine shows that the subsidence could be reduced dramatically by backfilling. The integral subsidence of the industrial square was uniform, and the maximum subsidence values (77 mm) were far lower than the deformation extremes based on the requirements of the first level of building damage. This application proves that the short-wall PCMCB has good effects on the exploitation of the overlaid resources in western China.
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