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Abstract

:

We used the 11,303 return air roadway of the Hongqingliang coal mine as the engineering background for a study exploring the impact of the structural morphology of the roadway on the stress distribution characteristics and the stability of a weakly cemented soft-rock mine roadway. This work studies the evolution law of stress and deformation, and the plastic zone of weakly cemented soft-rock roadways with retaining the top or bottom coal seams. The results show that when retaining the top coal is replaced by the bottom coal, the high-stress zone of the vertical stress is reduced, the peak stress is decreased, and the stress concentration coefficient is slightly reduced from 1.67 to 1.64. The peak value of the vertical displacement of the roof of the shaft which was 78.4% of that of the top coal also decreases significantly, while the peak value of the vertical displacement of the floor, which was 1.37 times that of the top coal, increases. The equal area method was used to change the aspect ratio of the roadway. When the aspect ratio decreased from 1.38 to 0.88, the high-stress zone of the vertical stress was reduced, the stress peak decreased, and the stress concentration coefficient decreased from 1.8 to 1.75. The vertical displacement of the roof increased by 27.7% from 10.91 mm to 13.93 mm, and the vertical displacement of the floor increased by 15.2% from 6.60 mm to 7.60 mm. The plastic failure range was significantly reduced, particularly at the bottom corners. These findings show that structural morphology has a great influence on the floor heave of weakly cemented soft rock. Reasonable retention of the top or bottom coal and the aspect ratio of the roadway can prevent the deformation and failure of the roadway in weakly cemented soft rock.
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1. Introduction


The weakly cemented soft rocks of the Triassic, Cretaceous, and Jurassic periods are widely distributed in Xinjiang, Gansu, Ningxia, and Western Inner Mongolia in the western regions of China [1,2,3]. Due to their low strength and easy weathering, they are easily softened and prone to disintegration after excavation and encountering water. The rock quality deteriorates rapidly, resulting in frequent engineering disasters, such as slope slides, large roofing, high spalling, and serious floor heave in the roadway. Therefore, the prevention and control of engineering disasters in weakly cemented soft rocks are urgent problems to be solved in western coal mining. From the perspective of disaster management [4,5,6], regulating the distribution of the stress field to control the damage to weakly cemented soft rock roadways is the simplest, most effective, and most economical method. Retaining the coal seams at the top or bottom and changing the roadway aspect ratio of the shaft will affect the distribution of the stress field. Therefore, it is important to analyze the reasonable layout of the roadway shape from the perspective of stress to prevent and control deformation and failure of weakly cemented soft rock roadways.



To explore the factors affecting stability and the deformation instability laws and how they apply to weakly cemented soft rock mine shaft roadways, scholars have used theoretical analysis, numerical simulation, on-site testing, and other methods. Zhao et al. [7] calculated an equation for elastic stress in the surrounding rock under the joint action of water and a non-uniform stress field. The authors put forth an implicit function calculation method of the plastic zone boundary based on the limit equilibrium method and analyzed the influence of the moisture field and the lateral pressure coefficient on the main partial stress and plastic zone range of the surrounding rock. Li [8] studied the influence of the depth of the coal seam and the lateral pressure coefficient on the deformation and failure characteristics of the surrounding rock and the distribution characteristics of the plastic zone and configured the deformation and instability law of weakly cemented soft rock roadways. Cai [9] explored the physical and mechanical properties of weakly cemented soft rock roadways, surrounding rock, roadway deformation characteristics, and a constitutive model of a roof of weakly cemented soft rock and revealed the roof instability mechanism of a weakly cemented soft rock roadway. Zhao et al. [10] analyzed the stability of surrounding rock after excavating a mine roadway when the water content of the weakly cemented strata was 2%, 5%, 10%, 15%, and 18%, respectively. Ru et al. [11] studied the deformation and failure law of weakly cemented soft rock roadways in close coal seams. Yuan [12] numerically simulated the influence law of elastic modulus, internal friction angle, cohesion, ground stress, lateral pressure coefficient, and support resistance on the displacement of the surrounding rock. Ma et al. [13] analyzed the effect of thickness and stiffness of a weak mudstone interlayer on the amount of roof subsidence using numerical calculation methods to determine the effect of thickness, stiffness, and strength of the weak mudstone interlayer on the deformation of weakly cemented soft rock roadways. In conclusion, there are many factors influencing the stability of the surrounding rock of weakly cemented soft rock roadways, mainly including the mechanical properties of the surrounding rock, the surrounding rock environment, and the surrounding rock roof structure, etc.



The roadway structural morphology is one of the important factors affecting the spatial mechanical distribution of roadways. Based on this, many scholars have analyzed the impact of roadway structural morphology on the stability of surrounding rock. Zhao et al. [14] studied the bearing structure of the surrounding rock of the roadway by theoretical analysis and numerical simulation given the geological characteristics of the surrounding rock of a weak and broken roadway and proposed a deep and shallow double bearing structure model. Sun et al. [15] regarded the surrounding rock and support of the roadway as a complex system and analyzed and studied the stability of the surrounding rock structure using the theory of dissipative structure. Ye et al. [16] used numerical simulation to analyze the deformation characteristics of a weak structure type when a roadway crossed the stratum and determined the specific support scheme. Zhang et al. [17] used numerical simulation to study the formation process of the layered structure of rock surrounding a roadway under dynamic disturbance and analyzed the influence of roadway depth, rock elastic modulus, etc., on its formation process. Du et al. [18] classified the rock mass structure and analyzed the stress characteristics and plastic failure characteristics of roadways with different structure types, thus obtaining the relationship between the rock mass structure type and the stability of the surrounding rock of roadways. Meng et al. [19] selected six kinds of roadways with different section shapes, such as rectangle, trapezoid, straight wall arch, horseshoe, oval, and circle, to conduct optimization research. Based on a FLAC3D simulation, the deformation characteristics of the surrounding rock and the distribution law of the surrounding rock plastic zone after excavation of these six typical roadways were studied, and the influence of different lateral pressure coefficients on them was analyzed. Li et al. [20] selected six kinds of roadway section shapes, namely rectangle, straight wall semicircle arch, horseshoe shape, three-centered arch, circle, and oval, to carry out optimization research and used numerical simulation software to analyze the plastic distribution of the surrounding rock and the distribution law of surrounding rock principal stress difference after tunnel excavation and concluded that the reasonable section shape under high-stress conditions was circular or oval. Zhang et al. [21] studied the stress distribution characteristics of the surrounding rock of a deep roadway with a large dip angle and designed the eccentric arc arch section by comprehensively considering the advantages of the semi-circular arch roadway and the trapezoidal roof. The engineering inspection judged that the support effect was good. Li et al. [22] analyzed the optimal shape of the roadway section under the condition of layered rock mass by using numerical simulation and pressure-balanced arch theory and recommended that for a roadway with arch caving and overall slip failure occurring in the roof, engineers should use a straight wall arch section, and for a roadway with wedge caving, engineers should use a pentagon section. By calculating the height of the fractured zone, Yang et al. [23] compared and analyzed the proper sectional shape of the roadway for upward mining. Through numerical simulation, they concluded that the surrounding rock stability of the roadway with a straight wall and semicircular arch section was the best, followed by the micro arch. They determined that the rectangle was the worst. In conclusion, the influence of roadway structural morphology on the stability of the surrounding rock is mainly reflected in the structure and section shape of the surrounding rock.



Based on the above research, scholars have carried out a wealth of research on the stability of weakly cemented soft rock and the structural morphology of the roadway and obtained fruitful research results, such as stability control technology of deep soft rock roadways [24,25,26], soft rock creep [27,28], water action characteristics of soft rock [29,30], and other issues. However, studies on the influence of roadway structure morphology on the mechanical properties of the weakly cemented soft rock are relatively rare. This work discusses the influence of top or bottom coal retention and the aspect ratio of the roadway on weakly cemented soft rock; analyzes the evolution law of stress, plastic zone, and deformation and determines the roadway structure form that conforms to the stability of the 11,303 return air roadway in the Hongqingliang coal mine. This work provides new ideas and practical experience for the prevention and control of the deformation and failure of weak cemented soft rock roadways.




2. Preliminary Analysis of the Deformation Characteristics of the 11,303 Return Airway in the Hongqingliang Coal Mine


2.1. Basic Overview of 11,303 Working Face of the Hongqingliang Coal Mine


The 11,303 working face is the second coal mining face in the Hongqingliang coal mine, which is located in the 3-1 panel of the first level. The upper No. 2 coal seam is not mined, and the lower No. 4 coal seam is not mined. The 11,303 working face layout is shown in Figure 1. The north of the 11,303 working face is the 11,301 working face goaf, the south is the 11,304 working face, the east is the 3-1 coal auxiliary transport roadway, and the west is the mine boundary. The 11,303 fully mechanized mining face is arranged along the coal seam, and the working face roadway is arranged along the coal seam strike. The length of the working face is 275 m, and the advancing length is 4279 m. A belt roadway, an auxiliary transportation roadway, a return air roadway, and a waist roadway are arranged in the fully mechanized mining face. The transportation roadway forms an interchange relationship with the 3-1 coal auxiliary transportation roadway and the 3-1 coal belt roadway through the belt head chamber and is connected with the 3-1 coal belt roadway. The geological structure of the working face is simple. The strata strike is 90~140° and dips south. Small folds and faults (the red part in Figure 1) in the eastern part of the working face are relatively developed. Affected by them, the local coal seam has waves and fluctuations; The coal seam is relatively stable, the roof and floor are relatively flat, the local uneven, the roof is relatively complete, and the cracks are not very developed.




2.2. Preliminary Analysis of the Deformation and Failure of the 11,303 Return Air Roadway in the Hongqingliang Coal Mine


Due to the influence of factors, such as large buried-depth, high ground stress, poor lithology, and rich floor water [31,32,33], in the 11,303 working face of the 3-1 coal seam in the Hongqingliang coal mine, serious floor heave occurred during the excavation process, with the maximum floor heave amount reaching 1.0 m. The rheological deformation of the roadway was serious, and the bulging part of the floor of the return air roadway was removed several times during excavation, as shown in Figure 2. In August 2020, after the temporary suspension of mining at the 11,303 working face, the bearing capacity of the roadway support was significantly reduced, and the deformation of the roadway was further aggravated, which led to the failure of the support body and coal wall caving, floor heave, and side shrinkage at the working face, which is very likely to induce roof and floor accidents and significantly increase the degree of safety risk [34,35]. Through the lithological analysis and mechanical properties, the return airway of the 11,303 working face of the Hongqingliang coal mine was to contain weakly cemented soft rock. Preliminary analysis of the serious floor heave in the return airway of the 11,303 working face showed that it was mainly due to water disintegrating the weak sandy mudstone floor, coupled with the strong mining impact of the rock surrounding the roadway under high stress and serious rheological deformation. This resulted in roadway deformation increasing sharply and obvious floor heave. When a roadway has serious floor heave, the commonly used rectification method is to remove the bulging part of the roadway floor; however, after some time, the floor will heave again, and the bulging part will again need to be removed. In this way, such repeated engineering leads to the continuous expansion and destruction of the entire roadway, which seriously affects the basic usage function of the roadway and affects normal production, increasing the cost of roadway maintenance.



The monitoring curve of the working resistance of an advanced single prop is shown in Figure 3, and the influence range of the advanced working resistance was about 58 m. During the excavation period, the 11,303 return air roadway of the Hongqingliang coal mine was constantly deformed by convergence, and the maximum amount of floor heave reached 1.6 m, the maximum amount of roof subsidence reached 1.2 m, and the maximum displacement of the two sides reached 0.8 m. The support system was seriously destabilized and repaired several times. For the deformation and failure of the roadway, the preliminary analysis found that the floor is sandy sandstone, which is a weak floor, and the floor is the release port for stress or energy under excavation unloading and disturbance. The floor therefore shows the most serious deformation response. The mining caused the leading support pressure of the single hydraulic support to increase, with the maximum reaching about 24 MPa. Through field observation, floor heave occurs repeatedly and becomes more and more serious. For this phenomenon, the main countermeasures are to increase the support strength of the two sides and the roof and remove the bulging part of the floor. However, these measures cannot achieve a complete solution.




2.3. Establishment of the 11,303 Return Airway Model in the Hongqingliang Coal Mine


The 11,303 return airway of the Hongqingliang coal mine was selected for a 3D numerical calculation model, as shown in Figure 4. Considering the stress boundary and influence range, the model size was 400 m × 200 m × 50 m, where the x-axis was the coal seam tendency, the y-axis was the coal seam direction, and the z-axis was the vertical direction. Plane z (represented by the organ in the figure) was intercepted in the middle of the coal seam. The 11,303 working face plane diagram is shown on the right.



According to the actual situation of the 11,303 working face of the Hongqingliang coal mine, the size of the roadway section is 5.5 m × 4.0 m (width ×height). The displacement constraint is applied around and at the bottom of the model, and 12.2 MPa stress is applied at the top of the model, which is equivalent to the self-weight of the overburdened rock. In a rock mechanics calculation [36,37], the calculation formula is σz = γh. Where, γ is the average unit weight of rock stratum, which is generally taken as 25 kN/m3; and h is the burial depth, 488 m. The horizontal stress of the rock layer is applied according to the field ground stress measurement results (σx = 17.94 MPa, σy = 10.18 MPa). The specific data of the coal rock parameters are calculated using the Mohr -Coulomb model as shown in Table 1.





3. Analysis of the Influence of a Retaining Roof or Bottom Coal on a Weakly Cemented Soft Rock Roadway


3.1. Design of a Retaining Roof or Bottom Coal of the Weakly Cemented Soft Rock Roadway


The coal thickness of the 11,303 working face of the Hongqingliang coal mine was 5 m, and the current mining height was 4 m. To ensure the stability of the roof, the mining method of retaining the top coal was used. To investigate the influence of retaining the roof or bottom coal on the surrounding rock of the roadway, the 11,303 return air roadway was used as the engineering background. Combined with geological conditions, according to the original plan to excavate along the floor of the coal seam, the thickness of retaining top coal was 1 m. If excavation was carried out along the roof, the thickness of the retaining bottom coal would be 1 m. The FLAC3D model diagram is shown in Figure 5.



The displacement constraint was taken around and at the bottom of the model, and a stress of 12.2 MPa was applied at the top of the model, which was consistent with the gravity of the upper overburden; the specific parameters are shown in Table 1. The Mohr-Coulomb constitutive model was used to explore the stress characteristics, deformation characteristics, and plastic zone distribution law of the surrounding rock in the weakly cemented soft rock roadway.



If the top coal is retained, it means the upper part is the weak roof, and the control of the roof is the top priority for roadway stability. Conversely, if the bottom coal is retained, it means the lower part is the weak floor, and the control of the floor is the key to the roadway stability control. Because the rock of the floor is weakly cemented soft rock, the strength is relatively low. Whether the top coal or bottom coal is retained, the floor is one of the difficult points of control. The low strength region of the surrounding rock will release stress and deform, and also the location of large deformation and failure, so more attention should be paid to the surrounding rock control.




3.2. Stress Characteristics of Surrounding Rock of Retaining the Top or Bottom Coal in the Weakly Cemented Soft Rock Roadway


Retaining the top or bottom coal will affect the stress distribution of the surrounding rocks in the weakly cemented soft rock roadway. This is, mainly because the coal body has lower strength compared with the rock body, and the roof and floor cannot present stress concentration, resulting in a slower increase in the internal surrounding pressure and lower overall strength of the surrounding rocks. As shown in Figure 6, the stress distribution characteristics of retaining the top or bottom coal were consistent, i.e., the two sides show a “binaural” stress concentration, which reflects the excavation unloading, and the stress was transferred to the interior. The roadway as a whole showed an oval low-pressure area, the roof and floor presented a more obvious pressure relief effect, while the two sides did not demonstrate a pressure relief area.



Figure 6 shows the vertical stress cloud diagram of the surrounding rock of the roadway under the conditions of retaining the top or bottom coal. The vertical stress distribution pattern of the surrounding rock of retaining the top or bottom coal of the roadway was the same, the two sides of the roadway were high-stress areas, and the two sides spread to both sides in an elliptical pattern. The roof and floor were low-stress areas and spread to both sides in a semi-circular pattern, and finally transitioned to the original rock stress area. The distribution of the stress area of retaining the top or bottom coal of the roadway were slightly different: in terms of the high-stress area of the two sides, the high-stress area of the retaining the top coal for the roadway was slightly larger; for the low-stress area of the roof and floor of the roadway, the difference was not large. In rock mechanics, the ratio of secondary stress to primary stress after the roadway opening is usually defined as the stress concentration coefficient at this point [38,39,40]. In this work, the stress concentration coefficient refers to the stress concentration coefficient at the peak stress. The stress peaks of the different retaining coal methods for the roadway were different, the high-stress peak of retaining the top coal of the roadway is 20.41 MPa, and the stress concentration coefficient was 1.67, retaining the bottom coal of the roadway was 20.03 MPa, and the stress concentration coefficient was 1.64. Therefore, combined with the change of peak stress and high-stress area, it can be seen that the stability of the surrounding rock of the roadway with bottom coal was better, which indicates that the retaining coal method can improve the stress environment of the surrounding rock.




3.3. Deformation Characteristics of the Surrounding Rock of Retaining the Top or Bottom Coal in the Weakly Cemented Soft Rock Roadway


Figure 7 shows the vertical displacement cloud diagram of the surrounding rocks for the different methods of coal retention. The deformation of the roof was larger when the top coal was retained, and the deformation of the floor was larger when the bottom coal was retained, which reflects the characteristics of energy release of the surrounding rock in the weak area. When the top coal was retained, the influence range of the roof deformation was larger than that of the bottom coal case, and vice versa, the influence range change pattern was also consistent.



From Figure 7, it can be seen that after the roadway was excavated and stabilized, the vertical displacement mainly occurred in the roof and floor of the roadway, and different methods of coal retention had different effects on the displacement produced by the roadway’s surrounding rock, mainly on the relatively weaker coal seam. When retaining the top coal, the influence range of vertical displacement of the roof was larger, the roof subsidence was 15.95 mm, and the floor heave was 8.26 mm; when retaining the bottom coal, the influence range of vertical displacement of the floor was larger, the roof subsidence was 12.50 mm, which is 78.4% of that of retaining top coal, and the floor heave was 11.31 mm, which was 1.37 times of that of retaining the top coal, indicating that the floor was more likely to deform when retaining bottom coal. It was not conducive to floor control.




3.4. The Distribution of Plastic Zone of the Surrounding Rock of Retaining the Top or Bottom Coal in the Weakly Cemented Soft Rock Roadway


Figure 8 shows the distribution of the plastic area of the surrounding rocks of retaining the top or bottom coal. Regardless of whether the top coal or bottom coal was retained, the overall failure pattern of the roadway still showed the “Ω” pattern. The damage range of the roof of retaining top coal was larger than that of retaining bottom coal, especially in the two corners of the roof of the roadway. On the contrary, the damage range of the floor of retaining the bottom coal was larger than that of retaining the top coal, and the main difference was in the range of vertical area.



Figure 8 shows the distribution of the plastic zone of retaining the top or bottom coal. (1) The different methods of retaining the coal surrounding the rock plastic-zone damage were the same. The roof and floor were tensile failures, and the range of roadway sides and bottom corners was a shear failure. From the viewpoint of the damage range, the shear failure had a greater impact range. (2) Compared with retaining the top coal, the plastic failure area of retaining the bottom coal range was slightly smaller. The failure range of the roof and bottom corners was significantly smaller. This was because the roof strength was significantly improved by the retaining the bottom coal, and the roof stability ensured the stress transfer to the deep surrounding rock, thus improving the overall stability of the roadway.





4. Analysis of the Influence of the Aspect Ratio of the Roadway on a Weakly Cemented Soft Rock Roadway


4.1. Determination of the Aspect Ratio of the Weakly Cemented Soft Rock Roadway


Based on the above research, the simulation of retaining coal adopts the form of retaining the bottom coal. FLAC3D was used to establish the numerical model, and the current cross-sectional size of the upper and lower chute roadway was 4.0 m × 5.5 m. According to the principle of the equal area [41,42,43], the influence of different aspect ratios on the stability of the roadway’s surrounding rock was explored by appropriately changing the aspect of the roadway. Different aspect ratios of the scheme of the roadway are shown in Table 2.



Fixed constraints were applied around the model and at the bottom, and the equivalent load of 12.2 MPa was applied at the top of the model. Rock mechanical parameters are shown in Table 1. The Mohr-Coulomb constitutive model was used to deeply analyze the stress characteristics, deformation characteristics, and plastic zone distribution law of the roadway’s surrounding rock under different aspect ratios of the roadway.




4.2. Stress Characteristics of the Surrounding Rock with Different Aspect Ratios in the Weakly Cemented Soft Rock Roadway


Figure 9 shows the vertical stress cloud diagram of the surrounding rocks in different aspect ratios of the roadway. The overall change pattern and characteristics were consistent, which shows that changing the aspect ratio of the roadway did not essentially change the stress distribution, but the change of the peak value shows that changing the aspect ratio of the roadway could change the stress concentration degree of the surrounding rocks to a certain extent, thus regulating the stability of the weakly cemented soft rock roadway.



After the roadway was excavated and stabilized, the two sides of the roadway are the high-stress area and the roof and floor are the low-stress areas, and the dividing line between the high and low-stress areas is the top and bottom corners of the roadway. With the increase in the roadway aspect ratio, the high-stress concentration area was slightly increased, the peak stress increased from 21.38 MPa to 21.90 MPa, and the concentration coefficient increased from 1.75 to 1.80. The range of the low-stress area in the roof and floor of the roadway increased significantly. When the aspect ratio of the roadway was smaller, the high-stress concentration area of the roadway surrounding rock was smaller and the stress peak is smaller, and the roof and floor are compressive stresses which were more favorable to the stability of the roadway’s surrounding rock.




4.3. Deformation Characteristics of the Surrounding Rock with Different Aspect Ratios in the Weakly Cemented Soft Rock Roadway


To explore the deformation characteristics of the weakly cemented soft rocks under different aspect ratios, the vertical displacement law of surrounding rocks with aspect ratios ranging from 0.88 to 1.38 was analyzed.



Figure 10 shows the vertical displacement cloud diagrams of surrounding rocks with different aspect ratios of the roadway. After the roadway was excavated and stabilized, vertical displacement mainly occurred at the roof and floor of the roadway. The top and bottom parts of the roadway showed the “equipotential line” of local reduction, and the top two sides corners and the lower two bottom corners of the roadway show the trend of large deformation. Regardless of the aspect ratio, the overall trend was the same, which means that the focus of rectangular roadway management is the four corner areas. From the deformation trend, the anchor rod and anchor cable support should be carried out along the 45° side angle.



When the aspect ratio of the roadway was 0.88, the maximum displacement of the roadway roof was 10.91 mm, which was located in the middle region of the roof, and the maximum displacement of the floor was 6.60 mm, which was located in the middle region of the floor. With the increase in aspect ratio, the displacement range of the roof and floor becomes larger and the peak of vertical displacement also increased. The vertical displacement of the roof increased from 10.91 mm to 13.93 mm, an increase of 27.7%, and the vertical displacement of the floor increased from 6.60 mm to 7.60 mm, an increase of 15.2%. The deformation changes of the two sides were small.



It can be seen in Figure 10 that with the increase of the aspect ratio of the roadway, the influence range of the floor deformation increased, and its value also shows the trend of growth, and the influence range of the present deformation of the roof shows the trend of decreasing, but the roof roadway displacement shows the trend of increasing, which indicates that for a roadway with a larger aspect ratio, the roof needs to control the local area to be able to achieve the control of the surrounding rock, and the area and range of the floor control are larger. When the aspect ratio of the roadway was small, the vertical displacement of the roof and floor of the roadway was also small. In other words, when the roadway height is satisfied, the roadway width can be appropriately reduced, which is conducive to the stability of the roof and floor of the roadway.




4.4. Plastic Zone Distribution of the Surrounding Rock with Different Aspect Ratios in the Weakly Cemented Soft Rock Roadway


To explore the failure range of weakly cemented soft rocks under different aspect ratios, the plastic zone variation law of the surrounding rocks with aspect ratios between 0.88 and 1.38 were analyzed, focusing on the overall fracture morphology and partial fracture range for discussion and analysis.



Figure 11 shows the distribution of the plastic zone of surrounding rocks with different aspect ratios. No matter how the aspect ratio changed, the overall roadway still showed “Ω” form, i.e., the vertical failure range of the roof was similar, but the horizontal failure range gradually increased. Especially in the two corners, the two sides of the roadway showed obvious convex in an arc shape, i.e., the failure range in the middle of the roadway was larger, and the upper and the lower parts of the roadway shows a decreasing trend. The two bottom corners of the roadway were the areas with the greatest failure depth and range of the surrounding rock, and the failure depth of the floor showed an increasing trend.



The failure of the roadway’s surrounding rock was mainly shear failure and tensile failure. Shear failure mainly occurred in the top and bottom corners of the roadway and the two sides of the roadway, and tensile failure mainly occurred in the roof and floor of the roadway. With the increase of the aspect ratio of the roadway, the plastic failure zone increased, especially in the top and bottom corners. As the width of the roadway increased, the pressure released from the roof and floor due to roadway excavation was transferred to the two sides, causing shear failure at the top and bottom corners. When the roadway aspect ratio was small, it was conducive to the stability of the roadway’s surrounding rock.





5. Discussion


5.1. Establishment of Numerical Model and Analysis of Results


The numerical model of working face 11,303 in the Hongqingliang coal mine established in this work was based on the site geological conditions and engineering layout. The scope of the whole numerical model research was different from that of the roadway’s surrounding rock stability research. In future research, a numerical model should be established for roadway-size with scope for small-scale research.



For the numerical simulation results, the research was not deep enough. For example, for the analysis of the plastic failure areas, visual comparison and overview was only carried out in the visual range. Furthermore, statistical methods were used to provide statistics on the plastic failure types and the number of plastic failures in the plastic failure areas, to conduct the quantitative analysis. In another example, for the analysis of high-stress areas, only the peak stress and stress concentration factor were analyzed, which can analyze the area and change of high-stress areas.




5.2. Theoretical Analysis and Support


The analysis method in this work mainly relied on numerical simulation, and was lacking a theoretical analysis. For the theoretical basis of retaining the top or bottom coal, it remained in the methodology and did not establish a relevant mechanical model for analysis. A mechanical model should be established to obtain an analytical solution from the theory. By comparing the analytical solution with the simulated solution, the correctness of the data can be verified from several perspectives. In a follow-up study, a mechanical model of the coal retention mode should be studied.




5.3. On-Site Monitoring and Application


There was a lack of on-site monitoring data and insufficient analysis of on-site data. For the description of the current situation of the roadway such as the high-stress action, the serious rheological deformation, and the roadway deformation increase, there was only a qualitative description available and not a quantitative analysis. For detailed analysis, comprehensive and detailed on-site monitoring should be carried out for the return air roadway of working face 11,303.



This work analyzes the influence of the coal retention mode and roadway aspect ratio on roadway mechanical properties, but the guiding role of the on-site roadway needs to be verified on-site, and the feasibility of the method should be verified through long-term on-site monitoring.





6. Conclusions


The structural morphology of the roadway affects the distribution of the stress field and then affects the stability of the roadway. Taking the Hongqingliang weakly consolidated soft rock roadway as the research object, this paper analyzes the distribution characteristics of surrounding rock stress, and deformation and plastic zone under the conditions of coal retaining at the top and bottom of return roadway 11,303 and the width/height ratio of roadway, and draws the following conclusions:




	(1)

	
Changing the method of retaining the top or bottom coal can improve the stability of the surrounding rock. When the retaining of the top coal is changed to retaining of the bottom coal, the high-stress zone of the surrounding rock decreases, the peak stress decreases and the stress concentration coefficient decreases from 1.67 to 1.64. The peak vertical displacement of the roof decreases significantly, which is 78.4% of that of the top coal, while the peak vertical displacement of the floor increases, which is 1.37 times that of the top coal. The plastic failure range is obviously reduced, especially at the bottom corners. The surrounding rock’s stability due to retaining the bottom coal is better than that of the top coal.




	(2)

	
The stability of the surrounding rock can be improved by changing the section properly. When the section aspect ratio of the roadway decreases from 1.38 to 0.88, the high-stress zone of surrounding rock decreases, its peak value decreases, and the stress concentration coefficient decreases from 1.8 to 1.75. The vertical displacement of the roof increases by 27.7% from 10.91 mm to 13.93 mm, and the vertical displacement of the floor increases by 15.2% from 6.60 mm to 7.60 mm. The plastic failure range is significantly reduced, particularly at the bottom corners. When the ratio of width to height is small, the surrounding rock stability is the best.




	(3)

	
In the structural morphology of the roadway, the deformation of the floor of the weakly cemented soft rock is larger when the bottom coal is retained compared with the top coal, and the vertical displacement of the floor increases from 6.60 mm to 7.60 mm with the increase of the roadway aspect ratio, which indicates that the structural morphology of the roadway has a greater influence on the floor heave of weakly cemented soft rock roadway, and the reasonable retaining of the top or bottom coal and roadway aspect ratio can reduce the deformation of the weakly cemented soft rock roadway.




	(4)

	
This work adopts the method of combining a numerical simulation with field monitoring to discuss the stability of the roadway’s surrounding rock with different structural morphology. However, there are some problems, such as the lack of theoretical analysis, the lack of quantitative analysis in the numerical simulation and the lack of comprehensive field monitoring data, which should be supplemented in subsequent studies.
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Figure 1. The 11,303 working face roadway layout. 
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Figure 2. Characteristics of floor heave of the 11,303 return air roadway in the Hongqingliang coal mine: (a) overall floor heave; (b) local floor heave. 
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Figure 3. Working resistance monitoring curve of advanced single prop in the 11,303 working face. 
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Figure 4. Calculation model of the 11,303 working face in the Hongqingliang coal mine. 
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Figure 5. Model diagram of different roadway retaining methods. (a) retaining the top coal, (b) retaining the bottom coal. 
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Figure 6. Vertical stress cloud diagram under retained top coal and bottom coal conditions. (a) retaining the top coal, (b) retaining the bottom coal. 
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Figure 7. Vertical displacement cloud diagram of different coal retention methods. (a) retaining the top coal, (b) retaining the bottom coal. 
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Figure 8. Plastic zone distribution of surrounding rock under different coal retention methods. (a) retaining the top coal, (b) retaining the bottom coal. 
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Figure 9. Vertical stress nephogram of surrounding rock in different roadway aspect ratios. (a) aspect ratio 0.88, (b) aspect ratio 0.96, (c) aspect ratio 1.04, (d) aspect ratio 1.14, (e) aspect ratio 1.38. 
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Figure 10. Vertical displacement cloud diagrams of surrounding rock with different aspect ratios of the roadway. (a) aspect ratio 0.88, (b) aspect ratio 0.96, (c) aspect ratio 1.04, (d) aspect ratio 1.14, (e) aspect ratio 1.38. 
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Figure 11. Distribution of plastic zone of surrounding rock with a different aspect ratio of the roadway. (a) aspect ratio 0.88, (b) aspect ratio 0.96, (c) aspect ratio 1.04, (d) aspect ratio 1.14, (e) aspect ratio 1.38. 
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Table 1. Table of mechanical parameters of rock strata.
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	Lithologic Characters
	Bulk Modulus

/GPa
	Shear Modulus

/GPa
	Internal Cohesion

/MPa
	Internal Friction Angle/°
	Tensile Strength

/MPa
	Density

/(kg/m3)





	Conglomerate
	12.22
	10.79
	2.5
	42
	3.6
	2531



	Medium sandstone
	3.3
	2.5
	4.0
	37
	1.2
	2614



	Conglomerate
	10.58
	10.02
	2.1
	40
	3.1
	2637



	Sandy mudstone
	2.56
	2.36
	2.16
	36
	0.75
	2538



	Fine sandstone
	11.01
	8.52
	3.2
	42
	1.29
	2764



	Coal
	4.91
	2.01
	1.25
	32
	0.15
	1400



	Mudstone
	9.97
	7.35
	1.2
	32
	0.58
	2698



	Sandy mudstone
	5.12
	4.73
	2.45
	40
	2.01
	2639



	Sandy mudstone
	3.16
	2.79
	2.32
	38
	1.65
	2576



	Coarse sandstone
	4.2
	2.9
	5.0
	34
	1.5
	2674
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Table 2. Different aspect ratios of the scheme of the roadway.
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	Aspect Ratio
	0.88
	0.96
	1.04
	1.14
	1.38





	Width/m
	4.4
	4.6
	4.8
	5.0
	5.5



	Height/m
	5.0
	4.8
	4.6
	4.4
	4.0
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