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The tunnel construction by the drill-and-blast method can have a significant impact on the adjacent buildings, especially the historical buildings with poor structural performances. Based on a special explosive case of Nanjing Metro Line 4, an in-situ blasting test for vibration safety evaluation on the Nanjing Drum Tower was carried out. According to the site geological investigation, the location of the blasting test was selected near the planned tunnel. 6 blasting was carried out in terms of sing-hole blasting and millisecond-delay blasting. The attenuation of the ground vibration and the structural vibration responses of the historical Drum Tower were analyzed. The test results also showed that the Nanjing Drum Tower was not damaged by this blasting test. For single-hole blasting tests, the peak particle velocity increased with the increasing of the explosive charge, but decreased remarkably when using the millisecond-delay blasting technology. The horizontal and vertical ground vibration attenuation patterns were consistent, which can be described by the Sadowski formula. The ground vibration response was dominated by the horizontal vibration, and the velocity amplification factor in the case of the single-hole test with a charge quantity of 400 g reached 2.4, which was observed the most remarkable amplification effect.
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1 INTRODUCTION
With the rapid development of urban rail transit, controlled blasting technique is widely used in geotechnical engineering construction. Many planned tunnels will be constructed inevitably cross the urban underground space. Meanwhile, the seismic effect induced by blasting has great impact on the surrounding environment of the blasting area. Therefore, it is necessary to strictly control the vibration of the ground surface and structure caused by tunnel blasting. Some existing research show that when the blasting vibration intensity is rather high, the blasting vibration frequency close to the natural frequency of buildings can cause resonance effect, while high-frequency blasting vibration usually leads to the local stress concentration of the rigid structure, and consequently global or partial damage at different levels is expected in the nearby structures (Ma et al., 2000; Singh, 2002; Wu and Hao, 2005; Singh and Roy, 2010; Yu et al., 2014; Li and Li, 2018; Verma et al., 2018; Bao et al., 2022; Gao et al., 2014).
The in situ blasting test is considered as an important tool to study the effect of blasting induced vibrations on the nearby structures. The measured data can also provide a reference for further research. Based on the field observations, Dowding (Dowding, 1992) concluded that blasting earthquakes have no effect on the structure of buildings located 200–300 feet away. Based on the measured data of two-story ordinary houses and the observation of cracks in the structure body when long-term blasting vibration is applied, Lou et al. (Lou et al., 2001) gave the allowable vibration velocity standard of 2 cm/s which is suitable for common residential structures in this area. Xie et al. (Xie et al., 2007) tested the blasting vibration response of the national heritage ancient stone tower and concluded that the acceleration and the velocity of the ancient tower top can be used as the evaluation criteria for the safety of the control tower structure. Through on-site monitoring of the blasting-induced stress waves and the vibration responses of the buildings with 3–4 storeys, Lin et al. (Lin et al., 2010) obtained the response characteristics of each storey under blasting vibration and found that most of the vibration energy of each floor was concentrated in the 6–25 Hz band. Ma et al. (Ma et al., 2013) tested the blasting vibration response of an ancient bridge, and compared the specifications at different countries to obtain the controlling standard of bridge vibration speed at 2 mm/s. The dynamic response of the building subject to nearby blasting is related to the dynamic characteristics of the structure itself and the ground condition (Wei, 2010). At present, the understanding of the dynamic characteristics of ancient buildings in the blasting construction is still inadequate, meanwhile the existing codes require more control over the safety of cultural buildings, and blasting design should be performed with particular caution. Very few investigations are available in the literature on the ground vibration characteristics caused by millisecond-delay blasting and the induced structural response of the historical wooden-frame structure.
Based on the planned tunnel blasting in the Nanjing Metro Line 4, an in situ blasting test to study the impact on the historical Drum Tower is carried out. By monitoring the peak vibration velocities at the blasting sites and at the Drum Tower, the correlation between the ground vibration attenuation behavior is discussed. According to the vibration characteristics at the monitoring points, the vibration response of the Drum Tower under different blasting intensities is analyzed. Finally, the peak vibration velocity of the historical Drum Tower is evaluated and the controlling blasting parameters are suggested in the planned tunnel blasting.
2 PROJECT BACKGROUND
The planned Metro Line 4 starts from the Pearl Spring park, passing through the main city, and ends in Xianlin East in Nanjing. The line of concern in this study is about 660 m long, with the Gulou Station on the north side of Gulou Park. The existing underground subway station of the Metro Line 1 is on the east side of the historical Drum Tower in the middle of the park as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Location of the Drum Tower along Metro Line 4 in Nanjing, China: (A) Plan view of the tunnels and the Drum Tower, (B) Sectional view of the tunnels and the Drum Tower.
The Drum Tower was built in 1,382 in the Ming Dynasty, which is a multi-story wooden-frame structure based on a masonry basement. The masonry basement with a height of 8.915 m has three-arch passages, two chambers, and stairs leading to the top. The wooden-frame tower with a height of 13.315 m has two floors and a roof decorated with wood carvings, and the weight of the tower roof is sustained by wood pillars and masonry walls. Experiencing numerous natural disasters and man-made disturbances, the structure of historical Drum Tower is significantly damaged as shown in Figure 2. The drill and blast method is to be used in the vicinity of Drum Tower, including the interval tunnel, the wind tunnel, and the three-part arch underground structure of the Gulou subway station for Metro Line 4. In the proposed scheme, the interval tunnel is only about 1.3 m from the basement of drum tower, and the vertical distance is 14.5 m 1# the wind tunnel is about 19.8 m from the basement of drum tower, and the vertical distance is 13.5 m. The three-way arch is about 18.1 m, and the vertical distance is 11 m. The primary purpose of the blasting test in this study is to evaluate whether it is feasible to control this adverse structural vibration on the timber framed tower by using the millisecond delay blasting.
[image: Figure 2]FIGURE 2 | Overview of the historical Drum Tower. (A) The Drum Tower. (B) Existing damages in the Drum Tower.
3 IN SITU BLASTING TEST PROGRAM
3.1 Test site and monitoring sensor layout
In the blasting test site, the horizontal distance between the tunnels and the Drum Tower is only about 1.3 m. In order to avoid the impact of direct blasting on the safety of historical Drum Tower, the experiment was carried out to simulate the blasting event in the surrounding environment of the Drum Tower.
The site of the blasting test should be close to the test structure and should also be level without other structures. The monitoring points should be installed within the site from the blasting source vicinity to the test structure, to facilitate to evaluate the impact on the historical structure (Wang et al., 2017). According to the actual situation of the site and the exploration data, the underground space of the 1 # air duct tunnel can be used as the simulation blasting point. The geological condition of the selected tunnel section close to the historical tower, is similar to that of the Drum Tower. Table 1 shows the geological conditions of the site and the classification of the surrounding rock. The regional site constitutes an uneven working face, which is in favor of the propagation of the low-frequency waves induced by the blasting. Gui et al. (Gui et al., 2017) pointed out that the existence of rock-soil interface usually depresses the peak ground velocity more than that of simple uniform layers, which also affects the peak velocity of the ground near the drum tower.
TABLE 1 | Site geological condition and basic classification of the surrounding rocks.
[image: Table 1]In order to estimate the impact of blasting induced vibration on the Drum Tower when the tunnel excavates through the Drum Tower, the relative position between the testing blasting site and each monitoring point on the ground surface of the 1 # air duct tunnel is consistent with that between the planned blasting site and the Drum Tower. The simulated blasting point at the 1 # air duct tunnel locates at the same site as the planned explosion point, but with a distance away from the planned explosion point to avoid any damage to the historical drum tower induced by the blasting test. The shortest distance between the simulated blasting point and the assumed Drum Tower is 1.3 m. Six monitoring points are installed along the ground surface between the 1 # air duct tunnel and the assumed Drum Tower, indicated by F as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Layout of monitoring points in the blasting test. (A) The simulated blasting location and the monitoring points layout at the ground surface. (B) The monitoring point layout at the historical Drum Tower (plain view).
On the surface of the basement and the four corners of the Drum Tower, four monitoring points are arranged in each monitoring surface, which are distinguished by B and C, respectively. The total number of monitoring points is 20, and each monitoring point is used to capture the vibration velocity in the two horizontal directions and one vertical direction, which are shown in Figure 3.
3.2 Test blasting program and conditions
The blasting test was detonated by two ways (i.e., single-hole blasting and millisecond delay blasting) and six blasting cases were conducted in this study. In the case of single-hole blasting, it is recharged for another hole after the completion of previous blasting hole. According to the sequence of the hole number, the charge weights of single-hole blasting are 100 g, 200 g, 300 g, 400 g, and 500 g, respectively. The six-hole millisecond delay blasting is used in multi-hole blasting with millisecond detonation between the 6 holes. The charge of 200 g is used in each blasting hole (from hole no. 6–10) and the last hole (hole no. 11) is charged with 100 g, with the time delay between adjacent holes of 50 milliseconds.
According to the blasting intensity and the number of monitoring points arranged, a total of 120 groups of data was collected in the blasting vibration test. Among them, 84 sets of valid data are 6 monitoring points (F1 ∼ F6) on the airway surface, 4 monitoring points (A-1, A-3, A-4, A-6) on the surface of the Drum Tower and 4 monitoring points (C-1, C-2, C-3, C-4) on the Drum Tower.
4 TEST RESULT ANALYSIS
4.1 Analysis of measured results
Figures 4, 5A show the peak velocities at each monitoring point of the 1# air duct tunnel and drum tower respectively. As can be seen from Figures 5B, the area where the historical Drum Tower is located is still under the influence of simulated blasting vibration. The peak vibration velocities of the monument buildings in Drum Tower are all less than 1 mm/s, satisfying the requirements of “Safety Code for Blasting” GB6722-2014 (Republic of China industry standard writing group, 2002) for the allowable vibration velocity of ancient building. This simulation blasting test has little impact on the Drum Tower.
[image: Figure 4]FIGURE 4 | Peak particle velocities on the ground surface near the 1# air duct tunnel.
[image: Figure 5]FIGURE 5 | Peak particle velocities on the ground and at the structure of the Drum Tower. (A) along A side. (B) along C side.
In the single-hole blasting, the peak vibrational velocities in the x, y and z directions of the monitoring points on the surface and the historical tower generally increase with the increase of charge quantity in the range of 100–500 g. However, as can be seen, the peak velocity response for the test using millisecond delay blasting technology is significantly lower, as compared with that using the single-hole blasting. For a 6-hole millisecond delay blasting with a charge of 1,100 g, the vibration velocity at each monitoring point is lower than that measured at a single-hole charge of 500 g. And the peak vibration velocity at the monitoring point is greater than the velocities of 100 g and 200 g for the single hole charge, whereas more close to those of 300 g–400 g charge. This can be traced back to the stress wave superposition effect induced by the millisecond difference detonation time between the blasting holes.
4.2 Correlation of ground vibration attenuation of drum tower and 1# air duct tunnel
Regressive analysis is usually conducted to study the propagation law of blasting seismic waves in rock mass based on field measured data, to determine the constant K and α values in the Sadowski formula and obtain the attenuation law of the vibration wave in the rock mass (Wu et al., 2003; Yan et al., 2013), which can be expressed as:
[image: image]
Where: V is the maximum velocity of blasting vibrating particle; Q is the amount of explosives (kg), R is the burst source distance (m), ρ is defined as the proportional distance; K and α are the coefficients and attenuation indexes related to the topography and geological conditions between the blasting point and the monitoring point.
According to Formula 1, based on the monitoring data at the 1# air duct tunnel and the Drum Tower in six working conditions, the relationship between the proportional distance and the peak vibration velocity is established. The attenuation law of vibration in the three directions of x, y, and z is shown in Figure 6. As can be seen from this figure, when the proportional distances are close, the peak vibration velocities of the surface of the wind tunnel and the drum tower of the cultural relic basically coincide with each other, and the decay trend of the two ground surfaces is continuous. The surface vibration characteristics of the simulated blasting area can generally reflect the surface vibration of the actual blasting area characteristic. After fitting, the decay laws of x and y are basically the same, K = 86.9, α = 1.72; z direction, K = 36.6, α = 1.62.
[image: Figure 6]FIGURE 6 | The attenuation of ground vibration. (A) x direction. (B) y direction. (C) z direction.
4.3 Vibration response of the drum tower under different blasting intensities
Figure 5 shows the ratio of horizontal and vertical peak vibration velocities at the four corners of Drum Tower and ground. It can be seen that the horizontal vibration of Drum Tower Stele is obviously magnified compared to the ground surface, while simple attenuation can be reflected for the vertical vibration. The blasting vibration plays a dominant role in the horizontal direction of the drum tower, which is consistent with the general architectural structure (Verma et al., 2018). As compared with the velocity amplification factors under different blasting intensities, it is found that the maximum peak vibration velocity at the ground surface is the most significantly amplified to 2.4 times at the case of the charge quantity of 400 g (Figure 7).
[image: Figure 7]FIGURE 7 | Amplification factor of the Peak velocity at the Drum Tower and at the ground surface.
Based on the information data of structural monitoring provided by authoritative organizations, natural frequency of vibration of the Nanjing Drum-tower monument floor is listed in Table 2. Due to space limitations, Figure 8 only compares the Fourier spectra of the velocity time histories for C-1-Y at 300 g, 400 g and 500 g (the monitoring point C-1 at the y-direction). It can be seen that with the charge quantity of 400 g, the vibration response of the structure is close to the first-order natural frequency of Drum Tower, and the amplitude is significant. The maximum frequency of Fourier spectrum is 1.34 Hz. As the charge quantity reaches 500 g, the vibration response of the structure is closer to the second order natural frequency of the Drum Tower, and the maximum Fourier spectral frequency is 2.32 Hz. When the charge is 300 g, the vibration response of the structure deviates from the first and second order natural frequencies of the historical Drum Tower. The frequency of the Fourier spectrum with respect to the maximum amplitude is 1.83 Hz. Geometrical spreading, material damping, and apparent attenuation are the three major causes of the attenuation of peak ground vibration, and especially the domain frequency. The domain frequency at the monitoring point is determined not only by the blasting source, but also by the propagation medium. In this test, the blasting site is geological multi layers. It is believed that multiple soil-rock layers could affect stress wave propagation significantly, like high frequency filtering and low frequency amplification effect at the soil mass.
TABLE 2 | the tested natural frequency of the Drum Tower structure.
[image: Table 2][image: Figure 8]FIGURE 8 | Fourier amplitudes of particle velocity time-histories at the point C-1-Y under different blasting intensities.
4.4 Prediction of vibration characteristics of drum tower in the planned blasting
Based on the above analysis, from a more realistic point of view, the testing results may be used to predict the peak vibration velocity of the Drum Tower subjected to the planned tunnel blasting. The predicted values of peak vibration velocities at the various monitoring points can be scaled and listed in Table 3.
TABLE 3 | Predicted peak particle velocities at the Drum Tower structure.
[image: Table 3]For a linear system, the dynamic response is proportional to the input vibration intensity (Jordan et al., 2009). Here, it is assumed that the Drum Tower structure is still a linear system under all operating conditions, and its amplification effect is assumed unchanged with respect to the testing conditions. From Table 3, it can be seen that the peak vibration velocities at each monitoring point at the Drum Tower are less than 3 mm/s when the charge quantity is below 300 g. The peak vibration velocity during blasting is also basically lower than 3 mm/s. It can be seen that the millisecond delay blasting and single-hole blasting with the charge quantity below 300 g have minor impact on the safety of the Drum Tower. It is noted that the peak vibration velocity approaches 5 mm/s at the single-hole blasting case with the charge quantity of 400 g.
5 CONCLUSION
It can be seen from the monitoring data, the regulations of “blasting safety regulations” and the spectral characteristics of the vibration response of the Drum Tower that the testing blasting did not cause any further damage to the historical Drum Tower, which can be used as the basis for the selection of actual blasting charge and provide the basic information for the subsequent systematic study on the vibration characteristics of the Drum Tower. The vibration characteristics of the blasting ground surface and the Drum Tower can be concluded as follows:
(1) Comparing the different charges and blasting methods, the surface peak vibration velocity of 6-hole millisecond delay blasting (1,100 g in total) is close to the result of the single-hole blasting with the charge quantities of 300 g–400 g, and can be more effectively used to decrease the peak ground velocity.
(2) When the blasting central distances are similar, the peak vibration velocity of the testing blasting area is close to the ground surface of the Drum Tower, and the surface attenuation law of the blasting vibration is continuous. According to the Sadowitz empirical formula, the fitting coefficients α and K were determined, at the horizontal direction, K = 86.9, α = 1.72; and at the vertical direction, K = 36.6, α = 1.62.
(3) The horizontal vibration of the historical Drum Tower is amplified and the vertical vibration shows a rapid decay trend. Compared with the spectral characteristics of the structure velocity response at the charge quantities of 300 g, 400 g, and 500 g, a significant amplitude around the first order natural frequency of Drum Tower is observed at the charge of 400 g, in which amplification effect is the most significant, up to 2.4 times.
(4) According to the prediction of the peak vibration velocity at the Drum Tower, within the allowable range of blasting-induced vibration, the use of a single hole explosive amount of 300 g. The millisecond delay blasting is expected to have minor effect on the safety of the historical Drum Tower.
Due to the complexity of the blasting-induced environmental vibration problem, it is call for advanced data digging technology to further identify the key factors determining the millisecond-delay blasting-induced vibrations of the historical drum tower, e.g., ANN Deep Learning. Furthermore, it is essential to perform further 3D numerical analyses to accurately describe the vibration and the induced stress response of the historical structures during the blasting performed in the planned tunnel.
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