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Reasonable coal pillar size of roadway protection is an important guarantee for roadway stability under the action of static-dynamic coupling loadings in deep mines. Coal pillar and roof-floor rock form a non-integral contact structure of coal and rock. However, in the existing literature, there is no research on the size of the coal pillar under static-dynamic coupling loadings based on the non-integral contact structure of coal and rock. In this study, the coal-rock non-integral contact composite specimens are designed, and the coal pillar size is simulated by the radial sizes of the specimens. The failure characteristics of coal-rock under the static-dynamic coupling loadings are studied by the SHPB test, which provides the basis for the design of coal pillar size, and finally determines the reasonable coal pillar size by combining with numerical simulation. The test results show that the strength of the specimens decreases with the decrease of section size of coal and increases with the increase of dynamic load, but there is a critical value for static load. When the coal sections radial sizes are 50, 45, and 40 mm and dynamic loads are applied, the stress-strain curve of the specimens has a plastic stage, but the rest do not exist. The minimum coal section radial size which can ensure the stability of the specimens is 40 mm, and the similar calculation of coal pillar size is 88 m. Combined with numerical simulation, the final coal pillar size is 90 m. This study provides a more accurate and reliable method to determine the size of a coal pillar under the action of static-dynamic coupling loadings.
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INTRODUCTION
With the depletion of shallow resources, underground mining of coal mines has gradually gone deeper, and there are more than 100 mines in the world’s major coal mining countries with a mining depth of more than 1000 m (Zhang et al., 2019). The maximum mining depth in Germany has reached 1713 m (Pan et al., 2020), and there are more than 50 mines with a mining depth exceeding 1000 m in China (Huang et al., 2020). With the increase of mining depth, the instability of the roadway is widespread, so the coal pillar for roadway protection is an effective guarantee for roadway stability (Li et al., 2019). In the complex geological environment of deep mines, coal pillars are not only subjected to long-term effects of high static loads, but also frequently subjected to impact dynamic loads. Under static-dynamic coupling loadings, coal and rock show more obvious nonlinear and discontinuous mechanical characteristics, which also puts forward new requirements for the coal pillar’s size (Kumar et al., 2019; Liu et al., 2020; Zhang et al., 2020). Therefore, it is of great significance to study the failure characteristics of coal and rock under static-dynamic coupling loadings and to set a reasonable coal pillar size for roadway protection.
When studying coal pillar size, predecessors mainly considered the influence of coal seam mining height (Kong et al., 2014), coal strength (Poulsen et al., 2014), coal seam dip angle (Damghani et al., 2019), buried depth (Kumar et al., 2019), and working face layout (Najafi et al., 2017) on the coal pillar stability. These studies regard a coal pillar as an independent individual. However, in the process of mining, a coal pillar is a part of the “roof mass—coal mass—floor mass” system (RCF), and the instability of the coal pillar is the result of the synergistic action of rock mass and coal mass (Chen et al., 2019; Wang P. et al., 2020). In recent years, with the in-depth study of coal-rock composite structure, many scholars have studied the “roof mass—coal mass,” “coal mass—floor mass,” and “roof mass—coal mass—floor mass” composite models from the aspects of theoretical analysis, numerical research, and laboratory tests, which initially established the mechanical model of coal-rock composite, and analyzed its instability and failure process and mechanism (Liu SH. et al., 2014; Huang and Liu, 2013; Zhang et al., 2012; Guo et al., 2018). These research results provide a certain reference for the design of coal pillar size in RCF. However, as shown in Figure 1A, coal and rock in these studies are all in integral contact structure, but as shown in Figure 1B, coal and rock in RCF are actually in non-integral contact structure. There are few reports on the non-integral contact structure of coal and rock in the existing research, especially the experimental study on simulating the coal pillar size by the coal section radial size in composite specimens. In addition, previous studies on coal-rock combination systems mainly focused on static load (Liu J. et al., 2014; Fu et al., 2016; Wang et al., 2017), and only a few studies considered the impact of dynamic load on the coal-rock structure caused by rock burst, hard roof fracture or delamination, fault sliding, and natural earthquake (Guo et al., 2011; Zhang et al., 2016; Xie and Yan, 2019; Li et al., 2020). However, these studies ignored the damage caused by static-dynamic coupling loadings. Considering RCF with non-integral contact is widespread, at the same time, coal and rock are subjected to static-dynamic coupling loadings during deep mining. Hence, it is necessary to further study the coal pillar size in RCF under static-dynamic coupling loadings based on the non-integral contact structure of coal and rock.
[image: Figure 1]FIGURE 1 | Failure mode of coal-rock composite structure. (A) Integral contact failure; (B) Non-integral contact failure.
In this paper, based on the engineering background of a reasonable coal pillar size of roadway protection in 730 track-concentrated roadways in the mining process of 7302 working face of Xinhe Coal Mine under static and dynamic loads, designing RCF is similar to coal-rock composite specimen models with non-integral contact of coal and rock, that is, “rock-coal-rock” composite specimens with different coal radial sizes. The mechanical characteristics of the specimens under static-dynamic coupling loadings are explored through SHPB test, which provides a basis for the design of the coal pillar size, and finally determines the reasonable coal pillar size combined with FLAC3D numerical simulation. This research innovates the laboratory research method of coal pillar size determination in RCF, and comprehensively considers the contact form of coal and rock and the coupling effect of dynamic and static loads. The results can provide reference for roadway protection coal pillar design under the coupling effect of dynamic and static loads in deep mines.
BACKGROUND
Xinhe Coal Mine is located in the southwest edge of Jining Coalfield in Shandong Province, China. 7302 working face is located in the south of 730 track concentration roadway. The strike length of the working face is 301–340 m, and the inclined width is 110 m (excluding two gateways). The working face is arranged with two gateways, with the transportation tunnel on the west side and the return airway on the east side. As shown in Figure 2, No. 3 coal seam is mainly mined in the working face with an average buried depth of 1125.2 m and an average coal thickness of 9.51 m. The immediate roof is mudstone, the main roof is the interbedding of fine and siltstone, and the immediate bottom is mudstone.
[image: Figure 2]FIGURE 2 | Overview of working face. (A) Working face layout; (B) Borehole of 7302 working face.
Xinhe Coal Mine has identified the coal-rock bursting liability of No. 3 coal seam and its roof and floor in 7302 working face. The results show that the bursting liability of No. 3 coal seam is strong, and the roof and floor strata is weak. All of them have a certain bursting liability, which provides material source conditions for the occurrence of dynamic disasters. The support pressure acting on the coal pillar after mining is directly proportional to the mining depth. The greater the mining depth of the coal seam, the greater the overlying strata pressure that the coal pillar bears (Das et al., 2019; Frith and Reed, 2019). The large buried depth of 7302 working face leads to high static load acting on a coal pillar for a long time. The main roof composed of interbedding of fine and siltstone constitutes the sub-key layer of the whole overlying strata, and the thick and hard gritstone above the main roof constitutes the main key layer of the whole overlying strata, which plays a decisive role in the movement characteristics of the overlying strata and the stability of the working face and the coal pillar. Mudstone and fine and siltstone above the coal seam are easy to collapse, but the collapsed gangue is not enough to fill the goaf, while the gritstone above the main roof is difficult to collapse to form cantilever rock beams. After the mining of the working face is completed, the supporting structure is formed on the coal pillar in front of the working face and the coal body behind the open-off cut. The rock beam is first pulled to the upper surface of the two supporting points, and then the lower surface in the middle part of the rock beam is pulled and fractured. In the process of tensile fracture, the elastic energy accumulated by the rock beam is released suddenly, and the dynamic load is formed, which causes dynamic disturbance to the coal pillar. In addition, there are many faults around 7302 working face. The tectonic stress of the fault and the advanced abutment pressure of the working face superimpose to form high static load, and the fault activation produces dynamic load impact to disturb the coal pillar. According to the above analysis, the coal pillar is subjected to long-term high static load, and is easily disturbed by dynamic load impact, so it is of vital importance to design a reasonable coal pillar size to ensure safe production.
EXPERIMENTAL PROCEDURES AND RESULTS
RCF instability under static-dynamic coupling loadings in deep mines has the characteristics of rapid fracture of coal and rock. The SHPB experiment can realize instantaneous failure of coal and rock mass under high strain rate impact loading in the laboratory, and can restore and simulate the rapid fracture process of coal and rock mass in deep mining to the greatest extent, to realize the test of parameters such as impact dynamic strength, energy dissipation, impact loading waveform, strain rate effect, and stress wave propagation characteristics of coal and rock mass under a deep complex mining environment. It is the most important and reliable experimental method for studying the dynamic mechanical properties of coal and rock under medium and high strain rate at present (Daryadel et al., 2016; Astepe et al., 2020).
Experimental Procedures
Sample Preparation
In order to obtain the instability characteristics of a coal pillar for roadway protection in 7302 working face under static-dynamic coupling loadings by similar simulation test and determine the reasonable coal pillar size, RCF similar models (i.e., “rock-coal-rock” combined specimens with different radial sizes of coal sections) are designed for an SHPB experiment. According to SHPB test requirements (Haque et al., 2019) and test conditions, the designed specimen diameters are 50 mm, and the inclined length of 7302 working face is 110 m (excluding two gateways), that is, the inclined length of a coal pillar for roadway protection is 110 m. Then, as shown in Figure 3, the test similarity ratio is 50 mm:110 m = 1:2200.
[image: Figure 3]FIGURE 3 | Test similarity ratio.
Coal and rock samples used in this test are collected from No. 3 coal seam and its roof and floor in No. 7302 working face of Xinhe Coal Mine. From a comprehensive histogram, it can be seen that the roof and floor of No.3 coal seam are mudstone. As shown in Figure 4, considering the height limit of the test specimen and the test effect, the roof rock sections, coal pillar sections, and floor rock sections are all 30 mm in height and 50 mm in diameter. In addition, the initial diameter of coal sections is 50 mm. At the same time, in order to simulate the change of coal pillar size during the excavation of 7302 working face, the coal sections are cut along the unilateral axial direction based on the diameter line of coal sections, and the cutting sizes are 5, 10, 15, and 20 mm, respectively. Finally, five kinds of composite specimens, model 50, model 45, model 40, model 35, and model 30, are designed. According to the radial sizes of coal sections, the sizes of coal pillar are characterized as 110, 99, 88, 77, and 66 m, respectively. Test specimens are shown in Figure 4F.
[image: Figure 4]FIGURE 4 | (A–E) Specimen models; (F) Specimens for testing.
Experimental Equipment and Methods
SHPB can carry out multi-field coupling coal and rock dynamic compression and deformation and failure simulation research, which is mainly composed of striker, input bar, and output bar, and the tested sample is sandwiched between the input and the output bar (Xie et al., 2019). In the SHPB system used in this test, the incidence rod, transmission rod, and absorption rod adopt a Φ50-mm steel rod with elastic modulus of 206 GPa, the compression rod material is 48CrMoA, the length of the entrance rod and the transmission rod is 3000 mm, and the length of absorption rod is 1500 mm. The cylindrical striker is 50 mm in diameter, the longitudinal wave velocity is 5122 m/s. The striker can generate half sine waves to ensure constant strain rate loading. The real-time signals are collected by the ultra-dynamic strain gauge and the strain gauges on the input and output bars. The SHPB used is equipped with Phantom M310 high-speed digital camera ultra-high-speed image synchronous acquisition system, with the highest shooting rate of 65,000 frames/sec, which can effectively capture the crack propagation and dynamic failure process.
SHPB test is based on two basic assumptions: one-dimensional stress wave hypothesis and stress uniformity hypothesis. One-dimensional stress wave hypothesis considers that every cross-section of an elastic bar always keeps in a plane state during the propagation of stress wave in a slender bar. The hypothesis of stress uniformity holds that stress wave propagates repeatedly in the specimen for several times, and the stress in the specimen is equal everywhere, so there are (Dai et al., 2010):
[image: image]
Therefore, the strain rate, strain, and stress of the specimens can be calculated according to the following formula (Dai et al., 2010):
[image: image]
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Where εi, εr, and εt represent the incident, transmitted, and reflected waves, respectively; C0 is the stress wave velocity in the bar; L and A are the length and cross-sectional area of the specimens, respectively; E0 and A0 are the elastic modulus and cross-sectional area of the pressure bar, respectively.
Experimental Plans
The uniaxial compressive strength of the standard specimens of No. 3 coal seam in 7302 working face of Xinhe Coal Mine is about 19 MPa. In this test, the diameters of coal sections except model 50 are less than 50 mm, and the uniaxial compressive strength of coal sections is less than 19 MPa. Under static-dynamic coupling loadings, when the static load is within 70% of the uniaxial compressive strength, the combined loading strength of the specimens is larger than that of pure static load or pure dynamic load (Zhou et al., 2008; Wang S. et al., 2020). Therefore, in this test, the pre-static loads are controlled within 40% of the uniaxial compressive strength of the standard specimens of No. 3 coal seam, that is, the application range of the pre-static loads is determined to be 0–8 MPa. The models 30 with the smallest coal section sizes will be completely broken when the strike velocity is 3.7 m/s without pre-static loads. Considering the strong destructive ability of the test specimens by the static-dynamic coupling loadings, the strike velocity is controlled between 3.3 and 5.3 m/s.
There are 60 groups of tests. When studying the influence of dynamic loads on the failure mode of specimens, the static loads are controlled to be constant and the dynamic loads are set to four gradients. It is divided into two groups: no pre-static load and 8 MPa pre-static load. When studying the influence of static loads on the failure mode of specimens, static load is set with four gradients while the maximum impact velocity is controlled to be constant. These loads are applied as shown in Table 1.
TABLE 1 | Loads impose ways.
[image: Table 1]Failure Characteristics of Specimens and Discussion
Influence of Dynamic Loads
The failure processes of the specimens are photographed by a high-speed camera, and the final failure patterns of the specimens under different dynamic loads without pre-static loads are shown in Figure 5. The coal sections of models 50 have complete structures, and there is no obvious macroscopic damage under different dynamic loads. When the strike velocities are high, the models 45 have cracks or fine breakage at the edge of the longitudinal cutting faces of the coal sections. With the decrease of strike velocities, macroscopic damage no longer occurs. Models 40 have obvious cracks in the coal sections, but with the decrease of strike velocities, the number of cracks and the damage are gradually reduced. There are no obvious cracks in the specimen under the minimum strike velocity. The dynamic failure characteristics of models 35 are obvious. The coal sections present “explosive” crushing at the edges of the cutting faces, and fragments are ejected outward instantly. With the decrease of strike velocities, the damage range of coal sections gradually decreases, the fragments increase, and the ejection range decreases gradually. Compared with models 35, models 30 have changed from partial crushing of coal sections to whole crushing of coal sections, and the breakages of coal sections are intensified. The particles formed by the explosion burst outward. The crushing of coal sections in models 35 and models 30 leads to the overall instability of the specimens and the complete loss of bearing capacity.
[image: Figure 5]FIGURE 5 | (A–T) Failure patterns of specimens under different dynamic loads without pre-static load (In the figure, the blue line indicates the position of the crack after the failure of the specimen, and the red line represents the boundary of the spalling area of the specimen. The blue and red lines in Figures 10–12 also indicate this meaning).
The final failure patterns of specimens under different dynamic loads with 8 MPa pre-static load are shown in Figure 6. Consistent with the failure law of each specimen without pre-static load, models 50 have complete overall structures with no obvious cracks or breakage. Models 45 and models 40 have slight cracks or breakage on the coal sections. Nevertheless, models 45 and models 40 are good in integrity and bearing capacity. However, rock burst is obvious in the laboratory of models 35 and models 30, with coal sections bursting and breaking outward, and the damage of models 30 is more serious.
[image: Figure 6]FIGURE 6 | (A–T) Failure patterns of specimens under different dynamic loads with 8 MPa pre-static load.
Under the two loading modes, the failure of the specimens mainly occurred in the coal sections. With the decrease of the section size of coal, the failure becomes serious. Models 50, models 45, and models 40 only show slight cracks or breakage at the cutting edge of the coal sections, but the integrity and bearing capacity of the specimens are good. While models 35 and models 30 are severely broken and the coal sections are unstable, so the whole specimens are no longer stable. On the other hand, the dynamic loads have obvious influence on the failure of specimens, and the failure of the same models increases with the increase of strike velocities under the same pre-static load. In addition, most of the specimens are obviously damaged at the edge of the longitudinal cutting face of the coal sections, which is consistent with the serious damage of the underground coal pillar at the coal wall. The change of the stress state reduces its edge binding force, so the damage increases.
Influence of Static Loads
In samples, the final damage patterns under different pre-static loads at maximum strike velocity are shown in Figure 7. Macroscopically, there are no obvious damages in models 50. Models 45 are slightly broken at the edges of longitudinal cutting faces of coal sections. Compared with models 50 and models 45, the damage of models 40 is intensified, but the integrity of models 40 is good. With the increase of pre-static load, the damage of samples gradually decreases. Models 35 have been damaged obviously, and the breakage not only appeared at the edge of cutting faces, but extended to most of the coal sections. In the range of 0–6 MPa, with the increase of pre-static loads, the “explosive” crushing of coal sections reduced gradually, but when 8 MPa pre-static load is applied, the “explosive” crushing aggravated obviously, and the crushing range is more than two-thirds of the coal section, as well as the crushing particle sizes are small. Models 30 show the whole “explosive” damage of coal sections. In samples of models 30, when 4 MPa pre-static load is applied, the damage of the coal section is lightest. But when 8 MPa pre-static load is applied, the fracture of the sample is the most serious, at this time, the rock section at the coal-rock interface on the input bar side is also broken slightly.
[image: Figure 7]FIGURE 7 | (A–T) Failure patterns of specimens under different pre-static loads at the maximum strike velocity.
Under constant dynamic load, damage of the samples still mainly occurs in coal sections under different static loads, and the damage is closely related to the size of the coal section. There is no damage in models 50, models 45, and models 40, which have good bearing capacity. The smaller models 35 and models 30 have “explosive” crushing in the coal sections, and the samples no longer have bearing capacity. Pre-static loads have an obvious influence on sample damage. The damage of models 50, models 45, and models 40 decreases gradually with the increase of pre-static loads under the same dynamic load. Under the same dynamic load, the damage of models 35 decreases gradually with the increase of pre-static loads from 0 to 6 MPa, and further increases when the pre-static load increases to 8 MPa. In the range of 0–4 MPa, with the increase of pre-static loads, the damage of the models 30 decreases gradually, and in the range of 6–8 MPa, the damage of the samples aggravates further. Combined with the failure characteristics of models 35 and models 30, it is judged that there is a critical value of pre-static load. That is, within the critical value range, the damage of the samples is negatively correlated with the pre-static loads, and when exceeding the critical value, the damage of the samples is positively correlated with the pre-static loads.
Strength Characteristics of Specimens and Discussion
Influence of Dynamic Loads
The dynamic strength evolution curves of specimens under different dynamic loads without pre-static load are shown in Figure 8, and those under different dynamic loads with 8 MPa pre-static load are shown in Figure 9.
[image: Figure 8]FIGURE 8 | (A–E) Strength evolution of specimens under different dynamic loads without pre-static load; (F) Evolution law of peak strength of each model.
[image: Figure 9]FIGURE 9 | (A–E) Strength evolution of specimens under different dynamic loads with 8 MPa pre-static load; (F) Evolution law of peak strength of each model.
The dynamic strength evolution law of specimens under different strike velocities is basically the same when no pre-static load is applied and when 8 MPa pre-static load is applied. After the peak strength, the models show great differences. The stress-strain curves of models 50 and models 45 show obvious spring back, and the stress-strain curves of models 40 also show slight spring back. This is because the coal sections of models 50, models 45, and models 40 are relatively complete, and the elastic energy stored inside the specimens is greater than the kinetic energy applied. The specimens still have bearing capacity after reaching the strength limit in the process of elastic deformation. With the gradual release of the internal elastic energy, the deformation of the specimens springs back slightly and the strain decreases accordingly. The coal sections of models 35 and models 30 are small in size, and the kinetic energy exerted by the outside is greater than the elastic energy stored inside the specimens. After reaching the peak strength, the specimens will continue to absorb the strike kinetic energy, and the residual strength of the specimens will continue to decrease. The specimens are damaged seriously, and the deformation continues to increase, as does the strain. Hence, there is no spring back in the stress-strain curve. Different from 8 MPa pre-static load, there are obvious plastic stages in the stress-strain curves of models 50, models 45, and models 40 without pre-static load. This is because the application of pre-static loads inhibits the crack expansion of coal and rock, and the small stress increase will not cause the rapid growth of strain, while the crack expansion will not be inhibited without pre-static load. Under dynamic loads, the fracture rate and volume expansion rate of the specimens are accelerated, and the strain increases rapidly with the increase of stress, so there are plastic stages in the stress-strain curves without pre-static load. There is no obvious plastic stage in the stress-strain curves of models 35 and models 30 regardless of whether pre-static load is applied. This is because the strength of these two models is low, and they will be destroyed instantly under dynamic loads. Therefore, there is no plastic stage.
It can be seen from Figure 8F and Figure 9F that the greater the strike velocities are, the higher the dynamic strength of the specimens is, indicating that the specimens have a stronger ability to resist damage. In addition, there is a strong correlation between the dynamic strength of the specimens and the sizes of the coal sections. The larger the sizes of the coal sections are, the higher the dynamic strength of the specimens is. The strength reduction ratio of the other four models is calculated based on the strength of models 50. When no pre-static load is applied, the maximum reduction of strength of models 45 is 12.84%, that of models 40 is 19.44–31.44%, and that of models 35 and models 30 is 47.09–48.74% and 57.55–58.10%, respectively. When 8 Mpa pre-static load is applied, the strength of models 45 and models 40 are reduced by 19 and 35%, respectively, compared to those of models 50. The maximum reduction of models 35 and models 30 is 60.34 and 72.68%, respectively. The strength of models 50 is the highest, and the strength of models 45 and models 40 is slightly lower than that of models 50, while the strength of models 35 and models 30 is greatly reduced. The dynamic strength of the specimens is very low, and they can no longer resist external damage.
Influence of Static Loads
The dynamic strength evolution curves under different pre-static loads at maximum strike velocity are shown in Figure 10. The evolution law of curves is similar to that of curves under different dynamic loads. The integrity of coal sections is good in models 50, models 45, and models 40, and their elastic properties which are larger than the external kinetic energy can be stored internally. When the elastic properties are released, the deformation of the specimens recovers slightly, the strain decreases, and the curves spring back after the peak strength. The integrity of models 35 and models 30 coal sections is poor, and the elastic property stored inside is less than the external kinetic energy, the stress-strain curves continue to deform and destroy greatly after the peak strength. Therefore, the strain increases continuously.
[image: Figure 10]FIGURE 10 | (A–E) Strength evolution of specimens under different static loads at maximum strike velocity; (F) Evolution law of peak strength of each model.
It can be seen from Figure 10F that the strength of models 50, models 45, and models 40 increases with the increase of pre-static loads, which is because the pre-static loads inhibit the development of original cracks and the generation of new cracks, thereby promoting the cracks closure and improving the dynamic strength of the specimens. The strength of models 35 increases with the increase of pre-static loads from 0 to 6 MPa, but decreases when 8 MPa pre-static load is applied. In the range of 4 MPa pre-static loads, the strength of models 30 increases with the increase of pre-static load, while the strength decreases when 6 and 8 MPa pre-static loads are applied, and the higher the pre-static load is, the lower the strength is. Generally speaking, there is a critical value for the increasing effect of pre-static load on the dynamic strength of the specimens. When it is less than the critical value, the pre-static loads can strengthen the dynamic strength of the specimen. On the other hand, when it exceeds this critical value, the pre-static loads will cause original damage to the specimens, which will not only promote the penetration of the original cracks of the specimens, but also produce new cracks to further increase the number of cracks in the specimens. At this time, even a small external dynamic disturbance will cause serious deformation and failure of the specimens, which also explains the reason why the coal pillar is easily disturbed by dynamic load under high static load in deep mines. The pre-static loads applied in this test do not reach the critical values of models 50, models 45, and models 40, but models 35 and models 30 do. In addition, the influence of section size of coal on the dynamic strength of the specimens is still significant, and the dynamic strength decreases with the decrease of section size of coal.
Based on the strength of models 50, the strength reduction ratios of the other four models are calculated. Compared with models 50, the dynamic strength of models 45 decreases by 10.73–17.53%, the strength of models 40 decreases by 20.50–33.82%, and the maximum strength decreases of models 35 and models 30 are 59.97 and 71.98%, respectively. The strength of models 50 is the highest, although the strength of models 45 and models 40 is slightly lower than that of models 50, but their strength is still higher, while that of models 35 and models 30 decreases greatly, their dynamic strength is low, and their ability to resist external damage is weak.
Determination of Coal Pillar Size
Through the analysis of the failure characteristics and dynamic strength characteristics of the specimens, it can be concluded that models 50, models 45, and models 40 are damaged slightly. The ability of them to resist external damage is strong with high dynamic strength. Models 35 and models 30 are seriously damaged, the strength is low, and the ability to resist damage is weak, so that the stability is poor. Therefore, it is determined that the stability requirements of the specimens can be met when the section size of coal is larger than 40 mm. Considering the economic and safety benefits, the 40 mm coal section size is selected as the best size. Combined with the similarity ratio, the coal pillar size of 730 track concentrated roadway in the mining process of 7302 working face is 88 m.
NUMERICAL SIMULATION
Numerical Model
In engineering practice, coal and rock mass are buried deep in the ground, and their loads in the process of impact or vibration are complex. Similar simulation tests cannot fully reflect the coal and rock failure in the process of advancing the working face. Therefore, on the basis of similar test results, with the help of FLAC3D numerical simulation software, which can comprehensively reflect the advancing condition of the working face, simulating and studying the stability of coal pillar, the stress changes of coal pillar and overburden rock during the excavation of 7302 working face under dynamic load, and finally the reasonable size of coal pillar for roadway protection is determined by inversion calculation.
Selecting the coal pillar of roadway protection in 730 track concentrated roadway in the mining process of 7302 working face as the research object, referring to the comprehensive histogram and plane position diagram of working face, the numerical model is established by FLAC3D software as shown in Figure 11. The model size is 350 m × 200 m × 91.5 m (length × width × height), and the Mohr-Coulomb model is adopted. The static-dynamic coupling loading is applied. When the static load calculation is carried out, the bottom boundary of the numerical model is fixed, the front, back, left, and right boundaries are fixed with normal displacement, and the top boundary is free. According to the multiplication of the average bulk density of overlying strata and the average thickness of overlying strata, the uniform load exerted by overlying strata on the working face in the model is about 25.5 MPa. During the dynamic load calculation, the left and right boundaries of the numerical model are free, and the normal displacement of the bottom is fixed. The dynamic stress wave is applied on the top, and the dynamic stress wave is set as half sine stress wave. According to the existing research data of Xinhe Coal Mine (Liu, 2017), the dynamic load strength is set as 50 MPa, the frequency is taken as 50 Hz, and the action time is 0.05 s. When the 120-m coal pillar is reserved, the 7302 working face shall be fully excavated at one time, and then the excavation shall be conducted for 10 m on the basis of a 120-m coal pillar until the coal pillar size is 60 m. One survey line is arranged along the strike in the middle of the roof of the working face to monitor the stress of the overlying strata of the working face and the coal pillar, and the other survey line is arranged along the strike 20 m in front of the coal wall to monitor the stress inside the coal pillar.
[image: Figure 11]FIGURE 11 | Numerical model diagram. (A) Gridding diagram; (B) Section diagram.
Simulation Results
The stress evolution curves along the strike of the working face are shown in Figure 12A. The evolution law of overlying strata stress along the working face under different coal pillar sizes is basically the same. After the mining of the working face is completed, the overlying strata stress in the goaf is released, and its value decreases to close to 0 with the increase of time and basically does not change. The overlying strata in the goaf tend to be stable and become a decompression zone. Affected by the advance abutment pressure of the working face, the coal pillar position becomes the pressure increasing area, and the overlying strata stress at the coal pillar position rises sharply. The stress of the overlying strata on the side of the goaf increases obviously and reaches the peak value in the range of 8–13 m in front of the working face. The stress of overlying strata decreases with the distance from the goaf.
[image: Figure 12]FIGURE 12 | Stress evolution curve of overlying strata. (A) Evolution of stress; (B) Evolution of peak stress and stress concentration coefficient.
The degree of stress concentration can usually be expressed by stress concentration coefficient. Take the stress peak values and calculate the stress concentration factors to draw the evolution curves as shown in Figure 12B. The peak stress decreases linearly in the range of 60–80 m coal pillar, and the decreasing trend is obvious. The peak stress of overlying strata at 60 m coal pillar is far greater than that of other coal pillars, and its value is 45.05 MPa. The initial rock stress obtained by simulation is 22.4 MPa, so the stress concentration factor is 2.01. The peak stresses of 70 and 80 m coal pillars are 41.88 and 39.83 MPa, respectively, and the stress concentration factors are 1.87 and 1.78, respectively. Compared with 60-m coal pillars, their peak stresses are reduced by 7.04 and 11.59%, respectively. At 90 and 100 m coal pillars, the peak stresses are 37.78 and 37.38 MPa, respectively, and the stress concentration factors are 1.69 and 1.67, respectively, which are close to each other and the stress tends to be stable. When the coal pillar sizes are more than 100 m, the peak stresses decrease slowly. The peak stresses of overlying strata of 110 and 120 m coal pillars are 35.23 and 35.15 MPa, which are basically the same. Compared with a 90-m coal pillar, the peak stresses of overlying strata are reduced by 6.74 and 6.96%, respectively, and 5.75 and 5.97%, respectively, compared to that of a 100-m coal pillar. The results show that the stresses of overlying strata changes in a small range when the coal pillar sizes are greater than 90 m, and the influence of the coal pillar size on stress is no longer significant.
According to the stress evolution law of a coal pillar overlying strata under the coupling action of static and dynamic loads with different coal pillar sizes, when the coal pillar size is greater than 90 m, the stress of the coal pillar overlying strata begins to decrease and tends to moderate and homogenize. Therefore, the numerical simulation determined that the pillar size of roadway protection in 730 track concentrated roadway in the mining process of 7302 working face in Xinhe Coal Mine was 90 m.
Determination of Coal Pillar Size
According to the results of an SHPB similar simulation test, the coal pillar size of 730 track concentrated roadway in the mining process of 7302 working face is 88 m, and the coal pillar size calculated by FLAC3D numerical simulation software is 90 m. The difference between the test results and the numerical simulation results is 2 m. The two values are basically consistent, which proves the reliability of the research results. Considering safety benefits, the coal pillar size of 730 track concentrated roadway in the mining process of 7302 working face is 90 m.
ENGINEERING APPLICATION AND EFFECT
Monitoring Scheme
The closest distance to the final mining position of the 7302 working face is 730 track concentrated roadway. In order to verify the rationality of the coal pillar size of the roadway protection, three observation stations are arranged in 730 track concentrated roadway for monitoring. Station 1 is arranged near the 7302 track tunnel side, station 2 is arranged right in front of the middle of the coal pillar, and station 3 is arranged near the 7302 return airway side. As shown in Figure 13, the observation begins when the coal pillar size is 150 m, and the observation stations are arranged on the side of 730 track concentrated roadway near the coal pillar. The monitoring contents include the stress evolution in the coal pillar and the roof separation of 730 track roadway. The stress monitoring is drilled in the coal pillar, and each station is arranged with one deep borehole and one shallow borehole (14 and 8 m). The distance between them is 0.5 m, and a borehole stress gauge is placed at the bottom of each borehole. The mechanical roof separation indicators are used for roof separation monitoring. The deep base points are set at 6 m, which are arranged in the main roof, and the shallow base points are set at 3 m, which are arranged in the immediate roof.
[image: Figure 13]FIGURE 13 | Schematic diagram of station layout.
Monitoring Results
As shown in Figure 14, in station 1, the stress of a 14-m borehole increases almost linearly in the range of coal pillar sizes from 150 to 120 m, and then increases greatly. Finally, the stress tends to be flat in the range of 110–90 m, and the stress of a 90-m coal pillar is 9.76 MPa. The stress of an 8-m borehole increases rapidly in the range of coal pillar size from 150 to 110 m, and then changes smoothly. The stress of a borehole is 7.62 MPa when the coal pillar is 90 m. In station 2, the stress of a 14-m borehole changes little when the coal pillar sizes are 150 and 140 m, and then increases in the form of approximate quadratic function. When the coal pillar sizes are less than 110 m, the stress only increases slightly. When the coal pillar size is 90 m, the stress is 9.47 MPa. The stress of an 8-m borehole shows an increasing trend of quadratic function in the range of coal pillar sizes from 150 to 100 m. The stress is basically equal when the coal pillar sizes are 90 and 100 , and the stress of a 90 = m coal pillar is 7.34 MPa. In station 3, the stress change trend of a 14-m borehole is basically consistent with that of an 8-m borehole, and the stresses of 100-m and 90-m coal pillars are similar, the stress of a 14-m borehole is 10.78 MPa and that of an 8-m borehole is 8.25 MPa under a 90-m coal pillar.
[image: Figure 14]FIGURE 14 | Monitoring results. (A) Borehole stress monitored by three stations; (B) Roof separation monitored by three stations.
The roof separations of stations 2 and 3 tend to be stable when the coal pillar sizes are less than 110 m, and roof separations of station 1 tend to be stable when the coal pillar sizes are less than 120 m. Therefore, it is inferred that roof separations of stations 1, 2, and 3 tend to be stable when the coal pillar sizes are less than 110 m in different positions of 730 track concentrated roadway, and the roof separations of stations 1, 2, and 3 are 22.01, 19.66, and 23.70 mm, respectively, when the coal pillar is 90 m.
The stresses and roof separations of boreholes at different depths tend to be stable when the coal pillar sizes are less than 110 m. That is, when the coal pillar sizes are 110, 100, and 90 m, respectively, the measured stresses are basically the same, as are the roof separations. The stress value is less than the warning value, and the roof separation is less than 30 mm when the coal pillar is 90 m, which is within the controllable range. Therefore, the 90-m coal pillar can fully ensure the stability of the coal pillar and 730 track concentrated roadway, and fully meet the needs of safety production.
CONCLUSIONS
In this study, “rock—coal—rock” composite specimens which can accurately simulate the non-integral contact of RCF coal and rock are designed and the coupling effect of static and dynamic loads is fully considered. The mechanical properties of composite specimens are studied by SHPB test, which provides a basis for setting the size of a coal pillar in RCF, and the reasonable size of a coal pillar for roadway protection is determined by numerical simulation. Compared with current published works, this paper highlights three important messages:
1) According to the characteristic of non-integral contact between coal and rock in RFC, the combination form of coal-rock combination specimen is innovated, and the influence of the change of radial size of coal section on the failure law and strength characteristics of “rock—coal—rock” specimen is studied, and the size of the coal pillar is simulated by the radial size of the coal section.
2) Considering the coupling effect of dynamic and static loads in deep mining, the influence of multi-gradient dynamic and static loads on the mechanical properties of coal and rock is studied.
3) Combining the SHPB similarity test with numerical simulation calculation, a new method for more reliable and comprehensive determination of coal pillar size for roadway protection is put forward.
The results show that the failure of the composite specimens mainly occurs in the coal sections, and the larger the radial sizes of the coal sections, the lighter the failure is and the higher the dynamic strength is. Models 50, models 45, and models 40 have good stability, while models 35 and models 30 have low strength and poor resistance to external damage. The dynamic loads can enhance the dynamic strength of the specimens, while the static loads have a critical value of damage. Within the critical value range, increasing the static loads can restrain the failure of the specimens and increase the dynamic strength of the specimens. When the static loads exceed the critical value range, increasing the static loads will aggravate the failure of the specimens and reduce the dynamic strength of the specimens. In addition, the stress-strain curves of models 50, models 45, and models 40 have a plastic stage when only dynamic load is applied, but other cases do not exist. According to the SHPB similarity test, the coal section size of models 40 is the best coal size, the coal pillar size calculated by similarity is 88 m, and the coal pillar size calculated by numerical simulation is 90 m, which is very consistent with each other. Based on the safety benefits, the coal pillar size of 730 track concentrated roadway in the mining process of 7302 working face in Xinhe Coal Mine is finally determined to be 90 m. In order to verify the rationality of the designed pillar size of roadway protection, monitor the stress changes in the pillar of 730 track concentrated roadway closest to the end mining position of 7302 working face and the roof separation of 730 track concentrated roadway. The monitoring results show that the designed dimension of a 90-m pillar can ensure the stability of the pillar and the surrounding rock of 730 track concentrated roadway, and meet the needs of safe mining in 7302 working face.
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