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Abstract: In the realm of subway shield tunnel operations, the impact of tunnel settlement on the operational performance of subway vehicles is a crucial concern. This study introduces an advanced analytical model to investigate rail geometric deformations caused by settlement within a vehicle-track-tunnel coupled system. The model integrates the geometric deformations of the track, attributed to settlement, as track irregularities. A novel “cyclic model” algorithm was employed to enhance computational efficiency without compromising on precision, a claim that was rigorously validated. The model’s capability extends to analyzing the time-history responses of vehicles traversing settlement-affected areas. The research primarily focuses on how settlement wavelength, amplitude, and vehicle speed influence operational performance. Key findings indicate that an increase in settlement wavelength can improve vehicle performance, whereas a rise in amplitude can degrade it. The study also establishes settlement thresholds, based on vehicle operation comfort and safety. These insights are pivotal for maintaining and enhancing the safety and efficiency of subway systems, providing a valuable framework for urban infrastructure management and long-term maintenance strategies in metropolitan transit systems.
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1  Introduction

As urban rail transit operations densify and operational speeds continue to improve, the safety and stability requisites for these systems are becoming increasingly stringent. Currently, shield tunneling, with its distinctive advantages, has progressively become the principal technical method for underground space development. Factors such as falling groundwater levels leading to segment subsidence, groundwater-triggered segment floatation in water-rich strata, and soil deposition-induced segment subsidence, can impact the smoothness of subway lines. This may result in a gamut of issues, including degradation of train running smoothness, comfort, and safety [1–6].

In light of the issue of subway tunnel settlement, numerous researchers have conducted studies. Guo et al. [7] utilized numerical calculations to investigate the development of surface settlement during the construction of subway stations. They posited that the critical phase for controlling surface settlement was the pilot tunnel excavation and arch installation. Topal et al. [8] examined surface deformations at four different points along a metro line on the European side of Istanbul. Their goal was to identify a reliable method for estimating settlement resulting from shallow underground excavations in high-risk areas. Bai et al. [9] used Shenyang Metro Line 4 as a case study, where they discussed the construction of a small tube top beam method and analyzed the settlement of the tube top, beam, middle column, and side pile. Surface settlement was monitored throughout the process. Luo et al. [10] used the backdrop of a newly constructed subway station and employed ROCSCIENCE software in conjunction with on-site monitoring techniques. Their focus was on the study of settlement and deformation of the pile foundation and building prompted by foundation pit excavation in a subway station.

Track smoothness significantly affects the operational performance of vehicles, and this subject has been the focus of extensive research [11–13]. In relation to the impact of settlement on vehicle performance, Zhong et al. [14] established a bridge-vehicle model, taking into account the effect of foundation settlement by employing the principle of virtual engineering. They investigated the interactive response between bridge settlement and vehicles. The validity and accuracy of their model were confirmed through theoretical and numerical outcomes. The Newmark-β method was then used to simulate the effects of settlement mode, vehicle speed, road roughness, and boundary conditions, using this model.

To gauge the influence of subgrade differential settlement on the dynamic performance of the rail-plate track system, Guo et al. [15] formulated a comprehensive theoretical model that considered nonlinear subgrade support and track weight. The model accounted for the damping effect of the composite track structure on subgrade settlement. After assessing the dynamic performance indices of high-speed trains in terms of operational safety, ride comfort, and dynamic performance of infrastructure, they derived the control threshold for subgrade settlement in China’s high-speed railway slab track system.

Sun et al. [16] proposed an enhanced vehicle-track coupling dynamic model that considered settlement. Central to this model was an iterative method used to map the relationship between ballast settlement and track and sleeper deflection. The efficacy of the proposed method was verified through comparison with the computational results from both the finite element method and the equilibrium state of the ballast-bearing track. Using the proposed method and dynamic model, the static deflection of track and sleeper, as well as the dynamic response of the rail-rail coupling system, were numerically analyzed.

The main contributions of the paper are as follows:

•   An analytical equation for rail deformation caused by shield tunneling settlement or uplift is proposed.

•   An efficient calculation model for vehicle-track-shield tunnel segment-soil dynamic system is proposed.

•   The impact of different wavelengths and amplitudes of settlement and on vehicle operation performance are discussed.

The paper will elaborate on the following aspects: first, the analytical equation for rail deformation caused by the settlement of shield tunnel segments is derived; second, the efficient calculation model for vehicle-track-shield tunnel segment-soil dynamic system is introduced; finally, the effects of settlement wavelength, amplitude, and vehicle speed on operational performance are discussed.

2  Track Deformation Induced by Tunnel Settlement

To expediently determine track irregularity prompted by tunnel settlement, an analytical model of settlement-track irregularity was devised. The resolution of the model was premised on the following assumptions: (1) The mortar layer beneath the track plate is treated as a Winkler elastic foundation; (2) No coupling relationship exists between the deformation of the shield segment and the track.

According to the relevant principles of material mechanics, the vertical upward displacement zr,i of the rail at the force position of the i-th fastener can be expressed as:


Zr(xr)=∑j=1G(xr)Fr,j(lr−xr,j)6ErIrlr[lrlr−xr,j(xr,i−xr,j)3+(2lrxr,j−xr,j2)xr,i−xr,i3]+∑j=G(xr)+1MFr,jxr,i(lr−xr,j)6ErIrlr(2lrxr,j−xr,j2−xr,i2)
(1)


G(xr)=floor(xr−lflf)+1
(2)

where Fr,i denotes i-th fastener force; xr,i denotes the distance between i-th fastener and left end of rail; lf denotes the distance of the two adjacent fastener; Er denotes elastic modulus of rail; lr denotes total length of rail; Ir denotes the cross section moment of inertia of the rail.

The corresponding rail displacement at each fastener position can be obtained from the above formula, which is now integrated into a matrix form and expressed as follows:


Zr=R⋅Fr
(3)

where Zr denotes the rail deformation matrix of Fr,i, Fr denotes the fastener force matrix; R is the correlation matrix of 
Fr,i
and 
zr,i
, and it can be written as:


R=[R1,1R1,2⋯R1,j⋯R1,MR2,1R2,2⋯R2,j⋯R2,M⋮⋮⋱⋮⋱⋮Ri,1Ri,2⋯Ri,j⋯Ri,M⋮⋮⋱⋮⋱⋮RM,1RM,2⋯RM,j⋯RM,M]
(4)
with,
Ri,j={Fr,j(lr−xr,j)6ErIrlr[lrlr−xr,j(xr,i−xr,j)3+(2lrxr,j−xr,j2)xr,i−xr,i3](i≥j)(lr−xr,j)6ErIrlr(2lrxr,j−xr,j2−xr,i2)(i<j)
(5)

3  Vehicle-Track-Tunnel Coupled System

3.1 Vehicle Model

The vehicle model was conceptualized as a multi-rigid-body-spring-damping system, wherein each vehicle consisted of a car body, two bogies, and four wheel-sets, all of which were deemed rigid bodies. The suspension system linking the car body and bogie (secondary suspension), and the one between the bogie and wheel set (primary suspension), were depicted through spring stiffness viscous damping, as illustrated in Fig. 1. Utilizing the principle of elastic potential energy invariance, the dynamic equation governing the vehicle’s motion can be derived [17].
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Figure 1: Vehicle model


MvX¨v+CvX˙v+KvXv=Fv
(6)

Mv is the mass matrix of vehicle, and it can be written as:


Mv=diag[Mv1Mv2⋯Mvn]
(7)

where n denotes there are n carriages totally; Mvi denotes ith mass matrix of vehicle, and it can be represented as:


Mvi=diag[McMt1Mt2Mw1Mw2Mw3Mw4]
(8)
with,
Mc=diag[mcmcJcxJcyJcz]
(9)


Mti=diag[mtmtJtxJtyJtz]
(10)


Mwi=diag[mwmwJwxJwyJwz]
(11)

where m and J denote mass and moment of inertia respectively, and the subscript c, t and w denote carbody, bogie and wheelset, respectively.

Kv denotes stiffness of vehicle, and it can be represented as:


Kv=diag[Kv1Kv2⋯Kvn]
(12)

where Kvi denotes stiffness matrix of ith carriage, and it can be represented as:


Kvi=[Kcsymm.Kct1Kt1t1Kct20Kt2t20Kt1w10Kw1w10Kt1w200Kw2w200Kt2w300Kw3w300Kt2w4000Kw4w4]
(13)
with,
Kc=[4ky2symm.04kz24h1ky204h12ky2+4b22kz20004d22kz2+4h12kx200004d22ky2+4b22kx2]
(14)


Kct1=[−2ky20−2h1ky20−2d2ky20−2kz202d2kz202h2ky20d02h2d2ky20002h1h2kx200000−2b22kx2]
(15)


Kct2=[−2ky20−2h1ky20−2d2ky20−2kz20−2d2kz202h2ky20d0−2h2d2ky20002h1h2kx200000−2b22kx2]
(16)


Kt1t1=Kt2t2=[2ky2+4ky1symm.02kz2+4kz14h3ky1−4ky10a000b0000c]
(17)


a=2b22kz2+2h22ky2+4b12kz1+4h32ky1
(18)


b=2h22kx2+4d12kz1+4h32kx1
(19)


c=4b12kx1+4d12ky1+2b22kx2
(20)


Kt1w1=Kt2w3=[−2ky10−2h3ky102d1ky10−2kz10−2d1kz1000−2b12kz1000000−2b12kx1]
(21)


Kw1w1=Kw2w2=Kw3w3=Kw4w4=[2ky100002kz100002b12kz100002b12kx1]
(22)

where k denotes the stiffness of suspension, and the subscripts y and z denote lateral and vertical direction; the subscripts 1 and 2 denote primary and secondary suspension, respectively.

3.2 Track-Tunnel Model

The soil and shield segments can be represented using the finite element software ABAQUS, as illustrated in Fig. 2. Both of these components are modeled as solid elements. A “tie contact” is established between the shield segments and the soil, meaning that slip between these elements is not considered. The outer boundary of the soil is fixed. The front and rear sides of the soil and shield are coupled to create a state that resembles “common nodes”. After the modeling process is complete, the stiffness and mass matrices of the soil shield model can be derived.

[image: images]

Figure 2: Finite element model of soil shield segment

Both the rail and the track are modeled using Euler beam elements. The fastener connecting the rail and the track is simulated via a spring-viscous damper, while the connection between the rail plate and the shield segment is also represented through a spring-viscous damper.

Fig. 3 illustrates how the joint points at the front and rear ends of the rail and track are “common nodes”. The number 1 node on the left side serves as the starting node, while the number 1 node on the right is the virtual node. This virtual node shares its position with the number 1 node on the left, thereby creating a closed-loop structure. For more detailed information about this arrangement, please refer to the work of Zhou et al. [18,19].
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Figure 3: Cyclic structure model

The dynamic equation of the rail-shield cyclic tunnel model obtained is shown as follows:


MtsX¨ts+CtsX˙ts+KtsXts=Fts
(23)

where  Mts and Kts are the mass matrix and stiffness matrix of rail-shield circulation tunnel model, Cts is the damping matrix, and it can be obtained by Rayleigh damping; Xts, Ẍts, Ẍts and Xts denotes the acceleration, velocity and displacement vector of rail-shield circulation tunnel system; Fts is the load array acting on the rail-shield cyclic tunnel system.

3.3 Coupled System

The vehicle and rail-shield cyclic tunnel model can be coupled according to the wheel-rail contact. According to Eqs. (6) and (24), the coupled system of vehicle-track-tunnel coupled system model can be obtained, and the wheel-rail contact force can be calculated as follows:


{MvX¨v+CvX˙v+KvXv=FvMtsX¨ts+CtsX˙ts+KtsXts=Fts
(24)

The explicit integration method for gradually solving the above equation system [20].

4  Case Study

The selected example is the section from Changle Binhai Express Airport Station to the middle wind shaft, as shown in Fig. 4. The finite element model for this example is composed of four main parts: soil mass, pipe segment, track, and rail. In this cyclic model, a soil mass with dimensions of length × width × height = 300 m × 100 m × 40 m is chosen for computation.
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Figure 4: Shield tunnel

This soil mass is divided into five distinct layers: silty sand, muddy sand, and three layers of silty clay, each with different attributes, starting from the top. The silty sand layer has a height of 5 m, and the muddy sand layer is 10 m high. The three layers of silty clay, each with unique properties, have respective heights of 15, 5, and 5 m. The segments’ outer diameter is 8.3 m, while the inner diameter is 7.5 m.

Table 1 provides the basic mechanical properties for each component. The vehicle employed in the model corresponds to common subway vehicle models, and key parameters for the vehicle are given in Table 2.
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4.1 Validation of Model

The vehicle-track-tunnel coupled system model is intricate, involving multiple layers of system dynamics. To validate the accuracy of our system dynamic model’s calculation results, we compared them to the dynamic response results provided by Xia et al. [21]. The case in consideration was a six-car assembled AH vehicle running at a speed of 80 km/h, with track irregularities generated using the American track spectrum. The comparison results are presented in Fig. 5. Our model’s results closely match the amplitude and trends found in the referenced literature, thereby affirming the accuracy of the calculations made by our proposed model.

[image: images]

Figure 5: Validation of literature results

4.2 Track Irregularity

Due to the ongoing construction of the tunnel, the current geometric deformation mainly relies on numerical calculations and settlement measurements, without involving track irregularities. The initial track irregularity in the manuscript was simulated using the German low interference spectrum, and the irregularity caused by settlement was obtained through assumptions. The German low interference spectrum can be written as:


Sv(Ω)=AvΩc2(Ω2+Ωr2)(Ω2+Ωc)2
(25)

where Ω denotes the spatial frequency; Ωc equals to 0.8246 rad/m, Av equals to 1.080 × 10−6 m2·rad/m, Ωr equals to 0.0206 rad/m. The trigonometric series method is used to simulate the track irregularity samples.

Tunnel settlement reasons are multifaceted, leading to various forms of uneven settlement. Theoretically, this inhomogeneous sedimentation can be broadly classified into two types: “sudden” and “gradual”. To simulate the impact of gradual tunnel settlement on vehicle running performance, we used a concave full-wave cosine curve [15]. The formulation for the curve is as follows:


Z(x)=A2(1−cos⁡(2πxs))
(26)

where Z is the settlement value, x is the coordinate of a longitudinal point along the route, s is the cosine type settlement wavelength, and A is settlement amplitude.

After obtaining the tunnel settlement values, the geometric deformation of the rail can be calculated using the analytical method described in Section 2. The accuracy of this analytical model was validated by comparing its results with a numerical example where the settlement wavelength (S) was 10 m and the amplitude (A) was 100 mm. The outcomes from the analytical model and the finite element model are displayed in Fig. 6. The results obtained through the analytical model align well with those from the finite element model, verifying the accuracy of the analytical model.
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Figure 6: Comparison between analytical model and finite element model

In addition to the deformation induced by tunnel settlement, the track also possesses initial irregularities. These two factors were superimposed to create a compound irregularity. This compound irregularity was then input into the vehicle-track-tunnel dynamic simulation model to analyze the dynamic response of the vehicle.

Fig. 7 illustrates the composite track irregularity caused by a combination of initial track irregularity and tunnel settlement with an amplitude of 100 mm and a wavelength of 10m. The initial track irregularity oscillates between −10 and 10 mm in amplitude. At locations where settlement occurs, the amplitude of the irregularity becomes more pronounced. Furthermore, minor differences can be observed in the irregularities present in the left and right rails.

[image: images]

Figure 7: The compound irregularity: (a) global irregularity; (b) local irregularity

4.3 Analysis of Time History Response

The paper delves into the dynamic response of vehicles impacted by tunnel settlement through a time history response analysis. This analysis was based on a vehicle running at a calculated speed of 100 km/h, with a tunnel settlement wavelength (S) of 40 m and an amplitude (A) of 150 mm.

Fig. 8 shows the acceleration of the vehicle’s first car body and its corresponding track irregularity over time. The body acceleration encompasses the vertical acceleration above the front bogie (VAF), vertical acceleration at the center of gravity of the body (VAC), and roll acceleration (Roll).

[image: images]

Figure 8: Time history of car-body acceleration and irregularity: (a) global; (b) local

Under regular operating conditions, the vehicle’s body oscillates due to the influence of track irregularities. Upon passing through the tunnel’s settlement area, the vehicle body’s acceleration experiences abrupt changes. Once the vehicle exits the tunnel’s settlement area, the body’s acceleration diminishes and gradually returns to its normal operating state.

The local response, as seen in Fig. 8b, indicates that both the vertical and roll acceleration of the car body are impacted by the settlement. Consequently, the acceleration of the vehicle above the bogie is greater than the acceleration at the center of gravity.

Fig. 9 depicts the time history of the wheel-rail contact force response and track irregularities. As evident from the graph, during regular operation, the wheel-rail force exhibits minor fluctuations under the influence of track irregularities. Upon the vehicle’s entry into the area affected by settlement, the variability of the vertical wheel-rail force augments, while the lateral wheel-rail force remains largely unchanged, a trend clearly demonstrated in Fig. 9b. Overall, although settlement influences the wheel-rail force, its impact remains relatively insignificant.

[image: images]

Figure 9: Time history of wheel-rail contact force and irregularity: (a) global; (b) local

Nadal index and wheel unloading are the most commonly used indexes to measure running safety. The Nadal index can be calculated by the following formula:


Nadal=Q/P
(27)

where Q is the lateral force acting on the wheel, and Q is the vertical force acting on the wheel.

The wheel unloading can be calculated by the following formula:


wheel unloading=ΔP/Ps
(28)

where ΔP is the vertical load reduction of wheel, and P is the static wheel load.

Fig. 10 illustrates the time history curve of the first wheelset’s unloading and the track irregularity excitation as the vehicle moves. In normal vehicle operation, the wheel unloading fluctuates within the range of −0.1 to 0.1, indicating satisfactory running safety performance. When the vehicle transits through the area affected by settlement, a slight change in wheel unloading is observed, further demonstrating that the settlement exerts minimal impact on the wheel-rail force of the vehicle.

[image: images]

Figure 10: Time history of wheel unloading and irregularity: (a) global; (b) local

Fig. 11 presents the time history curve of the Nadal index in relation to track irregularity excitation. From this, it is apparent that the Nadal index remains largely unaffected by track irregularities prompted by settlement. Throughout the entire process, the Nadal index remains below 0.1, suggesting strong running safety performance. This can be attributed to the fact that in this scenario, settlement has a minimal impact on both lateral and vertical forces of the wheel-rail interaction. Given that the Nadal index is tied to these lateral and vertical forces, settlement has negligible influence on it.

[image: images]

Figure 11: Time history of Nadal index and irregularity: (a) global; (b) local

4.4 Analysis of Influencing Factors

4.4.1 Settlement Amplitude

When the settlement amplitude increases, the amplitude of track irregularity correspondingly increases, and the dynamic response of the vehicle will increase. In an effort to thoroughly investigate the effect of tunnel settlement amplitude on vehicle performance, we computed the maximum acceleration of the car body above the front bogie, the maximum wheel unloading, and the maximum Nadal index for settlement wavelengths of 10, 40, and 70 m. The vehicle speed was held constant at 80 km/h. The results of these calculations can be seen in Fig. 12. It was observed that, regardless of settlement wavelength, the maximum acceleration of the vehicle body increased with an increase in settlement amplitude. Furthermore, the rate of increase was greater for smaller settlement wavelengths. As demonstrated in Fig. 12b, wheel unloading increased with an increase in settlement amplitude when the settlement wavelength was 10 m, with the increase being quite significant. However, when the settlement wavelength was either 40 or 70 m, there was no considerable change in wheel unloading. As shown in Fig. 12c, there was minimal change in the Nadal index.

[image: images]

Figure 12: Influence of tunnel settlement amplitude on running performance: (a) acceleration; (b) wheel unloading; (c) Nadal index

4.4.2 Settlement Wavelength

In order to systematically investigate the effect of tunnel settlement wavelength on vehicle performance, we calculated the maximum acceleration of the car body above the front bogie, the maximum wheel unloading, and the maximum Nadal index for settlement amplitudes of 20, 50, and 80 mm. The results of these calculations are depicted in Fig. 13. As the settlement wavelength increases, both vehicle acceleration and wheel unloading decrease. This is because longer wavelengths can cause a more gradual and extended unevenness along the track and a smoother ride. However, the rate of decrease lessens with increasing wavelength, and a phenomenon that is more apparent when the amplitude is large. The Nadal index, on the other hand, shows minimal sensitivity to changes in settlement wavelength.

[image: images]

Figure 13: Influence of tunnel settlement wavelength on running performance: (a) acceleration; (b) wheel unloading; (c) Nadal index

4.4.3 Vehicle Speed

Vehicle speed significantly influences the responses. We calculated vehicle responses for settlements with amplitudes of 40 mm and wavelengths of 40, 50, and 60 m, respectively, under conditions of 80–110 km/h. The results of these calculations are illustrated in Fig. 14.
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Figure 14: Influence of vehicle speed on running performance: (a) acceleration; (b) wheel unloading; (c) Nadal index

4.5 Deformation Threshold

To more effectively assess the actual settlement of subway lines, we calculated the vehicle running performance under various conditions, focusing primarily on the car body acceleration, wheel unloading, and Nadal index. The respective limits for car body acceleration, wheel unloading, and the Nadal index are 1.3 m/s², 0.6, and 0.8.

The outcomes of these calculations are presented in Fig. 15. Among all evaluated responses, the acceleration of the car body proved to be the most sensitive to parameter alterations.
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Figure 15: Running performance with various parameters

The findings presented in Fig. 15 were organized to ascertain the settlement thresholds based on both running comfort and safety. These results are documented in Tables 3 and 4. By referencing these tables, one can determine the threshold values for settlement amplitude corresponding to various settlement wavelengths and vehicle speeds. It is apparent that the running safety threshold is higher than the comfort threshold, a result that aligns well with practical scenarios.

[image: images]

[image: images]

5  Conclusions

During subway tunnel construction and operation, soil settlement can lead to shield segment sinking. This condition often results in a series of problems, such as segment damage and rail deformation, negatively impacting the comfort and safety of vehicle operation. This study aimed to investigate the effects of tunnel settlement on vehicle running performance. To this end, an analytical mapping model was established to represent the relationship between tunnel settlement and rail deformation. The model’s accuracy was then validated using a case study. Moreover, a cyclic vehicle-track-tunnel coupled system was developed, its accuracy confirmed via literature comparison. The analysis of the vehicle’s dynamic response while traversing the settling area was carried out, followed by a discussion on the influence of different parameters on running performance. The main conclusions are as follows:

(1) The analytical mapping model accurately calculates the rail geometry deformation due to tunnel settlement. Compared to the Finite Element (FE) model, this model simplifies the calculations.

(2) Tunnel settlement affects driving comfort more significantly than it does running safety.

(3) Both the settlement wavelength and amplitude significantly impact the vehicle’s running performance. Increasing the settlement wavelength improves vehicle performance, whereas augmenting the settlement amplitude impairs it.

(4) Through the developed threshold table, rapid assessment of tunnel settlement is possible. The running safety threshold is higher than the comfort threshold.

(5) It is important to note that this study primarily focuses on the impact of track geometric deformation, caused by settlement, on the dynamic running performance. It does not take into account instances of segment breakage.

(6) Shield deformation has an impact on the performance of vehicle operation, and under the action of vehicle loads, it may further deteriorate the deformation of shield tunneling. This is mutual and will be a research focus of future attention.
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Table 3: Deformation threshold based on running comfort

Settlement wavelength (m) 10 20 30 40 50 60 70 80
80 km/h 0.034 0.057 0.101 0.183 0240 0.334 - —

90 km/h 0.031 0.050 0.086 0.132 0.185 0.256 0376 —
100 km/h 0.029 0.044 0.071 0.107 0.144 0.196 0.280 —
110 km/h 0.026 0377 0.061 0.088 0.119 0.154 0.219 0.303
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Table 4: Deformation threshold based on running safety

Settlement wavelength (m) 10 20 30 40 50 60 70 80
80 km/h 0.175 0.399 0.476 — — — — —
90 km/h 0.144 0.376 0.448 — — — — —
100 km/h 0.121 0.335 0.388 0.638 — — — —
110 km/h 0.103 0.294 0.382 0.584 0.785 — - —
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Table 1: Shield segment-basic mechanical properties of soil

Layer Density (g/cm®)  Elastic modulus (kPa)  Poisson’s ratio
Silty fine sand 1.8 7000 0.32
Silty fine sand  1.78 5000 0.32
Silty clay 1 1.89 3900 0.32
Silty clay 2 1.91 6600 0.35
Silty clay 3 1.89 4000 0.32

Segment 2.4 3.2¢7 0.2
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Table 2: Key parameter of vehicle

2d/m 2d>/m dy/m m/kg m/kg m,/kg

2.2 12.5 19.0 48800 2310 2080
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