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Based on the project of People’s Hall Station of Qingdao Metro Line 4 in China, the method of water-sealed blasting construction for vibration damping is proposed, as the blasting vibration of adjacent structures (Qingdao Metro Line 3) does not meet the control requirements during the blasting construction of the existing site blasting scheme. The effects of blasting on adjacent structures with different water-sealed charge structures and different axial decoupled charge factors are first studied by using the three-dimensional dynamic numerical simulation method. On this basis, a multi-case parametric analysis is carried out on the maximum single detonation charge, initiation interval, vibration-damping hole settings, and other factors that affect the blasting seismic effect. The results demonstrate that water-sealed construction blasting can significantly reduce the vibration response of adjacent structures. The lower-water-decking charge structure, the two ends-water-decking charge structure, and the top-water-decking charge structure can reduce the vibration velocity response of adjacent structures by 2.8, 24.5, and 27.8%, respectively. As the axial decoupling coefficient increases, the peak resultant vibration velocity increases first and then decreases. The peak resultant vibration velocity reaches the minimum value of 1.27 cm/s, which is lowered by 29.5% when the decoupling coefficient is 2.6. The after-detonation vibration response can be reduced by decreasing the amount of a single detonation charge and setting damping holes. When the detonation charge is reduced to 2.7 kg or 100 mm damping holes are set up, the vibration velocities at Line 3 People’s Hall Station are 1.10 cm/s and 1.11 cm/s, respectively. Both velocities are less than the 1.2 cm/s resultant vibration velocity control tolerance requirements. The results of this study can play an important guiding role in construction blasting in on-site metro stations and can serve as a reference for future similar projects.
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1 INTRODUCTION
Urban traffic is increasing as China’s national economy develops rapidly. To meet growing traffic demand, underground railway transportation systems are being built in China’s major cities (Zhao et al., 2016; Liu et al., 2020). As a result of the urban construction environment, subway construction inevitably encounters numerous significant buildings (structures) (Ma et al., 2017; Li et al., 2018; Wang J et al., 2019). Seismic waves generated by blasting propagate to the surface, causing building (structure) vibration and possibly cracks or damage (Oncu et al., 2015; Wang K et al., 2019; Zhang et al., 2019). Thus, vibration-damping control of tunnel blasting is critical to ensure the normal use and safety of various buildings (structures) (Jung et al., 2011; Henningsson, 2018; Song et al., 2018).
To ensure the smooth construction of new projects and the safety of existing buildings (structures), scholars have conducted a series of studies on the influence of blasting construction on existing buildings (structures) (Jiang and Zhou, 2012; Mobaraki and Vaghefi, 2015; Song S et al., 2019). Some scholars have studied the impact of tunnel blasting on existing buildings, tunnels, and underground pipelines through on-site monitoring (Li et al., 2013; Jayasinghe et al., 2018; Kou et al., 2019) and numerical simulation (Jong-Ho et al., 2011; Xia et al., 2013; Wang K et al., 2019). For instance, Xia et al. (Xia et al., 2019) analyzed the effect of subway tunnel blasting construction on the upper voltage conduit by numerical simulation and obtained the blasting dynamic response law of the conduit. Yu et al. (Yu et al., 2014) analyzed the influence of construction blasting in the soft soil layer on the existing tunnel structure using field measurements and numerical simulations. Nan et al. (Nan et al., 2018) analyzed the vibration and stress response of a gas pipelines due to construction blasting. Some scholars have studied the propagation law of blasting vibration in the ground (Nateghi, 2011; Wang et al., 2014; Lee et al., 2016) and proposed measures to reduce the damage to buildings based on their findings. For example, Tian et al. (Tian et al., 2019) adopted the power spectrum, wavelet, and wavelet packet analysis methods to study the propagation law of tunnel blasting vibration waves on the ground. Some scholars have studied the vibration reduction measures of tunnel construction blasting, and the commonly used methods mainly have two aspects. On the one hand, vibration reduction treatments can be carried out from the blasting source, such as reducing the detonation charge (Song et al., 2018; Sharafat et al., 2019), optimizing the blasting parameters (Li et al., 2013), optimizing the charge structure (Gu et al., 2015; Zhang et al., 2020; Cheng et al., 2021), using the phase interference method (Inoue et al., 2005; Fang et al., 2007), and the vibration reduction of millisecond blasting (Cunningham et al., 2003; Ahmed and Ansell, 2012; Ozacar, 2018). For instance, Song et al. (Song et al., 2018) optimized an existing blasting scheme that did not meet the vibration velocity requirements by reducing the maximum charge of a single section, implementing a multistage double wedge groove, increasing the damping hole, millisecond blasting, and other measures. The optimized blasting scheme met the maximum allowable vibration velocity requirements of the building. On the other hand, according to the propagation characteristics of seismic waves, vibration reduction is carried out from its propagation paths, such as vibration reduction of damping holes (ditches) (Erarslan et al., 2008; Uysal et al., 2008; Park et al., 2009; Song et al., 2014) and presplitting blasting vibration reduction (He et al., 2013; Dindarloo et al., 2015; Lee et al., 2016). For example, Erarslan et al. (Erarslan et al., 2008) studied the effect of artificial discontinuities such as barrier holes and trenches on blast-induced vibrations. PPV (peak velocity of particle vibration) decreases of 14.3–18.5% were obtained for the barrier holes and 24.8–58.1% for the trenches.
Water-sealed blasting is a method using an optimized charge structure for damping, that is, the use of a decoupled charge structure for construction blasting. The influence of decoupled charge structure on blast vibration has been studied by domestic and foreign scholars through theoretical analyses (Sher and Aleksandrova, 2007; Lou et al., 2018; Wang and Liu, 2018), experimental researches (Yun et al., 2016; Wang, 2017; Yang and Liu, 2017) and numerical simulations (Iravani and Kolfal, 2008; Yilmaz and Unlu, 2013; Xie et al., 2018). For instance, Wang and Liu (Wang and Liu, 2018) established a calculation model of eccentric decoupled charge considering influencing factors such as damage to the surrounding rock, air, and water decoupled medium. Zhang et al. (Zhang et al., 2020) discussed the influence of axial and radial decoupling coefficients on the blasting effect when air and water are used as spacers in the surrounding holes of tunnel water-sealed blasting.
Although there are many studies on the impact control measures of new construction blasting on existing buildings (structures), there are still relatively few studies on the damping measures for existing structures needed for ultra-close construction blasting of new projects in hard rock strata. Furthermore, the current research on axial water decoupled mostly adopts two-dimensional numerical simulations to study the damage mechanism of rocks and other aspects. There is less research on the damping of adjacent structures by blasting construction of large span stations with water decoupled charge structures. Based on the proposed method of vibration damping by water-sealed blasting construction, this paper investigates the vibration response of adjacent structures with different water-sealed charge structures, different axial decoupled charge coefficients, different detonation charge amounts, different initiation intervals, and different vibration damping hole diameters. Finally, the model’s reliability was verified by the on-site monitored data. The optimized blasting scheme met the structure’s maximum allowable vibration velocity requirements, which can provide a reference for the construction of similar projects in the future.
2 INFLUENCE ANALYSIS OF BLASTING CONSTRUCTION
2.1 Engineering Overview
The Line 4 People’s Hall Station of Qingdao Metro is located in the south district of Qingdao, China. It is an 11 m-long, two-story underground island station with a 21.0 m-wide standard section. The station’s overall length is 256.7 m, with an effective platform length of 118 m. Several structures and pipelines surround the People’s Hall Station. Among them, the pump house and existing Line 3 People’s Hall Station are the closest to the supporting project and have the most stringent vibration velocity control, which is critical for protection during the blasting construction period. Figure 1 depicts the positional relationship between the new and existing projects. The pump house is a two-story underground concrete structure with a structure size of 19.85 × 12.00 × 9.50 m (length × width × height). The sidewalls are 0.50 m thick, and the raft foundation is 0.60 m thick. The existing Line 3 People’s Hall Station is a two-story underground island station, with the main structure in service. The Line 4 People’s Hall Station passes through strata with three different grades of surrounding rock conditions, namely, III, IV, and V. As the explosion shock wave has a higher propagation speed in surrounding rocks, this paper selected the III level surrounding rock section for construction influence analysis.
[image: Figure 1]FIGURE 1 | Relative location of the Line 4 People’s Hall Station and adjacent structures (unit: mm).
2.2 Original Blasting Design Scheme
The original blasting design scheme was developed by the design institute based on the Safety Regulations for Blasting (GB6722-2014, 2014), Specifications of Excavation Blasting for Hydropower and Water Resources Projects (DL/T 5135-2013, 2013), and the current common tunnel blasting programs.
To reduce the impact of blasting on the adjacent structures in the grade III section, the proposed cut hole charge is 3 kg, and the single hole charge is 0.5 kg. Attributed to the free surface formation, broken rock can fly out of satellite holes and surrounding apertures, and the number of holes that need to be detonated is large. The maximum charge for single-stage detonation is 3.8 kg.
The blasting excavation plan considers the project’s excavation range and geological conditions. Figure 2 illustrates the proposed excavation scheme for the station hall. The station hall layer is depicted in the diagram using the double-sidewall heading method. The different partitions represent the sequence of tunnel section excavation, the solid points represent the satellite hole and surrounding aperture, the triangles represent the cut hole, and the number indicates the detonator segment number.
[image: Figure 2]FIGURE 2 | Blasting hole layout of the station hall floor (unit: mm).
To ensure the safety of existing structures, control designs and standards for the blasting ground vibration effect caused by the new construction were developed. The peak value of the blasting vibration velocity in existing structures (Zhao et al., 2016; Singh et al., 2020) is used as a control standard. The resultant vibration velocity control values are set at 0.8 cm/s (pump house) and 1.2 cm/s (People’s Hall Station Line 3) for the different types of existing structures.
2.3 Numerical Model
2.3.1 Model Establishment
Without regard for the detailed internal structure of existing adjacent structures, we consider only the main structure to establish the numerical model shown in Figure 3. The overall dimensions of the model are 150 × 50 × 75 m (length × width × height). The calculation condition is that the right pilot tunnel is excavated to a depth of 25 m (y = 25 m plane), which places the heading face in the center of Pump House and Line 3 People’s Hall station, as displayed in Figure 4.
[image: Figure 3]FIGURE 3 | Finite element model (unit: m).
[image: Figure 4]FIGURE 4 | Relative location of the heading face and adjacent structures.
According to the blasting design scheme, the cut hole is continuously charged, with a diameter of 32 mm, a vertical spacing of 50 cm, a horizontal spacing of 1.0 m, a charge length of 50 cm, and a blast-hole stemming length of 50 cm. Figures 5, 6 depict the entire arrangement.
[image: Figure 5]FIGURE 5 | Cut hole layout diagram (unit: cm).
[image: Figure 6]FIGURE 6 | Blasting hole coupling indication (unit: cm).
2.3.2 Parameter Selection
2.3.2.1 Selection of Algorithms
The coupling relationship between explosive, water, and blast-hole stemming, as well as large deformation and large displacement, are the main problems that need to be considered in the numerical simulation of tunnel excavation blasting. The ALE algorithm (Soutis et al., 2011) is used to define the water, blast-hole stemming, and explosive models in the numerical calculation process to achieve the dynamic analysis of fluid-solid coupling. The rock mass and structural model are determined by adopting the Lagrange algorithm (Li et al., 2019).
2.3.2.2 Boundary Condition
Given the distance between the stratum boundary and the tunnel area, its displacement can be ignored. Nodal constraints are used in the model to constrain the X-direction displacements on the left and right sides, the Y-direction displacements on the front and rear faces, and the Z-direction displacements on the bottom face. Meanwhile, the Y-direction deformation of adjacent structures is not considered. In its current state, the stratum can be assumed to be a semi-infinite body space, and the blasting vibration wave will be gradually transmitted to the far side along with the stratum. To more accurately simulate the actual condition of blasting vibration, the reflection of stress waves on the stratum boundary should be eliminated in the model. The reflection-free boundary conditions are used in conjunction with ANSYS/LS-DYNA software functions to eliminate the influence of reflected blasting vibration waves, except for the upper surface of the stratigraphic model.
2.3.2.3 Contact Relations
The pump house, the Line 3 People’s Hall Station, and the initial support are all in proximity to the stratum in actual conditions. The model simulates the actual contact relations between these components using the bound surface-to-surface contact method (*CONTACT_TIED_ SURFACE_TO_SURFACE).
2.3.2.4 Material Constitutive and Parameters
The high explosive model (* MAT HIGH EXPLOSIVE BURN) of LS-DYNA is used to model the No. 2 rock emulsion explosive. The state equation of explosive explosion is the Jones-Wilkins-Lee (JWL) equation (Xie et al., 2016), as shown in Eq. 1.
[image: image]
where A, B, R1, R2, and [image: image] are constants, E0 is the initial internal energy per unit volume of explosive, and V0 is the initial relative volume of explosive. Table 1 lists the parameters in detail.
TABLE 1 | Explosive parameters.
[image: Table 1]The constitutive model of water is MAT_NULL. The GRU-NEISEN state equation describes the state of water at high pressure (Man et al., 2018). The pressure [image: image] can be calculated by Eq. 2.
[image: image]
where [image: image] is the initial density of water, [image: image] is the density of disturbed water, C is the intercept of the shock-particle velocity curve, S1, S2, and S3 are the coefficient of the curve slope, [image: image] is the GRUNEISEN coefficient, [image: image] is the first-order volume correction coefficient, and E0 is the initial internal energy per unit volume of water. Table 2 details the specific parameters.
TABLE 2 | Water material model and state equation parameters.
[image: Table 2]The blast-hole stemming material is determined by the (*MAT_SOIL_AND_FOAM) (Lou et al., 2018) state equation, and the solid–gas two-phase medium coupling problem can be effectively described in the simulation process. The parameters are described in Table 3.
TABLE 3 | Blast-hole Stemming parameters.
[image: Table 3]For soil and rock mass, the plastic kinematic model (* MAT _ PLASTIC _ KINEMATIC) (Su et al., 2016) containing strain rate is used for simulation. The relevant calculation parameters for rock mass and soil, as well as concrete, are determined in conjunction with the geological survey report and associated specifications, as shown in Table 4.
TABLE 4 | Calculating physical and mechanical parameters.
[image: Table 4]2.4 Influence of Blasting on Adjacent Structures
The maximum vibration velocity of the pump house is approximately 0.2 cm/s, and the vibration response of the Line 3 People’s Hall Station is considerably greater than that of the pump house. Figure 8 portrays the vibration velocity curve corresponding to the maximum vibration velocity node (shown in Figure 7: 226,744) near the explosion source side of the Line 3 People’s Hall Station As shown in Figure 8:
1) The vibration response velocity of the Line 3 People’s Hall Station mainly occurred during the early stages of blasting, with the largest vibration response in the horizontal direction. Between 2.5 and 5 ms, the vibration response of the Line 3 People’s Hall Station reaches its maximum value and then gradually decreases until it approaches 0.
2) The peak resultant vibration velocity of the Line 3 People’s Hall Station is 1.80 cm/s, which cannot meet the vibration velocity control requirements of 1.2 cm/s.
[image: Figure 7]FIGURE 7 | Diagram of the location of the node (226,744).
[image: Figure 8]FIGURE 8 | The vibration velocity response of the Line 3 People’s Hall Station.
3 OPTIMIZATION ANALYSIS OF WATER-SEALED BLASTING
Water-sealed blasting is a rock-breaking method that employs water as a medium for transmitting explosion energy (Jong-Ho et al., 2007; Ye et al., 2017; Yuan et al., 2019). The properties of water as a medium include low compressibility, high energy transfer efficiency, adsorption of toxic gases generated during blasting, reduction of dust concentration, and improvement of tunnel air quality (Cui et al., 2010; Cui, 2011). Gu et al. (Gu et al., 2015) demonstrated that a water-decoupled charge structure could effectively reduce the instantaneous vibrational energy, resulting in a higher average crushing rate of the rock and less harmful dust. As a consequence, a method of damping via water-sealed blasting construction is proposed.
3.1 Optimization Analysis of Different Charge Structures Blasting
There are three primary types of charging structures frequently used during water-sealed blasting construction: 1) two ends-water-decking charge structure; 2) top-water-decking charge structure; and 3) lower-water-decking charge structure. According to the charge structure distribution shown in Figure 9, the blast-hole stemming length is 50 cm, the charge length is 50 cm, and the water column length is 50 cm.
[image: Figure 9]FIGURE 9 | Schematic diagram of different charge structures for hydraulic blasting (unit: cm). (A) Two ends-water-decking charge structure. (B) Top-water-decking charge structure. (C) Lower-water-decking charge structure.
Figure 10 displays the vibration velocity curve extracted from the same node as the previous section for comparative analysis. As illustrated in Figure 10:
1) The resultant vibration velocity caused by the lower-water-decking charge structure is 1.75 cm/s, followed by the two ends-water-decking charge structure at 1.36 cm/s and the top-water-decking charge structure at 1.30 cm/s. The vibration velocities are lowered by 2.8, 24.5, and 27.8%, respectively, when the conditions of the lower-water-decking charge structure, the two ends-water-decking charge structure, or the top-water-decking charge structure are adopted. The existence of water extends the range of detonation energy, disperses the energy, modifies the work effect of energy, and slows the vibration velocity of adjacent structures.
2) The vibration velocity curve of the lower-water-decking charge structure is relatively oscillating, and the shock wave lasts a long time. In comparison to the other two structures, the buffer effect of the water column at the bottom of the model increases the time of shock wave action, the acceleration of vibration, and the velocity of vibration.
[image: Figure 10]FIGURE 10 | The resultant vibration velocity response of Line 3 under different charge structure conditions. (A) Two ends-water-decking charge structure. (B) Top-water-decking charge structure. (C) Lower-water-decking charge structure.
In summary, to reduce the vibration response of adjacent structures, the two ends-water-decking charge structure or the top-water-decking charge structure should be selected. Liu and Gao (Liu and Gao, 2020) discovered that the water interval charge at both ends is superior to the other three charge structures in terms of unit explosive consumption, blast-hole utilization rate, and rock fragmentation with the same blasting volume. Additionally, in the two ends-water-decking charge structure, the water medium at the bottom of the hole protects the surrounding rock at the bottom, mitigates the disturbance to the surrounding rock at the bottom of the hole, and ensures construction safety. Therefore, the advantages of the two ends-water-decking charge structure become more apparent during the tunnel construction process.
3.2 Optimization Analysis of Axial Decoupling Charge Coefficient Blasting
According to the analysis in Section 3.1, this analysis adopts two ends-water-decking charge structures and realizes different axial decoupling coefficients by varying the length of the water column at both ends of the borehole. The axial decoupling coefficient model is depicted in Figure 11. The blast-hole stemming is 50 cm long, the explosive is 50 cm long, and the water columns at both ends of the blast-hole are 15, 20, 25, 30, 35, 40, and 50 cm long. The corresponding axial decoupling coefficients are 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, and 3.0. The structure of the axial decoupling coefficient 2.0 is plotted in Figure 9A.
[image: Figure 11]FIGURE 11 | Model diagram of different axial decoupling coefficients (unit: cm). (A) k = 1.6, (B) k = 1.8, (C) k = 2.2, (D) k = 2.4, (E) k = 2.6, (F) k = 3.
Figure 12 displays the maximum resultant vibration velocity for varying axial decoupling coefficients. As illustrated in Figure 12, when the axial decoupling coefficient is less than 2.6, the peak vibration velocity decreases as the decoupling coefficient increases. When the decoupling coefficient is higher than 2.6, the peak vibration velocity increases. When the decoupling coefficient is 2.6, the peak vibration velocity is reduced to 1.27 cm/s, and the vibration velocity response of the adjacent structure decreases by 29.5%. This paper considers a charge structure with an axial charge decoupling coefficient of 2.6 for the following optimization analysis of controlled blasting parameters.
[image: Figure 12]FIGURE 12 | The peak resultant vibration velocity response of Line 3 under different axial decoupling coefficients.
4 OPTIMIZATION ANALYSIS OF CONTROLLED BLASTING PARAMETERS
Based on the analysis in Section 3, the controlled blasting parameter optimization analysis charge structure model in this section selects the two ends-water-decking charge structure with a decoupling coefficient of 2.6.
4.1 Single Detonation Charge
The vibration velocity response of the Line 3 People’s Hall Station is calculated using single detonation charges of 3, 2.7, and 2.4 kg. The charges for a single cut hole in the model are 0.5, 0.45, and 0.4 kg.
Figure 13 depicts the peak resultant vibration velocity of the Line 3 People’s Hall Station (node 226,744) under the single detonation charge condition. As depicted in Figure 13:
1) The peak resultant vibration velocities are −1.36, −1.10, and −0.90 cm/s of the Line 3 People’s Hall Station on Line 3, respectively, when the single detonation charges are 3, 2.7, and 2.4 kg. According to the 1.2 cm/s vibration velocity control requirements at the Line 3 People’s Hall Station, the single detonation charge of the cut hole should be less than 2.7 kg with a water-decoupled optimization structure charge.
2) When the explosive charge is decreased from 3 to 2.4 kg, the vibration velocities of the water-decoupled optimized charge structure are significantly reduced by 19.1 and 33.8%, respectively. This suggests that controlling the single detonation charge is an effective measure to reduce the vibration velocity response of adjacent structures.
[image: Figure 13]FIGURE 13 | The peak resultant vibration velocity response of Line 3 under different explosive dosages.
4.2 Initiation Interval
The small initiation interval will lead to the superposition of explosion shock waves in the transmission process, increasing the peak vibration velocity and causing the vibration velocity of adjacent structures to exceed the allowable value. Consequently, three conditions of initiation intervals of 3, 5, and 10 ms are set in turn to analyze the influence of the initiation interval on the vibration response of existing structures.
The charge amount is 1 kg for a single hole, and the charge amount is 3 kg for a single detonation in this calculation. Detonate the holes further away from the Line 3 People’s Hall Station first and then detonate the holes closer to Line 3. Figure 5 illustrates the hole location; the distance between the two holes is 1.0 m.
The peak resultant vibration velocity of the Line 3 People’s Hall Station (node 226,744) is presented in Figure 14 for varying initiation intervals. As presented in Figure 14:
1) When the initiation interval is 3 ms, the vibration response generated by the second initiation will be superimposed with the first generation. At 5 ms, the vibration response will not be superimposed. From the safety perspective, the initiation interval in the project should be greater than 5 ms to avoid the superimposition of the peak vibration velocity.
2) Under different initiation intervals, the peak vibration velocities generated by the first initiation are 1.41 cm/s greater than the 1.36 cm/s when no interval initiation is used. The peak vibration velocity increases as a result of the initiation being divided into two 3 kg blasts, which causes the initiation to be concentrated so that the peak vibration velocity increases after the initiation.
3) Under different initiation intervals, the peak vibration velocities generated by the first initiation are 1.41 cm/s, and the peak vibration velocities generated by the second initiation are 1.43, 1.42, and 1.44 cm/s, which are greater than those of the first initiation. This is due to the horizontal distance of the second initiation point being 1.0 m closer than that of the first detonation point, so the peak vibration velocity increases, indicating that the detonation distance has a significant influence on the vibration response of adjacent structures, which is consistent with the study by Sharafat et al. (Sharafat et al., 2019).
[image: Figure 14]FIGURE 14 | The peak resultant vibration velocity response of Line 3 under different initiation intervals. (A) 3 ms, (B) 5 ms, (C) 10 ms.
4.3 Damping Hole
The damping hole can increase the heterogeneity of rock and soil, alter the wave impedance, and affect the propagation characteristics of blasting seismic waves. Due to the difference in wave impedance characteristics, the blasting vibration wave will be reflected and transmitted when it reaches the damping hole in the tunnel excavation section. The tensile wave will return to the blast zone, a portion of the compression wave will be transmitted, and the transmitted wave intensity will be weakened, reducing the vibration behind the isolation band (Erarslan et al., 2008; Song Z et al., 2019). Therefore, the damping holes are set at the palm surface to analyze its effect on reducing the vibration of existing structures. The damping hole is distributed around the cut hole. The hole depth is 180 cm, and the apertures are 32, 100, and 200 mm. The placement of the holes is depicted in Figure 15. In the model, the charge for a single cut hole was 0.5 kg, and the charge for a single detonation was 3 kg.
[image: Figure 15]FIGURE 15 | Damping hole layout at the tunnel face (unit: mm).
The peak resultant vibration velocity of the Line 3 People’s Hall Station (node 226,744) is shown in Figure 16 for varying damping hole diameters. As shown in Figure 16, when the diameters of the damping holes are 32, 100, and 200 mm, the peak vibration velocities of the Line 3 People’s Hall Station are 1.28, 1.10, and 1.02 cm/s, respectively, and the peak resultant vibration velocities are lowered by 5.9, 19.1, and 25%, respectively. The damping holes can indeed reduce the vibration response after blasting. Erarslan and Uysal (Erarslan et al., 2008) also found that when the damping hole is placed between the explosion source and the protection, the damping rate is 14.3–18.5%.
[image: Figure 16]FIGURE 16 | The peak resultant vibration velocity response of Line 3 under the different diameters of damping hole.
5 OPTIMAL DAMPING EFFECT AND VERIFICATION OF CONTROLLED BLASTING FOR A WATER-SEALED CHARGE STRUCTURE
Construction blasting construction in the field was performed with the optimized water-decoupled charge structure. Each cut hole carried a charge of 0.5 kg, while the other hole carried a charge of 0.2 kg. The cut holes in the two pilot tunnels and the middle chamber each had a single detonation charge of 3 kg. The surrounding holes on the upper steps of the two pilot tunnels had a maximum single detonation charge of 3.8 kg. To dampen the cut holes, a few 100 mm damping holes were used. Thunder jumps were employed at 20 ms intervals. The vibration response of the Line 3 People’s Hall Station was monitored in the actual construction process using a TC-6850 vibrometer (Figure 17) and an M600 automatic acquisition terminal (Figure 18). The TC-6850 vibrometer has a range of 25.000 cm/s and a sensing sensitivity (velocity) of 0.01 cm/s. The M600 automated acquisition terminal is capable of having multiple buses to connect a variety of measurement instruments, including inclinometers, axial force gauges, pressure boxes, strain gauges, and vibrometers. Each monitoring project instrument is connected to the M600 automated acquisition terminal for data processing and sending. Figure 19B depicts data from blast vibration monitoring, while Figure 19A depicts data from numerical simulation. The analysis suggests the following:
1) The simulations show that the proposed construction blasting plan can meet the blasting vibration control requirements of the adjacent structures. During the blasting of the cut hole, the vibration velocity in the X direction of the Line 3 People’s Hall Station is the largest, with a peak value of −0.94 cm/s, while the peak vibration velocities in the Y and Z directions are -0.24 cm/s and 0.74 cm/s, respectively, which are lower than the control value of 1.2 cm/s and meet the requirements of construction blasting.
2) The peak vibration velocities monitored at the Line 3 People’s Hall Station were −0.91 cm/s in the X direction, −0.23 cm/s in the Y direction, and 0.72 cm/s in the Z direction. The peak vibration velocities of the three channels were within the tolerance value of 1.2 cm/s, which does not exceed the control tolerance requirement.
(3) The calculated and monitored values indicate that the Line 3 People’s Hall Station has the largest peak vibration velocity in the X direction, with a 3.1% deviation between the calculated and monitored values. The peak deviations of the calculated and monitored values in the y-direction and z-direction are 4.2 and 2.7%, respectively. The calculation model is reliable.
[image: Figure 17]FIGURE 17 | The TC-6850 vibrometer.
[image: Figure 18]FIGURE 18 | The M600 automated acquisition terminal.
[image: Figure 19]FIGURE 19 | The vibration velocity response of the People’s Hall Station on Line 3 induced by blasting construction of Line 4. (A) Numerical simulation resul. (B) Monitoring data.
6 CONCLUSION
Taking the Line 4 People’s Hall Station of Qingdao Metro as the engineering background, this paper employs a three-dimensional dynamic numerical simulation approach to study the vibration damping effect of water-sealed blasting, single detonation charge, initiation interval, and setting of vibration-damping holes. The site blasting plan is optimized to enable the vibration velocity control to meet the requirement of 1.2 cm/s. Finally, the reliability of the model is verified by the in-site monitored data. The following conclusions can be drawn:
1) Water-sealed construction blasting can significantly decrease the vibration response of adjacent structures. The resultant vibration velocity caused by the lower-water-decking charge structure is 1.75 cm/s, followed by the two ends-water-decking charge structure at 1.36 cm/s and the top-water-decking charge structure at 1.30 cm/s. The vibration velocities are lowered by 2.8, 24.5, and 27.8%, respectively. As the axial decoupling coefficient increases, the peak resultant vibration velocity increases first and then decreases. The peak resultant vibration velocity reaches the minimum value of 1.27 cm/s, which is lowered by 29.5% when the decoupling coefficient is 2.6.
2) When the single detonation charges are 3, 2.7, and 2.4 kg, the peak vibration velocities are −1.36, −1.10, and −0.90 cm/s of the Line 3 People’s Hall Station, respectively, and the vibration velocities are lowered by 19.1 and 33.8%. When the diameters of the damping holes are 32 mm, 100 mm, and 200 mm, the vibration velocities of the Line 3 People’s Hall Station are 1.28, 1.10, and 1.02 cm/s, respectively, and the peak resultant vibration velocities are lowered by 5.9, 19.1, and 25%, respectively.
3) When the detonation charge is reduced to 2.7 kg or 100 mm damping holes are set up, the vibration velocities of Line 3 People’s Hall Station are 1.10 and 1.11 cm/s, respectively. Both velocities are less than the 1.2 cm/s resultant vibration velocity control tolerance requirements.
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