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A B S T R A C T

The relationship between subgrade settlement and rail deformation remains unclear, and the impact of subgrade 
settlement on dynamic responses of the ballasted track, as well as on the running safety and comfort of high- 
speed trains, has not been adequately quantified. To address such deficiency, a three-dimensional (3D) nu
merical model of train-ballasted track-subgrade coupled system considering spatial differential subgrade set
tlements was established. An innovative iterative algorithm was proposed to determine the real-time track- 
subgrade contact, enabling the analysis of resulting track irregularities and train-induced vibration. The results 
show that the number of unsupported sleepers increases with greater settlement amplitudes and shorter settle
ment wavelengths, while spatial differential subgrade settlement significantly affects wheel-rail interaction. 
Track structures located at the settlement center area on the side with less settlement, as well as those at the 
settlement boundary area on the side with greater settlement, are more susceptible to damage. These areas also 
exhibit higher dynamic vertical subgrade stress, thus aggravating differential settlement. The findings could 
provide theoretical basis and technical guidance for improving high-speed railway operation and maintenance 
practices.

Introduction

Extensive field tests and numerical simulations have demonstrated 
that repeated train loads induce plastic deformation in the subgrade, 
while the variations in subgrade soil properties, groundwater table 
depth, compaction quality, and other influential factors can lead to 
differential subgrade settlement [1–5]. Various patterns of differential 
subgrade settlement have been observed, including sloping, faulting, 
and cosine-shaped forms [6]. The differential subgrade settlement may 
cause long-wavelength track irregularity, accelerate track deterioration, 
and aggravate not only dynamic responses of railway train and track but 
also wheel-rail interactions [7]. As for ballasted railway track, the track 

superstructures are particularly susceptible to differential subgrade 
settlement, and the severity of differential subgrade settlement depends 
considerably on railway ballast and subgrade material properties [8,9]. 
The operational safety and ride comfort of high-speed trains are thus 
affected, and it becomes crucial to quantify the detrimental influences of 
subgrade settlement for improved operation and maintenance of bal
lasted track.

The common approach to evaluate the influence of differential set
tlement on track structures is to calculate the induced track irregularity. 
Cai et al. [10] developed a 3D beam-plate-solid finite element model to 
calculate the deformation of the double-block ballastless slab track 
subjected to cosine-type settlement, and analyzed the effects of 
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settlement amplitudes and wavelengths on track irregularity and the 
size of gaps between track and subgrade. Chen et al. [11] proposed an 
analytical formula to establish the relationship between bridge pier 
settlement and the double-block ballastless slab track deformation for 
the track-bridge coupled system, and further used the obtained track 
deformation as the system excitation to analyze the influence of pier 
settlement on dynamic train performance. However, those studies pri
marily focused on the influence of settlement on track geometry irreg
ularity, but neglected potential changes in track stiffness irregularity. 
Zhou et al. [12] derived analytical relationship between vertical defor
mation of continuous rail beams and that of the China Railway Track 
System (CRTS) І ballastless slab track, and analyzed the influences of 
different patterns of settlement on rail deformation. However, no further 
analysis on dynamic responses of the track system under train loading 
was performed.

The high bending stiffness of rail beams introduces significant 
deformation discontinuity between track superstructures and underly
ing subgrade, leading to voids between sleepers and ballast layers. 
Numerous studies have analyzed the influence of settlement-induced 
unsupported sleepers on structural dynamic responses of railway sys
tems. Zou et al. [13] investigated the effect of unsupported sleepers by 
conducting full-scale model test of the ballasted track where the dif
ferential subgrade settlement was simulated by artificially set gaps. 
Zhang et al. [14] and Zhu et al. [15] used non-linear spring-dashpot 
models to simulate the sleeper-ballast contact and analyzed the effect of 
settlement-induced unsupported sleepers on wheel-rail interaction. Shi 
et al. [16] and Zakeri et al. [17] investigated the influence of the number 
of unsupported sleepers on the dynamic displacement of track struc
tures. They indicated that unsupported sleepers tend to aggravate 
ballast-sleeper interactions, leading to structural damage and further 
threatening track stability and train operation safety. Unsupported 
sleepers can also contribute to additional plastic deformation of the 
subgrade [18]. Furthermore, the railway track transition zones are 
prone to differential subgrade settlement due to stiffness variations 
under the repeated applications of train loading, thus resulting in un
supported sleepers, increased ballast-track interaction, and accelerated 
degradation of track structures [19,20]. Varandas et al. [21] reported 
significantly increasing dynamic responses of track structures due to 
train passages through the transition zones, highlighting the impact of 
subgrade settlement on long-term in-service performance. Collectively, 
previous studies rely on predefined voids or simplified contact as
sumptions, thereby limiting their capability to capture the real-time 3D 
evolution of contact states and stiffness redistribution under spatially 
differential settlement.

Many studies have indirectly evaluated the impact of differential 
subgrade settlement on structural damage of track components and 
driving quality of trains. However, there still lacks a direct and 
comprehensive study on dynamic responses of the entire high-speed 
train-ballasted track-subgrade coupled system, specifically focusing on 
the effect of subgrade settlement. Previous studies established numerical 
models of the train-track-subgrade coupled system to evaluate the in
fluences of different amplitude and wavelength combinations of only 
longitudinal differential subgrade settlement in ballasted track on the 
unsupported sleepers, track deterioration, and ride quality and safety 
[22–24]. Zhang et al. [25] studied dynamic train responses and the 
possibility of potential structural damage under different settlement 
wavelengths, amplitudes, and locations. Their results showed that the 
differential subgrade settlement poses a threat to the train running 
quality and structural safety. Sun et al. [26] proposed a two-dimensional 
(2D) dynamic model of the train-ballasted track coupled system and 
analyzed dynamic train responses caused by ballast settlement. Jiang 
et al. [27] established a 3D finite element model of ballastless slab track- 
subgrade coupled system to analyze the effects of differential subgrade 
settlement on dynamic responses of track structures under dynamic train 
loading, including track deformation, tensile stress, and interlayer 
contact stress. Tan et al. [28] introduced imposed uneven settlement 

profiles into a vehicle–track model to compute vibration responses via 
machine-learning techniques. The settlement was treated as a pre
defined geometric input, often superimposed onto track irregularities, 
without explicitly modeling the subgrade domain or resolving the 
evolving track-subgrade contact state.

In practical engineering, due to the uncertainties in the natural 
environment and embankment construction processes, combined with 
the influence of train loads, the structural properties of the subgrade are 
not uniformly distributed along the transverse direction. This leads to 
the occurrence of transverse differential settlement. As a result, uneven 
subgrade settlement often exhibits both longitudinal and transverse non- 
uniformity along the railway line. Therefore, analyzing the dynamic 
behavior of the train-track-subgrade coupled system under transverse 
differential settlement of the subgrade holds significant practical engi
neering value. While considerable existing studies have mainly 
addressed longitudinal differential subgrade settlement, lateral differ
ential subgrade settlement is also frequently observed in engineering 
practices and may significantly affect track performance. Such spatially 
asymmetric damage patterns are difficult to capture using one- 
dimensional (1D) settlement assumptions, symmetric models, or static 
analyses, as commonly adopted in previous studies (e.g., Xu et al. [29], 
Xiao et al. [30], and Jiang et al. [31]). While the authors' previous study 
[51] established a 3D coupled framework to investigate the impact of 
longitudinal differential settlement, the transverse non-uniformity of 
subgrade deformation remains unexplored. Therefore, we extended the 
previous 1D settlement model into a 3D spatial settlement field, aiming 
to uncover the coupling effects of longitudinal and transverse gradients 
on vehicle safety and track stability. Fan et al. [32] analyzed the 
development of lateral differential subgrade settlement in permafrost 
regions of the Qinghai-Tibet Plateau. Based on finite element method 
(FEM) simulations, Cui et al. [33] evaluated the influence of lateral 
settlement on the deformation, interface damage, and structural damage 
of the ballastless slab track system. However, the dynamic responses of 
track structures under moving train loading were not addressed in those 
studies. Zhang et al. [34] established a FEM model of the train- 
ballastless track-subgrade coupled system to analyze the influences of 
the amplitude and wavelength of lateral settlement on the running 
safety and stability of the train. However, the relationships between 
differential subgrade settlement and track geometry and stiffness ir
regularity have not been disclosed. Li et al. [35] developed a coupled 
model using the hybrid finite element and multi-body dynamics (FE- 
MBD) method, taking into account the interlayer voiding effects within 
the track structure. Their study focused on the influence of transverse 
differential settlement of the subgrade on the deformation of ballastless 
track structures. However, their research was limited to ballastless 
tracks and did not comprehensively consider the dynamic responses of 
structural layers in a ballasted track system under the combined effects 
of longitudinal and transverse uneven settlement.

To address the aforementioned deficiencies, a refined 3D numerical 
model was first established for the high-speed train-ballasted track- 
subgrade coupled system based on a customized MATLAB® frame
work, considering severe spatially differential subgrade settlement in 
both longitudinal and lateral directions. Note that previous work mainly 
focused on differential subgrade settlement in the longitudinal direction 
only. Second, an innovative iterative method was then proposed to 
analyze the mapping relationship between differential subgrade settle
ment and track deformation, capturing real-time contact states and 
dynamically adjusting for track geometry and stiffness irregularities as 
the train moves. Finally, numerical simulation results of dynamic re
sponses of the coupled system subjected to both spatially differential 
subgrade settlement and moving train loading were presented accord
ingly, followed by an evaluation of the running safety and ride comfort 
of high-speed trains. Note that such an evaluation was conducted against 
relevant specification limits currently enforced in China. This estab
lished numerical model features the promising potential to predict 
deformation-related internal subgrade problems from measured rail 
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surface deformation and dynamic train responses. The above-mentioned 
three aspects mainly consist of the novelty and contributions presented 
in this research work.

The contents of this paper are organized as follows. Section 2 in
troduces the 3D numerical model of the high-speed train-ballasted track- 
subgrade coupled system, including the modeling assumptions and the 
implementation of spatial differential subgrade settlement. Section 3 
describes the validation strategy, which involves comparisons of the 
results obtained against both field-measured data and those from the 
literature. Section 4 presents a detailed analysis of the dynamic re
sponses of the coupled system under spatial differential subgrade set
tlement. Finally, Section 5 summarizes and concludes the paper with key 
findings and engineering implications.

3D numerical model established for the coupled system

Model assumptions

To establish the 3D numerical model for the high-speed train-bal
lasted track-subgrade coupled system, the following assumptions were 
reasonably made. 

(1) The high-speed train runs at a constant speed, and no sliding, 
climbing, or jumping interactions occur between the wheelsets 
and the rails.

(2) The carbody, two bogies, and four wheelsets are regarded as rigid 
bodies, and the primary and secondary suspensions of the train 
are simplified as assemblies of linear springs and dashpots.

(3) Only a representative sample of short-wave random track irreg
ularity excitation is selected and implemented in the model so as 
to study the influence of differential subgrade settlement on track 
irregularity and dynamic responses of the coupled system.

Dynamic formulations of the coupled system

Based on the vehicle-track coupling dynamics theory [36], a 3D 
numerical model of the high-speed train-ballasted track-subgrade 
coupled system was established in this study, as shown in Fig. 1, offer
ing a more detailed and comprehensive analysis by fully incorporating 
both longitudinal and lateral subgrade settlement. The multi-body dy
namics (MBD) method was used to model the high-speed train, whereas 
the finite element method (FEM) was used to model track structures and 
subgrade, respectively. The ballast layer was modeled by the assemblies 
of discrete mass blocks, while the ballast-ballast, ballast-subgrade, and 
ballast-sleeper interactions were modeled by the assemblies of linear 
springs and dashpots.

To improve computational efficiency, the 3D vehicle model includes 

a single carriage with 38 degrees of freedom (DOFs), as shown in Fig. 2. 
For brevity, the input parameters of the vehicle model are not presented 
in the main body of this paper but rather listed in the Appendix I section 
(see Table A1). The dynamic governing equation of the vehicle system 
can be expressed as Eq. (1): 

MVẌV +CVẊV +KVXV = FV (1) 

where MV, CV, and KV denote the mass matrix, damping matrix, and 
stiffness matrix, respectively; FV is the force vector; and XV is the 
displacement vector. Note that XV includes the longitudinal displace
ments xc, xft, and xbt, lateral displacements yc, yft, and ybt, vertical dis
placements zc, zft, and zbt, roll displacements θc, θft, and θbt, pitch 
displacements φc, φft, and φbt, and yaw displacements Ψ c, Ψ ft, and Ψbt of 
the car body (denoted by the subscript “c”), front bogie (denoted by the 
subscript “ft”), and rear bogie (denoted by the subscript “bt”), respec
tively; and the longitudinal displacement xwi, lateral displacement ywi, 
vertical displacements zwi, roll displacements θwi, and yaw displacement 
Ψwi of each wheelset (denoted by the subscript “w”) (where i = 1,2,3,4).

The vehicle subsystem and the track subsystem are coupled by 
wheel-rail interaction. The normal wheel-rail contact force is calculated 
using the linear Hertz contact model, accounting for the contact defor
mation between the wheel and rail. Based on the Hertzian contact the
ory, the formula for calculating the normal wheel-rail contact force is 
provided as follows: 

Nij = [
1
G

δij]
3
2 (2) 

where Nij is the wheel-rail normal contact force; G is the wheel-rail 
contact constant; and δij is the wheel-rail indentation. To simplify the 
calculation, the nonlinear Hertz contact can be linearized to obtain the 
equivalent linear wheel-rail contact stiffness: 

KH =
dNij

dδij
= 1.5G−

3
2δ

1
2
ij (3) 

The tangential creep force, resulting from the relative velocity be
tween the wheel and rail, is calculated based on Kalker's linear creep 
theory.

Based on the FEM theory, Euler beam elements with intermittent 
elastic support are used to model the rail beams, and the sleepers are 
regarded as rigid bodies with 6 DOFs. The rail fasteners are simulated as 
linear spring-dashpot elements. To account for the realistic behavior of 
the track system under differential subgrade settlement, the self-weights 
of the rails and sleepers are also considered in the numerical model to 
calculate the concomitant settlement and potential interfacial gaps be
tween the track and subgrade.

Track irregularities serve as the primary excitation source for the 

Fig. 1. Illustration of the 3D numerical model of the high-speed train-ballasted track-subgrade coupled system: (a) side view; and (b) front view.
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vehicle-track coupled system. Their influences are not limited to vibra
tion and noise levels, but also directly affect the running comfort and 
operational safety of high-speed trains. In this study, the German low- 
interference track spectrum was adopted, comprehensively consid
ering vertical irregularity, lateral irregularity, gauge irregularity, and 
alignment irregularity. These different types of irregularities were 
introduced into the train-track-subgrade coupled model as external 

excitations, thereby capturing their combined impact on the coupled 
system. The synthesized irregularity sequence was discretized along the 
rail element nodes and superimposed as initial vertical displacements of 
the Euler beam elements. This ensures consistency between the spatial 
discretization of the finite element model and the imposed irregularity 
excitation, thereby enabling reproducibility of the numerical 
simulations.

Fig. 2. Illustration of the vehicle model: (a) side view; (b) top view; (c) front view; and (d) the related coordinate system.

Fig. 3. Illustration of the finite element model for the subgrade of the track system (unit: mm).
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Considering the discrete and particulate nature of railway ballasts, 
the ballast layer of the numerical model is discretized into a number of 
mass blocks along both longitudinal and lateral directions, in order to 
effectively capture the overall dynamic responses of the system while 
enhancing computational efficiency [37–40]. Each mass block possesses 
3 DOFs in space: longitudinal displacement x , lateral displacement y, 
and vertical displacement z. In the numerical model, the longitudinal 
length of the subgrade studied is 100 m, whereas the cross-sectional size 
of the track system is determined according to the documentation of 
China's technical specification TB10621-2014 [41], as shown in Fig. 3. 
The subgrade consists of three different layers: the top embankment, the 
bottom embankment, and the natural or engineered ground. The entire 
subgrade is then meshed by 3D eight-node iso-parametric elements, and 
refined meshes are adopted in the regions directly below the sleepers. In 
this study, the track substructure was modeled using equivalent linear 
elastic constitutive models. To rigorously characterize the subgrade 
material behavior, both the linear elastic and classical Drucker-Prager 
(DP) elastoplastic constitutive laws were evaluated. The DP model in
corporates material nonlinearity through a nonlinear incremental pro
cedure. In this procedure, an elastic predictor-plastic corrector 
algorithm combined with Newton-Raphson iterations is employed to 
capture potential yielding and energy dissipation. However, as shown in 
Fig. 4, comparative simulations reveal that the transient dynamic re
sponses (e.g., carbody and wheelset accelerations) remain highly 
consistent between the two models, as the dynamic stress levels during a 
single train passage predominantly stay within the elastic range of the 
compacted subgrade. While the DP model provides a detailed account of 
minor plastic accumulation (on the order of 10-4 m), it increases the 
computational time duration from 8 h to over 20 h per simulation due to 
the necessity of repetitive stiffness matrix updates and finer temporal 
discretization. Since the primary focus of this study is the short-term 
transient dynamic responses induced by spatially differential subgrade 
settlement, rather than long-term material degradation or settlement 
evolution, the linear elastic model was adopted for the extensive para
metric studies. This choice ensures a high-fidelity representation of the 
coupling mechanisms while maintaining the computational efficiency 
required for a comprehensive sensitivity analysis. Representative me
chanical parameters governing the dynamic stiffness of each substruc
ture layer were selected based on design specifications, published 
literature, and the authors’ previous validated studies, which are sum
marized in Appendix I (see Table A2). As shown in Fig. 3, the model 
applies the fixed bottom boundary and vertical roller boundaries. In 
addition, infinite elements were adopted in lieu of a considerable 
number of far-field elements with accuracy unaffected, thus creating 
“silent” boundaries for the coupled dynamic analysis.

In the development of the finite element model for analyzing dy
namic responses of the track-subgrade coupled system, the analysis can 

only be conducted on a subgrade of limited length and depth due to 
computational limitations. Considering the reflection and superposition 
of stress waves at the model boundaries, as well as the semi-infinite 
nature of the subgrade, it is essential to reasonably define the model 
boundaries to ensure the accuracy of the simulation results. In this study, 
the commonly used 3D viscoelastic artificial boundary was applied to 
the subgrade to impose boundary conditions for dynamic analysis. Liu 
et al. [42] provided a detailed explanation of this boundary condition. 
The fundamental concept involves placing spring-damper elements, or 
equivalent spring-damper elements, along the artificial boundaries to 
simulate an infinite subgrade. By applying a 3D viscoelastic artificial 
boundary to the ballasted track-subgrade coupled dynamic finite 
element model, wave reflections at the model boundaries are reduced, 
thereby improving the accuracy of the simulation results. Since the 
parameters of the spring-damper elements at boundary nodes vary with 
the loading position, a simplification was adopted in this study, where 
identical spring-damper parameters were assigned to all boundary nodes 
around the subgrade.

Modelling differential subgrade settlement

The relationship between subgrade settlement and ballast layer set
tlement is extremely complicated. Previous studies assumed that the 
deformation of the discrete ballast layer is consistent with that of the top 
embankment, which can effectively reduce calculation time but still 
ensure the necessary accuracy of calculation results [23,26]. In this 
study, the same assumption was also adopted to reasonably simplify the 
numerical model. Using standardized or idealized settlement patterns 
can better reveal the general patterns and effects of different settlement 
modes and amplitudes on the overall structural responses of the track. 
Field monitoring has shown that subgrade settlement profiles often 
exhibit smooth, continuous wave-like shapes. In particular, for long- 
wavelength settlements, the distribution characteristics closely match 
those of a cosine function [43–45]. The cosine-type one, as formulated in 
Eq. (4), is most commonly used in high-speed railway subgrade settle
ment simulation and thus was selected for this numerical model. 

Z(x) =
h
2
(1 − cos (

2πx
L

)) (4) 

where Z denotes the subgrade settlement along the driving (longi
tudinal) direction; x is the coordinate of each point along the driving 
direction; L is the wavelength of the cosine-type differential subgrade 
settlement; and h is the settlement amplitude, which is assumed to be 
uniform in the lateral direction.

In actual railway tracks, it is common to observe both lateral and 
longitudinal differential subgrade settlement, as illustrated in Fig. 5. 
Accurately representing these settlements in numerical simulations is 

Fig. 4. Comparison of dynamic responses between the linear elastic and classical Drucker-Prager (DP) elastoplastic models for the subgrade: (a) vertical acceleration 
of the carbody; (b) vertical acceleration of the wheelset; and (c) surface displacement of the subgrade.
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essential to comprehensively investigate the impact of severe spatial 
differential subgrade settlement on dynamic responses of the coupled 
system. Therefore, the numerical model established in this study 
incorporated settlements in both directions, which have varying am
plitudes but identical wavelength, as formulated in Eq. (5). 

Z(x, y) = (
(y − yL) × Δh

2W
+

h L

2
)(1 − cos(

2πx
L

)) (5) 

where Z denotes the subgrade settlement at each point; x is the co
ordinate of each point along the driving direction; y is the coordinate of 
each point along the lateral direction; yL is the y-coordinate of the left 
rail; Δh is the difference of the subgrade settlement between under the 
left and the right rails (see Fig. 6); W is the track gauge (see Fig. 6); and L 
is the wavelength of cosine-type differential subgrade settlement.

The different scenarios of subgrade settlement simulated in this 
study are detailed in Table 1. To systematically assess the effects of 
varying lateral settlement amplitudes, the lateral amplitude differences 
are set to range from 5 mm to 30 mm, labeled as Case 1 through Case 6, 
each with a constant wavelength of 20 m. Conversely, to investigate the 
influence of different wavelengths on the structural responses, the 
wavelengths are set to vary from 10 m to 35 m, denoted as Case 7 
through Case 12, while maintaining a fixed lateral amplitude difference 
of 20 mm. Although design standards specify the maximum allowable 
settlement amplitude, subgrade settlement may exceed these limits 
under certain extreme conditions, such as natural disasters, construction 
accidents, or other unforeseen events. Since both natural and human 
factors can cause asymmetric settlement on either side of the track, 
transverse settlement differences ranging from 5 mm to 30 mm are 
considered. This range enables the simulation of conditions from minor 
to severe settlement, allowing for the assessment of their impact on track 
performance. The settlement wavelength varies from 10 m to 35 m, 
covering a spectrum from short to long wavelengths, which facilitates 
the investigation of the influence of wavelength on structural responses 
[46]. This scheme enables a comprehensive investigation of the coupled 
system's behavior under extreme conditions and facilitates the assess
ment of existing design margins. It ensures that the system remains safe 
and stable, even when actual conditions exceed anticipated levels. By 
simulating this extreme case, it is possible to ensure that the model can 
provide reliable results under a variety of conditions.

Mapping relations between differential subgrade settlement and track 
irregularity

It can be observed from Fig. 7 that the self-weights of the rails and 
sleepers can induce concomitant settlement upon the occurrence of 
differential subgrade settlement, thus contributing to the track geometry 
irregularity. Further, the high bending stiffness of rails may cause un
supported sleepers and upwarping deflection of the rails, leading to 

greater contact forces on adjacent sleepers. The repeated moving train 
loading also induces repeated impacts between the track and underlying 
subgrade. Therefore, the relationship between differential subgrade 
settlement and track irregularity needs to be studied first.

In this study, a 3D MBD-FEM model of the high-speed train-ballasted 
track-subgrade coupled system subjected to spatially differential sub
grade settlement was established by MATLAB® program. An iterative 
algorithm was proposed to calculate the relationship between subgrade 
settlement and track irregularity under the combined applications of 
moving train loading and self-weights. The iterative calculation steps 
are illustrated in Fig. 8. The iterative algorithm starts at time zero, 
initially assuming full contact between the sleepers and ballast. The 
process then enters the iteration loop. First, the contact state between 
the sleepers and ballast is calculated using the relevant formulas, and the 
contact condition is determined based on their vertical displacements 
while simultaneously updating the contact matrix for the current time 
step. If the contact state is the same as that in the previous step, the 
forces on the sleepers and ballast are computed according to the for
mulas. The time step is then incremented, and the structural dynamic 
responses and deformation under the train load are calculated using the 
Wilson-θ integration method, with the contact matrix updated accord
ingly. If the contact state converges again at this point, the results for the 
current time step are recorded. The algorithm then checks whether the 
train is still within the calculation region. If it has not yet exited, the 
iteration proceeds to the next time step. If the train has left the region, 
the algorithm terminates. Throughout the process, the continuous 
updating of the contact state and dynamic responses enables the itera
tive calculation of structural responses as the train passes through the 
track section. The impacts of the settlement on dynamic responses of the 
track-subgrade coupled system and running safety and ride comfort of 
the high-speed train are evaluated accordingly.

To formulate the sleeper-ballast contacts in the numerical model, the 
contact state matrix Sn shown in Eq. (6) is introduced. It is assumed that 
no tensile contact forces are allowed between sleepers and ballasts upon 
the occurrence of upwarping rails or unsupported sleepers, i.e., the 
contact forces between sleepers and ballasts are zero under such cir
cumstances. It is worth noting that the Heaviside function in this study 

Fig. 5. Illustration of the cosine-type differential subgrade settlement.

Fig. 6. Illustration of lateral differential subgrade settlement.

Table 1 
Different wavelength and amplitude combinations of differential subgrade set
tlement simulated.

Case 
No.

Wavelength 
(m)

Amplitude 
under left rail 
(mm)

Amplitude 
under right rail 
(mm)

Amplitude 
difference Δh 
(mm)

1 20 10 15 5
2 20 10 20 10
3 20 10 25 15
4 20 10 30 20
5 20 10 35 25
6 20 10 40 30
7 10 10 30 20
8 15 10 30 20
9 20 10 30 20
10 25 10 30 20
11 30 10 30 20
12 35 10 30 20

Table 2 
Limiting values of structural dynamic responses of high-speed rail.

Parameter Value

Vertical carbody acceleration (g) 0.13
Lateral carbody acceleration (g) 0.10
Vertical wheel-rail contact force (kN) 170
Lateral wheel-rail contact force (kN) 0.85(15 + Pw/3)
Wheel unloading rate 0.6

Note: Pw denotes the static axle load.
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was used to represent the binary contact or separation between sleepers 
and ballast, aiming to capture the macroscopic phenomenon of sleeper 
voids under spatially differential settlement and its effect on the overall 
dynamic responses of the 3D train-track-subgrade coupled system, 
rather than modeling microscale ballast particle compaction and re- 
support. The focus was on dynamic amplification, wheel-rail interac
tion, and structural load redistribution during single or few train pas
sages, where abrupt stiffness changes caused by sleeper voids dominate 
transient responses. The idealized contact-separation model has been 
widely applied in ballasted track dynamics and effectively captures 
macroscopic response characteristics without significantly affecting 
qualitative trends. Although neglecting local re-support may slightly 
overestimate dynamic impacts in this study, this conservative assump
tion is acceptable for evaluating operational safety and wheel-rail forces 
and for identifying potential damage zones. Future studies could be 
conducted to combine DEM with the macroscopic dynamic framework 
to perform multi-scale coupled analysis of ballast compaction and re- 
support, which is currently underway. 

Sn =

⎡

⎢
⎢
⎣

s11 s12 ⋯ s1j
s21 s22 ⋯ s2j
⋮ ⋮ ⋱ ⋮
si1 si2 ⋯ sij

⎤

⎥
⎥
⎦ (6) 

where sij = δ(z(ij)sl − z(ij)b ); δ(⋅) is the Heaviside function with values of 
0 and 1 indicating the loss and existence of sleeper-ballast contacts, 
respectively; zb

(ij) is the vertical displacement of the ballast layer; and zsl
(ij) 

is the vertical displacement of each point on individual sleepers, which 

can be calculated from the vertical displacement of the sleeper center 
and the angle about the X-axis via z(ij)sl = z(i)sl + θ(i)l(j).

At static equilibrium, the dynamic formula of the track-subgrade 
system is expressed as Eq. (7): 

⎡

⎢
⎢
⎣

Kr Krt
Ktr Kt

Kb Kbs
Ksb Ks

⎤

⎥
⎥
⎦

⎧
⎪⎪⎨

⎪⎪⎩

Xr
Xt
Xb
Xs

⎫
⎪⎪⎬

⎪⎪⎭

=

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

mrg
mtg − Kn

tbXt

F*
b− Kn

btXb

F*
s

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(7) 

where Kr, Kt, Kb, and Ks represent the stiffness matrices of the rail, 
sleeper, ballast, and subgrade, respectively; Krt, Ktb, and Kbs denote the 
contact stiffness matrices between the rail and sleeper, sleeper and 
ballast, and ballast and subgrade, respectively; Xr, Xt, Xb, and Xs are the 
displacement vectors of the rail, sleeper, ballast, and subgrade, respec
tively; and mrg and mtg represent the self-weights of the rail and sleeper, 
respectively, while Fb and Fs are the equivalent forces corresponding to 
the uneven settlement of the ballast bed and subgrade.

The dynamic formula of the high-speed train-ballasted track- 
subgrade coupled system under moving train loading is expressed by 
Eq. (8): 

Fig. 7. Schematic diagrams of interface contact variations during the passage of moving train due to differential subgrade settlement: (a) the train is in non- 
settlement area; (b) the train is in the edge of settlement area; and (c) the train is in the center of settlement area.
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⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Mv

Mr

Mt

Mb

Ms

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Ẍv

Ẍr

Ẍt

Ẍb

Ẍs

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

+

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Cv Cvr

Crv Cr Crt

Ctr Ct

Cb Cbs

Cbs Cs

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Ẋv

Ẋr

Ẋt

Ẋb

Ẋs

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

+

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Kv Kvr

Krv Kr Krt

Ktr Kt

Kb Kbs

Kbs Ks

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Xv

Xr

Xt

Xb

Xs

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Fv

mrg
mtg − Cn

tbẊt − Kn
tbXt

F*
b− Cn

btẊb− Kn
btXb

F*
s

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(8) 

where Kn
bt = KnT

tb is the equivalent stiffness matrix of sleepers or ballasts 
for full sleeper-ballast contact, and Kn

tb = Sn ⊗ Ktb =
⎡

⎢
⎢
⎣

s11k11 s12k12 ⋯ s1ik1i
s21k21 s22k22 ⋯ s2ik2i

⋮ ⋮ ⋱ ⋮
si1ki1 si2ki2 ⋯ siikii

⎤

⎥
⎥
⎦; and Cn

bt= CnT
tb is the equivalent damping 

matrix of sleepers or ballasts for full sleeper-ballast contact, and 

Cn
tb= Sn ⊗ Ctb =

⎡

⎢
⎢
⎣

s11c11 s12c12 ⋯ s1ic1i
s21c21 s22c22 ⋯ s2ic2i

⋮ ⋮ ⋱ ⋮
si1ci1 si2ci2 ⋯ siicii

⎤

⎥
⎥
⎦.

Regarding the convergence and computational efficiency of the 
iterative algorithm, the convergence during each iteration is judged by 
comparing the track-ballast contact state matrix Sn with that from the 
previous iteration Sn− 1, i.e., the iteration terminates when Sn = Sn− 1, 

Fig. 8. Schematic diagram of the calculation flowcharts of the iterative algorithm.
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ensuring that the contact state accurately reflects the actual stress con
ditions under uneven subgrade settlement and train loading. For cosine- 
type uneven subgrade settlements with different wavelengths and am
plitudes, the iterative method converges within a limited number 
(typically 3 ~ 10) of iterations. Simulations under various settlement 
combinations demonstrate that the algorithm is reliable and can stably 
compute the accompanying deformations of the track structures. This 
iterative method combines static equilibrium solving with contact state 
updates, updates the contact state only within each time step, and avoids 
repeated assembly of global stiffness matrix, thereby significantly 
improving computational efficiency without introducing additional de
grees of freedom. To further illustrate the physical manifestation of this 
iterative process, Fig. 9 presents the evolution of the sleeper-ballast gap 
during wheel passage. The results demonstrate that the algorithm 
accurately captures the non-linear transition from an initial gap to a 
fully closed contact state, which remains numerically stable even under 
extreme settlement amplitudes (up to 35 mm). This precise identifica
tion of interfacial status changes ensures that the local stiffness updates 
are consistent with the structural deformation, thereby providing a 
robust physical basis for the observed rapid convergence and compu
tational stability in large-scale 3D simulations. Compared with the 
discrete element method (DEM), it offers a notable computational 
advantage. For 3D models of track segments with dimensions in the 
order of hundreds of meters, the computation time is acceptable, making 
the method suitable for large-scale 3D coupled dynamic analyses. 
Moreover, the method can effectively predict sleeper void positions, 
wheel-rail load distributions, and track geometry irregularities, thus 
offering broad engineering applicability while balancing accuracy and 
efficiency. Therefore, the iterative method proposed and employed in 
this study ensures convergence and computational stability while 
maintaining high efficiency, satisfying the requirements for dynamic 
analysis of large-scale 3D track-subgrade coupled systems.

Numerical model validation

The numerical model established in this study for the coupled system 
was further validated by comparing the simulation results against field- 
measured data from a high-speed railway reported by Luo et al. [47]. 
The field monitoring was conducted on a double-track ballasted railway 
section of the Beijing-Zhangjiakou high-speed railway line in China, 
where the dynamic responses of the track-subgrade system under train 

loading were recorded. The test train was the CRH380AJ comprehensive 
inspection train with a 6M + 2T configuration (eight vehicles in total), 
operating at speeds up to 295 km/h. The monitored responses mainly 
included the vertical dynamic stress and vibrational responses at the 
subgrade surface beneath the rail-sleeper interaction zone.

In the numerical simulations, the train configuration and operating 
conditions were defined to be consistent with those reported elsewhere 
in the literature [47], ensuring comparability between the numerical 
results and the field measurements. In addition, the simulated random 
track irregularities were generated based on the classic German track 
spectrum. For brevity, detailed descriptions of the train configuration 
and simulation parameters, aforementioned in Section 2.2, are not 
reiterated herein. Fig. 10 shows the comparisons of field-measured and 
corresponding model-simulated results of dynamic responses of the top 
embankment. It can be observed that reasonably satisfactory agreement 
is achieved between field measurements and numerical simulation re
sults, confirming the validity and accuracy of this model.

To further validate the proposed iterative algorithm for calculating 
the concomitant deformation of track structures, the vertical deforma
tion responses of the rails and sleepers caused by differential subgrade 
settlement with a wavelength of 10 m and an amplitude of 15 mm were 
calculated accordingly. Fig. 11 compares the results calculated by the 
iterative algorithm proposed in this study and by a semi-analytical 
method in the literature [26]. Note that Zr, Zsl, and Zb denote the ver
tical deformation of the rail, sleeper, and ballast, respectively. It can be 
observed from Fig. 11 that slight deviations exist between the calcula
tion results by both methods probably due to the difference in sleeper 
spacing between the numerical model used herein and that in the 
literature. In general, the results are consistent and match well. There
fore, the rationality and accuracy of the proposed iterative algorithm 
and related computational framework for calculating the concomitant 
deformation of the track structures are verified. As compared to the 
analytical solutions, the MBD-FEM simulations are much more accurate 
and versatile in analyzing 3D dynamic responses.

Results and analysis

Effect of differential subgrade settlement on track irregularity

Fig. 12 presents a comparison between the deformation at various 
points along the left and right rails and the subgrade settlement directly 

Fig. 9. Spatial evolution and sensitivity validation of the sleeper-ballast gap history: (a) spatial evolution across the settlement zone from edge to center (h = 20 
mm); and (b) influence of varying settlement amplitudes (h = 10 mm to 35 mm) at the settlement center.
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beneath the rails. Fig. 12 plots the vertical displacement of each 
component in the track-subgrade system, with a fixed wavelength of 20 
m and a lateral settlement amplitude of 20 mm (refer to Case 4 in 
Table 1). The displacement profiles clearly depict the influence of the 
high bending stiffness of rails on their response to underlying subgrade 
settlements. On the left side (i.e., the side with less settlement), the rail 
exhibits an upward arching near the settlement boundary areas, with a 
maximum upwarping displacement of 0.64 mm. Additionally, the 
maximum vertical displacement at the settlement center is − 7.50 mm. 
Conversely, on the right side (i.e., the side with greater settlement), the 
rail shows no upwarping displacement, but a significant vertical 
downward displacement of − 17.31 mm at the settlement center area. 
Since the rail deformation is less than the subgrade settlement, the track 
separates from the subgrade, resulting in “unsupported sleepers”. These 
observations indicate that differential subgrade settlement has a 

significant impact on the contact state between the track and subgrade.
It is worth noting that the vertical displacement responses of each 

individual track layer, as shown in Fig. 12, are directly obtained from 
the 3D train-ballasted track-subgrade coupled model in this study. 
Specifically, rail and sleeper displacements are solved via the finite 
element method, considering wheel-rail interaction, fastener forces, and 
ballast support, with the track-subgrade contact state updated itera
tively in real time. Ballast and subgrade displacements are obtained 
from nodal responses under external loads and self-weights. All dis
placements are output in a unified coordinate system, ensuring 
comparability across different layers. The greater vertical displacement 
of the subgrade shown in Fig. 12, as compared to those of rails and 
sleepers, arises from differences in stiffness and load transfer. Rails and 
sleepers are high-stiffness components of which vertical deformation is 
constrained by bending rigidity and fasteners, effectively distributing 

Fig. 10. Comparisons of field-measured and model-calculated dynamic responses of the top embankment layer of the coupled system: (a) vertical displacement; (b) 
vertical velocity; and (c) vertical acceleration.
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wheel-rail loads. In contrast, the subgrade is typically a lower-stiffness 
continuous soil layer that bears concentrated and repeated dynamic 
loads, leading to larger vertical deformation. Additionally, spatially 
differential settlement can cause local track-subgrade separation, pro
ducing “cantilever” or “bridging” effects that limit track layer defor
mation and further concentrate loads onto the subgrade. These 
mechanisms actually explain the observed differences in vertical dis
placements among such different track structural layers.

To elucidate the impact of differential subgrade settlement on track 
deformation, the vertical deformations of both rails were calculated 
under various combinations of settlement wavelength and amplitude. 
Fig. 13 presents the rail deformation results corresponding to the sub
grade settlement wavelength of 20 m and the lateral settlement ampli
tude ranging from 5 mm to 30 mm. From Fig. 13, it is evident that, at a 
constant wavelength, the difference in deformation between the two 
rails gradually expands and tends to stabilize as the lateral settlement 
amplitude increases. The left rail exhibits a decreasing vertical 

displacement trend, indicating that the gap between the left rail and 
subgrade increases with increasing lateral settlement amplitude. This 
occurs because the displacement of the left rail is influenced by the 
condition of the right rail. As the right rail undergoes pronounced 
downward settlement, it imposes a relative tension or levering effect on 
the left rail through the sleepers, causing the left rail to bend upward 
relative to the right rail and reducing the magnitude of its vertical 
displacement. Meanwhile, the range of the deformation curve for the 
right rail broadens accordingly.

Fig. 14 illustrates the vertical rail deformation curves for a constant 
lateral settlement amplitude of 20 mm, with the settlement wavelength 
ranging from 10 m to 35 m. At a constant amplitude level, an increase in 
settlement wavelength leads to corresponding increases in both the 
wavelengths and amplitudes of the rail deformation curves. This sug
gests a reduction in the gaps between the track and the subgrade, 
although the deformation difference between the two rails continues to 
grow.

Fig. 15 summarizes the maximum gap between rails and subgrade at 
the settlement center area under various combinations of settlement 
wavelength and amplitude. It indicates that the gap values on both sides 
progressively increase with decreasing wavelength and increasing 
amplitude of subgrade settlement, respectively. In addition, lower 
wavelengths and higher amplitudes can result in more significant loss of 
contact between rails and subgrade.

Effect of differential subgrade settlement on train dynamic responses

Fig. 16 shows the vertical and lateral wheel-rail contact forces for 
different lateral amplitude levels (ranging from 5 mm to 30 mm) with a 
constant 20-m settlement wavelength (Case 1 to Case 6 in Table 1). 
Overall, the time-history curves of vertical wheel-rail contact force 
exhibit a decreasing trend when the wheelset enters the settlement area, 
followed by an increasing trend as the wheelset passes through the 
center of settlement area and then a decreasing trend again upon exiting. 
Fig. 16(a) clearly demonstrates that the vertical wheel-rail contact force 
increases with increasing lateral settlement amplitude, and the differ
ence in vertical wheel-rail contact force between the left and right rails 
also expands accordingly. The vertical wheel-rail contact force on the 
left rail experiences a slight increase from 100.09 kN to 108.35 kN. In 
contrast, the force on the right rail increases more significantly from 
101.50 kN to 112.03 kN, representing an increase of nearly 10.34%. On 
the other hand, Fig. 16(b) reveals that the lateral wheel-rail contact 

Fig. 11. The comparisons of the concomitant deformation results of track 
structures calculated by the iterative method proposed in this study and by the 
semi-analytical method in the literature.

Fig. 12. The model-calculated vertical displacement responses of individual components of the track-subgrade coupled system subjected to differential subgrade 
settlement at (a) the left rail and (b) the right rail sides.
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force also rises with the increasing amplitude of lateral subgrade set
tlement. Notably, the lateral wheel-rail contact force of the right rail is 
greater than that of the left rail, increasing from 6.09 kN to 9.15 kN (i.e., 
an increase of 50.25%).

Fig. 17 illustrates the variations of vertical and lateral wheel-rail 

contact forces with settlement wavelength L, under a constant lateral 
settlement amplitude of 20 mm (Case 7 to Case 12 in Table 1). Overall, 
the peak wheel-rail contact forces decrease monotonically with 
increasing wavelength. For example, the peak vertical contact force on 
the right rail decreases from 123.20 kN at L = 10 m to 103.55 kN at L =

Fig. 13. Vertical rail displacement under different amplitude levels of differential subgrade settlement: (a) the left rail; (b) the right rail; and (c) the displacement 
difference between the left rail and the right rail.

Fig. 14. Vertical rail displacement under different wavelength levels of differential subgrade settlement: (a) the left rail; (b) the right rail; and (c) the displacement 
difference between the left rail and the right rail.

Fig. 15. Maximum gap value between sleeper and ballast of left rail under different scenarios: (a) left rail; and (b) right rail.
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35 m, while the corresponding lateral force decreases from 9.91 kN to 
7.74 kN. This indicates that short-wavelength differential settlement 
induces more severe dynamic impact on the wheel-rail interface.

In addition, a pronounced asymmetry between the left and right rails 
is observed due to the imposed lateral settlement. The lateral contact 
force on the right rail remains consistently larger than that on the left 
rail over the entire wavelength range, reflecting the persistent geometric 
bias and lateral wheel-rail interaction caused by lateral settlement. For 
the vertical contact force, a load reversal phenomenon occurs: when the 
settlement wavelength is no greater than 15 m, the left rail experiences 
larger vertical contact forces due to dominant inertial effects under 

short-wavelength excitation; in addition, as the wavelength increases, 
the geometric load redistribution becomes dominant, resulting in larger 
vertical forces on the right rail. These results suggest that short- 
wavelength settlement mainly governs dynamic impact amplification, 
whereas long-wavelength settlement leads to sustained asymmetric load 
distribution, both of which have important implications for ballasted 
track performance and maintenance.

The maximum vertical wheel-rail contact force values under 
different combinations of settlement wavelength and amplitude are 
plotted in Fig. 18. To ensure safe and comfortable train operation, the 
limiting values of typical dynamic responses for high-speed trains are 

Fig. 16. The time-history curves of wheel-rail contact forces calculated for different combinations of 20-m wavelength and lateral amplitude ranging from 5 mm to 
30 mm of differential subgrade settlement: (a) vertical wheel-rail contact forces; and (b) lateral wheel-rail contact forces.

Fig. 17. The time-history curves of wheel-rail contact forces calculated for subgrade settlement wavelength ranging from 10 m to 35 m and the lateral settlement 
amplitude of 20 mm: (a) the vertical wheel-rail contact force; and (b) the lateral wheel-rail contact force.
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listed in Table 2 [48]. Note that the gray plane in the graph represents 
the safety limit, with points below the plane considered safe and those 
above it deemed risky (i.e., the safety limit is exceeded). From Fig. 18, it 
is evident that as the wavelength decreases and the amplitude increases, 
the maximum vertical wheel-rail contact force increases dramatically. 
Particularly, when the wavelength is less than 10 m and the amplitude is 
greater than 20 mm, the maximum vertical wheel-rail contact force 
exceeds the specified safety limit. Therefore, the differential subgrade 
settlement of small wavelength and large amplitude aggravates the 
wheel-rail contact forces, posing severe impact on both train operation 
safety and track performance.

Fig. 19 shows the time-history curves of the vertical carbody accel
eration (center of gravity). The vertical carbody acceleration exhibits 
approximately sinusoidal variations with two peaks corresponding to 
the passages of the front and rear bogies through the settlement area. 
This pattern indicates that the differential subgrade settlement has a 
great influence on ride comfort. When the settlement wavelength re
mains constant, the vertical carbody acceleration increases linearly with 
increasing lateral settlement amplitude, as shown in Fig. 19(a). 
Conversely, Fig. 19(b) shows that, for a given lateral settlement ampli
tude, the vertical carbody acceleration decreases as the wavelength in
creases from 10 m to 35 m.

Fig. 20 plots the maximum vertical carbody acceleration under 
different combinations of settlement wavelength and lateral amplitude. 
As the amplitude increases, the maximum vertical carbody acceleration 
also increases. However, it is interesting to observe that the maximum 
vertical carbody acceleration first increases and then decreases with 
increasing wavelength, reaching its peak around the wavelength of 10 
m. This observation may suggest that the suspension system of the 
vehicle has a certain damping effect on the short-wave rail irregularities. 
Note that the peak in maximum vertical acceleration of the carbody at a 
settlement wavelength of approximately 10 m is indeed closely related 
to the dynamic characteristics of the vehicle-track system. Physically, 
the settlement wavelength, together with train speed, determines the 
equivalent excitation frequency of the track irregularity. When this 
equivalent excitation frequency approaches the lower-order natural 
frequency range of the vehicle suspension system, the carbody response 
is significantly amplified. For the vehicle parameters and operating 

speed used in this study, a settlement wavelength of around 10 m cor
responds to an excitation frequency within the sensitive frequency range 
of the carbody-bogie system, resulting in the maximum vertical accel
eration of the carbody. Since this study focused on revealing the influ
ence of spatially differential settlement wavelength on vehicle dynamic 
response amplitudes through time-domain analysis, no separate 
frequency-domain analysis was conducted. However, existing literature 
shows that similar “sensitive wavelength” phenomena are generally 
associated with the dynamic properties of the vehicle suspension system 
and vehicle-track coupled vibrational behavior. Therefore, in future 
research, frequency-domain or time–frequency analysis could be 
incorporated within the current model framework to further investigate 
the resonance mechanisms of the vehicle-track coupled system under 
differential settlement excitation.

Fig. 21 illustrates the time-history variations of the wheel unloading 
rate calculated for different combinations of wavelength and amplitude. 
The wheel load exhibits a general pattern of initial reduction followed 
by an increase as the train passes through the subgrade settlement area. 
As shown in Fig. 21(a), for a given wavelength, the maximum wheel 
unloading rate increases linearly with increasing amplitude. In contrast, 
as shown in Fig. 21(b), for a given amplitude, the wheel unloading rate 
decreases with increasing wavelength.

Fig. 22 presents the maximum wheel unloading rate under different 
combinations of settlement wavelength and amplitude. It is worth 
noting that the points above the gray plane indicate that they exceed the 
safety limit. As shown in Fig. 22, the maximum wheel unloading rate 
decreases with increasing wavelength and increases with increasing 
amplitude. This observation highlights the potential risk of train 
derailment due to differential subgrade settlement, particularly for cases 
with small wavelengths and large amplitudes, posing a serious threat to 
the operational safety of high-speed trains.

Fig. 23 plots the variations of maximum vertical carbody accelera
tion, maximum lateral carbody acceleration and maximum wheel 
unloading rate concerning the running speed of the train, for a settle
ment wavelength of 20 m and a lateral settlement amplitude of 20 mm 
(Case 4 in Table 1). The graph illustrates that the train's dynamic re
sponses increase approximately linearly with train speed. Notably, when 
the train speed reaches 300 km/h, the wheel unloading rate surpasses 

Fig. 18. Maximum vertical wheel-rail contact force calcualted for different amplitude and wavelength combinations of differential subgrade settlement.
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the limit values specified in Table 2.

Effect of differential subgrade settlement on fastening forces

Rail fasteners play a crucial role in connecting rails and sleepers, 
facilitating the transfer of wheel loads from rails to substructures and 
thus maintaining track geometry regularity [49]. In this study, the rail 
fasteners were assumed pressurized if the fastening forces are positive, 
or tensioned otherwise. Fig. 24 shows the spatial–temporal variations of 
fastening forces for the Case 4 in Table 1.

As shown in Fig. 24, when the train is located in the areas without 
differential subgrade settlement (at time T = 0.51 s), the peak fastening 
force induced by train load is 24.87 kN. Besides, under the combined 
action of settlement and track self-weights, the fastening force of the left 

rail is − 3.35 kN at the settlement boundary area (i.e., the rail fasteners 
are tensioned), but it is 3.26 kN at the settlement center area (i.e., the 
rail fasteners are pressurized). In contrast, the fastening force of the right 
rail is 10.12 kN at the boundary of subgrade settlement area, but is 
− 3.02 kN at the settlement center. This phenomenon is attributed to the 
upward arching of the left rail at the boundary of settlement area and the 
compression of the right rail at the boundary, as shown in Fig. 12.

When the wheelset reaches the settlement boundary area (at time T 
= 0.74 s), the left rail, which previously experienced upwarping 
displacement, now deforms downwards under the moving wheel loads. 
Therefore, the left rail fasteners located at the settlement boundary area 
transition from being tensioned to being pressurized, with the fastening 
force being 20.03 kN. Conversely, the fastening force of the right rail at 
the settlement boundary area further increases and reaches the 

Fig. 19. The time-history curves of vertical carbody acceleration calculated for different wavelength and amplitude combinations of differential subgrade settlement: 
(a) constant wavelength of 20 m; and (b) constant amplitude of 20 mm.

Fig. 20. Maximum vertical carbody acceleration with different amplitude and wavelength combinations of differential subgrade settlement.
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maximum value of 31.07 kN. As the wheelset moves to the center of the 
subgrade settlement area (at time T = 0.89 s), the fastening force of the 
left rail reaches the maximum value of 41.59 kN under the train loads. 
The fasteners of the right rail located in the settlement center area, 
which were previously tensioned, also become pressurized with the 
fastening force being 8.75 kN.

Consequently, when the subgrade experiences severe spatially dif
ferential settlement, the rail fasteners located near the subgrade settle
ment area are prone to tension–compression-type fatigue damage. Such 
spatially differential subgrade settlement leads to a pronounced non- 
uniform distribution of track support stiffness, thereby altering the 

bending moment transfer and load redistribution within the track 
structures. More severely impacted rail fasteners are concentrated in the 
settlement center on the side with smaller settlement and at the settle
ment boundary on the side with larger settlement. The former behaves 
as a relatively stiff support, attracting higher bending moments and 
wheel-rail loads, whereas the latter acts as a mechanical transition zone 
with concentrated bending moment gradients. Under moving train 
loads, this stiffness contrast induces repeated load transfer and stress 
concentration in these regions, making them more susceptible to 
structural damage. In summary, abrupt changes in track stiffness leading 
to discontinuous bending moment transfer, combined with the 

Fig. 21. Time-history variations of the wheel unloading rate calculated for different wavelength and amplitude combinations of differential subgrade settlement: (a) 
constant wavelength of 20 m; and (b) constant amplitude of 20 mm.

Fig. 22. Maximum wheel unloading rate with different amplitude and wavelength combinations of differential subgrade settlement.
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redistribution of wheel-rail loads and subgrade dynamic stress re
sponses, are the primary mechanical mechanisms causing these regions 
to be more susceptible to damage.

Effect of differential subgrade settlement on dynamic subgrade stress

Based on the analysis results presented above, it is critical to study 
the influence of differential subgrade settlement on dynamic subgrade 
responses for long-term, in-service track performance monitoring and 
control.

Fig. 25 illustrates the distributions of vertical dynamic subgrade 
stress corresponding to representative locations of the high-speed train. 
As shown in Fig. 25(c), when the wheelset is located in the non- 
settlement area, the maximum vertical dynamic stress induced by the 
train loads is 30.16 kPa, with nearly symmetrical stress distribution on 
both sides of the subgrade. In Fig. 25(d), as the train wheelset reaches 
the boundary of the subgrade settlement area, the maximum vertical 
dynamic stress under the right rail increases to 31.55 kPa, while it is still 
29.84 kPa under the left rail. In combination with Fig. 12, this occurs 
because gaps between the track and subgrade at the settlement 

boundary on the left side lead to load distribution to adjacent areas, 
while the right side is squeezed more. As seen in Fig. 25(b), when the 
wheelset moves to the settlement center area, the maximum vertical 
dynamic stress under the right rail is 29.95 kPa, while that under the left 
rail increases dramatically to 49.04 kPa, surpassing the stresses caused 
by the train loads only. This observation highlights that the lateral dif
ferential subgrade settlement causes repeated flapping between the 
track and subgrade as the train passes by.

Previous studies have indicated that the accumulated vertical plastic 
deformation of the subgrade soil under the repeated moving train loads 
is governed by the vertical dynamic stress [50]. The numerical simula
tion results presented above suggest that severe spatially differential 
subgrade settlement could generate even much greater vertical dynamic 
stress in the subgrade, resulting in aggravated plastic deformation and 
differential subgrade settlement. In particular, the side with smaller 
settlement suffers greater impact at the settlement center, and the side 
with greater settlement experiences greater impact at the settlement 
boundary, leading to larger plastic deformation in these areas. This 
process accelerates further development of lateral subgrade settlement, 
which makes the differential subgrade settlement tend to be spatially 
non-uniform.

Summary and conclusions

This paper established a 3D train-ballasted track-subgrade coupled 
model that considers spatially differential subgrade settlement, and an 
iterative method to reveal the relationship between subgrade settlement 
and track irregularity was developed. On this basis, the dynamic re
sponses of and the interactions between individual components of the 
coupled system were analyzed. The main conclusions of this paper are 
summarized as follows. 

(1) Severe spatial differential subgrade settlement leads to unsup
ported sleepers in the settlement area due to the high bending 
stiffness of the rails. The smaller settlement wavelengths and 
larger settlement amplitudes result in greater gaps between the 
track and subgrade.

(2) The wheel-rail interaction is intensified in the subgrade settle
ment area, showing a distinct pattern of initial wheel load 
reduction and subsequent wheel load increase. Both maximum 
wheel-rail contact force and wheel unloading rate increase with 
decreasing wavelength and increasing amplitude, seriously 
affecting the driving safety. It is worth noting that the vertical 

Fig. 23. Variations of maximum carbody acceleration and maximum wheel 
unloading rate with train speed.

Fig. 24. The spatial–temporal variations of fastening forces due to lateral differential subgrade settlement: (a) the left rail (the side with less settlement); and (b) the 
right rail (the side with greater settlement).
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wheel-rail contact force is greater on the side with less settlement 
when the settlement wavelength is no more than 15 m, as well as 
on the side with larger settlement when the settlement wave
length is greater than 15 m.

(3) The maximum vertical carbody acceleration increases with 
increasing settlement amplitude. However, it first increases and 
then decreases with increasing wavelength. There exists a sensi
tive wavelength of around 10 m in terms of running safety and 
ride comfort, indicating that the train suspension system can 
effectively reduce vibration and improve ride comfort in short- 
wave irregularities.

(4) Due to the combined effects of spatial differential subgrade set
tlement and moving train loads, the rail fastening forces are 
greater in the settlement center area on the side with less settle
ment, as well as in the settlement boundary on the side with 
greater settlement. It thus seriously affects the durability of the 
track structures. Additionally, during the train passage through 
the subgrade settlement area, the track impacts the subgrade 
repeatedly, intensifying the uneven spatial distribution of dy
namic subgrade stress and further aggravating the development 
of differential subgrade settlement.

Future work may further enhance the present model by improving its 
engineering applicability and deepening physical insights. This includes 
incorporating more refined material constitutive models to capture 
micro-scale mechanical behavior and structural degradation under dy
namic loading, as well as establishing a two-way coupled framework 
between settlement evolution and dynamic responses to predict the 
long-term development of differential subgrade settlement. Multi-scale 
approaches could also be introduced to account for ballast particle 
compaction and re-support behavior under long-term cyclic loading. 

Furthermore, systematic validation using field monitoring data is 
needed to correlate non-intuitive damage patterns, such as stress con
centrations in stiffness-transition and off-center regions, with actual 
track and subgrade defects, providing a reliable mechanical basis for 
identifying hidden subgrade failures and optimizing maintenance stra
tegies based on vehicle–track dynamic responses.
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Appendix I 

Table A1 
Input parameters of the vehicle model.

Parameter Value

Mass of carbody, Mc 4.8 × 104 kg
Roll mass moment of carbody, Jcx 1.15 × 105 kg⋅m2

Pitch mass moment of carbody, Jcy 2.7 × 106 kg⋅m2

Yaw mass moment of carbody, Jcz 2.7 × 106 kg⋅m2

Mass of bogie, Mt 3.2 × 103 kg
Roll mass moment of bogie, Jtx 3.2 × 103 kg⋅m2

Pitch mass moment of bogie, Jty 7.2 × 103 kg⋅m2

Yaw mass moment of bogie, Jtz 6.8 × 103 kg⋅m2

Mass of wheelset, Mw 2.4 × 103 kg
Roll mass moment of wheelset, Jwx 1.2 × 103 kg⋅m2

Yaw mass moment of wheelset, Jwz 1.2 × 103 kg⋅m2

Axle load 15 t
Velocity 250 km/h
Longitudinal secondary suspension stiffness, Ksx 2.4 × 105 N/m
Lateral secondary suspension stiffness, Ksy 4.8 × 105 N/m
Vertical secondary suspension stiffness, Ksz 4.0 × 105 N/m
Longitudinal secondary suspension damping, Csx 1.2 × 105 N⋅s/m
Lateral secondary suspension damping, Csy 3.0 × 104 N⋅s/m
Vertical secondary suspension damping, Csz 6.0 × 104 N⋅s/m
Longitudinal primary suspension stiffness, Kpx 9.0 × 106 N/m
Lateral primary suspension stiffness, Kpy 3.0 × 106 N/m
Vertical primary suspension stiffness, Kpz 1.04 × 106 N/m
Longitudinal primary suspension damping, Cpx 0 N⋅s/m
Lateral primary suspension damping, Cpy 0 N⋅s/m
Vertical primary suspension damping, Cpz 5.0 × 104 N⋅s/m

Table A2 
Input parameters of the FEM model for the ballasted track system.

Parameter Value

Elastic modulus of rail, E 205.9 GPa
Inertia moment around the y axis of rail, Iy 3.217 × 10-5 m4

Inertia moment around the z axis of rail, Iz 5.24 × 10-6 m4

Mass of sleeper, Msl 375 kg
Fastener stiffness, Kfx, Kfy, Kfz 29.4, 29.4, 80 MN⋅m− 1

Fastener damping, Cfx, Cfy, Cfz 5.2 × 104, 5.2 × 104, 5 × 104 N⋅s⋅m− 1

Sleeper spacing 0.625 m
Longitudinal shear stiffness 78.4 MN⋅m− 1

Lateral shear stiffness 78.4 MN⋅m− 1

Longitudinal shear damping 80 kN⋅s⋅m− 1

Lateral shear damping 80 kN⋅s⋅m− 1

Thickness of ballast layer 0.35 m
Density of ballast layer 1800 kg⋅m− 3

Elastic modulus of top embankment, Et 200 MPa
Poisson's ratio of top embankment, μt 0.3
Density of top embankment, ρt 2360 kg⋅m− 3

Elastic modulus of bottom embankment, Eb 150 MPa
Poisson's ratio of bottom embankment, μb 0.3
Density of bottom embankment, ρb 2340 kg⋅m− 3

Elastic modulus of subgrade, Es 60 MPa
Poisson's ratio of subgrade, μs 0.3
Density of subgrade, ρs 2300 kg⋅m− 3
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