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Abstract

:

As an important technology of thick coal seam mining, fully mechanized mining with a large mining height has high mining efficiency. In order to study the roof safety control of large mining height working face, the 122106 working face of Caojiatan coal mine is taken as the engineering background. The numerical simulation method is used to analyze the control ability of roof subsidence when the support strength is 1.2 MPa, 1.4 MPa, 1.6 MPa, 1.8 MPa, 2.0 MPa, and 2.2 MPa. The results show that the support strength of hydraulic support is negatively correlated with roof subsidence. Through theoretical analysis of the mechanical model of the support and surrounding rock under the filling condition, it is shown that the height of the gap between the filling body and roof is the main influencing factor of roof subsidence: the smaller the height of the gap between the filling body and roof, the better the control effect on the roof. Through numerical simulation, the roof subsidence and surface subsidence under different filling rates are analyzed. The results show that when the filling rate increases to 80% the control of roof subsidence achieves better results. Taking production safety and economic benefits into consideration, when the reasonable support strength of the working face is determined to be 2.0 MPa and the filling rate is 80%, the safety control of the working face roof can be ensured.
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1. Introduction


There are abundant thick coal seam resources in Western China. At present, the commonly used methods for thick coal seam mining in China mainly include layered mining, top coal caving mining, and large mining height technology [1,2,3,4]. Layered mining has the problem of high requirements for roadway layout, and roadway support is relatively difficult [5,6,7]. Top coal caving technology has the advantage of high mining efficiency for thick coal seams, but there are also problems such as low coal recovery rate, waste of resources, and increase of gangue content caused by inaccurate timing of top coal caving [8,9,10,11]. The state has increasingly strict control over resources and environmental protection, and pays increasing attention to the safety of the working face. The large mining height mining method has high efficiency and can mine the whole coal seam, which plays a large role in the emergence of ten-million-ton coal mines [12,13,14]. In terms of controlling surface subsidence and ensuring the safety of the working face, the hydraulic support with high working resistance is combined with the filling method; this is in line with national policy and future development trends.



At present, many scholars have conducted much research on the interaction between large mining height hydraulic support and surrounding rock [15,16,17,18]. Through the method of numerical simulation, scholars concluded that there is an exponential relationship between the maximum subsidence of the roof within the roof control range and the support strength of support [19,20]. Some scholars used the sensor monitoring method to study the relationship between the working resistance of the support and the roof subsidence [21,22]. It has been concluded that the high working resistance of the support can control the roof subsidence of the working face, but the roof support effect is not necessarily obvious after blindly increasing the working resistance.



Filling mining technology is mainly the technology of using corresponding filling materials to effectively control the rock stratum [23,24,25]. Although the cost of filling mining is high, it plays a large role in controlling rock movement, preventing surface collapse, liberating “three unders” pressed coal, and treating solid waste [26,27,28,29]. Many scholars believe that when studying the control of filling technology on surface subsidence, the coupling relationship between hydraulic support, roof, and filling body should be comprehensively considered. Some scholars established the mechanical relationship model and differential equation between support and surrounding rock under filling conditions according to the elastic foundation beam theory [30]. Other scholars have studied the control ability of roadway roof by using materials with different filling heights and filling strengths. The appropriate water–cement ratio and filling rate are determined through calculation and analysis [31,32,33]. Some scholars have studied the surface subsidence law and parameter prediction of fully mechanized mining face through the combination of theoretical analysis, engineering measurement, and numerical simulation. It can be concluded that filling rate is an important factor in determining filling quality [34].



The objective of this work is to use numerical calculation and numerical simulation methods to study the influence of support strength and filling rate on roof control when at 10 m mining height. As an important technology of future coal mining, the large mining height mining method needs more research regarding the roof control of super-high coal seams [35]. In Section 2, this paper takes the geological conditions of Caojiatan coal mine as an example to introduce the engineering background of the project. Then, in Section 3, a numerical model is established according to the physical and mechanical parameters of coal and rock strata. Section 4 studies the control ability of different support strengths on the roof in order to obtain the appropriate support strength. In Section 5, the control ability of different filling rates on roof subsidence and surface subsidence is analyzed to obtain the appropriate filling rate. The research results have certain reference significance for the determination of support strength and filling rate of large mining height working face under similar engineering conditions.




2. Project Overview


Caojiatan mine is located in the northeast of Ordos Plateau and the north of Loess Plateau, Northern Shaanxi. This paper takes the 122,106 working face of Caojiatan coal mine as the research object. The ground elevation of the 122,106 working face is +1285~+1329 m, the elevation of the mining face is +965~+990 m, the buried depth of the coal seam is 255~338 m, and the thickness of the coal seam is 9.93~12.09 m, with an average thickness of 11.01 m. The dip angle of the coal seam is 0°~5°, and the direct roof is dominated by fine-grained sandstone with an average thickness of 2 m. The main roof is dominated by siltstone with an average thickness of 7.31 m. The direct bottom is dominated by siltstone with an average thickness of 7.53 m, and the main bottom is dominated by fine–medium sandstone with an average thickness of 18.27 m. Figure 1 is the engineering background map of the working face.




3. Model Establishment


To study the control ability of hydraulic supports with different support strengths on the roof of goaf under the condition of large mining height, a model with a length of 400 m and height of 120 m is established using UDEC numerical simulation software, and the height of the coal seam is set as 10 m. According to existing parameters, the model is simplified to 10 layers. The buried depth of the model coal seam is 330 m. The coal seam is excavated 200 m, the mining height is 10 m, and 50 m boundaries are set on the left and right sides of the model. Taking the lower left corner of the model as the origin, a measuring point is positioned at the roof of the working face at x = 105 and y = 37, and a measuring point is positioned every 10 m within the upper boundary of the model from x = 80~320 m and y = 120 m. The vertical displacement of these measuring points is monitored to reflect the roof subsidence and surface subsidence. The support command is used to simulate the hydraulic support unit, and it is set in the goaf of the working face to simulate different support strengths. The model of hydraulic support is set as ZY37000/55/100, the support resistance of hydraulic support is about 37,000 kN, and the support strength is about 2 MPa. Figure 2 is the mechanical model of the numerical calculation. Physical and mechanical parameters of coal and rock stratum are shown in Table 1.




4. Study on Control of Roof Subsidence by Different Support Strengths


To study the control ability of different support strengths on roof and surface subsidence, we establish a UDEC model and insert a hydraulic support unit. Its influence on the roof subsidence and surface subsidence is then analyzed in order to determine the appropriate support strength. The roof subsidence and surface subsidence are simulated when the support strength is 1.2 MPa, 1.4 MPa, 1.6 MPa, 1.8 MPa, 2.0 MPa, and 2.2 MPa. Figure 3 shows the relationship between support strength and roof subsidence. Table 2 shows the roof subsidence parameters under different support strength conditions.



Figure 3 shows that there is a negative correlation between the support strength of hydraulic support and roof subsidence, that the overall shape of the change curve is downward convex, and that the curve is close to an exponential relationship. When the support strength is increased from 1.2 MPa to 1.8 MPa, the maximum subsidence of the roof within the roof control range is reduced from 1745 mm to 1530 mm (a reduction of 215 mm). When the support strength is increased from 1.8 MPa to 2.2 MPa, the maximum roof subsidence in the roof control area is reduced by a relatively small amount, from 1530 mm to 1460 mm (reduction of 70 mm). Therefore, the support strength has an obvious control effect on the roof subsidence in the roof control area, but there is a certain limit. When the support strength exceeds 1.8 MPa, the maximum roof subsidence of the working face tends to be stable. Considering production safety and economic benefits, the support strength is initially set at 2.0 MPa.




5. Study on the Control of Roof Subsidence and Surface Subsidence of Working Face under Different Filling Rates


According to the above analysis, when the support strength reaches 2.0 MPa the roof subsidence of the working face is 1489 mm, which still produces large deformation, with even greater roof deformation at the goaf. When combined with the filling mining method, the overburden is supported by coal, support, and filling. The support strength of the hydraulic support does not have a great impact on the breaking of the overlying strata in the whole goaf, but it plays a very important role in the roof subsidence control of the hydraulic support roof control area. The control ability of hydraulic support has certain limits. The control of the whole overburden is mainly determined by goaf filling. In the process of filling mining, the roof will deform with the mining and filling process, and will undergo bending and subsidence, as well as support of filling body and stability. In this process, the elastic foundation coefficient of the hydraulic support, the height of the gap between the filling body and roof, and the elastic foundation coefficient of the filling body will all affect the movement of the overlying rock. The model of common support of filling body, coal body, and hydraulic support, as well as the deflection differential equation of roof rock beam, are constructed based on the elastic foundation beam theory. The influence of various factors on the roof control ability is further analyzed according to the derivation of the formula. The following section is a detailed analysis of the mechanical model.



5.1. Mechanical Model of Support and Surrounding Rock under Filling Conditions


In this model, the upper part is under the stress of the equivalent uniformly distributed load  q . The model is also supported by the supporting force    k m  y   of the coal wall area on both sides, the supporting force    k z  y   of the roof control area of the working face, and the supporting force    k c  y   of the gob filling area.    k m    is the elastic foundation coefficient of coal mass on both sides,    k z    is the elastic foundation coefficient of the top control area of the hydraulic support, and    k c    is the elastic foundation coefficient of the filling area. The main factors affecting the movement of overlying strata are the elastic foundation coefficient of the goaf roof area and the elastic foundation coefficient of the goaf filling body. Referring to the relevant literature, the differential equation of deflection of overburden rock beam of filling working face is as follows:


   {      E I    d 4  y   d  x 4    +  k m  y = q     x ∈  (  −  L 1  −  L 2  , −  L 2   )        E I    d 4  y   d  x 4    +  k z  y = q     x ∈  (  −  L 2  , 0  )        E I    d 4   (  y −  f c   )    d  x 4    +  k c   (  y −  f c   )  = q     x ∈  (  0 ,  L 3   )        E I    d 4  y   d  x 4    +  k m  y = q     x ∈  (   L 3  ,  L 3  +  L 4   )         



(1)




where:  E —Elastic modulus, GPa;



 I —Moment of inertia,       m   4   ;



   k m   —Elastic foundation coefficient of coal, GN/m³;



   k z   —Elastic foundation coefficient of roof control area, GN/m³;



   k c   —Elastic foundation coefficient of backfill, GN/m³;



   f c   —The roof subsidence value in the case of filling mainly depends on the height of the gap between the filling body and roof, m;



   L 1   —Length of the coal wall area in front of working face, m;



   L 2   —Length of roof control area of working face, m;



   L 3   —Length of filling area, m;



   L 4   —Length of coal wall area behind the filling body, m.



According to Equation (1), with an increase of the thickness of the filling body    f c    will decrease, hence the deflection of the top control area of the support will decrease (it will play a certain role in supporting the roof control area of the support, so as to control the roof subsidence of the working face).



Taking the characteristic coefficients as   α =      k m   /  4 E I    4   ,   β =      k z   /  4 E I    4   , and   γ =      k c   /  4 E I    4    and incorporating them into Equation (1), the general solution of the fourth-order non-homogeneous differential equation is:


  y =  {       e  α x    [   A 1  sin  (  α x  )  +  A 2  cos  (  α x  )   ]  +  e  − α x    [   A 3  sin  (  α x  )  +  A 4  cos  (  α x  )   ]  +  q   k m        x ∈  (  −  L 1  −  L 2  , −  L 2   )         e  β x    [   B 1  sin  (  β x  )  +  B 2  cos  (  β x  )   ]  +  e  − β x    [   B 3  sin  (  β x  )  +  B 4  cos  (  β x  )   ]  +  q   k z        x ∈  (  −  L 2  , 0  )         e  − γ x    [   C 1  sin  (  γ x  )  +  C 2  cos  (  γ x  )   ]  +  e  γ x    [   C 3  sin  (  γ x  )  +  C 4  cos  (  γ x  )   ]  +  q   k c    +  f c      x ∈  (  0 ,  L 3   )         e  − α x    [   D 1  sin  (  α x  )  +  D 2  cos  (  α x  )   ]  +  e  α x    [   D 3  sin  (  α x  )  +  D 4  cos  (  α x  )   ]  +  q   k m        x ∈  (   L 3  ,  L 3  +  L 4   )         



(2)







When   x ≤ 0  , if   x → − ∞   satisfies that  y  is a finite value, there is    A 3  =  A 4  =  B 3  =  B 4  = 0  ; when   x ≥ 0  , if   x → + ∞   satisfies that y is a finite value, then there is    C 3  =  C 4  =  D 3  =  D 4  = 0  . The deflection equation can be simplified as:


  y =  {       e  α x    [   A 1  sin  (  α x  )  +  A 2  cos  (  α x  )   ]  +  q   k m        x ∈  (  −  L 1  −  L 2  , −  L 2   )         e  β x    [   B 1  sin  (  β x  )  +  B 2  cos  (  β x  )   ]  +  q   k z        x ∈  (  −  L 2  , 0  )         e  − γ x    [   C 1  sin  (  γ x  )  +  C 2  cos  (  γ x  )   ]  +  q   k c    +  f c      x ∈  (  0 ,  L 3   )         e  − α x    [   D 1  sin  (  α x  )  +  D 2  cos  (  α x  )   ]  +  q   k m        x ∈  (   L 3  ,  L 3  +  L 4   )         



(3)







The relationship between the rotation angle   θ  ( x )   , bending moment   M  ( x )   , shear force   Q  ( x )   , and deflection  y  of the top beam section is as follows:


   {      θ  ( x )  =   d y   d x         M  ( x )  = − E I    d 2  y   d  x 2          Q  ( x )  = − E I    d 3  y   d  x 3           



(4)







According to the continuity conditions at the junction   x = −  L 2   ,   x = 0  , and   x =  L 3   :


   {       y 1   (  −  L 2   )  =  y 2   (  −  L 2   )         θ 1   (  −  L 2   )  =  θ 2   (  −  L 2   )         M 1   (  −  L 2   )  =  M 2   (  −  L 2   )         Q 1   (  −  L 2   )  =  Q 2   (  −  L 2   )         {       y 2   ( 0 )  =  y 3   ( 0 )         θ 2   ( 0 )  =  θ 3   ( 0 )         M 2   ( 0 )  =  M 3   ( 0 )         Q 2   ( 0 )  =  Q 3   ( 0 )         {       y 3   (   L 3   )  =  y 4   (   L 3   )         θ 3   (   L 3   )  =  θ 4   (   L 3   )         M 3   (   L 3   )  =  M 4   (   L 3   )         Q 3   (   L 3   )  =  Q 4   (   L 3   )         



(5)







Next we bring the equations into the numerical calculation software Maple, take the values of the unknown parameters in Equation (1) (as shown in Table 3), and bring the relevant parameters into Equations (3)–(5); through this process, specific parameters    A 1   ,    A 2   ,    B 1   ,    B 2   ,    C 1   ,    C 2   ,    D 1   , and    D 2    of each paragraph can be obtained. The parameters are brought into Equation (3) to solve the deflection curve equation of the roof rock beam of the filling working face. Figure 4 shows the influence curve of different factors on roof subsidence.



It can be seen from Figure 4a that the elastic modulus of the direct roof has little effect on the roof subsidence. As the elastic modulus decreases, the roof subsidence reaches its peak value and reaches the stable state more quickly. The elastic modulus of the direct roof ranges from 6 GPa to 18 GPa. When the elastic modulus is 6 GPa and 18 GPa, the position where the peak value occurs is 7.5 and 10 m away, respectively. When the height of the gap between the filling body and roof is 6 m, the final stable value of roof subsidence tends to be 6.03 m, indicating that the elastic modulus of the direct roof has little effect on roof subsidence.



Figure 4b shows that the elastic foundation coefficient of the support has little influence on the roof subsidence. When the elastic foundation coefficient of the support changes within the range of 0.28~0.52   GN /  m 3    it has little influence on the roof subsidence.



As can be seen from Figure 4c, where    k c    is in the range of 0.05~0.3   GN /  m 3   , when the height of the gap between the filling body and roof is 6 m the variation range of the peak value of roof subsidence is 6.2~6.4 m. When it is close to the working face, the greater the value of    k c   , the greater the roof subsidence and the greater the roof subsidence rate. After exceeding a certain range, the greater the value of    k c   , the smaller the roof subsidence. Analysis provides the reason: when it is close to the working face, the roof displacement is jointly controlled by the support and filling body, while when it is far from the working face the roof displacement is only affected by the filling body.



It can be seen from Figure 4d that the height of the gap between the filling body and roof    f c    has a great impact on the final subsidence of the roof. When    f c    is 2 m, 4 m, 6 m, and 8 m, the maximum subsidence of the gob roof is 2.1 m, 4.2 m, 6.25 m, and 8.3 m, respectively. It is apparent that the larger the filling height, the smaller the maximum subsidence value of the corresponding roof. When    f c    is controlled within a certain range, it will not cause large subsidence of the roof.




5.2. Study on Control of Roof Subsidence and Surface Subsidence of Working Face under Different Filling Rates


When the support strength of the hydraulic support is 2.0 MPa, the roof deformation of the working face is 1489 mm, and the roof deformation is still large. To effectively control the roof of the working face and goaf, the influence of the filling rate of goaf on the control of roof subsidence and surface subsidence of the working face is studied below. Figure 5 shows the displacement nephogram, stress nephogram, and plastic zone nephogram of the overall model under filling rates of 20%, 40%, 60%, and 80%.



Figure 6 presents displacement nephograms under different filling rates under the condition of large mining height. Figure 6 shows that when the filling rate is 20%, the roof subsidence of the working face is 1250 mm; when the filling rate is 40%; the roof subsidence of the working face is 937 mm; when the filling rate is 60%, the roof subsidence of the working face is 687 mm; and when the filling rate is 80%, the roof subsidence of the working face is 387 mm. Therefore, good control of the working face roof is achieved at a filling rate of 60%, and the best control is achieved at a filling rate of 80%.



Figure 7 shows stress nephograms under the conditions of different filling rates. It can be seen from the figure that there are stress concentration areas in the coal wall in front of the working face and behind the open cut hole, and the stress in the middle of the overall goaf also shows obvious stress concentration due to the stress of the overlying strata. When the filling rate is 20%, the influence of the mining stress of overlying strata in goaf is large, and the roof subsidence of goaf is large. As the filling rate gradually increases from 40% to 60% and 80%, the filling body bears the load of the overlying strata more effectively, and the influence range of the stress change of the overlying strata also decreases.



It can be seen from Figure 8 that when the filling rate is 20%, 40%, 60%, and 80%, the tensile failure degree of the overlying rock layer gradually decreases. The development height of fracture zone also gradually decreases, the bending subsidence zone above the fracture zone decreases with the increase of the filling rate of the goaf, and the deformation of the bending subsidence zone above the fracture zone also gradually decreases. When the filling rate is 20% and 40%, an obvious three-zone structure can be seen. When the filling rate reaches 60% and 80%, the filling body occupies the collapsed space of the original overburden, so a certain degree of rock stratum control is achieved. The filling effect is better when the filling rate is 80%.





6. Conclusions


	(1)

	
With the increase of support strength, the maximum roof subsidence of the working face gradually decreases. When the support strength is 2.0 MPa, the roof subsidence of the working face is 1489 mm. When the support strength increases to 2.2 MPa, the roof subsidence is 1460 mm, and the reduction range of roof subsidence is very small. Therefore, we select the support strength of 2.0 MPa.




	(2)

	
By establishing the mechanical model of support and surrounding rock, the effects of direct roof elastic modulus  E , support elastic foundation coefficient    k z   , filling elastic foundation coefficient    k c   , and height of the gap between filling body and roof    f c    on roof subsidence are analyzed. The changes of  E  and    k z    have little effect on the roof subsidence. When it is close to the working face, the greater the value of    k c   , the greater the roof subsidence. When it is far from the working face, the roof subsidence is almost only affected by the filling rate. When    f c    is 2 m, 4 m, 6 m, and 8 m, the maximum subsidence of the gob roof is 2.1 m, 4.2 m, 6.25 m, and 8.3 m, respectively. This indicates that with an increase of the thickness of the filling body, the deflection of the support control area will decrease, which achieves the purpose of roof safety control.







	(3)

	
When filling the goaf, the method adopted is immediate filling after model excavation. Through the analysis of displacement nephogram, stress nephogram and plastic zone diagram under different filling rates, and the monitoring of roof subsidence, determine the appropriate filling rate. Measuring points are positioned on the roof of the working face and upper boundary of the model to monitor the roof subsidence and surface subsidence of the model. By analyzing the surface subsidence curves under the conditions of different filling rates, it is found that the surface control effect is best when the filling rate is 80%.
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Figure 1. Project background. 
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Figure 2. Mechanical model of numerical calculation. 
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Figure 3. Relationship between support strength and roof subsidence. 
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Figure 4. (a) Influence of elastic modulus of the direct roof on roof subsidence. (b) Influence of elastic foundation coefficient of support on roof subsidence. (c) Influence of elastic foundation coefficient of filling body on roof subsidence. (d) Influence of height of the gap between filling body and roof on roof subsidence. 
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Figure 5. (a) Displacement nephogram with the filling rate of 20%. (b) Displacement nephogram with filling rate of 40%. (c) Displacement nephogram with the filling rate of 60%. (d) Displacement nephogram with a filling rate of 80%. 
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Figure 6. Upper boundary subsidence curves of the model at different filling rates. 
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Figure 7. (a) Stress nephogram with a filling rate of 20%. (b) Stress nephogram with a filling rate of 40%. (c) Stress nephogram with a filling rate of 60%. (d) Stress nephogram with a filling rate of 80%. 
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Figure 8. (a) Plastic zone diagram with a filling rate of 20%. (b) Plastic zone diagram with a filling rate of 40%. (c) Plastic zone diagram with a filling rate of 60%. (d) Plastic zone diagram with a filling rate of 80%. 
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Table 1. Physical and mechanical parameters of coal and rock strata.
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	Number
	Rock Lithology
	Thickness/m
	Density/kg∙m−3
	Bulk Modu-lus/GPa
	Shear Mod-ulus/GPa
	Friction Angle/°
	Cohesion/MPa
	Tensile Strength/MPa





	1
	Loess
	34
	1960
	0.25
	0.09
	25
	5.5
	0.35



	2
	Medium-grained sandstone
	24
	2987
	23.4
	13
	40
	3.6
	4.07



	3
	Fine-grained sandstone
	12
	2610
	2.23
	1.67
	38
	3
	3.15



	4
	Siltstone
	8
	2558
	6.32
	3.61
	33
	4.7
	3.07



	5
	Fine-grained sandstone
	2
	2610
	2.23
	1.67
	38
	3
	3.15



	6
	Siltstone
	3
	2603
	7
	4
	43
	4.3
	6.99



	7
	Filling body
	2~8
	1900
	5.5
	2.1
	36
	0.4
	0.5



	8
	Coal
	10
	1445
	7.1
	4.9
	22
	1.44
	2.4



	9
	Siltstone
	9
	2558
	6.32
	3.61
	33
	4.7
	3.07



	10
	Fine-grained sandstone
	18
	2690
	2.23
	16.7
	32
	2.8
	3.17
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Table 2. Roof subsidence parameters under different support strength conditions.
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	Support strength/MPa
	1.2
	1.4
	1.6
	1.8
	2.0
	2.2



	Roof subsidence/mm
	1745
	1630
	1605
	1530
	1489
	1460
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Table 3. Value range of influencing factors of roof subsidence.
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	Average Volume Force of Overburden

γ/(kN/m3)
	Elastic Foundation Coefficient of Coal

km/(GN/m3)
	Elastic Foundation Coefficient of Hydraulic Support

kz/(GN/m3)
	Elastic Foundation Coefficient of Backfill

kc/(GN/m3)
	Elastic Modulus of Direct Roof Rock Beam

E/GPa
	Height of Gap between Filling Body and Roof

fc/m





	25
	0.2~0.6
	0.28~0.52
	0.05~0.3
	5~20
	2~10
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Y +,;,,g_;ﬂi,¢”g,g”g,+ B

P T g o T g

TT T T 1T 1711 Measuring point

b0 o Measuring poinfoi i e EL L L ELL L ELL LT ED o 104 o

N S S — —— S — | - S - - — — — —— e - N —— — [— —T— — — ——
- —— — T - - -

[ L = 1L & 11 2 1L 5 1 L 1 1 L iy [ O, O ., S 0 N, R A

Support simulation unit






nav.xhtml


  minerals-12-01217


  
    		
      minerals-12-01217
    


  




  





media/file16.png
.
yee, _‘."-0

(a) ” rﬂ..Cuged subsidence -gone..-- ” ” | (b)

None Mane

slip_n slip_n

slp_p tens_p uslp_p utens_p sl'p__p tens_p uslip_p ulens_p
slip_p uslip_p shp_p uslip_p

tens_p utens_p tens_p utens_p

(c) (d)

None

Sip_p Wl _D usip_D uleed_D
i I shp_p uskp p

slip_p uslip_p tens_p ulens_p

None
shp_p lens_p usip_p utans_p
tens_p utens_p

Curved subsidence zone






media/file2.png
N\

“ 122106 working face

&

JL_L

‘:\'\, ./‘,‘
?3 g
({
v'—lvl
£ :
)
4 , I~
/-I PN >
S, \pr:)lculiun ur:g - / \ \
oTongehuan NN \
. Xianyang oWeinan \\\
- B Shangluo \ ‘
® \
\}
Hanzhong ‘ ‘
) Ankang ‘1
'i
Stratum Rock name Coal seam histogram Thickness / "
‘ ‘ - 3 . /
Main roof Siltstone ?'.' w il,.'l:: 73 / I
: Fine g / !
Immediate . ST - /
grained . 2 7,
roof 4d 7
sandstone 77 /7
Coal Coal 1.3 ‘ <7
Gangue Siltstone 0.55 1
L
Coal Coal e 9.5
Immediate )
Siltstone 4.525
floor
Fine
Main floor grained 18.265
sandstone





media/file5.jpg
Roof subsidence (mm)

1.2 MPa

1800

1700

1600

1500 JEegEnd Upitm

10 12 14 16 IVS 20 > < 3 24
Support strength (MPa)

1400






media/file3.jpg
i L Measaring poiat
A—— n
bl S s e e
s - [ —
A A A A A A A A A A A

e





media/file1.jpg





media/file7.jpg
Roof subsidece (m)

Roof subsidene (m)

Disane from el wall ()

(b)

W %o
Disane fom el vl )

(<)

)
Disancs fom aos wall ()

(d)





media/file10.png
(a) (b)

0 5.8222x10°
7.9089<10° 2 1000-10"
7.2000+10° 1.800010°
6.4000~10° 4.2000+10°
4.8000x 100 3.0000x% 100
4.0000x 100 24000 100
3.2000x 100 1.8000x10°
2.4000<10° ; 1.2000%10°
8.0000~10. 6.0000<10_ 1
0.0000x10 0.0000x10

(c) d)

m m2.0139x10”
3.964ZXI02 2.0000x102
3.6000%10 1.8000x10
3.2000x102 1.6000x102
2.8000%10 1.4000x10
2.4000x10° 1.2000x10°
2.0000x10° 1.0000x10°
1.6000x10° 8.0000x10 '
1.2000x10° 6.0000x10 "'
8.0000x10 " 4.0000x10 "'
4.0000x10 ' 2000010 '

0.0000x10°

0.0000x10°





media/file12.png
Distance (m)

0 v L} by L} v T '..'l by
()"x 50 100 150 200, § 250
v v
“" " ~
oedd YYYyvyvvvvvy? ‘:
E A A®
8 ] y A A
A
_eg =l @ Aassasaast /P
= b
3 B
7 ® .0.
8 —6- a "feccccer
3
E e = ®=  Filling rate 20%
& Filling rate 40%
-8+ "Sasummunn F. .g e
4 Filling rate 60%
! v Filling rate 80%






media/file9.jpg
(a) b)

(@)
m






media/file0.png





media/file14.png
(a)

1.5595x10°
0.0000x10°
~6.0000x10°
~1.2000x10
~1.8000x10"
—2.4000%10

7
7
—3.6000 103
7
7

—4.8000x10
—4.9979x10

(c)

%noxlo6
0.0000x10°
~5.5000%10
~1.1000x10
~1.6500x10
~2.2000%10
~2.7500x10
~3.3000x10
~3.8500x10
—4.4000%10
~4.6138x10

6
7
7
7
7
7
7
7
7

A

"\'.:. .

q

(b)

A 689110°
0.0000x10°
~6.0000%10
~1.2000%10
~1.8000x10
~2.4000%10
~3.0000%10
~3.6000%10
—4.2000%10
~4.8000x10
~4.8591x10

1.6933x10
0.0000x10°
~5.5000x10
~1.1000x10
~1.6500x10
—2.2000%10
—2.7500%10
~3.3000x10
—3.8500x10
—4.4000x10
—4.5461x10

6
7
7
7
7
7
7
7
7

6
7
7
7
7
7
7
7
7





media/file8.png
6 —
CER
Q
2
5 4
=
S
S 3
w0
[
g
& 2
1 1 . .
5 10 15
0 T L T T T , T : T
0 10 20 30 40
Distance from coal wall (m)
(a)
6 i I ‘_KN\
_— =
CER
o
Q
% 4 6.41
o
g 6.2
534 ——k0.05GNm’ | |
o ——k=0.1125GN/m’|
Q? 7 ] ——k=0.175GN/m’ | 5 81
——k,=0.2375GN/m’
. ——k=03GN/m* |30
5 10 15
0 I I I I I
0 10 20 30 40

Distance from coal wall (m)

(c)

6 ' I
|
—_
£ 51
A
Q
% 4 6.4
=
g ——k,=0.28GN/m*| 6.21
S 34 —— k,=0.33GN/m’
5] 60.
E ——k,=0.38GN/m’
§ 9 4 ——k,=0.43GN/m’| 5.8
———k,=0.47GN/m’
X ——k,=0.52GN/m’| 07
i 5 10
0 T » T ' T * T T
0 10 20 30 40
Distance from coal wall (m)
]
8
—_
£
N’
8 6
=
(]
N
z
= 4 -
75
(.
S,
&
2 —
0 T T T d T T
0 10 20 30 40

Distance from coal wall (m)

(d)





media/file11.jpg
Distance (m)

Surface subsidence (m)

~104d

T8

x 50 100 150
v
lA"v v
Yvvvvvvvy?
oA
. A
A -
o "Adsnanaaa

“«ren

Filling rate 20%
Filling rate 40%
Filling rate 60%
Filling rate 80%





media/file6.png
Roof subsidence (mm)

1.2 MPa

1800 5
1700
1600 4
1500 —j== T
o |
|
.|
—0.000 x 10 I
1400 T T T T T T T 1
1.0 1.2 1.4 1.6 1.8 2.0 22

Support strength (MPa)





media/file15.jpg
()

@






