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The coal in front of the mining face presents strain softening deformation characteristics. An analytical model is proposed to simulate the abutment pressure distribution over the coal in front of the mining face under elastic and inelastic conditions. A new theoretical formula is derived from calculating the abutment pressure distribution and its width in elastic and inelastic regions of the coal under the limit equilibrium condition. The influences of UCS, residual strength, mining height, softening modulus, and deformation angle on the abutment pressure distribution are discussed. The study results show that (1) the stress gradient in the plastic area is larger than that in the crushed zone; (2) the width of the plastic region is independent of the peak abutment pressure, but it is dependent on UCS, residual strength, mining height, softening modulus, and deformation angle; (3) the width of the crushed zone in the inelastic area is closely related to the peak abutment pressure, coal-floor interface cohesion, and friction coefficient; (4) the width of the elastic zone is dependent on the mining height, coefficient of horizontal pressure, coal-floor interface friction coefficient, and peak abutment pressure, where the coefficient of horizontal pressure has the highest impact, in that the width of the elastic zone undergoes logarithmic decrease with the increase in the coefficient of horizontal pressure. A case study was carried out at longwall panel 07 of No. 5 coal seam in Dongjiahe Coal Mine to verify the analytical model. The abutment pressure distribution and the widths of the elastic and inelastic zones under the limit equilibrium condition are calculated based on the relevant parameters. The theoretical results are compared with the field monitoring data and show a very good fit. It is proved that the proposed analytical model has high accuracy, and the feasibility of the model is verified. The study results can provide guidance for similar engineering applications.
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INTRODUCTION

As mining goes deeper and deeper, the engineering and geological conditions of mining entries become more and more complicated. Low coal strength and high deformation at ribs are the key points of difficulty for the control of the surrounding rock mass at mining entries. Much in-depth research has been done on the deformation and failure of the rock surrounding mining entries. Yuan and Chen analyzed the mechanical behavior at the plastic and crushed zones of mining entries based on the rock strain-softening characteristics and elastic-plastic softening model [1, 2]. Hou and Ma determined the coal interface stress and the depth critical stress equilibrium zone of mining entries with loose medium stress equilibrium theory [3, 4]. Ma calculated the plastic zone radius and stress of mining entries with a mechanic model based on the full strain-stress curve [5, 6]. Zheng and Yang calculated the width of the coal rib damaged zone with a simplified rib stress distribution [7, 8]. Li, Pan, and Wang studied the influence of the support zone on the plastic zone of the coal with grouting-bolting combined support on coal ribs [9–11]. In addition, the coal rib stress and displacement distribution have been discussed by many researchers [12–18]. However, the impacts of the abutment pressure in the elastic zone on the limit equilibrium zone have been neglected. It is hard to determine the relevant mechanical parameters for use in practical engineering applications. Actually, rib coal is a special rock mass that exists deep underground and is rich in cracks. Its mechanical characteristics under abutment pressure are different from those of shallow rocks [19–31]. In this study, the elastic foundation beam theory is adopted to study the load distribution and width of the limit equilibrium zone of mining entries. A case study was conducted for the verification of the model, which provides a theoretical basis for the design of rib support.



ELASTIC-PLASTIC STRAIN-SOFTENING MODEL


Coal Deformation and Failure Characteristics

Coal is a rock mineral that forms during the sedimentary evolution of surface plants from the ancient past. The deformation and ring breaking process of the coal body is manifested by the compaction, generation, and development of fissures. Figure 1 shows the stress–strain relation of coal under different confining pressures. Under different confining pressures, the failure process and residual strength of coal show remarkable differentiation, normally showing elastic–plastic softening characteristics.


[image: Figure 1]
FIGURE 1. Full stress–strain curve of coal.


The coal failure process with an elastic–plastic softening characteristic can be represented by five sections of the stress–strain curve, as shown in Figure 1.

The OA section is the compaction phase that occurs during the initial loading stage of the coal sample; the strain rate is larger than the stress rate, the in-situ cracks are compacted, and the curve trends upward.

The AB section is the stage of linear elastic deformation; the stress–strain relationship of the coal body is linear. B is the elastic limit point, and new cracks form after point B.

The BD section is the strain-hardening section. Due to the generation, expansion, and transfixion of the new cracks in coal, the strain rate increases, which is represented by remarkable dilatation. Before the stress achieves critical strength, cracks are expanding relatively slowly in the BC section. After point C, cracks develop very rapidly in the CD section, the coal volume is expanded, and many vertical cracks occur, and at point D, the critical strength is reached.

The DE section is the plastic softening section, in which stress decreases rapidly along with crack development. The deformation increases, cracks connect and cut through the coal, and the coal sample is crushed by compression. The deformation characteristics of the coal sample are closely related to the internal crack compaction, expansion, and evolution.

The EF section is the flow deformation section, in which coal still has certain residual strength after failure due to lateral stress and internal friction.



Constitutive Model and Yield Criterion

A simplified perfect linear elastic-plastic softening model shown in Figure 2A is proposed based on the coal stress-strain curve discussed in the above section. The deformation process is divided into elastic deformation before critical strength, plastic softening after critical strength, and flow deformation. The degree of plastic softening can be represented by α (α ≠ 0).


[image: Figure 2]
FIGURE 2. Elastic-plastic strain-softening model and abutment pressure distributions. (A) Elastic-plastic strain-softening model. (B) Distribution law of advance bearing pressure on the working face.



Elastic Deformation

Coal deformation in this section is in accordance with Hooke's Law, and the yield condition satisfies the Mohr-Coulomb criterion.

[image: image]

where [image: image], σc is the critical uniaxial compression strength of coal (MPa), [image: image], and C and φ are the cohesion (Mpa) and friction angle (°) of coal, respectively.



Plastic Deformation

In this section, the cohesion C decreases remarkably while the cohesion angle φ has insignificant change. Assuming that the cohesion angle is constant, coal strength decreases with the deformation. Coal strength under plastic softening is derived in Equation (2).

[image: image]

where [image: image] is the plastic softening coal strength (Mpa), which can be derived from Equation (3).

[image: image]

M0 is the slope of the strain softening section, i.e., the softening modulus (MPa), M0 = tan α, and [image: image] is the major principal strain when coal achieves critical strength, i.e., the major principal strain at the junction between elastic and plastic deformation.



Flow Deformation

In this section, the coal strength decreases to the residual value and the yield condition during flow deformation satisfies the Mohr-Coulomb criterion.

[image: image]

where [image: image], [image: image] is the residual strength (MPa) with uniaxial compression, [image: image], and C* and φ* are the residual cohesion (Mpa) and friction angle (°) of coal. It is assumed that the internal friction angle is constant during the flow deformation section, i.e., φ* = φ, [image: image].





ABUTMENT PRESSURE DISTRIBUTIONS

The elastic deformation stage, plastic strain softening, and flow deformation stage of the elastic-plastic strain-softening model correspond to the elastic zone, plastic zone, and crushed zone of the coal rib, respectively. The strain-softening rules can be adopted here to study the abutment pressure distribution, as shown in Figure 2B. The z-axis in this figure represents the inclined length of the working face.


Inelastic Mechanics Model

In the inelastic zone, based on the ground control theory and the practical conditions of floor deformation, the roof stratum in the inelastic zone deforms linearly. Figure 3A shows the mechanics model in the inelastic condition. The abutment pressure in the inelastic zone under limit equilibrium condition can be derived.


[image: Figure 3]
FIGURE 3. Coal mechanics model in inelastic and elastic condition. (A) Inelastic mechanics model. (B) Elastic mechanics model.


In Figure 3A, taking differential unit dx, the normal stress, lateral stress, and the coal-roof and coal-floor interface friction resistance acting on the differential unit satisfy the stress limit equilibrium condition. Neglecting gravity, the equilibrium equations of the differential unit are as follows.

[image: image]
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The equilibrium equation in lateral direction is (see Appendix),

[image: image]

where σy is the normal stress from the roof (MPa), C1 is the cohesion between coal and roof, floor (MPa), f1 is the friction coefficient between coal and roof, floor (°), H is the height of the coal seam (m), H = h1 + h2, h1 is the coal deformation at the rib (m), and h2 is the height of the coal seam at the rib (m).

The equilibrium equation in the vertical direction is,

[image: image]

where σyg is the normal stress from the floor (MPa).


Crushed Zone

The deformation angle θ of the real coal seam is pretty small. The stress condition of the differential unit is similar to in the coal sample experiment. Therefore, σ1 and σ3 in Equations (1), (2), and (4) can be substituted by σyg and σx in the inelastic stress limit equilibrium condition. The coal failure critical condition is

[image: image]

The boundary condition is

[image: image]

With Equations (7)–(11), the following equations can be derived,

[image: image]
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Assuming

[image: image]

Equation (14) can be simplified,

[image: image]

Equation (15) is a linear first-order differential equation. By substituting the boundary condition in Equation (12), the lateral stress σx, vertical stress σyg, and abutment pressure σy can be calculated as follows.

[image: image]
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where [image: image], [image: image].

As coal seam deformation h1 at the rib is very small comparing to the width of the inelastic zone, i.e., the deformation angle θ of the coal seam is very small, the coefficients A, B, C, and D in Equations (16)–(18) can be expanded in a Taylor Series on deformation angle θ as follows.

[image: image]

Substituting the above coefficients into Equations (16)–(18), the equations for calculating lateral stress σx, vertical stress σyg, and abutment pressure σy can be simplified as follows.

[image: image]

[image: image]



Plastic Zone

The plastic zone in the plastic strain-softening stage of the elastic-plastic strain-softening model is very small. The roof also has very little compression deformation in the plastic zone. The stress analysis can be conducted under the inelastic condition, and the plastic strain [image: image] can be derived in the following equation.

[image: image]

where [image: image] is plastic strain; [image: image] is elastic strain; x0 is the width of the inelastic zone; x is the width of the crushed zone.

In the plastic softening stage, σ1 and σ3 in Equations (1) and (2) can be substituted by σyg and σx in the inelastic stress limit equilibrium condition. The critical condition for coal failure is

[image: image]

Substituting Equations (3) and (21) into Equation (22),

[image: image]

As the plastic zone and the crushed zone are continuous, when x = x1, the width of the plastic zone is,

[image: image]

where φ* = φ, [image: image].

With the stress continuous condition, the lateral stresses at x = x1 for the plastic zone and crushed zone are equal. The boundary condition is

[image: image]

Substituting Equation (25) at boundary condition (x = x1) into the differential equation derived from Equations (9), (10), and (23), the lateral stress σx, vertical stress σyg, and abutment pressure σy can be calculated as follows.

[image: image]

[image: image]

Since the deformation angle θ is small, it is two orders of magnitude different from h2, and it is reasonable to assume that [image: image], Equations (26) and (27) can be simplified to

[image: image]

[image: image]

To find the width of the inelastic zone (x0), we assume that the peak abutment pressure P at the elastic and plastic interface (x = x0) is

[image: image]

where K is the peak abutment pressure coefficient, γ is the average overburden density (N/m3), and H1 is the coal seam depth (m).

Based on the stress continuous condition, the abutment pressures at the elastic and plastic interface (x = x0) are equal; substituting Equation (30) into Equation (29), the width of the inelastic zone can be derived as follows.

[image: image]

The width of the crushed zone (x1) is,

[image: image]




Elastic Mechanics Model

Coal in the elastic zone has a single elastic stress distribution that shows high peak stress at the peak abutment pressure location. The ratio of lateral stress to abutment pressure is constant. In the whole elastic zone, coal is under an elastic compression condition. Therefore, as shown in Figure 3B, the stress equilibrium condition with ∑FX = 0 and shearing stress [image: image] of a differential unit in the elastic zone of coal is

[image: image]

The lateral stress and vertical stress in the elastic zone have the following relationship

[image: image]

where β is the lateral stress coefficient.

For consideration of the friction resistance, [image: image] and [image: image], it is reasonable to assume that

[image: image]

where x3 is the width of the elastic zone (m).

Substituting Equations (34) and (35) into Equation (33) and substituting the boundary condition [image: image], the abutment pressure in the elastic zone can be derived by the following equation.

[image: image]

When x = x0 + x3, substituting σy|x=x0+x3 = γH1 into Equation (36), the width of the elastic zone can be calculated by the following equation.

[image: image]




PARAMETRIC ANALYSIS OF ABUTMENT PRESSURE

Underground coal ribs at a certain depth present remarkable strain-softening characteristics. Coal in front of the mining face will have an inelastic zone (crushed zone and plastic zone) and an elastic zone. The discussions in section Elastic-Plastic Strain-Softening Model show that the stress change gradient in the plastic zone is larger than in the crushed zone. The width of the plastic zone has nothing to do with the peak abutment pressure and only relates to the uniaxial compression strength, residual strength, mining depth, softening modulus, and deformation angle. However, the width of the crushed zone relates to the peak abutment pressure, the cohesion between coal and the roof and floor, and the friction coefficient. Discussions are made in this study on the impacts of the parameters on the abutment pressure. Taking the longwall panel at No. 5 coal of Dongjiahe Coal Mine in Chenghe mine field as an example, Table 1 shows the basic mechanical parameters. Parametric analysis will be conducted on these parameters.


Table 1. Basic mechanical parameters.

[image: Table 1]


Mining Depth

Substituting the parameters listed in Table 1 into Equations (20), (29), (31), (32), (36), and (37) with four mining depths of 200, 300, 400, and 500 m, the abutment pressure and the widths of different zones can be calculated. Figure 4 shows the abutment pressure curves vs. mining face location at various mining depths.


[image: Figure 4]
FIGURE 4. Impacts of mining depth on abutment pressure.


It can be discovered from Figure 4 that the widths of the crushed zone and inelastic zone increase by a logarithmic law with the increase in mining depth, and the mining depth has no impacts on the widths of the plastic zone and elastic zone. And at the same time, the abutment pressure changes at the crushed zone are identical. However, the peak abutment pressure increases with the increase in mining depth.



Deformation Angle

Four different deformation angles, i.e., 1°, 2°, 3°, and 4°, are substituted into the model to study the impacts on the abutment pressure. Figure 5 shows the abutment pressure curves vs. mining face location at various deformation angles.


[image: Figure 5]
FIGURE 5. Impacts of deformation angle on abutment pressure.


It can be discovered from Figure 5 that the deformation angle has no impact on the widths of the elastic and inelastic zones. By substituting the deformation angle into the theoretical formula, it can be seen that when the deformation angle θ = 1°, the width of the crushed zone is 3.34 m, and the width of the plastic zone is 1.76 m; when the deformation angle θ = 2°, the width of the crushed zone is 4.28 m, and the width of the plastic zone is 0.88 m; when the deformation angle θ = 3°, the width of the crushed zone is 4.64 m, and the width of the plastic zone is 0.59 m; when the deformation angle θ = 4°, the width of the crushed zone is 4.85 m, and the width of the plastic zone is 0.44 m. The width of the crushed zone increases logarithmically with increase in the mining depth, and the width of the plastic zone decreases following a power law with increase in the mining depth. The abutment pressure curves at different deformation angles are similar, and the abutment pressure curves at the crushed zone and elastic zone almost overlap each other, which indicates that the deformation angle has no impact on abutment pressure.



Peak Abutment Pressure Coefficient

To study the impacts of the peak abutment pressure coefficient on the abutment pressure, four different peak abutment pressure coefficients, i.e., K = 2, 3, 4, and 5, are discussed. Figure 6 shows the abutment pressure curves vs. mining face location at various peak abutment pressure coefficients.


[image: Figure 6]
FIGURE 6. Impacts of peak abutment pressure coefficient on abutment pressure.


It can be discovered from Figure 6 that the widths of the crushed zone and inelastic zone increase following a logarithmic law with the increase in peak abutment pressure coefficient, and the width of the elastic zone increases following a parabolic law with the increase in peak abutment pressure coefficient. The peak abutment pressure coefficient has no impact on the width of plastic zone. At the same time, the abutment pressure increases remarkably with the increase in the peak abutment pressure coefficient.



Friction Coefficient

The impacts of the friction coefficient on the abutment pressure are discussed for four different friction coefficients, i.e., f1 = 0.1, 0.2, 0.3, and 0.4. Figure 7 shows the abutment pressure curves vs. mining face location at various friction coefficients.


[image: Figure 7]
FIGURE 7. Impacts of friction coefficient on abutment pressure.


It can be discovered from Figure 7 that the widths of the crushed zone and inelastic zone decrease following a logarithmic law with the increase in friction coefficient. The friction coefficient has no significant impact on the width of the plastic zone, while it has a remarkable impact on the width of the elastic zone. At the same time, the abutment pressure curve shifts to the left as the friction angle increases. The friction coefficient is only related to the lithology of the coal, roof, and floor, and the roughness of the interface. The deformation of coal has a very small influence on friction angle.



Cohesion

Four different cohesions, i.e., 0.24, 0.48, 0.72, and 0.96 MPa, are substituted into the model to study the impacts on the abutment pressure. Figure 8 shows the abutment pressure curves vs. mining face location at various cohesions.


[image: Figure 8]
FIGURE 8. Impacts of cohesion on abutment pressure.


It can be discovered from Figure 8 that the widths of the crushed zone and the inelastic zone decrease following a logarithmic law with the increase in cohesion. The cohesion has no significant impact on the width of the plastic zone and elastic zone. At the same time, the abutment pressure curve shifts to the left as the cohesion increases. The cohesion relates to the bonding condition between coal and the roof/floor and the relative slippage at the interface.



Uniaxial Compression Strength

To study the impacts of the UCS on the abutment pressure, four different UCS values, i.e., σc = 6, 9, 12, and 15 MPa, are discussed. Figure 9 shows the abutment pressure curves vs. mining face location at various UCS values.


[image: Figure 9]
FIGURE 9. Impacts of UCS on abutment pressure.


It can be discovered from Figure 9 that the widths of the crushed zone and inelastic zone decrease almost linearly with the increase in UCS. The width of the plastic zone increases almost linearly with the increase in UCS. The UCS has no significant impact on the width of the elastic zone. At the same time, the abutment pressure curve shifts to the left as the UCS increases.



Mining Height

Four mining heights, i.e., 2, 3, 4, and 5 m, are substituted into the model to study the impacts on the abutment pressure. Figure 10 shows the abutment pressure curves vs. mining face location at various mining heights.


[image: Figure 10]
FIGURE 10. Impacts of mining height on abutment pressure.


It can be discovered from Figure 10 that the widths of the crushed zone, plastic zone, inelastic zone, and elastic zone increase linearly with the increase in mining height. The width increase rate of the elastic zone is higher than those of the other three zones. The mining height has significant impacts on abutment pressure curves. The abutment pressure curve shifts to the right rapidly as the mining height increases.




VERIFICATION

A case study has been conducted at No. 5 coal seam (denoted “No. 5 Coal”) of Dongjiahe Coal Mine with field observations and measurements to verify the analytical model proposed in this study.


Longwall Panel Location and Mining Conditions

Dongjiahe Coal Mine is one of the major producing coal mines in Chenghe Coalfield in Shaanxi province. It was constructed and started to produce in December of 1980 and has a 40-year mining history. The coal seam is in the Taiyuan Group of the Upper Carboniferous system and the Shanxi Group of the Lower Permian system. Currently, the minable seams are No. 5 Coal and No. 10 Coal. No. 5 Coal is buried at a depth of about 173.64–420.04 m, and it is the major minable coal seam. No. 10 Coal is buried at a depth of about 190.5–452.5 m, and it is an unstable coal seam in which most of the seam can be mined. The coal mine utilizes slope access, with multiple mining elevations and uphill/downhill developments. The major mining seam now is No. 5 Coal, and its average thickness is 3.71 m.

Longwall panel 07 is at No. 5 Coal at Dongjiahe Coal Mine, is separated by a 30-m barrier pillar from panel 06 in the south, and is surrounded by solid coal in the north. Coal in this panel is completely developed with an average thickness of about 3.0 m. The surface elevations are about +644.2~+680.7 m, while the panel elevations are about +255~+273 m. The longwall panel is 910 m in strike direction and 114 m in dip direction. The coal seam is high in the south and low in the north, with coal seam being inclined by about 0°-15°. No. 5 Coal is at the upper section of the Taiyuan Group. The immediate roof is hard gray K4 medium sandstone with a thickness of 10.9–18.15 m and major components of quartz and silicon sludge cementing and with fairly developed cracks. The immediate floor is hard dark gray coarse sandstone with a thickness of 0.2–3.21 m and contains many mica plates and localized sandstone stripes. The main floor is K3 fine quartz sandstone or siltstone with a thickness of about 3.4–7.8 m.

The sizes of the headgate and tailgate are 3.4 × 2.8 m, and they are supported by bolt, mesh, anchor, and beam. The open cut excavates along the roof with a length of 114 m. Its cross-section is 6.6 × 3.0 m, and it is supported by bolt, mesh, anchor, and beam. This panel utilizes longwall retreat mining on the No. 5 Coal floor. ZY4600/18/42 shields are adopted for roof support. The roof above the gob area caves as mining advances.



Selection of Experiment Location

In order to obtain the stress distribution of the tailgate during retreat mining, an experiment was conducted at 80 m in front of the mining face in the tailgate of panel 07 at Dongjiahe Coal Mine. Figure 11 shows a layout diagram of the actual measurement of coal pillar advance bearing pressure.


[image: Figure 11]
FIGURE 11. Layout diagram of actual measurement of coal pillar advance bearing pressure.


Vibration wire borehole stress gauges (XL-YSYLJ) (as shown in Figure 11) and data loggers were installed in the tailgate perpendicular to the gate road direction for monitoring the abutment pressure distribution during retreat mining. Three boreholes were prepared, with one vibration wire borehole stress gauge (XL-YSYLJ) for each borehole, which were located at 60, 80, and 100 m from the open cut. The depths of the boreholes were 10 m to avoid the influence of stress concentration around the tailgate. The spacing between each group of survey lines was 20 m, and the borehole was about 1.6 m above the floor.

The data were recorded once per cut (0.6 m) when the longwall face was <15 m from the survey station, once per two cuts (1.2 m) when the distance from the survey station to the longwall face was about 15–30 m, and once per four cuts (2.4 m) when the longwall face was more than 30 m from the survey station.



Abutment Pressure Measurements

Monitoring of the abutment pressure was conducted at the tailgate of the longwall panel. The data are processed to obtain the abutment pressure curves vs. distance of the working face and survey station. Figure 12 shows the abutment pressure distribution curves.


[image: Figure 12]
FIGURE 12. Abutment pressure distribution curve. (A) Field monitoring of abutment pressure distribution. (B) Theoretical fit curve of the abutment pressure distribution.


According to Figure 12A, the borehole stress gauge readings decrease after installation. This is because the coal surrounding the borehole deforms and becomes loose when subject to the initial pressure of the borehole stress gauge. As the deformation of the borehole continues, the stress will achieve a stable condition; this stress is the initial stress of the borehole. For borehole stress gauge 1, the peak abutment pressure is 22.73 MPa, occurring at about 5.8 m from the longwall face (inelastic zone width), the stress concentration coefficient is 3.12, the abutment pressure influence zone is 27.8 m (width of the inelastic zone and elastic zone), and the apparent influence distance is 4.2 m (crushed zone). For borehole stress gauge 2, the peak abutment pressure is 19.72 MPa, occurring at about 5.4 m from the longwall face (inelastic zone width), the stress concentration coefficient is 2.92, the abutment pressure influence zone is 30.2 m (width of the inelastic zone and elastic zone), and the apparent influence distance is 4.8 m (crushed zone). For borehole stress gauge 3, the peak abutment pressure is 23.84 MPa, occurring at about 6.2 m from the longwall face (inelastic zone width), the stress concentration coefficient is 2.90, the abutment pressure influence zone is 28.6 m (width of the inelastic zone and elastic zone), and the apparent influence distance is 4.2 m (crushed zone). Table 2 lists the data from the three stress gauges.


Table 2. Abutment pressure at different survey stations.

[image: Table 2]



Comparison

Table 3 shows a comparison of the theoretical calculations and the field measurements. The theoretical fitting curve of the bearing pressure distribution of the working face can be drawn using the figures in Table 3, as shown in Figure 12B.


Table 3. Comparison of theoretical calculations and field measurements.

[image: Table 3]

Relative error analysis was applied to compare the theoretical calculations and field measurements. The lower the relative error, the higher the precision. It is shown in Table 3 that the abutment pressure distribution and the widths of the inelastic zone and the elastic zone coincide with the field measurements very well, which indicates that the theoretical model has very high accuracy.




CONCLUSIONS

Coal near the mining face presents remarkable strain-softening characteristics. The coal in front of the mining face has a crushed zone, a plastic zone, and an elastic zone when subjected to overburden stress.

The elastic deformation stage, plastic strain-softening stage, and flow deformation stage of the elastic–plastic strain-softening model correspond to the elastic zone, plastic zone, and crushed zone of the coal rib, respectively. Our abutment pressure model was built based on the strain-softening characteristics of coal. The equations calculating abutment pressure and the widths of the elastic zone and inelastic zone (crushed zone and plastic zone) were derived.

Parametric analysis was conducted on the abutment pressure model. The strain change rate in the plastic zone is larger than in the crushed zone. The width of the plastic region is independent of the peak abutment pressure, but it is dependent on the UCS, residual strength, mining height, softening modulus, and deformation angle.

A case study was carried out at longwall panel 07 of No. 5 coal seam in Dongjiahe Coal Mine to verify the analytical model. The abutment pressure distribution and the widths of the elastic and inelastic zones under the limit equilibrium condition were calculated based on the relevant parameters. The theoretical results were compared with the field monitoring data and showed a very good fit. It is thus proven that the proposed analytical model has high accuracy, and the feasibility of the model is verified. The study results can provide guidance for similar engineering applications.
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APPENDIX

The proof process of Equation (9):


[image: Figure 13]

As shown in the figure above, the mechanical analysis of σy, T1 and B is carried out:

[image: image]

According to equation (5), the equilibrium equation can be listed:

[image: image]

The formula (9) is obtained by simplifying the above formula.

Conflict of Interest: LK was employed by Shaanxi Coalfield Geophysical Prospecting and Surveying Group Co. Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Li, Ma, Ma, Kang, Mu and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_41.gif
0,y + 3 tan 6) + 0, 5in 6.~ + T, cos &)
5055 5055

= (0, +d,).[ly +(x+dx).tan 8])

+Tydx





OPS/images/math_40.gif
Ty =T.cos8

a, =a5in 8





OPS/images/math_6.gif
(6)





OPS/images/math_5.gif





OPS/images/inline_9.gif
1= ftan®





OPS/images/inline_8.gif





OPS/images/math_10.gif
o (10)
Oygedx + Ty sinf—— — 0y, cos -





OPS/images/math_1.gif





OPS/images/inline_5.gif





OPS/images/math_8.gif
I, =C +hHhoy





OPS/images/inline_4.gif





OPS/images/math_7.gif





OPS/images/inline_7.gif
2C" cos @’
1-sing





OPS/images/inline_6.gif





OPS/images/math_9.gif
Ox (h + xtan6) — (0x + dox) [ by + (x +dx) tan 6]

dr
+Tycosf—+0ysinf— + Todx =0 (9)







OPS/images/inline_2.gif
2Ccos
T—sing







OPS/images/inline_19.gif






OPS/images/inline_3.gif





OPS/images/logo.jpg
’ frontiers
in Physics





OPS/images/math_31.gif
9)





OPS/images/math_33.gif





OPS/images/math_32.gif





OPS/images/inline_16.gif





OPS/images/math_39.gif
@37





OPS/images/inline_15.gif
Gxtly g
On+hy






OPS/images/math_38.gif
Ky H, et (om0 @tn—2)

(36)





OPS/images/inline_18.gif





OPS/images/inline_17.gif
T |ey= KH,





OPS/images/math_4.gif
o= kjos +o’

(4)





OPS/images/inline_12.gif





OPS/images/math_35.gif
(ox +dog) H+2(foy)dx—oH=0





OPS/images/math_34.gif
x.:g[[(kyy.+%—m+o,‘) (q{ilfl,,;)]ﬁ"

an (32)






OPS/images/inline_14.gif





OPS/images/math_37.gif
_otxs—9h
e

(35)





OPS/images/inline_13.gif





OPS/images/math_36.gif
(34)





OPS/images/inline_1.gif
1+sin @
T—sing






OPS/images/fphy-08-00263-t003.jpg
Theoretical
Measured
Error/%

Crushed zone
x/m

4.6
4.4
455

Plastic zone
Xa/m

11
14
21.43

Inelastic zone
Xo/m

57
58
172

Elastic zone
xa/m

229
23.1
0.87

Initial stress
Po/MPa

7.50
7.42
1.08

Peak abutment
pressure P/MPa

225
221
1.81

Abutment
pressure
coefficient K/MPa

3.00
298
0.67





OPS/images/inline_11.gif





OPS/images/inline_10.gif
g +Ctand
1= ftan®





OPS/images/math_23.gif
Q@






OPS/images/math_22.gif
CGi+hiof
o

(1+





OPS/images/fphy-08-00263-g013.gif





OPS/images/math_29.gif
3

+(

y

&
A

(0

+o,

Tt

) (&

ox
»

Ox+hy
Oxi+hy

e
)7

=1
-

H

&
o—x) =2 (27)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Coal Mine Abutment Pressure Distribution Based on a Strain-Softening Model



		Introduction



		Elastic-Plastic Strain-Softening Model



		Coal Deformation and Failure Characteristics



		Constitutive Model and Yield Criterion



		Elastic Deformation



		Plastic Deformation



		Flow Deformation













		Abutment Pressure Distributions



		Inelastic Mechanics Model



		Crushed Zone



		Plastic Zone









		Elastic Mechanics Model







		Parametric Analysis of Abutment Pressure



		Mining Depth



		Deformation Angle



		Peak Abutment Pressure Coefficient



		Friction Coefficient



		Cohesion



		Uniaxial Compression Strength



		Mining Height







		Verification



		Longwall Panel Location and Mining Conditions



		Selection of Experiment Location



		Abutment Pressure Measurements



		Comparison







		Conclusions



		Patents



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References



		Appendix

















OPS/images/fphy-08-00263-g012.gif
S e ngs s






OPS/images/math_28.gif
ox =

o —of (6x+hy 2ﬁ+c,+/m
K \ox+h Taht
_Gi+hoe

kofi






OPS/images/fphy-08-00263-t002.jpg
Hole No.

Avg

Distance

between survey

station and open
cutL/m

60
80
100

Apparent
influence
distance x;/m

42
48
42
44

Peak abutment
pressure
location xo/m

58
5.4
82
58

Abutment
pressure
influence range
(X0 + xs)/m

278
30.2
286
289

Initial stress
Po/MPa

7.28
6.76
822
7.42

Peak abutment
pressure P/MPa

22,73
19.72
23.84
22.10

Abutment
pressure
coefficient
K/MPa

3.12
292
290
298





OPS/images/math_30.gif
—o2 _Cithoe

G +fiof (6x
Ox = —F—— T (,'1+1) T “%h (28)






OPS/images/fphy-08-00263-t001.jpg
o)

K

4
(KN/m?)

22

i

0.2

o o

(MPa) (Mpa)

10 o8

ko

c
(MPa)

0.25

H (m)

35

B

08





OPS/images/math_3.gif
of

=0 — Mo (1 — )

3)





OPS/images/math_25.gif
©3)






OPS/images/math_24.gif





OPS/images/fphy-08-00263-g011.gif





OPS/images/math_27.gif
I

et = % [(1 + ,%x.)T - 1] 9)





OPS/images/fphy-08-00263-g010.gif





OPS/images/math_26.gif
o0

= Motand

Hr~

O

o

Mo

H

(9





OPS/images/math_21.gif
_Gi+hiof

== gn





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/fphy-08-00263-g005.gif
sure 6,/Mf
presuza M

Abument

R R ]
PO SO, IV .4





OPS/images/fphy-08-00263-g006.gif





OPS/images/fphy-08-00263-g003.gif
1! \l !l 1‘ 1‘ ll Il

L
Ak |

B -2





OPS/images/math_13.gif
(13)





OPS/images/fphy-08-00263-g004.gif





OPS/images/fphy-08-00263-g009.gif
Abutment preseure o,Mge.

Advansedisanc fhe workig






OPS/images/fphy-08-00263-g007.gif





OPS/images/fphy-08-00263-g008.gif
o presre o/Mp.

AL






OPS/images/math_19.gif
BC BC( h
= A" A \xmno

18)





OPS/images/cover.jpg
’ frontiers
in Physics

Coal Mine Abutment Pressure
Distribution Based on a
Strain-Softening Model





OPS/images/math_18.gif





OPS/images/math_20.gif
A= 1=k (1+£) |0 - 2K

B=2C\ +2fio} +0 (Cif +0f +07f7)
C=k (1+£6)

D=0+ (Ci+07f,) 0





OPS/images/math_2.gif
o1 = kyos + 0!





OPS/images/fphy-08-00263-g001.gif





OPS/images/math_15.gif
R
(02 + Cytand) (f + tan6)

B=12C, + o7 +
1—fitanf





OPS/images/fphy-08-00263-g002.gif





OPS/images/math_14.gif
dox ox ’;U-wn@)]

e | R

(02 +Cytan0) (f +ang)

v 1o et + I






OPS/images/math_17.gif
B B hy =
=7 A(xhn9+h1) (16)





OPS/images/math_16.gif
(15)





OPS/images/math_12.gif





OPS/images/math_11.gif
Oy

(11





