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Over the past 2 decades, China has witnessed remarkable advancements in rail transportation systems, encompassing municipal railways, intercity networks, and high-speed rail infrastructure. Nevertheless, the environmental implications of train-induced vibrations have emerged as a critical concern among engineers and scholars. This paper carries out a study on the prediction and evaluation of environmental vibration medium-to-high speed railways (120–250 km/h operation), utilizing a validated finite element model calibrated with field measurements. The critical distances to railway line were determined, at which the train-induced noise is reduced to acceptable levels in sound-sensitive areas, such as residential zones. This study specifically conducted an assessment of the vibrations experienced by various railway structures (subgrade, viaduct, and tunnel) at varying train speeds. The findings indicate that the traditional empirical formula cannot accurately predict the critical distance. Moreover, approximately 1,000 working conditions were calculated and a massive data analysis database was then established, which provides guidance for the railway location design, the avoidance of sound-sensitive locations, and the mitigation of track vibration and noise.
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1 INTRODUCTION
In the planning and construction of railway lines, special attention must be given to analyzing train-induced noise, particularly in densely populated, sound-sensitive urban areas (Zhu et al., 2017; Ma et al., 2020; Li et al., 2021). The railways encompass a range of train speeds from 80 km/h to 250 km/h, involving urban rail transit (with operating speeds of approximately 100 km/h), suburban rail transit (speeds between 100–160 km/h), intercity rail transit (at 200 km/h), and high-speed rail (exceeding 250 km/h) (Yang et al., 2019; Ma et al., 2016; Chen et al., 2021). As train speeds vary, so do the levels of vibration and noise, necessitating further studies on estimating the critical distance (Qu et al., 2021). To characterize the train-induced vibration, many researchers have conducted relevant studies based on analytical/semi-analytical methods, numerical simulations and field measurements.
Analytical or semi-analytical analysis typically offers theoretical solutions describing the train-induced vibration. For instance, in (Metrikine and Vrouwenvelder, 2000), the ground vibration induced by underground metro trains was estimated through a 2D analytic model, where the tunnel is modelled as an infinitely long Euler-Bernoulli beam embedded in viscos-elastic soil layers. An further improvement on the embedded Euler-Bernoulli beam model was performed in (Koziol et al., 2008), where a half-space ground beneath the Euler-Bernoulli beam was added, and wavenumber-domain vibrations were transferred into spatial-domain vibrations via inverse Fourier wavelet transform. In another study by (He et al., 2018), a moving point load on the beam was applied to calculate the vibration response, while the beam was placed in a two-dimensional elastic layer with porosity. In these studies the 2D analytical embedded Euler-Bernoulli beam model predominantly utilized to examine tunnel vibrations. To take into account the model’s spatial properties, the analytical research has been advanced from a 2D to a 3D model. For example, a semi-analytical 3D model was built in (Forrest and Hunt, 2006) to investigate the dynamic responses of underground railway tunnels, where the circular tunnel is idealized as a pipe (tunnel) in another pipe (surrounding soil). Another improvement for this model was performed in (Di et al., 2016), by considering the soil as porous and elastic medium using the Biot’s saturated porous medium. Notably, the analytical or semi-analytical approaches typically have limitations, such as difficulties in accounting for the free ground surface boundary and the layer-wise soil strata, and therefore are not well-suited for modeling complex systems.
To enhance the precision of vibration analysis, numerous studies have employed numerical simulations utilizing both the finite element method (FEM) and the boundary element method (BEM). Advanced numerical models, such as the coupled FEM and BEM, as well as the 2.5D FEM-BEM, have been frequently adopted in the train-induced vibration studies. This indicates that numerical simulations have evolved into an effective tool for quantifying train-induced vibrations and noises in complex structures (e.g., tunnel, bridge), although it requires a stronger computation resource. In (Balendra et al., 1989; Vogiatzis and Kouroussis, 2015), a 2D FEM model was employed to analyze track-tunnel-ground vibrations, accommodating diverse geometries and material properties like soil and concrete. While this model is computationally efficient for parametric studies, it fails to capture wave propagation in the train’s direction, leading to notable discrepancies between simulations and actual measurements. To address this limitation, 2.5D and full 3D FEM/BEM models were developed to achieve more realistic results, as seen in studies (Yang et al., 2019; Gardien and Stuit, 2003; Sheng et al., 2005; Sheng et al., 2006; François et al., 2010; Galvín et al., 2010; Sheng and Li, 2007; Clouteau et al., 2005; Degrande et al., 2006; Chebli et al., 2008). However, this advancement comes at the cost of increased computational expenses. Furthermore, in 2.5D or 3D numerical models, the model parameters are difficult to determine accurately, leading to significant modelling errors. Recent research has explored alternative approaches to address these limitations, such as promoting the efficiency of train-track-subgrade interaction analysis without compromising accuracy (Xu et al., 2025). It is noteworthy that the prediction and assessment of train-induced vibration using deep learning methods are highly appealing (Liang et al., 2021; Liang et al., 2024).
Field measurements provide a more direct and explicit approach for evaluating train-induced vibrations compared to analytical studies or numerical simulations. For instance, in Xia et al. (2005), the train-induced vibration were studied through field measurements, where vibrations were measured at a bridge, and noises were recorded at two nearby buildings. The study revealed that ground-borne vibrations, including those on the building floors, intensify with the increase in train speed. However, these vibrations tend to diminish as the distance to the railway lines increases. In Vogiatzis et al. (2018), the noise generated at a railway tunnel construction site in Athens was measured to evaluate its impact on neighboring buildings and residents. Similarly, a study in Zou et al. (2017) documented metro train-induced vibrations at an underground transfer station in Shenzhen, China. The findings suggested that for over-track buildings, measurement locations should be positioned within 40 m on the platform to avoid excessive vertical vibrations and noise. In Jik Lee and Griffin (2013), an experimental test was conducted to examine the impact of high-speed train-induced noise on the annoyance experienced by residents. The study revealed that the primary cause of noise annoyance is not solely vibration, but rather the combination of noise and vibration.
In the field monitoring conducted by Zhai et al. (2015), vertical ground vibration acceleration was measured along Beijing-Shanghai high speed railway line, where trains travel at speeds ranging from 300 to 410 km/h. The findings indicate that these accelerations attenuates significantly at distances exceeding 50 m. Ref. Zhang et al. (2021) documents train-induced vibrations at a site where a metro line passes beneath a railway line. The results reveal that when two trains pass simultaneously, the ground acceleration ranges from 6 to 13 dB, which is higher than the levels (20–160 Hz) generated when the two trains pass independently. Similar monitoring studies are conducted by Qu et al. (2021), where vibrations were measured for a double metro line running beneath a bustling urban road in Shenzhen, China.
In summary, early analytical and numerical studies often overlooked the importance of calibrating models with field measurements, whereas pure field monitoring studies did not feedback the theoretical analysis very well. Therefore, it is essential to integrate these approaches to provide a more effective way for fast predicting vibration and noise attenuation properties in railway engineering. The concept of ‘critical distance’ refers to the distance to railway lines where vibrations and noise attenuate to acceptable levels. This parameter is crucial in determining the minimum separation between noise-sensitive areas and railway alignments during design and operation, as well as in assessing the need for additional noise-isolation measures. While previous research has predominantly focused on the general vibration characteristics of the train-track-substructure system, the topic of critical distance has received less attention. Addressing train-induced vibrations from the perspective of critical distance is highly relevant to the railway engineering community. However, this concept has been rarely explored in depth since it is usually based on parametric studies requiring extensive numerical computation work or a dense field monitoring data.
To address the research gaps, this study conducts a parametric study on the train-induced vibration, integrating field measurement data. It specifically investigates the critical distance of environmental vibration for railway operation, and three scenarios are taken into account, namely the train moving in underground tunnels, on viaducts and along ground embankments. For each scenario, the environmental vibration attenuation is calculated using a FEM model, and the influence of key model parameters is studied through parametric study. In the subsequent sections of this paper, the numerical models for the three scenarios are first built, including the vehicle-track-tunnel-soil model, the vehicle-track-viaduct model, and the vehicle-track-embankment model, in which the train speeds range from 120 to 250 km/h. The accuracy of the model is further verified through comparing the simulation results with field measurements. Secondly, an in-depth parametric study is conducted by varying the model parameters to investigate the vibration attenuation properties, and the critical distance for vibration control is analyzed. Finally, the conclusions are drawn. The findings contribute to addressing the gap in vibration and noise reduction technologies for rail transit operating at speeds of 120–250 km/h in the Guangdong-Hong Kong-Macao Greater Bay Area.
2 METHODOLOGY
2.1 Numerical model description
This paper considers several key factors: vehicle types, line conditions and civil structures corresponding to various train speeds. Two speed levels were incorporated into the numerical simulations and field measurements, namely level-1 with speed range of 120–160 km/h and level-2 of 160–250 km/h. The FEM models, comprising bridge, tunnel, soil, vehicle and track, were developed to analyze the dynamic interaction of these components and the train-induced noises.
Considering the symmetry, the vehicle-track-tunnel-soil dynamic interaction model by a train-structure dynamics theory and related software developed by Xu (2021) was constructed with a length of 120 m, a width of 70 m and a depth of 80 m, as shown in Figure 1. To simulate the tunnel and soil boundary, an infinite element boundary condition was used on the right end of the model, while a symmetric boundary was employed on the left side [more explanations in Bucinskas et al. (2021)]. The upper and bottom surface of ground soil was defined as a free and a fixed boundary, respectively. To optimize computational efficiency while maintaining accuracy, the mesh size for the tunnel structure was set at approximately 0.1 m, with soil mesh sizes ranging from 0.1 to 1 m.
[image: Figure 1]FIGURE 1 | Vehicle-track-tunnel-soil model.
Notably, the dynamic impacts of vehicles on the tunnel are characterized by the time-history of fastener forces. The fastener forces, calculated by the vehicle-track-substructure spatial coupling model developed by Xu (2021), were utilized as inputs for the 3D tunnel-soil FEM model. The implicit dynamic integration method in the time domain was employed to solve the model. Concerning environmental vibrations, the frequency range of 1–80 or 1–200 Hz is of great interest, as it corresponds to the most significant level of disturbance (Lombaert et al., 2015). Consequently, an integration step of 0.001s was selected to ensure the solution of the vibration response up to 200 Hz.
For the train speed range of 120–160 km/h, the Metro Lines in China were used as engineering cases for parameter study. The tunnel structure was constructed with a circular cross-section, and its detailed structural information are presented in Table 1. This model comprises a 176 mm, 60 kg/m rail system with PANDROL fast clip (SFC) fasteners (static stiffness 40 kN/mm, dynamic/static stiffness ratio ≤1.4), designed for an 8-vehicle urban D-type train (17t axle load). The tunnel structure utilizes C50 concrete segments (400 mm thickness, 3850 mm inner radius), with the measurement from the rail to the ground surface ≥15 m. The viaduct structure was designed as a two-lane box girder, with the track itself mounted on a concrete base. The assembled prefabricated monolithic track slab was used, as shown in Figure 2.
TABLE 1 | Geological conditions of the Great Bay area.
[image: Table 1][image: Figure 2]FIGURE 2 | Tunnel and viaduct structures of train speed at 120–160 km/h. (a) Tunnel cross section (b) Track-box girder FEM model.
For the train speed of 160–250 km/h, the new Baiguang Intercity Railway (operating at 160 km/h) and Guanghui Intercity Railway (operating at 200 km/h) in Guangdong province, China, were adopted as engineering cases for parameter study. The tunnel structure has a large cross-section with double tracks, which was constructed using the New Austrian Tunnelling Method (NATM). The FEM model for the Guanhui intercity railway features a 176 mm, 60 kg/m rail system with WJ-8B fasteners (static stiffness 30 kN/mm, dynamic/static stiffness ratio ≤1.5), tailored for an 8-segment CRH6 train as shown in Figure 3. The tunnel structure employs C50 concrete tube sheets with a thickness of 400 mm, and the measurement from the rail to the ground surface ≥15 m. The bridge uses double line box girder, while the roadbed section is set up with concrete base. Furthermore, the roadbed uses the assembled prefabricated track plate integral roadbed developed by the research team.
[image: Figure 3]FIGURE 3 | Tunnel and viaduct structures of train speed at 160–250 km/h. (a) Tunnel cross section (b) Tunnel model.
The assembled prefabricated monolithic track slab model includes a 200 mm-thick upper layer of C50 concrete, an 8 mm under-rail pad layer with a stiffness of 0.09 N/mm3, and self-compacting concrete (C40) with varying thicknesses: 300 mm for tunnel sections and 95 mm for viaduct/subgrade sections. Note that the same track slab parameters were employed for all the track parts in each model, i.e. tunnel, viaduct and subgrade, under the two train speed ranges of 120–160 km/h and 160–250 km/h.
The soil parameters were determined according to the typical geological conditions in the Great Bay area, as shown in Table 1, and each calculation condition was used as the base condition and adjusted according to the typical line alignment.
2.2 Field measurement
2.2.1 Summary
(1) Three railway lines were tested, including Guangqing intercity railway line, New Baiguang intercity railway line and Beijing Daxing New Airport Line. (2) The trackside noise and noise levels from open-air railway line sections were measured. (3) Three indicators, i.e., vibration, displacement and noise, were used to quantify the vibration and noise. (4) The testing instruments include vibration measurement instruments and noise measurement instruments the related parameters are shown in the Appendix. (5) Location of measurement points were selected according to the needs of the three indicators.
2.2.2 Railway line details
2.2.2.1 Guangqing intercity railway line
The Guangqing Intercity connects Huadu District of Guangzhou City with Qingyuan City, spanning a total length of 38.17 km. Designed for a train speed of 200 km/h, it utilizes 8-segment CRH6 rolling stock trains. The foundation of this railway line comprises bridges, tunnels and subgrades. The track is seamless inter-district line with CRTS double-block ballastless track.
2.2.2.2 New Baiguang intercity railway line
The New Baiguang Intercity connects Huadu District of Guangzhou City with Guangzhou Baiyun Airport, stretching over a distance of 20.13 km. Along this route, there are four stations: Huadu Station, Tiangui Road Station, Huashan Station and Airport T2 Station. Designed for a train speed of 160 km/h, it employs 8-segment CRH6 rolling stock trains and runs entirely through a tunnel section. The track is a seamless inter-district line with CRTS double-block ballastless track throughout the line. Additionally, CRTS double-block vibration-damping track was applied in some sections with vibration-damping requirements.
2.2.2.3 Beijing daxing new airport line
The first phase of this line is 41.36 km long, with a design speed of 160 km/h. The line includes Caoqiao Station, Daxing New Town Station and Daxing International Airport Station, and uses 8-segment trains with an axle weight of 17 t. As a seamless inter-district line, it incorporates a double block type monolithic bed for general sections, and a prefabricated slab type monolithic bed for areas prone to settlement. For sections that necessitate vibration damping, an isolated vibration damping pad floating plate track is implemented.
For the New Baiguang Intercity Railway Line, the intensity of vibration sources in intercity railway tunnels was measured. The vibration source intensity, as well as the acceleration and displacement of the primary track components in the tunnel (running CRH6 intercity rolling stock at a design speed of 160 km/h) were measured. For the Guangqing intercity railway line, the vibration source intensity and the acceleration and displacement of the main track components in the subgrade section at a design speed of 200 km/h were measured. Additionally, for the Beijing Daxing New Airport Line, the underground tunnel vibration induced by train was measured.
Through the installation of sensors on site, trackside noise was measured both inside the tunnel and at the metro station. For the open-air railway line section noise, the noise of CRH6 trains at high speed was measured.
2.2.3 Measurement indicators and instruments
Three key indicators are the vibration, displacement and noise. The vibration measurement include the tunnel (vertical acceleration of rails, slabs and tunnel walls) and the subgrade (vertical acceleration at specific measurement point). Displacement measurements focused on the displacement of rails and slabs. The noise is the train-induced environmental noises. The Equivalent A sound pressure level was applied (Nilsson, 2007). Tables 5 and 6 provide an overview of the instruments used for these measurements. Additionally, two examples of these instruments in use are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Examples of measurement instruments. (a) Vibration measurement instrument (b) Noise measurement instrument.
2.2.4 Location of measurement points
2.2.4.1 Acceleration measurement point arrangement
According to the standard (Environment, 2018),the measurement point for the underground line should be positioned at the tunnel wall (away from the tunnel side of another line), positioned 1.25 m ± 0.25 m above the top surface of the rail. For the placement of acceleration sensors, they should be installed at the bottom of the rail, on the outside of the ballastless track slab.
2.2.4.2 Displacement measurement points
The displacement measurement points contain the vertical deformation of both sides of the rail in relation to the track slab, the lateral deformation of the rail relative to the track slab, and the vertical deformation of the floating plates in relation to the tunnel wall.
2.2.4.3 Trackside noise testing points
The installation of the trackside noise testing instrument is depicted in Figure 5, ensuring that the sensor is located outside the track limits.
[image: Figure 5]FIGURE 5 | Trackside noise testing point.
2.3 Model precision validation
In order to ensure the accuracy of the model, we performed field measurements on the Beijing Daxing New Airport Line, the new Baiguang and Guangqing intercity railway lines. The analytical models were built based on the field measurement conditions. The comparison results, presented in Table 2, reveal that calculation errors of the simulation model are all within 2%. This indicates that the models possess enough accuracy, and the model parameters can be utilized for the subsequent stage of research work.
TABLE 2 | Comparison results of field measurements and model simulations.
[image: Table 2]One example comparing the field measurement and simulation results is presented in Figure 6. The figure clearly demonstrates a close correspondence between the accelerations obtained from field measurements and simulation results, validating the model’s accuracy and suitability for further research studies.
[image: Figure 6]FIGURE 6 | Time and frequency domain result comparison of the simulation model against measured data. (a) Time domain data validation (b) Frequency domain data validation.
2.4 Simulation conditions
The study assessed the distribution of sound-sensitive areas along the operational urban express and intercity railway lines within the Guangdong-Hong Kong-Macao Greater Bay Area, using train speeds of 120–250 km/h (10 km/h increments). Horizontal distances from tracks were 0–100 m (5 m steps) for subgrade/tunnel sections and 0–50 m (5 m steps) for viaducts. Tunnel track depths varied by speed: 10/15/25 m at 120–160 km/h and 15/25/35 m at 160–250 km/h.
Approximately 1,000 simulations were performed to establish a massive data analysis database, ensuring the accuracy in determining the critical distance. This will provide theoretical and data support for the prediction and evaluation of environmental vibration and noise of urban express lines and intercity railways, and the design of track vibration and noise reduction.
3 CRITICAL DISTANCE RESULTS
Based on the simulation results, the critical distances were obtained to guide the application of noise reduction measures. If the buildings (identified as sound-sensitive locations) fall outside the critical distances, the adoption of track vibration and noise reduction measures is deemed unnecessary. Conversely, if these buildings are within the critical distances, vibration and noise reduction measures should be implemented according to the EIA (environmental impact assessment) requirement. Furthermore, during the planning phase of railway lines, the critical distances can serve as a guide for selecting the line’s location, aiming to avoid sound-sensitive locations and reduce environmental vibration and noise pollution for residents.
3.1 Critical distance for track on subgrade
3.1.1 Vibration attenuation analysis for train speed at 120–160 km/h
Figure 7 illustrates the propagation and attenuation of environmental vibration within the subgrade, utilizing the maximum Z vibration level values as Y-axis. More explanations about the vibration level can be found in Organisation (1997). In the figure, the day and night environmental vibration limits were marked, which is based on the Chinese standard requirement (Environment, 1989). These two limits are marked in subsequent figures as well. As the distance to the railway line center increases, the vibration level at the ground decreases due to the attenuation by the soil. However, an area of vibration amplification was observed within the range of 80–95 m.
[image: Figure 7]FIGURE 7 | Maximum Z vibration level against distance to railway line centre (120–160 km/h).
The empirical formula given in Equation 1 (Environment, 2018) describes the attenuation of ambient vibration in both the subgrade and viaduct railway lines.
[image: image]
where, the coefficients are a = −8.6, b = −0.13, and c = 8.4 for subgrade sections, while viaduct sections use a = −3.2, b = −0.078, and c = 0. These values reflect vibration attenuation characteristics under medium soft soil conditions.
Based on the typical geological conditions in the Guangdong-Hong Kong-Macao Bay Area, the parameters in the empirical equation (Environment, 2018) were selected to depict the prediction curves (Figure 8).
[image: Figure 8]FIGURE 8 | Vibration attenuation against distance to railway line centre (120–160 km/h).
Figure 8 shows the vibration attenuation against the distance to the railway line centre, with train speeds ranging from 120 to 160 km/h. The vibration attenuation obtained from the empirical equation was also shown in this figure for comparison. It can be found that the empirical results are generally larger than those obtained from the numerical simulation. Despite a minor decline in the vibration attenuation rate at a distance of 60–80 m from the railway line centre, the empirical results are still larger than numerical simulation results. Consequently, it is advisable to modify the empirical equations accordingly.
3.1.2 Vibration attenuation analysis for train speed at 160–250 km/h
Figure 9 presents the maximum Z vibration level in relation to distance to the railway line centre, highlighting a zone of vibration amplification between 70 and 85 m. Furthermore, Figure 10 shows the vibration attenuation against the distance to the railway line centre for train speeds ranging from 160 to 250 km/h. It is evident that the empirical results are generally larger than those obtained from the numerical simulation. This observation reinforces the necessity of refining the empirical equations.
[image: Figure 9]FIGURE 9 | Maximum Z vibration level against distance to railway line centre (160–250 km/h).
[image: Figure 10]FIGURE 10 | Vibration attenuation against distance to railway line centre (160–250 km/h).
3.1.3 Critical distance analysis
In Ref. Environment (1989), the maximum Z-vibration level limits for ambient vibration in different types of urban areas are given, as shown in Table 3.
TABLE 3 | Daytime and night-time environmental vibration limits.
[image: Table 3]Figure 11 displays the maximum Z vibration level against distance to railway line centre for train speeds of 120–160 km/h and 160–250 km/h, respectively. In addition, the vibration limits are also shown in this figure. Based on Figure 11, the critical distances of these urban areas are summarized, as shown in Table 4.
[image: Figure 11]FIGURE 11 | Maximum Z vibration level against distance to railway line centre and daytime and night-time environmental vibration limits. (a) Maximum Z vibration level against distance to railway line centre (120–160 km/h) (b) Maximum Z vibration level against distance to railway line centre (160–250 km/h).
TABLE 4 | Recommended critical distances for environmental vibration of track on subgrade (m).
[image: Table 4]3.2 Critical distance for track on viaduct
3.2.1 Vibration attenuation analysis for train speed at 120–160 km/h
Figure 12 presents the environmental vibration propagation and attenuation in the subgrade, using the maximum Z vibration level values as Y-axis. In the figure, the day and night environmental vibration limits are marked, which is based on the Chinese standard requirement (Environment, 1989). As the distance to the railway line center increases, the vibration level at the ground decreases due to attenuation by the soil. Notably, there is no obvious vibration amplification zone within the 0–50 m range.
[image: Figure 12]FIGURE 12 | Maximum Z vibration level against distance to railway line centre (120–160 km/h).
Figure 13 shows the vibration attenuation against the distance to the railway line centre, with train speeds ranging from 120 to 160 km/h. The vibration attenuation obtained from the empirical equation are also shown in this figure for comparison. It can be found that within 15 m from the railway line’s centreline, the empirical attenuation results are smaller than those obtained through the numerical simulation, indicating that the empirical equation is not suitable for this proximity. Therefore, practical vibration reduction measures should be implemented within this 15 m zone. Conversely, beyond a 20 m distance from the centerline, the empirical results are larger than those from the numerical simulation, suggesting that the equation is conservative and needs modification.
[image: Figure 13]FIGURE 13 | Vibration attenuation against distance to railway line centre (120–160 km/h).
3.2.2 Vibration attenuation analysis for train speed at 160–250 km/h
Figure 14 displays the maximum Z vibration level against distance to railway line centre, with no obvious vibration amplification areas observed. Figure 15 depicts the vibration attenuation against the distance to the railway line centre for train speeds of 160–250 km/h. It can be found that within 25 m from the railway line centre, the empirical attenuation results are smaller than those from the numerical simulation, rendering the empirical equation unsuitable for this range. Consequently, practical vibration reduction measures should be taken within 25 m from the railway line. Beyond 25 m from the railway line centre, the empirical results surpass the simulation results, indicating that the empirical equation lacks accuracy.
[image: Figure 14]FIGURE 14 | Maximum Z vibration level against distance to railway line centre (160–250 km/h).
[image: Figure 15]FIGURE 15 | Vibration attenuation against distance to railway line centre (160–250 km/h).
3.2.3 Critical distance analysis
Figure 16 presents the maximum Z vibration level against distance to railway line centre for speed ranges of 120–160 km/h and 160–250 km/h, respectively. In addition, the vibration limits are also shown in this figure. Based on Figure 16, the critical distances of these urban areas are summarized, as shown in Table 5.
[image: Figure 16]FIGURE 16 | Maximum Z vibration level against distance to railway line centre and daytime and night-time environmental vibration limits. (a) Maximum Z vibration level against distance to railway line centre (120–160 km/h) (b) Maximum Z vibration level against distance to railway line centre (160–250 km/h).
TABLE 5 | Recommended critical distances for environmental vibration of track on viaduct (m).
[image: Table 5]3.3 Critical distance for track in tunnel
3.3.1 Vibration attenuation analysis for train speed at 120–160 km/h
The depth of the rail surface is an important factor in the vibration propagation and attenuation. This section investigates the influence of rail surface depth on these vibration characteristics. Specifically, the investigation considers rail surface depths of 10 m, 15 m, and 25 m, as illustrated in Figure 17.
[image: Figure 17]FIGURE 17 | Maximum Z vibration level against distance to railway line centre (120–160 km/h). (a) 10 m rail surface depth (b) 15 m rail surface depth (c) 25 m rail surface depth.
As observed in Figure 17, the vibration level at ground decreases with increasing distance to the railway line centre due to the attenuation by the soil. However, significant vibration amplification zones emerge within specific ranges for different rail surface depths: 5–15 m and 75–90 m for a 10 m depth, 5–20 m and 75–95 m for a 15 m depth, and 10–25 m and 60–80 m for a 25 m depth. When sound-sensitive locations appear within these amplification zones, measures should be taken to mitigate train-induced vibrations.
Figure 18 presents the effect of different rail surface depths on the ground vibration levels for a constant train speed. It is evident that ground vibrations intensify as the rail surface depth decreases. As the burial depth of the tunnel structure increases, a notable decline in ground vibrations is observed within 50 m from the railway line center, attributed to the damping effect of the soil. Furthermore, beyond 50 m away from the railway line centre, the vibration level fall below the standard requirement (Environment, 1989).
[image: Figure 18]FIGURE 18 | Maximum Z vibration level against distance to railway line centre (10, 15 and 25 m rail surface depths). (a) Train speed 120 km/h (b) Train speed 140 km/h (c) Train speed 160 km/h.
3.3.2 Vibration attenuation analysis for train speed at 160–250 km/h
In China, the intercity railway tunnel are typically mountain tunnels characterized by significant rail surface depths. Consequently, rail surface depths of 15, 25, and 35 m were examined. Figure 19 presents the maximum Z vibration level against distance to railway line centre in the intercity railway tunnel. The figure reveals that the vibration level at ground diminishes as the distance to the railway line centre increases, owing to the attenuation by the soil. Specifically, for the rail surface depth of 15 m, there is a distinct vibration amplification zone within a range of 10–25 m. When sound-sensitive locations fall within this amplification zone, measures should be taken to reduce the vibration. For the rail surface depth of 25 m and greater, the vibration at all depths fall below the strictest limit of 65 dB.
[image: Figure 19]FIGURE 19 | Maximum Z vibration level against distance to railway line centre (160–250 km/h). (a) 15 m rail surface depth (b) 25 m rail surface depth (c) 35 m rail surface depth.
3.3.3 Critical distance analysis
This section provides an overview of the critical distances necessary to comply with the vibration limits specified for various urban areas, as detailed in Table 6.
TABLE 6 | Recommended critical distances for environmental vibration of track in tunnel (m).
[image: Table 6]4 CONCLUSION
This study is grounded in the noise and vibration control project pertaining to multiple railway lines within the Guangdong-Hong Kong-Macao Greater Bay Area. The railway lines encompassed in this study consist of suburban railways, intercity railways, and high-speed railways operating at speeds ranging from 120 to 250 km/h. Using the validated FEM models and parameters, which were calibrated through field measurements conducted on Beijing Daxing New Airport Line, the New Baiguang and Guangqing Intercity Railway, approximately 1,000 simulation conditions were analyzed. Consequently, a comprehensive data analysis database was established. The critical distances were proposed for train-induced vibrations at sound-sensitive locations along various types of railway alignments, including those on subgrades, viaducts, and tunnels. This research holds significant importance for the railway line location selection and vibration and noise management in crowed cities with multiple types of railways. The main findings of this study are outlined as follows.
(1) The ground vibration exhibits a notable decrease as the distance from the railway line center increases. At a constant train speed, the ground vibration demonstrates a decreasing trend with greater tunnel depth, due to the significant attenuation effect of soil damping on vibrations. Nevertheless, specific zones of vibration amplification emerge, and these zones vary in accordance with the rail surface depth and train speed.
(2) In many cases, the empirical equation for vibration prediction lacks accuracy and merely offers rough guidance that requires refinement. To enhance its precision, the empirical equation should incorporate a broader range of field conditions, thereby providing more accurate and reliable guidance.
(3) For railway lines with train speeds ranging from 160 to 250 km/h, the ground vibration remains below 65 dB when the rail surface depth exceeds 25 m.
The study focuses on specific railway types and speeds, and the results may not be directly applicable to other scenarios. Additionally, the study primarily considers vertical vibrations, and further research is needed to explore horizontal vibrations and their impact on surrounding environments.
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