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Abstract

:

Liquid carbon dioxide rock-breaking (L-CDRB) is a new physical blasting technology. To study the characteristics of its vibration velocity, rock-breaking field tests were conducted using a new type of liquid CO2 fracturing tube. Comparisons were made between explosive blasting and L-CDRB in terms of the peak values, frequencies, and energy distributions of the generated vibration velocities. The results show that (1) for the same scaled charge, L-CDRB (vs. explosive blasting) produced a smaller peak, a lower dominant frequency, and simpler frequency components of vibration velocities than explosive blasting. (2) The dominant frequency and energy distribution were related to the total liquid CO2 filling quantity. Higher total filling quantities resulted in higher dominant frequencies, and the energy distribution shifted from a low to a high-frequency band.
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1. Introduction


Dynamic loads can be generated during blasting, causing the rock mass to crack quickly [1]. Therefore, this technique is widely utilized in some engineering construction fields, such as mining, tunneling, and nuclear power plant construction. However, blasting construction can also cause secondary hazards—including blasting dust, polluted gas, flying rock, noise, shock waves, and vibrations—the last of which is the primary hazard and an important factor in blasting design. Blasting vibration velocities are strictly regulated [2], especially when the blasting area is close to buildings, installations, and other specially protected objects. Traditional non-explosive methods, such as demolition agents and rock-breaking machines, are generally time-consuming. In addition, hydraulic fracturing (HF) is also an increasingly popular method [3], which can better control the direction of crack development. However, it is worth noting that HF technology is commonly used in the development of oil and gas wells and is relatively expensive. Liquid carbon dioxide rock-breaking (L-CDRB) technology considering both rock-breaking efficiency and economic cost [4,5], at the same time, produces a much smaller vibration velocity and has a wide range of applications in special situations in which vibration velocities are severely limited.



CO2 phase transition blasting technology was first introduced by the British company Cardox and was called the Cardox tube system. In the early 1960s, this nontraditional physical blasting technology began to be used in Europe and the United States [3,4]. S.P. Singh introduced the structure and use of the device earlier, noting that the Cardox device could be used for large-scale quarry excavations and demolition blasting for concrete structures [5]. Earlier, Turkey applied L-CDRB to coal mining to increase the lump coal output [6].



The current research on this technology is focused on the fracturing mechanism, engineering applications, and equipment improvements. Guo [7] studied the process of L-CDRB and noted that the technology could be used to blast brittle, porous materials, and the single-release power is influenced by the peak pressure and the liquid CO2 volume. Xu and Cheng [8,9] developed a high-pressure gas-blasting simulation testing system to research the mechanism of L-CDRB. Zhou [10] established a finite difference constitutive model based on the theory of damage mechanics and aerodynamics to calculate the effective influence radius of liquid CO2 single-hole blasting. Xiao [11] carried out multiple groups of tests by changing the liquid CO2 filling amount, the rated pressure of the constant pressure rupture disc, and the combustion agent amounts. The author also measured the pressure change law in the fracturing tube and concluded that the tube’s energy was mainly related to the rated pressure of the constant pressure rupture disc and that the energy utilization rate could be improved by increasing the disc’s rated pressure. In engineering applications, Tsuyoshi [12] and Niezgoda [13] found that CO2 anti-permeability technology was superior to hydraulic fracturing through testing and numerical simulation, respectively. Han [14] noted the difference between this technology’s applications in the fields of coal seam permeability enhancement and rock-breaking. Su [15] carried out four L-CDRB tests under different geological conditions in an open-air site and noted that the L-CDRB capacity was closely related to the site’s geological conditions, hole arrangement, and other design parameters. Xia [16] noted that the technology has a good blasting vibration reduction effect by field testing L-CDRB in the excavation site of the foundation pit of a nuclear power plant.



Rock-like brittle materials exhibit different mechanical characteristics under static and dynamic loading conditions [17,18]. The deformation characteristics, failure strength, and fracture characteristics of rocks at high strain rates are all affected by rate effects. According to different loading rates, rock strain rate characteristics can be classified from low to high into creep, quasi-static loading, medium strain rate, high strain rate, and ultra-high strain rate [19]. Under impact and explosion loads, rocks are subjected to large impact loads in a short period of time, and their stress characteristics fall within the range of ultra-high strain rates and high strain rates. Carbon dioxide phase change blasting has a much smaller loading stress peak and pressure boosting time than explosive blasting. According to current research, three commonly used rock-breaking techniques can be used: explosive blasting, L-CDRB, and HF. The pressure-loading characteristics of different rock-breaking methods are listed in Table 1.



The rock-breaking process of L-CDRB technology is divided into two parts. The first part is the impact of high-pressure carbon dioxide on the rock mass, and the second part is the quasi-static carbon dioxide driving the further development of cracks. Gao [20] obtained a formula for calculating the radius of the fracture zone by analyzing the process of rock cracking caused by carbon dioxide phase transformation and pointed out that the effect of rock breaking can be improved by increasing the initial pressure of liquid carbon dioxide in the fracturing tube. Through model tests, Zhang [21] found that carbon dioxide does not produce a fracture zone in rock breaking, and stress waves are the main cause of damage to concrete model specimens. The structure of the cracking tube has an important impact on the rock-breaking effect.



As this technology has been applied in various engineering projects, some scholars have studied a new type of fracturing tube, which changes the way pressure is released from the tube’s end to its lateral side. Thus, the pressure acts more evenly on the blast hole, minimizing accidents resulting from the first-generation fracturing tube being stuck or blown off in practical applications. Zhu [22] and Li [23] studied the equivalent energy and characteristics of the blasting vibration signals of the new type of fracturing tube and noted its greater safety and efficiency. At present, no reports directly monitor the internal pressure of the new type of fracturing tube, and few comparative test studies have been made on L-CDRB and explosive blasting in the same field.



In this study, the vibration propagation law of the CO2 rock-breaking technology was investigated by carrying out field tests in an open pit mine, and the main innovations are as follows. (1) Large-scale field trials were carried out using 1378 kg of liquid CO2. (2) The new fracturing tube was used, and the pressure relief method was changed from the tube’s end to its lateral side. (3) At the same site, a monitoring comparison was conducted on the vibration velocities between explosive blasting and L-CDRB, and the characteristics of the low vibration velocities produced by L-CDRB are described here in detail. (4) A wide range of vibration monitoring tests were conducted with many pieces of vibration velocity monitoring equipment arranged at different distances (9.7–260.5 m) from the explosion zone’s center, so the vibration velocity attenuation law obtained here is more reliable.




2. Field Test


2.1. New CO2 Rock-Breaking System


This test used a CPD-ZLG series fracturing tube. The fracturing tube was 89 mm in diameter and 1200 mm in length. Its main material was high-quality No. 2 carbon steel with a wall thickness of 4 mm. L-CDRB system is shown in Figure 1. A high-pressure pulse initiator was used to trigger the activator reaction inside the fracturing tube, providing high-temperature conditions under which liquid CO2 can be rapidly vaporized. Different from the first generation of fracturing tubes, this type of fracturing tube eliminates the design of a constant pressure shear plate and energy relief head by instantaneous vaporizing liquid CO2 to produce high pressure that tears the tube’s wall, so the pressure acts more evenly in the blast hole.




2.2. Test Parameters


The experiment was conducted in an open pit mine in Panzhihua City, Sichuan Province. In order to understand the basic mechanical properties of rock mass in the rock-breaking area, we conducted core sampling on-site, processed the core into standard test pieces with a diameter of 50 mm and a length of 100 mm in accordance with relevant specifications [24], and conducted uniaxial compression tests using the RMT-150C testing machine (Figure 2).



The stress–strain curve of the uniaxial compression test is shown in Figure 3, and the test results are summarized in Table 2. Rock mechanics tests showed that the average uniaxial compressive strength of the rocks in this area was 114.43 MPa, the tangent modulus of elasticity was 52.14 GPa, and the Poisson’s ratio was 0.31.



The L-CDRB tests were conducted three times. The first test was designed as a single-row hole, and the second and third were double-row holes with plum-shaped layouts with a hole spacing of 1 m and a row spacing of 0.7 m, See Table 3 for specific parameters. In addition, blast vibration monitoring was conducted three consecutive times for explosives at the same test site, the design parameters for which are shown in Table 4.




2.3. Monitoring Program


Both pressure and blasting vibration were monitored. For the L-CDRB tests, the fracturing tube bore pressure and the blast vibration velocity were monitored. For the explosive tests, the blast vibration velocity was monitored.



The pressure testing system is mainly composed of a pressure sensor, a multi-functional collector, and control software. The connection method is shown in Figure 4a. In order to obtain a complete internal pressure curve of the cracking tube, we machined a threaded hole of suitable sensor size on the top of the fracturing tube and fixed the sensor to the end of the fracturing tube; as shown in Figure 4b, the pressure sensor was a KD2000 series large-range piezoelectric sensor. The pressure-sensing part of the sensor is located inside the tube. Then, the data are transmitted to the acquisition instrument through a data line, and finally, the pressure signal is recorded and stored by the acquisition software.



In this test, a TC4850 self-registering instrument monitoring system was used to record the vibration velocity in three directions: vertical, horizontal–radial, and horizontal–tangential. When the monitoring points were placed, the sensors were fixed to the intact bedrock surface by using quick-setting plaster, with the X direction being that of the blast zone (see Figure 5). Three to seven pieces of monitoring equipment were placed for each test, depending on the site’s actual geological conditions, and the equipment was distributed within 9.7–260.5 m from the center of the blast zone to ensure that adequate vibration data were obtained.





3. Test Results


The three L-CDRB field tests resulted in no engineering accidents such as stuck, flying, or unexploded tubes, which greatly improved the safety of the field construction compared to the first generation of fracturing tubes. The fracturing tubes can be filled, deployed, and detonated in a series of processes with only two people working together, which greatly improves construction efficiency.



3.1. Rock Breaking Effect


Blast pile fragmentation analysis is commonly used to evaluate the effect of rock fragmentation by blasting. Therefore, we used the method of image analysis to compare and evaluate the fragmentation of explosive blasting and L-CDRB technology, as shown in Figure 6. The fragmentation of L-CDRB is greater than that of explosive blasting, D50 of L-CDRB is 1009.03 mm, explosive’s D50 = 735.95 mm (D50: dimensions less than 50% of the total material).




3.2. Pressure Test Results


Figure 7 shows the p–t curve inside the fracturing tube, which can be divided into four stages. The first stage is the pressure increase stage, in which the pressure pulse current excites the activator to produce a chemical reaction, generating a large amount of high-temperature gas. Liquid CO2 absorbs heat and instantly vaporizes and expands, so the pressure inside the fracturing tube increases rapidly, reaching a peak of 180.2 MPa in approximately 60 μs. In the second stage, the pressure inside the fracturing tube decreases rapidly to a negative state due to the overall tearing of the fracture tube wall. In the third stage, the pressure continues to increase to a second peak of approximately 90 MPa, as the liquid CO2 does not completely vaporize at the time that the fracturing tube ruptures. The fourth stage is the oscillation stage, in which the gaseous CO2 interacts with the fracturing tube wall to produce a partially reflected airflow, which interacts with the subsequently vaporized CO2. This interaction results in a pressure oscillation that continues until the liquid CO2 is completely vaporized, at which point the pressure returns to normal atmospheric pressure. The entire pressure relief process lasts approximately 140 µs.




3.3. Equivalent Energy Conversion


In quantification of the energy generated during L-CDRB, the commonly used method is to convert the breaking power into a TNT equivalent [25,26,27], which is of guiding significance for quantifying the practical application of liquid CO2 phase change breaking capability.



Before the phase change of liquid CO2 breaks the rock, the CO2 in the fracturing tube coexists in a gas-liquid phase. After the phase change, the gas-liquid phase CO2 in the fracturing tube is rapidly transformed into the gaseous state. The process can be calculated by compressed gas and water vapor vessel-blasting theory. The equation can be expressed as follows:


   E g  =   p V    K 0  − 1   [ 1 −   (   0.1013  p  )      K 0  − 1    K 0      ] ×   10  3   



(1)




where Eg is the gas blast energy, measured in kJ; p is the absolute ultimate pressure of the gas in the tube, measured in MPa; V is the volume of the vessel, measured in m3; and K0 is the adiabatic index of gas, i.e., the ratio of the constant pressure specific heat capacity to the constant volume specific heat capacity of CO2, measured as K0 = 1.295.



The energy of the CPD-ZLG fracture tube used in this test was calculated to be 3013.4 kJ. The TNT equivalent was calculated from Equation (2):


   W  T N T   =    E g     Q  T N T      



(2)




where QTNT = 4250 kJ and Eg = 3089.17 kJ. The equation gives WTNT = 0.727 kg. The energy of 1 kg of No. 2 rock emulsion explosive is 3009 kJ, and the energy of a single fracture tube is equivalent to 1.024 kg of No. 2 rock emulsion explosive.




3.4. Vibration Velocity Monitoring Results


3.4.1. Vibration Velocity Peak Analysis


Blast design is intended to attenuate blasting vibrations [28,29], and the blasting vibration attenuation law is closely related to the explosive type as well as the propagation site. This experiment uses Sadov’s formula to analyze the vibration attenuation law:


PPV = K(Q1/3R)α



(3)




where PPV (peak particle velocity) is measured in cm/s; Q is the explosive quantity (kg), which is the total charge in the simultaneous blasting and the maximum section charge in the delay blasting; R is the distance of explosion source, which indicates the distance between the monitoring point and the blasting point (m); Q1/3/R is the scaled charge; and K and α are the coefficients and attenuation indices related to the topography and geological conditions from the blasting to the monitoring point, respectively. As α increases, the blasting vibration is attenuated more rapidly.



At present, there is no empirical formula for the vibration velocity attenuation law of L-CDRB. For a comparative analysis, the mass of a single charge of liquid CO2 is converted into an equivalent emulsion explosive mass of equal energy, Qt, with reference to Sadov’s formula. Based on the data obtained from the field test monitoring, the nonlinear data were fitted, as shown in Figure 8.



The explosive blasting and L-CDRB vibration velocity attenuation laws are stated in Equations (4) and (5):


PPVex = 450.419(Q1/3/R)1.837



(4)






PPVCO2 = 9.450(Qt1/3/R)1.608



(5)







A comparison of these two test methods reveals that the attenuation index of the explosive blasting vibration is α = 1.837, and that of L-CDRB is α = 1.608, which means the vibration attenuation rate of L-CDRB under the same site conditions is less than that of explosive blasting.



The PPV ratio produced by the two blasting methods can be expressed by Equation (6):


PPVex/PPVCO2 = 48.30(Q1/3/R)0.229



(6)







Figure 9 shows that larger-scaled changes have larger ratios but gradually decreasing rates of increase. When the scaled charge was 0.1, the vibration velocity of explosive blasting was 28.5 times that of L-CDRB, and when the scaled charge was 0.2, the ratio was 33 times. This result shows that L-CDRB is obviously superior to explosive blasting in reducing the vibration velocity, especially in areas close to the blasting center.




3.4.2. Frequency Domain Analysis


An analysis of the damage caused by blasting should consider not only the peak value of the vibration velocity but also the vibration signal’s frequency characteristics.



Fourier transform is often used in time–frequency domain signal conversion. Discrete time signal x(n) can be converted to spectrum signal X(jw) by a Fourier transform, and the conversion formula is:


  X ( j w ) =   ∑  n = − ∞  ∞   x ( n )  e  − j w n      



(7)




where j is an imaginary unit, and w is the digital frequency.



Because blasting vibration signals have a limited length, the discrete Fourier transform is used in the actual processing. For vibration signal x(n) with length n, the discrete Fourier transform formula is:


  X ( k ) =   ∑  n = 0   N − 1    x ( n )  e  − j ( 2 π / N ) k n      



(8)




where X(k) (k = 0, 1, 2, …, N − 1) is the discrete Fourier coefficient, representing the amplitude of the corresponding frequency.



The main vibration frequency and frequency distribution characteristics of blasting vibrations can be analyzed by a discrete Fourier transform, and the energy distribution characteristics of the vibration signal in different frequency ranges can be further analyzed. The Fourier power spectrum can be calculated by Equation (9), and the cumulative power of the vibration signal can be calculated according to Equation (10).


   P k  =  X k     X k   ¯   



(9)






   C m  =     ∑  k = 0  m    X k        ∑  k = 0   N − 1     X k       



(10)




where      X k   ¯    is the conjugate complex numbers of Fourier coefficient Xk, m = (1, 2,…,N − 1).



First, we compared the differences in the frequency domains of the vibration velocity signals generated by explosive blasting and L-CDRB. By using the scaled charge of the explosive method and the equivalent scaled charge of the L-CDRB method, monitoring points with approach equivalent scaled charges were selected for a Fourier spectrum analysis, as shown in Figure 10.



Figure 10 shows that the dominant frequency of the explosive blasting vibration was higher, the frequency composition was richer, and the frequency range was wider. These results were related to the two tests’ different detonation modes: explosive blasting for segmental detonation results in many interactions, such as superposition and reflection in the propagation process of the shock wave, meaning it has a more abundant frequency component. In L-CDRB, all the detonations occur at one time, so the frequency composition is relatively simple.



Figure 11 shows the energy accumulation of the vibration velocity signal in different frequency bands. When the equivalent scaled charge approaches 0.03 and 0.08, 60% of the energy of the L-CDRB vibration velocity signal was concentrated in the range of 10–30 Hz, and the explosive blasting was mainly concentrated in the range of 30–60 Hz. Thus, the energy of the vibration velocity signal generated by the L-CDRB was mainly concentrated in the lower frequency bands.



To further analyze the frequency characteristics of the vibration signal generated by L-CDRB, monitoring points were selected in the three tests at the same distance from the explosion zone’s center. Figure 12 shows that larger filling amounts of liquid CO2 led to higher main frequencies of the vibration velocities, and the vibration energy gradually moved from a low to a high-frequency band.






4. Conclusions


This study conducted a field test of L-CDRB with a new type of fracturing tube, monitored the internal pressure of the fracturing tube and the site vibration velocity, and analyzed the characteristics of the vibration velocities produced by L-CDRB in comparison with explosive blasting at the same site. The main conclusions are as follows.



	(1)

	
These tests resulted in no accidents, such as stuck, flying, or unexploded tubes or hole punches. This result indicates that this new type of fracturing tube is safer in engineering applications.




	(2)

	
The pressure curve generated by the liquid CO2 phase change in the fracturing tube was obtained, and the mass of liquid CO2 was converted into the mass of explosives with the same energy using TNT equivalent as the medium. The calculation revealed that the energy of the CPD-ZLG fracturing tube was 3089.17 kJ, and a single fracturing tube was equivalent to 1.024 kg No. 2 rock emulsion explosive.




	(3)

	
Based on energy equivalence, attenuation laws were for the vibration velocity of L-CDRB and explosive blasting. The former had a much lower vibration velocity than the latter. The PPV ratio of the two was related to the scaled charge. When the scaled charge was 0.1, the vibration velocity of explosive blasting was 28.5 times that of L-CDRB, and when the scaled charge was 0.2, the ratio was 33 times. This result fully illustrates that L-CDRB technology greatly reduces vibrations, especially in areas close to the blasting center.




	(4)

	
Analyzed in detail here are the frequency domain characteristics of L-CDRB vibration velocities. The results show that compared with explosive blasting, L-CDRB has a lower dominant frequency of vibration velocities. From the perspective of energy distribution, approximately 60% of the energy is concentrated in the 10–30 Hz range, while explosive blasting produces vibration signal energy mainly concentrated in the 30–60 Hz range. The dominant frequency of vibration is related to the mass of liquid CO2. As the total charge increases, the dominant frequency gradually increases, and the energy tends to move from a low to a high-frequency band.








5. Discussion


This study discusses the rock-breaking and vibration reduction effects of a new type of L-CDRB cracking tube. Field tests have demonstrated the safety and efficiency of this type of fracturing tube in use. By comparing the vibration speeds of explosive blasting at the same site, it quantitatively analyzes the vibration reduction effects of L-CDRB technology and discusses the factors that affect the main frequency of its vibration speed. These works are original and have not been carried out before. The further promotion and application of L-CDRB technology can be referred to as a good reference.



However, due to the limitations of actual conditions, the research work in this article has the following shortcomings. Currently, there are no relevant guidelines for the application of L-CDRB technology. This test was conducted in an open-pit mine, which is in a mining and production state. Therefore, the conduct of the test cannot affect the actual production work. Therefore, there are certain limitations in the setting of test parameters. Field tests with different pore network parameters should be continued to provide more reference basis for rock breaking under different conditions.
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Figure 1. L-CDRB system: (a) fracturing tube; (b) tube’s construction; (c) liquid carbon dioxide storage equipment; (d) filling machine. 
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Figure 2. Uniaxial compression test: (a) field coring; (b) test piece; (c) RMT-150C; (d) damaged test piece(Test piece No.: U-1~U-4). 
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Figure 3. Stress-strain curve of uniaxial compression test. 
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Figure 4. Pressure test system: (a) composition and connection mode of pressure test system; (b) installation of sensors. 






Figure 4. Pressure test system: (a) composition and connection mode of pressure test system; (b) installation of sensors.



[image: Applsci 13 04285 g004]







[image: Applsci 13 04285 g005 550] 





Figure 5. Vibration velocity monitoring equipment. (a) Relative position of velocity sensor and rock breaking area; (b) Installation diagram of speed sensor. 
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Figure 6. Fragment-size distribution: (a) explosive; (b) L-CDRB. 
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Figure 7. Fracturing tube’s internal p-t curve. 
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Figure 8. Vibration velocity attenuation law: (a) explosive blasting; (b) L-CDRB. 
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Figure 9. Peak particle velocity (PPV) comparison. 
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Figure 10. Frequency domain comparison of vibration velocities using different test methods: (a) scaled charge approach 0.03; (b) scaled charge approach 0.08. 
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Figure 11. Energy distribution comparison of vibration velocities using different test methods: (a) scaled charge approach 0.03; (b) scaled charge approach 0.08. 
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Figure 12. Comparison of vibration velocities under different filling amounts: (a) spectrum; (b) energy distribution. 
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Table 1. Loading parameters of different rock-breaking techniques.
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	Technology
	Peak Pressure (MPa)
	Time of Pressure Rise (s)
	Pressure Duration (s)





	Explosive
	>104
	10−7
	10−6



	L-CDRB
	102
	10−3
	10−2



	HF
	10
	102
	104
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Table 2. Statistics of uniaxial compression test results.
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	Test No.
	Uniaxial Strength (MPa)
	Elastic Modulus (GPa)
	Poisson’s Ratio





	U-1
	116.70
	44.83
	0.51



	U-2
	106.80
	53.22
	0.34



	U-3
	114.41
	55.59
	0.11



	U-4
	119.79
	54.93
	0.27



	Average
	114.43
	52.14
	0.31
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Table 3. L-CDRB test parameters.
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	Test No.
	No. of Holes
	No. of Tubes
	Fill Pressure

(MPa)
	Fill Quantity

(kg)
	Hole Depth

(m)





	01
	8
	40
	8
	208
	16.5



	02
	13
	97
	8
	504.4
	16.5



	03
	21
	128
	8
	665.6
	16.5










[image: Table] 





Table 4. Explosive blasting test parameters.






Table 4. Explosive blasting test parameters.





	Test No.
	No. of Holes
	Hole Depth

(m)
	Total Charge

(kg)
	Segmented Charge

(kg)
	Consumption

(kg/m3)





	04
	58
	16.8
	15,070
	280
	0.71



	05
	49
	17.0
	12,880
	280
	0.61



	06
	101
	14.4
	11,945
	300
	0.68
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