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Long-hole blasting in mines is likely to cause strong vibration of surficial infrastructure, greatly damage the rock mass surrounding goaf near explosion center, and possibly induce blast vibration disasters. In this article, an improved method for multihole blasting seismic wave prediction is proposed to estimate far-field blast vibration. In this method, the fundamental vibration waveforms are firstly measured through the field blast with a single deck at an underground pilot area. The fundamental vibration waveforms are then used to simulate the vibration waveforms for a single-deck case in the production blast by considering the difference of the equivalent distances from the production blast site and the pilot area to the surface measuring point. The vibration waveforms for the single-deck case are linearly superposed to predict the possible vibration waveforms in production blast with multiple long holes and decks according to the designed delay time between decks. Based on these predicted waveforms, the blast vibration can be estimated and the blast design can be optimized to determine a rational delay time in accordance with the vibration limit. The proposed method was applied in pillar recovery of Hongling Polymetallic Mine to optimize the long-hole blast design to manage blast vibration. The rational delay time for the 716 production blast design was recommended as 26 ms. The practice showed that the blast vibration induced by the 716 production blast has been managed, and the predicted and the measured waveforms agree well. It provides an effective method for multihole blast design to control blast vibration.
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INTRODUCTION
Long-hole blasting has many advantages for mining engineering, such as a large blasting scale, a large volume of caved ore, and lower specific charge. However, if the long-hole blasting is not well controlled, it is likely to cause a strong vibration of surface constructions and greatly disturb the rock mass surrounding goaf. It may even cause issues between local residents and the enterprise, which seriously influences mining production. Therefore, increasing attention has been paid to the influence of blast vibration.
In recent years, many attempts have been made on blast vibration theories, analysis methods, and vibration control. A series of techniques and methodologies have been proposed to manage blast vibration. Yang et al. [1–4] developed a multiple-seed waveform (MSW) vibration model that considered the screening effect of an earlier firing hole on vibration from a later firing hole and the waveform change caused by the distance between the seed waves and the production blast. This model is suitable for near-field and far-field blast vibration simulations. Wu et al. [5] and Zhang et al. [6] systematically studied analytical prediction theory and control methodology of blast vibration. Li et al. [7] studied the influencing factors of blast vibration attenuation and the attenuation law of seismic wave energy. Ling et al. [8, 9] used the time-energy analysis method based on wavelet transforms to separate each deck wave from the measured delay blast vibration signals and obtained a rational millisecond delay time by waveform superposition of these single-deck waves with different delay time to control blast vibration disasters. Agrawal and Mishra et al. [10] proposed a new empirical approach of simplified signature hole analysis (SSHA) for the multihole blast design to predict production blast-induced ground vibrations, up to 15% more accuracy in the prediction of blast vibrations. Zhong et al. [11, 12] and Gao et al. [13] studied the impact of blast vibration duration and millisecond delay time on blast vibration disaster and proposed a vibration duration prediction formula with signal energy and an optimization method of millisecond delay time. Yang et al. [14], Zhao et al. [15], Chen et al. [16], and Qiu et al. [17] studied the time-frequency characteristics of blast vibration waves and the relationship between the energy distribution and frequency band based on linear superposition analysis of the single-deck blast vibration waves. Lou et al. [18], Duan et al. [19], and Zhang et al. [20] analyzed the theoretical hypothesis and technical status of delay blasting and proposed a rational millisecond delay time that should fully use the explosive energy after two-deck (or multideck) blasting. Monjezi et al. [21], Hajihassani et al. [22], Shang et al. [23], and Zhou et al. [24] used artificial neural networks or optimized neural networks to predict ground vibration induced by blasting. Azimi [25] used intelligence committee machines (ICM) based on genetic algorithm to predict the seismic wave intensity generated by bench blasting in an open-pit mine, which is more accurate and reliable than those predicted previously by empirical formulas and neural network models. The above studies about blast vibration theories and vibration reduction provide useful references for controlling the blast vibration effect of underground long-hole blasting.
In mining practice, the underground mining environment and surrounding rock mass are very complex and the delay time is very short, usually tens of milliseconds, so it is difficult to determine a rational delay time for long-hole blasting to control blast vibration. For the above theory and methods, obtaining basic blasting parameters for applications is difficult. In this article, a method for multihole blasting seismic wave prediction was proposed to determine a rational delay time for multihole blasting, which is based on the fundamental vibration waveforms from a single-deck blast test. It was used to guide the blast design for pillar recovery in Hongling Polymetallic Mine to manage blast vibration.
UNDERGROUND MINING SITUATION OF HONGLING POLYMETALLIC MINE
Hongling Polymetallic Mine is a skarn-type deposit mainly composed of Fe and Zn. The stopes are firstly excavated using the open-stope method; then, the pillars are completely recovered using long-hole blasting. The blasted ore is mucked out under overburden. At present, the mine development levels are 755 and 705 m, the production levels are 805 m and above, and exploitation at the 905 m level and above has been finished. The rest of the ore is mainly in barrier pillars and crown pillars. The present mine layout is shown in Figure 1. After many years of mining, numerous mined-out stopes have been exposed for a long time. They become unstable due to stress disturbance and are prone to collapse with weak layers, fracture zones, or structural planes. The vibration of surface constructions is obvious when pillars are completely blasted with long holes. It is necessary to study the control measurements of blast vibration to solve the contradiction between overall blasting ore pillars and blast vibration limit to reduce the harmful effects, which is of great significance for resource recovery, the extension of mine life, and the protection of surface and subsurface constructions.
[image: Figure 1]FIGURE 1 | Longitudinal projection map of the present mining situation.
MULTIHOLE BLASTING SEISMIC WAVE PREDICTION METHOD
Simulation of the Vibration Waveforms for the Single-Deck Case
When using MSW vibration model [1] in practice, it is very difficult to obtain the basic blast parameters that the model needs and the test work for basic parameters is very much and relatively complicated. In fact, the screening effect of an earlier firing hole on vibration from a later firing hole is not obvious for far-field blast vibration modeling. On this basis, an improved method for multihole blasting seismic wave prediction is proposed based on the fundamental blast vibration waveforms, which contains advantages of the MSW vibration model and improves the shortcomings of the single-seed waveform model that waveforms are superimposed linearly without considering the waveform transformation factors. The fundamental blast vibration waveform data are collected from monitoring the single-deck blast at the underground pilot area. The measuring points are usually set on the ground surrounding surface constructions.
The fundamental vibration waveforms are then used to simulate the vibration waveforms for the single-deck case in the production blast. Firstly, the fundamental vibration waveforms as an input signal with the time domain are processed by fast Fourier transform (FFT) to determine the frequency domain [image: image]. Secondly, the Kjartansson transfer function [image: image] [26] is used as a weight coefficient to determine the frequency domain of the output signal [image: image]. The parameters of the Kjartansson transfer function [image: image] are obtained mainly considering the difference of the equivalent distance from the production blast site and the distance from the pilot area to the measuring point. Finally, the time-history curve of single-deck blast vibration is obtained by processing the output signal [image: image] according to the inverse fast Fourier transform (IFFT). The equations are as follows:
[image: image]
[image: image]
where [image: image] is the wave frequency, Hz; [image: image] is the arbitrary specified frequency, Hz; [image: image] is the difference of the equivalent distances from the production blast site and the test blast site to the surface measuring point, m; [image: image] is the P-wave velocity of the propagation medium, m/s; [image: image], where Q is the rock mass quality index; [image: image] is the sign function.
Seismic Wave Prediction in Production Blast with Multiple Holes and Decks
The vibration waveforms for the single-deck case are used by linear superposition to predict the vibration waveforms in production blast at a similar wave propagation path. Production blast vibration waves are considered to be superposed by a certain number of single-deck blast vibration waves, which are mutually interfering and superposed. The superposition process of blast vibration waveforms can be assumed to be represented by a linear system and expressed by the following formula:
[image: image]
where [image: image] is the blast vibration velocity of multiholes predicted by linear superposition, cm/s; [image: image] is the total number of decks; [image: image] is the predicted vibration velocity of the single-deck blast, cm/s; [image: image] is the number of superposition decks, i = 1, 2, 3, ..., n; [image: image] is the delay time between seismic waves. The flowchart of the proposed method for multihole blasting seismic wave prediction is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Flowchart of seismic wave prediction for multihole blasting.
A program has been developed in MATLAB 7.0 to implement this calculation process automatically. Using this method, we can simulate the blast vibration of multihole blasting with different delay time to find a rational delay time to reduce the harmful effects of the blast. The advantage of this method is that the single-deck blast vibration waveforms used in this method imply the information of blasting conditions, explosive properties, and geological conditions, and using these waveforms to predict the vibration waveforms of multihole blasting does not need a large number of vibration tests.
CHARGE WEIGHT FOR LONG-HOLE BLASTING
Vibration Velocity Model of Long-Hole Blasting
The blast vibration velocity of a particle is mainly affected by the charge weight and the distance from the explosion center to the monitoring points. The peak particle vibration velocity ([image: image]) [27] can be expressed as follows:
[image: image]
[image: image]
where [image: image] is the maximum single-deck charge weight, kg; [image: image] is the distance from the explosion center to the point of interest, m; [image: image] is the proportional distance, m/kg0.5; [image: image] and [image: image] are site coefficients.
For complicated conditions, the coefficients in Eq. 4 should be determined based on a large amount of data of blast vibration. Therefore, nine blast vibration monitoring tests were carried out using the Mini-Blast I. Six monitoring points were set on a straight line near the surface buildings according to the rule of “dense in the vicinity and sparse in the distance” and three more monitoring points were added underground near the substation and explosive magazine. The arrangement of the monitoring points and the blasting centers is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Distribution of the monitoring points and explosion centers in the subsurface and on the surface.
Through monitoring, 93 groups of data were collected from nine surface blast vibration tests by a Mini-Blast I blast vibration tester. Using the monitoring data, we fitted the relationship between the scaled distance and the particle vibration velocity. Then, a vibration velocity model including three components (longitudinal L, transverse T, and vertical V) was established. The transverse vibration velocity is dominant and Figure 4 shows the transverse vibration velocity model.
[image: Figure 4]FIGURE 4 | The relationship between the transverse component of vibration velocity (PPVT) and the scaled distance.
Maximum Charge Weight Determination
On the ground of Hongling Polymetallic Mine, there exist bunkhouses, office buildings, and skip shafts. According to the Safety Regulations for Blasting (GB6722-2014) (It was proposed and managed by the former State Administration of Work Safety and revised by the former China Society of Engineering Blasting. It is a mandatory standard and was implemented on July 1, 2015.), these buildings are considered general civil buildings. Besides, there are also some makeshift houses. Therefore, The main vibration frequency of the transverse component is allowed to range from 5 to 50 Hz, and the corresponding allowable vibration velocity is 0.45–0.90 cm/s. The upper limit of 0.90 cm/s is selected for the surface buildings of Hongling Polymetallic Mine. Using the transverse vibration velocity model with the upper confidence limit of 84% in Figure 4, we obtained the recommended maximum single-deck charge weight at different distances for the blast of pillar recovery in Hongling Polymetallic Mine, as shown in Table 1. Besides, the vibration limit may be adjusted according to the protection levels of buildings.
TABLE 1 | Maximum single-deck charge weight recommended at different distances.
[image: Table 1]FUNDAMENTAL VIBRATION WAVEFORMS MEASUREMENT
The Pilot Area Selection and Blast Design
The pilot area for the fundamental blast vibration waveforms stands in a peach-shaped pillar (as shown in Figures 1, 3) of stope No. 6117 at the 805 m level and stope No. 6117 and its neighbor stopes (stope No. 6115 and stope No. 6199) have been mined out. At the 855 m level, the stope No. 5117 and pillars above the pilot area have been exploited, and the overburden has fallen into the bottom of stope No. 5117. At the 755 m level, stope No. 7117 below the pilot area has also been mined out.
In the blast design for the fundamental vibration waveform, the No. 2 rock emulsion explosive is used, fan-shaped long holes are drilled upward, and the pillar is designed to be blasted row by row using the mined-out stope No. 6117 as free surface. The blastholes are set to be two rows and 42 blastholes in total, and the hole depth is about 7–19 m. The primary explosive is placed at the bottom of the holes for a reversed blasting. 42 XA digital electronic detonators are used, which can set the initiation time in the range of 0–6,000 ms. The charge weight of a single deck and the initiation time are shown in Table 2.
TABLE 2 | Single-deck charge weight and initiation time.
[image: Table 2]Five monitoring points surrounding the surface buildings were set to carry out blast vibration tests. The Mini-Blast I was used to record the time-history curves of seismic waves. An appropriate trigger level and acquisition time duration were set by estimating the maximum vibration velocity before the test to collect vibration data accurately. The vibration monitoring point arrangement is shown in Table 3.
TABLE 3 | Vibration monitoring point arrangement.
[image: Table 3]Test Results Analysis
The test data of blast vibration are shown in Table 4. The time-history curves of the seismic wave at monitoring point #3 are shown in Figure 5. According to Table 4 and Figure 5, the maximum vibration velocity occurred at the first wave peak when the single-deck charge weight is 515 kg and the delay time is 0 ms. The blast vibration waveforms of monitoring point #3 with the 3,084 ms duration were selected as the fundamental vibration waveforms because the monitoring point P3 is close to the main building in the mine area. These waveforms were input into the developed program in MATLAB 7.0 to predict vibration waveforms of multihole blast with different delay time.
TABLE 4 | The blast vibration data.
[image: Table 4][image: Figure 5]FIGURE 5 | Vibration velocity curves at monitoring point #3. (A) Longitudinal component. (B) Transverse component. (C) Vertical component.
APPLICATION IN PILLAR RECOVERY
General Conditions
The proposed method is applied in a production blast (716 production blast) for pillar recovery, which is located between the crown of stope No. 6107 and the barrier pillar between stope No. 6107 and stope No. 6109 at the 805 m level, as shown in Figures 1, 3. The volume of the crown and barrier pillars is 45306 m3. A blast pattern with long holes was designed to completely blast the pillars. The overall blasting can quickly deal with the mined-out stopes to eliminate the potential safety hazard and also obtain a large amount of ore volume for mucking out at the bottom structure.
The crown and the barrier pillars were uniformly charged and blasted. This fan-shaped blast design had 55 rows and 992 blastholes in total. The No. 2 rock emulsion explosive was charged with 218 decks in total. The total charge weight was 48396 kg, in which the maximum charge weight of a single deck was 498 kg, and 181746 t of ore would be exploited in this blast. XA digital electronic detonators were used for initiation and millisecond delay initiation was implemented for different decks in the same row. Monitoring point #1 at the bunkhouses is the closest point to the center of production blasting, with a straight line distance of 349 m. The maximum charge weight of a single deck was 425 kg, which is less than the permitted 430 kg in Table 1.
Delay Time Optimization
The fundamental blast vibration waveforms, determined in Test Results Analysis, were adopted to predict the blast vibration waveform of four monitoring points for the 716 production blast near the office building using the proposed method. Figure 6 shows the maximum particle vibration velocity of monitoring point #4 predicted under different delay times. According to the category of protection objects and the corresponding allowable particle vibration velocity for safety, the safety factor is considered to be 1.5, so the controlled vibration velocity of monitoring point 4# at the office building is set to be 0.45/1.5 = 0.300 cm/s as the vibration limit (the red line in Figure 6). Based on the analysis of the predicted blast vibration waveforms of monitoring point #4, when the delay time was set to be 20–22, 25–27, 29–33, and 76–86 ms, the peak particle vibration velocity of the three components is less than 0.300 cm/s (see Figure 6). These delay times could be taken as the rational delay time for monitoring point #4. The rational delay time of another three monitoring points is shown in Table 5. Taking the intersection for the delay time of monitoring points #1, #2, #3, and #4, we determined the delay time to be 26̴28 ms and 33 ms for the 716 production blast. The delay time should be as short as possible to improve the size of blasted ore pieces by making full use of the explosive energy [1]. Therefore, the recommended delay time for the 716 production blast was 26 ms.
[image: Figure 6]FIGURE 6 | The maximum particle vibration velocity of monitoring point #4 under different delay time.
TABLE 5 | Rational delay time for the monitoring points.
[image: Table 5]Comparison Between Predictions and Measurements
Figure 7 shows the comparison o between the predicted and measured vibration waveforms for monitoring point #4. According to the blast vibration monitoring test, the duration of the blast vibration measured at monitoring point #4 in the office building is 7.658 s, and the measured values of the peak particle vibration velocity for the longitudinal, transverse, and vertical components are 0.261 cm/s, 0.251 cm/s, and 0.271 cm/s (Figures 7B,D,F), respectively. The predicted value is basically consistent with the measured value, and the predicted blast vibration waveforms are similar to the measured blast vibration waveforms (Figure 7). The peak particle vibration velocity of other monitoring points is also within the vibration limit (Figure 8). The management of blast vibration disasters is realized.
[image: Figure 7]FIGURE 7 | Predicted and measured vibration waveforms of monitoring point #4. (A) Predicted longitudinal component. (B) Measured longitudinal component. (C) Predicted transverse component. (D) Measured transverse component. (E) Predicted vertical component. (F) Measured vertical component.
[image: Figure 8]FIGURE 8 | Predicted and measured peak vibration velocity at the monitoring points.
Figure 9 shows the comparison between the predicted and measured spectrum maps of monitoring point #4. The dominant frequencies of the predicted vibration wave are within 9–10 Hz, and the energy peaks are distributed in the range of 4–23 Hz (Table 6). The dominant frequencies of the measured vibration wave are within 8–10 Hz and energy peaks are distributed in the range of 4–30 Hz (Table 6.). The predicted and measured frequencies and energy peak agree well, as shown in the figure.
[image: Figure 9]FIGURE 9 | Comparison between the predicted and measured spectrum maps of monitoring point #4. (A) Predicted longitudinal component. (B) Measured longitudinal component. (C) Predicted transverse component. (D) Measured transverse component. (E) Predicted vertical component. (F) Measured vertical component.
TABLE 6 | Comparison of between the predicted and measured amplitude and frequency of point #4.
[image: Table 6]CONCLUSION
In this article, an improved method for long-hole blasting seismic wave prediction has been proposed to estimate the far-field blast vibration effect. It is based on the fundamental blast vibration waveforms from a single-deck blast test. The method was used to guide the blast design for pillar recovery of the Hongling Polymetallic Mine. The following conclusions are drawn:
(1) In the proposed method, the blast vibration waveform from a single-deck blast at the pilot area is used as fundamental vibration waveforms and the Kjartansson transfer function is adopted to consider the difference of the blast conditions between the pilot area and production blast area, which make it easy for engineering applications, comparing with the MSW model. This method can predict peak particle vibration velocity, rational delay time between decks, duration of blast vibration, and time-frequency domain information of multihole blasting.
(2) The proposed method was used to optimize the delay time of the blast design for pillar recovery of the Hongling Polymetallic Mine. It is found that the rational delay time has one or more values, even a time range. A minimum value, 26 ms, is selected as the rational delay time for the 716 production blast.
(3) The monitoring data of the 716 production blast showed that the predicted value of the maximum particle vibration velocity is very close to the measured value, the predicted blast vibration waveforms are similar to the measured blast vibration waveforms, and the peak particle vibration velocity stays within the vibration limit. The contradiction between the mass blasting for pillar recovery and the management of blast vibration is effectively solved. It also proved that the proposed method is feasible and reliable, easily applied in engineering practice.
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#3 01729 0.1344 00995 00672 0.0592 0.0419 0.0639 00391 0.0356
#4 01150 01849 00856 00420 00539 0.0370 0.0463 00560 00296

#5 0.1719 0.2093 0.0765 0.0708 0.0625 0.0423 0.0466 0.0684 0.0381
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