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As a critical component in achieving the rock-breaking function during the operation of Tunnel Boring Machines (TBM), the cutterhead inevitably generates significant vibrations during the rock-breaking process. These vibrations can lead to localized damage to the cutterhead and cause the abnormal failure of key components, which, in turn, may compromise the overall tunneling efficiency of the machine. This study investigates the load and vibration characteristics of the cutterhead during the rock-breaking process, employing large-scale physical model experiments conducted at varying cutter spacings. Real-time acceleration data from the cutterhead can be obtained through the monitoring system integrated into the TBM (Tunnel Boring Machine) experimental platform. The whole time-domain curves are stepped and periodic, as demonstrated by the test results. During excavation, the monitoring curves vibrate suddenly if the cutter-head becomes stuck or if rocks begin to fracture. The cutter-head primarily exhibits vibrations in the 0∼3 Hz range, characteristic of low-frequency oscillations. To obtain the real-time mechanical properties of the cutter-head, transient dynamic analysis was employed, utilizing the collected data as driving parameters. According to numerical simulation results, the vibration pattern during excavation is the superposition of random vibrations generated by rock breaking and the unloading of the tunnel face. Moreover, it is important to monitor the wear of the edge cutters throughout the boring operation in real-world construction scenarios. To prevent and control cutterhead vibration, it is recommended that the cutter spacing be as small as possible during the tunneling process. At a smaller tool spacing, the cutterhead will exhibit higher structural integrity, which may lead to a delay in the response of mechanical vibration. The conclusions presented offer valuable insights for the study of the mechanical properties and stability design of TBM cutterheads.
Keywords: cutter spacing, TBM, mechanical characteristics of cutter-head, the transient dynamic analysis, rock-breaking process
1 INTRODUCTION
The escalating pace of transportation network development has elevated the significance of Tunnel Boring Machines (TBM) in tunnel excavation endeavors, attributable to their inherent safety and operational convenience (Armaghani et al., 2017; Gong et al., 2006; Farrokh, 2021). Among the integral components of the TBM, the cutterhead assumes paramount importance. The cutterhead is a key component to realize the rock breaking function during TBM construction. When the disc cutter group breaks the rock, the cutterhead will inevitably produce strong vibration (Zhou et al., 2019; Zhou et al., 2018a; Zhou et al., 2018b). If vibration is not effectively controlled, it may lead to a range of engineering issues, including bearing seal failure and, in extreme cases, cutterhead fracture (Huo et al., 2015; Huo et al., 2017). Following the determination of the tunnel section, the selection of cutter spacing becomes a critical factor influencing both rock-breaking efficiency and cutterhead vibration. Examining the vibration and load characteristics of the cutterhead at different cutter spacings can yield valuable insights for practical construction applications (Lin et al., 2019; Wang et al., 2019).
At present, the existing research mainly focuses on the corresponding mechanism of rock when TBM passes through complex geological conditions and the derivation and verification of the optimal cutter spacing formula or numerical simulation analysis (Zhou P. et al., 2019; Han et al., 2017; Xiao et al., 2017). Due to the limitation of test conditions, there is still a big gap between the current rock breaking test and the actual situation of tunnel construction (Zhou et al., 2018c; Tan et al., 2015). This paper innovatively combines the cutterhead load characteristics with the cutterhead vibration caused by cutterhead rock breaking, and realizes the combination of physical modeling experiment and transient dynamic analysis. By adding a real-time monitoring system on the test bench, the three-dimensional acceleration data of the cutterhead under different cutter spacing can be accurately obtained, and the measured data are close to the actual construction state (Zhang et al., 2021).
The experimental platform used in this study for TBM boring modal experiments primarily consists of a rotary mechanism, an associated control system, a screw conveyor, tunneling apparatus, and a hydraulic pump station, as illustrated in Figure 1. This experimental platform is capable of conducting various rock-breaking tests on different rock samples under both vertical and horizontal conditions, including different tool materials, tool spacing arrangement and rock breaking cutting speed changes. This paper studies the physical model tests of rock breaking under various cutter spacings, which stands as one of the scarce scientific research endeavors capable of pioneering advancements in TBM’s indoor model testing.
[image: Figure 1]FIGURE 1 | The TBM tunneling mode comprehensive experimental platform.
2 THE SETTING OF DIFFERENT CUTTER SPACING AND WIRELESS SENSOR ARRANGEMENT
The hob in the shield construction modal system is a standard 17-inch hob, with a diameter of 432 mm. The disc cutter consists of a cutter shaft, cutter body, and cutter ring. The primary objective of the simulation is to determine the load and vibration characteristics of the cutter ring during the rock-breaking process. To simplify the model, the cutter is represented as a hollow thin ring, retaining only the cutter ring and cutter body. In this simplified model, the cutter ring is positioned on the outer side and the cutter body on the inner side, as shown in Figure 2. Both the cutter ring and cutter body are assumed to be linear elastic and isotropic materials, with a density of 7,800 kg/m³, an elastic modulus of 2.1 × 1011 Pa, and a Poisson’s ratio of 0.3. The cutter body is treated as a rigid body, with displacement restricted in directions outside the cutting plane.
[image: Figure 2]FIGURE 2 | Standard disc cutter structure diagram. (A) Standard hob schematic diagram (B) Simplified model of standard disc cutter.
The tunnel boring machine (TBM) shield construction modal system developed by the State Key Laboratory of Shield and Tunneling Technology incorporates 14 built-in hobs, which include 6 central hobs and 8 positive hobs. Each central hob consists of 6 single-edged hob wedges mounted along a tool axis, while the positive hobs are arranged around the central hob, resulting in a total of 13 hob trajectory lines. The CAD drawing and the ANSYS three-dimensional diagram of the cutterhead are presented in Figure 3.
[image: Figure 3]FIGURE 3 | Cutterhead CAD drawings and three-dimensional schematics. (A) CAD drawing of cutter head (B) Three-dimensional diagram of the cutter head.
To simplify the simulation model and reduce computational time, the cutterhead cutting model of the test bench is reduced to two basic sub-models. The cutting model for the central disc cutter group is represented by six disc cutters, which are used to cut the disc-shaped rock. The cutting model for the positive disc cutter is simulated using cutters #7, #8, #9, and #10. These cutters are characterized by a smaller cutting radius, and their relative positioning is considered representative of typical cutter arrangements. The cutting surface of the rock is modeled as an annular shape, which reduces computational effort while ensuring that the trajectory of the disc cutters can be monitored in real-time. The hob cutting model is illustrated in Figure 4.
[image: Figure 4]FIGURE 4 | Hob cutting model diagram. (A) Center disc cutter cutting model (B) Cutting model of positive hob.
Based on the cutter-head of the TBM tunneling mode comprehensive experimental platform, a total of three typical cutter spacings are selected (Tan et al., 2016), involving 80 mm, 90 mm and 100 mm. The numerical simulation model corresponding to the three cutter spacings is shown in Figure 5.
[image: Figure 5]FIGURE 5 | The setting of different cutter spacing. (A) 80 mm cutter spacing (B) 90 mm cutter spacing (C) 100 mm cutter spacing.
Expanding upon the existing TBM tunneling modal comprehensive test bench, a new system for testing has been incorporated. This system includes a wireless acceleration sensor, securely attached to the cutter head using a magnet. The wireless gateway receives the test data obtained by the sensor, and transmits it to the processing software after analysis and conversion to realize data forwarding, as shown in Figure 6. The arrangement position of the acceleration sensor on the cutterhead frame is determined by static analysis, the detailed method used is summarized in the reference (Wang et al., 2017). Notably, the sensor placement remains consistent across different cutter spacings.
[image: Figure 6]FIGURE 6 | Test system flow chart. (A) The wireless acceleration sensor (B) Wireless gateway (C) The processing software.
3 RESULTS
3.1 Data analysis under different cutter spacings
Following a month curing period with cement mortar, the uniaxial compressive strength of the rock plate was measured to be 32 MPa by the rebound instrument. The cutter-head operates at a speed of 1 r/min, with an advancement rate of approximately 20 mm/min. A sensor, positioned on the cutterhead, is capable of monitoring acceleration in three directions: x, y, and z. In this study, the x-direction corresponds to the cutter-head’s horizontal plane, the y-direction to its vertical plane, while the z-direction corresponds to the direction of tunneling. The experiment encompasses 4 distinct working conditions: tunneling without load, tunneling with 80 mm cutter spacing, tunneling with a cutter spacing of 90 mm, and tunneling with a cutter spacing of 100 mm. Time-domain curves and spectrum analyses for each cutter spacing are presented in Figure 7, while the characteristic values of the collected data are presented in Table 1. Notably, the cutter spacings have minimal effect on the cutterhead acceleration in the absence of load, prompting the presentation of a representative set of curves in this paper, as depicted in Figure 7A.
[image: Figure 7]FIGURE 7 | Measured time-domain curves and spectrum analysis of different conditions. (A) Original vibration without cutting. (B) 80 mm cutter spacing. (C) 90 mm cutter spacing. (D) 100 mm cutter spacing.
TABLE 1 | The characteristic values of measured data.
[image: Table 1]Under the condition of tunneling without load, observations reveal cyclic reciprocation of acceleration in both the x and y directions, oscillating between −1 g and 1 g. The acceleration profiles of the cutter-head in these axes manifest sinusoidal or cosine patterns, with no significant vibrations or abrupt fluctuations. Since the z direction is parallel to the central axis of the tunnel, it remains approximately linear. Due to the limitation of the structure, the sensor cannot be concentrated inside the cutterhead, and the acceleration in the z direction is always kept near zero, and the fluctuation is small. In contrast to the monitoring curves of the unloaded cutter-head, acceleration curves exhibit abrupt vibrational spikes during rock-cutting operations. This experimental finding suggests that when the cutter-head becomes stuck or the rock breaks, vibrations appear in the time-domain curves.
Regarding the variation in acceleration magnitude, larger cutter spacings are associated with more pronounced vibrations. Specifically, the vibration amplitude in the x and y directions under different cutter spacings is 1.48–2.03 times greater than that observed during unloaded cutting. Significant differences in the vibration of the cutterhead are observed at different cutter spacings. As the cutter spacing increases to 80 mm, 90 mm, and 100 mm, the vibration amplitude of the cutterhead also increases. Specifically, the vibration amplitude at these spacings is 15.12, 44.17, and 58.56 times greater than that observed under no-load conditions, respectively. This phenomenon occurs due to the rotational movement of the cutter head masking some of the surface vibrations. Notably, vibrations in the tunneling direction offer a clearer depiction of the cutter-head’s dynamic characteristics without requiring additional processing.
The time-domain curves were analyzed using Fast Fourier Transform (FFT) to obtain their spectral characteristics. The vibration of the cutter head predominantly occurs within the 0–3 Hz range, indicating low-frequency vibrations. Although the cutter spacing has little effect on the vibration frequency, there are significant differences in the peak values of the cutter spacing of 80 mm, 90 mm and 100 mm, and the peak value of the spectrum gradually increases with the increase of the cutter spacing. Similar to the time domain curves, this tendency is more noticeable in the tunneling direction. Under 80 mm, 90 mm, and 100 mm cutter spacings, the FFT peak values of the cutter-head are 1.73 times, 9.63 times, and 10.73 times without load, respectively.
3.2 Dynamic analysis of cutter-head
To gain a deeper understanding of the cutter head’s load characteristics during tunneling, the measured data were used as input parameters for conducting transient dynamic analysis. Following the formulation of the mathematical model, the transient dynamics module of ANSYS software was employed to simulate the dynamic response of the cutter head. The equation governing the structural dynamics is given in Equation 1:
[image: image]
Within this formula, x1(t) represents the node acceleration vector, while x2(t) denotes the node velocity vector. The mass matrix and damping matrix are represented by M and K, respectively. The stiffness matrix and nodal load components are represented by C and q(t), respectively. Integration of the parameters described above is achieved by utilizing their corresponding unit matrices and vectors, which are given in Equations 2, 3.
[image: image]
[image: image]
Without taking the damping effect into account, the structural dynamic equation may be reduced to the form of Equation 4:
[image: image]
A method for assessing a structure or system’s dynamic reaction to a particular load over time is called transient dynamic analysis.
Based on the different attributes of the system, the transient dynamic analysis can be divided into two different orders of system analysis. According to this classification, second-order system analysis is a system with a second-order state that changes with time. For example, in structural analysis, the mass matrix is used to describe the distribution of mass in the structure and its influence on dynamic behavior. Because it involves the second derivative of displacement, structural analysis is considered to be a second-order system.
Transient structural dynamics analysis is a sub-field of structural dynamics analysis, which focuses on the analysis of the response of the structure to dynamic loads in a short time. Consequently, the general equation for transient analysis of second-order systems is given in Equation 5:
[image: image]
The real-time mechanical properties of the cutterhead are obtained by using the measured data for transient dynamic analysis, as shown in Figure 8. The measured data selected include time-domain curves representing a period under different tool spacings, and the measured curve of the cutter head of the uncut rock is used as a comparison. In the whole numerical simulation process, the fixed support is implemented in the rear section of the cutterhead, and the dynamic load is applied to other parts of the cutterhead.
[image: Figure 8]FIGURE 8 | Utilized data for numerical simulation. (A) Initial vibration without any cutting. (B) 80 mm cutter spacing of rolling cutter. (C) 90 mm cutter spacing of rolling cutter. (D) 100 mm cutter spacing of rolling cutter.
Figure 9 presents the dynamic solution of real-time deformation and stress-strain for the cutter head. Subsequently, the mechanical properties of the cutter-head are detailed in Table 2 after organizing the data.
[image: Figure 9]FIGURE 9 | The time-domain curves of mechanical characteristics. (A) The max-deformation under no load. (B) The max-deformation with load. (C) The max-stress under no load. (D) The max-stress with load. (E) The max-strain without load. (F) The max-strain with load.
TABLE 2 | The mechanical characteristics of cutter-head with different cutter spacings.
[image: Table 2]Compared with the cutter-head’s mechanical characteristics for rock-breaking, the changing amplitude of deformation and stress-strain without load are more gradual. Changes in the relative positioning of cutter spacing result in noticeable disparities in the mechanical characteristics of the cutter-head. An increase in the distance between cutters leads to a dispersal of the cutter head’s integrity, thereby expanding the influence of vibration load on its mechanical properties. Consequently, deformation and stress-strain within the cutter-head escalate as cutter spacing increases. At a cutter spacing of 100 mm, the highest measurements are recorded, whereas the lowest values are noted at a spacing of 80 mm. The structural discrepancies induced by cutter spacing are intensified during tunneling operations, resulting in noticeable variations in the cutter head’s mechanical condition. Specifically, in the absence of load on the cutter head, the deformation, stress, and strain values at a 90 mm cutter spacing are found to be 1.70, 1.48, and 1.42 times greater than those at an 80 mm spacing. Meanwhile, at a 100 mm cutter spacing, these values are 1.27, 1.75, and 1.11 times the corresponding measurements at the 90 mm spacing. When the cutters engage in rock breaking, the deformation, strain, and stress of the cutter head at 90 mm spacing are 2.03, 2.09, and 1.93 times those observed at an 80 mm spacing. For a 100 mm cutter spacing, these figures become 1.23, 1.07, and 1.06 times those measured at 90 mm spacing.
Moreover, the stochastic nature of vibrations can lead to abrupt alterations in the mechanical attributes of the cutter-head at particular locations, potentially surpassing existing thresholds. For instance, with a cutter spacing of 90 mm, an irregular amplitude is observed in the cutter-head during the rock-breaking operation, particularly around the 9-second mark. Obviously, the mechanical state of the cutterhead at this moment exceeds the corresponding value observed when the cutter spacing is 100 mm. Due to the complexity of geological conditions, this phenomenon is likely to occur frequently in the actual construction process.
4 DISCUSSION
The mechanical distribution of the cutterhead in the limit state is compared, as shown in Figure 10. In terms of the deformation distribution of the cutter head, the position of the edge hob usually shows the maximum deformation. The deformation of the edge hob increases with the increase of the distance from the center of the cutterhead. Under the condition of no load, the deformation of the cutterhead is the largest under different cutter spacing, and the recorded value is 25.501 s. This instant represents not only the point where the time domain curves for the transverse and longitudinal directions intersect, but also the moment corresponding to the maximum value of the superimposed acceleration. During tunneling operations, the stochastic nature of vibration results in variable moment of maximum deformation across different cutter spacings. However, the maximum deformation occurs at the moment when the superimposed acceleration reaches the maximum.
[image: Figure 10]FIGURE 10 | The dynamic analysis of the cutter head at 80 mm, 90 mm and 100 mm cutter spacing. (A) The max-deformation distribution under no load. (B) The max-deformation distribution with rock cutting. (C) The max-stress distribution under no load. (D) The max-stress distribution with load. (E) The max-strain distribution under no load. (F) The max-strain distribution with load.
There is a significant discrepancy in the cutter-head’s stress, strain, and deformation. The edge cutter located at the bottom left is where all study circumstances’ largest stress-strain is focused. When the cutterhead rotates at high speed, the centrifugal force increases with the increase of the distance from the rotation center. The centrifugal force of the edge disc cutter is larger, and the cutting force and axial force of the edge disc cutter are larger. Especially in the working state, the bending stiffness of the edge of the cutterhead is smaller, which makes the deformation of the edge part more obvious. At the same time, due to the vibration characteristics of the cutterhead, the edge part is far away from the rotation axis, the inertial force is large, and the response to the vibration is more intense, which in turn aggravates the deformation of the area. In the actual construction, attention should be paid to the wear of the cutting edge tool during the whole tunneling process. Additionally, under identical dynamic loads, the moment of maximum stress-strain for a cutter spacing of 80 mm occurs later compared to the other two operational conditions. This discrepancy can be attributed to the structural characteristics of the cutter-head. With the 80 mm cutter spacing, the cutter-head exhibits higher structural integrity, potentially resulting in a delayed response to mechanical vibrations.
When linked with the cutter-head’s time-domain curves, it becomes apparent that the vibration trend observed during excavation results from the superposition of random oscillations caused by the cutter shattering rock and tunneling without load. The dynamic state of tunneling can be predicted using the cutter-head’s mechanical properties while it is not under load. The reasoning is obtained under controllable test conditions, which provides an early warning basis for tool maintenance and replacement, and provides an optimization direction for cutter head design. By adjusting the tool spacing and optimizing the structure of the cutterhead, the negative impact of vibration on the cutterhead can be effectively reduced, thereby improving the stability and efficiency of the overall rock breaking operation.
5 CONCLUSION
This research employs large-scale physical model experiments to investigate the load characteristics of the cutterhead at varying cutter spacings. Utilizing the acquired data as input parameters, a transient dynamic analysis is conducted to determine the real-time load distribution on the cutterhead. By integrating experimental data with numerical simulations, the study draws the following conclusions:
1. The complete time-domain curve exhibits distinct step-like characteristics and periodic fluctuations. The vibration monitoring curves display sudden and sharp fluctuations when the rock peeled away or the cutter head became caught during rotation; the magnitude of this quick shift may have exceeded the threshold. In actual construction, particular attention should be given to the wear of the cutting edge too during the boring process. The time-domain curves were subjected to spectral analysis using the Fast Fourier Transform (FFT) method. The vibration of the cutterhead is predominantly concentrated in the 0–3 Hz range, indicating significant low-frequency vibration characteristics.
2. As the distance between the cutters increases, the structural integrity of the cutterhead is compromised, leading to an increased impact of vibration loads on its mechanical characteristics. When the cutterhead is in the process of tunneling,the structural disparities resulting from cutter spacing are further accentuated, making the discrepancy in the mechanical state of the cutter head more apparent. Therefore, in order to mitigate cutterhead vibration, it is suggested that the cutter spacing should be selected as small as possible during the tunneling process.
3. An analysis of the time-domain curves of the cutterhead reveals that the vibration trends observed during excavation result from the combined effects of random vibrations generated by the cutter’s rock-breaking activity and those induced by the tunneling process in an unloaded state. Utilizing the mechanical properties of the cutter-head under no load as a foundation, the dynamic state of tunneling can be predicted. This inference is obtained under controllable test conditions and can provide important reference for the selection of cutter head to guide the construction.
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