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The stability of a rock strata structure is closely related to its response physical characteristics under external shock disturbance. The roof shock disturbance from goaf is usually one of the important factors that cause coal and rock pillar instability. It is necessary to study the dynamic physical characteristics of coal and rock pillars under roof shock disturbance from goaf. The dynamic structural system model of elastic-plastic finite element was established for the formation of surrounding rock and coal pillars in a deep stope. The response physical characteristics of coal pillars with different widths were analyzed under the roof shock disturbance intensity and frequency from goaf. The natural vibration characteristics of the stope model were calculated and the first 10-order natural frequencies were extracted. The calculations indicated that the vertical displacement and the plastic zone occupation ratio of the coal pillar increased with the increase of the shock disturbance intensity, decreased with the increase of the shock disturbance frequency, and decreased with the increase of the coal pillar width. The influence of the vertical deformation and the plastic zone occupation ratio of the coal pillar under shock disturbance frequency was more obvious compared with that of the shock disturbance intensity, especially at low frequency. The closer the shock disturbance frequency was to the natural frequency of the model, the larger the plastic zone of the coal pillars was, with the bearing capacity of the coal pillar decreasing significantly. It is significant that more attention should be paid to monitoring the frequency of roof shock disturbance signal when designing coal pillars width in the coal mine.
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INTRODUCTION

Owing to the layout of the mining operation for underground coal mining, a large number of coal and rock pillars are needed [1–4]. The coal and rock pillars have many different functions, including protecting the tunnels, isolating goafs, and avoiding surface subsidence [5–9]. The stability of coal and rock pillars will directly affect the safe production of mines and the safety of surface buildings. The stress conditions of coal and rock pillars are complex [10]. These pillars are subjected to various kinds of shock disturbances caused by mining operations, such as blast vibrations, periodic pressure disturbances, and mine earthquakes, while being subjected to gravity loads [11–14]. The periodic fault–slip burst of a roof is a common phenomenon triggered by a shock disturbance during cave mining; this phenomenon has the characteristics of a short action time and a great shock disturbance force [15]. Shock disturbances have a great influence on the stability of coal pillars. A strong shock disturbance is one of the main factors that induce dynamic disasters of deep coal mine stopes. The determination of the section coal pillars width in a high-strength mine with a fully mechanized top-coal caving working face should consider many factors, such as repeated and intensive mining, basic roof fractures, large tunnel sections, and other shock disturbance factors [16, 17]. The rational design and the stability analysis of the coal and rock pillar size have caused a great concern in the field of mining at home and abroad and have become important research topics [18–24]. An understanding of the mechanical response characteristics of coal and rock pillars under complex loading conditions is expected and is the premise of the abovementioned analysis.

External shock disturbance must be taken into account when selecting the section coal and rock pillar widths. Thus, it has been very important to study the stability of section coal and rock pillars and determine the width of section coal and rock pillars. A mechanical model of section coal pillars with different widths during working face extraction was established by fast Lagrangian analysis of continua in three dimensions [25]. Comparing the differences in the distribution laws of the stress and deformation and plastic zones in the surrounding rock, a reasonable width of the section coal pillars was obtained. Generally, the reasonable width of a coal and rock pillar under dynamic simulation was much larger than that under static simulation [26]. The stress state of coal bodies subjected to the effect of roof strata was investigated, and the shock risk of the roof fracture vibration on coal was studied by numerical simulation [27]. The results showed that the shock risk of the coal body increases during roof shock disturbance. Crack initiation, development, and propagation in the coal were one cause of coal body instability [28]. The deformation of coal and rock pillars during excavation could be determined by on-site monitoring, and better monitoring results were obtained by using a 3D laser scanner [29]. To effectively reduce the shock disturbance on coal and rock pillars due to the dynamic pressure of mining, the stability of coal pillars in a bilateral goaf was analyzed by theoretical analyses and numerical simulations, and the stress distribution characteristics of section coal pillars were obtained [30]. Previous researches have also studied the microcrack development, structural damage, and energy transformation of coal and rock mass to the failure rules of coal and rock mass and revealed the mechanism of coal and rock dynamic disasters [31–33]. Acoustic emission technique and moment tensor analysis were used to evaluate the temporal–spatial evolution and damage of micro-cracks of schist [34]. The study of energy conversion and failure mechanism of coal mass under repeated loads was beneficial to the risk assessment of dynamic disasters [35]. It is necessary to reveal the principle of the dynamic shock disturbance effect of the roof under high-strength mining. The conditions, mechanism, and influencing factors that induced the dynamic load shock effect of the roof in high-strength mining stopes were investigated [36]. The study of the dynamic physical characteristics of coal and rock structure under shock disturbance intensity is a hot topic. The stability of the section coal and rock pillars also depends on whether the design of the coal and rock pillars is in line with the actual situation and whether the construction is in place. To investigate the reasonable size of coal and rock pillars, field monitoring and analyses [37, 38], similar simulation experiment analyses [39, 40], numerical simulations [22, 41], and other means have been applied to study the mechanism of section coal and rock pillar-induced dynamic disasters.

Roof shock disturbance from goaf, which affects mining safety, is one of the important factors to study on the dynamic physical characteristics of section coal and rock pillars. A dynamic structural system model of elastic-plastic finite element was established for the formation of surrounding rock and coal pillars in a deep stope. The physical characteristics of section coal and rock pillars in the model were investigated mainly by varying the shock disturbance frequencies and the intensities in the research. The variation characteristics of the vertical deformation and plastic zone of different section coal pillar widths, under a combination of different shock disturbance intensities and frequencies, were discussed. The vibration characteristics of the stope model were analyzed. The relationship between the physical characteristics of coal pillars under roof shock disturbance frequency and the natural vibration characteristics of the stope was discussed and analyzed. This study could provide a theoretical reference for the rational design and stability analysis of section coal and rock pillars used in deep coal mine stopes.



BASIC ASSUMPTIONS AND MODEL ESTABLISHMENT


Engineering Background and Basic Assumptions

The coal field of the underground coal mine is 850 m in depth. It belongs to the North China-type carboniferous Permian coal-bearing strata, which is located in the north margin of the syncline and is a monoclinal structure. The average thickness of the coal seam is 4 m, and the coal seam is a nearly horizontal structure. The dip angle of the maximum principal stress in the in situ stress field of the mining area is close to the horizontal direction. The in situ stress in the mining area is mainly horizontal tectonic stress. The bearing of the maximum principal stress is north by west. The roof is composed mostly of mudstone and sandy mudstone, and the floor is composed mostly of dark gray sandy mudstones. Using the method of longwall mining, the full height is immediately mined. According to the actual situation of the field, the basic hypothesis of the model is as follows: the rock stratum is regarded as a horizontal rock layer. The section coal and rock pillars (section coal pillar; hereafter sometimes referred to as the pillar) and the surrounding rock strata in the deep coal mine stope (hereafter sometimes referred to as the stope) are established by an elastoplastic model to analysis. The section coal and rock pillars, direct roof rock, and direct bottom rock of the coal seams are treated as elastic-plastic bodies, while the other layers adopt an elastic model. The Drucker–Prager (D–P) yield criterion is satisfied. The yield condition of the D–P criterion is:
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where I1 is the first invariant of the stress tensor, J2 is the second invariant of the strain tensor, [image: image], [image: image], c is the cohesion of the material, and ϕ is the friction angle.

A schematic diagram of the section coal pillar arrangement in the profile of a fully mechanized mining face is shown in Figure 1. It is the profile along the strike of the vertical working face. The changes of vertical deformation and plastic zone (the region where deformation occurs under roof shock disturbance) of section coal and rock pillars are analyzed by adopting the plane strain model.


[image: Figure 1]
FIGURE 1. Schematic diagram of the section coal pillar arrangement in profile of fully mechanized mining face.


Figure 1 presents the schematic diagram of the section coal pillar arrangement. The figure shows the stratal relationships.

The width of the section coal pillars (represented by symbol B) of the stope model can be designed with different values on the working face. B refers to the solid section coal pillar width, q is the uniformly distributed vertical stress, and Q(t) is the shock disturbance. The physical and the mechanical parameters of the coal and rock are obtained through laboratory experiments, and they are shown in Table 1. The computed strength of coal is equivalent strength, which considers the supporting conditions.


Table 1. The physical and the mechanical parameters of coal and rock.

[image: Table 1]



Finite Element Model

Adopting the ANSYS software, the deep coal mine stope model containing section coal and rock pillars is established, which is 628 m in length and 364.7 m in height. The Plane 82 unit (plane strain mode) is adopted. There are 27 layers of coal and rock, the thickness of each coal and rock stratum is different, and the coal is mined from the 18th layer. In this layer, the goaf is 200 m in length, the width of the section coal pillars is set as a variable quantity, and the tunnel is 4 m in length. Using the mapping grid, the key parts are processed by encrypted grids. For example, when 24 m of section coal pillars is left, 7,504 units and 7,684 nodes are divided into finite element models. To eliminate the influence of boundary effects, a 200-m boundary remains at the left and at the right ends of the model. The constraint conditions include a horizontal displacement constraint on the left and the right boundaries and a vertical displacement constraint on the lower boundary. The stress of the overlying strata, with a thickness of 750 m, is simplified as a uniformly distributed load on the top of the model. The finite element model of the deep stope with section coal pillars is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Finite element model of the deep stope with section coal pillars.


According to the Ginnick hypothesis named after the Soviet scholar, the stress boundary conditions are as follows:

[image: image]

where q is the uniformly distributed vertical stress, γ is the average bulk density of the rock mass, which is set as 24.96 kN/m3, and H is the thickness of the overlying strata of the coal seam.

In the finite element model, the thickness of the overlying strata of the coal seam is 750 m. Using formula (2), the vertical stress is calculated to be 18.75 MPa, i.e., q = 18.75 MPa.

The shock disturbance from the overlying strata has a significant effect on the lower rock layer or coal seam, such as the sudden breaking of the main roofs, which is much more than the effect of gravity. Q(t) is the shock disturbance produced by the main roof fracture. The shock disturbance mainly propagates in the lower rock by the form of stress waves [42]. Almost all the elastic waves are superimposed by several simple harmonic waves with different amplitudes and frequencies. It is assumed that the elastic wave from the goaf roof satisfies the following relationship:

[image: image]

where Q(t) is the shock disturbance, F is the amplitude of the shock disturbance intensity, f is the shock disturbance frequency, and t is time; t0 = 1/ω, ω is the dynamic load frequency and t0 is the dynamic load period.

According to the actual geological conditions and a large number of field monitoring datapoints, F is selected as 20, 30, or 40 MPa, and f is selected as 5, 8, 10, 25, or 40 Hz in this research. The physical characteristics of section coal pillars are analyzed.




RESPONSE CHARACTERISTICS OF COAL PILLARS UNDER SHOCK DISTURBANCE


Mechanical Analysis After Working Face Excavation

By simulating the coal mining process, the physical characteristics of section coal pillars are analyzed after excavation, the widths of which are B1 = 16 m, B2 = 24 m, B3 = 30 m, or B4 = 40 m. According to these four coal pillar widths, the vertical displacement and the vertical stress are obtained. Figure 3A shows the displacement contour map of the stope, where the 16-m section coal pillar is located, and the local enlarged displacement contour map of the section coal pillar. Figure 3B shows the displacement contour map of the stope, where the 24-m section coal pillar is located, and the local enlarged displacement contour map of the coal pillar. The displacement of the section coal pillar is asymmetrically distributed. The displacement of the left side of the section coal pillar next to the goaf is larger than that of the right side next to the tunnel. The maximum displacement occurs at the upper of the section coal pillar next to the goaf. With the increase of the section coal pillar width, the change tendency of the displacement on both sides of the section coal pillar decreases. The results show that the wider the section coal pillar is, the safer the section coal pillar is.


[image: Figure 3]
FIGURE 3. Vertical displacement contour maps and vertical stress contour maps of the deep stope with 16 and 24 m section coal pillar width. (A) Vertical displacement and Local amplification of the displacement of the section coal pillar (16 m). (B) Vertical displacement and Local amplification of the displacement of the section coal pillar (24 m). (C) Vertical stress and local magnification of the stress of the section coal pillar (16 m). (D) Vertical stress and local magnification of the stress of the section coal pillar (24 m).


Figures 3C,D show the contour maps of the potential stress distribution in the stope. Figure 3C shows the stress contour map of the stope, where the 16-m section coal pillar is located, and the local enlarged stress contour map of the section coal pillar. Figure 3D shows the stress contour map of the stope, where the 24-m section coal pillar is located, and the local enlarged stress contour map of the coal pillar. The maximum vertical stress of the section coal pillar decreases with the increase of the section coal pillar width. When the section coal pillar width is >24 m, the stress distribution law of the section coal pillar has no obvious change with the increase of the section coal pillar width. The stress concentration of the section coal pillar decreases gradually with the increase of the coal pillar widths.



Vertical Deformation Characteristics of Pillars Under Shock Disturbance

In order to get the vertical deformation characteristics of pillars under roof shock disturbance, the shock disturbance from goaf is set to F1 = 20 MPa, with f = 25 Hz and t = 40 ms. The transient nonlinear dynamic response is calculated, the analysis pillar widths selected of which are B1 = 16 m, B2 = 24 m, B3 = 30 m, or B4 = 40 m, respectively.

The displacement observation points (represented by the symbol wi) are arranged in pairs at the top and the bottom of the pillar at 1-m intervals, that is, B1 = 16 m, i = 16; B2 = 24 m, i = 24; B3 = 30 m, i = 30; and B4 = 40 m, i = 40. The numbering of the displacement observation points of the pillar starts from the side of the goaf. The layout diagram of the measuring points is shown in Figure 4. The vertical displacement is represented by the symbol Uy. The vertical displacement of the different width pillars are monitored by observation points, and the deformation between each pair of observation points is calculated by:

[image: image]

where Uyi is the vertical displacement of the i-th pair of observation points, Uyi, up is the vertical displacement of the i-th observation point at the top of the coal pillar, and Uyi, bottomis the vertical displacement of the i-th observation point at the bottom of the coal pillar.


[image: Figure 4]
FIGURE 4. Layout diagram of the displacement observation points of the 24 m section coal pillar.


By using formula (2), the vertical deformation of coal pillars is obtained, and the deformation curves of the different widths coal pillar are shown in Figure 5. On the one hand, there is no effect of the shock disturbance intensity on the section coal pillar. On the other hand, the effect of the shock disturbance intensity and the frequency are considered. Clearly, the trends of the vertical deformation curves of the different widths coal pillar are similar, and the vertical deformation Uyi is related to coal pillar widths B. By comparison, the vertical deformation Uyi on the left side of the section coal pillar obviously increases under shock disturbance, and the vertical deformation Uyi on the right side of the section coal pillar changes slightly. The larger the section coal pillar width is, the smaller the deformation of the right side of the section coal pillar is. It is revealed that the deformation of the section coal pillar decreases with the increase of coal pillar widths under shock disturbance.


[image: Figure 5]
FIGURE 5. Vertical deformation curves of the observation points of section coal pillars with different widths. (A) Without shock. (B) With shock.




Development Characteristics of the Plastic Zone in the Coal Pillar

The plastic strain distribution (plastic strain is represented by the symbolεp) in section coal pillars with different widths are analyzed under the following shock disturbances: F1 = 20 MPa, f = 25 Hz, and t = 40 ms. Figure 6 shows the distribution cloud charts of εp, considering the 24-m section coal pillar. As shown in Figure 6A, the shock disturbance is not considered, and in Figure 6B, the model considers the shock disturbance conditions of F1 = 20 MPa, f = 25 Hz, and t = 40 ms. It was found that εp is related to B, and εp on the left of the section coal pillar, near the goaf, is more sensitively affected by the shock disturbance. Compared with the strain cloud charts of the coal pillar under shock disturbance and without shock disturbance, it shows that shock disturbance causes a sudden increase of strain on the top of the coal pillar and an obvious increase of the plastic zone.


[image: Figure 6]
FIGURE 6. Plastic strain distribution cloud charts of the 24 m section coal pillar. (A) Without shock. (B) With shock.


The percentage of plastic zone in the coal pillar is represented by the symbol ΔR (herein referred to as the plastic zone occupation ratio), which satisfies the following relation:

[image: image]

where R is the plastic zone area in the coal pillar, A is the area of the coal pillar, ΔR is a function of F, f , and B in this research, which is ΔR=ΔR(F, f, B).

Table 2 displays the data of ΔR in coal pillars under shock disturbance or without shock disturbance. The plastic zone occupation ratio of the coal pillar under shock disturbance intensity F is represented by the symbol ΔRS, and the plastic zone occupation ratio of the coal pillar under without F is represented by the symbol ΔRN. Clearly, ΔRS is higher than ΔRN of the section coal pillars, and ΔRS > ΔRN is true for all section coal pillar widths. Furthermore, ΔR is related to B. Usually, ΔR is used to evaluate the damage of the coal pillars.


Table 2. Plastic zone occupation ratio with different section coal pillar widths.

[image: Table 2]




PHYSICAL CHARACTERISTICS OF PILLARS UNDER DIFFERENT SHOCK DISTURBANCE INTENSITIES


Vertical Deformation of Section Coal Pillars Under Different Shock Disturbance Intensities

The model is disturbed by different shock disturbance intensities. The shock disturbance intensities are F1 = 20 MPa, F2 = 30 MPa, or F3 = 40 MPa, where the shock disturbance frequency is f = 25 Hz and the coal pillar widths are B1 = 16 m, B2 = 24 m, B3 = 30 m, or B4 = 40 m. The vertical deformation Uy(F, f, B) (F ∈ [F1, F2, F3], and B ∈ [B1, B2, B3, B4]) of coal pillars is obtained. Figure 7 shows the vertical deformation curves varying with the observation points position wi in the coal pillar. In Figure 7, the vertical deformation increases with the shock disturbance intensity, which creates a greater deformation at the goaf side (the left side of the coal pillar). On the left side of the coal pillar, the vertical deformation Uy(F, f, B)|F=F3 of the observation point under shock disturbance intensity F3 is obviously greater than that of Uy(F, f, B)|F=F1 under shock disturbance intensity F2. With the increase of the coal pillar width, the middle position of the coal pillar is formed, the deformation invariable area (where no plastic strain occurs in the section coal pillar), and the external shock disturbance intensity is not obviously affected on the deformation of coal pillar. The deformation of both sides of the coal pillar is changed under the shock disturbance intensity, of which there is always

[image: image]

at f = 25 Hz with the same coal pillar width.


[image: Figure 7]
FIGURE 7. Vertical displacement curves of the coal pillar varying with different pillar widths and shock disturbance intensities. (A) Vertical displacement curves of the 16 m section coal pillar. (B) Vertical displacement curves of the 24 m section coal pillar. (C) Vertical displacement curves of the 30 m section coal pillar. (D) Vertical displacement curves of the 40 m section coal pillar.




Plastic Deformation Characteristics of Pillars Under Different Shock Disturbance Intensities

The maximum plastic strain εpmax of the section coal pillars under different shock disturbance intensities are shown in Table 3, considering that F1 = 20 MPa, F2 = 30 MPa, or F3 = 40 MPa and f = 25 Hz, that is, F ∈ [F1, F2, F3] and B ∈ [B1, B2, B3, B4]. The maximum plastic strain εpmax(F, f, B) of the coal pillar increases with the increase of shock disturbance intensity F, when the coal pillar width is fixed, that is:

[image: image]

under shock disturbance frequency f = 25 Hz.


Table 3. Maximum plastic strain of section coal pillars varying with different widths.

[image: Table 3]

The more serious the plastic deformation of the coal pillar is, the more serious the damage of the coal pillar is.

The plastic zone occupation ratio ΔR(F, f, B) of the coal pillar is calculated under different shock disturbance intensities, where, and f = 25 Hz. The corresponding histogram of the plastic zone occupation ratio is shown in Figure 8. The plastic zone occupation ratio ΔR(F, f, B) of the coal pillar increases and the damage probability of the coal pillar increases with the increase of shock disturbance intensity under the same shock disturbance frequency, that is,

[image: image]

while the coal pillar width is fixed.


[image: Figure 8]
FIGURE 8. Plastic zone occupation ratio chart of section coal pillars varying with different widths and shock disturbance intensities.


The plastic zone occupation ratio ΔR(F, f, B) of the coal pillar decreases with the increase of coal pillar widths when the shock disturbance intensity of the coal pillar is fixed; thus:

[image: image]

The dynamic physical characteristics of the section coal pillars under the shock disturbance intensity do not change significantly when the coal pillar width is >24 m.




PHYSICAL CHARACTERISTICS OF PILLARS UNDER DIFFERENT SHOCK DISTURBANCE FREQUENCIES


Vertical Deformation of Pillars Under Various Shock Disturbance Frequencies

The vertical deformation of the section coal pillars is obtained under different shock disturbance frequencies. The shock disturbance frequency is f 1 = 5 Hz, f 2 = 8 Hz, f 3 = 10 Hz, f 4 = 25 Hz, or f 5 = 40 Hz applied to the model, while the shock disturbance intensity is F1 = 20 MPa, and the coal pillar width is set to B1 = 16 m, B2 = 24 m, B3 = 30 m, or B4 = 40 m, that is, f ∈ [f1, f2, f3, f4, f5], B ∈ [B1, B2, B3, B4]. The vertical deformation Uy(F, f, B) of section coal pillars changed with displacement observation points wi, as shown in Figure 9. Figure 9 shows that the larger the shock disturbance frequency is, the smaller the vertical deformation Uy(F, f, B), while the shock disturbance intensity is constant. The change of the vertical deformation Uy(F, f, B) of the section coal pillars is more significant under shock disturbance frequency compared with that of shock disturbance intensity. The low shock disturbance frequency causes a large vertical deformation Uy(F, f, B) to the coal pillar. Specifically, the deformation Uy(F, f, B) of both sides of the 16-m section coal pillar is more obvious under a condition of f = 5 Hz shock disturbance, where the Uy(F, f, B) of the coal pillar is obviously affected by the shock disturbance frequency f .


[image: Figure 9]
FIGURE 9. Vertical displacement curves of the section coal pillar varying with different widths and shock disturbance frequencies. (A) Vertical displacement curves of the 16 m section coal pillar. (B) Vertical displacement curves of the 24 m section coal pillar. (C) Vertical displacement curves of the 30 m section coal pillar. (D) Vertical displacement curves of the 40 m section coal pillar.




Plastic Deformation Characteristics of Section Coal Pillars Under Various Shock Disturbance Frequencies

Figure 10 shows a histogram of the plastic zone occupation ratio ΔR(F, f, B) in the section coal pillars with different coal pillar widths, wheref ∈ [f1, f2, f3, f4, f5], B ∈ [B1, B2, B3, B4], and F is a constant.


[image: Figure 10]
FIGURE 10. Plastic zone proportion ratio chart of section coal pillars varying with different widths and shock disturbance frequencies.


It can be seen from Figure 10 that the plastic zone occupation ratio ΔR(F, f, B) decreases with an increase in the shock disturbance frequency f for the same shock disturbance intensity F, while the coal pillar width is a constant. When the shock disturbance frequency is f = 5 Hz, the plastic zone occupation ratio of B1 = 16 m accounts for more than 50%, that is, ΔR(F, f, B)|f=f1, B=B1 > 50.0%, and there is a potential safety hazard, which is if the coal pillar loses its carrying capacity. When the width of the coal pillar is B2 = 24 m, ΔR(F, f, B)|f=f1, B=B2 = 39.0%. When the coal pillar width is B3 = 30 m or B4 = 40 m and the plastic zone occupation ratio ΔR(F, f, B)|f=f1, B=B3 or ΔR(F, f, B)|f=f1, B= B4 is < 35.0%, then the coal pillar has a better bearing capacity. It turns out that the smaller the frequency f is, the larger the plastic zone occupation ratio ΔR of the coal pillar is.

Under different shock disturbance intensities and frequencies, in the case of the same section coal pillar width, it turns out that the plastic zone occupation ratio increases with increasing shock disturbance intensity, that is:

[image: image]

and decreases with the increase of the shock disturbance frequency, that is:

[image: image]

The change of the dynamic physical characteristics of coal pillars is more obvious under shock disturbance frequency than that of shock disturbance intensity. Especially the plastic zone proportion ratio of the section coal pillars is changed obviously under shock disturbance frequency. When the shock disturbance frequency is

[image: image]

there are always

[image: image]

regardless of the coal pillar width.




NATURAL VIBRATION CHARACTERISTICS OF THE STOPE

The natural vibration characteristics of the deep coal mine stope are simulated, and the natural vibration frequencies and modal shapes are obtained. The natural frequencies of the stope model with different section coal pillars widths are listed in Table 4. The first three-order modes of the stope with a 16-m section coal pillar and a 24-m section coal pillar are shown in Figure 11.


Table 4. Natural frequency of the stope of section coal pillars varying with different widths.

[image: Table 4]


[image: Figure 11]
FIGURE 11. Cloud charts of the stope vibration mode of the 16 m section coal pillar and the 24 m section coal pillar. (A) First-order mode. (B) Second-order mode. (C) Third-order mode.


In Table 4, the natural vibration frequencies of the first 10-order modes of the stope model are <5 Hz. The natural vibration frequencies decrease with the increase of the section coal pillar width, the magnitude of the decrease of which varies.

The above analysis reveals that the effect of the shock disturbance frequency is more sensitive than that of the shock disturbance intensity under the given calculation conditions. According to the analysis of the natural vibration characteristics of the coal pillars of the stope, the deformation of the roof or the floor in the goaf is remarkable, and the deformation of the adjacent sides of the coal pillar and goaf is also significant. The first 10 natural frequencies of the stope are all low frequency. If the shock disturbance frequency is lower than 5 Hz, the development of the plastic zone of the section coal pillars is inevitably accelerated. The mechanical response of the section coal pillars under a shock disturbance is closely related to the natural vibration characteristics of the stope with pillars.

The 24-m coal pillar was used to the mine. The deformation of the coal pillar had been monitored. The results were consistent with the numerical calculation results. The model and the results obtained are credible and meaningful. In conclusion, the 24-m section coal pillar retained can meet the design requirements on the working face of the deep coal mine stope with section coal pillars.



CONCLUSION AND DISCUSSION

A dynamic structural system model of elastic-plastic finite element is established for the formation of surrounding rock and coal pillars in a deep stope. Based on the model, the dynamic physical characteristics of coal pillars are analyzed under the roof shock disturbance from goaf. The results show that under certain conditions, the roof shock disturbance from goaf has a significant effect on the dynamic physical characteristics of coal pillars, which increases the risk of instability of coal pillars:

1. When the roof shock disturbance intensity from goaf increases, the vertical deformation of coal pillar increases. The plastic zone occupation ratio of the section coal pillar increases with increasing shock disturbance intensity and decreases with increasing coal pillar widths.

2. The roof shock disturbance frequency from goaf has an obvious different effect on the physical characteristics of coal pillars compared with that of shock disturbance intensity. When the roof shock disturbance frequency from goaf increases, the vertical deformation and the plastic zone of coal pillars decrease. The plastic zone of the coal pillar increases with decreasing coal pillar widths.

3. Throughout the comparison of the dynamic physical characteristics of coal pillars under shock disturbance frequency and intensity, when the shock disturbance frequency is closer to the natural frequency of the stope, the shock disturbance frequency has a significant influence on the dynamic physical characteristics of coal pillars. The dynamic physical characteristics of coal pillars are more sensitive to shock disturbance frequency.

The dynamic physical characteristics of coal and rock pillars should be paid close attention relative to the natural vibration characteristics of the stope. In the design of coal and rock pillars, the natural vibration characteristics of the stope structure system are adequately considered. The frequency of the shock disturbance signal monitored should be paid attention.
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