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Abstract

:

The effect of a blasting vibration from an excavating tunnel on an adjacent excavated tunnel is of great importance for the stability and security of twin tunnels. Due to the relatively small distance between the tunnel face of the excavating tunnel and the concrete lining of the excavated tunnel, the impact of blasting could be significant and should be considered in a practical project. In order to control the blasting scales during the excavation of one tunnel and minimize the effect of blasting on the adjacent one, research based on field-blasting tests performed on twin tunnels is presented in this study. The particle velocities on the concrete lining of the excavating tunnel caused by blasting from the adjacent excavated tunnel were measured and analysed during six rounds of blasts. According to the measured vibration waves, it was clear that the peak particle velocity (PPV) from each blast was always induced by cut blasting, therefore, the maximum vibration due to each blast was mainly dependent on cut blasting. The measured maximum PPV for all the blasts was 15.55 cm/s, corresponding to a maximum tensile stress of 1.44 MPa observed on the concrete lining, which was smaller than the tensile strength of the concrete lining, in accordance with the one-dimensional elastic-wave theory. Moreover, the attenuation of the vibration waves varied in different regions, and they could be utilized to demonstrate the impact characteristics of the blasting; e.g., the particle velocities in the region along the excavating direction were 1.12 to 1.79 times larger than those in the region opposite to the excavating direction, and the difference increased with the increasing distance to the blasting source. The particle velocities on the side of the excavated tunnel close to the excavating tunnel were larger than those on the other side of the excavated tunnel. However, the particle velocities of the two aforementioned regions were similar when the distance between the measuring point and the blasting source was more than 6 m in the longitudinal direction of the tunnels. Furthermore, the measured vibration waves could be used to evaluate and improve the blast designs of tunnelling with the drill-and-blast method.
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1. Introduction


Rock blasting is a widely used method in hard rock tunnelling [1,2]. Unfortunately, blasting may have an adverse effect on the lining of adjacent tunnels. For example, the linings of Chushou tunnel in Japan [3], LocooColio highway tunnel in Italy [4], Pingkou tunnel in China, and Xiangshuigou tunnel in China [5] were all damaged by blasting during excavation. Since the tunnel lining is usually made of concrete and plays an important role in the safety of the tunnel [6], it is necessary to evaluate the dynamic responses of tunnels subjected to blasting vibration [7]. Therefore, in twin-tunnel construction, it is necessary to control the blast scale in the “excavating tunnel” so that the blast-induced vibrations in the lining of the adjacent tunnel are well-controlled under the critical level at which the lining is damaged.



The effect of blasting on neighbouring structures during tunnelling has been studied by many researchers through field experiments and numerical simulations, and the PPV and vibration waves were commonly adopted as effective factors to analyse the blast impact and evaluate the blast design [8,9,10,11,12,13,14]. By measuring the ground motions close to the surface of concrete structures during the construction of the upper Gotvand Dam, Nateghi [15] formulated an empirical relationship between the scaled distance and the PPV. Guo [16] investigated the influence of the excavation of a roadway via blasting on adjacent roadways and found that the influence depended on the cross section of the excavated roadway. Wang [17] investigated the damage to concrete arches caused by tunnel blasting. Nakano [3] measured the blast vibrations and the cracks on the shotcrete lining of the first tunnel during the construction of twin tunnels. They found that cracks appeared on the shotcrete lining as soon as the vibration velocity exceeded 70 cm/s. Ansell [18] reported that shotcrete could withstand a vibration velocity of 0.5 m/s without being seriously damaged, and that young shotcrete without reinforcement could also survive high vibrations without being seriously damaged, according to in situ tests. Zhang [6] studied the effects of blasting on fresh concrete in a laboratory and found that the blast-induced vibrations increased the strength of the fresh concrete within the first 1–2 d, and that, thereafter, the vibrations caused cracks in the fresh concrete and reduced its strength. Xia [19] analysed the damage to the surrounding rock and the lining system under different blast loads via field measurements and numerical simulation. They observed that the rock damage around the tunnels increased linearly with respect to the PPV of the existing tunnel. According to a numerical analysis, Ahmed and Ansell [9] concluded that blasting should be avoided during the first 12 h after shotcreting. Using a hybrid finite–discrete element method and a database containing field-measurement data, Mitelman and Elmo [10] found that a higher rock strength increases the tunnel resistance to the load but decreases the attenuation. According to the results of wave analysis and acoustic tests, Zeng [20] proposed that the bedrock-damage zone can be controlled by restricting the explosive charge per delay.



In addition to the aforementioned studies, numerous guidelines and standards for vibration control have been proposed in many countries for blasting operations in tunnelling [21,22,23,24,25,26,27].



Previous studies have mostly focused on the adverse effects of blasting on nearby structures, especially the shotcrete lining; few have focused on the concrete lining. This is mainly because the temporary support (e.g., shotcrete) is often projected shortly after blasting and is strongly influenced by blasting. Nonetheless, the temporary lining can be used to reduce the vibrations and protect the concrete lining. Furthermore, the concrete lining can be built a considerable distance behind the tunnel face and has no definite vibration criterion. However, in the construction of twin tunnels, the concrete lining in one tunnel is inevitably affected by blasting in the other tunnel, because the pillar between the twin tunnels is often small. Therefore, the concrete lining affected by blasting should be studied in order to control the blast scale and guarantee the stability of the twin tunnels, and the researching findings from the present study could be beneficial to the formulization of blasting-control standards for twin tunnels.



According to the foregoing background, the Hengshan tunnels were investigated during tunnelling: the particle velocities in the concrete lining of the excavated tunnel were measured at various distances from the blasting source in the excavating tunnel. Using the measured vibration waves, their characteristics were studied, including the PPV of each blast and the attenuation of the waves. The maximum tensile stress in the concrete lining was estimated using the stress-wave theory, and the possibility of evaluating blast designs by using the measured vibration waves in tunnelling was discussed. Finally, a field investigation on the concrete lining was performed. The research framework was shown in Figure 1.




2. Location and Geology of Hengshan Tunnels


The Hengshan tunnels consist of twin tunnels. One tunnel was excavated earlier than the other one. In this study, the previously excavated tunnel is called the “excavated tunnel,” and the other tunnel is called the “excavating tunnel.” These twin tunnels are located in southwestern China, and the length of the excavating tunnel was 338 m, starting at the coordinate of ZK14 + 752 and ending at ZK15 + 090, while the length of the excavated tunnel was 330 m, starting at YK14 + 775 and ending at YK15 + 085. The pillar between the twin tunnels was 8–14 m in width (Figure 2). Both tunnels were excavated from their exits to their entrances. The excavated tunnel was excavated with the full-face method, while the excavating tunnel was excavated with the bench method. The purpose of using different excavating methods for those two tunnels was to reduce the blasting effect of the excavating tunnel on the excavated tunnel. Since the tunnel excavated later would exhibit a much more significant impact on the formerly excavated one, so, the bench method, which is relatively more conservative, was used for the construction. The excavated tunnel was excavated 30–35 m ahead of the excavating tunnel to minimize the interaction between the tunnels as much as possible, but there were still stability and security concerns related to the blast-induced vibrations during the construction of the tunnels.



The lithology of the upper strata of the tunnels was gravel soil, while that of the lower strata was felsite porphyry and sandstone. The overburden in the main part of the tunnels was greater than that at the entrances and exits, and the maximum overburden (approximately 53 m) was located in the main part. The rock mass in the main part of the tunnels was classified as intact rock (class III [25]), and the rock masses surrounding the entrances and exits of the tunnels were classified as poor intact rock (classes IV and V).



The tunnels were designed bidirectional, with six lanes, and the designed vehicle speed was 100 km/h. A composite lining was used in the tunnels, which consisted of a temporary support, waterproof layer, and concrete lining. Figure 3 shows the support parameters of the main part of the tunnel in the class III rock mass, where the vibration velocities were measured. The blue line in Figure 3 represents the C15 shotcrete, which had a thickness of 15 cm and a steel mesh with 6 mm in diameter. The red line in Figure 3 represents the ethylene-vinyl acetate (EVA) waterproof layer, which was 1 mm in thickness. The bold black line in Figure 3 represents the C30 concrete lining, which was 45 cm in thickness.




3. Methods of Excavation and Measurement


Considering that blast-induced vibrations are influenced by the charge length per delay (as well as the charge weight per delay and the distance from the blast to the point of interest) [28,29,30,31,32,33,34], the excavating tunnel was excavated with the bench method to reduce the charge length per delay and the effect on the twin tunnel by firing fewer holes simultaneously. The full-face-excavation method was used for the excavated tunnel because this tunnel was excavated prior to the excavating one.



3.1. Blast Design


The blasting bench of the excavating tunnel is shown in Figure 4. The parameters of the blast design are presented in Table 1 and Figure 5. There was a total of 118 blastholes in the cross section, including 12 cut holes. All the blastholes excluding the cut holes were 3 m in length and 42 mm in diameter, and they were fired by non-electric detonators with seven different delay times. A proper and different delay time for each blast could not only improve the efficiency of the blast but also reduce the impact of blast on the stability of the tunnel. The explosive was emulsion with a diameter of 32 mm, a length of 200 mm, a velocity of detonation of 3400 m/s, and a density of 1100 kg/m3.



The numerals in Figure 5 on the left part of the tunnel are the detonator numbers, and the rest of the numerals either represent a length (in cm) or an angle (in degrees) for the blasting arrangement.




3.2. Vibration Measurement


To investigate the effect of blasting in the excavating tunnel on the excavated one, the particle velocities in the concrete lining were measured via five TC-4850 seismographs and analysed via software. When the excavating tunnel was excavated from ZK14 + 979 to ZK14 + 964, YK14 + 976 was selected as the measurement section corresponding to the middle section of excavation region, as shown in Figure 6. The measurement section was chosen at this location is because the condition of the surrounding rock in this section was relatively strong, and, thus, a more significant impact could be caused by blasting in this area.



In order to study the vibration of the different concrete lining’s points, there were five measuring points in the measurement section: left spring line, left sidewall, crown, right spring line, and right sidewall. A total of 87 groups of particle-velocity data in three directions from the six-round blasts were obtained. Sections YK14 + 976 and ZK14 + 973 were situated at the same cross section. All the transducer locations are shown in Figure 6.



Each seismograph was connected to a transducer to record the particle velocities from three mutually perpendicular directions, corresponding to the radial, longitudinal, and tangential components. All the transducers were mounted on the concrete lining by an attachment device, and gesso was used to fill the gap between the concrete lining and the transducers (as shown in Figure 7).





4. Results and Discussion


4.1. Measured Vibration Waves


Part of the measured vibration waves from the six blasts are presented in Figure 8, representing the basic characteristics of all the measured waves from the six blasts. Additionally, the PPVs for all the delays from the six blasts are presented in Table 2. Figure 8 indicates the many interesting characteristics of the measured waves. For instance, the PPV of each blast arose from the first delay (detonator number 1); the detonators had a marked initiation error; a misfire was indicated by the measured waves; and the maximum PPV from all six blasts was 15.5 m/s. These will be discussed in further detail in the following sections.



Figure 8a shows radial particle-vibration velocities at the left spring line when the blast source was ZK14 + 964 (dominant frequency: 76.19 Hz); Figure 8b shows radial particle velocities at the right spring line when the blast source was ZK14 + 964 (dominant frequency: 83.33 Hz); Figure 8c shows tangential particle-vibration velocities at the right sidewall when the blast source was ZK14 + 964 (dominant frequency: 145.46 Hz); Figure 8d shows radial particle velocities at the left spring line when the blast source was ZK14 + 979.6 (dominant frequency: 59.7 Hz); Figure 8e shows radial particle velocities at the left spring line when the blast source was ZK14 + 976.6 (dominant frequency: 74.76 Hz); Figure 8f shows longitudinal particle velocities at the crown when the blast source was ZK14 + 973 (dominant frequency: 137.93 Hz); and Figure 8g shows tangential particle velocities at the right sidewall when the blast source was ZK14 + 973 (dominant frequency: 142.86 Hz).




4.2. Maximum Particle Velocity and Its Source


As mentioned previously, Figure 8 indicates that the PPV for each round of blasts was caused by the cut blasting. These results are more clearly shown in Figure 9. It was observed that cut blasting always yielded the highest particle velocity among all the delays of each blast. For example, for blast yielding, a maximum particle velocity of 15.5 cm/s, related to delay No. 15, only caused a velocity of 4 cm/s. However, the latter was far more explosive than the former. The main reason for this significant difference in particle velocity is that the blastholes in cut blasting have only one free surface, which is the face of the tunnel, whereas those for other delay numbers have at least two free surfaces [35]. This difference also shows that the confinement of the cut holes was higher than that of the other holes. The results indicate that the maximum vibration from one round of blasts may depend on the cut blasting. Accordingly, to avoid damage to the tunnel lining, cut blasting should be well-designed.




4.3. Maximum Tensile Stress in Concrete Lining


Assume that the propagation of the blast-caused stress wave to the concrete lining can be simplified into a one-dimensional (1D) elastic-wave problem, where the S-wave and other waves are neglected and only the P-wave perpendicular to the surface of the lining is considered. In this case, the stress in the lining can be calculated using Equation (1), according to the 1D elastic-stress-wave theory [35,36].


  σ = ρ v  c p   



(1)







Here, σ is the stress (Pa), ρ is the density of the concrete lining (kg/m3), ν is the particle velocity (m/s), and cp is the velocity of the P-wave in the concrete (m/s). Since ρ = 2310 kg/m3, cp = 4000 m/s, and the measured maximum velocity is ν = 15.55 cm/s, Equation (1) can be written as


  σ  =  ρ v  c p  = 2310      kg / m   3  × 4000    m  /  s    × 0.1555    m  / s = 1.44    MPa   











This value is smaller than the tensile strength of the concrete lining, i.e., 2.01 MPa [37]. The analytical result indicates that the concrete lining should be free of damage. However, the tensile strength of concrete varies with respect to the age of the concrete. According to [38], the tensile strength of concrete at different maturities can be calculated using Equation (2).


   {     σ t  ( t ) =   [  β  c c   ( t ) ]  a   σ t       β  c c   ( t ) = exp  {  s [   1 −   (   28 /  t  )   0.5    ] }       



(2)







Here, σt(t) is the tensile strength of the concrete at an age of t days, σt is the mean axial tensile strength of the concrete, s is a coefficient that depends on the cement type (equal to 0.25 for cement of normal early strength). a is 1 for t < 28 d and 2/3 for t ≥ 28 d. According to Equation (2), the tensile strength of C30 concrete is 1.57, 1.81, and 1.93 MPa at 7, 14, and 21 d, respectively. This analysis indicates that blasting must be forbidden for 7 d after the concrete lining is built. To ensure the safety of the tunnels, it is better to avoid blasting for 21 d.



A field inspection was performed before and after each round of blasts. The results indicated that there were no new cracks or spalling on the surface of the concrete lining after each blast; i.e., the concrete lining was in a safe state. This result is consistent with the foregoing estimation of the maximum tensile stress in the concrete lining, indicating that the 1D elastic-wave theory can be used to estimate the maximum tensile stress.




4.4. Attenuation of Blast Vibration Waves


When the excavating tunnel was excavated from ZK14 + 964 to ZK14 + 979, the measuring positions were at the left sidewall, left spring line, crown, right spring line, and right sidewall of the right tunnel. The measurement section was YK14 + 976, and it was located at the same cross section as ZK14 + 973. In the following analysis, only the resultant particle velocities are considered. The central point of the middle section of each advance is defined as the blasting source of the blast.



To determine the characteristics of the attenuation of the measured vibration waves, we used the following charge-weight-scaling laws [39,40,41]:


   {    v = a   ( K )  b      K = x /  Q       



(3)




where K is the scaled-charge weight, x is the distance from the blasting position to the measuring point, Q is the charge weight per delay, and a and b are site-specific constants. According to Equation (3) and the measured velocities, the relationship between the PPV and the scaled-charge weight is shown in Figure 10. This figure indicates that the PPV generally decreases with the increase in the distance. However, the regression shows a large degree of scattering, meaning that the charge-weight-scaling laws are not suitable for describing the attenuation of vibration waves. This result is consistent with that of Xia [42].



According to the measured vibrations shown in Figure 11, the particle velocities at the left of the excavated tunnel and at the right of excavated tunnel are compared when the distance between the measuring point and the blasting source in the longitudinal direction varies in the range of ZK14 + 967 to ZK14 + 979.6. The ratio of the particle velocity from the left spring line to that from the right spring line is 1.1–2.0, and the ratio from the left sidewall to the right sidewall is 1.1–1.5. This result is reasonable because the left measuring points of the excavated tunnel are closer to the blasting source than the right measuring points of the excavated tunnel. The particle velocity from the left measuring points is similar to that from the right measuring points, when the measuring points are >6 m from the blasting source in the longitudinal direction.



As shown in Figure 6, the section of ZK14 + 973 is defined as the coordinate origin. The attenuation of the particle velocity differs between the region along the excavating direction and the region opposite to the excavating direction. The excavating tunnel was excavated in the region opposite to the excavating direction (from ZK14 + 980 to ZK14 + 973), and YK14 + 976 was located in the region against the unexcavated part of the excavating tunnel. Similarly, the excavating tunnel was excavated in the region along the excavating direction (from ZK14 + 973 to ZK14 + 964), and YK14 + 976 was in the region against the excavated region of the excavating tunnel.



To further study the particle velocities, the data for measuring points with nearly the same distance to the blasting position in Table 2 were examined, as shown in Figure 11.



Figure 11 shows that the particle velocities in the region of the right tunnel along the excavating direction were mostly 1.12–1.79 times higher than those in the region of the right tunnel opposite to the excavating direction. On average, they differed by a factor of 1.46, and the difference generally increased with the distance to the blasting position. For example, at ZK14 + 976.6 and ZK14 + 970, for which the distance to the blasting position was 3.6 and 3 m in the longitudinal direction, respectively, the ratio of the PPV in the region along the excavating direction to that in the region opposite to the excavating direction was 1.07, 1.12, and 1.47, corresponding to the measuring point of the left spring line, crown, and right spring line, respectively. However, at ZK14 + 979.6 and ZK14 + 967, for which the distance was 6.6 and 6 m in the longitudinal direction, respectively, the ratio of the PPV was 1.4, 1.21, and 1.79, corresponding to the measuring point of the left spring line, crown, and right spring line, respectively.




4.5. Misfire and Initiation Error of Detonators


Comparing the actual initiation times with the designed times reveals that the actual initiation times of the non-electric detonators are not accurate, and the maximum delay error may be as large as 100 ms. For example, the designed initiation time of detonator No. 13 is 650 ms, but the actual detonation time could be approximately 550 ms, or the holes at 650 ms might have not been fired and the holes at 460 ms could be fired with a 100-ms delay (see Figure 8d).



The waves in Figure 8a–c indicate that all the delays might have been ignited successfully, although the actual initiation times are not exactly equal to the planned times. However, there is no wave surrounding 460 ms in Figure 8d–g, meaning that the No. 11 detonators were not fired at all. This is also indicated by Table 2, where the particle velocities caused by the No. 11 detonators are zero for the five-round blasts.





5. Discussion


5.1. Cut Blasting


Our measurements show that cut blasting always causes the maximum vibration. This is consistent with the measurements of Hinzen [43], who reported that the seismic efficiency (ratio of seismic energy to total explosive energy) was as high as 25% in cut holes and only 1% in perimeter holes. The main reason for this is that cut blasting has fewer free surfaces than the blasting of other holes, and the amplitude of a vibration wave decreases with the increase in free surfaces, with the burden, charge weight, and other parameters being constant [35]. Therefore, it is better to decrease the charge weight of cut blasting or create additional free surfaces to reduce the vibration velocity. For example, in the blasting of the Hengshan tunnels, the 12 cut holes can be divided into two delays for reducing the PPV.




5.2. Recommendations for the Blast Design


The blast design has a direct influence on the productivity and construction cost of drill-and-blast tunnels [44]. The vibration waves can be used as an effective method to evaluate the blast design. For example, three problems arose from the waves measured in this study. First, there was a superposition of the waves caused by the No. 1 detonators and the No. 3 detonators. Second, the No. 11 detonators were not fired in the case of the five-round blasts. Third, the interval time of the two final delays was too long.



Cut holes are intended to create a sufficient free surface and swelling space for the blastholes outside the cut holes. The delay time between cut holes and the immediately following blastholes should be long enough to allow the fragments from the cut holes to be thrown out, before the fragments from the immediately following holes start to move. Otherwise, if the delay time is insufficient, the moving fragments from the former are jammed by the fragments from the latter [35]. However, the delay time between the cut holes and the second delay holes in the Hengshan tunnels is too short and should be increased.



The second problem is the misfiring of the No. 11 detonators. This is a significant problem in production because it can lead to undesirable results such as poor fragmentation and contaminated air and groundwater [45]. The main reason for the misfiring of the No. 11 detonators is the inaccurate positioning of the blastholes with the No. 11 detonators, which resulted in a reduction in the actual burden for these detonators. In this case, the blastholes initiated by the No. 11 detonators had probably been broken by the holes previously initiated with the No. 9 detonators. Evidently, the accurate positioning of the blastholes is crucial in rock drilling. From the measured waves, the interval time of the last two delays is approximately 250 ms, which is too long. This interval time should be reduced so that the total vibration time can be reduced.





6. Conclusions


In order to control the blasting scales during the excavation of one tunnel and minimize the effect of blasting on an adjacent one, research based on the field-blasting tests performed on twin tunnels is presented in this study. The particle velocities on the concrete lining of the excavating tunnel caused by the blasting from the adjacent excavated tunnel were measured and analysed during six rounds of blasts. The following conclusions could be drawn.



	
It was clearly observed that the PPV from each round of blasts was always induced by cut blasting, mainly because of the quantity of free surfaces of the excavating tunnel, as well as the confinement. Therefore, vibration control should focus on the design of the cut blasting. For example, the cut holes could be divided into two or three delays to reduce the vibration velocity on the concrete lining.



	
The maximum tensile stress in the concrete lining calculated using the stress-wave theory was adopted to evaluate the damage of the concrete lining under blasting. The measured PPV from the six blasts was 15.55 cm/s; according to this value, the maximum tensile stress calculated using the stress-wave theory is 1.44 MPa, which is smaller than the tensile strength of the concrete lining, indicating that the concrete lining was free of damage. This is consistent with the results of field inspections, which revealed that there were no cracks or spalling in the lining after each blast.



	
The particle velocities in the region of the excavated tunnel along the excavating direction were larger than those in the region of the excavated tunnel opposite to the excavating direction. Besides, the particle velocities in the region close to the excavating runnel were larger than those in the region at the opposite side of the excavated tunnel. However, the particle velocities of the two aforementioned regions were similar when the distance between the measuring point and the blasting source was more than 6 m in the longitudinal direction of the tunnels. Accordingly, the region close to the blasting position in the excavating tunnel should be carefully considered in the construction of tunnels.



	
Based on the analyses of the vibration waves, the particle velocities caused by blasting could be reduced by modifying the charge weight of each blast or creating additional free surfaces, and the delay time for each blast could also be optimized to avoid the superposition of the waves. Therefore, the blasting impact from the excavating tunnel could be minimized.
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Figure 1. Research framework. 






Figure 1. Research framework.
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Figure 2. Topographic plan and locations of the twin tunnels. 
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Figure 3. Design of the tunnel in the class III rock mass. 
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Figure 4. Blasting bench of the excavating tunnel. (a) The bench method; (b) The full-face method. 
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Figure 5. Blast plan of the excavating tunnel. 
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Figure 6. Locations of measuring points (unit:cm). 
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Figure 7. Transducer for the vibration measurements. 
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Figure 8. Particle velocities measured at YK14 + 976 for different blast sources. The dashed lines show the planned initiation times of the detonators. (a) Particle virbation velocities at left spring line in radial direction; (b) Particle velocities at right spring line in radial direction; (c) Particle virbation velocities at right sidewall in tangential direction; (d) Particle velocities at left spring line in radial direction; (e) Particle velocities at left spring line in radial direction; (f) Particle velocities at crown in longitudianl direction; (g) Particle velocities at right sidewall in tangential direction. 
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Figure 9. Maximum reluctant particle velocity for each delay in different blasts. (a) Maximum particle velocity vs. detonator number (delay time) when the blast source was ZK14 + 976.6; (b) maximum particle velocity vs. detonator number (delay time) when the blast source was ZK14 + 973; (c) maximum particle velocity vs. detonator number (delay time) when the blast source was ZK14 + 970. 
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Figure 10. Relationship between the PPV and the scaled-charge weight. 
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Figure 11. Comparison of the particle velocities measured at YK14 + 976 as the vibration waves from four blasts propagated through regions along the excavating direction and opposite to the excavating direction. 
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Table 1. Parameters of each blast.






Table 1. Parameters of each blast.





	
Detonator Number

	
Delay Time (ms)

	
Quantity of Blastholes

	
Charge per Blasthole (kg)

	
Total Charge (kg)






	
1

	
0

	
12

	
2.6

	
31.2




	
3

	
50

	
8

	
2.6

	
20.8




	
5

	
110

	
8

	
2.6

	
20.8




	
7

	
200

	
13

	
2.6

	
33.8




	
9

	
310

	
16

	
2.6

	
41.6




	
11

	
460

	
11

	
2.6

	
28.6




	
13

	
650

	
10

	
2.8

	
28.0




	
13

	
650

	
2

	
2.6

	
5.2




	
13

	
650

	
10

	
2

	
20.0




	
15

	
880

	
26

	
2

	
52.0




	
15

	
880

	
2

	
2.5

	
5.0




	
Total charge of each blast (kg)

	
287
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Table 2. Maximum particle velocity for every delay.
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Blasting Position

	
Measuring Position

	
Maximum Particle Velocity for Every Delay (cm/s)






	
/

	
/

	
No. 1

	
No. 3

	
No. 5

	
No. 7

	
No. 9

	
No. 11

	
No. 13

	
No. 15




	
ZK14 + 979.6

	
Left sidewall

	
10.68

	
3.53

	
3.86

	
3.51

	
2.26

	
/

	
3.13

	
1.30




	
+979.6

	
Left spring line

	
11.14

	
4.78

	
5.92

	
5.11

	
5.40

	
/

	
2.88

	
1.59




	
+979.6

	
Crown

	
7.69

	
2.51

	
3.86

	
2.47

	
3.74

	
/

	
3.14

	
1.08




	
+979.6

	
Right spring line

	
10.04

	
3.10

	
4.97

	
3.85

	
4.33

	
/

	
4.77

	
1.94




	
+979.6

	
Right sidewall

	
6.20

	
1.90

	
3.70

	
3.18

	
2.91

	
/

	
3.58

	
1.54




	
ZK14 + 976.6

	
Left sidewall

	
10.24

	
5.10

	
4.90

	
4.60

	
4.20

	
/

	
3.90

	
3.40




	
+976.6

	
Left spring line

	
10.55

	
5.80

	
5.27

	
3.56

	
6.29

	
/

	
6.43

	
4.54




	
+976.6

	
Crown

	
7.75

	
3.55

	
5.15

	
2.28

	
4.54

	
/

	
5.79

	
4.16




	
+976.6

	
Right spring line

	
9.67

	
5.06

	
5.23

	
3.32

	
4.73

	
/

	
5.93

	
4.38




	
+976.6

	
Right sidewall

	
6.22

	
2.15

	
4.87

	
4.20

	
3.73

	
/

	
3.07

	
2.80




	
ZK14 + 973

	
Left sidewall

	
10.76

	
4.97

	
5.89

	
3.83

	
5.65

	
/

	
5.83

	
6.62




	
+973

	
Left spring line

	
15.55

	
3.17

	
6.04

	
6.11

	
7.65

	
/

	
3.54

	
4.00




	
+973

	
Crown

	
10.30

	
3.49

	
5.75

	
5.49

	
4.40

	
/

	
2.80

	
3.70




	
+973

	
Right spring line

	
12.12

	
3.55

	
5.10

	
5.57

	
5.11

	
/

	
4.02

	
3.38




	
+973

	
Right sidewall

	
5.33

	
2.74

	
3.31

	
2.03

	
3.34

	
/

	
3.54

	
2.52




	
ZK14 + 970

	
Left sidewall

	
5.44

	
2.76

	
2.60

	
1.54

	
2.78

	
/

	
3.99

	
1.46




	
+970

	
Left spring line

	
9.86

	
5.01

	
4.56

	
3.10

	
4.62

	
/

	
3.22

	
4.86




	
+970

	
Crown

	
6.92

	
2.32

	
3.50

	
1.55

	
4.52

	
/

	
3.24

	
4.47




	
+970

	
Right spring line

	
6.57

	
4.39

	
3.70

	
2.52

	
3.90

	
/

	
3.17

	
3.30




	
+970

	
Right sidewall

	
4.77

	
2.50

	
2.04

	
2.05

	
2.43

	
/

	
2.61

	
2.20




	
ZK14 + 967

	
Left sidewall

	
6.39

	
2.60

	
3.10

	
2.82

	
4.63

	
/

	
4.71

	
2.16




	
+967

	
Left spring line

	
7.93

	
2.85

	
3.14

	
2.73

	
3.09

	
/

	
3.32

	
2.16




	
+967

	
Crown

	
6.37

	
1.52

	
2.13

	
1.54

	
1.90

	
/

	
2.48

	
1.68




	
+967

	
Right spring line

	
5.61

	
3.20

	
2.05

	
1.88

	
2.57

	
/

	
2.59

	
1.56




	
+967

	
Right sidewall

	
3.80

	
1.78

	
1.54

	
1.58

	
1.70

	
/

	
1.81

	
1.86




	
ZK14 + 964

	
Left sidewall

	
4.52

	
1.93

	
2.47

	
2.76

	
2.50

	
2.67

	
2.92

	
1.91




	
+964

	
Left spring line

	
5.19

	
2.04

	
2.19

	
2.61

	
1.76

	
1.70

	
2.42

	
1.80




	
+964

	
Crown

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
+964

	
Right spring line

	
4.51

	
2.39

	
2.00

	
2.40

	
1.26

	
1.08

	
2.06

	
1.42




	
+964

	
Right sidewall

	
3.04

	
1.32

	
1.90

	
2.23

	
1.35

	
0.98

	
1.29

	
1.17
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