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The support of roadways in soft coal seams is a challenge in deep coal mines. For gas-rich coal seams, many methods are developed to drain the gas before mining. The penetrating hydraulic reaming (PHR) is one of the most efficient methods to reduce the gas content and pressure in the coal seams. However, the PHR method will cause many large holes in the coal seam, which brings difficulty to in-seam roadways control. The strength parameters of the coal are essential for roadway stability analysis. However, in soft coal seams, the sampling of the coal is difficult, and the direct evaluation of the coal strength parameters is unfeasible. In the present research, the surrounding rock damage characteristics of the holes induced by PHR are first evaluated by ground-penetrating radar (GPR). Then, the strength parameters of the coal are determined via the back-analysis method. After that, the deformation and failure of the roadway are analyzed, and an optimized support scheme is proposed. According to the monitored displacement and measured damage zone of the roadway, the roadway is well controlled by the proposed support scheme.
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INTRODUCTION
In deep coal mines with soft coal seams, the control of roadway stability is a challenge due to the high in situ stress and surrounding rock with low strength. (He et al., 2005; Yang et al., 2013; Zong et al., 2014). Although many technologies have been proposed for the roadway support in recent years, the accidents caused by the failure of roadway are still a main threat to the deep coal mines in China (Cai and Kaiser, 2004; Tan et al., 2013; Yang et al., 2013; Felix et al., 2014; Zong et al., 2014). During the excavation of the roadways, the surrounding rock mass will undergo plastic deformation and damage, and an excavation damage zone (EDZ) will arise around the roadway (Melkoumian et al., 2009; Sriapai et al., 2013; Yu et al., 2020). The support structure, such as rockbolt or cable, is used to control the extent of EDZ and prevent the deformation of rock mass. Therefore, the estimate of the extent of EDZ in the surrounding rock mass is essential for the support design of roadway. If the mechanical parameters of the rock mass are determined, the EDZ can be analyzed by theoretical analysis or numerical simulation (Coggan et al., 2012; Du et al., 2019; Qin et al., 2019). However, due to the low strength of the coal and distribution of joints, it is difficult to estimate the mechanical parameters of the rock mass either in situ or laboratory. Alternatively, many researchers attempt to measure the extent of EDZ directly in the field via ground-penetrating radar (GPR) or Goodman jack, et al. However, the in situ tests are quite time-consuming and can only evaluate the EDZ, while the roadway has been supported.
For gas-rich coal seams, penetrating hydraulic reaming (PHR) has been one of the most efficient methods to reduce the gas content and pressure in the coal seams (Gao and Xie, 2009; Spearing et al., 2013; Zhang et al., 2015; Jiang et al., 2019). During the excavation of the roadway in the coal seam, the holes induced by PHR may be revealed. The damage zone around the holes can reflect the mechanical properties of the rock mass. Therefore, in the present research, the surrounding rock damage characteristics of the holes induced by PHR are first determined by GPR. Then, the strength parameters of the rock mass are determined via the back-analysis method. Based on the aforementioned analysis, the deformation and failure of the roadway are analyzed, and an optimized support scheme is proposed.
DETECTION OF DAMAGE ZONE AROUND PHR INDUCED HOLES
Geological Conditions
The coal mine of this research is located in Yuzhou City, Shanxi Province, China. The tests were carried out in the # 32051 preparation roadway, which belongs to 32 working faces in the Liangbei coal mine, and its buried depth was -637 m. The roof of the roadway was made of medium-grained sandstone (4.98 m thick) and mudstone (10.64 m thick), while the coal seam floor was mudstone or siltstone (4.51 m thick). The coal seam was 5 m thick on average, with an average compressive strength of 1.63 MPa. They can therefore be considered as soft coal seam (Table 1). The dip angle of the roadway was 0°–7°. The height of the roadway was 5.3 m, and the width was 5.1 m. In the coal seam, hydraulic reaming with a distance of 6 m was distributed. Before the excavation of the preparation roadway, the reaming hole was drilled in the bottom drainage roadway (Figure 1). In order to determine the damaged zone of the coal seam, three measuring surfaces were chosen before mining.
TABLE 1 | Condition of coal seam roof and floor.
[image: Table 1][image: Figure 1]FIGURE 1 | Profile map of PHR.
Before the experiment was carried out, the ground stress at the experimental site should be determined. The initial stress was referred to the adjacent Pingdingshan coal mine which has similar geological history and depth. The vertical stress is 2.61 MPa, the maximum and minimum horizontal stresses are 7.86 and 5.21 MPa, respectively. The directions of ground stress are presented (Figure 2).
[image: Figure 2]FIGURE 2 | Sketch map of experimental site and ground stress.
Experimental Equipment
The Pulse EKKO100 Ground Penetrating Radar (GPR) is used to measure the plastic zone which has an accuracy of 0.01 m. The radar can estimate the EDZ by receipting electromagnetic wave in different mediums. In particular, when electromagnetic waves pass through different mediums, part of them will be reflected. The interfaces among different media can be then analyzed.
Test Scheme and Results
In order to avoid the disturbance caused by the excavation of the roadway, the EDZ was tested immediately once the borehole was finished. Since three points can determine the elliptical extent of the plastic zone, three measuring surfaces were selected at the same borehole for testing, namely, the excavation direction of the roadway and the two directions with an angle of 30° from this axis. During the test, the GPR was slowly moved along the measuring surface from the starting point to the end point (Figure 3).
[image: Figure 3]FIGURE 3 | Sketch map of the distribution of measuring surfaces. (A) Front view. (B) Side view.
It can be seen from the image that the electromagnetic wave fluctuates significantly within 2.4 m at measuring surface 1. This shows that this is the junction between the EDZ and the total rock mass, and the radius of the EDZ of the reaming is then determined. Similarly, the EDZ radius of measuring surfaces 2 and 3 are 2.6 and 2.4 m, respectively. The test results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Test results. (A) Measuring surface 1. (B) Measuring surface 2. (C) Measuring surface 3. (D) Test results.
DETERMINATION OF MECHANICAL PARAMETERS
Since the reaming can be regarded as a long cylinder, the cross section and the constraints parallel to the cross section do not change with the length. Therefore, the analysis of hydraulic reaming can be simplified as a plane strain problem. Due to the unequal horizontal force on the reaming, the side pressure coefficient in the horizontal direction will be considered. Therefore, the function of complex variable is used to reflect the EDZ around the hole. The formulas for calculating the stress and plastic zone of a borehole in the surrounding rock were established by previous scholars.
[image: image]
There are seven parameters in Eq. 1, where σy is the stress along the y-axis, λ is the side pressure coefficient, θ is the angle of the surrounding rock coordinate system, C is the cohesive force, η is the internal friction angle, and r is the radius of the borehole.
In order to calculate the EDZ of the borehole, pass the formula by the analytical solution. It is necessary to explore the size and shape of the EDZ of the borehole under different cohesive forces. According to the geological conditions, the parameter σy is 10 MPa, the λ is 1.2, the parameter r = 0.75 m, and the internal friction angle η = 27.67°. Therefore, the parameter C is the only variable in Eq. 1. According to the characteristics of coal seam, the cohesive force C is determined as 0.1, 0.2, 0.3, 0.4, and 0.5 MPa, respectively. Therefore, the EDZ is calculated under different cohesion forces.
The results from Figure 5 showed that the distribution of the EDZ is elliptical, especially the long axis is along the σy direction where the ground stress is smaller, and the short axis is along the direction where the ground stress is higher. The distribution of values is regular: (0°, 180°) > 45° > both sides (90°, 270°). With the increase in cohesive force, the range of EDZ shrinks gradually. Moreover, the degree of change becomes smaller. When the local cohesion C is higher than 0.2 MPa, the changing trend of the radius is obviously reduced with the increase in cohesion and the distribution of the EDZ can be obtained from the results. Therefore, the long axis of the plastic zone is 5.2 m. The value of the cohesive force C is 0.3 MPa.
[image: Figure 5]FIGURE 5 | Radius distribution of plastic zone around hydraulic reaming.
SURROUNDING ROCK DAMAGE CHARACTERISTICS OF ROADWAY
In this section, the commercial software FLAC3D was used. The rock mechanics parameters obtained before were used to calculate the EDZ of the roadway.
Model Establishment and Parameter Selection
A numerical simulation model was established based on the geological conditions of Liangbei coal mine, having length, width, and height of 100 m, 70, and 100 m, respectively. The displacement of the model base was 0. Gravity stress was applied on the surface according to the buried depth of the roadway and both the bottom and lateral displacement of the model were fixed. The element mesh model is shown in Figure 6. The Mohr–Coulomb failure criterion was used for calculation. According to the conditions on-site, the excavation distance of each step was 3 m. The excavation was carried out step by step. The supporting diagram is shown in Figure 7.
[image: Figure 6]FIGURE 6 | Schematic diagram of the model. (A) External diagram. (B) Internal diagram.
[image: Figure 7]FIGURE 7 | Schematic diagram of cross-sectional support.
Numerical Simulation Results and Analysis
The plastic zone and stress cloud diagrams obtained by numerical simulation are sliced along the horizontal direction and shown in. It can be seen that after the excavation of the hydraulic reaming, the stress in a particular range around the reaming was redistributed. The surrounding plastic zone can match the shape of the plastic zone calculated by Eq. 1. The reamed plastic zone under unequal horizontal force presents an approximately elliptical shape. The long and short axes are perpendicular to the direction of maximum principal stress and minimum principal stress, respectively.
Based on the results, the excavation of the roadway will not increase the radius of the plastic zone at the measuring surfaces. In contrast, the roadway without reaming is excavated, and the cloud graph of the plastic zone is shown in Figure 8. It can be seen that the subsequent excavation of the roadway will not affect the range of the plastic zone at the measuring surface.
[image: Figure 8]FIGURE 8 | Numerical simulation results. (A) Numerical simulation results of plastic zone at hydraulic reaming. (B) Numerical simulation results of plastic zone after roadway excavation. (C) Maximum principal stress cloud diagram around reaming. (D) Plastic zone results of roadway excavation without reaming.
Simulation Result Verification
In order to verify the results obtained by the numerical simulation, the field test was then carried out. The section at the working face of the roadway is used for measurement. The GPR was used on both sides of the roadway, and the schematic diagram is shown in Figure 9. By analyzing the image obtained using the GPR, the plastic zone radius of both sides of the roadway is 2.8 m, which was similar to the results of the numerical simulation.
[image: Figure 9]FIGURE 9 | Schematic diagram of in situ test. (A) In situ test chart. (B) Schematic diagram of in situ testing.
RESULTS AND DISCUSSION
Since the parameters obtained before are close to the rock mass on-site, this method can better reflect the distribution of the plastic zone. In this section, the parameters obtained before will be used for the roadway supporting method and parameters selection. The anchor rod and anchor cable are selected as the primary support tools, and the steel belt joist is the auxiliary support tool.
Mechanism of Anchor Rod and Anchor Cable

1) Mechanism of anchor rod: A large number of studies have shown that the primary function of the bolt is to increase the strength, elastic modulus, internal friction angle, and cohesion of the surrounding rock mass after failure. For the tensile and shear areas of the surrounding rock of the roadway, bolts can improve the stress state of the rock mass. For discontinuous surfaces such as joints and cracks, anchor rods can improve the shear strength of the structural surface. It can also improve the shear strength of the structural surface and improve the overall strength and integrity of the rock mass. For relatively broken rock masses, bolts can restrain the expansion and deformation of the rock masses and improve the overall strength and integrity of the rock mass. It can be seen that the main target of the bolt is the rock mass with lower strength. For the rock mass in the plastic zone and in the elastic zone, the effect of bolts is relatively lower. Therefore, it is necessary to use anchor cables to connect the anchoring areas.
2) Mechanism of anchor cable: The role of the anchor cable is mainly to connect the surrounding rock after the anchor rod is reinforced with the bearing layer of the deep surrounding rock. In this way, the load-bearing capacity of the deep rock mass can be fully improved, and the rock mass in a larger area can be controlled together.
Support Parameter Design
According to the Mining Engineering Design Manual, a mesh reinforcement anchor cable-combined support scheme is carried out in the roadway. The initial support scheme is provided by mesh reinforcement and anchor cable. The roof is supported with a steel mesh, W-type steel belt, thread steel anchor, and anchor cable. A left-handed non-longitudinal rebar normal-strength thread steel anchor is modified to strengthen the support with a diameter of 20 mm and a length of 2600 mm. The anchor cable has a diameter of 21.6 mm and a length of 8000 mm, composed of steel strands. The type of W-type steel belt is BHW-280-4.00 steel belt with a length of 5400 mm. The diameter, length, and width of the steel mesh are 6, 1540, and 840 mm, respectively. The row spacing and column spacing of the thread steel anchor are both 700 mm. The row spacing of the anchor cable is 1400 mm, and the column spacing is 700 mm. The W-type steel belt of two sides adopts the BHW-280-4.00 steel belt with a length of 2500 mm and the BHW-280-4.00 steel belt with a length of 1800 mm. The pre-stressing of anchor cables of two sides is not less than 100 kN, and the pre-stressing of anchor cables of the roof is not less than 300 kN.
Under this support scheme, ground stress balance and excavation are carried out. In order to reduce the influence of boundary conditions on the model, the monitoring section is taken at y = 5 m. The displacement cloud diagrams around the roadway obtained by the numerical simulation are shown in Figure 10. Moreover, the initial support scheme is implemented, and the results are shown in Figure 11.
[image: Figure 10]FIGURE 10 | Displacement cloud diagram of initial scheme. (A) Vertical displacement. (B) Horizontal displacement.
[image: Figure 11]FIGURE 11 | Supporting effect of improve scheme.
According to the numerical simulation results and the on-site support schematic diagram, the displacement of the two sides and roof in the first support scheme is large. This is because the anchor cable is located in the middle of the two rows of anchor rods and each tool bears load separately. This means anchor cables and anchor rods are not taken as a whole. The component with lager stiffness can be destructed first, and then other support tools bear loads and damage. This situation will cause the losses of the whole support structure.
The initial scheme only focuses on the support effect of a single element. At the same time, the synergetic effect is ignored. Therefore, in order to improve the outcome of supporting, the bolts strength and density of the anchor are increased blindly. In fact, by appropriately adjusting the acting position of the anchor cable and the connection mode between the anchor cable and the steel anchor, the synergetic support effect can be achieved. It is important to achieve the cooperation between the anchor cable’s and anchor rod’s design strength. This can improve the safety of the roadway and accelerate the construction schedule. In addition, according to the theory of “Anchor cable pull-out force attenuation during group anchoring” proposed by Professor Shan Renliang of China University of Mining and Technology, the short distance of the anchor cables will cause the stress loss of adjacent anchor cables after tensioning. Therefore, the distance between the anchor cables should be reasonably controlled to fully mobilize the performance of anchor cables and the steel anchors and get the synergetic effect.
Based on the drawbacks of the initial support scheme and the aforementioned theoretical basis, the scheme was optimized. The mesh reinforcement and anchor cable are considered as the main element in the support structure. The steel mesh, W-type steel belt, steel anchor, and anchor cable combined support were used in the roadway. Furthermore, the steel joists are used on both sides of the roadway. The steel joist is made of miner steel, with a total length of 2600 mm and a distance between ends of 600 mm. Moreover, the two rows of steel joists are arranged alternately. In addition, the anchor rods in the top and bottom are inclined upward and downward, respectively, by 15°–30°. The diagrams of improved support schemes are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Improved support system.
The effect of the improved scheme is shown in Figure 13. The cross-monitoring method is used for displacement monitoring, and infrared displacement monitoring instruments are placed on the roof and side of the roadway. The displacement of roadway by different support schemes is indicated in Figure 14. The top-bottom distance has been reduced by 232 mm, and the two-side distance has been reduced by 208 mm. The improvement is noticeable and the moving amount of the roof and the two sides of the roadway can be limited within 500 mm according to the Mining Engineering Design Manual. The improved scheme can control the excessive deformation of the roadway and maintain the stability of the surrounding rock.
[image: Figure 13]FIGURE 13 | Supporting effect diagram of improved scheme.
[image: Figure 14]FIGURE 14 | Comparison of two support schemes.
CONCLUSION

1) Based on GPR tests, the range of the EDZ at the measuring surfaces of hydraulic reaming was measured, which can be used to calculate the strength parameters through the plastic zone formula based on the complex variable function. The parameters were verified by field experiments and were consistent with the measurement results.
2) According to the strength parameters, the displacement in surrounding rock under different support schemes was calculated by means of FALC 3D. The results were verified by field experiments and found to be consistent with the field test results.
3) A reasonable joint support scheme and support parameters were designed according to the strength parameters, which can improve bearing performance and ensure the long-term stability of the soft coal seam roadway.
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