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Abstract

:

Liquid carbon dioxide blasting technology has a wide range of applications and is characterized by sound fracturing effects, low vibration hazards, and high safety. In order to investigate the characteristics and mechanism of CO2 phase change rock breaking, liquid CO2 blasting tests on rock-like specimens were carried out in this paper. The results show that 130 MPa is the threshold value at which a CO2 blasting system moves from dynamic tensile stress damage to dynamic pressure stress damage. When blasting pressures of 100 MPa and 70 MPa are used, the lumpiness ratio of the fragments does not change much as the strength of the rock changes, so a suitable blasting pressure should be chosen to improve the blasting effect. Under the impact of blast stress and high-pressure gas flow, cracks develop to form a rough failure surface.
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1. Introduction


The exploitation of mineral resources has always been one of the primary sources of greenhouse gas emissions [1]. As the global climate crisis continues to intensify, areas such as the reduction and utilization of carbon dioxide are receiving widespread attention [2,3,4]. As an important part of mine production, blasting is also one of the major sources of greenhouse gases in mines, while the hazards of vibration, noise, and flying rocks caused by mine blasting are also problems that need to be addressed urgently by traditional explosives blasting. Carbon dioxide phase change fracturing is a new, green, physical blasting method that enhances the use of carbon dioxide and reduces the number of greenhouse gases produced during blasting. As liquid carbon dioxide fracturing continues to develop, more rock-breaking excavation projects are using this method due to its high safety, ease of operation, and reliable rock-breaking efficiency.



High-pressure gas fracturing technology, also known as the Cardox Tube System, was introduced in 1938 by the British company CARDOX [5] and can be used in large-scale mining, reservoir, and dam construction blasting [6]. Cardox Tube System blasting releases high-pressure carbon dioxide gas, which exerts pressure on the surrounding rock causing a tensile stress field and causing tensile stress damage to the rock to form fissures; when the high pressure gas further impacts the fissures, the fissures begin to develop and expand, eventually cracking and breaking the rock [7].



Since its introduction, CO2 phase change blasting technology has been used extensively in industries such as mining and civil construction. Haidong Chen et al. increased the permeability of the coal seam by using phase change fracturing technology with liquid carbon dioxide. By adopting a reasonable blast hole spacing, the coal seam achieved the desired destruction effect and increased the gas emission flow in the coal seam. This technology greatly increased the permeability of the coal seam and enabled the effective use of gas in the coal mine while also making full use of carbon dioxide gas as an energy source and reducing the emission of greenhouse gases [8,9]. Li Qiyue et al. used liquid carbon dioxide phase change rock-breaking technology for underground pit excavation construction. The method solved the problem of excavating hard rocks in underground pit excavation; no pollution or flying rocks were generated during the blasting process and the blasting vibration was less hazardous, while the blasting effect was good and the blasted rocks were of moderate size and easy to handle [10]. Xie et al. used liquid carbon dioxide phase change technology for blasting excavation of hard rock pile shafts and obtained the relationship between the release pressure, release energy and TNT equivalent of carbon dioxide through field tests and also found that the carbon dioxide vibration wave has the characteristics of short duration, fast decay, and low main frequency, and a proper hollow hole can improve the rock breaking effect when blasting hard rock pile shafts [11].



With the continuous maturation of CO2 phase change fracturing technology, more and more scholars are conducting research on the underlying theory, mechanism of action and effect, and other related aspects of this technology [12,13,14]. Zhang Jiafan et al. studied the CO2 blasting process by numerical simulation and obtained the CO2 blasting stress wave decay law [15]. Zhou Keping and others obtained the pressure variation law through liquid CO2 blasting tests and combined it with the Span–Wagner equation of state to obtain the calculation method for the explosion energy of liquid CO2 blasting systems [16]. Yang et al. calculated the energy of TNT explosions and carbon dioxide explosions through field test research, and the results showed that the TNT equivalent of 1 kg of carbon dioxide is 430 g and 380 g, respectively, which has a good blasting effect in practical engineering applications [17]. Sun Keming et al. conducted CO2 blasting tests on coal bodies with different strengths at different temperatures and found that the minimum pressure of rock breaking was exponentially related to the tensile strength of the material by analyzing the number of fissures, length, and blast response information and that the number of fissures and cumulative length satisfied a logistic function with the blast pressure, while CO2 had a cooling effect during the blasting process [18,19].



In this paper, liquid carbon dioxide blasting tests on rock-like specimens were carried out [20]. The CO2 blast stress variation threshold was investigated. The effect of CO2 fracturing was analyzed by defining the variable lumpiness factor ratio. The mechanism of the rock-breaking action of carbon dioxide blasting systems was studied [21]. It provides a theoretical reference for selecting suitable blasting parameters to improve the fracturing effect of CO2 blasting.




2. Experiment


2.1. Experimental Programme


Two different types of high-strength cement were selected to make test blocks with a block size of 500 mm × 500 mm × 400 mm and a 45 mm diameter blast hole reserved in the middle. The block style is shown in Figure 1 and the block types are shown in Table 1 [22]. Four sets of four specimens with different mechanical properties were produced by controlling the type and proportion of cement. The first three groups of specimens were tested at burst pressures of 70 MPa, 100 MPa, 130 MPa, and 150 MPa, and the fourth group of specimens were all tested at a burst pressure of 70 MPa [23], as shown in Table 1.




2.2. Experimental Preparation


The prepared materials were mixed well in a mixer and poured into prefabricated molds for setting. To ensure the specimens’ homogeneity and avoid air bubbles, a small vibrating rod was used for vibratory pounding, and the models were manually maintained for 28 days after they were made. In order to obtain the basic mechanical parameters of the specimens, cubic specimens with dimensions of 70.7 mm × 70.7 mm × 70.7 mm were produced for physical and mechanical testing, as shown in Figure 2. The cube test blocks were numbered and quantified as shown in Table 2. Longitudinal wave velocity experiments, uniaxial compression experiments, tensile experiments, and variable-angle plate shear experiments were carried out on each group of test blocks [24].



Before conducting the indoor rock mechanics experiments, five to six complete specimens were selected and weighed to obtain the mass and average density of the specimens. The test results and mechanical parameters of the rock experiments are shown in Table 3.




2.3. Experimental Process


The test was carried out in the Phase Change Dynamics Laboratory of Central South University, Changsha, China and was divided into three steps: firstly, the filling of the CO2 blast tube, then the installation and fixing of the blast tube in the specimen, and finally the blasting [25].



(1) In order to meet the different pressure conditions of the blasting test, different directional energy dischargers were selected to control the carbon dioxide charge, which were rated at 70 MPa, 100 MPa, 130 MPa, and 150 MPa [26]. The CO2 bursting tube structure is shown in Figure 3, and the CO2 bursting tube filling mass is shown in Table 4 [27].



(2) The filled blasting tube was inserted into the prefabricated blast hole of the specimen, and to prevent the blasting tube from being thrown upwards during blasting, a weight was loaded on top of the blasting tube to hold it in place. At the same time, in order to prevent safety accidents caused by flying rocks during the blasting test, the blasted specimen was set in a specially designed iron frame.



(3) A liquid carbon dioxide blasting test was conducted by connecting the blasting tube to the wire after installation and by using a multimeter to measure its resistance value to ensure that the wire was correctly connected. The site was cleaned up after the inspection, and we retreated to a safe area and then powered up the blasting tube to detonate.



(4) The number and quality of fragments and the distribution pattern of cracks were counted at the end of the blast.





3. Experimental Results


Blasting tests were carried out on specimens with different mechanical properties. Under the action of different blasting pressures, the specimens were blasted into different blocks, and each specimen generated 3–6 main cracks with an approximately linear distribution. The results of the specimen blasting are shown in Figure 4.



From the blast results, the specimen was broken into several major chunks, with a certain number of small fragments at the base of the specimen, and the ring breakage was mainly in the form of tensile damage with some form of shear damage. The main crack in almost every specimen penetrated the entire specimen, and the blast could crack the entire specimen relatively well. The blast hole walls of each specimen were well retained, with smooth surfaces and no impact craters or microcracks [28,29,30].



Analysis of the blasted specimens gives the following characteristics of the CO2 phase change rock-breaking process.



(1) An inverted funnel-shaped conical mass is produced at the bottom of the shell hole of the specimen, while all fragments are in a splitting pattern.



(2) The blasting did not produce crushed pieces and the damaged specimens decomposed mainly into a few larger masses; the blasting only had a cracking effect.



(3) The main cracks produced by blasting are dendritic and extend from the blast hole to the free surface. The number of main cracks is small, typically 2–4, and the main cracks are relatively narrow and can run through the whole or half of the specimen.



(4) The normal phase direction of the damaged surface of the specimen after blasting is perpendicular to the axial direction of the blast hole, and the damaged surface is smooth and intact with no microcracks developing.



The block size and quantity of the broken blocks after blasting is an important indicators of the blasting effect. Statistical analysis of the number and quality of the blocks after destruction in Group A [31] was carried out, and the results are shown in Figure 5 and Figure 6.



From the analysis it can be concluded that the number and quality of specimen blocks after blasting exhibit the following characteristics.



(1) The number of fragments of small mass in the destroyed specimens is high. The total number of fragments per specimen blasted in Group A was 51, 95, 35, and 57, respectively, with the number of fragments in the mass range of 0 to 0.1 kg being 38, 72, 28, and 41, respectively, representing 74.51%, 75.79%, 80.00%, and 71.93% respectively.



(2) The mass percentages of fragments in the range of 0.1–1 kg and 1–10 kg were evenly distributed, and the numbers of fragments in the range of 10–20 kg, 20–30 kg, 30–40 kg, and 40–50 kg were missing, and the number of fragments with masses over 50 kg was 1 to 2 in each specimen.



(3) From Figure 6, it can be seen that the mass and number of broken pieces were distributed in the opposite pattern, with the larger mass of the pieces occupying the vast majority of the mass of the exploded specimen accounting for 62.5%, 29.2%, 65.45%, and 71.68% of the overall specimen mass, respectively.



(4) The A2 specimen showed a uniform distribution in the number and mass of fragments because the A2 specimen used an explosion-rated pressure of 150 MPa, much greater than the dynamic compressive strength of the specimen, which mainly produced compression damage.



In summary, unlike the fracture zones and fracture zones created during conventional explosive rock-breaking, carbon dioxide blasting is based on the rapid pressure generated by the change in the gas phase. The combined effect of the pressure and high-velocity gas damage the rock, resulting in cracks spreading from the center of the hole in all directions. The main crack breaks the rock into several complete fragments, while the fragments are evenly distributed with no crushing particles, indicating that the CO2 blasting technique fully uses the gas phase change energy and has a good rock-cracking effect.




4. Analysis


4.1. Analysis of the Effect of Blasting Pressure on Blasting Effectiveness


By choosing different rated pressures of energy-discharging discs to burst the specimens, the effect after bursting is shown in Figure 7, and its crack distribution after bursting is shown in Figure 8. It can be seen from the figure that the main crack of the sample presents an approximately linear splitting failure, and the number of cracks and the failure degree of the sample are positively correlated with the bursting pressure.



When the blasting pressure is small, from the A3 specimen, after the destruction of the effect of the diagram can be seen, the number of cracks is three, and the specimen mainly shows tension damage. The specimen was destroyed into four blocks, the bottom of which is a conical body block, and the other three blocks were controlled by the main crack formed, while the destruction surface is very smooth. In addition to these four larger blocks, at the junction of the main crack and the bottom of the specimen, there is part of the formation of fragments, but it is not obvious. When the blasting pressure is higher, the result graph of the damaged A2 specimen shows a significant increase in the number of cracks and fragments, with five cracks, while Figure 9 shows that the damaged surface is rougher than the A3 specimen, with flakier fragments appearing at the junction of the main crack and the bottom of the specimen.



The number of main cracks in the blown specimens generally varies after blasting with differently rated blasting pressures of liquid carbon dioxide. The number of main cracks is mainly distributed between 3 and 6. As the rated blasting pressure of liquid carbon dioxide technology continues to increase, the overall trend of the number of main cracks increases, but the increase is small.



Blasting pressure also influences the distribution of blocks after blasting in liquid carbon dioxide blasting systems. A statistical analysis of the blasting pressure and the number of broken blocks was carried out for three groups of specimens, A, B, and C. As shown in Figure 10, the trend of the total number of broken blocks after damage increased gradually as the blasting pressure increased from 70 MPa to 150 MPa for the three groups. When the bursting pressure is at 130 MPa, the total number of fragments increases less. It even shows a steep downward trend, which is related to the quality of the carbon dioxide charge and the actual yield pressure of the unloading disc. When the bursting pressure reaches 150 MPa above 130 MPa, the number of fragments rapidly increases. In terms of fracture mechanics and impact dynamics, rocks or rock-like features produce different fractures at different loading rates (strain rates), and these fractures, in turn, lead to different numbers and sizes of blocks after damage. In conjunction with the above analysis, it can be concluded that 130 MPa is the threshold value at which a CO2 blasting system moves from dynamic tensile stress damage to dynamic pressure stress damage.




4.2. Analysis of Rock Lumpiness after Carbon Dioxide Blasting


The uniaxial compressive strength and tensile strength of the rock are related to the effect of liquid carbon dioxide blasting, so the uniaxial compressive strength was chosen to characterize the mechanical properties of the rock type. The relationship between the uniaxial compressive strength, the number of main cracks, and the total number of blocks after blasting was obtained through experimental analysis, as shown in Figure 11.



As seen from the figure, the number of main cracks after the damage of test blocks at the same blast pressure is the same or approximately so. Therefore, within the range of compressive strength, the intensity of the specimen has little influence on the number of main cracks. In contrast, the bursting pressure is the main factor affecting the number of main cracks after the damaged blocks.



There are two main trends between the total number of fragments after blasting and the uniaxial compressive strength of the specimens, with the number of fragments after damage decreasing with increasing uniaxial compressive strength at blast pressures of 150 MPa and 100 MPa. At 130 MPa, the number of fragments after damage gradually increases as the uniaxial compressive strength increases. At a bursting pressure of 70 MPa, the overall trend in the number of fragments tends to be similar. As there is a difference between the bursting pressure controlled by the energy discharging disc and the actual pressure, the actual pressure may be close to the bursting pressure of 70 MPa when the bursting pressure of the disc is 100 MPa and 130 MPa, so the bursting effect of the test block after destruction at 150 MPa and 70 MPa was chosen to represent the actual bursting effect. It can be seen from the graph that the higher the bursting pressure, the greater the tendency for compression damage to occur mainly in the test block, and as the uniaxial compressive strength increases, the number of fragments after test block damage gradually decreases; when the bursting pressure is small, the test block mainly undergoes tensile damage, and the number of fragments after test block damage tends to stabilize.



To evaluate the effectiveness of blasting, a variable ‘lumpiness factor ratio’ was defined to represent the size of the fragment. This variable is the ratio of the percentage of mass to the number of fragments after blasting. This parameter is a good indicator of the size of the fragments and ranges from 0 to 100%. Blocks with a mass of less than 5 kg are also defined as small blocks and blocks with a mass greater than 5 kg as large blocks. A larger lumpiness factor ratio indicates a giant and more intact fragment, while the opposite indicates a smaller damaged fragment. A plot of the variation between the fractional lumpiness factor ratio and blast pressure is shown below in Figure 12.



The graph shows that when the bursting pressure is 150 MPa and 130 MPa, the lumpiness factor ratio gradually increases for the larger blocks and decreases for the smaller blocks as the uniaxial compressive strength increases. The results show that the greater the strength of the test block, the smaller the size of the larger block, and the larger the smaller block. At blast pressures of 100 MPa and 70 MPa, as the uniaxial compressive strength increased, the lumpiness factor ratio increased and then decreased for the larger blocks. In comparison, the lumpiness factor ratio decreased and then increased for the smaller blocks, with no significant change in the lumpiness factor ratio for the broken blocks. Therefore, to obtain a good fracturing effect when blasting with CO2, the blasting parameters should be determined according to the actual conditions of the blasted rock.




4.3. Analysis of the Rock-Breaking Mechanism of Carbon Dioxide Blasting Systems


When carbon dioxide blasting, the strength of the initial stress wave near the blast hole far exceeds the dynamic compressive strength of the concrete test block, causing the test block to undergo crushing damage, as shown in Figure 13 [32]. With the stress wave in the process of propagation decay, when the strength of the stress wave σ is less than the dynamic compressive strength of the test block itself σcd, and the stress wave is not enough to directly cause the test block to undergo crushing damage; at this time, the compressive stress wave causes the test block to produce radial displacement, thus generating tensile stress, and under the action of tensile stress, the test block undergoes tensile damage. From the Mises criterion, it is known that when the strength of the blast stress wave σ is less than the dynamic tensile strength σtd of the test block, the stress wave can no longer cause the rock to undergo damage and the rock fracture zone stops developing [33].



The CO2 breaking process is primarily a process of high-pressure gas and gas “wedge action” on the rock, starting with the external impact of the high pressure fluid released from the vent of the liquid CO2 blasting system, where the high pressure CO2 fluid impacts the surrounding rock at maximum pressure, forming an initial crack along the axial direction of the release hole. Here the initial crack acts as a guide, providing a favorable crack development direction for the later gas expansion wedge action. The CO2 fluid released into the confined blast hole then undergoes a phase change to a high-pressure gas, and the blasting process relies primarily on the quasi-static loading of the rock mass by the subsequent high-pressure gas wedging action, which occurs as a result of tensile damage to extend the fracture zone of the liquid CO2 blasting system.



The effect of blasting the specimen shows that the impact and air wedge effect of high-pressure carbon dioxide dominate the rock-breaking process. After blasting, the high-pressure carbon dioxide fluid pressed through the directional shear sheet is released outwards via the outlet at a speed of several hundred meters per second, forming a jet which, while moving forward, also diffuses freely in other directions. The jet velocity and pressure of the CO2 fluid is greatest in the direction of the outlet, decreasing from the axis of the outlet to the sides, and is least in the direction of the vertical outlet. Under the action of a high-pressure CO2 fluid jet impact, two forms of damage to the specimen occur, either by the formation of an impact crater or by tension damage. The reason why impact craters appear in the specimen pore wall is because the specimen itself is a porous medium with a large number of internal pores, microcracks, and other defects developed. Under the impact load of high-speed CO2, these defects further develop to form fragments and are washed away by the CO2, thus forming impact craters. In addition, under the impact of high velocity carbon dioxide, the pressure propagates to the outside of the specimen in the form of stress waves. As the strength of the stress waves is less than the dynamic compressive strength of the specimen, the specimen is not crushed and damaged, but tensile stresses are derived, causing tensile damage to the specimen as well as crack development, at which point the carbon dioxide gas rapidly intrudes into these microcracks, causing stress concentrations at the crack tips and causing further development of these microcracks to form a smooth damage surface [20].



In addition to this, the structure of the liquid carbon dioxide blasting tube itself directly leads to uneven stresses on the blast hole wall, with the maximum compressive stress on the rock in the direction of the outlet hole and the minimum compressive stress in the direction of the vertical outlet hole; the initial state of stress on the blast hole wall is shown in Figure 14 [34]. The uneven force on the hole wall leads to the formation of shear stress inside the specimen, causing shear damage to the specimen, resulting in shear cracks, and carbon dioxide also enters these cracks, under the combined effect of shear action and high-pressure carbon dioxide gas, forming a rough shear-damaged surface.





5. Conclusions


In this paper, the crack distribution morphology of the specimens after liquid carbon dioxide blasting was analyzed. The number and mass distribution of fragments under different blasting pressures were counted. The variable ‘lumpiness factor ratio’ was defined to describe the lumpiness of the fragments after blasting. The mechanism of rock-breaking action of the CO2 blasting system was analyzed. The main conclusions are shown below.



(1) According to the statistical analysis, the number of fragments of 0~0.1 kg in the specimens after CO2 blasting was high, accounting for 74.51%, 75.79%, 80.00%, and 71.93%, respectively. The bulk masses occupied most of the weight of the specimens with 62.5%, 29.2%, 65.45%, and 71.68%, respectively. The quality of the fragments after blasting is inversely related to the quantity. The results show that CO2 blasting has a good rock-fracturing effect.



(2) The main crack of the specimen after blasting was damaged by splitting in a linear pattern extending from the center of the blast hole to the surrounding area, and the number of cracks was 3~6. There was a small increase in the number of cracks as the blast pressure increased, and 130 MPa is the threshold value at which a CO2 blasting system moves from dynamic tensile stress damage to dynamic pressure stress damage.



(3) When the blasting pressure is 100 MPa and 70 MPa, the lumpiness factor ratio of the fragments does not increase or decrease gradually but increases and then decreases. Therefore, in the actual CO2 blasting, to obtain the ideal fracturing effect, the blasting parameters should be selected according to the compressive strength of the rock.



(4) During the initial stress wave propagation, the specimen’s dynamic compressive strength is less than the range of the stress wave cracking damage that occurs, forming small-size fragments. With the decay of the stress wave, the specimen undergoes tensile damage and cracks into large fragments. Since the stress distribution of the specimen is not uniform, the rock fractures are further developed under stress and high-velocity gas, forming a rough shear-damaged surface.
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Figure 1. Concrete test block shell hole layout. 
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Figure 2. Cube test blocks. 
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Figure 3. Schematic diagram of the CO2 blasting tube structure. 
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Figure 4. Blasting results. (a1–a4) Blasting results of specimens A-1 to A-4; (b1–b4) Blasting results of specimens B-1 to B-4; (c1–c4) Blasting results of specimens C-1 to C-4; (d1–d4) Blasting results of specimens D-1 to D-4. 






Figure 4. Blasting results. (a1–a4) Blasting results of specimens A-1 to A-4; (b1–b4) Blasting results of specimens B-1 to B-4; (c1–c4) Blasting results of specimens C-1 to C-4; (d1–d4) Blasting results of specimens D-1 to D-4.



[image: Minerals 13 00003 g004a][image: Minerals 13 00003 g004b]







[image: Minerals 13 00003 g005 550] 





Figure 5. Distribution of block numbers and block masses. 
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Figure 6. Distribution of number of blocks and percentage of block mass. 
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Figure 7. Graph of blast results for Group A specimens. (a) A-1 specimen after blasting; (b) A-2 specimen after blasting; (c) A-3 specimen after blasting; (d) A-4 specimen after blasting. 
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Figure 8. Shape of the main fracture and its distribution in Group A specimens. (a) Crack distribution of A-1 specimen; (b) Crack distribution of A-2 specimen; (c) Crack distribution of A-3 specimen; (d) Crack distribution of A-4 specimen. 
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Figure 9. Conical and flaky masses formed after blasting of specimen A2. 
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Figure 10. Variation in the total block count at different blast pressure ratings. 
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Figure 11. Relationship between uniaxial compressive strength and blasting effectiveness. 
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Figure 12. Relationship between lumpiness factor ratio and uniaxial compressive strength. (a) Lumpiness factor for large blocks. (b) Lumpiness factor for small blocks. 
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Figure 13. Stress wave intensity decay pattern. σ is Stress wave strength; r is the distance to the center of the blast hole; σcd is the dynamic compressive strength of the test block; σtd is the dynamic tensile strength of the test block; r0 is the radius of the blast hole. 
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Figure 14. Schematic diagram of the initial stresses on the blast hole wall. 
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Table 1. Types of test blocks.
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Group

	
No.

	
Proportioning

	
Bursting Pressure

	
Group

	
No.

	
Proportioning

	
Bursting Pressure






	
A

	
A-1

	
325# silicate cement: river sand: water = 1:1:0.5

	
130

	
C

	
C-1

	
425# silicate cement: river sand: water = 1:1:0.5

	
150




	
A-2

	
325# silicate cement: river sand: water = 1:1:0.5

	
150

	
C-2

	
425# silicate cement: river sand: water = 1:1:0.5

	
130




	
A-3

	
325# silicate cement: river sand: water = 1:1:0.5

	
70

	
C-3

	
425# silicate cement: river sand: water = 1:1:0.5

	
100




	
A-4

	
325# silicate cement: river sand: water = 1:1:0.5

	
100

	
C-4

	
425# silicate cement: river sand: water = 1:1:0.5

	
70




	
B

	
B-1

	
325# silicate cement: river sand: water = 1:2:0.5

	
150

	
D

	
D-1

	
425# silicate cement: river sand: water = 1:2:0.5

	
70




	
B-2

	
325# silicate cement: river sand: water = 1:2:0.5

	
130

	
D-2

	
425# silicate cement: river sand: water = 1:2:0.5

	
70




	
B-3

	
325# silicate cement: river sand: water = 1:2:0.5

	
100

	
D-3

	
425# silicate cement: river sand: water = 1:2:0.5

	
70




	
B-4

	
325# silicate cement: river sand: water = 1:2:0.5

	
70

	
D-4

	
425# silicate cement: river sand: water = 1:2:0.5

	
70
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Table 2. Types of cubic test blocks.
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	Group
	Proportioning
	Quantity





	E
	325# silicate cement: river sand: water = 1:1:0.5
	9



	J
	325# silicate cement: river sand: water = 1:2:0.5
	9



	N
	425# silicate cement: river sand: water = 1:1:0.5
	9



	T
	425# silicate cement: river sand: water = 1:2:0.5
	9
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Table 3. Mechanical parameters.
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	Specimen Group
	Density

(g/cm3)
	Longitudinal Wave Speed

(m/s)
	Uniaxial Compressive Strength

(MPa)
	Poisson’s Ratio
	Elasticity Modulus

(GPa)
	Uniaxial

Tensile Strength

(MPa)
	Internal Cohesion (MPa)
	Angle of Internal Friction

(°)





	A
	1.812
	3235.71
	27.70
	0.234
	2.01
	2.47
	7.02
	37.75



	B
	1.878
	2666.06
	9.89
	0.299
	0.99
	1.17
	2.82
	37.29



	C
	1.986
	3724.99
	47.19
	0.243
	4.69
	3.41
	9.06
	39.69



	D
	2.057
	3922.84
	33.25
	0.226
	2.21
	3.27
	8.12
	36.71
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Table 4. Carbon dioxide charge quality.






Table 4. Carbon dioxide charge quality.





	
Group

	
No.

	
Liquid Filling Quality

(kg)

	
Pressure Plate Pressure (MPa)






	
A

	
1

	
0.519

	
130




	
2

	
0.447

	
150




	
3

	
0.428

	
70




	
4

	
0.469

	
100




	
B

	
1

	
0.441

	
150




	
2

	
0.396

	
130




	
4

	
0.473

	
70




	
3

	
0.441

	
100




	
C

	
4

	
0.456

	
70




	
3

	
0.521

	
100




	
2

	
0.464

	
130




	
1

	
0.517

	
150




	
D

	
1

	
0.424

	
70




	
2

	
0.449

	
70




	
3

	
0.43

	
70




	
4

	
0.508

	
70

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg





media/file27.png





media/file13.png
=>50

40-50

|95 ]
L
=]

20-30
10-20

Distribution

S -
ot |

| —
— o

0-0.1

20 40 60

Percentage of block count

80

100

Distribution

40 60
Quality percentage

80

100





media/file12.jpg
ki Qualiy percestage





media/file18.jpg





media/file9.png





media/file14.jpg





media/file20.jpg
Total number of blocks

120

100 -

80

60

40t

20

—— Group A
—O— Group B
—4— Group C

60

80 100 120
Rated burst pressure

140

160





media/file7.jpg





media/file23.png
Number of main fissures

0

o))

~

V) W A %)

[y
T

—=— 150
—®— 130
—4&— 100
—w— 70

o

10

15 20 25 30 35 40 45

Uniaxial compressive strength

50

Total number of blocks

— — —
= (o)) [ore) (@) \®) =
(@) (@) (@) (@) (@) (@)

o}
o

—&— 150
—8— 130
—4&— 100
—w—70

o

10 15 20 25 30 35 40 45

Uniaxial compressive strength

50






media/file5.png
Detonating head Heating device Rupture disc Discharge head

G

Sealing gaskets Releasing hole





media/file15.png





media/file19.png





media/file28.jpg
ositive stress —
P jet direction

releasing hole

blasting tube hole wall





media/file2.jpg





nav.xhtml


  minerals-13-00003


  
    		
      minerals-13-00003
    


  




  





media/file11.png
80

60

Quantity
£
=]

3]
=]

0-0.1 0.1-1 1-10 10-20 20-30 3040 40-50

Distribution

>50

140

120

100

e8]
=]

Quality
3

B A
A2

i A

0-0.1 0.1-1 1-10 1020 20-30 30-40 40-50 =50
Distribution






media/file6.jpg





media/file24.jpg
» aw
< owe 10w
S Bown S Bown
ey \ A 100 WPa 20.06| A 100 Wa
H BT £ RS
£ v H iy
i > o i
: T T s
in " B .
e . LIX™ I — v
i v
Y5O B 2 B % % 0 B %0 10 15 20 25 30 35 40 45 50

Uniaia compresie sength

(a)

Uniial compressive singth

(b)






media/file29.png
positive stress jet direction

releasing hole

blasting tube hole wall





media/file1.png





media/file10.jpg





media/file16.jpg
Blasthole

Main crack

@

Blasthole

Main crack

(c)

Main crack
Blasthole

(b)

Blasthole

Main crack

(d)





media/file3.png
— ' o
o [ 1T TLEEEY & 9.8
e M ey VR WA OB w
e  ° v o e o = o

N EaEEE WY






media/file22.jpg





media/file17.png
/

Main crack

Blasthole

(a)

Main crack
Blasthole

Blasthole

Main crack

(b)

Blasthole

Main crack

(c)

(d)






media/file4.jpg
Detonating head ~ Heating device ~ Rupturedisc ~ Discharge head

L . Il -}

Sealing gaskets Releasing hole





media/file8.png





media/file25.png
lumpiness factor ratio

oD

30

29

20

15

10

® —m— 150 MPa
— @ 130 MPa
—4A— 100 MPa
—v— 70 MPa

5

10 156 20 25 30 35 40 45 50

Uniaxial compressive strength

(a)

0. 08

0. 06

0. 04

lumpiness factor ratio

=
-
o

0. 00
o

—m— 150 MPa
—@— 130 MPa
—A— 100 MPa
—v— 70 MPa

A
[
d
v —"

N

10 156 20 25 30 35 40 45 50

Uniaxial compressive strength

(b)






media/file0.jpg





media/file21.png
Total number of blocks

120

100

80 |

20 F

0
60

80

100 120

Rated burst pressure

140

160





