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Abstract: Subgrade frost heave in seasonally frozen ground can greatly influence the safety and smooth running of high-speed
trains and the service performance of track structures. In this study, we used a static model to: (1) investigate track—subgrade
frost heave and develop a dynamic model of vehicle-track—subgrade frost heave; (2) explore the transfer relation between
subgrade frost heave and track structure deformation; (3) examine the characteristics of interlayer debonding; (4) study the
influence of subgrade frost heave on the dynamic response of vehicles in high-speed railways in seasonally frozen regions. A
Fourier series was used to fit the frost heave waveform and simulate the behavior of subgrade uneven frost heave using data
collected on-site. The results show: (i) The position of frost heave significantly affects the transfer of deformation to a slab
track. The largest deformation of the track slab, with the amplitude transfer ratio reaching 20%, was recorded when the frost
heave occurred near the joint of the base plate. (ii) At the same frost heave amplitude, long-wave frost heave causes smaller
deformation and debonding of the track structure than short-wave frost heave. In the wavelength range of 10-30 m, the main
frequency of the acceleration spectral density was concentrated between 3.5 and 3.7 Hz, with larger frost heave wavelengths
producing smaller superposition on the vertical acceleration of the vehicle. (iii) The maximum wheel-rail force occurs when the
front bogie passes the frost heave peak, with greater frost heave amplitudes producing greater wheel-rail force. From these
results, we conclude there is a clear need to control the frost heave deformation of the track to reduce the dynamic response of
the vehicle and in turn improve train operations.
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1 Introduction

In recent years, major transportation in China has
centered on high-speed railways, which have seen huge
investments and expanded rail networks. By the end
of 2022, the operating mileage of the China Railway
High-speed (CRH) railway exceeded 42000 km (Ye
WL et al., 2023), of which over 8000 km is located on
seasonally frozen ground (Ren et al., 2022). Such fro-
zen soil is widely distributed in Northeastern, North-
ern, and Northwestern China, and accounts for 53.5%
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of China’s total land area (Lin et al., 2018; Zhang et al.,
2020). The slab track has become an important basic
structure to guide and support the operations of high-
speed trains due to its advantages of high smoothness,
high stability, and low-frequency maintenance (Ren
et al., 2023a). The China Railway Track System (CRTS)
III slab track is a national development technology
designed for high-speed railway ballastless track struc-
tures (Fig. 1) (Ren et al., 2022). It is composed mainly
of rails, fasteners, track slabs, self-compacting con-
crete (SCC) layers, geotextile isolation layers, and
base plates, and has been applied to many key lines
including the Panjin—Yingkou high-speed railway,
Shenyang—Dandong intercity railway, and Harbin—
Mudanjiang high-speed railway. These regions experi-
ence huge seasonal changes—subgrade freeze and
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heave are common in winter, before thawing and set-
tling in summer.

Subgrade frost heave is one of the main problems
facing high-speed railway infrastructure in seasonally
frozen ground (Ren et al., 2022) as it causes interlayer
sliding and debonding, and maps upward in the form
of deformation on the rail, resulting in changes in the
geometric form of the ballastless track (Fig. 2). Such
deformation impacts the safety, stability, and comfort
of the vehicles (Cai et al., 2019), and track irregularity
caused by subgrade frost heave in the ballastless track
structures increases the dynamic interaction between
wheels and rails (Wang et al., 2014; Auersch, 2015).
This causes strong vibration in the track structure,
thereby weakening the material properties of the track
structure and affecting the service state of high-speed
railways (Hwang et al., 2018; Zeng et al., 2022). There-
fore, the frost heave damage to high-speed railway sub-
grade in seasonally frozen areas needs to be addressed
urgently.
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Research on frost heave deformation of high-speed
railway subgrades in seasonally frozen regions has
been carried out mainly through theoretical analysis
and field observations. For example, Ma et al. (2016)
studied the impact of frost heave on railway subgrade
deformation by using multiple global positioning sys-
tem (GPS) data stations. Hunt (2005, 2007) presented
a method to quantify the roughness of various rails,
which is important for evaluating low-frequency ground
vibrations near railway lines. Most scholars converted
monitored data into a cosine curve to simplify the
characteristics of subgrade uneven frost heave (Wang
et al., 2015; Zhang YZ et al., 2015; Zhang S et al.,
2016; Wu et al., 2018; Niu et al., 2020) and study the
service state of the track structure. Gao et al. (2020)
proposed a new finite element model based on an
explicit algorithm to evaluate the impact of frost heave
on the entire dynamic system. Luo et al. (2017) estab-
lished a vehicle dynamics model to study the influ-
ence of uneven frost heave on train vibration and found
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Fig. 1 CRTS III slab track (Ren et al., 2022)
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Fig. 2 Schematic diagram of subgrade frost heave deformation
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that track irregularity caused by frost heave was the
most important factor causing vehicle vibration. Cai
et al. (2021) used the concrete constitutive theory to
set up a nonlinear finite element model that couples
the CRTS I ballastless track with the subgrade. They
analyzed the deformation of the track structure under
different subgrade frost heave conditions and proposed
an amplitude limit of subgrade frost heave.

Other studies have focused on the transfer rela-
tion between subgrade and bridge settlement (Ren et al.,
2023b) and track structure deformation. Jiang et al.
(2019) established a 3D finite element model that con-
siders the contact between different layers. The model
revealed the transfer characteristics of subgrade sur-
face settlement in relation to track structure deforma-
tion. Zhou et al. (2020) explored the transfer relation-
ship between bridge pier settlement and rail deforma-
tion of the CRTS I slab track system based on the
principle of stationary potential energy. Paixao et al.
(2015) studied the effect of uneven settlement on the
dynamic response of a vehicle—track system through
numerical analysis. Gou et al. (2019) conducted a the-
oretical study on the transfer relationship between the
vertical deformation of bridges and the geometric defor-
mation of tracks. Their model can reasonably predict
the geometric deformation of a track structure under
different vertical deformations of bridges. Jiang et al.
(2022) analyzed the dynamic response of the vehicle—
track system caused by the uneven settlement of the
subgrade and evaluated the performance of the railway
under different settlements. The above review shows
that previous research into the transfer relation between
subgrade deformation and upper track structure defor-
mation focused mainly on settlement deformation and
barely covered information relating to frost heave.

Due to the vertical multi-layer nature of the bal-
lastless track, frost heave deformation is mapped by
layer from the bottom to the top. The deformation of
each layer results in subgrade arching, interlayer debond-
ing, and rail surface deformation, separately, all of
which impact safety, comfort, and service performance.
Thus, structural deformation must be considered com-
prehensively, and requires an analysis of the transfer of
subgrade frost heave to the deformation across the base
plate, track slab, and rail. Current research on the struc-
tural deformation of ballastless tracks caused by sub-
grade frost heave uses mainly classic cosine waveforms
as the input condition (Gao et al., 2020). However,

the subgrade frost heave is non-uniform, and the ampli-
tude of the frost heave at the start and end points is
not zero. In this study, the implementation of a Fourier
series to model the frost heave curve efficiently tack-
les this concern and more accurately portrays the non-
uniformity of frost heave. Additionally, the Fourier
series curve has a better fitting effect than other pub-
lished methods and is more responsive to the actual
frost heave waveform of the field data in this study.

With all these points considered, this study takes
the CRTS III slab track as the research object. Com-
pared with other studies, this study has some innova-
tions. The frost heave waveform is fitted based on
measured data through a Fourier series in this study and
is used as the input boundary condition for the finite
element model. Supported by measured data, the cal-
culation results obtained are rendered more reliable and
practical. Moreover, a complete research idea from field
monitoring to theoretical analysis is provided. Addi-
tionally, a calculation approach is proposed whereby
the computation results of the static model are used as
the initial conditions for a dynamic model, through
which the calculation process is simplified and com-
putational efficiency improved. The transfers between
different layers of the track structure and the charac-
teristics of debonding provide an understanding for the
prevention and treatment of subgrade frost heave prob-
lems in seasonally frozen ground.

This study includes five main parts. In Section 2,
we describe frost heave waveform fitting based on field
data. In Section 3, we develop the spatial coupling finite
element model of track—subgrade frost heave, and in
Section 4, we derive the transfer relation between sub-
grade frost heave and ballastless track deformation. In
Section 5, we describe the vehicle—track—subgrade frost
heave spatial coupling finite element model, and in
Section 6, we explore the effect of subgrade frost heave
on the dynamic response of the vehicle. Since subgrade
frost heave can lead to track irregularities, we also
describe the dynamic response of the vehicle body to
track irregularities (Hunt, 2005; Auersch, 2015).

2 Waveform fitting of subgrade frost heave

In this study we monitored subgrade frost heave
on a specific section of a high-speed railway line,
using continuous monitoring methods from K329+305



to K329+333. There are four stages of frost heave
changes—initial freeze, rapid freeze, stable freeze, and
thawing settlement. The stable freeze stage typically
occurs from early January to mid-March, represented
in this study by the detection period from Jan. 1 to
Feb. 29. Fig. 3 shows the historical curves of subgrade
frost heave deformation in this section. The time spans
are from Jan. 1 to Jan. 31, 2020 (Fig. 3a) and from
Jan. 31 to Feb. 29, 2020 (Fig. 3b).

(a) = K329+305 o K329+312 s K329+319
10} + K329+326  « K329+333

€

E st

(0]

kel

2

g- 6r g R 5555 ’ e

[

[}

= WWM

§ ap

L

k7]

o

w 2+

0 ! =) 1 1
2019/12/30 2020/1/6 2020/1/13 2020/1/20 2020/1/27

Date
(b) = K329+305 © K329+312 4 K329+319
+ K329+326 * K329+333

10
€
E gt
[}
°
2
a L
5| A
® -’ WMM
5 4
e ot
b7
o
L 2+

e e P i e S

o 1 1 1 1

2020/1/31 2020/2/7 2020/2/14 2020/2/21 2020/2/28
Date

Fig. 3 Subgrade frost heave deformation curves: (a) subgrade
deformation curve in Jan., 2020; (b) subgrade deformation
curve in Feb., 2020

The data fitting is given in Section S1 of the
electronic supplementary materials (ESM), including
fitting steps for frost heave curves.

The general expression of the classical cosine type
frost heave curve (Gao et al., 2020) is shown in Eq. (1):

R e o | N

where f, is the frost heave peak value, x is the value
of the x-coordinate, and L is the wavelength.
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Fig. 4 shows that the Fourier series curve pro-
vides better results and reflects the actual frost heave
waveform, which is why we selected the Fourier series
curve as the input boundary condition in this study.
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Fig. 4 Subgrade frost heave curves

3 Spatial coupling finite element model of
track—subgrade frost heave

To explore how the frost heave waveform curve
influences the deformation transfer between the sub-
grade frost heave, base plate, track slab, and rail, and
the subsequent vehicle dynamic response, the Fourier-
type frost heave curve fitted by the measured data was
used as the boundary input condition. Two special cou-
pling finite element models were built: one static model
of slab track—subgrade frost heave, and one dynamic
model of vehicle-track—subgrade frost heave.

The finite element software ABAQUS was used in
this study to establish a numerical model. The finite
element model of the CRTS III slab track was com-
posed of rails, fasteners, track slabs, SCC, base plate, and
the surface layer of the subgrade bed (Fig. 5). The fasten-
ers were simulated using wire springs with 30-kN/mm
vertical stiffness and 45-kN/mm longitudinal and lat-
eral stiffness; the size of the track slab was 5.60 mx
2.50 mx0.20 m and the distance between track slabs
was 70 mm; the thickness of the SCC layer was 0.09 m;
the size of the convex stop was 1.00 m>0.70 mx0.10 m;
the size of the base plate was 11.32 mx3.10 mx0.30 m.
The CHNG60 rails, slab, SCC layer, base plate, and sub-
grade were simulated by the element. Assuming that
there is infinite soil below the subgrade, the subgrade
bottom was fully constrained and the deformation



134 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2024 25(2):130-146

Fig. 5 CRTS III slab track local finite element model

effect of infinite soil was ignored. The rail is a con-
tinuous long structure, and the longitudinal displace-
ment at both ends was constrained to simulate the func-
tion of a continuously welded rail. The connection
between the track plate and the SCC layer was simu-
lated by a common node. Considering calculation effi-
ciency and accuracy, the grid size of the track plate,
SCC layer, and base plate was 0.15 m, 0.15 m, and
0.20 m, and the number of units 44992, 16896, and
23880, respectively. Details of the material properties
are shown in Table 1.

Table 1 Material properties of track structure

Component Elastic modulus Poisson’s ratio Density
P (GPa) (kg/m’)
Rail 206.0 0.3 7850
Track slab 35.5 0.2 2500
SCC layer 32.5 0.2 2450
Base plate 325 0.2 2500
Surface layer of 0.4 0.3 1780
subgrade bed

The CRTS 1II slab track (Sufaat et al., 2022) uses
unit slabs, where a base plate is set longitudinally for
every two to four slabs. In our model, every two slabs
matched one base plate. From the total of eight track
slabs used to reduce the boundary effect on the calcu-
lation results, we took the middle four for analysis. The
track slab and the SCC layer are connected by door-
shaped steel bars, and binding constraints were used to
simulate the connection between layers. A geotextile is
set between the SCC layer and the base plate as an
isolation layer. This creates large vertical stiffness,
small vertical deformation, and relative sliding between
adjacent layers. Therefore, a hard contact was set be-
tween the SCC layer and the base plate in the normal

direction. In the tangential direction, a penalty formula
was used to describe the relative sliding between layers,
and the friction coefficient was set to 0.7 (Ye QZ et al.,
2023). To simulate the weak connection between the
subgrade and the base plate caused by cyclic frost heave
and thaw settlement, a separable surface-to-surface
contact was set between the subgrade and base plate,
and the interlayer bonding effect was ignored. In this
study, we considered the most unfavorable situation
and disconnected the joints between base plates (Ren
et al., 2022). Deformation and interlayer debonding of
ballastless track structures are caused by the frost heave
that maps upward, so forced displacement was imposed
on the surface of the subgrade bed to simulate the
boundary conditions of subgrade frost heave. The ana-
lytical field equation of frost heave excitation was as
follows:

£(x)=5.559-4.406¢0s(0.2196x)+1.125sin(0.2196x).

To simplify the calculation process and improve
the calculation efficiency, the following assumptions
were made for the model in this study:

(1) The model considers only the linearity of bal-
lastless track components.

(2) The deformation of the ballastless track struc-
tural components was elastic deformation.

(3) The model does not account for the effect of
infinite soil under the roadbed on the deformation of the
track structure and the dynamic response of the vehicle.

Therefore, this model is applicable only to the
investigation of the deformation of track structure and
vehicle dynamic characteristics by subgrade frost heave
under an ideal elastic state.

Subgrade material parameters and statics model
validation are described in Section S2 of the ESM.

4 Transfer relation between subgrade frost
heave and ballastless track deformation

The frost heave deformation of the subgrade was
mapped upward from the surface of the subgrade bed,
forming a multi-layer deformation transfer mechanism
that covered the subgrade—base plate—track slab—rail
system. Based on the results of the CRTS III slab
track—subgrade frost heave spatial coupling static model,
the Fourier series curve was taken as the boundary



input condition. Then, using controlled variables, the
deformation transfer relation and interlayer debonding
characteristics of the ballastless track at different frost
heave positions, amplitudes, and wavelengths were
studied. Typically, in engineering practice, vertical irreg-
ularities caused by frost heave are considered, but the
influence of frost heave in the horizontal direction
is not.

4.1 Influence of frost heave position on deformation
transfer

The longitudinal frost heave deformation was char-
acterized by the refined Fourier series curve and used
to explore the influence of different positions of frost
heave of the subgrade on vertical deformation transfer
of the slab track. The frost heave wavelength selected
was 20 m, and the frost heave amplitude 20 mm. Due to
the symmetry of the track structure, we selected three
typical positions to study: the joint of the base plate
(position A), middle of the track slab (position B), and
joint of the track slab (position C), as shown in Fig. 6.

When the subgrade suffers from frost heave, the
deformation is sequentially transmitted to the upper
layers, namely, the base plate, SCC layer, track slab,
and rail, resulting in variable degrees of arching. The
rail has better continuity than other track layers, and
its deformation is consistent with subgrade frost heave.
Debonding occurs mainly between the surface layer
of the subgrade and the base plate, and between the
base plate and the SCC layer. Since the track slab and
the SCC layer form the composite slab, they share
common nodes in the model. As a result, the deforma-
tion between them is basically consistent. At position
A, the base plate debonds from the subgrade at both
the crest and the trough of the wave, while the debond-
ing between the SCC layer and the base plate occurs at
the crest of the wave. At position B, debonding between
the base plate and the subgrade is generated at the foot
of the frost heave wave and is large at the wave crest.
Debonding between the SCC layer and the base plate
starts at the end of the SCC layer, which is above the
frost heave wave peak. At position C, large debonding
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is found between the base plate and the subgrade at the
wave foot, and the debonding between the SCC layer
and the base plate occurs at the end of the SCC layer
at the wave crest.

In Fig. 7, the vertical displacement at the start and
end of the frost heave on the subgrade’s surface layer
has a small abrupt change, which is due to the initial
frost heave on the frost heave curve. At positions A
and C, the peak deformation of the track slab is 6.3%
and 6.8% greater than the subgrade frost heave ampli-
tude, respectively. Also, the deformation follow-up
is poor with the frost heave in contrast to the good
follow-up between the rail deformation and frost heave.
At position B, the deformation peak value of the track
slab is close to the amplitude of the frost heave, and
the displacement curves of the track slab and the frost
heave do not overlap. The largest vertical displace-
ment of the track slab (24.07 mm) is seen at position
A. The ratio of frost heave amplitude of subgrade to
vertical displacement of track slab is about 120.4%.

4.2 Influence of frost heave amplitude on
deformation transfer

The frost heave amplitude directly affects the max-
imum vertical deformation of the track structure and
the interlayer debonding. In this section, we describe
the use of different frost heave amplitudes as input
variables to explore their influence on deformation
transfer. The frost heave wavelength was set as 20 m,
and the frost heave amplitudes as 5, 10, 20, 30, and
40 mm. The maximum vertical displacements of the
track structure under different frost heave amplitudes
are shown in Fig. 8.

Fig. 8 shows that the vertical displacement of each
track structure layer at different frost heave positions
increases linearly with the frost heave amplitude, and
the maximum rate of change is 16.8%. Position A shows
a vertical displacement of the base plate of up to
46.7 mm. This position also sees the highest increase in
the rate of displacement (1.18), while position B has a
maximum base plate displacement of only 40.05 mm
and the lowest increase in the rate of displacement.
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Fig. 6 Schematic diagram of different frost heave positions
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The amplitude of the frost heave has a bigger
effect on the deformation of each layer structure than
its position. The frost heave amplitude directly affects
the maximum displacement of each structural layer in
the deformation transfer. Exploring the maximum dis-
placement change law in the transfer relation can pro-
vide a technical reference for track structure mainte-
nance in target areas.
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The analysis in Section 3.1 suggests that the effect
of frost heave on the vertical displacement of the track
slab is the most significant when it occurs at position A.
To further study the influence of frost heave amplitude
on the deformation transfer relation of the subgrade—
base plate—slab—rail system, we focused on the frost
heave at position A at a wavelength of 20 m, and ampli-
tudes of 20 and 40 mm. The deformation transfer rela-
tion is shown in Fig. 9.

For amplitudes of 20 or 40 mm, due to the non-
uniformity of the frost heave and the fact that the upper
structure poorly follows the subgrade to deform, the
frost heave wave at the foot experiences large debond-
ing. The deformation of the entire subgrade—base plate—
slab—rail system shows better follow-up between differ-
ent layers within 5 m before and after the frost heave
peak, and debonding gradually decreases. At the peak
of frost heave, the vertical displacement of the base
plate mapped from bottom to top reaches the maxi-
mum. When the peak value of frost heave is 20 mm,
the peak displacement of the base plate is 24.03 mm,
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Fig. 9 Subgrade—base plate—slab—rail deformation transfer
relation under different frost heave amplitudes: (a) frost heave
amplitude of 20 mm; (b) frost heave amplitude of 40 mm

and when the peak value of frost heave is 40 mm, the
peak displacement of base plate is 47.94 mm. When the
frost heave amplitude is 20 mm and 40 mm, the peak
transmission of subgrade—rail displacement is 3.10 mm
and 5.74 mm, respectively. This indicates that the
increase of the frost heave amplitude corresponds to a
larger vertical displacement transmission from the sub-
grade to the rail.

Fig. 10 shows the changes in the maximum debond-
ing height between the SCC layer and the base plate
and between the base plate and the surface layer of the
subgrade. The debonding heights between the base plate
and the surface layer of the subgrade and between the
SCC layer and the base plate show a gradual but non-
linear increase with the frost heave amplitude. The max-
imum debonding height between the base plate and
subgrade surface layer is 3.52 mm, which is far larger
than that between the SCC and base plate, regardless
of loading conditions. The standard TG/GW 115-2012
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Fig. 10 Debonding between track structure layers

(MOR, 2012) stipulates that when the interlayer debond-
ing height of a slab ballastless track is 1 mm or more,
repair work should be performed. Therefore, when the
subgrade frost heave wavelength is 20 m, to meet the
requirement of the joint debonding limit, the subgrade
frost heave amplitude should not exceed 7 mm.

4.3 Influence of frost heave wavelength on
deformation transfer

The frost heave wavelength affects the area of
track deformation transfer, and the longer the wave-
length is, the greater the effect extends in the longitu-
dinal direction of the line. To explore the effect of dif-
ferent frost heave wavelengths on subgrade—rail defor-
mation transfer and interlayer debonding, we took the
frost heave amplitude as 20 mm and analyzed the frost
heave wavelengths of 10, 20, 30, and 40 m separately.
The rail deformation curves under the different wave-
lengths are shown in Fig. 11.

Fig. 11 shows that at the same position, when the
subgrade frost heave amplitude is constant, the smaller
the frost heave wavelength, the greater the change rate
of rail arching. When the subgrade frost heave peaks
act on positions A and C, since the track structure is lon-
gitudinally symmetrical at the peaks, the vertical defor-
mation of the rail is symmetrical. At position A, when
the wavelength is 20 m, the vertical displacement of
the rail reaches 22 mm, the largest difference from the
deformation of the subgrade. In this case, there is
debonding at the middle of the arch, which has a sig-
nificant impact on the track structure and train opera-
tion. When the frost heave wavelength increases to
40 m, the arch deformation peak value point of the
rail quickly approaches the subgrade deformation peak
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Fig. 11 Vertical displacement of rail under different frost
heave wavelengths: (a) position A; (b) position B; (¢) position C

value point, and the deformation follow-up of the steel
rail gradually stabilizes. At the same frost heave posi-
tion, the increase in frost heave wavelength reduces
the amplitude transferred to the rail, indicating the de-
formation follows better. The result shows that long-
wave frost heave is more favorable than short-wave
frost heave in terms of rail vertical deformation.

Here, we introduce the wavelength transfer rate to
illustrate the transfer relation between the wavelengths
of subgrade frost heave and rail deformation. The wave-
length transfer rates under different frost heave wave-
lengths are shown in Fig. 12. It shows that at any posi-
tion, a certain amount of wavelengths of frost heave
will be transferred to the rail, and a shorter frost heave
wavelength causes a larger transfer rate. At positions
A and B, when the wavelength is 10 m, the wavelength
transfer rate to the rail is maximized to 180.5%, but
the transfer rate at position C is only 82.65% of that at
position A and 80.79% of that at position B. When the
wavelength increases to 20 m, the transfer rates at posi-
tions A and B decrease rapidly, by 49.47% and 62.41%,
respectively. The transfer rates then decrease slowly
with the increase of frost heave wavelength, and most
slowly at position C.
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Fig. 12 Rail-subgrade wavelength transfer rate

Different wavelengths of frost heave cause vari-
able degrees of propagation in the deformation wave-
length of track layers and have different impacts on
interlayer debonding. In Fig. 13, the debonding between
the base plate and the subgrade reaches a maximum
height of 12.64 mm at 10 m wavelength, and declines
non-linearly with the increasing wavelength. At any
frost heave wavelength, the debonding between the
base plate and the subgrade is always far greater than
that between the SCC layer and the base plate, with
the former recording up to 6.3 times more than the
latter. This is due to the better bonding and thus better
follow-up between the SCC layer and the base plate.
In addition, interlayer debonding is more sensitive at
a wavelength of 20 m. When the wavelength changes
from 10 m to 20 m, the debonding decreases sharply,
with a maximum drop of 72%. Once it exceeds 20 m,
the debonding height tends to stabilize.
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5 Vehicle—-track—subgrade frost heave spatial
coupling finite element model

The stability and safety of vehicle operation are
evaluated mainly through dynamic response indices,
such as the vertical acceleration of the vehicle body and
wheel-rail force. To explore the influence of frost heave
on the running state of the vehicle body, a vehicle—
track—subgrade frost heave spatial coupling finite ele-
ment model was established. The deformation results of
the static track—subgrade frost heave spatial coupling
model are used as initial conditions and imported into
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the vehicle—track—subgrade frost heave model. Then,
the vertical acceleration of the vehicle body and the
wheel-rail force at the time when the vehicle passes
through the frost heave ground can be obtained through
finite element calculation.

5.1 Vehicle model and parameters

Based on vehicle—track coupling dynamics and
the finite element method, a coupled dynamic model
of the vehicle—track—subgrade frost heave system was
established (Fig. 14). To reduce calculation workloads,
we made the following assumptions: the vehicle is
regarded as a rigid body and is thus impervious to
elastic deformation across the body, bogie, and wheel-
set; spring damping is seen as linear; all masses and
moments of inertia are concentrated on the vehicle
body, bogie, and wheelset; the vertical stop of the axle
box spring and the transverse stop of the bogie were
not considered. We considered the vertical vibration of
the vehicle and set 10 degrees of freedom for each
vehicle, including six degrees of freedom (vertical and
pitch motion) for the vehicle body and the front and rear
bogies, and four degrees of freedom (vertical motion)
for the wheelset (Sharma et al., 2021). An electric mul-
tiple unit (EMU) (Chen et al., 2015) of the CRH380
high-speed train series in China was used for dynam-
ics calculation. The main parameters of the vehicle are
shown in Table 2 (Guo, 2017). The vehicle body, bogie,

Fig. 14 Vehicle—track—subgrade spatial coupling dynamic finite element model. f'is the frost heave peak value; L is the

wavelength
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Table 2 CRH380 EMU parameters for calculation

Parameter Value
Mass of vehicle/bogie/wheelset (kg) 48000/3200/2400
Roll/Nod/Yaw inertia of vehicle (x10° kg'm*)  1.15/27.0/27.0
Roll/Nod/Yaw inertia of bogie (kg-m®) 3200/7200/6800
Roll/Yaw inertia of wheelset (kg'm’) 1200/1200

Longitudinal/Lateral/Vertical stiffness of ~ 9.00/3.00/1.04

primary suspension (x10° kN/m)

Longitudinal/Lateral/Vertical damping of 0/0/10
primary suspension (kN-s/m)

Longitudinal/Lateral/Vertical stiffness of 0.24/0.24/0.40
secondary suspension (x10° kN/m)

Lateral/Vertical damping of secondary 30/15
suspension (kN-s/m)

Bogie wheelbase (m) 2.5

Length between bogie pivot centers (m) 17.375

Vehicle length (m) 25

Vehicle width (m) 3.257

Vehicle height (m) 3.89

Nominal rolling radius of wheel (m) 0.46

and wheelset were all set as analytical rigid. Line fea-
tures were created with spring and damping attributes
to simulate the primary suspension and secondary sus-
pension systems. Full constraints were used at the bot-
tom of the embankment, and the longitudinal degrees
of freedom of the slab were restrained. The overall
length of the model was 200 m and the total number
of elements 206833.

The dynamic equation for the vehicle system can
be denoted by Eq. (2) (Zhai et al., 1996):

MA+CV+KX=F, 2)

where M, C, and K is the mass, damping, and rigid
matrices of the vehicle subroutine, and X, V, and 4 is
the displacement, velocity, and acceleration variables,
respectively, and F is the load of the system.

5.2 Wheel-rail contact model

Wheel-rail contact is a structural rolling contact
with the same elasticity, and the wheel-rail contact
forces are mainly normal contact forces and creep—slip
forces (Kalker, 1991). The contact mode in the normal
direction is mainly Hertzian contact, while the contact
mode in the tangential direction includes mainly linear
creep—slip and non-linear creep—slip relationships. In

this study, we used the Hertz elastic contact simulation
(Zhai and Sun, 1994) in which the force is:

P(t)= (é AZ(t))m, 3)

where P(¢) is the wheel—rail contact force in the normal
direction, G is the wheel-rail contact constant, and
AZ(?) is the elastic deformation of the rail that can be
calculated by the relative difference in displacement
between the wheel and the rail. Since lateral vibration,
snaking movement, and curve passing were not con-
sidered, the tangential force between the wheel and rail
was simplified by Coulomb’s friction law. This is shown
as Eq. (4) (Polach, 1999).

T(@®)=pux P(). “

where 7'(¢) is the wheel-rail force in the tangential direc-
tion, and u is the friction coefficient, which was taken
as 0.3.

With wheel-rail contact and the coupling of the
slab track and subgrade considered, the vehicle, track,
and subgrade are coupled into one dynamic model. Com-
pared with other dynamic models, this model fully con-
siders the displacement of track layers and interlayer
debonding under the initial frost heave, and the non-
linear contact relationship between different track layers.
In addition, this dynamic can incorporate the results of
the static model, reducing calculation.

Validation of the kinetic model is provided in
Section S3 of the ESM, including the comparison of
the model results with the relevant literature and mea-
sured data.

6 Influence of subgrade frost heave on the
dynamic response of a vehicle

The uneven frost heave deformation of the sub-
grade aggravates the dynamic interaction between the
wheel and rail, impacting driving safety and ride com-
fort. In addition, it causes the track structure to vibrate,
which affects the long-term service performance of the
track. In this section, we describe how the vehicle—
track—subgrade frost heave spatial coupling dynamic
model was used to explore the influence of subgrade
frost heave on the vehicle dynamic response.



6.1 Dynamic response at different frost heave
wavelengths

To explore the influence of different frost heave
wavelengths on vehicle dynamic response, the Fourier
series frost heave waveform was taken as the input
condition of the track—subgrade spatial coupling static
model to calculate the initial deformation of the track
structure. The results were then imported into the
vehicle-track—subgrade spatial coupling dynamic model.
The amplitude was 20 mm, the frost heave wavelength
10, 20, 30, or 40 m, and the vehicle speed 300 km/h.
The time-history curve of the vertical acceleration of
the vehicle body is shown in Fig. 15.
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Fig. 15 Time-history curves of vertical acceleration of the
vehicle body at different frost heave wavelengths

Fig. 15 shows that the maximum vertical acceler-
ation of the vehicle body at 10, 20, 30, and 40 m frost
heave wavelengths is 1.68, 1.54, 0.86, and 0.49 m/s’,
respectively. When the vehicle passes through the frost
heave area, the peak value of the vertical acceleration
decreases as the frost heave wavelength increases. When
the wavelength increases from 10 to 20 m, the maxi-
mum vertical acceleration decreases by 8.3%. From 20
to 30 m the maximum vertical acceleration decreases
by 44.2%, and from 30 to 40 m drops by 43.0%. When
the frost heave wavelength is less than or equal to 20 m,
the maximum vertical acceleration of the vehicle body
exceeds the daily management threshold of 0.15g (g is
the gravitational acceleration) (Hasan, 2014). When the
frost heave amplitude is 20 mm and the frost heave
wavelength is greater than 30 m, the vertical accelera-
tion of the vehicle body meets the daily management
threshold.

The aforementioned change law of vertical accel-
eration was analyzed in terms of the time domain. The
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power spectrum was used to explore the change law of
vertical acceleration for the vehicle body under different
frost heave wavelengths in the frequency domain. The
change in the power spectral density (PSD) is shown
in Fig. 16.
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Fig. 16 PSD curves of vertical acceleration at different frost
heave wavelengths

At a frost heave amplitude of 20 mm and wave-
length of 20 m, the PSD peak value of the vehicle body
vertical acceleration is greater than those at frost heave
wavelengths of 10, 30, and 40 m. When the subgrade
frost heave wavelength is 10, 20, or 30 m, the peak
value of the vertical acceleration power spectrum of the
vehicle body is concentrated between 3.5 and 3.7 Hz.
However, when the subgrade frost heave wavelength
was set at 40 m, the main frequency of the vehicle
body acceleration is 1.4 Hz, which is close to the main
frequency of the vertical acceleration of the vehicle
body in the non-frost heave area, with a difference of
only 0.3 Hz. From this, we ascertained that with increas-
ing frost heave wavelength, the main frequency of the
vertical acceleration of the vehicle body will gradually
change from 3—4 Hz to around 1 Hz. Since 1 Hz is the
natural dominant frequency of the vertical acceleration
of the vehicle body, the result shows that a greater frost
heave wavelength produces a smaller impact on the ver-
tical acceleration of the vehicle body.

To explore the influence of subgrade frost heave
wavelength on the vertical wheel-rail force, we studied
the first wheelset of the vehicle body. A frost heave
amplitude of 20 mm and wavelengths of 10, 20, 30,
and 40 m were taken. The time history curves of the
left and right wheels are shown in Fig. 17.
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Under the same frost heave amplitude, the maxi-
mum vertical wheel—rail force appears between 0.6 and
0.7 s, regardless of the corresponding wavelength. This
can be accounted for by the time-history curve. In the
period from 0.6 to 0.7 s, the vertical acceleration of
the vehicle body is in the upward direction and reaches
its peak value. At this time, the vehicle enters the frost
heave area, and the front bogie reaches the position of
the frost heave trough, so the first wheelset experiences
the peak vertical wheel—rail force. The minimum value
of vertical wheel—rail force appears between 0.7 and
0.8s,0.8and 0.9s,0.9and 1.0 s, and 0.9 and 1.0 s at
frost heave wavelengths of 10, 20, 30, and 40 m, respec-
tively. Comparing the time periods corresponding to
the minimum force with the time history curve of ver-
tical acceleration shows that the minimum values of the
vertical wheel—rail force all appear in the time period
when the vertical acceleration reaches its negative peak,
indicating that the front bogie has reached the frost
heave peak position. Further, analysis shows the peak
value with the frost heave wavelength of 20 m is the

largest, and the minimum value at this wavelength is
the smallest, indicating the greatest range of wheel-rail
force change. In conclusion, when considering the
influence of the wheel—rail force on the track structure,
the focus should center on the frost heave wavelength
of 20 m.

6.2 Dynamic response at different frost heave
amplitudes

The previous sections showed that a frost heave
wavelength of 20 m produces greater vertical wheel—
rail force and spectral density than other wavelengths.
To determine the most unfavorable conditions and
analyze the influence of frost heave amplitude on the
dynamic response of the wheel-rail system, we set the
frost heave wavelength as 20 m, amplitudes as 10, 20,
30, and 40 mm, and vehicle speed as 300 km/h. The
time-history curves of vehicle body vertical accelera-
tion under different amplitudes are shown in Fig. 18.

At a frost heave wavelength of 20 m, the peak
vertical acceleration of the vehicle body is 0.80, 1.54,
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Fig. 18 Time-history curves of vertical acceleration with
different frost heave amplitudes

2.29, and 3.16 m/s* when the amplitude is 10, 20, 30,
and 40 mm, respectively. When the amplitude increases
from 10 to 20 mm, 20 to 30 mm, and 30 to 40 mm,
the peak acceleration increases by 92.5%, 48.7%, and
38.0%, respectively. Such growth is not linear and
gradually slows down. From 10 to 40 mm, the vertical
acceleration always peaks when the front and rear
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bogies simultaneously pass through the frost heave
position. At that moment, both the front and the rear
bogies are located near the frost heave peak, and their
centripetal force is downward, resulting in the super-
position of their dynamic responses.

Comparing Fig. 15 with Fig. 18 shows that a short
frost heave wavelength (10 or 20 m) produces a time
lag between the front and rear bogies passing through
the peak and trough, which causes the superposition
effect of the vehicle body acceleration. At 30 m wave-
length, superposition is weaker, and the peak value of
the vertical acceleration appears when the rear bogie
passes through the frost heave area. At 40 m wave-
length, the front and rear bogies could be treated as a
single entity because the distance between them is far
smaller than the frost heave wavelength, and there is
no obvious interaction between them.

The time-history curves of the vertical wheel—rail
force under different frost heave amplitudes are shown
in Fig. 19. When the frost heave amplitude is 10 or
20 mm, the vertical wheel-rail force of the vehicle body
reaches its peak value from 0.6 to 0.7 s. When at 30 or

—
O
~
-
N
<
1

100 -

80

60 A

Vertical wheel-rail force (kN)

40

140 -

—
o
-

120 -

100 -

80 -

60 -

Vertical wheel-rail force (kN)

40 -

0.6 0.8 1.0 1.2
Time (s)

Fig. 19 Time-history curves of vertical wheel-rail force with different frost heave amplitudes: (a) amplitude of 10 mm;
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40 mm amplitude, the peak value of the vertical wheel—
rail force appears from 0.7 to 0.8 s. Whether the peak
value occurs between 0.6 and 0.7 s or between 0.7 and
0.8 s, the two periods are when the front bogie passes
through the frost heave zone. At a frost heave wave-
length of 20 m, the maximum values of the vertical
wheel-rail force are 115, 116, 126, and 134 kN corre-
sponding to the frost heave amplitudes of 10, 20, 30,
and 40 mm, respectively, showing an increasing trend
and a total increase of about 16.5%. Short-wave and
large-amplitude frost heave has a greater impact on the
dynamics of the wheel and rail. Therefore, in areas with
large frost heave amplitudes, it is important to limit
the running speed of trains and strengthen daily man-
agement to minimize the frost heave effect and thereby
extend the service life of the track structure.

7 Conclusions

The sensitivities of the track structure components
to the frost heave position and wavelength are clarified
in this paper. We propose that when the frost heave
wavelength is 20 m, to meet the limit requirements of
the debonding, the limit value of the frost heave am-
plitude is 7 mm. This can provide a theoretical basis
for the prevention of subgrade frost damage and the
maintenance of track structure. Additionally, the sig-
nificance of the effects of frost heave wavelength and
amplitude on the vehicle body vibration acceleration
and wheel-rail force was explored from the time domain
and frequency domain. We recommend that when the
frost heave wavelength is in the range of 10-20 m and
the train speed is 300 km/h, the train speed should be
reduced to avoid the vertical acceleration of the vehi-
cle body exceeding 0.15g. This provides a reference
for the evaluation of the smoothness and comfort of a
ballastless track. The conclusions are as follows:

1. The position of frost heave greatly influences
the arch deformation and debonding height. In terms of
the arch deformation, the most unfavorable position is
near the joint of the base plate, where we recorded a max-
imum vertical displacement of 24.07 mm for the track
slab when the frost heave amplitude was 20 mm—an
amplitude transfer rate of 120.4%. In terms of interlayer
debonding, the most unfavorable position is near the
middle of the track slab.

2. The maximum displacement of each layer of the
track structure increases with the frost heave amplitude,

and changes nearly linearly, with a maximum increase
of 16.8%. The maximum wavelength transfer rate from
subgrade to rail is 180.5%. With the same amplitude,
long-wave frost heave has less impact on the track
structure and causes less debonding than short-wave
frost heave. The rail deformation obtained from transfer
can be used directly as the initial condition for subse-
quent research on track irregularity and vehicle dynamic
response.

3. A greater frost heave wavelength corresponds
to a smaller impact of frost heave on the vertical accel-
eration of the vehicle body. In the wavelength range
from 10 to 30 m, the vertical acceleration of the vehicle
body presents double-peak fluctuations, and the main
frequency of the acceleration PSD is concentrated
between 3.5 and 3.7 Hz. When the frost heave wave-
length is greater than or equal to 40 m, there is no
double-peak phenomenon in the vertical acceleration
of the vehicle body, and the main frequency of the
PSD is 1.4 Hz.

4. Given a fixed frost heave wavelength, the ver-
tical acceleration of the vehicle body increases nonlin-
ecarly along with the increase of the frost heave ampli-
tude, and the increase gradually slows down. At any
frost heave wavelength, the maximum vertical wheel—
rail force is recorded when the front bogie passes
through the frost heave zone. The peak value of the
wheel-rail force increases as the frost heave ampli-
tude increases from 10 to 40 mm, and the maximum
increase (16.5%) is recorded at a frost heave wave-
length of 20 m. Frost heave with short wavelengths
and large amplitudes noticeably intensifies the dynamic
interaction between the wheel and rail. In frost heave
areas with wavelengths less than 20 m and ampli-
tudes greater than 20 mm, the running speed of trains
should be limited and daily maintenance should be
strengthened.
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