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Tunnels are commonly excavated using drilling and blasting methods, and the surrounding rock is greatly affected by the vibration of surrounding hole blasting. To study the influence of the number of free surfaces on the energy distribution and attenuation law of surrounding hole blasting vibration signals, on-site experiments and numerical simulation experiments were conducted. The research results indicate that the higher the number of free surfaces, the smaller the peak vibration velocity. The longitudinal Fourier main frequency decreases with the distance from the monitoring point. The more free surface, the greater the centroid frequency and zero crossing frequency. In addition, numerical simulation shows that the degree of rock fragmentation after blasting increases with the increase of the number of free surface of rock.
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1 INTRODUCTION
As an efficient and economical construction technology, a blasting process is widely applied to mining, basic engineering construction and hydropower engineering (Xia et al., 2018). Nonetheless, only 20%–30% of the energy generated by an explosion can contribute to rock fragmentation, while the rest is dissipated as vibrations, noise, and flying rocks (Trivedi et al., 2014). There is a direct correlation between blasting-induced vibrations and damage to the surrounding structure in these manifestations (Ma et al., 2000; Xia et al., 2013). The researchers mainly describe the blasting-induced vibration through three parameters to establish the relationship it and structural damage, namely, particle peak vibration velocity (PPV), frequency and energy. A convenient measurement, intuitive and easy-to-operate characteristic of PPV makes it a popular criterion for blasting-induced vibration control in practical engineering (Noret et al., 2012). In recent years, researchers have found that it is unreliable to simply use PPV as the criterion of blasting-induced vibration, and the different frequency spectrum structures induced by blasting vibration are also an important cause of structural damage (Aldas, 2010). When the vibration frequency of a structure reaches a certain relationship with its natural frequency, it will cause the amplitude of the structure to amplify, increasing the probability of damage. In general, a structure’s natural frequency is below 10 Hz, so vibration at lower frequencies will cause more structural damage than vibration at higher frequencies (Singh and Roy, 2010). As people’s requirements for blasting vibration control become more and more stringent, two-factor blasting vibration safety criterion based on vibration velocity-frequency has gradually become the mainstream. A detailed understanding of the propagation law of blasting-induced frequency and vibration velocity is a prerequisite for safety evaluation. A blasting vibration’s frequency and velocity depend on many factors (Yilmaz and Unlu, 2013; Qiu et al., 2018; Yang et al., 2019; Peng et al., 2021), including the millisecond time, propagation medium, type of explosive, etc.
Tunnel blasting requires drilling a circle of blast holes along the excavation section, with the spacing of the blast holes matching the minimum load and the depth being the same as the pre advance depth. These holes are called peripheral holes. The significant distinction between smooth blasting and presplit blasting is the order in which the peripheral hole and the main blasting area are detonated. Smooth blasting refers to the blasting that occurs before the peripheral hole is detonated relative to the main blasting area. Otherwise, it is called presplit blasting. According to previous literature, researchers have conducted extensive research on smooth blasting and presplit blasting. Li et al. (2017) reported the smooth blasting technology under the condition of decoupling charge by numerical simulation, the results indicated by using smooth blasting technology, damage to reserved rock can be reduced effectively. An optimized model for smooth blasting parameters has been proposed by Liu and Liu (2017). There has been a comparison between these two blasting techniques from different perspectives by some scholars. From the perspective of contour formation, Lu et al. (2012) compared presplit blasting with smooth blasting. Their research illustrated when the in-site stress is greater than 10∼12 MPa, presplit blasting cannot form contour cracks well. Hu et al. (2014) compared the two blasting techniques from the point of view of over-excavation and under-excavation, and the results demonstrated that Pre splitting blasting is inferior to smooth blasting in terms of effectiveness in excavation profile effect. Zhou et al. (2019) compared the two blasting techniques from the characteristics of blasting-induced vibration. Results showed that smooth blasting produces a vibration signal with a higher PPV and dominant frequencies than presplit blasting. To meet the blasting safety standards, tunnel excavation often uses millisecond delay blasting to reduce the amount of single explosive. It is worth noting that when different detonator sections do are detonated, the blasting of the former section do will usually provide a new free surface for the latter section do to reduce the restriction of the blast hole. In the two different controlled blasting methods of presplit blasting and smooth blasting, the constraint degree of the peripheral holes are different when they are detonated. The rock fragmentation and vibration intensity induced by explosion are significantly affected by the number, location and range of free surfaces. Some researchers have investigated the impact of the number of free surfaces to blasting-induced vibration. In terms of numerical simulation and on-site experiments, Lu et al. (2018) investigated the influence of free surface on blasting-induced PPV. Results stated that the PPV induced by blasting decreases nonlinearly as the number of free surfaces increases. However, through a field test, Uysal et al. (2007) discovered that burden significantly affects blasting-induced vibration and that the velocity of the vibration reduces as burden increases. Blair and Armstrong (2001) conducted a detailed statistical analysis of blast vibration data from a series of stone harvesting fields monitored and the statistical results found that whether the blasthole is constrained or not has no significant effect on the vibration intensity induced by blasting. Through the field test and related numerical simulation analysis, Yang et al. (2016) revealed that when the distance of the measuring point is fixed, the mean frequency induced by blasting decreases with the increase of burden. However, at present, field experimental studies on the impact of the number of free surfaces on the vibration signals and energy distribution rules induced by peripheral hole blasting are insufficient, and the failure mechanism needs further research.
Up to now, blasting vibration’s influence on free surfaces is not well understood.
Compared with the research results of blasting-induced PPV, research on the frequency of blasting-induced vibrations is insufficient. The vibration induced by the peripheral holes have a obvious influence on the rock mass in millisecond delay blasting technique. In this research, the vibration blasting-induced by the peripheral holes in presplit blasting method and smooth blasting method is taken as the research background, and the relationship between the vibration characteristics induced of peripheral holes under different blasting conditions and PPV, frequency and energy is analyzed, and then the potential influence mechanism is further revealed. This study plays a substantial guiding role in blasting parameter optimization and vibration control.
2 FIELD EXPERIMENTS FOR THE EXCAVATION OF TUNNEL
In this section, taking the excavation of a mountain highway tunnel by drilling and blasting as an example, the tunnel excavation is carried out by smooth blasting and presplit blasting, respectively. Moreover, the vibration velocity, frequency and energy distribution induced by peripheral holes blasting are monitored and analyzed, its propagation law is analyzed and summarized.
2.1 Project background
As shown in Figure 1, the site of the field test is selected as a mountain highway tunnel under construction in Guangxi Zhuang Autonomous region. In the double-hole, cross-ridge tunnel, the buried depth is 358.724 m and the design length is 2,791 m. The tunnel’s left and right lines are both long, and the study was conducted on the right line during all on-site tests. The strata in the tunnel area are mainly composed of lower Permian bedrock, mainly composed of moderately weathered limestone, gray-white, cryptocrystalline structure and hard rock.
[image: Figure 1]FIGURE 1 | The field experiment site.
2.2 Implementation of the field experiments
The step method is used for the tunnel drilling and blasting excavation, and the upper section is tested by the smooth blasting method. To conduct comparative experiments and reduce workload, the peripheral holes at the two waists are set as a separate section. The blasting parameters are arranged as shown in Figures 2A, B, there are 14 blastholes in total, 42 mm is the diameter of the blasthole, the hole spacing of peripheral holes are 0.6 m, all blastholes are filled with 2# rock emulsion explosive, cartridge diameter 32 mm. Decked charge structures are used in axial direction of peripheral holes, and eccentric decoupling charge structure is adopted in the radial direction, the charge structure of the hole is shown in Figure 2C, to ensure accuracy of the test, the industrial digital electronic detonator is used to detonate each hole, and the advance per round is 3 m.
[image: Figure 2]FIGURE 2 | Schematic diagram of blast hole arrangement for peripheral hole blasting with different number of free surfaces: (A) number of free surfaces 1, (B) number of free surfaces 2, (C) charge structure of peripheral holes.
To better compare the differences in vibration signals caused by peripheral hole blasting with different number of free surfaces, the layout, geometric shape, charging structure, and initiation method of blast holes with different number of free surfaces are consistent. The portable data acquisition instrument and three-dimensional velocity sensor shown in Figure 3A are used to monitor blasting vibration signals. Figures 3B, C show the on-site physical map of the monitoring location and the layout diagram of the monitoring location, respectively. A total of four monitoring locations have been set, with monitoring locations set at distances of 18, 24, 27, and 30 m from the excavation face. Monitor the blasting vibration velocity in the longitudinal, lateral, and vertical directions.
[image: Figure 3]FIGURE 3 | Monitoring points implementation scheme: (A) Blasting vibration measurement instrument, (B) Blasting vibration monitoring point, (C) schematic diagram of measuring points.
3 FIELD EXPERIMENT RESULTS
3.1 PPV analysis
As a general rule, a PPV predictor derived from the United States Bureau of Mines (USBM) can be used to estimate blasting probabilities (Duvall and Fogelson, 1962):
[image: image]
where, [image: image] is the attenuation coefficient, [image: image] is the field geology coefficient and blast design, [image: image] represents the distance between the monitoring point and the blasting source, [image: image] represents the scaled distance, and [image: image] represents the explosive amount per delay.
According to above theoretical analysis, the main factors affecting PPV are the explosive amount per delay, the arrangement of blasting parameters, the distance between the monitoring point and the blasting source, and engineering geological conditions. Considering that although the two groups of the tests are conducted in the same tunnel, the geological conditions may not be exactly the same, so allow differences in test results between the two groups. Because the two groups of tests are carried out in two adjacent tunnel excavations, and there is little difference in geological conditions, therefore the influence of geological conditions is ignored. Figure 4 shows the evolution rule of blasting vibration velocity with time monitored at different monitoring positions under different number of free surfaces. According to the signals at different monitoring points, the PPV curves induced by blasting under different number of free surfaces are plotted, as shown in Figure 5. It can be found that regardless of the free surfaces number being 1 or 2, the PPV induced by peripheral hole blasting decreases as the propagation distance increases. It is worth noting that at the same distance from the source of the explosion, the larger the number of free surfaces, the smaller the PPV caused by peripheral hole blasting. This is different from the theoretical analysis results of the PPV prediction formula. The longitudinal PPV caused by peripheral hole blasting with 2 free surfaces is defined as PPV1. The longitudinal PPV generated by peripheral hole blasting with a number of free surfaces of 1 is defined as PPV2. In order to quantitatively analyze the characteristics of longitudinal PPV caused by peripheral hole blasting with different number of free surfaces, the mathematical expression for the amplitude attenuation coefficient P is defined as:
[image: image]
[image: Figure 4]FIGURE 4 | A longitudinal velocity-time history of the two sets of blasting tests.
[image: Figure 5]FIGURE 5 | Comparison of the PPV-distance curves in the two sets blasting test.
The results show that the longitudinal PPV induced by peripheral hole blasting with 2 free surfaces is significantly lower than that with 1 free surface, with an average amplitude attenuation of 22%.
3.2 Frequency analysis
Another way to evaluate vibration signals besides blasting velocity is to determine the frequency (Yang et al., 2016b). Favreau (1969) proposed a theoretical solution for the phenomenon of elastic waves excited by spherical cavities in elastic media. On this basis, Lu et al. (2013) introduced the expression of vibration velocity spectrum in viscous rock mass during blasting by adding medium damping term:
[image: image]
where [image: image] is the Lame coefficient, [image: image] is radius of elastic cavity, [image: image] is the longitudinal wave velocity, [image: image] represents the load spectrum in the elastic cavity, [image: image] is the geological quality factor of rock, [image: image] is the angular velocity, [image: image] is the distance between the monitoring point and the blasting point.
Among them, it is assumed that the triangular blasting load is acting in the elastic cavity, and the blasting load spectrum is as follows:
[image: image]
where [image: image] [image: image] are the duration load and the peak load, respectively. [image: image], [image: image], [image: image] and [image: image] are load rising time and the time when the load decreases from peak to zero, respectively.
From the expression of blasting vibration velocity spectrum [image: image], it can be found that the main influencing factors of blasting vibration velocity spectrum [image: image] are the distance between the measuring point [image: image] the explosion source, physical and mechanical parameters of rock [image: image], [image: image], [image: image] and [image: image], and radius of elastic cavity [image: image], load rising time [image: image] and the time when the load decreases from peak to zero [image: image], the peak load [image: image]. Under the condition that the factors affecting [image: image] are all the same, the vibration velocity spectrum induced by blasting should be the same in theory.
According to the spectrum analysis of blasting vibration, in general, some characteristic frequencies will be used to describe the main characteristics of the frequency spectrum. This paper mainly describes the spectrum characteristics in three aspects as shown in Figure 6. Dominate frequency, Centroid frequency and Zero-crossing frequency. The blasting vibration signal undergoes Fourier transform to obtain the amplitude spectrum of the vibration velocity, where the frequency corresponding to the maximum amplitude of the vibration velocity amplitude spectrum is the Fourier dominant frequency, and the mathematical expression of the Fourier transform is as follows:
[image: image]
where [image: image] is the Fourier amplitude spectrum. [image: image] and [image: image] are the vibration velocity of blasting and is the angular velocity, respectively.
[image: Figure 6]FIGURE 6 | Schematic diagram of characteristic frequency definition.
Figure 7 shows the spectrum characteristics generated by peripheral hole blasting with different free surface number. In order to better compare the results of the tests, a ratio of the current amplitude to the maximum amplitude is represented on the Y-axis. But a change in Fourier dominant frequency occurs with an increase in propagation distance, and there is no good linear relationship with the propagation distance, which could not well show the attenuation law of the frequency.
[image: Figure 7]FIGURE 7 | Comparing the amplitude-frequency spectra of vibration signals collected at different monitoring sites.
Except to the Fourier dominant frequency, the spectral characteristics can also be described by the Fourier centroid frequency proposed by Trivino et al. (2012). Blasting vibration signals have a centroid frequency that corresponds to the centroid of their velocity amplitude spectrum curves, and the mathematical expression of the centroid frequency is as follows:
[image: image]
where [image: image] is the amplitude corresponding to [image: image] in the amplitude spectrum, [image: image] is the Fourier centroid frequency. The left half of Figure 8 shows the centroid frequencies of vibrations generated by peripheral hole blasting with different number of free surfaces.
[image: Figure 8]FIGURE 8 | Comparisons of the Centroid frequency and the Zero-crossing frequency of vibration signals at different monitoring points.
Both the Fourier centroid frequency and the Fourier dominant frequency need to be calculated to obtain the spectral characteristics, while the value of the Zero-crossing frequency can be directly obtained according to the abscissa of vibration velocity-time curve monitored during blasting. The Zero-crossing frequency is calculated by selecting the time corresponding to velocity-time curve of blasting vibration peak velocity as half a cycle, the Zero-crossing frequency is convenient to calculate and easy to obtain, which is a method for preliminary estimation of blasting vibration frequency. The right half of Figure 8 shows the Zero-crossing frequency of vibration generated by peripheral hole blasting with different number of free surfaces. The mathematical expression is:
[image: image]
where [image: image] is the time corresponding to the peak velocity [image: image] is the Zero-crossing frequency.
According to the above test results, the longitudinal Fourier dominant frequency induced by peripheral hole blasting in different numbers of free surfaces decreases with increasing distance from monitoring point, and its centroid frequency and zero-crossing frequency also exhibit a attenuation rule. The smaller the number of free surfaces, the smaller the centroid frequency and zero crossing frequency at the same distance from the explosion source.
3.3 Energy analysis
By analyzing the blasting signal’s PPV and frequency, we can have a clear understanding of the instantaneous change of the blasting signal. The analysis of blasting signal energy can comprehensively evaluate the velocity and duration of blasting signal. In this paper, wavelet transforms are used to analyze the energy of each frequency band of blasting signals. Using wavelet transform, the blasting signal is first decomposed into two components: High-frequency and low-frequency, and then the low frequency part is further decomposed into two parts, and so on. If the blasting signal has frequency 0∼X, it can be decomposed into two parts: 0∼X/2 and X/2∼X high-frequency and low-frequency, and then the low-frequency part 0∼X/2 is continue decomposed into 0∼X/4 and X/4∼X/2 until it is decomposed to a suitable frequency.
After the blasting signal is decomposed in n layers by wavelet transform, calculating the energy coefficient of each reconstructed signal is as follows:
[image: image]
where [image: image] represents the reconstruction energy of the j frequency band in the N layer and [image: image] represents the energy coefficient of reconstructed signal.
Following are the characteristics of energy distribution in different frequency bands under blasting vibration:
[image: image]
where the energy percentage of different frequency bands under blasting vibration is given by [image: image].
Wavelet transform is used to calculate the energy distribution of blasting signals in different frequency bands, to obtain the best decomposition effect, the appropriate number of decomposition layers and wavelet basis must be determined (Ling and Xi-Bing, 2004). Decomposition layers is determined according to the specific blasting signal and blasting vibration measurement instrument’s minimum working frequency, in this experiment, the signal sampling frequency of the blasting vibration measurement instrument is 4,800 Hz. Nyquist’s sampling theorem states, the highest frequency that can be recorded by this blasting vibration measurement instrument is 2,400 Hz. According to the minimum working frequency of the blasting vibration measurement instrument in this test and avoiding the distortion in the process of decomposition, the decomposition layers number is determined to be 8 layers and the minimum frequency band is 0∼9.77 Hz. Due to the diversity of wavelet basis types, the selection of wavelet basis determines the quality of signal decomposition, the Daubechies’ wavelets have the characteristics of biorthogonality, tight support, approximate symmetry and fast calculation, which makes it effective in blasting signal processing, therefore, according to the characteristics of blasting signal and the requirements of wavelet basis determination, 8th-order Daubechies is used in the previous research.
Taking monitoring point 1 as an example, Figure 9 shows the energy distribution in different longitudinal frequency bands induced by peripheral hole blasting under different free surface number. In the case of 1 free surface, the frequency band of blasting vibration induced by peripheral hole blasting is mainly concentrated in 78.1 Hz–156.3 Hz, accounting for 56.3% of the total energy, and the energy in the 156.3 Hz–312.5 Hz frequency band accounts for 18.5% of the total energy. In the case of 2 free surfaces, the frequency band of blasting vibration induced by peripheral hole blasting is also mainly concentrated in 78.1 Hz–156.3 Hz, accounting for 51.6% of the total energy. The energy in the 78.1 Hz–156.3 Hz frequency band accounts for 4.1% of the total energy, and the energy in the 312.5 Hz–625 Hz frequency band accounts for 39.4% of the total energy. According to the results, the ratio of high-frequency energy induced by peripheral hole blasting with 2 free surfaces is greater than with 1 free surface.
[image: Figure 9]FIGURE 9 | The monitoring point 1 percentage of energy distribution in different frequency bands.
Through comparative analysis of test results from the field, this can be found that under the condition that the blasting parameters and geological conditions are approximately the same, the higher the number of free surfaces, the lower the vibration velocity induced by peripheral hole blasting, the higher the vibration frequency, and the higher the proportion of high-frequency vibration energy in the total energy.
When the number of free surfaces is 2, the crushing resistance and movement resistance of the rock mass in the blasting layer are relatively small, which makes it easier for the explosive gas to escape from the cracks and stay in the blast hole for a shorter time, resulting in a decrease in the rise time and duration of pressure on the rock mass. As the working time decreases, the spectrum of blasting load will move towards high frequencies, which naturally leads to high frequency vibration. During the propagation process of blasting induced stress waves, when the stress waves propagate to the free surface, they are reflected as sparse waves that propagate in a reverse direction. The superposition of the reflected waves and the initial stress waves results in a decrease in the intensity of the stress waves, a decrease in the blasting load pressure, and a decrease in the blasting load pressure resulting in a decrease in the induced vibration intensity. Therefore, when the number of free surfaces is 2, the vibration speed is lower than when the number of free surfaces is 1. On the other hand, due to the greater resistance to rock mass breakage and movement when the number of free surfaces is 1, explosive gas is not easy to escape from the cracks. A large amount of explosive gas exists in the blast hole for a long time, and more energy is converted into vibration energy, which can induce higher vibration velocities. The results show that the vibration induced by peripheral hole blasting with a number of free surfaces of 1 is higher than that with a number of free surfaces of 2. In addition, at a certain frequency, the greater the velocity of blasting induced vibration, the greater the damage to the structure. At a certain speed, due to the lower natural frequency of buildings, low-frequency vibration is more likely to cause structural damage. When the number of free surfaces is 2, from the perspective of vibration caused by peripheral hole blasting, it can reduce the vibration speed caused by blasting, move the spectrum structure towards high frequency, and effectively reduce the damage to the structure caused by blasting vibration.
4 NUMERICAL SIMULATION RESULTS
As shown in Figure 10, a single hole numerical model was established to analyze the fragmentation effect of rock mass after blasting. Because the blast hole’s length is much larger than its diameter, in order to improve the computational efficiency, a simplified two-dimensional model of plane strain was established, using an uncoupled charge structure with a blast hole diameter of 45 mm and an explosive diameter of 22 mm. The interaction of air, explosives, and rock mass was simulated by combining the Fluid-Structure Interaction algorithm with the Arbitrary Lagrangian-Eulerian method. The number of free surfaces is controlled by setting the boundaries of the rock as free boundary conditions and non reflective boundary conditions. Riedel Hiermaier-Thoma (RHT) model is used as a material model for rock masses in this paper due to its excellent ability to simulate rock fragmentation and fracture using cumulative damage indicators (Wang et al., 2021). For more detailed information on RHT model parameters in this article, refer to references (Xie et al., 2016; Liu et al., 2018; Li et al., 2021).
[image: Figure 10]FIGURE 10 | Numerical model.
Figure 11 shows the failure characteristics of rock mass after blasting with different number of free surfaces. Figures 11A–D display the failure characteristics when the number of free surfaces is 1, 2, 3, and 4, respectively. The darker the red color, the more obvious the damage characteristics are. From the research results in Figure 11, it can be found that the rock mass with a free surface has more obvious damage near the free surface after blasting, possibly due to the formation of tensile stress waves after the stress waves generated after blasting are reflected on the free surface, and the tensile strength of the rock is often much smaller than the compressive strength, so the rock is more prone to damage under the action of tensile stress waves. From the research results, it can also be found that with the increase in the number of free surfaces of rock, the degree of fragmentation of rock after blasting increases significantly. Figure 12 shows the number of cracks in rock masses with different number of free surfaces after blasting. It can also be found that the more free surfaces, the more cracks in the rock mass after blasting.
[image: Figure 11]FIGURE 11 | The failure characteristics of rock after blasting with different number of free surfaces: (A–D) indicate that the number of free surfaces is 1, 2, 3, and 4 respectively.
[image: Figure 12]FIGURE 12 | The number of blasting induced cracks under different number of free surfaces: (A–D) indicate that the number of free surfaces is 1, 2, 3, and 4, respectively.
5 CONCLUSION
The damage of structures under blasting is directly related to the vibration caused by blasting. A detailed understanding of the propagation law of blasting vibration can better evaluate the harm of blasting vibration. This article studies the propagation law of vibration induced by blasting in the surrounding holes of tunnels with the number of free surfaces through on-site experiments and numerical simulation experiments, and draws the following main conclusions:
(1) The number of free surface has a significant impact on PPV caused by peripheral hole blasting. Under the same blasting parameters and propagation medium, the fewer the number of free surfaces, the higher the PPV caused by peripheral hole blasting.
(2) The number of free surface has a significant influence on the frequency of vibration signals caused by peripheral hole blasting. The smaller the number of free surface, the smaller the centroid frequency and zero crossing frequency.
(3) The number of free surface has a significant impact on the frequency band energy caused by the peripheral hole blasting. The higher the number of free surfaces, the greater the high-frequency energy ratio of peripheral hole blasting.
(4) The number of free surface has a great influence on the degree of rock fragmentation after blasting. With the increase of the number of free surface of rock, the degree of rock fragmentation becomes more obvious after blasting.
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