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The fragmentation size distribution is an important index to evaluate blasting effect. Based on stress wave theory, a blasting fragmentation distribution model is established, and the key influencing factors were clarified. Then, the distribution characteristics of rock fragmentation in water-coupled blasting and air-coupled blasting were compared and verified by numerical simulation and field test. The results show that the rock blasting fragmentation size is negatively correlated with borehole pressure and unit explosive consumption when blasting rock is determined. The existence of water slows down the attenuation of blasting load, prolongs the duration, and makes the blasting pressure transmitted to hole wall significantly greater than air-coupled one, which is equivalent to increasing the unit explosive consumption. Moreover, the rock fracture development speed and fragmentation degree of water-coupled blasting is significantly higher than air-coupled blasting. Comprehensively determined in same charging parameters, water-coupled blasting compared with air-coupled blasting can improve the degree of rock fragmentation, the average size of rock after blasting is smaller, more uniform particle size distribution. The research results for the control of blasting and optimization of explosive energy utilization have important reference significance.
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1 INTRODUCTION
Compared with coupling charge, the decoupling charge can effectively reduce the borehole pressure, the excessive crushing of rock, so that more explosive energy can be used for crushing and throwing of rock mass, thus improving the blasting effect. It is the most commonly used charge structure in engineering site (Sher and Aleksandrova, 2007; Ye et al., 2017). Water-coupled blasting and air-coupled blasting refer to the blasting methods in which water or air is used as the coupling medium to fill the gap between the explosive and the borehole wall when the charge is decoupled. Air and water, as common coupling media in radial decoupling charge blasting, have different physical properties and dynamic characteristics in improving the explosive energy transfer and blasting effect (Wang et al., 2020; Shi et al., 2022). Considering that different blasting operations have different requirements on rock blasting fragmentation size, the most commonly used bench blasting is taken as an example, study on the influence of different coupling media on fragmentation characteristics.
Scholars at home and abroad have done a lot of researches on the fragmentation size distribution of rock blasting. Dai et al. (2008) deduced the relationship between fragmentation size distribution and blast borehole pressure through theory, and pointed out that the explosive velocity and unit explosive consumption are the key factors affecting rock fragmentation. Jiang et al. (2015) optimized the relationship between unit explosive consumption and bulk rate and small block rate in rock blastability classification, and identified the improvement direction of optimization of block distribution. Yu et al. (2021) determined the influence characteristics of delay time on spatial distribution of blasting fragmentation by blasting tests, and studied the influence of delay time on various indexes such as different particle size and average size of rock fragmentation. Katsabanis et al. (2020) found that the delay time and complex stress wave interaction in basting play an important role in fracture distribution through damage calculation. Chi et al. (2019) studied the effects of decoupling coefficient, free surface and boundary conditions on blasting fragmentation distribution through small-scale blasting tests of rock cylinders.
In terms of research on the change of rock blasting breakage caused by difference of charge structure, Melnikov (1962) believes that a large part of the explosive energy transferred into rock mass is consumed in crushing zone, which reduces the energy utilization rate of rock breaking. Changing charge structure to control the scope of excessive crushing zone is helpful for optimizing the rock blasting breakage effect. It is of great significance to improve the effective utilization rate of explosive energy. Moxon et al. (1993) and Mead et al. (1993) explored the influence of air interval charge on rock breakage, and the test results showed that air interval charge can change rock fragmentation distribution, and the average fragmentation distribution is directly related to the proportion of air intervals. Based on this study, Liu and Katsabanis (1996) determined the optimal air interval through numerical simulation. Yin et al. (2021) put forward the air interval charging structure at the top of high bench blasting, and research shows that it can improve the bottom rock crushing effect. Jang et al. (2018) pointed out that local rock mass fragmentation can be strengthened by adjusting the distribution position of water in borehole, and therefore proposed water-cushion blasting, which effectively improved the stress distribution in borehole bottom area and reduced the generation of blasting toe. Huang et al. (2014) compared the concrete blasting excavation under complex environment, and believed that water-coupled blasting could give consideration to blasting safety and excavation efficiency. Yan and Yu (2009) compared the rock failure characteristics caused by air-coupled blasting and water-coupled blasting under different charge coefficients, and pointed out the matching relationship between excavation demand and charge structure selection. Yang et al. (2019) studied the changes of stress field in rock mass during blasting with different coupling media through high-speed camera technology, and the results showed that differences in coupling media led to differences in explosive energy transfer efficiency. Wang et al. (2008) and Wang and Li (2005) analyzed the shock wave intensity characteristics in rock induced by blasting under coupled blasting, air-coupled blasting and water-coupled blasting, and showed that reasonable decoupling coefficient could reduce or even disappear the crushing zone range, thus reducing the proportion of small and medium particles in rock fragmentation size distribution after blasting.
At present, the analysis of the influence of borehole coupling medium on fragmentation distribution characteristics of rock blasting is mostly limited to a certain medium or different charge forms with same medium, and the analysis of different coupling medium is not involved. Through theoretical analysis, combined with numerical simulation and field test, this paper will explore the influence of coupling medium changes on rock blasting fragmentation size, and make accurate and scientific evaluation of the difference between two-coupling media, which has important guiding significance for the control and utilization of water-coupled blasting.
2 INFLUENCING FACTORS OF ROCK FRAGMENTATION SIZE IN BENCH BLASTING
Joints and cracks in rock mass develop, and the expansion and convergence of internal cracks under the action of blasting load led to rock mass fracture. Grady (1982) deduced the average fragmentation size of rock mass under brittle fracture conditions based on energy balance theory:
[image: image]
Where △d represents the average fragmentation size; KIC represents the rock fracture toughness; ρc represents the rock wave impedance; [image: image] represents the rock mass particle strain rate.
According to Grady model, the rock fragmentation size distribution is directly related to particle strain rate. Under the action of explosion, the borehole wall particles produce extremely high velocity and pressure value in a short time, and initially radiate outward in the form of high-intensity and strong discontinuity shock wave. With the viscous energy dissipation, the destruction energy dissipation and the diffusion of wave (Dong et al., 2006), the shock wave velocity and pressure decrease and gradually decay into stress wave. Under the application of high intensity shock wave and detonation gas, rock mass will produce strong dynamic response. At present, strain rate and load rate are mainly used to measure the degree of dynamic application of materials, especially the strain rate parameter, which directly reflects the dynamic response of materials (Xie et al., 2023). Due to the difficulty in measuring the strain rate of rock near borehole, it is difficult to measure the spatio-temporal variation of strain rate. Therefore, based on the cylindrical wave displacement comodulation equation, the correlation between radial strain rate and vibration velocity in column coordinate system is introduced (Wei et al., 2021):
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Where [image: image] represents the particle radial strain rate, r represents the distance from the center of borehole, u represents the displacement at r, and v represents the velocity at r.
According to wave theory, stress waves propagating in medium should satisfy the mass and momentum equations.
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Where subscript 0 represents parameters before disturbance, and the rest are parameters after disturbance; P, ρ, v and D represent the pressure, density, particle velocity and propagation velocity of shock wave, respectively.
There is a certain relationship between the shock wave propagation velocity and the particle velocity, that is, the Hugoniot equation applicable to rock mass:
[image: image]
Where a and b represent parameters related to lithology, a represents equivalent to the propagation velocity of sound wave in rock mass, b=1∼1.5.
By combining Eqs 3–5, the initial particle vibration velocity vr0 of borehole wall can be obtained as:
[image: image]
Where Pr0 represents the peak pressure of borehole wall, and its calculation method has been determined by many scholars (Chen et al., 2020; Ye et al., 2021).
At present, the attenuation propagation of shock wave and stress wave is usually studied theoretically and simulated numerically. The exponential attenuation formula can better reflect the propagation law of shock wave and stress wave, namely (Zhang et al., 1990):
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Where vr represents the peak radial particle velocity at the distance from borehole center r in column coordinate system, α represents the shock wave or stress wave decay index, α=1.5∼3, r0 represents the borehole radius, r represents the distance between the particle and the borehole center (m).
By combining Eqs 2, 6, 7, the variation rule of rock mass strain rate near borehole under column coordinate system is introduced, and the following results are obtained:
[image: image]
Combined Eqs (1, 8) can obtain:
[image: image]
In Eq. 9 where KIC, ρc, a, b are all parameters related to lithology, which are mainly determined by blasting medium itself. When the blasting medium is determined, the influence of blasting parameters is mainly concentrated on the peak borehole pressure Pr0, and the two are negatively correlated, that is, the greater the peak borehole pressure, the smaller the rock fragmentation size.
In engineering blasting, it is easier to change the blasting load on rock by changing charge structure, so as to meet the requirements of different engineering purposes. At the same time, different charge decoupling values can be adopted to realize different blasting charge amounts under constant hole diameter, and then the rock can be subjected to different explosion load values. Dai Jun et al. research shows that there is a following relationship between explosive charge and rock fragmentation size:
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Where vc represents the charge volume, ρe represents the explosive density, α = 1.5∼3, q represents the borehole charge, γ represents the pressure expansion attenuation index of detonation product.
According to Eq. 10, there is a negative correlation between the rock fragmentation size and the unit explosive consumption, that is, the greater the explosive consumption, the smaller the rock fragmentation size.
3 THE DIFFERENCE OF FRAGMENTATION CHARACTERISTICS IN BENCH BLASTING WITH DIFFERENT COUPLING MEDIA
3.1 Difference induced by changes in borehole pressure
For blasting with different coupling media, the borehole pressure has been determined by many scholars, and the calculation process is not detailed in this paper. Based on the distribution of rock mass types, commonly used blasting parameters and industrial explosive types in actual excavation, taking emulsion explosive blasting in siltstone, limestone and granodiorite three kinds of rock mass with obvious difference in strength properties as an example, a comparative analysis of blasting borehole pressure of two coupling media with typical charging structure is carried out. The unit volume explosive heat of emulsion explosive (ρe=1300 kg/m3, D=4000 m/s) is 4.192e9J/m3. The calculated rock mechanics parameters are shown in Table 1, and the calculated results are shown in Figure 1.
TABLE 1 | Table of calculated rock mass mechanical parameters.
[image: Table 1][image: Figure 1]FIGURE 1 | Peak borehole pressure of blasting with different coupling media.
As can be seen from Figure 1, due to large flow viscosity and low compressibility of water compared with air, the shock wave weakens slowly during water-coupled blasting, and the explosion pressure delivered to borehole wall is significantly greater than air-coupled blasting. Combined with above analysis, when blasting medium is determined, the rock average fragmentation size by blasting is negatively correlated with the peak borehole pressure. The greater peak borehole pressure, the smaller rock fragmentation size. It can be concluded that compared with air-coupled blasting, water-coupled blasting can improve the fragmentation degree of rock mass, and the rock average fragmentation size is smaller.
3.2 Difference induced by changes in unit explosive consumption
The energy transferred from explosive to rock mass is related to the properties of explosive, rock mass and charge structure. The author studied and compared the difference of energy transferred to rock mass during blasting with different coupling media (Li et al., 2021). The results show that, compared with air-coupled blasting with same charge amount, water-coupled blasting reduces the attenuation of blasting load in coupling medium and improves the efficiency of explosive energy transfer. The increase factor of energy transfer efficiency is between several times and tens of times, which is related to blasting medium and decoupling coefficient.
Taking the energy transferred into rock as a comparative analysis, water-coupled blasting is equivalent to increasing the explosive charge to a certain extent. In order to facilitate intuitive comparison, air-coupled blasting, which has same energy transmission efficiency as water-coupled blasting, is taken as the equivalent charge structure of water-coupled blasting. Thus, the ratio of actual unit explosive consumption during blasting with two coupling media can be obtained as follows:
[image: image]
Where [image: image] and [image: image] represent the actual unit explosive consumption considering the energy transfer efficiency of water-coupled blasting and air-coupled blasting, respectively; [image: image] represents the decoupled charge coefficient of air-coupled blasting; [image: image] represents the decoupled charge coefficient of air-coupled blasting which has the same energy transfer efficiency as water-coupled blasting.
From Eq. 11 taking the explosion of emulsion explosive in siltstone, limestone and granodiorite with obvious difference in strength properties as an example, a comparative analysis of actual unit explosive consumption in blasting with different coupling media of typical charge structure was carried out. The calculation results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Ratio of actual unit consumption in blasting with different coupling media.
It can be seen from Figure 2 that, water-coupled blasting is equivalent to increasing the unit explosives consumption compared with air-coupled blasting, and the improvement coefficient is related to decoupling coefficient. Taking emulsion explosive blasting in granodiorite with decoupling coefficient of 1.28 as an example, the energy of water-coupled blasting transfer into rock is 1.91 times that of air-coupled one, and the actual unit explosive consumption is equivalent to 1.16 times that of air-coupled one, so that more explosive energy is used for rock breaking and the utilization rate of explosive energy is improved. Combined with above analysis, when blasting medium is determined, the rock average fragmentation size by blasting is negatively correlated with unit explosive consumption, that is, the larger unit explosive consumption, the smaller rock fragmentation size. It can be concluded that, water-coupled blasting can effectively increase the unit explosive consumption compared with air-coupled blasting, thus increasing the fragmentation degree of rock mass, and the average fragmentation size is small.
4 NUMERICAL SIMULATION OF ROCK FRAGMENTATION IN BENCH BLASTING
The numerical simulation software used is LS-DYNA, which is widely used in blasting dynamics and other related engineering fields, and can describe the crack growth process more clearly. In order to observe the crack initiation and propagation process of rock mass in bench blasting with different coupling media, a pseudo three-dimensional numerical calculation model is established considering the computational efficiency of real three-dimensional model. This simulation method has been verified to be able to better reflect the actual state of blast hole force (Zhu, 2021). The determination of the model size is based on the conventional excavation footage of the hydropower station slope excavation. The length × height of model is 11 m × 13 m, only one element thickness is taken in thickness direction. The excavation step height is 9 m. The center of borehole is 3 m away from front free surface and 4 m away from the left and right boundaries of model, that is, the width of bench blasting resistance line is 3 m. The step surface and top surface of model are free surfaces, no boundary conditions are applied, and normal constraints are applied in thickness direction to minimize the influence of model size on calculation results. The other parts are non-reflective boundaries, so as to restore the real single-hole bench blasting environment as much as possible.
To ensure that a real explosion effect can be simulated more accurately, the grid size of explosive and coupled medium is controlled at about 2 mm, the size of adjacent rock is approximately the same as explosive/coupled medium. The rock in middle and far region is adopted with a larger size to improve calculation efficiency. The grid of different sizes is gradually transitioned to reduce the influence on calculation accuracy. The model size and mesh division are consistent in different working conditions, and the calculation time step matches the model minimum mesh. The specific model is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Numerical calculation model of bench blasting.
The calculated working conditions are shown in Figure 4. The depth of borehole is 10 m, the bottom ultra-deep is 1 m, the diameter of borehole and charge are 90 mm and 70 mm, respectively. The corresponding decoupling coefficient is 1.28. Water or air is filled between the charge and borehole wall to simulate water-coupled blasting and air-coupled blasting. The fluid-solid coupling algorithm is used to simulate the interaction between detonation product, coupling medium and rock mass.
[image: Figure 4]FIGURE 4 | Numerical simulation of bench blasting.
Emulsion explosive and granodiorite are also used in calculation. LS-DYNA’s own high-energy material model *MAT_HIGH_EXPLOSIVE_BURN is used to represent explosives. At the same time, the relationship between pressure and relative volume during explosive explosion is described by combining the *EOS_JWL state equation. The relationship is as follows:
[image: image]
Where p represents the detonation pressure, V represents the relative volume of detonation product, and the rest is the state equation constant, which is related to explosive type.
A material model with the keyword MAT-NULL can be used to simulate fluids, and the state equations controlled by the keywords *EOS_Linear-Polynomial and *EOS_GRUNEISE can be used to describe the effects of air and water under high pressure, respectively. The relevant calculation parameters of explosives (in Eq. 12), air, and water can be found in references (Chen, et al., 2020; Ye, et al., 2021). RHT damage constitutive model is used to describe the damage characteristics of rocks under blasting load. The RHT model comprehensively considers the strain rate effect, damage softening, failure and other characteristics of materials under dynamic load, and can better describe the damage and failure characteristics of brittle materials such as rock and concrete under dynamic load (Park and Jeon, 2010). The calculation parameters of RHT model for granodiorite are shown in Table 2.
TABLE 2 | Main parameters of the rock RHT model.
[image: Table 2]The rock fracture process of water-coupled bench blasting is shown in Figure 5. At the explosive initiation, the rock mass is damaged by blasting load applied to borehole wall rapidly through water, as shown in Figure 5A. After detonation at bottom, with the detonation wave upward propagation, the crushing damage of rock around borehole gradually develops upward until the end of detonation process, and a crushing zone is formed, as shown in Figures 5B, C. With time increases, the blasting stress wave at bottom of borehole, which previously acted on rock, propagated to the bench free surface and reflected, resulting in tension damage near slope foot, as shown in Figure 5D. With the transfer of blasting loads in different areas, the reflected tensile stress near bench surface gradually increased, and surface appeared spalling and bulging, as shown in Figure 5E. Under continuous action of blasting load, the rock is thrown along the direction of minimum resistance line, as shown in Figure 5F. In addition, due to the long acceleration time of inner rock under blasting load, the throwing speed is greater than that of the outer rock. During the throwing process, the phenomenon of secondary extrusion collision and crushing between rock blocks appears, as shown in Figure 5G. The development of water-coupled bench blasting is mainly concentrated on the rock in direction of resistance line, and the overall cracking is small due to rock constraint in back rush. The water-coupled bench blasting rock fracture evolution process of numerical simulation is basically consistent with the theoretical fracture throwing process and the development of the 3D model blasting damage (Cho and Kaneko, 2004).
[image: Figure 5]FIGURE 5 | The rock damage evolution development process of water-coupled bench blasting. (A) Detonation. (B) Detonation transmission. (C) Formation of crushing zone. (D) Toe cracking. (E) Spalling and bulging. (F) Initial throwing. (G) Secondary extrusion crushing.
The rock fracture development process of air-coupled bench blasting is basically consistent with water-coupled blasting, so it will not be described here. The comparison of rock mass rupture between water-coupled bench blasting and air-coupled bench blasting with same time is shown in Figure 6. As can be seen, water-coupled bench blasting takes the lead in reflecting tensile failure of free surface and bulging throwing of fractured rock mass. The development speed of rock rupture is significantly better than air-coupled one, and the development of rupture is basically consistent with the damage, which reflects good carrying capacity of water. The experimental results of Li et al. (2009) show that the crack growth speed and extension length are closely related to the dynamic stress intensity factor of crack tip, and generally show the same development trend. The larger the crack growth speed and extension length, the larger the dynamic stress intensity factor of crack tip. From above analysis results, it can be inferred that the dynamic stress intensity factor at crack tip is larger and the disturbance effect on rock is stronger during water-coupled bench blasting. Under the same calculation model and same failure criterion, the difference of blasting crack density can approximately reflect the difference of rock blasting fragmentation size. It can be seen from Figure 6D that at the same time, the crack development degree of water-coupled bench blasting is far higher than air-coupled one, which has a stronger crushing effect on rock, which is conducive to reducing the generation of large blocks after blasting and thus improving construction efficiency.
[image: Figure 6]FIGURE 6 | Comparison of rock rupture in bench blasting with different coupling media. (A) 1.5 ms. (B) 2.2 ms. (C) 3.5 ms. (D) 7.6 ms.
5 FIELD TEST
In order to further clarify the difference of fragmentation characteristics of rock blasting with different coupling media, bench blasting tests were carried out on project site.
5.1 Test site and test conditions
The blasting test area is located in right bank slope of Yebatan Hydropower Station. The excavation ladder section and pile number range are EL.2945 ∼ EL.2930 ladder section and 0+85 ∼ 0+155 range. The surrounding environment of test area is shown in Figure 7. The length of blasting area along river is about 70 m, the lateral length is about 15 m, and the blasting area is about 850 m2. The surface of blasting area is undulating, and there are many convex chunks near free surface.
[image: Figure 7]FIGURE 7 | Blasting test area.
A total of 114 main holes were arranged in five rows in test. The hole spacing was 2.5∼3.5 m, and hole array pitch was 2.3–3.2 m. In order to compare the blasting differences of different coupling media, the blasting area is divided into two parts. The upstream side of blasting area is conventional air-coupled blasting, and the downstream side of blasting area is water-coupled blasting. The plane layout of borehole is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Layout of borehole.
The diameter of main borehole is 115 mm, and the diameter of cartridge is 70 mm or 32 mm. The charge is mainly 70 mm diameter cartridge, and the single hole charge is distributed in 84∼96 kg. The specific blasting parameters are shown in Table 3. In water-coupled blasting area, water is injected into borehole after charging, and secondary water injection is carried out after plugging to ensure the water-coupled environment.
TABLE 3 | Table of blasting parameters.
[image: Table 3]The borehole adopts continuous charge, and two detonators are arranged in the middle and top of charge section respectively. The detonating network adopts the detonating tube detonator network, and the double-detonating MS13 detonator is set in main borehole, and the MS3 detonator is used to transmit the explosion between segments and the MS5 detonator is used to transmit the explosion between rows.
5.2 Test results
Using UAV to collect blasting block image from the upstream side, downstream side, front and top of blasting pile. The artificial high-definition camera is used to collect blasting block image of blasting pile area near the reserved rock. The typical blasting block image collected is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Typical blasting block image. (A) Front of blasting pile. (B) Top of blasting pile. (C) Upstream side of blasting pile. (D) Downstream side of blasting pile.
In order to quantitatively analyze and process the image, the long sides of explosive pack boxes left in different positions of blasting pile are used as the scale, as shown in Figure 10. The actual size of long sides is 50 cm.
[image: Figure 10]FIGURE 10 | Scale for blasting block analysis.
The upstream side of blasting test is air-coupled blasting area, and the downstream side is water-coupled blasting area. Then, the block analysis of two test areas is carried out respectively. The blasting block image taken when the lens was parallel to blasting pile was selected and guided into WipFrag software, the image scale was set, and the software was used to automatically identify the blocking edge and manually correct the wrong edge. Based on the manually corrected results, WipFrag software automatically generates a single blasting block distribution curve, and finally combines multiple blasting block distribution curves to obtain the lumpiness distribution curves of two blasting areas in test, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Blasting test block distribution curve.
The most intuitive evaluation index of blasting block distribution curve is the mean diameter x50 and the non-uniformity coefficient Cu of graded material. Cu < 5 indicates uniform particle size distribution, and the larger non-uniform coefficient, the more uneven particle size distribution. The calculation formula of non-uniformity coefficient Cu is as follows:
[image: image]
Where x60 and x10 represent rock sizes with 60% and 10% cumulative rates under minus mesh material, respectively.
The main parameters of blasting block in different test areas obtained by WipFrag are shown in Table 4. From Eq. 13 the mean diameter of rock blocks in air-coupled blasting is 342.36 mm, and the non-uniformity coefficient is 8.10. The mean diameter of rock blocks in water-coupled blasting area is 283.74 mm, and the non-uniformity coefficient is 4.29. The mean diameter in water-coupled blasting area is smaller than that in conventional blasting area. The particle size distribution is more uniform, which is conducive to improving the rock fragmentation efficiency.
TABLE 4 | Table of fragmentation size distribution parameters of rock after blasting.
[image: Table 4]6 CONCLUSION
The main conclusions are as follows:
(1) Based on stress wave theory and variation law of strain rate near borehole area, a distribution model of blasting fragmentation is established considering the effect of rock mass strain rate. When blasting medium is determined, the blasting fragmentation size is negatively correlated with the borehole pressure and unit explosive consumption.
(2) In water-coupled blasting, the existence of water makes the blasting pressure transmitted to hole wall significantly greater than that of air-coupled one, and prolongs the duration of blasting load, improves the work of explosive on rock, and is equivalent to improving the unit explosive consumption. Compared with air-coupled blasting, water-coupled blasting can improve rock fragmentation, and the rock fragmentation size is smaller.
(3) The pseudo three-dimensional numerical simulation of bench blasting with different coupling media was carried out. The rock rupture development speed of water-coupled blasting is obviously better than that of air-coupled one, and the development degree of final cracks is far higher, that is, water-coupled blasting has a stronger crushing effect on rock, which is conducive to reducing the generation of large blocks after blasting.
(4) Field tests of bench blasting with different coupling media were carried out, and the lumpiness distribution curves of rock mass after blasting were obtained. The test results show that the mean diameter of rock in water-coupled blasting area is smaller and the particle size distribution is more uniform.
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