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Vibration caused by shield tunneling construction have adverse impacts on surrounding environment. To ascertain the influence of shield tunneling construction on ambient vibration, based on the shield tunnel project of Zhijiang Road in Hangzhou, the on-site vibration tests were carried out on the deep soil and surface during the excavation, and the vibration characteristics and vibration attenuation law during shield construction were investigated. The results show that the main frequency of vibration near the vibration source is wide, and the response components can be observed at 0–100 Hz. Under the filtering effect of the surface-covering soil layer, the high-frequency components of the vibration response are significantly attenuated, and the surface vibration is mainly distributed within 40 Hz. In the shield crossing, the deep measurement point is 5 dB higher than the vibration level of the same position on the surface. After the shield is pushed forward 20 m, the average attenuation of the surface vibration response is 10 dB, and the average attenuation of the deep vibration response is 12 dB.
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1 INTRODUCTION
With the global acceleration of urban construction, the shield method has been widely adopted as an efficient and effective underground engineering construction method, and the consequent industrial vibration problems have become increasingly prominent. Vibration propagates outward through the surrounding strata, causing adverse effects on the structural safety of neighboring buildings, in particular leading to an irreversible negative impact on vibration-sensitive historic heritage buildings (Griefahn et al., 2006; Villot et al., 2013; Woodcock et al., 2013).
Most current studies focus on the impact of long-term traffic vibration on buildings during tunnel operation (Liang et al., 2020; Fiala et al., 2007; Yuan et al., 2021; Hussein and Hunt, 2007). With the frequency of safety accidents in surrounding structures due to shield construction, several studies have focused on the environmental vibration caused by shield construction from three perspectives: the vibration source, vibration characteristics, and vibration propagation law. First, in terms of the vibration source, the results of the current study proved that the vibration sources in the shield construction process mainly include three categories: (a) vibration generated by the cutting tool cutting the soil during excavation; (b) vibration generated by the shield body operation; and (c) vibration generated by the construction supporting vehicle operation (Nelson et al., 1984; Hiller and Hope, 1998; Tao et al., 2015). Secondly, a significant amount of research has been conducted on vibration characteristics caused by shield construction. The vibration strength is directly related to the shield construction parameters and geological engineering conditions, among which the shield construction parameters include the total shield thrust, shield tunneling speed, cutter disc cutting torque, and rotational speed. Engineering geological parameters include the dynamic elastic modulus of the overburden, tunnel burial depth, etc., (Xu et al., 2021; Zhu et al., 2021). Sun et al. (2020) studied the frequency distribution of the single hob impact load response and found that the hob load frequency is mainly distributed in the range of 0–20 Hz, and the amplitude in the low-frequency range is positively correlated with the penetration degree, cutting speed, and the hardness of the rock layer. Through numerical simulation, Huo et al. (2015) found that the vibration frequency of the shield cutter plate is concentrated in the range of 0–20 Hz during the process of shield construction and the amplitude is greatly affected by the different geological conditions. Further, the vibration amplitude is greatly affected by different geological conditions. For sand and pebble strata, Guo et al. (2014) found that the frequency band of vibration induced by the cutter plate digging is wider, and the main frequency is mainly concentrated in the range of 20–90 Hz, the frequency band of the amplitude of the rear supporting vehicle is 0–20 Hz, and the amplitude of the transportation vehicle is mainly concentrated in the range of 70–90 Hz. Lu (2023) studied the frequency distribution of vibration of the TBM construction in different stratigraphic layers, and the frequency distribution is 10–55 Hz in the soil fill layer, 25–64 Hz in the medium-coarse sand layer, and 20–64 Hz in the granite layer. Hong and Li (2022) carried out field tests on the shield section adjacent to the right and left pipes of the cutter plate during shield tunneling, finding that the vibration frequency bands were distributed in the range of 500 Hz, but were mainly concentrated in the range of 200 Hz or less. Finally, from the perspective of the vibration propagation law, Wu et al. (2022) predicted the dynamic response of the building structure under various building foundation types and horizontal distances from the tunnel by inputting the maximum acceleration obtained from the shield construction site into the tunnel–rock–building 3D finite element model. The results showed that the main impact distance of the segment vibration caused by rigid rock tunnel construction was approximately 9 m. Tao et al. (2015), Guo et al. (2018) investigated the characteristics of vibration sources through field measurements and numerical simulations for shield construction in the sandy gravel layer. Hong and Li (2022) found that the energy of vibration waves was mainly determined by the horizontal distance between the measurement point and the vibration source, and there was a vibration amplification zone within a certain distance from the center line of the shield tunnel through the field measurement of double-line shield construction in a sandy gravel stratum. The same phenomenon was found in Qin et al.’s study on the vibration response of a double-track tunnel, which they termed the “shadow effect” (Jin et al., 2020). Dai and Liu (2019) and Liao et al. (2009) carried out research on protection measures for under-passing vibration-sensitive buildings and implemented vibration control by adopting a series of technical means, such as the reasonable setting of shield parameters, muck improvement, axis control, vibration reduction of the horizontal transportation system, and automatic monitoring of the vibration effect. There are a large number of hobs on the cutter head and their distribution is complex. The formation parameters and tunneling parameters of the specific shield construction project are quite different, and the amplitude–frequency characteristics of the shield tunneling vibration source are quite different in the existing studies.
Vibration can cause irreversible damage to cultural relics and buildings; in the vibration impact assessment, not only should the threat of vibration be considered, but also the impact on integrity. In particular, for the vibration impact of cultural relics protection units, the “Technical specifications for protection of historic buildings against man made vibration” stipulates that the material fatigue limit is used as the control index of industrial vibration prevention of ancient buildings to achieve the purpose of protecting the structural integrity of ancient buildings. Among them, the national key cultural relics protection units allow strict vibration control indicators. When the elastic longitudinal wave of brick masonry is less than 1,600 m/s, the maximum horizontal vibration velocity at the highest point of the load-bearing structure should be controlled within 0.2 mm/s (GB/T 50452-2008, 2008). At present, the study of industrial vibration on ancient buildings at home and abroad is still in the initial stage, and the vibration source of shield tunneling in industrial vibration source is rarely mentioned, and related research is also relatively few. Herein, field measurements were carried out outside the White tower protection area of the Zhijiang Road water pipeline corridor, the deep layer and surface soil vibration testing were conducted, and the effects of shield tunneling construction on the vibration characteristics and vibration attenuation characteristics in the stratum were analyzed, which provides a reference for the construction and vibration control of the White tower in the near side of shield construction.
2 FIELD TEST SCHEME
2.1 Project background
The Zhijiang Road water pipeline corridor tunnel project has a total length of 3,246.7 m, of which the north line shield tunnel is 2,710 m, and the south line shield tunnel is 2,703 m. Both the south and north lines pass in vicinity of the White Tower, and the minimum horizontal distance between them and the White Tower is 24.02 m and 53.57 m, respectively. The buried depth of the tunnel is 10.02 m, and the net distance between the south and north lines is 15.05 m. The positional relationship between the White Tower and the tunnel is shown in Figure 1. The internal diameter of shield tunnel is 13.3 m, the external diameter is 14.5 m, and the tube pieces are 2 m per ring.
[image: Figure 1]FIGURE 1 | Location relationship between the shield and the White Tower. (A) Plane. (B) Section.
According to the drilling exposure and field wave velocity test, the stratum rocks within the depth of the shield tunnel can be divided into gravel fill, sandy silt, and medium-weathering quartz sandstone. The whole section of the shield tunneling is located in the medium-weathering quartz sandstone. The physical and mechanical property parameters of the soil layer are shown in Table 1. Among the parameters, H is the thickness of the soil layer, γ is natural gravity, E is the elastic modulus, ν is the Poisson’s ratio, and SV is the shear wave velocity.
TABLE 1 | Physical and mechanical parameters of the soil layer.
[image: Table 1]2.2 Field test instruments and installation
During the field tests, the 941B ultra-low frequency vibration sensor was used for the surface measurement points, and the JX941 ultra-low frequency vibration sensor was used for the deep measurement points. The data acquisition instrument adopts an INV3060V network distributed acquisition instrument with a sampling frequency of 512 Hz and a monitoring and analysis frequency of 100 Hz. Among them, the JX941 ultra-low frequency vibration sensor needs to use supporting installation equipment. The specific installation process is as follows: first, drill holes at the predetermined location on the ground surface until the specified depth, then install the landing gear at the hole location, and finally, lower the sensor along the hole to the selected area. The deep vibration testing instrument is mainly divided into three parts, namely, the clamping, stopping, and guiding device; the disengagement, horizontal, and angular adjustment device; and the vibration detection device. The vibration sensors are connected by fixed-length connecting rods through flange connectors, and put into the well in sequence, which can ensure the accurate depth of the sensors, and also help to ensure the accuracy of the test. Furthermore, the grouting pipe is fixed on the lowering rod and put into the well, which is convenient for grouting. Figure 2 shows the on-site vibration test.
[image: Figure 2]FIGURE 2 | On-site vibration test. (A) Surface vibration testing. (B) Deep vibration testing.
Each measurement point tests the acceleration in three directions simultaneously, where the X direction is the shield-digging direction, the Y direction is perpendicular to the shield-digging direction, and the Z direction is the vertical direction. The test process and method are carried out according to the relevant provisions of the national standard reference (Chang, 2013; GB 10070-1988, 1988; GB 50911-2013, 2013).
2.3 Test scheme and working condition
This study aims to predict the characteristics of the vibration source and the attenuation law of vibration in the ground during shield tunneling and to study the impact of shield construction on the vibration response of the White Tower. In order to study the vibration response characteristics of the main construction steps in the shield construction process, vibration tests were carried out for cutter head driving and segment installation. Sensors were arranged at the surface position 30 m from the cross section of cutter head to the tunnel center and the plane position was shown in Figure 3A. Considering the vibration of the White Tower under the most dangerous working conditions, i.e., the south tunnel construction is directly on the side of the White Tower (at this time, the vibration source is 24 m away from the White Tower horizontally). During the construction of the north tunnel through the White Tower on the side, a vibration monitoring section was set up outside the White Tower’s protection area, which includes five surface vibration measurement points and two deep vibration measurement points. In order to reduce the impact of the white tower in shield construction, two working conditions were considered in the field vibration tests including crossing through (case 1) and after crossing (case 2), where the after-crossing condition is 20 m forward for the crossing-through condition. The vibration test scheme is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Vibration test scheme. (A) Plane. (B) Section.
3 TEST RESULTS AND DISCUSSION
3.1 Vibration source test
The surface vibration response caused by the main construction steps in the shield construction process is shown in Figure 4. According to the field vibration source test, when the cutter head is driving, the maximum vibration velocity in X, Y and Z direction of the surface vibration measurement point is 0.083, 0.059 and 0.198 mm/s, respectively. When the segment is assembled, the maximum vibration velocity in three directions is 0.019, 0.005 and 0.026 mm/s. The vibration velocity in X direction is greater than that in Y direction, and the vibration induced by cutter head driving is significantly greater than that of segment assembling. Therefore, cutter head driving is the main cause of surface vibration response.
[image: Figure 4]FIGURE 4 | On-site testing of vibration at ground surface. The data are from the on-site monitoring daily reports: Zhijiang Road Water Pipeline Corridor and Road Upgrading Project Manager Department (2023).
3.2 Research on vibration characteristics
During the construction of shield tunneling, the coupling effect of various vibration sources makes the characteristics of vibration sources complex. Furthermore, the stratum parameters of construction projects and tunneling construction parameters are quite different, resulting in significant differences in the amplitude–frequency characteristics of shield tunneling vibrations. For this project, the vibration characteristics are studied. The time–frequency curves of typical measurement points are shown in Figures 5, 6.
[image: Figure 5]FIGURE 5 | The time-frequency curves of typical measuring points under case 1.
[image: Figure 6]FIGURE 6 | The time-frequency curves of typical measuring points under case 2.
From Figure 5, it can be seen that the three-way vibration of deep measurement points obviously differs during shield tunneling. The RMS vibration velocity in the X, Y, and Z directions are 0.046, 0.034, and 0.053 mm/s, respectively. The three-dimensional vibration response of the surface measurement points is close. The vibration response of the deep measurement point is significantly larger than that of the surface measurement point. In the same vertical direction, the vibration propagates from the deep measurement point to the surface measurement point, and the three-way vibration velocity effective value attenuation rates are 41%, 3%, and 38%, respectively. The vibration frequency band of deep measurement points caused by shield construction is wider than that of surface measurement points. Since Point 1 is located in the same soil layer as the shield palm surface (with a wave velocity of approximately 450 m/s) and is relatively close, the vibration characteristics are similar to those inside the shield machine: The frequency are distributed at 0–100 Hz, and the high-frequency components of 30–60 Hz are obvious. Under the filtering effect of the surface-covering soil layer, the high-frequency components of the vibration response are significantly attenuated, and the surface vibration is mainly distributed within 40 Hz.
It can be seen from Figure 6 that after the shield passes through, the three-way vibration responses of both the deep measurement points and the surface measurement points tend to be consistent. Among them, the RMS vibration velocity in the X, Y, and Z directions of the deep measurement points are 0.015, 0.014, and 0.011 mm/s, respectively. The RMS values of the X-direction, Y-direction, and Z-direction vibration velocities of the surface measurement points are 0.009, 0.009, and 0.010 mm/s, respectively. In the same vertical direction, the vibration propagates from the deep measurement point to the surface measurement point, and the effective value attenuation rates of the three-way vibration velocity are 40%, 36%, and 10%, respectively. When the shield is pushed forward 20 m, the attenuation rates of the three-dimensional vibration velocity of the deep measurement points are 69%, 59%, and 79%, respectively, and the attenuation rates of the three-dimensional vibration velocity of the surface measurement points are 67%, 73%, and 70% respectively. With the shield advancing forward, the frequency domain curve of the deep measurement point on the measuring line changes obviously, the high-frequency component attenuates significantly, and the vibration response is mainly distributed within 60 Hz.
3.3 One-third octave analysis
To reflect the vibration spectrum characteristics caused by shield tunneling in more detail, the frequency is divided into several frequency bands. In this paper, the one-third octave is used for spectrum analysis, and the vibration response intensity corresponding to different center frequencies is determined to evaluate the different frequencies of vibration. The one-third octave of each measurement point under different working conditions is shown in Figures 7, 8.
[image: Figure 7]FIGURE 7 | One-third octave curve of deep measuring point under various working conditions.
[image: Figure 8]FIGURE 8 | One-third octave curve of surface measurement points under different working conditions.
It can be seen from Figure 7 that when the shield is crossing through, in the 1–100 Hz frequency range concerned by the building, the vibration levels of the deep measurement points in the X, Y, and Z directions are 31–67, 32–68, and 34–68 dB, respectively. The one-third octave curve of vibration generally exhibits a trend of rising first and then falling, and the peak value of the high-frequency component greater than 40 Hz is obvious. When the vibration propagates from measurement point 1 to measurement point 2, the range of three-way vibration attenuation is 0–7, 0–6, and 0–7 dB, respectively, and the three-way vibration has a maximum attenuation at about 30–40 Hz. When the shield continues to advance 20 m, the three-way vibration levels of the deep measurement points decrease, and the ranges are 21–46, 22–46, and 22–48 dB, respectively. The peak value of the one-third octave curve of the vibration migrates to the low-frequency direction in comparison to case 1. When the vibration propagates from measurement point 1 to measurement point 2, the three-way vibration attenuation ranges are 0–5, 0–12, and 0–9 dB, respectively, and the three-way vibration has the maximum attenuation at 63 Hz. When the shield experiences different working conditions, the maximum attenuation of the three-way vibration level is 33, 31, and 26 dB, respectively. The maximum attenuation occurs in the high-frequency component of 63–100 Hz. When the shield is pushed forward by 20 m, the soil significantly filters the high-frequency component of the vibration.
It can be seen from Figure 8 that, when the shield crosses through, the vibration levels of the X, Y, and Z directions of the surface measurement points are in the range of 58, 56, and 60 dB, respectively. The three-way vibration is significantly attenuated in the part higher than 40 Hz than the deep measurement point, which is consistent with the conclusion obtained on the frequency domain diagram. The vibration level of the surface measurement point is higher in the low-frequency component, of 6–40 Hz. With increases in the horizontal distance from the vibration source, the vibration response exhibits a trend of attenuation overall, and the attenuation of the high-frequency component is also obvious. When the shield continues to advance 20 m, the three-way vibration levels of the surface measurement points decrease, and the deeper measurement points differ. When the shield advances forward, the surface measurement points attenuate significantly in the middle- and low-frequency bands. At this time, the vibration response of the five measurement points on the measurement point is more positive than the shield.
3.4 Attenuation law of the survey line section
To study the attenuation law of shield construction vibration in the stratum, the variation law of the three-way total vibration level and three-way effective vibration velocity with increases in the distance under different working conditions is studied. Figure 9 shows a curve of the total vibration level with increases in the horizontal distance under different working conditions.
[image: Figure 9]FIGURE 9 | Curve of the total vibration level with increases in the horizontal distance.
From Figure 9, it can be seen that during the shield crossing, the three-way total vibration level range on the surface side line is 60–65 dB, and the three-way total vibration level range of the deep measurement point is 64–72 dB. The average vibration level of the deep measurement point is 5 dB higher than that of the same position on the surface, and the vibration response in the Z direction is greater than that in the Y direction and greater than that in the X direction, which is consistent with the conclusion of the time-domain diagram above. After shield crossing, the three-way total vibration level range on the surface survey line is 50–56 dB, and the three-way total vibration level range of the deep measurement point is 55–58 dB. The deep vibration is 3 dB higher than that of the surface. After the shield is pushed forward 20 m, the average attenuation of the surface vibration response is 10 dB, and the average attenuation of the deep vibration response is 12 dB. The vibration response in the Z direction is greater than that in the horizontal two-way direction. The effective vibration velocity is consistent with the law of the total vibration level.
3.5 Safety control measures
Based on the vibration characteristics and the vibration attenuation laws studied above, the final safety control measures for the White Tower are as follows: control the excavation speed to 2–8 mm/min, and install a row of 30-m-deep vibration isolation boreholes outside the White Tower. The dimensions of the isolation boreholes are detailed in Figure 10A. During the entire process of the south line shield tunnel crossing, the maximum horizontal vibration response at the tower base was approximately 0.05–0.1 mm/s, and the maximum horizontal vibration response at the tower top was approximately 0.1–0.2 mm/s.
[image: Figure 10]FIGURE 10 | Safety control measures. (A) Vibration isolation boreholes. (B) Effectiveness of safety control measures. The data are from the on-site monitoring daily reports: Zhijiang Road Water Pipeline Corridor and Road Upgrading Project Manager Department (2023).
4 CONCLUSION
To solve the problems of complex vibration source characteristics and unclear vibration attenuation law in shield construction, based on the shield tunnel project of Zhijiang Road in Hangzhou, field tests of deep soil and surface vibration caused by shield tunneling are carried out to study the characteristics of the vibration source and the propagation law of the vibration in the stratum during the shield construction, the conclusions are as follows:
(1) Cutter head driving is the main cause of surface vibration response. The vibration frequency band of deep measurement points caused by shield construction are mainly distributed in 0–100 Hz, and the high-frequency components of 30–60 Hz are obvious. Under the filtering effect of the surface-covering soil layer, the high-frequency components of the vibration response are significantly attenuated, and the surface vibration is mainly distributed within 40 Hz.
(2) After the shield is pushed forward 20 m, the average attenuation of the surface vibration response is 10 dB, and the average attenuation of the deep vibration response is 12 dB.
(3) When the shield passes through, the three-dimensional vibration level range of the deep measurement point is 30–70 dB, and the one-third octave curve of the vibration generally exhibits a trend of rising first and then falling, and the peak value of the high-frequency component greater than 40 Hz is obvious. When the shield continues to advance 20 m, the average vibration level of the deep measurement point attenuates by 34 dB, and the maximum attenuation occurs at 63 Hz. When the shield passes through, the vibration level of the surface measurement point is within the range of 60 dB.
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