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Abstract

:

In view of the difficulty of the surrounding rock control of retaining a roadway along a goaf, this paper takes the 5504 working face of the Hongshuliang Coal Mine as the engineering context. The uniaxial compressive strength and tensile strength of concrete filling material in the retained roadway are determined by laboratory tests. Through theoretical analysis, field investigation, numerical simulation and field measurement, the distribution characteristics of deviatoric stress and damage zone of the roadway surrounding rock in the mining process of the 5504 working face are studied here. Based on the failure of rock mass element caused by deviatoric stress tensors, the study shows that the thickness of the concrete wall is 2.2 m and the compressive strength of the concrete wall can reach 10.87~11.64 MPa in 3 days to 4 days, which can meet the support strength of the retained roadway. From the position of 90 m in front of the working face to the position of 100 m behind the working face, the distribution form of the roadway surrounding rock deviatoric stress is: symmetrical butterfly shape → single butterfly shape → narrow oblique strip → oblique 8 shape → wide oblique strip shape. When the distance between the retained roadway and the working face is 49 m, the retained roadway tends to be stable. Based on the distribution characteristics of the deviatoric stress outline line and the damage zone outline line of the retained roadway surrounding rock, the retained roadway surrounding rock is divided into three regions, and the combined support technology of “bolt + anchor cable + single pillar + reinforcement combined with steel plate to strengthen concrete wall” is proposed. Through field engineering practice, the maximum displacement of roof, floor, solid coal side and concrete wall side in the retained roadway is 136.6 mm, 78.8 mm, 62.3 mm and 43.3 m, respectively, and the surrounding rock control effect of the retained roadway is good.
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1. Introduction


No-pillar mining can raise the coal mining rate, prolong the life of the mine, reduce the amount of roadway excavation, control the gas overrun, etc. It is an advanced coal mining technology that is beneficial to improving the technical and economic effect of safety and production [1,2]. Therefore, gob-side entry retaining is widely used as a mining technology without a coal pillar. According to plastic mechanics, the plastic deformation of rock is mainly caused by deviatoric stress, which can control the distortion and failure of rock [3,4,5,6]. In recent years, many beneficial results have been achieved in the study of gob-side entry and deviatoric stress. In terms of gob-side entry retaining technology, Tan [7,8,9] analyzed the characteristics of mine pressure under the condition of gob-side entry with hard roof and soft bottom and proposed the comprehensive control technology of surrounding rock. Du [10] studied the mechanical properties of filling materials in roadway and proposed a gob-side entry retaining technology without a coal pillar suitable for thin coal seam mining. Tian [11] analyzed the mechanical model of interaction between filling body and roof of soft roof, floor and gob-side entry retaining in thin coal seams and obtained the influencing factors of surrounding rock stability of soft roof, soft floor and gob-side entry retaining in thin coal seams. Luan [12] compared and analyzed the mechanical properties of lightweight high strength foam concrete and mortise-tenon hollow block wall, and optimized the labor efficiency of gob-side entry retaining technology. Zhang [13] studied the roof transfer and bearing mechanism of gob side in gob-side entry retaining and put forward the trinity control technology composed of high strength bolt, roof control support and roadside filling body. By analyzing the surrounding rock migration law of gob-side entry retaining in fully mechanized caving, Xie [14] systematically summarized the influence of main roof fracture position and filling body width on surrounding rock stability of gob-side entry retaining. Yu [15] used numerical simulation to analyze the instability of roadway surrounding rock under different stress conditions and proposed that roadway instability under different lateral pressure coefficients can be divided into typical normal symmetric instability mode and typical angular symmetric instability mode. In terms of deviatoric stress, Wang [16] studied the distribution law of deviatoric stress for surrounding rocks in gob-side entry. Ma [17] deduces the analytical expression of the deviatoric stress field of roadway surrounding rock and analyzes the plastic zone and deviatoric stress evolution law of roadway surrounding rock under different lateral pressure coefficient. Xu [18] simulated the distribution characteristics of the deviatoric stress field on the floor of the residual coal pillar of the coal seam; in the same horizontal plane, the deviatoric stress showed a saddle distribution, and with the increase of the width of the coal pillar, the deviatoric stress at the middle line and the edge of the coal pillar increased firstly and decreased continuously. Li [19] monitored the stress area of the roadway filling body and analyzed the failure mode of the filling body. The study shows that reducing the settlement space of the roof strata can prevent the filling body from producing excessive principal deviatoric stress.



The above achievements have enriched the research results of gob-side entry retaining, which has far-reaching guiding significance for the stability control of roadway surrounding rock. But when filling concrete wall is used to preserve roadways, there are few studies on the distribution law of deviatoric stress in the surrounding rock, especially the relationship between the final setting time of concrete wall and the distribution of deviatoric stress in surrounding rock of roadway. Therefore, taking the 5504 working face of Hongshuliang Coal Mine as the engineering context, the concrete curing time and mechanical properties of concrete filling material have been tested in the laboratory. The distribution characteristics of deviatoric stress and damage area of roadway surrounding rock are systematically studied. The roadway surrounding rock is divided into three regions with the boundary of the peak deviatoric stress outline line and the damage area outline line, and different supporting forms are used to control the roadway surrounding rock in the three regions. Through engineering practice, the subregional control technology of the roadway surrounding rock meets the needs of safe production in the mine. This technology can provide a reference for roadway support under similar conditions.




2. Engineering Context


The 5504 working face of the Hongshuliang Coal Mine is located in the No. 5 coal seam with a buried depth of 125~145 m and an average buried depth of 134.5 m. The average thickness of the No. 5 coal seam is 3 m and the length of the 5504 working face is 170 m. The advancing speed of the 5504 working face is 2 m/d. The transportation roadway of the 5504 working face is driven along the roof and floor of the seam, and the width and height of the transportation roadway are 4 m and 3 m, respectively. The concrete wall is filled between the 5504 transportation roadway and the goaf. The 5504 transportation roadway is retained in situ as the material roadway of the 5505 working face. The comprehensive histogram of coal and rock strata is shown in Figure 1a, and the schematic diagram of the working face is shown in Figure 1b.




3. Strength Analysis of Concrete Materials


3.1. Analysis of Retained Roadway Support Strength


The calculation method of roadside support in gob-side entry generally adopts a superposition continuous plate model. In the superposition continuous plate model, each plate is allowed to be separated and dislocated, each plate can be regarded as an independent continuous plate structure and the plates are connected by a distributed load which is closer to reality [20]. To facilitate the solution, the superimposed plate loads are first divided and a strip with the largest load in each plate is selected as the calculation unit. In the selected strip area, the size and action position of the supporting force for gob-side entry are marked and the mechanical model of supporting–surrounding rock interaction is established.



As shown in Figure 2a, it is assumed that the uniformly distributed load of the roof is q and the load on the strip area is only distributed on the AB and CD sections. p represents the concentrated load of the filling body [21,22].



The rock layer below the key layer actively collapses. The equilibrium method is used to solve each section in the figure. The bending moment caused by stress in the rock layer is ignored and only the weight of the rock layer is considered. Because the coal around the roadway is affected by mining, the coal may loosen or even damage under the action of supporting pressure. Therefore, the coal wall around the roadway is not suitable as the supporting point of the roof of gob-side entry, and the junction between the loose area and plastic area of coal should be regarded as the fixed fulcrum or simple fulcrum of the roof of gob-side entry. In Figure 2b, σy and x0 are the supporting stress and width of the stress limit equilibrium zone, respectively, which are calculated by the following Formulas (1) and (2).


   σ y  =      C 0    tan φ   +    P x   A    exp   2 tan φ   M A   x −    C 0    tan φ    



(1)






   x 0  =   M A   2 tan φ   ln   K γ H +    C 0    tan φ        C 0    tan φ   +    P x   A     



(2)




where C0, φ, Px, A, γ, K and H represent the cohesive force at the interface between coal seam and roof and floor strata, the internal friction angle at the interface between coal seam and roof and floor strata, the supporting strength of coal side, the coefficient of lateral pressure, the average volume–weight of the overlying strata, the coefficient of stress concentration and the buried depth of the coal seam, respectively.



The stress analysis of the first layer on the upper part of coal seam is shown in Figure 2b.



In the DE segment:


    ∑   F y    = 0      F  D 1   =  q 1   L 1    



(3)






    ∑  M = 0        M  p 1   =    q 1   L 1 2   4    



(4)







In the AD segment:


    ∑  M = 0       M  A 1   −  M  P 1   −  1 2   q 1       S a  +  S b  +  x 0     2  −  F  D 1      S a  +  S b  +  x 0    +  P 1     S a  +    S b   2  +  x 0    +    ∫ 0   x 0      σ y     x 0  − x   d x    = 0   



(5)







Under the limit condition, MA1 = MP1. The simultaneous Formulas (3)–(5) are obtained:


   P 1     S a  +    S b   2  +  x 0    =  1 2   γ 1   h 1       S a  +  S b  +  x 0     2  +  γ 1   h 1     S a  +  S b  +  x 0     L 1  −    ∫ 0   x 0      σ y     x 0  − x   d x     



(6)




where MP1, MA1, FD1, P1, q1, h, Sa, x0, L1 and Sb, respectively, represent the ultimate bending moment of rock stratum, the bending moment of rock stratum, the shear force at point D, the resistance to cutting the roof, gravity concentration of rock stratum, the thickness of rock stratum, the width of roadway, the width of the loose area of coal, the characteristic dimension of rock stratum breaking and width of filling body.



Stress analysis of the second layer of the direct roof at the upper part of the coal seam is shown in Figure 2c.



In the DE segment, similarly, due to ΣFy = 0 and ΣM = 0, obtain:


     M  A 1   +  M  A 2   +  P 2     S a  +    S b   2  +  x 0    −  M  p 2   −  1 2   γ 2   h 2      S a  +  S b  +  x 0  +  h  z 1   tan α   2  −  1 2   γ 1   h 1      S a  +  S b  +  x 0    2  −      F  D 2      S a  +  S b  +  x 0  +  h 1  tan α   −  F  D 1      S a  +  S b  +  x 0    +    ∫ 0   x 0      σ y     x 0  − x   d x    = 0    



(7)




where FD1, FD2 and α are the shear forces at the D point after the fracture of the first, second strata, respectively, and rock breaking angle.



Formula (7) can be rewritten as:


     P 2     S a  +    S b   2  +  x 0    =  1 2     ∑  i = 1  2    γ i   h i     S a  +  S b  +  x 0  +   ∑  j = 0   i − 1     h j  tan α       2  +   ∑  i = 1  2    F  D i        S a  +  S b  +  x 0  +   ∑  j = 0   i − 1     h j  tan α     +      M  p 2   −    ∫ 0   x 0      σ y     x 0  − x   d x    −   ∑ i 2    M  A i        



(8)







If there is mi stratum below the key strata, the formula for calculating the resistance is as follows:


     P  m i      S a  +    S b   2  +  x 0    =  1 2     ∑  i = 1   m i     γ i   h i     S a  +  S b  +  x 0  +   ∑  j = 0   i − 1     h j  tan α       2  +   ∑  i = 1   m i     F  D i        S a  +  S b  +  x 0  +   ∑  j = 0   i − 1     h j  tan α     +      M  p m i   −    ∫ 0   x 0      σ y     x 0  − x   d x    −   ∑  i = 1   m i     M  A i        



(9)







Because FDi is mainly affected by the boundary of caved rock. Usually, when the thickness of the overlying rock is less than 2~4 times of mining height, the caved rock loses contact with the boundary. Therefore, FDi = 0, Formula (9) becomes:


   P  m i      S a  +    S b   2  +  x 0    =  1 2      ∑  i = 1   m i     γ i   h i     S a  +  S b  +  x 0  +   ∑  j = 0   i − 1     h j  tan α        2  +  M  p m i   −    ∫ 0   x 0      σ y     x 0  − x   d x    −   ∑  i = 1   m i     M  A i      



(10)







The key strata caves under the combined action of weight and external load of overlying strata, that is, the passive collapse of the strata. Its mechanical model is similar to Figure 2c. For the convenience of analysis, the dead weight of the i layer is set as γiHi and the external load is set as qi. If mi+1 layer is the key layer and mi+1~m layers collapse simultaneously with the key layer, the lower limit of support resistance is:


     P m     S a  +    S b   2  +  x 0    =  1 2     ∑  i = 1   m i     γ i   h i     S a  +  S b  +  x 0  +   ∑  j = 0   i − 1     h j  tan α       2  +  M  p m   −   ∑  i = 1  m    M  A i     −    ∫ 0   x 0      σ y     x 0  − x   d x    +      1 2    ∑  i = m i + 1  m        q i     S a  +  S b  +  x 0  +   ∑  j = 0   i − 1     h j  tan α        2    +   ∑  i = m i + 1  m      q i     S a  +  S b  +  x 0  +   ∑  j = 0   i − 1     h j  tan α      L i              



(11)







In Formula (11) above, the roadway support in advance can significantly improve the bending ability of rock strata (ΣMAi) and reduce the support resistance of concrete walls.



To facilitate the calculation of the upper limit value of support resistance, assuming ΣMAi = 0, it is obtained from the Formula (11):


     P m     S a  +    S b   2  +  x 0    =  1 2     ∑  i = 1   m i     γ i   h i     S a  +  S b  +  x 0  +   ∑  j = 0   i − 1     h j  tan α       2  +  M  p m   −    ∫ 0   x 0      σ y     x 0  − x   d x    +      1 2    ∑  i = m i + 1  m        q i     S a  +  S b  +  x 0  +   ∑  j = 0   i − 1     h j  tan α        2    +   ∑  i = m i + 1  m      q i     S a  +  S b  +  x 0  +   ∑  j = 0   i − 1     h j  tan α      L i         



(12)








3.2. Compressive Strength Test of Concrete Specimens


The 5504 working face is filled with concrete walls in the transportation roadway to retain the transportation roadway. The function of the concrete wall is to close the goaf, cut off the roof and reduce the separation of overlying strata [23]. The filling material of Hongshuliang Coal Mine is composed of cement, sand, rubble, water, concrete pumping agent (FDN-3), early strength water reducing agent (EHD) and sodium meta aluminate (P0102). The raw material and water–cement ratio is shown in Table 1.



According to the above material ratio, the standard cylinder specimens with the specification of ϕ50 mm × 100 mm and ϕ50 mm × 25 mm are manufactured. The uniaxial compressive strength, the elastic modulus, the Poisson’s ratio and tensile strength of concrete specimens are tested. The relationship between the mechanical properties of concrete specimens and curing time is shown in Figure 3.



It can be seen from Figure 3 that with the increase of curing time, the uniaxial compressive strength, tensile strength and elastic modulus of concrete increase, and Poisson’s ratio decreases. However, the daily change rate of uniaxial compressive strength, tensile strength, elastic modulus and Poisson’s ratio is the curve shape of upper and lower fluctuations. The curing time of 1~3 days is the rapid growth period of the mechanical parameters of concrete. In the rapid growth period, the compressive strength of concrete increases from 2.55 MPa to 10.87 MPa, the tensile strength of concrete increases from 0.1 MPa to 0.9 MPa, the elastic modulus increases from 0.514 GPa to 2.148 GPa and Poisson’s ratio decreases from 0.3 to 0.23. The curing time from 4 days to 24 days is the slow increasing period of mechanical parameters of concrete. In the slow increasing period, the compressive strength of concrete increases from 11.64 MPa to 27.83 MPa, the tensile strength of concrete increases from 0.92 MPa to 1.8 MPa, the elastic modulus increases from 2.248 GPa to 4.158 GPa and Poisson’s ratio decreases from 0.2 to 0.152. When the curing time is 25 days or more, the compressive strength, tensile strength, elastic modulus and Poisson’s ratio of the concrete are 28.21 MPa, 1.8 MPa, 4.154 GP and 0.152, respectively.




3.3. Width and Support Strength of Concrete Wall


By substituting the mechanical parameters in Table 2 into Formulas (11) and (12), the relationship between roadway support strength, roadway width and concrete wall width changes, as shown in Figure 4.



As shown in Figure 4, when the width of gob-side entry is unchanged, the support strength decreases greatly with the increase of concrete wall width. Similarly, when the width of the concrete wall is constant, the support strength tends to increase slightly with the increase of the width of the gob-side entry retaining. Therefore, the supporting strength of the concrete wall is affected by both the width of the retained roadway and the width of the concrete wall, and the width of the concrete wall has a greater impact on the supporting strength.



According to the field measurement, the impel speed of nearby coal face is 2 m/d and the average distance of periodic pressure on the working face is about 8 m to 9 m. Comprehensively considering the relationship between Figure 3 and Figure 4, the impel speed of working face and periodic pressure, when the width of retained roadway is 4 m and the width of concrete wall is 2.2, the required support strength of retained roadway is 10.16~11.64 MPa, while the compressive strength of concrete wall can reach 10.87~11.64 MPa after 3~4 days, so the reasonable width of concrete wall is 2.2 m.





4. Numerical Simulation


4.1. Simulation of Concrete Material


The version of FLAC3D is 5.01, developed by American Itasca Company, and the software is from Beijing, China. In order to obtain the parameters of the concrete material in FLAC3D software that, a cylinder model with the specification of 50 mm × 100 mm was established in FLAC3D software. The parameters of elastic modulus, tensile strength and Poisson’s ratio in Figure 3 were input into the model, and then different mechanical parameters, such as cohesion and internal friction angle, were substituted. The speed of 2 × 10−5 m/steps was applied at the top and bottom of the cylinder model, respectively. The stress–strain curve in FLAC3D software was compared with the stress–strain curve in the laboratory, and the variation curves of cohesion and internal friction angle of concrete were obtained, as shown in Figure 5.



As shown in Figure 5, when the curing time of concrete material is 1~3 days, the internal friction angle increases from 15 to 39.5° and the cohesion increases from 0.5 MPa to 1.1 MPa. When the curing time of concrete is 4~24 days, the internal friction angle increases from 40 to 45° and the cohesion increases from 1.2 MPa to 3.7 MPa.




4.2. Overview of Indicators of Deviatoric Stress


In elastic–plastic mechanics, the stress tensor is divided into a spherical stress tensor and a deviatoric stress tensor. When the stress state at a point in the rock mass is represented by the principal stress (σi), it is divided into three principal stresses that are perpendicular to each other.


          σ 1     0   0     0     σ 2     0     0   0     σ 3        =          σ m     0   0     0     σ m     0     0   0     σ m         +         σ 1  −  σ m     0   0     0     σ 2  −  σ m     0     0   0     σ 3  −  σ m          



(13)






   σ m  =  1 3    ∑ 1 3    σ i     



(14)







In Formula (13), the first term on the right is the spherical stress tensor (σm), which causes only volume changes of rock mass element. The second term on the right is the three deviatoric stress tensors that cause the fracture of the rock mass element, where σ1 − σm is the maximum deviatoric stress tensor. In this paper, the maximum deviatoric stress (σ1 − σm) is applied to analyze the failure characteristics and evolution of the surrounding rock for gob-side entry.




4.3. Establishment of Working Face Model


The geological conditions of the 5504 working face are simple, without faults and initial large cracks. The size of the model is 250 m × 250 m × 95 m (length × width × height). The horizontal displacement of the boundary around the model is constrained, and the vertical displacement of the bottom boundary is constrained. The equivalent load of 3.07 MPa is applied to the upper part of the model to replace the overlying strata. The model adopts the Coulomb–Mohr constitutive model. The mechanical parameters of the model are shown in Table 3 and the model is shown in Figure 6.



The process of the simulation is as follows:




	
At 40 m, 40 m and 50 m from the edge of the model, the haulage roadway, the auxiliary haulage roadway and the open-off cut of the working face are excavated to form the working face, as shown in Figure 7.



	
In the 5504 working face, the advancing distance of each mine is 2 m. The filling length of the concrete wall is 2 m each time. The distance between the end of the concrete wall and the 5504 working face is 2 m.



	
The concrete walls at different positions and at different times are given different strength values, that is, the strength of the concrete wall near the working face is lower and the strength of the concrete wall far away from the working face is higher. As in Figure 8, “i” represents the serial number of the concrete wall from the mining working face to the open-off cut of working face. When “i = 1” is the mechanical parameter of concrete curing for 1 day, “i = 2” is the mechanical parameter of concrete curing for 2 days and “i = 3” is the mechanical parameter of concrete curing for 3 days; until “i = 24” or above, the mechanical parameter will not be re-assigned.









4.4. Deviatoric Stress Distribution Law


4.4.1. Deviatoric Stress Distribution Law at Different Section Positions


In the axial direction of the reserved roadway, the position of the working face is 0 m. The range greater than 0 m is unmined and the range less than 0 m is the mined-out area. In different section positions of the roadway, the distribution of deviatoric stress is shown in Figure 9.



In Figure 9, the range of 0 m to −100 m is a mined-out area and the range of 0 m to 90 m is solid coal area. The influence range of advanced deviatoric stress is 32 m, and the distance between peak deviatoric stress and working face is 4 m. When the distance between the concrete wall and the working face is 49 m, the deviatoric stress in the concrete wall tends to be stable.



When the section position of roadway is 90 m, the peak deviatoric stress of roadway surrounding rock is mainly distributed in the roof and floor on both sides of the roadway, presenting a symmetrical butterfly shape distribution. When the section position of roadway is from 90 m to 30 m, the deviatoric stress of roof and floor is gradually connected. When the roadway section position is from 30 m to 0 m, the deviatoric stress has obvious deflection and concentration, the overall trend of the deviatoric stress of the roadway surrounding rock shifts to the entity coal side and the degree of deviatoric stress concentration of the roadway floor increases. When the section position of roadway is from 0 m to −10 m, the deviatoric stress peak position shifts from entity coal side to concrete wall side, and the deviatoric stress shape is an “oblique strip”. When the roadway section position is from −10 m to −80 m, the deviatoric stress peak value in the concrete wall increases and the shape of deviatoric stress is an “oblique 8 shape”. When the section position of roadway is from −80 m to −100 m, the deviatoric stress peak value decreases due to the coal wall support of the open-off cut and the shape of deviatoric stress is still an “oblique strip”.



In summary, when the roadway section position is from 90 m to −100 m, the deviatoric stress peak region shape of roadway surrounding rock is as follows: symmetrical butterfly shape, half-butterfly shape, narrow oblique strip shape, oblique 8 shape and wide oblique strip shape.




4.4.2. The Curve of Deviatoric Stress Distribution in Concrete Wall


Within the range of −2~−100 m away from the working face, the deviatoric stress is monitored in different positions of the wall. The deviatoric stress monitoring points are arranged as shown in Figure 10 in which a, b c and d represent the positions of concrete walls at various levels and the deviatoric stress distribution curve is shown in Figure 11.



As shown in Figure 11, in the axial direction of the roadway, the deviatoric stress curves of each horizontal position are distributed in a “trapezoidal” shape. The strength growth period range of the concrete wall is −2~−46 m and the range of strength stability period is −46~−100 m. The peak position of deviatoric stress is mainly concentrated in −46~−80 m. The influence range of the solid coal side with open-off cut is about 20 m. With the increase of the distance between the concrete wall and the open-off cut of working face, the deviatoric stress in the concrete wall tends to rise until it reaches the peak value. The maximum strength position of the concrete wall is roughly the same as the position of the surrounding rock of the gob-side entry retaining into the stable state, indicating that the surrounding rock of the gob-side entry can enter into the stable state as soon as possible by shortening the time of the concrete wall reaching the maximum strength. At all levels of the concrete wall, the deviatoric stress values of the monitoring points from large to small are as follows: a2 > a3 > a4 > a1 > a5, b2 > b3 > b4 > b1 > b5, b2 > b3 > b4 > b1 > b5 and d4 > d3 > d2 > d5 > d1. In the vertical direction of the concrete wall, the deviatoric stress from large to small is b2 > c2 > d4 > a2 and the values of deviatoric stress are 9.99 MPa, 9.27 MPa, 8.63 MPa and 8.47 MPa, respectively. In the retained roadway, from the bottom to the top of the concrete wall, the peak deviatoric stress is transferred from the roadway side to the goaf side.




4.4.3. Deviatoric Stress Distribution of Surrounding Rock of Retained Roadway


At the section of −60 m from the working face, the deviatoric stress distribution of the surrounding rock is shown in Figure 12.



In Figure 12a, on the next working face side, with the increase of the distance from the roadway floor, the overall trend of the position of the peak deviatoric stress shifts to the roadway side, from 4.5 m to 3.5 m from the roadway edge. The change of the peak deviatoric stress is small, and the peak deviatoric stress is about 4.15 MPa. On the side of the concrete wall, with the increase of the distance from the roadway floor, the overall trend of the peak deviatoric stress position shifts to the goaf side, from 0.3 m to 1.9 m from the edge of the roadway, and the peak deviatoric stress is between 7.37 MPa and 8.48 MPa.



In Figure 12b, on the side of the next working face, with the increase of the distance from the roadway roof, the overall trend of the peak deviatoric stress position is a fluctuating trend, that is, the peak deviatoric stress position fluctuates between deviating to the roadway edge and away from the roadway edge, and the peak deviatoric stress is between 3.13~4.38 MPa. Similarly, on the side of the concrete wall, with the increase of the distance from the roadway roof, the overall trend of the deviatoric eccentric stress position is a fluctuating trend, and the peak deviatoric stress is between 3.23~4.43 MPa.



The deviatoric stress tensor causes the rupture of rock mass element, and the change of the peak deviatoric stress position in roadway surrounding rock is complex. The peak deviatoric stress position in the roadway surrounding rock is plotted, as shown in Figure 13.



As can be seen from Figure 13, in the vertical direction, within the range of 0 m to 6 m from the retained roadway floor, the position of the peak deviatoric stress on both sides of the roadway is offset to the side of the mined-out area. Within the range of 6 m to 19.4 m from the retained roadway floor, the position of the peak deviatoric stress on both sides of the roadway roof is the trend of left and right fluctuation. In the range of 19.4 m and above from the reserved roadway floor, the peak deviatoric stress is distributed on the next working face side and the distribution form of deviatoric stress changes from double peak distribution to single peak distribution.





4.5. Damage of Surrounding Rock of Roadway


In the range of 90 m in front of the working face to 100 m in the lagging working face, damage of the surrounding rock of roadway is shown in Figure 14.



In Figure 14, when the position of the roadway section is 90 m, the main failure mode of the two sides of the roadway is shear failure, the damage depth on both sides of the roadway is 3 m, the main failure mode of the roof and floor of the roadway is compression failure, the damage depth of the roof and floor of the roadway are 0.3 m and 1 m, respectively. With the cross section of the roadway being closer to the working face, the damage area of the solid coal side of the roadway and the damage area of the roadway roof extend to the solid coal side, while the damage area of the roadway floor extends to the side of the working face, which is approximately consistent with the variation characteristics of the deviatoric stress in Figure 9.



In the area of the lagging working face, that is, the position of the roadway section from 0 m to −100 m, with the increase in the distance of the lagging working face, the damaged area of the surrounding rock of the retained roadway is significantly increased. The damaged area of the roof of the retained roadway gradually runs through. The damaged area of the floor of the retained roadway extends to the bottom of the concrete wall. In the retained roadway, the damaged area on the solid coal side extends to the deep and the maximum depth of damaged area is 6 m. Concrete wall is in the state of shear damage and compression damage. This is because the strength of the concrete wall is very small at the early stage of pouring and the movement of the roof and floor leads to the deformation of the concrete wall. However, over an increasing length of time, the strength of the concrete wall continues to increase, and the state of the concrete wall can still maintain integrity and stability.



Based on the above analysis of the distribution law of the deviatoric stress and the damaged area of the surrounding rock, it can be seen that the deviatoric stress and the damaged area of the surrounding rock of the retained roadway show obvious asymmetric distribution characteristics. In the retained roadway, the deviatoric stress of the concrete wall side is obviously larger than that of the solid coal side, and the damaged area of the middle and lower part of the solid coal side is larger than that of the upper part of the solid coal side. Because the damage range of the roof and solid coal pillar side of the retained roadway is larger than range controlled by ordinary bolt support, in order to ensure the stability of the retained roadway, it is necessary to use anchor cable to control the surrounding rock on the roof and solid coal side of the retained roadway. In the retained roadway, the concrete wall is always affected by the movement trend of the roof and floor. After the concrete wall is poured, the compressive strength of the concrete wall needs 4 days to increase to 11.64 MPa. Therefore, the strengthening support technology is adopted for the concrete wall during this period of time to avoid the overall instability of the concrete wall caused by insufficient strength or excessive deformation.





5. The Control Mechanism and Technology of Roadway Surrounding Rock


5.1. The Supporting Mechanism of the Surrounding Rock


In the roadway retained behind the working face, shear failure of the surrounding rock occurs under the action of deviatoric stress, which reduces the stability of the surrounding rock. Based on the distribution characteristics of deviatoric stress and damage zone, the outline line of deviatoric stress peak value and damage zone are drawn, as shown in Figure 15.



It can be seen from Figure 15 that the outline line of deviatoric stress peak value on the entity coal side is very close to the outline line of damage zone, indicating that deviatoric stress is the essence of rock mass failure. Based on the distribution of the deviatoric stress outline line in the surrounding rock of the retained roadway, the zoning control technology of the retained roadway surrounding rock is put forward: (1) Bolt support is added to the roof of concrete wall. (2) The concrete wall is reinforced with tensile steel bars and steel plates. (3) Double rows of single pillars are arranged in the retained roadway to protect the concrete wall. (4) Round logs are arranged in the goaf to stabilize the filling model. (5) High-strength pretightening anchor cable support should be added at the entity coal side and roof of the retained roadway. The surrounding rock of remained roadway can be divided into three areas, namely, the area of concrete wall side (I), the area of roadway roof (II) and the area of entity coal side (III). The surrounding rock control mechanism is described below.



	(1)

	
Research shows [24] that it is necessary to control the stability of the rock mass in the area surrounded by outline line of peak deviatoric stress. The anchor cable passes through the outline line of deviatoric stress peak value, which can control the unstable rock mass between the outline line of the deviatoric stress peak value and the roadway edge. Therefore, in zone III, the anchor cable passing through the outline line of the deviatoric stress peak and the outline line of the damage zone can combine the shallow bearing structure with the deep bearing structure to form a composite bearing structure. The formation of the composite structure can effectively change the stress state of the surrounding rock, restrain the deformation and tension-shear failure of the surrounding rock and, finally, maintain the integrity of the surrounding rock [10].




	(2)

	
In zone I, the anchor rod is added to the roof strata to enhance the integrity of the overlying rock of the filling area. The compressive strength of the concrete wall reaches 10.87 MPa after being filled for 3 days, so the single hydraulic support is arranged in the gob-side entry as temporary reinforcement support. Before the strength of the concrete wall reaches the required strength, the single hydraulic support can provide larger support resistance, bear the roof load, control the separation of the roof strata, control the rotation rate of the roof, but also can transfer the pressure of the overburden to the floor, and exert reverse binding force on the floor and play a role in controlling floor-heave. Reinforcement with steel bars and iron plates should be adopted for the wall, because the concrete wall can form a strong bearing structure under the reinforcement of steel bars and plates, which not only inherits the stiffness of concrete but, also, under the three-dimensional compression under the action of a lateral binding force, and its own bearing capacity, structural integrity and stability are significantly improved, and greatly limit the lateral deformation of concrete and prevent its excessive large deformation [25,26].




	(3)

	
In zone II, the form of combined support of anchor cable and anchor rod is implemented. Combined support can connect the shallow bearing structure with the deep bearing structure to form a composite bearing structure and inhibit the separation of roof strata [27].








5.2. Parameters of Support


On the entity coal side of the roadway, the spacing and row spacing of screwing threaded steel bolts are 900 mm and 900 mm, and the spacing and row spacing of anchor cables of high strength and high pretension are 950 mm and 900 mm. At the roof of the roadway, the spacing and row spacing of screwing threaded steel bolts are 900 mm and 900 mm, and the spacing and row spacing of anchor cables of high strength and high pretension are 1600 mm and 900 mm. On the side of the concrete wall of the roadway, the spacing and row spacing of the reinforcing steel bar are 750 mm and 900 mm, and the thickness × length × width of the steel plate is 10 mm × 200 mm × 200 mm. The log is close to the concrete wall, and the distance between the logs is 1000 mm. The cushioning wood is added on the top of the single pillars, and the spacing and row spacing of the single pillars are 1200 mm and 1500 mm. The roof of the concrete wall and the roof of the retained roadway are arranged with a metal mesh of a 50 mm × 50 mm diamond mesh and a steel bar ladder made of ϕ12 mm steel for joint support, and the roadway support is shown in Figure 16.




5.3. Deformation of Retained Roadway


In order to verify the rationality of supporting parameters, the deformation of roof, floor, entity coal side and concrete wall side of roadway is continuously monitored. The continuous monitoring time is 30 days, and the monitoring position is 60 m away from the open cut of the working face. The deformation amount and deformation rate of the retained roadway are shown in Figure 17.



Through continuous monitoring, it is known that the deformation rate of the surrounding rock of the retained roadway is larger from the 1st day to the 15th day of retained roadway, and the average deformation rates of roof, floor, entity coal side and concrete wall side are 6.67 mm/d, 3.53 mm/d, 3.03 mm/d and 1.93 mm/d. The maximum deformation rates of the roof, floor, entity coal side and concrete wall side are 13.2 mm/d, 8.4 mm/d, 6.5 mm/d and 3.2 mm/d, respectively. After the 15th day on the retained roadway, the deformation rate of the surrounding rock decreases. After 25 days, the surrounding rock of retained roadway remains stable, in which the maximum deformation of roof, floor, entity coal side and concrete wall side is 136.6 mm, 78.8 mm, 62.3 mm and 43.3 m, respectively.



The surrounding rock deformation of the retained roadway is measured within the range of 60 m behind the working face. The retained roadway deformation in the range of 60 m behind the working face is shown in Figure 18.



As can be seen from Figure 18, the roof, floor, entity coal side and concrete wall side of the retained roadway are stable at 46 m, 40 m, 46 m and 48 m from the working face, respectively. There is no bending and fracturing phenomenon in the single pillar and concrete wall in the retained roadway, which shows that the supporting scheme of the retained roadway can meet the stability of the surrounding rock.





6. Conclusions


	(1)

	
The periodic pressure frequency of the working face is 3 to 4 days. In order to retain the roadway, the strength of the filled wall in the roadway should be at least between 10.16 MPa and 11.64 MPa. When the width of the concrete wall is 2.2 m, the strength of the concrete wall can reach 10.87 MPa~11.64 MPa in 3 to 4 days, so the width of the concrete wall in the retained roadway is 2.2 m.




	(2)

	
The influence range of deviatoric stress in front of the working face is 32 m, and the distance between peak deviatoric stress and the working face is 4 m. When the distance of the lagging working face is 49 m, the retained roadway tends to be stable.




	(3)

	
From the position of 90 m in front of the working face to the position of 100 m behind the working face, the distribution form of the roadway surrounding rock deviatoric stress is: symmetrical butterfly shape → single butterfly shape → narrow oblique strip → oblique 8 shape → wide oblique strip shape.




	(4)

	
Based on the distribution characteristics of the deviatoric stress and damage zone in the surrounding rock of retained roadway, the surrounding rock of retained roadway is divided into three regions with the boundary of the peak deviatoric stress outline line and the damage zone outline line, and different supporting forms are adopted in three regions.




	(5)

	
After field application and measurement, the surrounding rock deformation of the retained roadway is effectively controlled, and the maximum deformation of roof, floor, solid coal side and concrete wall side is 136.6 mm, 78.8 mm, 62.3 mm and 43.3 m, respectively.
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Figure 1. Three-dimensional schematic diagram of the working face. (a) Comprehensive histogram of coal strata; (b) The schematic diagram of the working face. 
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Figure 2. Calculation model of the support resistance for gob-side entry. (a) Regional diagram of roadway roof; (b) Direct roof of the first layer in the upper part of the coal seam; (c) The direct roof of the second layer in the upper part of the coal seam. 






Figure 2. Calculation model of the support resistance for gob-side entry. (a) Regional diagram of roadway roof; (b) Direct roof of the first layer in the upper part of the coal seam; (c) The direct roof of the second layer in the upper part of the coal seam.
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Figure 3. The relationship between the mechanical properties of concrete specimens and curing time. (a) The uniaxial compressive strength; (b) The elastic modulus; (c) The Poisson’s ratio; (d) The tensile strength. 
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Figure 4. The relationship between roadway support strength, roadway width and concrete wall width. (a) Lower limit of support strength; (b) Upper limit of support strength. 
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Figure 5. The relationship between the mechanical parameters of materials and curing time. 
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Figure 6. Numerical simulation model. 
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Figure 7. Schematic diagram of roadway layout. 
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Figure 8. Layout of the filling wall. 
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Figure 9. Distribution of deviatoric stress. 
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Figure 10. Layout of deviatoric stress monitoring points. (a) The plan of the roadway; (b) Cross-sectional view of roadway. 
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Figure 11. Distribution law of the deviatoric stress of concrete wall. (a) level of a; (b) level of b; (c) level of c; (d) level of d. 
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Figure 12. The deviatoric stress distribution of surrounding rock of the retained roadway. (a) Two sides of the retained roadway; (b) Roof of the retained roadway. 
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Figure 13. Diagram of the peak deviatoric stress position. 
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Figure 14. Damage to the surrounding rock of the roadway. 
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Figure 15. The outline line of deviatoric stress peak value and plastic zone. 
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Figure 16. Schematic diagram of the retained roadway support. 
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Figure 17. Deformation amount and deformation rate of the retained roadway (a) Deformation of roadway surrounding rock; (b) Deformation rate of roadway surrounding rock. 
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Figure 18. Deformation of surrounding rock of retained roadway. 
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Table 1. The raw material ratio and water-cement.
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	Raw Material
	Cement
	Sand
	Rubble
	Water
	FDN-3
	EHD
	P0102





	Mass (kg)
	500
	820
	850
	226
	1.2
	4
	0.3



	Proportion of mass (%)
	20.82
	34.14
	35.39
	9.41
	0.05
	0.2
	0.01
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Table 2. Mechanical parameters of roadway.
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	Symbol of the Parameter
	Sb/(m)
	L1/(m)
	A
	Px
	K
	H/(m)
	C0/(MPa)
	φ/(°)
	q1/(KPa)



	Parameters
	1.2~3
	8.7
	0.5
	0
	2
	134.5
	0.3
	25
	49



	Symbol of the parameter
	Sa/(m)
	q2/(KPa)
	q3/(KPa)
	q4/(KPa)
	q5/(KPa)
	q6/(KPa)
	q7/(KPa)
	q8/(KPa)
	q9/(KPa)



	Parameters
	3~5.5
	63
	58
	37
	818
	242
	117
	164
	126
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Table 3. Mechanical parameters of coal and rock mass.
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	Rock Strata
	Density (kg/m3)
	Tensile Strength (MPa)
	Cohesion (MPa)
	Friction Angle (°)
	Bulk Modulus (GPa)
	Shear Modulus (GPa)





	Overlying rock
	2580
	0.85
	1.9
	37
	3.3
	2.5



	Sandy mudstone
	2520
	0.71
	1.18
	35
	4.9
	3.2



	Mudstone
	2437
	0.53
	0.7
	30
	4.3
	2.8



	Gritstone
	2660
	1.1
	1.4
	35
	5.7
	3.4



	Mudstone
	2437
	0.53
	0.7
	30
	4.3
	2.8



	Fine sandstone
	2597
	0.95
	2.1
	42
	15.28
	11.2



	Sandy mudstone
	2520
	0.71
	1.18
	35
	4.9
	3.2



	Mudstone
	2437
	0.53
	0.7
	30
	4.3
	2.8



	Sandy mudstone
	2520
	0.71
	1.18
	35
	4.9
	3.2



	Mudstone
	2437
	0.53
	0.7
	30
	4.3
	2.8



	Coal
	1460
	0.3
	0.3
	25
	1.3
	0.63



	Fine sandstone
	2597
	0.95
	2.1
	42
	15.28
	11.2



	Concrete
	2456
	1.8
	3.4
	45
	1.99
	1.8
















	
	
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
) AN /

y
(b)
Fpop M,
L 1T | M Mez 24
REEERERZA Al
xgj)'i4 R%/—Sa +OSSb Bz






media/file30.png
''''''''''' Outline line of \.\‘.»::\- COU 0y Outline line of deviatoric Ll

stress peak value - - - - -

.....

— — — — — w— w— — — w— w— w— —

— — — — — — — — — — — — —

= — — R — — — — — — — B

‘\Roadway
\bolt_.._.._.._

Steel plateand ~ ~ ~ — =~ = —
1emforcement I I
/é’? Goaf Q%%é%
g g NG TN\ TN
+++++++++++-++f+\ + + + + + + + + + + +
L o+ o+ o+ o+ o+ o+ o+ H + o TEMPPOL L PRI
+ 4+ + + + + + + | Single | Concrete O+ +F o+ 4+ 4+ 4+ o+ o+ 4+ o+

+ + + + + + + + prop wall + + + + + + + + + o+ +
+ + + 4+ + + + + * + + + + + + + + + + + 4+ + + + *+ + + + 4+ +






media/file18.png
!

[S—
-

S 0

S = D W b O O O ®© O





media/file35.jpg
The deformation / mm

160

140

120

100

80

60

40

20

—=— Subsidence amount of roof

e Bulging amount of the bottom plat
—+— Bulking of entity coal side

~—v Bulking of the concrete wall side

54 .48 42 36 30 24 -8 <12 -6 0

Distance from working face / m





media/file21.jpg
Sf R gt af sl s

H

Sl oot wll st e

: Disanc fom ki s /m Disance om workin e
@ )

[rE—————

=l

] ; g
1 -

Disance e workin e/ Disnce from workin e/

© @





media/file26.png
The distance from the floor of the roadway / (m)

26
24
22
20
18
16
14
12
10

oS N &~ O

The position of the peak deviatoric stress
on the side of next working face

The position of the peak deviatoric stress
on the side of mined-out area

roadway concrete wall

arca

mined-out

! !
-4 =2 0 2 4 6 3

Horizontal distance of section / (m)





media/file27.jpg





media/file3.jpg
vy






media/file22.png
Deviator stress / MPa

Deviator stress / MPa

10

0

- —-—a2—°—aS

K Slow growth period of wall strength

a4

Rapid growth period of wall strength

\~;

\

Stable period of wall strength

-l

|
-100 -90

-80 -70 -60 =50
Distance from working face / m

(a)

Rapid growth period of wall strength
\

Slow growth period of wall strength

— _ Stable period of wall strength

| I |
-70  -60

| 1
-100 90 -80

Distance from working face / m

(c)

Deviator stress / MPa

Deviator stress / MPa

-

10

b4

id: growth period of wall strength

=

| Slow growth period of wall s’Zr?:Ig;ch\
* —

Stable period of wall strength

il
- —_—

'//Jv

|
-100 90 -80 -70 -60 50 40

Distance from working face / m

(b)

——dl ——d4

- —e—d2 ——d5

Rapid g;rowth period of wall strengjth
\

—
_—

low growth period of wall stren&‘
—  Stable period of wall strength
- - N
| | | | | | | | |
-100 -90 -8 -70 -60 -50 —40 30 -20 -10 0
Distance from working face / m
(d)





media/file19.jpg
concrete wall— Retained roadway






media/file7.jpg
@ ®)





media/file28.png
-100 m

,,,,,,,,,,,

"","",'

""""""""

"""""""""""

""""""""""

l"l.;l"""”"ll

¢
<
N
o
L
£ .9
<= N
< o
=) 5.
75} o Qo c
& L L0
1 na.S
m.._o mmo.nu
rrol SSt
a%m mnnn_Ul
< 25 o &L <
snnpmlo.m.m
mppwm.mmm
5555552273
O.Mhmmstt
Z 3 5

i

20m

30m

I 50 m

90 m





media/file10.png
The internal friction angle/°

48°
46°
44°
42°
40°
38°
36°
34°
32°
30°
28°
26°
24°
220
20°
18°
16°
14°

_ —8&— The internal friction angle

- —=a— The cohesion__, m-m-u-m-n-m-n-8-8"%
_m-0-

P

E-E-N
./
/-/
_l/l—l—l—l—l—l
7~

7~

'Time friction cohesion Time friction cohesion
/d angle/° /MPa @ /d angle/° /MPa

1 15 0.5 15  44.2 2.75
2 25 1 16 = 44.2 2.8
3 39.5 1.1 17 = 44.3 2.9
4 40 1.2 18  44.3 3

5 41.3 1.3 19 44.5 3.1
6 41.9 1.4 20 44.6 3.2
7 42.2 1.5 21 447 3.3
8 42.7 1.5 22 4438 3.4
9 43.1 2 23 449 3.5
10 434 2.2 24 45 3.6
11 =~ 43.6 2.3 25 45 3.65
12 = 43.9 2.4 26 45 3.7
13 44 2.5 27 45 3.7
14  44.1 2.6 28 45 3.7

12 14 16 18 20 22 24 26 28
The days/d

3.8
3.6

- 3.4

3.2
3.0
2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

30

The cohesion / MPa





media/file33.jpg
The deformation / mm

H

PR

Deformation e o ot

Mg dns 4
@






media/file32.png
17.8 x 9000
! A

Anchor

>

e

1600

1200 |

Roadway

cable $20 x 3500

$20 x 2500

\$17.8 x 4500
( A

950

L
900

-

1200

$16 x 2700 =

N

I | — i — i | I
T II T | 11
= il W=
— 1] mm s ua!
- B ‘ 4 - e £
4. .4 N “«
1 C
]
< a

. Single prop L

.. 2 “ ‘a < a
v s :
2 . . AR
A s - PR
R .
. a9 . . .
: . - . d A e, o
X P . a” ¥
. d .-
; PR P St e
- R a i . . .
- ! 4. . w2 . ) A
A 4. e . . H & X
PR F . e - X .
N -« 2 “d . - 4 . - |
. ST . s Tae e v I Rt
< . . e X
4 A i . o "
’ . AT e 4y sl N M i
PRI e VTta A ey, e g
PR .- R e, " 4 s
et e .. oyl
. ’ C o B
B oncrete B
P . ; i
. L.
2a . ; L
a M E s a” ]
o -4t - e .

wall

fe—1200

. 000

-

B Wt e
e a . 4
PEC P v .
g ra— 5 -
- Vs B
a, Aty e . 3 . < - B L
" ey, e g ‘.
. a P .
4 « : . E a ‘c"_. 4 .I-
B D < et g 4. aa
nla n EE 2 eas ¢, g I
Ll i} > “ B P T .- I
. & ; al 4 .
R R . P . o L
4 e o L4 4 e -
4 Lo 2 - - . o o
‘s .
- 4 ! Fe . 5
U - o . oo
R Soe L R






media/file14.png





media/file11.jpg





media/file6.png
The uniaxial compressive strength / (MPa)

The Poisson's ratio

30 = — - 130
a8 L —=— The uniaxial compressive strength 19
26 L |\~ The growth rate of strength .~
24 ./l/- =] 110
= a
- -4 100
20 -~ 90
20 + . - ]
18 - 180
16 - Time Strength Time Strength Time  Strengt Time Strength- 70
14 - /-/ /A /MPa /d  /MPa /4 WMPa /d /MPa H 60
/./' 1 255 8 162 | 15 2339 22 27.03
12 1 . 2 585 9 174 16 2395 23 2755 H 50
10 F 31087 10 1868 17 @ 246 24 2783
g | 4 1le4 11 1987 18 2514 25 2821 140
501253 12 207 19 2576 26 2821 | 3
6 | 6 134 13 2167 20 2625 27 2821
4L 7 1415 14 2239 21 2673 28 2821 H 20
2t AN {10
0 I | | | T . St S SR d—s—l 0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
The days / (d)
(a)
0.32 - 20
030 —a— The Poisson's ratio 113
=8 | . . .
‘ \ —a— The reduction rate of Poisson's ratio
[ ] Time|Poisson's Time Poisson's Time Poisson's Time Poisson's | = 16
028 B /d ratio /d ratio /d ratio /d ratio
1 03 § 0071 15 0155 22 0153 | ] 14
026 k \ 2 028 9 0163 16 0154 23 0152
‘ 3023 10 016l 17 0154 24 0132 | |19
4 02 11 0159 18 0154 25 0152
0.24 - 500194 12 0157 19 0154 26 012 | | g
n 6 019 | 13 0155 20 0153 27 0152
022 L \ 7 0184 14 0155 21 0153 28 0152 | | 3
[ ]
0.20 F . \ n {6
[ LN n
0.18 | N 14
“ 12
0.16 |- -~ >l:l:=\._.‘._._._.
u mn “m_m-m ~a-8 " -0-0-B- 0
014 | | | | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
The days / (d)

(c)

The growth rate of strength / (%)

The reduction rate of Poisson's ratio / (%)

The elastic modulus / (GPa)

The tensile strength / MPa

4.5 s 110
4.0 F / B 100
e 490
351 e
t The elastic modulus 180
3.0 / The growth rate of elastic modulus{ 70
25k _A | Time modulus Time modulus Time modulus/ Time modulus{ 6()
‘ e /d  /GPa /d /GPa /d GPa /A GPa
" 1 0514 8 2552 15 39 22 4134 f 50
20 F 2 1.029 9 2842 16 4054 23  4.148
3. 2148 10 3429 17 4074 24 4154 | 4
4 2248 11 3477 18 4104 25 4.154
1.5F 5 2348 12 3703 19 4113 26 4154
6 2388 13 3728 20 4124 27 4154 130
7 2423 14 3818 21 4129 28 4154
1.0 F . 420
0.5 F \ 110
I—I\-_ A/I—.—.\.—- o o | O
OO | | | | | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
The days / (d)
s (b)
2'0 T} —=— The tensile strength 12%
~ T —u— The growth rate of tensile strength 1180 &
1.8 F _E-E-E-E-E-E-E-E-E—| N
e 1160 =
1.6 | o o
4140 §
1.4 F / =
—u-u 1120 o
1.2 F )—l/. =
B Time/ Strengt Time/ Strength Time/ Strength Time/ Strength| 4 100 E)
1.0 4w | & WGPa d /GPa d  /GPa d  [GPa A
[ Nl 101 8 12 15 16 2 18 |{go o
0.8 2 03 9 12 16 165 23 18 5
309 10 13 17 17 24 18 |
0.6 4 092 11 13 18 175 25 18 60 E
509 12 13 19 18 26 18 | |,0 5
0.4 6 095 13 14 20 18 27 18 5h
02l /l _ 7 11 14 15 21 18 28 18 | 20 Sﬁ)
N,
00 1 H-—m—N 7\./7\. .I./.—T/.\.—l—-\_ d = odomdoad ool
O 2 4 6 8 10 12 14 16 18 20 22 24 26 28

The days / d

(d)

The growth rate of elastic modulus / (%)





media/file36.png
The deformation / mm

160

—=— Subsidence amount of roof
140 | —=— Bulging amount of the bottom platg
—— Bulking of entity coal side
120 | —v— Bulking of the concrete wall side
100
80
60 [
40
20 |
| | | | | | | | ) NN

Distance from working face / m





media/file15.jpg
1\2‘445\ T






nav.xhtml


  sustainability-14-05660


  
    		
      sustainability-14-05660
    


  




  





media/file16.png
1231415 T T I T I T I T T 1T T 1T [ [ 124
— M

Concrete wall aterial transiort roadwai






media/file2.png
Thickness | Rock stratum ) ) o
Rock stratum o Lithologic description
sandy mudstone 5 It has a layered structure and is nich in fossil plant
fragments, mainly femns.
mudstone 6 Dark gray clay containing grayish green detrifus.
gritstone 25 Plate-like staggered bedding, local facies into sandy
mudstone, mudstone.
mudstone 7 Dark gray clay containing grayish green detritus.
fine sandstone 14 Light gray and gray, honzontal joints developed,
containing 11 linear clay cements.
sandy mudstone L5 It has a layered structure and is nch in fossil plant
B fragments, mainly fems.
mudstone 24 /»;/; Dark gray clay containing grayish green detritus.
sandy mudstone 25 """'f”fff""fff"f‘ It has a layered structure and is nch in fossil plant
fragments, mainly fems.
mudstone 2 Dark gray clay containing grayish green detritus.
coal 3 It is black and its interlayer is carbonaceous mudstone.
fine sandstone 30 Light gray and gray, horizontal joints are developed.

(a)

gob-side entry retaining

Concrete wall

(b)





media/file20.png
Retained roadway

concrete wall

(b)

(a)





media/file23.jpg
The deviatoric siress / (MPa)

T v
e omatore vy
b oy
" o shov oy ot
2 S st oy ok
£ Smahoe oty or

et o e Py
e i

Horzonal disnc of o )

@

A——

[ Tamabowc oy Thm o oy
4.5 o oy —— 1. sbone vy
L o ey —— 204 shve o
[ o iy 2. shone e

oty concg
Tt ity

)





media/file5.jpg
T o,

| = The ot s,

P —r—"

heclasic modsls
he ot f st mode

o
ol
o)
o)
o}

o]
0}
IR R 0 E e w i e 20 7 22 3 0
e s 0
® ®

o T et s

e )
©

LRe——

B

hesnsd
@





media/file24.png
The deviatoric stress / (MPa)

I
I
9 '—=— 0m above roadway floor !
g | 0.5m above roadway floor
—— 1m above roadway floor !
7 —— 1.5m above roadway floor
6L 2m above roadway floor E
—<— 2.5m above roadway floor

-—— 3m above roadway floor ,

~ next working face

O l l

!
roadway concriete wall

mined-out
area

—_—

| 1 Ny oo
-4 =2 0 2 4
Horizontal distance of section / (m)

(a)

-8 -6

ok

The deviatoric stress / (MPa)

6.0
55
5.0
4.5

—— 2.4m above roadway 12.4m above roadway
[—— 4 .5m above roadway —— 18.4m above roadway
——— 6.5m above roadway —— 20.4m above roadway
8.4m above roadway —— 22 .4m above roadway

«M"«j

—<— 10.4m above roadway

35 s f
25 ‘\‘\
20 T
15 — M‘_‘..-
1.0 F
roadway  concrete wall "y
0.5F  next working face r -7 7r71 _mined-outarea
O O _ | 1 | | 1 1 1 1 1 | _
=20 -16 -12 -8 4 0 4 8 12 16 20

Horizontal distance of section / (m)

(b)





media/file29.jpg
Outline line of
damage zone

Outline line of deviatoric
%/ stress peak value

reinforcement

[ oot G353 -

M Conerete [T Jutit it
o wall [ IO ettt






media/file1.jpg
Rk | 7 [Pev—
s e o 5 o |
[ e
] Dt o s
e |3 o e i, b e
| N =Tt —rrr=r
= P i oy st . st o vt
e sy e
e = i e e i 5
e e e
EI i 8 Ty
e i i e o b 2 o |
— -
— D gty P g
=1 ettt et
Tosmin | iy st e

@

Conerete wall
ey





media/file31.jpg
sz T

950

e

stow ¥ |






media/file25.jpg
The distance from the floor of the roadway / (m)

26
24
22
20
18
16
14
12
10

o v & o

next working face

“The position of the peak deviatoric stress
on the side of next working face

The position of the peak deviatoric stress
on the side of mined-out area

roadway  concrete wall

area

mined-out;

L , s
-6 -4 2 0 2 4 6 8
Horizontal distance of section / (m)





media/file12.png





media/file9.jpg
48°
46°
44°
42°

4001
3804

36°
34°
32°
30
28°
26°
24°
22°
20°
18°
16°
14°

| —=— The internal friction angle
| —=— The cohesior

angler”

Is
25

]
i
4
3
&
9
8
9

MPa

d

angler”

00

0 2 4 6 8 1012 14 16 1

The days / d

24

26 2

30

The cohesion / MPa





media/file0.png





media/file8.png
18

17 7.750
1653 8.765
= 9.780
]4&5 10.80
135 11.81
=
S 12.83
= 13.84
2.
= 14.86
9 3
" 15.87
16.89
17.90

8.900
10.05
11.19
12.34
13.48
14.63
15.77
16.91
18.06
19.20
20.35





media/file34.png
The deformation / mm

160

140

120

100

80

60

40

20

—=— Subsidence amount of roof

[-——e— Bulging amount of the bottom plate
—— Bulking of entity coal side

=—v— Bulking of the concrete wall side

g =
—§— ] ] ] ] ] ] ] ]
3 6 9 12 15 18 21 24 27
Monitoring days / d

(a)

30

Deformation rate / mm/d

Monitoring days / d

(b)

—=— Deformation rate of roof
- —*— Deformation rate of bottom plate
—— Deformation rate of entity coal side
[~ —v— Deformation rate of the concrete wall side
| | | 1 | | |
0 3 6 9 12 15 18 21 24 27 30





media/file17.jpg





