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Abstract

:

With the rapid development of metro construction, shield machines inevitably have to traverse a variety of complex geological conditions, leading to the frequent occurrence of geological disasters, equipment failures, building vibration and other problems. Vibration, as an important feature of the shield tunneling process, has received more and more attention in recent years. This paper summarizes the relevant research progress of vibration monitoring during shield construction from 2015 to 2023. It analyzes the shield vibration generation mechanism, monitoring methods and application areas. Firstly, the shield vibration type is divided into mechanical vibration triggered by internal excitation and forced vibration triggered by external excitation, and the principles of vibration generated by shield main bearing, gearbox and disc cutter are discussed. Then, the commonly used vibration monitoring methods are outlined according to the installation location of the sensors (inside and outside of the shield). Finally, the applications of vibration signals in the diagnosis of shield faults, the identification of geologic conditions, and the evaluation of the current status of the interference with the buildings are summarized. This paper discusses the development trend of vibration monitoring during shield tunneling based on the current research situation and the current technology level, which provides valuable insights to enhance the safety and intelligence of shield construction.






Keywords:


vibration monitoring; shield tunnel; fault diagnosis; geologic prediction; environmental impact












1. Introduction


Shield machines have been widely used in metro construction due to their advantages of high mechanization, high construction efficiency, a high safety factor, and minimal environmental impact [1,2,3]. However, with the rapid and large-scale construction of metro networks, shield machines inevitably have to traverse complex geological conditions, such as water-rich karst strata, composite strata, fault fracture zones, and extremely hard-rock strata [4,5,6,7]. During shield tunneling construction, the cutterhead usually generates violent vibration. On the one hand, severe vibration may cause damage to the shield structure and increase the risk of shield construction [8]. On the other hand, the vibration of the cutterhead reflects the working performance of the shield machine [9]. Therefore, to avoid engineering accidents such as geological disasters and equipment damage, the study of shield vibration characteristics has become a hotspot for scholars in recent years, including vibration generation monitoring and application. Figure 1 shows the schematic diagram of shield vibration propagation.



As the core component in direct contact with the surrounding rock, the disc cutter bears the impact load from the rock–soil body during excavation, and the load is transferred to the cutterhead to cause the vibration [10]. In addition, in the process of equipment operation, the vibration generated by the motor, gears and other equipment is also inevitable [11]. But these two types of vibrations often differ significantly in intensity, making them distinguishable. The former has been extensively studied in the geotechnical engineering field, while the latter has been more studied in the mechanical engineering field. Due to the existence of a closed pressure chamber in front of the shield machine, it is impossible to directly observe the stratigraphy of the excavation surface and the working status of the cutterhead. A large number of practices have proved that the vibration signal of the shield machine is sensitive to the response of the stratum characteristics [12], but the direct monitoring of the vibration of the disc cutter faces great challenges. Therefore, how to effectively monitor the vibration signals in shield construction and extract effective features has become the focus. In the field of geological investigation, traditional geophysical equipment is not suitable for work due to the large space occupied by shield tunneling machine auxiliary equipment in the tunnel and the absence of exposed surrounding rock. Therefore, the use of vibration signals generated by the rock breaking of the disc cutter, to realize the prediction of geological development conditions in front of the excavation surface, is also favored by scholars. Despite this, the vibration intensity generated during shield construction is relatively low, and their impact on surrounding buildings is minimal. However, as the depth of the shield tunnel becomes shallower, it will inevitably cause disturbance to the nearby buildings and people [13]. Therefore, monitoring vibrations near buildings and optimizing shield tunneling construction accordingly is also of great significance.



This paper reviews the relevant research on vibration characteristics during shield tunneling over the past decade, discussing the generation, monitoring, and application of vibrations. Firstly, the mechanism of vibration generation is discussed from both internal and external aspects. Then, the monitoring techniques and methods of vibration signals are introduced. Finally, the application scenarios of vibration signals are summarized, including the identification of mechanical failures, the prediction of geological conditions, and the assessment of their impact on surrounding buildings. The development trend of the application of shield vibration signals is also discussed.




2. Source of Shield Vibration Signal


During shield tunneling, the vibration in the cutting system mainly originates from two sources. One is the internal excitation generated during equipment operation [14], which also occurs when the shield machine is idling. The other is the external excitation generated by the interaction between the cutter and the rock-soil, resulting in impact loads [15], which is only generated when the shield machine is digging. Typically, the external excitation is a large shock load that produces more intense vibrations than those produced by internal excitation.



2.1. The Internal Excitation


A shield machine can be divided into two major parts: the main machine and the auxiliary equipment. The main machine is responsible for excavation and soil transportation, while the auxiliary equipment is responsible for tasks such as segment assembly. The main machine mainly includes two kinds of motion attitude control, namely, cutterhead rotation and propulsion, powered by the main drive system and hydraulic cylinder, respectively [16]. The auxiliary facilities primarily operate within the pre-assembled segments, and their vibration mainly affects the structures of the segments rather than being considered as internal excitation for cutterhead vibration.



The main bearing of the shield machine is responsible for transmitting the thrust and radial forces in the direction of advancement of the cutterhead, and for bearing the torque generated by the rotation of the cutterhead and the overturning torque generated by the weight of the cutterhead. The gearbox, as the core component of the main drive of the shield machine, generally adopts a three-stage planetary gear transmission system, characterized by a compact structure and strong load-bearing capacity. The gearbox usually works under the conditions of a low speed and heavy load, huge torsional impact and harsh environment, which inevitably generates vibration during operation [17]. Figure 2 shows the main bearing and gearbox of the shield machine. To avoid abnormal vibration leading to equipment damage, scholars have developed a variety of computational models to explore the generation mechanism of vibration signals.



Jones [18] established the equilibrium equations of forces and moments between rolling elements, and firstly proposed a quasi-static model of cylindrical roller bearings on the basis of raceway control theory. Li et al. [19] proposed an improved quasi-static model on the basis of this model, used it to calculate the friction torque of high-speed spindle bearings. Yu et al. [20] further considered factors such as the thickness of the oil film in the raceway of the bearing and the deformation of the inner ring by the centrifugal force of rollers, and then analyzed the dynamic characteristics of the bearing. Niu et al. [21] created an improved ball bearing vibration analysis model, and analyzed the dynamic response of ball bearings. Wang et al. [22] explored the effect of the change in meshing stiffness on the vibration response of the system by establishing a six-degree-of-freedom dynamics model. Nie et al. [23] proposed the equivalent transfer path function for the first time, and constructed a vibration signal model of a multistage planetary gear system by considering the time-varying effect of the transfer path from the source of the meshing vibration to the sensor with a fixed position. Mishra et al. [24] constructed a dynamic model of localized bearing failure by using virtual prototype technology. Furch et al. [25] established a pure rigid body simulation model of a planetary gearbox based on ADAMS to study the failure characteristics of the intertooth contact force in the time and frequency domains in the case of distributed faults and localized faults. Guo et al. [26] optimized the expansion path of the sun wheel gear in the model, and established a two-stage planetary gear rigid-flexible coupling model to analyze the vibration response of the system under different crack depths of the sun wheel. Zhang et al. [27] established a dynamic model of the tunnel boring machine considering periodic meshing stiffness and speed-torque characteristics. Sun et al. [28] established a dynamic model of multi-stage planetary gear systems for tunnel boring machines based on the centralized mass method. Yang et al. [29,30,31] proposed an elasticity model considering the rock boundary, actuator stiffness, joints and key components. Li et al. [32] established a theoretical model of health dynamics and a failure dynamics model of a three-stage planetary gearbox, and analyzed the effect of tooth wear depth on the meshing force of each stage.




2.2. The External Excitation


In the shield tunneling process, the disc cutter, as the core component that cuts the surrounding rock directly, is subjected to the reaction force of the surrounding rock, and the rock-breaking load is transferred to the cutterhead through the cutter shaft, resulting in the mechanical imbalance of the cutterhead structure, which generates vibration in all directions. Especially in the hard rock and composite strata, the disc cutter is subject to the impact load from the rock, which is more obvious. The synthetic load of the lateral and vertical forces of the disc cutter generates radial vibration of the cutterhead, and the torque caused by the rolling force of the disc cutter generates torsional vibration of the cutterhead.



Since the 1960s, many scholars have begun research on the theory of disc cutter rock breaking, proposing many classical computational models, such as the shear fracturing model [33,34], the tension fracturing model [35] and the CSM model [36]. These models can obtain the force situation when the disc cutter interacts with the rock. All these models simplify the disc cutter rock breaking process to a static process, and it is difficult for this to truly reflect the dynamic changes of the disc cutter force. Based on extensive field practice and laboratory testing [36,37,38,39], it has been observed that the rock breaking process with disc cutters exhibits significant dynamics and abrupt changes. The disc cutter load oscillates violently during the cutting process, resulting in strong vibration of the cutter and the surrounding ground.



Huo et al. [40,41,42] developed a multi-degree-of-freedom coupled dynamic model consisting of cutter ring, cutter body, and cutter shaft to better understand the load transmission and vibration characteristics of disc cutters. Furthermore, they constructed a test bench for the main system of a hard rock tunnel boring machine. By considering time-varying external random excitations of the cutters, time-varying meshing stiffness of the gears, meshing errors, and main bearing stiffness, they established a multi-degree-of-freedom coupled dynamic model to study the load and vibration characteristics of the cutterhead [43]. Liao et al. [44] established a multi-system coupled closed dynamics model by considering the closed structure of the shield machine and the interaction with the rock, and the equations of motion of each rigid body in the tunnel boring machine system in generalized coordinates were derived. Sun et al. [45] proposed a new dynamic cutting force model (DCFM) with rock and operating parameters. Xu et al. [46] analyzed the effect of cutting depth and cutter penetration force on cutter vibration, and found that the most severe vibration occurs in the normal direction of the disc cutter, and the greater the penetration, the more intense the vibration.



To more realistically reflect the rock breaking process of the disc cutter, scholars have carried out a series of tests to study the dynamic response characteristics of the disc cutter under different stratigraphic conditions, including the linear cutting test and rotary cutting test (Figure 3) [47,48]. In the early stage of the research, the linear cutting test was widely used as a reliable and accurate method to predict the disc cutter force [47,49,50]. The linear cutting test uses an actual disc cutter to cut the rock specimen and measure the cutting force. The disc cutter cuts the rock by setting parameters such as disc cutter pitch, penetration, and thrust. The test results are used to establish the relationship between the disc cutter force and other factors, which in turn is used to predict the performance of the disc cutter under different stratigraphic conditions [51,52,53,54].



Although the basic disc cutter force can be obtained by linear cutting test, the rock-breaking method used in the test is different from the rotary cutting of the disc cutter in the actual project. It is not possible to consider the lateral force on the disc cutter with a small installation radius during operation. Therefore, the rotary cutting experimental equipment was developed to more realistically reflect the force state of the disc cutter [55].



Gong et al. [56] analyzed the effects of high ground stress, cutterhead rotation and the simultaneous cutting of rock by multiple cutters on the disc cutter force. Peng et al. [37] carried out rotary cutting tests with fixed penetration mode and fixed normal force mode. The effects of the two control modes on the normal force, rolling force and cutting coefficient of the disc cutter were analyzed. Pan et al. [57] conducted rotary cutting tests on cement mortar specimens using disc cutters with different installation radii (360–850 mm). The effects of disc cutter mounting radius and penetration on the force were investigated, and it was concluded that the disc cutter cutting force was very unevenly distributed on the cutterhead. Wen et al. [48] investigated the cutting performance of the disc cutter and analyzed the force under composite stratum conditions. Deng et al. [58] developed a new type of rotary cutting platform, which can realize rotary cutting up to a diameter of 3.3 m.



With the rapid development of computers, numerical analysis methods are more and more favored by scholars. Numerical simulation can both highly restore the dynamic process of disc cutter breaking rock, and make up for the shortcomings of high cost and poor repeatability of indoor tests. Commonly used numerical analysis methods to simulate the rock breaking of a disc cutter include FEM [59], the GPD method [60], FEM-SPH [61], FEM-DEM [62], 3DEC [63], FLAC3D [5], RBD-DEM [64], PFC3D [65,66], MatDEM [67], and Peridynamics [68].



In summary, there are many reasons for vibration in shield construction, and the vibration generated when the disc cutter cuts the surrounding rock is the most intense, which is a hot spot in the field of geotechnical engineering research. The vibration is directly related to the force, especially in hard rock or composite stratum conditions, the disc cutter is subjected to impact loads, which causes violent vibration. Scholars have studied the force by means of theoretical derivation, indoor test and numerical simulation. The disc cutter force has a great relationship with the cutter structure, cutter installation radius and digging parameters. Therefore, according to the research results of disc cutter force and vibration characteristics, it is necessary to optimize and improve the shield disc cutter and cutterhead. For example, it is necessary to improve the material properties of the disc cutter, increase the auxiliary rock-breaking functions such as water jets and lasers, and adjust the digging parameters.





3. Vibration Monitoring Methods and Techniques


Common vibration monitoring methods include internal and external monitoring of the shield machine. Internal monitoring can be divided into direct monitoring at the location of the vibration source and indirect monitoring on the vibration signal propagation path; external monitoring is mainly for vibration monitoring outside the shield tunnel.



3.1. Direct Monitoring within the Shield


As a direct rock-breaking tool, the interaction between the disc cutter and the surrounding rock is the main source of vibration. Therefore, installing sensors on or near the disc cutter to monitor the vibration signal is the most intuitive and effective way to obtain the vibration signal.



Yang et al. [69] carried out a model test of shield vibration characteristics under composite stratum conditions, and found that different non-homogeneous stratum conditions mainly affect the cutterhead acceleration amplitude and frequency distribution, and the greater the strength difference between hard rock and soil at the excavation surface, the greater the vibration acceleration and the more concentrated the vibration frequency. The radial and circumferential vibration acceleration of the cutterhead at different positions are not very different, but the axial acceleration is very different, which provides a basis for the development of the field monitoring program.



Ling et al. [70] established a virtual prototype of the main machine system of a tunnel boring machine by comprehensively considering the spatial multi-point random excitation of the main bearing, the split cutterhead structure and the multi-directional support stiffness. A vibration monitoring system of a tunnel boring machine was constructed and applied in a water diversion project in China with the vibration sensor installed in the disc cutter access port, as shown in Figure 4. It is proposed that the horizontal and vertical acceleration of the cutterhead when rotating is affected by gravity, and the axial acceleration is not affected.



Huang et al. [71] developed a real-time monitoring system for tunnel boring machine interaction with surrounding rock. The monitoring system consisted of sensors, a data acquisition subsystem, a remote data transmission–storage subsystem and a data analysis subsystem, a set of BeeTech A302EX acceleration sensors was used to monitor the cutterhead vibration, and the monitored data were transmitted wirelessly to the system software, as shown in Figure 5. A time domain and spectral frequency domain analysis method of the acceleration rate of cutter vibration was proposed.



Wu et al. [72] developed a cutterhead vibration monitoring system, which consists of a data acquisition module, a communication control module, and a data processing and display module. The acceleration sensor, gyroscope and clock chip are integrated into the sensor board, which are used to obtain the three-axis vibration data, the rotating state of the cutterhead and the acquisition time. The sensors were mounted on the spokes behind the cutterhead of the shield tunnel boring machine (Figure 6). The results showed that the vibration was exacerbated by the increase in cutter force and penetration rate. In addition, the vibration amplitude was reduced when tunneling in a fault zone. Liu et al. [73] constructed a random forest model of multidimensional vibration features and tunnelling parameters using the data obtained from the above monitoring system, and filtered the vibration features that responded sensitively to the changes of tunnelling parameters by its feature importance evaluation function. It is believed that the peak factor and frequency standard deviation are the features that can best respond to changes in thrust and rotational speed, and can be used as key features to study the relationship between vibration signals and changes in tunneling parameters.




3.2. Indirect Monitoring within the Shield


However, the operating environment of the disc cutter and cutterhead is extremely harsh, and the closed pressure chamber of the earth pressure/slurry balance shield poses a huge challenge for signal transmission. To directly obtain the cutterhead vibration signal, it is generally necessary to modify the shield machine. Therefore, many scholars have begun to study how to monitor the vibration signal without modifying the existing equipment. The vibration signal generated when the disc cutter breaks the rock can be transmitted to the bulkhead through a series of connecting parts such as the disc cutter–cutterhead–main shaft [74,75]. Therefore, the vibration information of the cutterhead can be obtained by arranging vibration sensors at the bulkhead of the shield, and the effective features can be extracted as the basis for further research.



Xin et al. [76] developed a vibration sensor VM-BOX for shield machines, equipped with accelerometers of 16 g and 200 g ranges. It achieved the remote real-time online monitoring of equipment vibration data. Liu et al. [12,77] installed four vibration sensors on the bulkhead of the shield machine; the fixation method was magnetic suction. The relative positions of the sensors are shown in Figure 7b. This scheme is easy to realize, requires no modification to the shield machine, and does not affect the normal tunneling of the shield machine.



Fang et al. [78] installed a real-time dynamic response monitoring and analysis system in a slurry tunnel boring machine of a water transfer tunnel in Beijing. The system consisted of three IVS101 magnetoelectric vibration acceleration sensors, a signal acquisition instrument, and a dynamic signal analysis system. Considering that the underground water pressure of the project was as high as 0.32 MPa, which exceeded the pressure limit of the vibration sensors, they could not be installed on the cutterhead panel. The three sensors were set near the cutterhead bearings, on the inner wall of the manlock and on the ring beam in front of the jack, as shown in Figure 7c. The vibration waveforms were recorded every 15 min, and a total of 2000 acceleration responses were recorded during the 0.5 s monitoring period.



Shen et al. [79] also used sensors arranged at the back of the bulkhead inside the shield machine to monitor the vibration signals. The monitoring system included one triaxial accelerometer and three unilateral accelerometers, the type specification of the sensor was MPS-ACC03X/01X-IEPE, and the fixing method was magnetic suction, as shown in Figure 7d. The system was applied at the project site of Guangzhou–Foshan Intercity Railway.




3.3. Monitoring Outside the Shield


Shield structures are increasingly used in the construction of underground spaces in urban areas and are the main method for tunneling through rivers. The construction vibration problem caused by the shield machine seriously affects the human comfort of the ground building. To study the effect of shield vibration on the nearby buildings and strata, it is a good choice to deploy sensors to collect vibration signals inside the strata or on the surface.



Lu et al. [80] developed a shield machine construction site monitoring program for the range of shield vibration effects on human comfort, relying on the Qingdao Metro Line 4 project. Twenty-seven low-frequency vibration sensors (JX941) were deployed on the surface and underground to monitor the internal vibration of the ground during shield construction, as shown in Figure 8. Wu et al. [81] installed vibration sensors on the tube sheet to obtain the vibration signals during the shield construction. And the three-dimensional fully coupled dynamic model (3DFDM) of tunnel–hard rock–construction was established. Further vibration data were measured at the surface above the shield by a DH5923 dynamic signal test and Laser Doppler Vibrometer-PDV100 at three points at the bottom of the sidewall of the building.



Wang et al. [82] deployed multiple acceleration sensors on the surface and inside the strata to conduct shield vibration field monitoring tests, and the monitoring scheme was similar to the monitoring scheme in Ref. [48]. The authors combined theoretical methods such as normalization, polynomial fitting prediction and grey correlation analysis to investigate the vibration characteristics of shield machine construction, the range of impacts on the environment, and factors affecting vibration. Rallu et al. [13] conducted vibration measurements on four shield tunnel projects in France. These measurements installed vibration sensors on the ground surface and inside the shield machine. The monitoring system in the Lyon railroad project (Figure 9) consisted of 8 3D geophones (2 inside the shield: C3 and C4; 6 on the surface: C1, C2, T70, T71, T75, and T76) and 18 1D geophones (TR01 to TR18).



In addition, with the development of computer technology and intelligent technology, some scholars have proposed a new method to obtain shield vibration information. Yang et al. [83] established a multiple regression prediction model of vibration signals based on the vibration information of the main beam of the tunnel boring machine under different surrounding rock conditions. This method can be used to predict the vibration in real time through the characteristic parameters without using traditional vibration monitoring equipment. This method provides a new idea for determining the state of tunnel boring machine equipment in real time.



In summary, the direct installation of sensors in the cutterhead is still the most effective and direct vibration monitoring method. In the face of the harsh service environment of the cutterhead, the existing methods still have problems such as a short equipment life and signal transmission difficulties. Therefore, in sensor shock resistance, a sustained long-term power supply, wireless transmission and other aspects still need in-depth research. In addition, it would be a better solution to pre-bury the vibration sensors in a specific location during the design stage of the cutterhead, which also improves the intelligence level of the shield machine.





4. Applications of Shield Vibration Signal


The vibration signals of the shield machine contain rich information about the working characteristics of the equipment, and the raw vibration signals obtained through various monitoring methods in Section 3 are characterized by non-smoothness and non-linearity. Therefore, the feature information in the original signals must be accurately extracted by signal processing techniques to further analyze the equipment and stratigraphic features. In recent years, signal processing technology and feature extraction research has achieved a lot of results; commonly used signal feature extraction methods include time domain analysis, frequency domain analysis and time–frequency analysis. Time domain analysis is based on the time domain indicators for the initial analysis of the signal, but the time domain indicators are greatly affected by the noise signal, which makes a misjudgment. Frequency domain analysis methods include power spectrum analysis, cepstrum analysis, etc.; only in the vibration signal can a smooth state give more accurate results. The time–frequency analysis can obtain the instantaneous frequency and amplitude of the vibration signal at different moments, which meets the demand of observing the signal in the time and frequency domains at the same time, and has certain advantages in the feature extraction of non-stationary vibration signals.



For the vibration signals generated by shield construction, time–frequency analysis is currently the mainstream method of signal processing [84,85]. Commonly used time–frequency domain analysis includes Short Time Fourier Transform [86], Wavelet Transform [87], Empirical Modal Decomposition [88], Variational Modal Decomposition [89], Wigner-Ville Distribution [90], Hilbert-Huang Transform [91], Local Mean Decomposition [92], and Intrinsic Time-scale Decomposition [93]. The processed vibration signal features can be used in areas such as identifying equipment faults, predicting geologic features, and evaluating disturbances to surrounding buildings.



4.1. Identifying Equipment Faults


The shield machine structure is complex, with a wide variety of mechanical components, and the shield machine operating environment is relatively harsh and complex. The mechanical components will inevitably be damaged in the working process. Therefore, mechanical failure is the key research content of shield machine fault diagnosis. The rapid diagnosis and detection of mechanical faults ensures the normal construction of subway tunnels, which puts forward higher requirements for the mechanical fault diagnosis and detection of shield machines [94].



Studies have shown that it is feasible to utilize vibration monitoring and oil analysis techniques for the condition monitoring and fault diagnosis of key components such as main bearings and gearboxes [95,96]. Moreover, vibration during tunnel excavation is considered to have a significant impact on the performance of a tunnel boring machine, especially its excavation efficiency [70,97,98]. Zhu et al. [99] proposed a comprehensive performance evaluation method for the cutterhead by using the root-mean-square value of the speed as the vibration strength index. The evaluation system of strength and vibration was established. And the calculation method of vibration index was verified to be effective through field test. Sun et al. [100] established a multilevel evaluation system based on the vibration situation, used the finite element method to establish the dynamics equations, and took the three-way velocity value at the key position as the vibration severity index.



The shield main bearing is an important part of the cutter drive system, connecting the cutterhead and power system, and is called the “joint” of the shield machine. During the shield tunneling, the main bearing is subjected to huge thrust and impact loads from the cutterhead, which leads to its damage and failure. Therefore, the fault diagnosis and condition monitoring of main bearings are crucial. Shao et al. [101] used compression perception to reduce the amount of raw vibration data to improve the efficiency of data analysis, and used a deep convolutional neural network to learn the features of bearing vibration signals, and then classified and identified the faults. Lu et al. [102] combined the multiple vibration signals of the time domain and frequency domain indexes to form the feature vectors, and combined the probabilistic principal component analysis to realize the characterization of the life state of the main bearings. Pan et al. [103] mapped the vibration signals from the time domain to the circular domain, and extracted the feature vectors on the basis of these signals, thus realizing the early fault diagnosis of the main bearings. Bao et al. [104] proposed a method for predicting the life of the slewing bearing by combining the stream learning and support vector regression, and verified the validity of this method by comparing it with other optimization algorithms. Zhang et al. [105] designed a device to collect the vibration values of shield main bearings, hydraulic pumps and reducers. The device was used to collect and summarize the monitored vibration data and upload them to the online monitoring center, realizing the timely warning of fault discovery.



In addition, some scholars have conducted research on the fault diagnosis of disc cutters and mud pipes of a slurry balanced shield machine. Fang et al. [106] analyzed the impact load action law that induced the cracking of a disc cutter ring through the monitored vibration signal of the shield. The results showed that, compared with the static parameters such as the thrust and torque of the tunnel boring machine, the acceleration response was extremely sensitive to the changes in driving parameters such as the digging speed, cutterhead rotational speed and drilling speed, and the acceleration decayed rapidly from the cutterhead to the shield tail. Fang et al. [107] systematically investigated two major abrasion and vibration behaviors leading to the failure of a slurry pipe, with a water conveyance tunnel in Beijing as the object. The time–frequency characteristics of the slurry pipe in different strata were measured and analyzed. A multi-parameter pipe wear warning method based on vibration characteristics was proposed.




4.2. Predicting Geologic Features


The vibrations generated by shield construction under different stratigraphic conditions have obvious differences [71]. When cutting hard rock and composite strata, the shield cutterhead is subjected to strong impact loads, and the vibration caused is more obvious. The vibration amplitude of the cutterhead is significantly reduced when crossing the fracture zone and soft ground [72]. In addition, the cutterhead vibration is also affected by the tunneling parameters such as penetration and rotational speed. So far, some vibration monitoring systems (Section 3) have been developed to collect on-site vibration data, and the effects of geological conditions and boring parameters on the vibration characteristics in the time and frequency domains have been investigated. Vibration signals were first used in the field of geo-identification for the detection of boulders in soft ground. It was shown that significant signals over a wide frequency range could be transmitted from the cutterhead to the bulkhead [74,108]. Buckley et al. [75] further installed a signal enhancement system on the shield machine. The results show that the method is useful for identifying boulders in the soil, but lacks real geologic data for validation. Although the accuracy needs to be improved, it provides a research basis for predicting geology based on vibration signals. Huang et al. [71] developed a real-time monitoring system for the interaction between the surrounding rock and the tunnel boring machine, and monitored shield vibration signals at the Lanzhou Water Resources Project in China. It was found that when the tunnel boring machine restarted after stopping or jamming, the cutterhead vibrated violently; the intensity of cutterhead vibration increased with the increase in the cutterhead speed and penetration rate. This provides support for establishing the relationship between vibration signals and stratigraphic features.



Ates et al. [109,110] developed a shield machine vibration monitoring system. It was used to improve the excavation performance of shield machines by relating the vibration characteristics to different geological conditions (e.g., different geotechnical units, transition zones, etc.), shield operating parameters and cutter conditions. Geological conditions were found to be the main factor affecting the vibration characteristics. The geomechanical properties of the rock are related to the vibration modes, and the vibration increases with increasing rock quality (RDQ and GSI). Fang et al. [78] thoroughly investigated the response mechanism and time–frequency characteristics of the acceleration of slurry balanced shield machine in five formations. The results show that the shield vibration acceleration response is extremely sensitive to the stratigraphic changes. An LSTM network with slurry balanced shield machine driving parameters and acceleration response characteristic values as input parameters was established. Intelligent recognition of five formations was realized with an accuracy of 97.4%. However, the robustness of the model needs to be further investigated.



Traversing composite strata is a recognized difficulty in the shield construction industry, and it is very easy to induce engineering accidents. Liu et al. [12] used deep neural networks and convolutional neural networks to develop a vibration-based ground prediction model for the excavation surface. The model can identify the stratigraphic conditions of the excavation surface without interrupting the normal excavation process, and adjust and optimize the excavation parameters according to the prediction results in a timely manner. The larger the hard rock ratio in the composite strata, the larger the cutterhead amplitude and the more concentrated the frequency [77]. Specific ground conditions will lead to specific vibration characteristics. This work can help engineers better understand the vibration generation mechanism in complex formations, and provide reference for geological identification based on vibration analysis. Shen et al. [79] analyzed the time–frequency spectral characteristics of vibration signals in various formations using continuous wavelet transform (CWT) for identifying the vibration peaks and their periods. Based on the process of disc cutter collision with the soil–rock interface (SRI), the key factors affecting the amplitude of the acceleration peak (installation radius of the disc cutter and the position of the SRI) were identified. A method for estimating the location of the SRI based on vibration data was proposed.




4.3. Evaluating Disturbances to Surrounding Buildings


Shield construction may cause damage to buildings or other types of structures on the ground due to soil settlement or strong vibrations, which in turn affects the overall stability of the structure [111]. It was reported that 28 buildings and 214 apartments were demolished during tunnel excavation in one of the intervals of the Istanbul Metro line due to severe damage caused by shield excavation. The total economic damage amounted to approximately USD 35.6 million [112]. This issue is even more sensitive when the shield passes through the city’s historic neighborhoods, and additional precautions need to be taken to protect the integrity of the historic buildings [113]. Therefore, it is necessary to assess the impact of shield construction on buildings above ground by monitoring actual vibration signals on site [114].



Guo et al. [115] carried out real-time simultaneous field tests in the tunnel and on the ground surface, relying on the typical section of Lanzhou Metro Line 1. Taking the range of 50 m × 50 m from the central axis of the tunnel as the study area, they analyzed the propagation and attenuation of the vibration wave in the sandy gravel stratum in the time and frequency domains. Zhu et al. [116] compared the difference in vibration between shield tunneling in soft ground and composite ground, and analyzed the main influencing factors of shield body vibration. The research results can provide engineering references for optimizing the shield construction parameters and reducing the vibration of shield tunneling on the ground layer. Namli et al. [117] analyzed the acceleration records of a reinforced concrete building located between two metro tunnel lines, and found that the characteristics of the excavation surface stratum play an important role in vibration generation and transmission. Vibrations decay faster in soft clay than in claystone–sandstone formations. Grund et al. [118] monitored the vibration signals during shield construction in the Karlsruhe city subway tunneling project. Through analyzing its time-domain and frequency-domain characteristics, it was found that the signals generated by the shield were no longer detectable at a distance of about 250 m. The vibration characteristics depend to a large extent on the characteristic of the strata (hard rock and sediments) and the type of shield machine, and the vibration may vary greatly due to different geological conditions.



Lu et al. [80] investigated the transverse and longitudinal vibration patterns of double-shield tunnel boring machine construction. The range of vibration effects was obtained according to the criteria of human comfort in buildings. The results of the study can provide a reference for the vibration effect of double shield tunnel boring machine passing through buildings, highways and bridges. Wu et al. [81] proposed three different perspectives to analyze the impact of vibration caused by shield excavation on existing buildings by introducing the vibration signals monitored on site into the numerical model. It was concluded that the main impact distance of tube sheet vibration induced by hard rock tunneling is about 9 m. Hard rock tunnel excavation may lead to building vibration exceeding standard limits, and the sensitivity of buildings to such vibration varies among different foundation types.



Rallu et al. [13] defined the metrics used to analyze the vibration levels based on the original site spectrum analysis of the FDD method. The mechanical impact of vibrations generated by the tunnel boring machine on neighboring buildings and the inconvenience caused to the local population were discussed. A signal processing method was proposed to characterize the amplitude of the particle velocities and the frequency content of the signals to highlight the most energetic bands. And the vibration levels were compared with the thresholds of various European regulations regarding the impact on neighboring structures and the disturbance to the local population. Wang et al. [82] investigated the propagation characteristics of vibration from tunnel boring machines, the range of environmental impacts, and the main influencing factors, and proposed optimization of the construction parameters of tunnel boring machines. The better the integrity and strength of the surrounding rock, the greater the vibration generated by the shield. The opposite is also true. The vibration caused by shield machine construction can be reduced by appropriately reducing the thrust, cutterhead torque, cutterhead speed and penetration of the shield.



In summary, shield vibration signals contain a large amount of useful information, and how to extract specific index parameters for the purpose of the study is still the focus of research. Most of the existing studies assumed that the disc cutter works normally, and it is difficult to recognize the interference of disc cutter damage on the vibration generated by the action of the rock breaking. Therefore, recognizing disc cutter failure based on vibration signals will be a new research direction. With the rise in artificial intelligence, vibration signal situational awareness technology is expected to make greater breakthroughs in the future. Intelligent decision-making and automated tunneling is the ultimate goal of shield construction, and it is necessary to develop a set of data interpretation systems based on vibration characteristics to comprehensively perceive equipment failure–geological characteristics–environmental interference.





5. Discussion


The monitoring of shield vibration is an important way to improve the safety and intelligence level of shield construction. With the continuous development of shield technology and information technology, the technical level of shield vibration signal monitoring will continue to improve, and the application fields of vibration signals will be more extensive. First of all, the current shield vibration monitoring method faces the problems of a short sensor life, time-consuming and laborious installation, and a need for improvement of the intelligence level of signal transmission and data processing. With the continuous progress of sensor technology and data processing technology, shield vibration signal monitoring will be more comprehensive and accurate and in real time. In particular, with the government’s support for intelligent construction, it will gradually become a reality to solve the installation, protection and signal transmission of sensors at the design stage of shield machines.



In terms of data processing, the development of big data technology makes the shield vibration monitoring system capable of handling larger capacity and more complex data. Based on big data and cloud computing technology, efficient management, storage and retrieval of massive vibration data can be realized, thus providing stronger support for the analysis and mining of vibration signals. Combined with artificial intelligence technology, the establishment of an intelligent vibration monitoring system and realization of the automatic identification and classification of vibration signals is expected. Based on machine learning and deep learning algorithms, this technology could learn the patterns and laws of vibration signals from historical data, mine the hidden information in vibration signals, and automatically extract feature indicators to realize automatic identification and early warning of abnormal vibration. Vibration monitoring will become an indispensable task in shield construction, which is helpful for operators to grasp the shield working status in time, and provide strong support for the optimization of the construction plan and decision-making on the control of tunneling parameters. However, the privacy and security of important engineering data needs to be considered, which can be achieved through data encryption, data desensitization, and restricting access.



As an important indicator reflecting the construction status of shield tunnel engineering, the vibration signal contains a large amount of valid data and implied information. With the development of artificial intelligence, in addition to traditional equipment fault diagnosis and geological condition assessment, the application scope of vibration signals will be further expanded, such as disc cutter wear detection and underground pipeline detection. Relying only on a single parameter of shield vibration to identify faults and predict ground conditions will inevitably lead to a high false alarm rate. Therefore, it is necessary to fuse multi-source information for comprehensive analysis. Through joint analysis with the site environment, the operating status of key shield components and other engineering monitoring data, misjudgments caused by a single data source can be effectively avoided, and the intelligent level of shield construction can be improved.



In terms of application area expansion, vibrations from shield construction may lead to quality problems such as deformation and misalignment of the lining. Therefore, the health monitoring of tunnel structures using fiber optic methods, non-contact methods such as digital images, and acoustic emission methods are equally important [119,120]. In addition, effective methods for the long-term monitoring and assessment of bridges and buildings [121,122,123,124,125] can also be applied during tunnel operation to reduce the incidence of disasters during the tunnel life cycle and to safeguard the safety of personnel and equipment.



In summary, shield vibration signal monitoring has been increasingly emphasized by scholars and construction personnel. With the development of science and technology, the application of artificial intelligence means to optimize the monitoring of vibration signals and expand its application areas will become a hotspot for future research. The research results will provide strong support and guarantee the safe, efficient and intelligent construction of shield construction.




6. Conclusions


This paper focused on the phenomenon of vibration signals generated in shield construction, and addressed the three aspects of vibration signals: source, monitoring and application. The main research results in the last decade were summarized and the development trend was discussed. The following conclusions were drawn:




	(1)

	
Vibration will inevitably be generated during shield tunneling, and the vibration signals can be classified into mechanical vibration caused by internal excitation and forced vibration caused by external excitation, according to the causes. The latter is more intense than the former, and is affected by the ground conditions, which is the focus of research in the field of geotechnical engineering. The vibration response characteristics are affected by the structure of the shield machine and the digging parameters, and the shield vibration is different under different working conditions.




	(2)

	
Vibration monitoring methods include direct/indirect monitoring inside the shield machine and monitoring outside the shield machine. The signals collected by the sensors installed on the bulkhead can reflect the vibration characteristics of the cutterhead to a certain extent. Installing sensors on the cutterhead is the most direct and effective method, but it faces the problems of the short life of the sensors and the difficulty of signal transmission. With the development of material properties and communication technology, this problem is expected to be solved. The external monitoring of the shield is mainly based on the relative position of the building and the shield tunnel to determine the monitoring points.




	(3)

	
Processing the raw vibration signals by time–frequency analysis methods can extract the effective feature indexes in them, thus realizing the diagnosis of shield faults, the identification of geological features, and the assessment of the impact on buildings. Signal processing technology seriously affects the ability to extract the hidden information in the signal. Therefore, with the development of information technology, shield vibration signals may be applied in more aspects.




	(4)

	
Intelligent decision-making and automated digging is the ultimate goal in the field of shield construction. The combination of vibration signal and artificial intelligence will be a hotspot for future research. With the rapid development of artificial intelligence technology, vibration signals will certainly play a greater role in the intelligent enhancement of shield tunneling, including intelligent monitoring, intelligent interpretation, intelligent diagnosis, intelligent warning and so on.
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Figure 1. The schematic diagram of shield vibration propagation. 
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Figure 2. The main bearing and gearbox of the shield machine. 
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Figure 3. The disc cutter cuts rock test system. (a) Linear cutting test; (b) rotary cutting test. 
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Figure 4. Vibration monitoring program in Ref. [70]. 
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Figure 5. Vibration monitoring program in Ref. [71]. 
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Figure 6. Vibration monitoring program in Ref. [72]. 
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Figure 7. Vibration monitoring program. (a) Schematic diagram of shield machine, (b) monitoring points in Ref. [12], (c) monitoring points in Ref. [78], and (d) monitoring points in Ref. [79]. 
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