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Abstract

:

Rock burst is one of the most serious risks for underground coal mines, and the associated dynamic waves generally cause roof falls and large-scale shrinkage of the roadway. The roadway is often seriously damaged by duplicated rock bursts. Previous research on the propagation and attenuation of shock waves cannot explain well the failure mechanisms of the surrounding rock of the roadway under duplicated dynamic waves. To fill this research gap, this paper presents comprehensive research on the failure and fracturing process of roadways affected by repeated shock waves using field tests and numerical analysis. A numerical model as per UDEC Trigon logic was developed and calibrated using mine earthquake shock waves, during which a user-defined FISH function was adopted to document the quantity characteristics of fractures (i.e., shear-slip and tension). The damage to the roof was assessed based on the quantity of fractures. At the same time, the simulation analysed the evolution trend of the failure zone of the roadway roof and the fracture development area, which agreed well with the field tests. According to the spread and extension characteristics of fractures in the surrounding rock under repeated shock waves, new support materials and schemes were proposed and applied at the mine site. The results show that the scheme has controlled the deformation of the roadway effectively and satisfied the safety and efficiency requirements of the mine.
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1. Introduction


As the main basic energy source and raw chemical material, coal accounts for 62% of overall energy consumption in China [1,2], the production of which exceeded 3.5 billion tons per year [3]. As the progressive depletion of shallow coal resources continues, the mining depth of underground mines has gradually increased [4]. The average mining depth of most underground coal mines in central, east, and northeast China is greater than 800 m [5]. Attributed to high in situ stress, rock burst is becoming a common issue for these deep coal mines and has drawn much attention from both coal operators and government managers. In addition, roadways are influenced by multiple rock bursts during mining activities. Because about 85% of rock bursts occur in the roadway [6], how to maintain the integrity of the surrounding rocks during the full service life of the mine is a critical and hot topic.



Many studies have been carried out to investigate roadway damage caused by shock power waves. According to the Voussoir beam hypothesis, roof stress is periodic during working face recovery [7,8]. The excavation process causes dynamic disturbance of the rock surrounding the roadway, and breakage of the hard main roof is an important factor in the initial stage [9,10]. In fact, not all dynamic events will develop into rock bursts or result in roadway damage [11,12]. The relationship between rock burst and roadway damage is closely related to geological formations, roadway layout, and characteristics of horizontal stresses [13,14,15]. Various reasonable treatment techniques have been proposed and applied to reduce or eliminate the pressure applied to the roadway [16,17]. Nevertheless, the relationship between dynamic load disturbance and stress distribution in roadways with hard roofs and unique geological formations (e.g., faults) is still uncertain [18].



Different disturbance stresses, such as high/low and far/near field stresses, will lead to the occurrence of rock bursts. Correspondingly, rock bursts can be classified into nine types [19,20]. From the perspective of quantitative analysis of rock burst energy, the quantitative relationship between the roadway support system and rock burst energy can be systematically calculated, and a variety of support materials to reduce shock waves and absorb energy have been proposed [21,22,23]. A “strong-soft-strong” structural model was developed to guide the control of the surrounding rock. The strength, stress transfer, deformation, and energy dissipation characteristics of the structure were researched [24,25]. Fast Lagrangian Analysis of Continua in 3-Dimensions (FLAC3D) software is generally used to explore surrounding rock deformation and rock burst under different dynamic and static loads. The results show that the larger the dynamic load, the greater the increase in the deformation of the roadway under the same static loading conditions. Stress and energy criteria for rock burst damage of small internal structures used in the design of roadway supports have been derived [26,27,28]. The numerical simulation software CDEM is also used to simulate the morphology of roadway collapse, for which the crack angle, crack length, fracture distance, and spacing on the deformation of surrounding rock will affect the accuracy of the numerical results.



The aforementioned research looks at either macroscopic adjustments to the layout of the roadway or active pressure reduction to quantitatively analyse the shock waves. However, there is limited research considering the fact that the roadway is usually subjected to duplicated shock waves from initial excavation to ultimate damage. This paper thus focuses on the failure and fracture characteristics of the surrounding rocks of thick-roofed coal roadways. The UDEC Trigon model was adopted and validated by field case study. The development, extension, and failure of cracks within the surrounding rock were then investigated from a microscopic perspective. Finally, a suitable support solution was proposed for the mine’s recovery roadway.




2. Mining and Geological Conditions


2.1. General Description


As depicted in Figure 1a, the mine is located in the north western part of Xianyang City, Shaanxi Province at an altitude of 1170–1200 m. The No.4# coal seam was being extracted, the thickness of which varies from 12.8 to 27 m with an average value of 23 m. Considering its mining depth of 592 to 810 m, this mine is representative of deep underground coal mines. The distribution of the strata located near the working face is shown in Figure 1b, in which a thick layer of hard medium sandstone lies upon the coal seam. The recovery roadway shown in Figure 1d is 5.6 m wide and 3.7 m high, along which are 30 mm coal pillars. After extraction of the workface, the rock burst shock waves (Figure 1c) were recorded and strong ground pressure behavior featuring roof subsidence were observed.




2.2. Microseismic Monitoring and Roadway Deformation


To capture early warnings of rock bursts and identify the location and magnitude of rock burst energy, several microseismic and acoustic emission testing sensors (AE) were set up around the working face. Figure 1c shows the total number and energy of dynamic rock burst events occurring in one month and the energy release periodicity, which agrees well with the identified locations and energy levels shown in Figure 1d. The working face advances 90–96 m/month, and the high-energy release period of mine earthquakes was 45–55 m. Apparently, the transport roadway next to the goaf area was affected by these high-energy rock bursts several times during the recovery process.



As shown in Figure 2a, vertical exploration boreholes with a length of 9 m and a diameter of 30 mm were drilled along the center line of the roadway roof during the excavation and recovery processes. To reduce the side effects of coal extraction, the boreholes were set 50 m behind the excavation working face and 80 m in front of the recovery workings. YTJ20 borehole camera exploration equipment (Figure 2b) was applied, the observations of which are illustrated in Figure 3a. Multiple original joints and fractures in the shallow part (h ≤ 2.8 m) were observed, and the separation area of the rock formation was seen to be distributed around 3 m where the roadway roof was relatively complete. In contrast, a roof crack and fracture developed around a depth of 5~7.52 m, as can be seen in Figure 3b. Most importantly, the roof crack extends through to and appears as annular fractures at 2.8~4 m, and there are a large number of annular fractures and broken zones in the roof around 0~2 m.





3. Mechanism of Crack Propagation


In rock burst disasters, shock and vibration are important reasons for roadway damage. The effect of duplicated shock waves will accelerate the expansion of cracks. It is very important to study the crack propagation path. Under the action of shock wave and static load stress, the damaged area of the surrounding rock will continue to expand and the cracks continue to evolve. The damage propagation area is mainly at the original crack tip.



In polar coordinates, based on the criterion of maximum circumferential stress, it can be seen that axial tensile stress at the crack tip determines crack growth and also determines its direction. The stress field at the crack tip in polar coordinates is expressed as follows:


       σ r  =  1  2   2 π r        K I    3 − cos θ   cos  θ 2  +  K II    3 cos θ − 1   sin  θ 2         σ θ  =  1  2   2 π r     cos  θ 2     K I    1 + cos θ   − 3  K II  sin θ        τ  r θ   =  1  2   2 π r     cos  θ 2     K I  sin θ +  K II    3 cos θ − 1          



(1)




where    σ r    is the radial stress at the tip of the crack,    σ θ    is the circumferential stress at the tip of the crack,    τ  r θ     is the tangential stress at the tip of a crack, and  θ  is the angle of axial direction of the crack. In polar coordinates, when the crack tip extends under external factors, the following equation is satisfied:


      θ =  θ 0       σ θ  =  σ  θ max   =  1  2   2 π  r θ      cos    θ 0   2     K I    1 + cos  θ 0    − 3  K II  sin  θ 0         



(2)




where KⅠ and KⅡ represent the intensity factors of mode I and II critical stress, the angle of crack propagation, and    σ  θ max     represents the maximum circumferential stress of crack propagation in growth direction. When cracks propagate and extend, the following equation is satisfied:


   σ  θ max   =  σ  θ cri   =    K  I c       2 π    r 0     



(3)




where KIc is the intensity factor of pure mode I critical stress, that is, the fracture toughness of the crack propagation.



According to the criterion of maximum energy release rate, the energy release rate at the crack tip determines the crack propagation direction:


       τ  r θ    |  θ =  θ 0    = 0       ∂  σ θ    ∂ θ    |  θ =  θ 0    = 0      



(4)







When     ∂  σ θ    ∂ θ   = 0   is satisfied in the equation then    τ  r θ   = 0  , so the maximum circumferential stress in the crack growth direction is consistent with the criterion of maximum energy release rate. The critical condition for obtaining the energy release rate is:


   G c  =   1 − μ  E       K  I c      2   



(5)







The kinetic energy released at the crack tip is the key to crack propagation and extension. Under dynamic load, the energy release rate at the crack tip is negatively correlated with the crack growth rate. When the energy release rate G is greater than the crack growth resistance (  G − R ≥ 0  ), the crack continues to extend until the speed approaches 0 and the crack stops. The kinetic energy released can be expressed as:


   E k  =   ∫    a      a 0         G − R   d a  



(6)




where    a 0    is the critical size of crack propagation,  a  is the crack displacement, and    E k    is the kinetic energy released.




4. UDEC Discrete Element Model


4.1. UDEC Trigon Simulation Method


Universal Distinct Element Code (UDEC) was adopted in the present research to analyse fracture extension and damage. In the UDEC Trigon method, each microelement block is defined as an elastic block. These elastic blocks do not fail under the action of external forces. Contact between the microelement blocks is established, and these Trigon microelement block contacts often fail with rock mass failure. Failure takes the form of tensile fractures along the contact and shear-slip fractures vertical to the contact. Therefore, statistical analysis of and monitoring the trends in these two types of contact fracture during rock deformation can determine the main forms of damage to the roadway surroundings. Rock failure can be captured by FISH language functions, if the monitoring of microcracks is required.




4.2. Setting Up Numerical Model


In order to simulate the roadway damage and fracture spread, a UDEC Trigon model was used to divide the surrounding rocks into small microelement blocks. Figure 4a shows the 2D numerical simulation model measuring 81 m height × 160 m width. Due to the randomness of fractures, a random triangular block is built around the roadway using the Trigon model, as shown in Figure 4b. Different fracture sizes are established at different locations along the roadway to increase the effect of the numerical simulation. The size of the triangular block in the shallow surrounding rock area is 0.3 m and in the deeper part is 0.5 m. In order to reduce the calculation, rectangular blocks of more than 1 m are used for the rock mass far away from the roadway. In the static test, the model boundary between the bottom and both sides is fixed; in the dynamic test, a dynamic boundary is used to eliminate stress reflection. The maximum horizontal stress, minimum horizontal stress, and vertical stress (   σ v  = − 9  . 82 MPa   ,    σ H  = − 12  . 19 MPa   , and    σ h  = − 15  . 82 MPa   , respectively) are added to the model boundary according to the in situ stress measured in parallel and perpendicular to the development of the roadway. A gradient vertical stress of 13.16 MPa is applied on the upper boundary of the model.



Before the infrastructure was designed, the mine was drilled down from the surface to extract the rock core. Standard test rocks were produced by drilling cores and associated mechanical tests were carried out. Numerical simulations were conducted using the Mohr–Coulomb theory model. The mechanical parameters of the material continued to be calculated for the model using the test results at the time and through the software’s transforming relationships, as shown in Table 1. All physical and mechanical parameters are from the mine field tests.




4.3. Theoretical Calculation of Critical Input Parameters


The accurate calculation of the energy of each monitoring point during the propagation of shock waves is very difficult. The following equation between mine earthquake energy and rank in the event of a mine earthquake was adopted as the theoretical foundation [23]:


  lg  E 0  = 1.8 + 1.9  M L   



(7)




where E0 is the dynamic energy of the rock burst shock source and    M L    is the Richter magnitude scale.



During the field investigation, a total of four high-energy mine earthquakes in the roadway roof were counted in which the energy magnitude was around   1.13 ×   10  5   ~ 3.41  ×   10  5  J   with an average energy magnitude of about   2.20 ×   10  5  J  . Thus, the value of    M L    is equal to 1.865 μm.



The peak velocity of the mass movement of the surrounding roadway rock can be evaluated using the following equation [29]:


  log R  υ 1  = log 2.6 + 0.5 log  M L   



(8)




where R is the distance between rock burst source and monitoring point, the source of the rock burst is a circle of 1 m radius, so   R = 1  , and    υ 1    is the maximum speed at shock vibration source (   υ 1  = 3.55  m / s   ).



To simplify the calculation, the shock wave at source is set as a sine wave with the waveform function:


  υ =  υ 1  sin ( 2 π f +  ϕ 0  )  



(9)




where f is the frequency of the shock wave (100 Hz) and    ϕ 0    is the initial phase angle (0°). A total of four shock waves were applied to the numerically calculated model. The source of the earthquake was located at the model boundary 71.3 m above the roof of the recovery roadway.



The normal and shear stiffness of contacts, Kn and Ks, respectively, were calculated using Equation (4), where K and G are the bulk and shear modulus of the blocks, respectively; ΔZmin is the smallest width of the zone adjoining the contact in the normal direction; n is a multiplication factor (usually set to 10); and m is a multiplication factor (usually set to 0.4).


     K n  = n     K +   4 / 3   G   Δ  Z  min            K s  =  m     K n     



(10)







It is assumed that there is no cohesion, tensile strength, or residual friction angle for failed contacts when the residual version of the Coulomb model was used to simulate joints.




4.4. Calibration of Numerical Model


The same “excavation—stabilisation—recovery” excavation technique and route as the coal mine was used to numerically simulate the stabilisation and recovery periods of the roadway. Low-energy rock bursts were frequent in the ribs during roadway excavation, but there were no high-energy earthquakes. Figure 5a,b show the deformation of the rock surrounding the roadway under field investigation and in the numerical simulation with the shrinkage of roof to floor and between the ribs controlled to within 140 mm. During the recovery of the working face, the roof to floor and two ribs of the roadway were significantly deformed by the high frequency and high energy of the far-field earthquakes. Figure 5c–h show the shrinkage deformation of the roadway under field investigation and in the numerical simulation. Under the influence of the original rock stress and shock wave vibration, the deformation of the roadway is severe: the roof and floor move by 958 mm and the sides by 639 mm. However, the deformation in other roadway sections was far lower than this value. The steel beam of the roadway was violently bent and broken. Due to the requirements of coal mine safety, the floor heave was quickly resolved.





5. Results and Discussion


5.1. Fracture Characteristics


The crack distribution and fracture characteristics in the rock around the roadway subjected to different earthquake cycles are shown in Figure 6. It can be seen that multiple cracks developed in the surrounding rock within 3.5 m of the roadway roof when the first mine earthquake occurred. During this period, fracture penetration damage is mainly in the form of shear-slip damage (Figure 6a). After the second earthquake, the layer separation of the roof expanded to 4.2 m, all surrounding rock within 3.5 m failed, and the fracture zone extended to 6.3 m above the roof of the recovery roadway (Figure 6b). After the third earthquake, the fracture penetration was damaged at the 6.3 m height range, and the crack area expanded to 9 m above the roof (Figure 6c). When the fourth mine earthquake occurred, the roof failure area reached 8.3 m and cracks extended to 12 m (Figure 6d).




5.2. Progressive Development of Cracks


It has been well noted that cracks in the surrounding rock will extend progressively after the excavation of a roadway. To monitor the damage and fracture extension of surrounding rock subjected to the combined effect of mining stress and shock waves, a FISH function was developed. Usually, intact rock will continue to collect microfractures in the initial stages, and these fractures will interconnect with each other, eventually producing plastic failure of the rock mass. Figure 7 shows the number of fractures and displacements in the rock surrounding the roadway after the rock burst. It can be classified into different stages as per the time course of the shock waves. In stage Ⅰ, the development of fractures was relatively slow and only limited deformation of the roadway was observed. In stage II, the number of shear-slip fractures rose rapidly, reaching a peak of 1841, while the number of tensile fractures rose briefly to a peak of 127 and then fell rapidly. Although the process stabilised eventually, the speed of roof subsidence exhibited an increase. During stage III, the number of shear-slip fractures in the surrounding rock decreased rapidly and significantly by 47.70%, while the number of tensile fractures continued to fluctuate and then stabilise. Meanwhile, the amount of roof subsidence also increased significantly. Note that the number of shear-slip fractures decreased slowly and tensile fractures were almost unchanged during stage Ⅳ. However, the roadway was rapidly closed due to the total failure of the surrounding rock.



Figure 8 shows the change in roadway roof height after shock dynamic loading in the failure and fracture areas. The height of the failure zone changed little after the first mine earthquake occurred and rose rapidly thereafter. This observation is essentially the same as the characteristics shown in Figure 7. The four earthquakes contributed to the continuous rise in height of the fracture area. Note that the failure zone of the roadway roof was 8.2 m, which exceeded the effective support zone of the 6.3 m anchor cable being used.





6. Case Study


6.1. Modified Support Systems


Based on the damage characteristics of the surrounding rock, the following technical measures were proposed: (1) the combination of high-strength and high-preload bolts and anchor cables to form a stable structure for the surrounding rock to prevent damage to the shallow rock strata and separation of deep rock strata; (2) anchor cables with a 8.2 m free segment were recommended; and (3) effective energy-absorbing devices are required to prevent dynamic damage to the anchor cables. As per these points, the roadway support scheme was optimised and modified.



As shown in Figure 9, high-strength and high-preload left-handed deformed steel bolts with a diameter of 22 mm and length of 2800 mm were used, the spacing of the bolts set to 900 mm × 800 mm. The original 19 steel anchor cables with a diameter of 21.8 mm and length of 6300 mm were used, and new steel anchor cables with a diameter of 21.8 mm and length of 9300 mm were set to strengthen the scheme’s deep anchoring and enhance the suspension effect on the shallow surrounding rock. The spacing of these deep anchoring steel cables in the roadway was set at 2000 mm × 1600 mm with three cables per row. In shock wave failure, the deformation control on both sides of the roadway was relatively ideal. Shallow and combined support techniques were selected for the two sides with 6300 mm anchor cables also used for support to stabilise the rock walls. The spacing of these cables was set at 1100 mm × 1600 mm All of the anchor cables were connected in series with an energy absorption device to absorb impact energy, as shown in Figure 9b–d.




6.2. Field Monitoring


The deformation characteristics of the recovery roadway with the above optimised support system are shown in Figure 10, from which it can be seen that the surrounding rock was controlled effectively. It is clear that mine earthquakes and front abutment pressure affected the area within 110 m of the working face. Most importantly, roof-to-floor convergence reached 771 mm and rib-to-rib contraction reached 489 mm, representing respective reductions of 48.90% and 44.24% following the implementation of these support measures. The results demonstrate the effectiveness of the optimised support system in controlling the deformation of the surrounding rock.





7. Conclusions


	(1)

	
Fracture penetration and damage to the shallow surrounding rocks were the main causes of damage to the roadway roof, as shown by the results from the borehole camera.




	(2)

	
Shear cracks played a dominant role in the roadway failure, propagating from the shallow to deep support areas. The failure areas in the roof of the roadway reached a height of 8.2 m.




	(3)

	
The combination of elongated high-strength bolts and energy-absorbing anchor cables is required to control shallow fracture zones and prevent bed separation from the surrounding rocks. After the implementation of these support measures, contraction of roof and wall monitoring points decreased by 48.90% and 44.24%, respectively, as verified by field investigation.







Note that the initial fractures were not explicitly represented in the UDEC model, and the Trigon method does not consider the heterogeneity of surrounding rock in practice. In-depth research on this topic will be carried out in the future.
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Figure 1. Mine location and panel layout: (a) location of the test site; (b) rock formation at the test point; (c) microseismic monitoring statistics for a month of testing; (d) location of monitored microseismic activity. 
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Figure 2. Borehole monitoring (a) location and (b) observation equipment. 
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Figure 3. Monitoring of roof boreholes during excavation and recovery: (a) during excavation; (b) during recovery. 
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Figure 4. Roadway support parameters and grading support schematic: (a) global characteristics; (b) local details; (c) original support scheme. 
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Figure 5. Comparison between numerical simulation and field results: (a,b) during excavation; (c–h) during recovery. 
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Figure 6. Fracture patterns and tensile and shear microfractures in four mining earthquakes: (a) after the first earthquake; (b) after the second; (c) after the third; (d) after the fourth. 
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Figure 7. Number of fractures and roof subsidence trends during the four mine earthquakes. 
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Figure 8. The height of damage and fracture zone evolutionary characteristics. 
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Figure 9. Types of equipment and rock bolt components: (a) M4 steel band; (b) energy absorbing anchor cable; (c) energy absorbing device; (d) energy absorption effect; (e) roadway support scheme. 
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Figure 10. Convergences measured in the recovery roadway using optimal support measures. 
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Table 1. Characteristics of the mechanical parameters of the mine rock mass.
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	Location
	Lithology
	B (GPa)
	D (kg/m3)
	S (GPa)
	φ (Ri)
	C (MPa)
	σt (MPa)





	Roof
	Mudstone
	15
	2360
	7
	30
	2
	1.84



	Main roof
	Sandstone
	22
	2580
	14
	39
	10.2
	1.2



	Roof
	Mudstone
	15
	2360
	7
	30
	2
	1.84



	Immediate roof
	Carbonaceous mudstone
	15
	2490
	4
	36
	4.98
	2.01



	Coal seam
	Coal
	10
	1290
	5
	28
	1.5
	0.55



	Immediate floor
	Carbonaceous mudstone
	15
	2490
	4
	36
	4.98
	2.01



	Floor
	Mudstone
	15
	2360
	7
	30
	2
	1.84







B is the bulk modulus, D is density, S is shear modulus, φ is friction angle, C is cohesion,    σ t    is tensile strength.
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