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Abstract

:

To acquire a satisfying cutting effect during medium-length hole blasting driving of rock tunnels, an improved wedge cutting blasting method with supplementary blasting of the center holes was proposed. Initially, the cavity forming mechanism of the improved cutting method was analyzed theoretically. The results suggested that cutting hole blasting could realize the ejection of rock within the range from free face to critical cutting depth, and hence reduce the restraining force of the center hole blasting, and the supplementary blasting of the center holes could further accomplish the expulsion of the residuary rock. Subsequently, simulation of the improved cutting method was implemented to exhibit the stress wave evolution and reveal the stress field distribution. The simulation results indicated that cutting hole blasting could cause the preliminary failure of the residuary rock, and center hole blasting could strengthen the stress field intensity in 1.8–2.5 m in order to aggravate the destruction of the residuary rock. Hence, the residuary rock could be broken into small fragments that were easy to expel out. Finally, a field application experiment was conducted in a coal mine rock tunnel. Using the improved wedge cutting method instead of the conventional wedge cutting method, the full-face blasting driving efficiency was obviously enhanced and the overall blasting driving expense was significantly reduced, which forcefully confirmed the engineering usefulness of the improved wedge cutting method in the medium-length hole blasting driving of rock tunnels.
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1. Introduction


To date, the drilling and blasting method still occupies a dominant position in coal mine underground tunnel driving because of its salient features of convenient operation, strong adaptability, and economical investment, despite the continuous development of mechanical excavators [1,2,3,4]. During the blasting driving of rock tunnels, the main function of cutting blasting is creating an extra free face and rock bulking space for subsequent blasting procedures. Therefore, the selection and design of the cutting blasting method is the key to determining the overall blasting driving efficiency of coal mine rock tunnels [5,6,7,8]. According to the hole layout, the common cutting blasting methods are broadly categorized into parallel-hole and inclined-hole cutting blasting methods, and wedge cutting blasting is the most frequently employed among various inclined-hole cutting methods. Engineering practices prove that the prominent defects of parallel-hole cutting blasting are many cutting holes, high explosive consumption, and a small cavity size [9,10]. Conversely, the conspicuous advantages of the wedge cutting method are few cutting holes, low explosive consumption, and large cavity size [11,12]. Therefore, the wedge cutting method has been the most extensively used cutting blasting method in the full-face blasting driving of coal mine rock tunnels.



Recently, numerous experts and scholars have executed a great deal of research on wedge cutting blasting and have obtained fruitful academic achievements. For instance, based on full consideration of the failure modes of different cavity surfaces, Dai and Du [13] proposed a computing method of wedge cutting parameters, and further discussed the influences of rock hardness and explosive performance on the design of cutting parameters. According to the difference between blasting stress wave and detonation gas, Wang et al. [14] divided the cavity forming process into the rock damage stage and rock throwing stage, and investigated the cavity forming mechanism by using a simplified mechanical model. To investigate the influence of cutting hole angle symmetry on the wedge cutting results, Liang et al. [15] performed similar simulation experiments to analyze the cutting effect from the aspects of cavity size and blasting hole utilization, and concluded that the symmetrical arrangement of cutting hole angles would be conducive to the full utilization of blasting energy. Through laboratory model tests, Pu et al. [16] obtained the factors affecting the wedge cutting effect, and further computed and sequenced the gray relational grade of these factors. Then, they found that the cutting hole angle was the primary factor affecting the cutting blasting results, with a high gray relational grade of 2.39. Yang et al. [17] concretely investigated the effect of the cutting hole angle on the cutting cavity size and rock fragment size based on the model test data, and obtained the optimal cutting hole angle that could be used to guide the design of the cutting parameters. Because of the rapidity and complexity of the blasting process, the experimental research has some deficiencies such as a huge expense, long period, and low accuracy, and the theoretical calculation can only solve some simplified problems [18,19]. With the fast progress and development of computer numerical technology, the numerical technique has become a practicable means to study the cutting blasting mechanisms of rock tunnels. For example, using the nonlinear analysis platform LS-DYNA, Xie et al. [20] simulated the damage development process of cutting blasting under different crustal stress, and further optimized the design of cutting blasting in deep rock. Hu et al. [21] obtained the cutting cavity extension by introducing the rock damage criterion into the LS-DYNA, and thus demonstrated the effectiveness of wedge cutting blasting in the blasting driving of mine rock tunnels. Cheng et al. [22] also simulated the stress wave propagation of wedge cutting blasting under different explosive diameters, and further analyzed the influence of the explosive diameter on stress distribution features and cutting cavity formation. According to the above review, the current research mainly focuses on the blasting mechanism, charge parameters, and hole parameters of the conventional wedge cutting method.



Currently, the increasing demand for coal energy resources has put forward higher requirements for the driving speed of coal mine rock tunnels. However, the blasting diving efficiency of coal mine rock tunnels in China is always at a low speed of 75 m/month, which cannot maintain the balance between mining and driving and seriously restricts the productivity of underground coal mines. Accordingly, traditional shallow hole blasting with a hole depth of less than 1.8 m has become inopportune, and the medium-length hole blasting with a hole depth of more than 2.0 m has turned into an inevitable and judicious choice [23,24]. However, the restraining force from the surrounding rock will considerably increase with the hole depth. Because of the low power of the permitted explosives for coal mine, the powerful restraining force will inevitably deteriorate the cutting blasting effect; that is, only a small extra free face and insufficient rock bulking space can be created after cutting blasting [25], which will lead to small cyclical footage and low blasting hole utilization in the subsequent blasting driving procedures.



Consequently, in the present paper, an improved wedge cutting blasting method with supplementary blasting of the center holes was proposed to achieve a good cutting blasting effect in the medium-length hole blasting diving of coal mine rock tunnels. Initially, the cavity forming mechanism for the improved cutting method was analyzed theoretically. Subsequently, a numerical analysis was performed to display the evolution process of the stress wave and to reveal the distribution characteristics of the stress field. Ultimately, field application experiment was conducted in a coal mine rock tunnel to examine the engineering usefulness of the improved wedge cutting method.




2. Theoretical Analysis of Cavity Forming Mechanism


2.1. Analysis of Restraining Force


Existing research results have indicated that the restraining force from the surrounding rock would increase with the hole depth (or cutting depth) during single-face blasting such as cutting blasting. However, because of the limitations of research methods and test means, it is extremely difficult to evaluate the restraining force quantitatively and accurately. Previous studies [26,27] have pointed out that the increasing rate of the restraining force could increase with the hole depth during single-hole charge blasting. Therefore, with reference to their research achievements, the conventional wedge cutting blasting was equivalent to single-hole charge blasting, and the variation curve of the restraining force with the cutting depth was plotted and is shown in Figure 1. Here, the curve A0A1A2A3 corresponds to the change law of the restraining force for conventional wedge cutting blasting, and H2 and F2 represent the critical cutting depth and the critical restraining force, respectively. The interpretation of H2 and F2 is that if the actual cutting depth is less than or equal to the critical cutting depth H2, the cavity forming force can always overcome the actual restraining force lower than or equal to the critical restraining force F2, and then the rock in the cutting cavity can be completely ejected.



As indicated in Figure 1, during conventional wedge cutting blasting, the restraining force would gradually increase with the cutting depth along the curve A0A1A2A3. Because the design cutting depth H3 was greater than the critical cutting depth H2, the restraining force was always higher than the critical restraining force F2 in the range of H2–H3. Therefore, the rock in the range of 0–H2 could be thrown out, while the rock within the range of H2–H3 could be stuck in the cutting cavity. Eventually, only a small extra free face and insufficient rock bulking space could be provided for the subsequent blasting procedures, which would exert a detrimental effect on the overall driving efficiency.



Subsequently, it was assumed that supplementary blasting was performed at the bottom of the cutting cavity. As the rock in the range of 0–H2 had been fully ejected, a new free face could be formed at the cutting depth of H2, which would lead to a redistribution of the restraining force in the range of H2–H3. The restraining force would return to zero at a cutting depth of H2 and would continue to increase along the curve B0B1 in the range of H2–H3, and curve B0B1 was consistent with the curve A0A1, as illustrated in Figure 1. The residuary cutting depth in the range of H2–H3 was equal to H1, and H1 was less than the critical cutting depth H2, which means that the maximum restraining force during supplementary blasting was equal to F1, and F1 was lower than the critical restraining force F2. Therefore, the residuary rock within the range of H2–H3 could be completely ejected after the supplementary blasting. Eventually, a large extra free face and sufficient rock bulking space could be provided for the subsequent blasting procedures, which would have a beneficial effect on the overall blasting tunneling efficiency.




2.2. Improved Cutting Method and Cavity Forming Process


Based on the analysis of the restraining force, an improved wedge cutting blasting method with supplementary blasting of the center holes could be developed. As illustrated in Figure 2, similar to the conventional wedge cutting method, cutting holes were symmetrically fixed on the left and right sides of the heading face, and the angle between the cutting holes and the heading face was within the range of 75–85°. Most of the explosives required for cutting blasting were filled in the cutting holes and were detonated by the first-stage detonators. Different from the conventional wedge cutting method, the center holes perpendicular to the heading face were arranged in the middle area of the heading face, and its depth was the same as the vertical depth of the cutting holes. A small amount of explosives were loaded at the bottom of the center holes and detonated by the second-stage detonators. The forming procedure of the cutting cavity is shown in Figure 3.



After early blasting of the cutting holes, the rock in the range from the free face to the critical cutting depth formed rock fragments under the intensive blasting load, and then these rock fragments were ejected out from the cutting cavity under the push action of the detonation gas. During the medium-length hole blasting, the rock at the bottom of the cutting cavity could not be thrown out under the powerful restraining force from the surrounding rock, but it would be preliminarily destroyed by the blasting stress wave from the cutting holes. Furthermore, a new free face could be created to reduce the restraining force of the center hole blasting. The cavity created by the cutting hole blasting is shown in Figure 3a. After supplementary blasting of the center holes, because of the preliminary destruction and new free face caused by the early blasting of the cutting holes, the residuary rock easily formed rock fragments under the blasting stress wave of the center holes, and then these rock fragments could be ejected almost completely under the push action of the detonation gas. The cavity generated by the center hole blasting is presented in Figure 3b.



Compared with the conventional wedge cutting method, the process of cutting blasting was changed from a one-step blasting pattern to a two-step blasting pattern. The early blasting of the cutting holes and the supplementary blasting of the center holes were viewed as the first step blasting and second step blasting, respectively. For the first step, early blasting of the cutting holes could accomplish most of the cavity forming task and could reduce the restraining force of the center hole blasting. For the second step, supplementary blasting of the center holes could complete the rest of the cavity forming task to achieve a satisfying cutting effect.





3. Numerical Simulation and Analysis


3.1. Numerical Model Descriptions


A three-dimensional numerical model with dimensions of 4000 mm × 3000 mm × 3000 mm (length × width × height) was erected using an eight-node solid element SOLID164 in ANSYS/LS-DYNA, as shown in Figure 4. Two center holes perpendicular to the free face were arranged on the middle area of the heading face, and the space, depth, and charge length of the center holes were 400, 2500, and 660 mm, respectively. Six wedge cutting holes were symmetrically arranged on the left and right sides of the heading face; the angle between cutting holes and heading face was 77.5°; and the space, top space, bottom space, vertical depth, and charge length of the cutting holes were 400, 1500, 400, 2500, and 1320 mm, respectively. In addition, 40 mm diameter holes and 35 mm diameter explosive sticks were adopted in all of the blasting holes. The geometrical parameters of the numerical model were taken from the blasting parameters of the later field application experiments.



In this simulation, a reverse initiation pattern was performed at all of the blasting holes, and the cutting holes and center holes were initiated at 0 and 1000 µs, respectively. Through several tentative simulations, the time interval of 1000 µs ensured that the peak stresses induced by the cutting holes and the center holes were independent of each other. Setting the initiation points and initiation times was completed using the keyword *INITIAL_DETONATION. To effectively avoid the negative influence of stress wave reflection from the artificial boundary on the precision of the calculation results, non-reflecting boundaries were exerted into the rock model surfaces, except for the heading face [28,29,30]. In addition, the convergence tests of the mesh size were implemented before the formal simulation. During the tests, the number of elements continued to increase until the peak stress difference at the same stress monitoring point between two consecutive tests was less than 5% [31,32,33]. The meshing of the rock model is shown in Figure 5.




3.2. Algorithms and Material Models


In ANSYS/LSDYNA, the algorithms used to describe the continuous media mainly include Euler, Lagrange, and ALE (Arbitrary−Lagrange−Euler) [34,35], and the latter two algorithms were used in this study. The Lagrange algorithm is more effective for the description of solid media [36,37]; thus, it was adopted to simulate the rock and stemming. The ALE algorithm is well suited to describing the fluid media [38]; thus, it was used to simulate the explosive and air. Furthermore, the transfer problem of mechanical information between the fluid and solid media was solved by defining the fluid−structure interaction algorithm.



It is well known that the determination of the blasting load is very important for simulating the blasting process. To achieve high accuracy, the *MAT_HIGH_EXPLOSIVE_BURN material model was adopted for the explosive, and the detonation pressure resulting from the release of explosive energy was described by the JWL state equation [39,40,41]. As for the other materials included in this study, the *MAT_NULL material model and linear polynomial state equation were selected for the air [42]. The dynamic response of brittle materials subjected to high energy explosive loads is a complex rate-dependent process [43]; thus, the *MAT_PLASTIC_KINEMATIC material model considering the rate dependence was adopted to simulate the rock [44,45,46]. Moreover, the nonlinear deformation process of stemming was described by the *MAT_SOIL_AND_FORM material model. In this study, except for the mechanical parameters of the rock that were tested and obtained through laboratory tests, the main parameters of the other three materials were selected from the existing literature [47,48,49]. The main constitutive parameters of the above four materials are given in Table 1, Table 2, Table 3 and Table 4.




3.3. Simulation Results and Discussions


3.3.1. Dynamic Evolution of Stress Wave


The keyword file containing the above model and material information was submitted to the solver LS-DYNA. Then, the rock model was partitioned along the horizontal symmetric plane by the post-processing software LS-PREPOST to clearly present the dynamic evolution process of the stress wave. The dynamic developments of the stress wave after the charge detonation in cutting holes and center holes are presented in Figure 6 and Figure 7, respectively.



As illustrated in Figure 6, when the explosive was detonated in the cutting holes, a huge amount of chemical energy was released in order to induce the stress wave. With the rapid detonation reaction of the explosive in the cutting holes, the induced blasting stress wave propagated towards the heading face. Subsequently, the stress waves derived from the cutting holes were superimposed on each other in the middle zone of the blasting model, which would promote the destruction of rock in the cutting cavity. At 320 µs, the detonation transmission of the explosive in each of the cutting holes was completed. However, the blasting stress wave continued to propagate to the heading face and was reflected as the tensile stress wave after reaching the heading face. Because of the low tensile strength of various brittle materials such as rock, the tensile stress wave would cause great tensile damage to the rock close to the heading face [50]. After that, the forward-propagation compression wave met the backward-propagation tensile wave to form a complex stress environment, which would increase the damage level of the rock in the cutting cavity. The above stress wave evolution after the charge detonation of cutting holes was basically in accordance with the relevant numerical simulation results of the conventional wedge cutting method [22].



As shown in Figure 7, when the explosive located in the center holes was detonated at 1000 µs, a large amount of chemical energy was also released to generate the stress wave. With the rapid detonation reaction of the explosive in the center holes, the generated blasting stress wave propagated towards the heading face along the center hole in a circular wave front, and was superimposed with the stress wave remaining from the cutting holes to aggravate the destruction of the rock at the bottom of the cutting cavity. At 1150 µs, the detonation transmission of the explosive in each center hole was completed, and the blasting stress wave still continued to propagate towards the heading face.



From Figure 6 and Figure 7, the rock in the cutting cavity could be subjected to the blasting stress waves from the cutting holes and the center holes successively. Owing to the deficiency of the numerical simulation, the throwing process of the rock could not be obtained. However, in fact, after the cutting hole blasting, the rock in the range from the free face to critical cutting depth could be thrown out and would not be subjected to the stress wave of the center holes. In contrast, because of the powerful restraining force, the residuary rock in the range from the critical cutting depth to the design cutting depth could not be expelled in practice. Therefore, only the residuary rock would be subjected to the stress waves generated by the cutting holes and the center holes successively.




3.3.2. Distribution Features of Stress Field


In order to intuitively study the specific influence of center hole blasting on the distribution features of the stress field in the cutting cavity, a monitoring line perpendicular to the heading face was set in the middle of the rock numerical model. A monitoring point was fixed every 0.1 m on the monitoring line, and there were 26 stress monitoring points in the design cutting depth range of 0–2.5 m. Then, the stress−time curves of these stress monitoring points were output, and that of the typical stress monitoring points at cutting depths of 0.7, 1.3, 1.9, and 2.4 m are presented in Figure 8.



As shown in Figure 8, under the blasting stress waves caused by the cutting holes and the center holes, two peak stresses appeared successively on the stress−time curve of each stress monitoring point. Nevertheless, after early blasting of the cutting holes, the rock in the range from the free face to critical cutting depth could be thrown out and would not be subjected to the stress wave of the center holes, and the rock in the range from the critical cutting depth to the design cutting depth could not be expelled and would be subjected to two stress waves from the cutting holes and the center holes. Therefore, the second peak stress did not exist at the stress monitoring points in the range from the free face to critical cutting depth, and the first and second peak stresses actually existed at the stress monitoring points in the range from the critical cutting depth to the design cutting depth.



According to the subsequent field application experiment, an average cyclical footage of 1.79 m could be acquired using the conventional wedge cutting method, and the critical cutting depth was conservatively estimated to be about 1.8 m. Accordingly, after early blasting of the cutting holes, the rock in the range of 0–1.8 m was ejected out and would not be affected by the stress wave of the center holes, while the rock in the range of 1.8–2.5 m was confined in the cutting cavity and would be subjected to two stress waves from the cutting holes and the center holes. This also means that the second peak stress did not exist in 0–1.8 m, while both the first and second peak stresses existed within 1.8–2.5 m.



Both the first and second peak stresses were extracted to draw the variation curve of the peak stress with the cutting depth, as shown in Figure 9. It could be observed that the first peak stress substantially increased with the cutting depth and reached a maximum value of 102.9 MPa at 2.2 m. The second peak stress increased initially and decreased afterwards, and reached a maximum value of 149.0 MPa at 2.0 m. Nevertheless, because the rock within 0–1.8 m was not subjected to the stress wave of the center holes, only the range of 1.8–2.5 m was taken for further contrastive analysis.



From Figure 9, in the range of 1.8–2.5 m, the first peak stresses were greater than the compressive strength of the rock. Although the residuary rock was stuck at the bottom of the cutting cavity as a result of the powerful restraining force after the cutting hole blasting, it would be preliminarily destroyed by the stress wave produced by the cutting holes, thus reducing the difficulty of the center hole blasting. Also in this range, the second peak stress was always greater than the first peak stress. The maximum values of the first peak stresses and second peak stresses were 102.9 and 149.0 MPa, respectively, and the latter was 1.45 times that of the former. The average values of the first peak stresses and the second peak stresses were 95.5 and 119.7 MPa, respectively, and the latter was 1.25 times of the former. It was believed that the stress field intensity in the range of 1.8–2.5 m could be obviously increased after center hole blasting, which was conductive to aggravating the destruction of the residuary rock. Consequently, under the successive action of two stress waves, the residuary rock could be broken into small fragments that were easy to throw out, thus forming a cutting cavity in line with the design size.






4. Field Application Experiment


4.1. Project Overview


To investigate the engineering effectiveness of the improved wedge cutting method with supplementary blasting of the center holes, the conventional wedge cutting method and improved wedge cutting method were applied into blasting driving in the same coal mine rock tunnel. The same rock tunnel could minimize the harmful influence of geological conditions on the reliability of test results as much as possible. The rock tunnel was located in the Pansan Coal mine, Huainan, China, which adopted a straight wall arch section, with a height of 3.65 m, a width of 4.7 m, and an area of 14.79 m2. The rock strata that the tunnel passed through were sandstone, with a compressive strength of 78.1 MPa and a tensile strength of 6.4 MPa.




4.2. Design of Blasting Scheme


In the field application experiment, two types of drill bits with diameters of 40 mm and 32 mm were selected for the drilling operations. The permitted water-gel explosive for coal mine, including two specifications, 35 mm × 330 mm × 350 g (diameter × length × weight) and 29 mm × 430 mm × 310 g, were used as the blasting material. The center holes and cutting holes employed Φ 40 mm (Φ represents the diameter) blasting holes and Φ 35 mm explosive sticks, and Φ 32 mm blasting holes and Φ 29 mm explosive sticks were used for the other holes. In addition, the coal mine permitted electric detonator with five delay stages was adopted as the detonation device.



Prior to the research and development of the improved wedge cutting method, the conventional wedge cutting method had been adopted in blasting site for a long time. Therefore, the blasting design using the conventional wedge cutting method was regarded as the original scheme, and that using the improved wedge cutting method was considered as the optimized scheme. Then, the blasting parameters of the original and optimized schemes are provided in Table 5 and Table 6, and the blasting hole layouts of the original and optimized schemes are indicated in Figure 10 and Figure 11.




4.3. Experimental Results


During the field experiment, because of the limitation of measuring means, it was very difficult to detect and evaluate the cutting effect separately without affecting the whole engineering schedule. Accordingly, the cutting blasting effect could usually be indirectly reflected by the final blasting results, such as the cyclical footage, blasting hole utilization, specific explosive consumption, and specific detonator consumption. The statistical data of the final blasting results under the two blasting schemes are shown in Table 7 and Table 8.



As shown in Table 7, when the conventional wedge cutting method was employed for full-face control blasting, the average values of the cyclical footage, blasting hole utilization, specific explosive consumption, and specific detonator consumption were 1.79 m, 77.8%, 2.12 kg·m−3, and 2.46 PCS·m−3, respectively. As indicated in Table 8, when the improved wedge cutting blasting method was adopted for full-face blasting driving, the average values of cyclical footage, blasting hole utilization, specific explosive consumption, and specific detonator consumption were 2.19 m, 95.2%, 1.78 kg·m−3, and 2.07 PCS·m−3, respectively. Compared with the conventional wedge cutting method, the improved wedge cutting method increased the average cyclical footage and average blasting hole utilization by 0.40 m and 17.4%, and reduced the average specific explosive consumption and average specific detonator consumption by 0.34 kg·m−3 and 0.39 PCS·m−3, respectively. The improvement in overall blasting driving efficiency and the reduction in overall blasting driving expense indirectly indicated that the improved wedge cutting method could achieve a satisfying cutting effect and had well engineering applicability in the medium-length hole blasting driving of rock tunnels.





5. Conclusions


	(1)

	
The theoretical analysis indicated that the rock in the range from the free face to critical cutting depth could be ejected out after the cutting hole blasting, which reduced the restraining force of the center hole blasting, and then the center hole blasting could further complete the expulsion of residuary rock to achieve a satisfying cutting effect.




	(2)

	
The numerical simulation visually presented the dynamic evolution of the stress wave for the improved wedge cutting method. In 1.8–2.5 m, the residuary rock suffered from the stress waves generated by the cutting holes and the center holes successively. The stress field with a low intensity induced by the cutting hole blasting could cause the preliminary failure of the residuary rock, and the stress field with a high intensity generated by the center hole blasting could aggravate the destruction of the residuary rock, which was conductive to breaking the residuary rock into small fragments that were easily thrown out, hence forming a cutting cavity meeting the design size.




	(3)

	
In comparison with the conventional wedge cutting method, the improved wedge cutting method attained an increase in the average cyclical footage of 0.40 m and the blasting hole utilization of 17.4%, and a decrease in the average specific explosive consumption of 0.34 kg·m−3 and the average specific detonator consumption of 0.39 PCS·m−3, which convincingly validated the engineering applicability of the improved wedge cutting method in the rock tunnel blasting driving.
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Figure 1. Variation curve of the restraining force with cutting depth. 
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Figure 2. Hole layout of the improved wedge cutting method: (a) front view and (b) top view. 
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Figure 3. Cavity forming procedure: (a) cutting hole blasting and (b) center hole blasting. 
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Figure 4. Numerical calculation model (unit: mm): (a) front view and (b) vertical view. 
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Figure 5. Meshing of the rock model. 
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Figure 6. Dynamic evolution process of stress wave after charge detonation in cutting holes: (a) 080 µs, (b) 160 µs, (c) 320 µs, (d) 470 µs, (e) 600 µs, and (f) 800 µs. 
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Figure 7. Dynamic evolution process of stress wave after charge detonation in center holes: (a) 1050 µs, (b) 1100 µs, (c) 1150 µs, (d) 1200 µs, (e) 1250 µs, and (f) 1300 µs. 
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Figure 8. Stress−time curves of typical stress monitoring points: (a) 0.7 m, (b) 1.3 m, (c) 1.9 m, and (d) 2.5 m. 






Figure 8. Stress−time curves of typical stress monitoring points: (a) 0.7 m, (b) 1.3 m, (c) 1.9 m, and (d) 2.5 m.



[image: Energies 15 04282 g008]







[image: Energies 15 04282 g009 550] 





Figure 9. Variation curve of the peak stress with the cutting depth. 
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Figure 10. Blasting hole layout of the original scheme (unit: mm). 
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Figure 11. Blasting hole layout of the optimized scheme (unit: mm). 
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Table 1. Main constitutive parameters of the explosive.






Table 1. Main constitutive parameters of the explosive.





	ρe (kg·m−3)
	De (m·s−1)
	Ae (GPa)
	Be (GPa)
	R1
	R2
	ωe
	Ee (GPa)





	1100
	3200
	214
	0.182
	4.15
	0.95
	0.15
	4.20







ρe is the density. De is the detonation velocity. Ae, Be, R1, R2 and ωe are the material constants. Ee is the specific energy.
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Table 2. Main constitutive parameters of air.
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	ρa (kg·m−3)
	C0
	C1
	C2
	C3
	C4
	C5
	C6





	1.25
	0.00
	0.00
	0.00
	0.00
	0.40
	0.40
	0.00







ρa is the density. C0–C6 are the coefficient of state equation.
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Table 3. Main constitutive parameters of rock.
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	ρr (kg·m−3)
	E (GPa)
	µ
	σsc (MPa)
	σst (MPa)
	C
	P
	λ





	2680
	28.1
	0.24
	78.1
	6.4
	2.63
	3.96
	1.0







ρr is the density. E is the elasticity modulus. μ is Poisson ratio; σsc is the compressive strength; σst is the tensile strength. C and P are the stain rate parameters. λ is the hardening parameter.
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Table 4. Main constitutive parameters of stemming.
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	ρs (kg·m−3)
	G (GPa)
	K (GPa)
	Y0
	Y1
	Y2
	Pc (GPa)





	1800
	0.016
	1.328
	0.0033
	1.31 × 10−7
	0.1232
	0.0







ρs is the density. G is the shear modulus. K is the bulk modulus. Y0–Y2 are the yield parameters. Pc is the cut-off pressure.
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Table 5. Blasting parameters of the original scheme.
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Hole Name

	
Hole No.

	
Hole Amount

	
Charge Weight (kg)

	
Detonating Sequence




	
Per Hole

	
Sub-Total






	
Cutting hole

	
1–6

	
6

	
1.40

	
8.40

	
1




	
Stoping hole

	
7–19

	
13

	
0.93

	
12.09

	
2




	
Stoping hole

	
20–33

	
14

	
0.93

	
13.02

	
3




	
Contour hole

	
34–56

	
23

	
0.62

	
14.26

	
4




	
Floor hole

	
57–65

	
9

	
0.93

	
8.37

	
4




	
Total

	
N/A

	
65

	
N/A

	
56.14

	
N/A
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Table 6. Blasting parameters of the optimized scheme.
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Hole Name

	
Hole No.

	
Hole Amount

	
Charge Weight (kg)

	
Detonating Sequence




	
Per Hole

	
Sub-Total






	
Center hole

	
1–2

	
2

	
0.70

	
1.40

	
2




	
Cutting hole

	
3–8

	
6

	
1.40

	
8.40

	
1




	
Stoping hole

	
9–21

	
13

	
0.93

	
12.09

	
3




	
Stoping hole

	
22–35

	
14

	
0.93

	
13.02

	
4




	
Contour hole

	
36–58

	
23

	
0.62

	
14.26

	
5




	
Floor hole

	
59–67

	
9

	
0.93

	
8.37

	
5




	
Total

	
N/A

	
67

	
N/A

	
57.54

	
N/A
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Table 7. Statistical data of the final blasting results for the original scheme.
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	No.
	L (m)
	U (%)
	Q (kg·m−3)
	R (PCS·m−3)





	1
	1.75
	76.0
	2.17
	2.51



	2
	1.80
	78.3
	2.11
	2.44



	3
	1.80
	78.3
	2.11
	2.44



	4
	1.80
	78.3
	2.11
	2.44



	5
	1.75
	76.0
	2.17
	2.51



	6
	1.80
	78.3
	2.11
	2.44



	7
	1.75
	76.0
	2.17
	2.51



	8
	1.85
	80.4
	2.05
	2.38



	9
	1.80
	78.3
	2.11
	2.44



	10
	1.80
	78.3
	2.11
	2.44



	Average
	1.79
	77.8
	2.12
	2.46







L is the cyclical footage. U is the blasting hole utilization. Q is the specific explosive consumption. R is the specific detonator consumption.
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Table 8. Statistical data of the final blasting results for the optimized scheme.
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	No.
	L (m)
	U (%)
	Q (kg·m−3)
	R (PCS·m−3)





	1
	2.15
	93.5
	1.81
	2.11



	2
	2.20
	95.6
	1.76
	2.06



	3
	2.20
	95.6
	1.76
	2.06



	4
	2.15
	93.5
	1.81
	2.11



	5
	2.25
	97.8
	1.73
	2.01



	6
	2.20
	95.6
	1.77
	2.06



	7
	2.20
	95.6
	1.77
	2.06



	8
	2.15
	93.5
	1.81
	2.11



	9
	2.20
	95.6
	1.77
	2.06



	10
	2.20
	95.6
	1.77
	2.06



	Average
	2.19
	95.2
	1.78
	2.07







L is the cyclical footage. U is the blasting hole utilization. Q is the specific explosive consumption. R is the specific detonator consumption.
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