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Abstract: In order to find out the influence of subgrade frost heave on the deformation of track
structure and track irregularity of high-speed railways, a nonlinear damage finite element model
for China Railway Track System III (CRTSIII) slab track subgrade was established based on the
constitutive theory of concrete plastic damage. The analysis of track structure deformation under
different subgrade frost heave conditions was focused on, and amplitude the limit of subgrade frost
heave was put forward according to the characteristics of interlayer seams. This work is expected to
provide guidance for design and construction. Subgrade frost heave was found to cause cosine-type
irregularities of rails and the interlayer seams in the track structure, and the displacement in lower
foundation mapping to rail surfaces increased. When frost heave occured in the middle part of the
track slab, it caused the greatest amount of track irregularity, resulting in a longer and higher seam.
Along with the increase in frost heave amplitude, the length of the seam increased linearly whilst
its height increased nonlinearly. When the frost heave amplitude reached 35 mm, cracks appeared
along the transverse direction of the upper concrete surface on the base plate due to plastic damage;
consequently, the base plate started to bend, which reduced interlayer seams. Based on the critical
value of track structures’ interlayer seams under different frost heave conditions, four control limits
of subgrade frost heave at different levels of frost heave amplitude/wavelength were obtained.

Keywords: slab track; subgrade frost heave; track irregularity; interlayer seams; control limit

1. Introduction

Frozen soil regions are widely distributed throughout the world and are found in
places such as Russia, Canada, China, Alaska, and Japan [1-3]. Permafrost and seasonal
frozen soil cover about 21.5% and 53.5% of China’s land area [4], respectively. The soil mass
of subgrade in frozen soil regions expands due to water freezing under low temperature
loads; this is referred to as subgrade frost heave, which leads to the deviation of the
design elevation of subgrade surfaces and affects the safety of high-speed railway train
operations [5]. In recent years, increasing high-speed railways have been established in
the frozen soil regions of China, and the operation mileage has exceeded 3000 km [6]. In
addition, there are plans such as the Belt and Road Initiative plan to build high-speed
railways from China to Moscow and the rest of Europe, with a total length of more than
15,000 km [7-9], as shown in Figure 1. CRTSIII slab track will be used as the main track
structure in these projects, which will pass through alpine regions where the average
temperature in the coldest month in China is less than —10 °C, or the average daily
temperature is not higher than 5 °C for more than 145 days. Frost heave in the soil mass
is inevitable in these places. Excessive displacement caused by subgrade frost heave will
cause the uneven displacement of slab track structures and could even lead to crack failure
in the concrete [10]. A field survey of the Harbin—-Dalian high-speed railway showed that
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the slab track concrete had broken away in some sections, as shown in Figure 1, which could
in turn seriously affect the slab track’s service performance. It is therefore necessary to
pave and maintain the slab track in severely cold regions in order to study the deformation
and seams in the track structure of high-speed railways under subgrade frost heave and
put forward control limits for subgrade frost heave displacements in frozen soil regions.

% § concrete failure

e

Figure 1. Distribution of high-speed railway in frozen soil regions.

Presently, most research on the subgrade frost heave displacement of high-speed
railways has focused on the influential factors of frost heave formation and its devel-
opmental process [11-13]. A number of measures to reduce frost heave displacement,
such as improving soil properties, temperature control and drainage, have been put for-
ward [14-18]. Further, research on the influence of subgrade deformation on track structure
has mainly analyzed subgrade settlement. For instance, Dahlberg [19] and Li [20] studied
the deformation law of ballasted track under subgrade settlement using the finite element
method. Wang et al. predicted the long-term settlement of the track in transition zones
and researched this dynamic behavior [21,22]. Based on the discrete element method,
Fu et al. [23] discussed the influence of train load on track surface deformation during the
settlement of ballasted track subgrade. Cai et al. [24] investigated the relationship between
different conditions of subgrade settlement and track irregularities by establishing double-
block slab track on subgrade. Chen et al. [25] explored the settlement limits of subgrade
based on the bending moment of longitudinally connected slab track. Guo et al. [26] used
Winkler’s foundation composite beam theory and calculated the track surface geometric
deformation law of unit plates and longitudinal connected slab track under different types
of subgrade settlement. Based on the theory of vehicle-track coupling dynamics and using
the finite element method, Gao et al. [27] established an explicit dynamic analysis model
for vehicle-slab track subgrade in the frost heaving area and researched the influence
of frost heave amplitude and wavelength on the dynamic response of the vehicle track.
Zhao et al. [28] revealed the deformation characteristics of unit slab track under subgrade
settlement and also analyzed the influence of structural thickness and bonding mode on
track irregularity. Tong et al. [29] proposed a double-strain criterion of slab track for frost
heave crack propagation and investigated factors involved in frost heave crack propaga-
tion. Cui et al. [30] analyzed the effects of differential subgrade settlement on the damage
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distribution and mechanical properties of the slab track by establishing a three-dimensional
damage model. Park et al. [31] considered the deformation of the subgrade in transition
zones and built a numerical analysis model to identify the dynamic response of the train.
From the literature review, it is noted that most research has focused on the influence
of subgrade settlement on the mechanical characteristics of slab track. However, so far,
few studies have been undertaken on the effects of frost heave displacement on track
structure [6,16,32], and no control limits referring to the subgrade frost heave have not
been proposed.

Meanwhile, subgrade frost heave causes track damage, leading to changes in track
material parameters. The material parameters of the slab track have a significant effect
on the dynamic response of the vehicle [33] and the impact load has a huge influence
on the track [34-36]. When the cooperative deformation of the rail surface caused by
the uneven displacement of subgrade frost heave is not controlled, track irregularity will
amplify the dynamic response of the train—track system, resulting in an increase in the
track’s deterioration rate, passenger discomfort and derailment risk [37-40]. In this study,
combined with the concrete plastic damage constitutive theory, a nonlinear damage analysis
model of CRTSIII slab track subgrade frost heave was established using the finite element
method. Then, the mapping relationship between different frost heave displacements and
track irregularities was analyzed. Moreover, according to the interlayer seam relationship
of the track structure, a control limit for subgrade frost heave displacement at the millimeter
level was proposed. Compared to other existing linear elastic models, the established model
takes into account the influence of the concrete plastic material, as well as the pre-stressed
and common reinforcements of track structure. This reduces the deviations of simulated
results from the real full-scale track structure, i.e., it increases the accuracy of the results.
It is expected that this study may provide theoretical guidance for the maintenance of
CRTSIII slab tracks in cold areas.

2. Plastic Damage Analysis Model of Slab Tracks

The CRTSIII slab track is composed of rails, a fastener system, the track slab, self-
compacting concrete, the base plate and subgrade from top to bottom [41]. As shown in
Figure 2, the CRTSIII slab track adopts a unit block structure in a subgrade section, where
each base plate corresponds to two P5600 track slabs. The track slab and self-compacting
concrete are connected by door-type reinforcements. The self-compacting concrete and
base plate are limited by the occlusion between the limit convex platform and the groove.
The size of the groove is 1.0 m x 0.7 m x 0.1 m (length x width x height). There is a
20 mm expansion joint between the base plates.
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Figure 2. China Railway Track System (CRTS III) slab track (unit: m).
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2.1. Plastic Damage Constitutive Relationship of Slab Track Concrete

In order to simulate the process of material damage under an external load, the
concrete plastic damage constitutive relationship was deduced, after which a foundation
for the research of damage characteristics of the CRTSIII slab track structure could be
created. Referring to The Code for Design of Concrete Structures [42], the stress—strain
curve equations of concrete under uniaxial tension and compression are as follows:

o= (1—-4d,)Ee (1)
1-p[122 — 022°] (x < 1)

dt = ot (2)
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where ¢ and «. are parameter values of a downward-facing section of the concrete stress—
strain curve under uniaxial tension and compression, respectively; fi and f ., are represen-
tative values of concrete strength under uniaxial tension and compression, respectively;
er and & are the peak strain of tensile and compressive strength, respectively; d; and d.
are the damage evolution parameters of concrete under uniaxial tension and compression,
respectively; €p and ¢, are plastic strain and residual stress, respectively; and ¢ and K are
inelastic strain and cracking strain, respectively.

By combining Equations (1)-(6), the tension—compression constitutive stress—strain
relationship of concrete is obtained. We used C40 concrete as an example; its material
parameters are shown in Table 1 and Figure 3.

Table 1. Relevant parameters of C40 concrete.

Parameter Name Symbol Parameter Value
Modulus of elasticity (GPa) E. 325
Representative value of tensile strength (MPa) fur 2.39
Tensile peak strain &t 0.000104
Parameters of the falling section of the tensile stress—strain curve at 1.796
Representative value of compressive strength (MPa) fer 26.8
Compressive peak strain & 0.001589

Parameters of falling section of compressive stress—strain curve e 1.168
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Figure 3. Material parameters of C40 concrete. (a) Tensile stress-strain curve; (b) compression stress-strain curve; (c) tensile

stress/damage factor-inelastic strain; (d) compressive stress/damage factor-inelastic strain.

Based on the concrete stress—strain curve and the concrete plastic damage model, con-
crete damaged plasticity (CDP), the failure mechanisms of concrete materials are mainly
tensile cracking and compression failure. The stiffness degradation phenomenon of con-
crete materials can be described by inputting four sets of correspondence data of tensile and
compressive stress—inelastic strain of materials (0-€™, o-e%%) and damage factor—inelastic
strain (dee-¢™, di-%). According to the conversion formula of the constitutive relationship
in reference [43], given the total strain ¢, the data of o-¢™ and de.-¢™ can be calculated by
Equations (4), (7), (8) (9) and (10); the data of o-¢%% and d;-¢°% can be calculated by Equations
(1), (2) and (11). The curve of C40 concrete parameters in the plastic damage model can be
obtained as shown in Figure 3.

2.2. Finite Element Model of Slab Track
2.2.1. Geometric Model

The beam body finite element theoretical analysis model can accurately reflect the
stress and deformation of the slab track structure [44—46]. Therefore, the finite element
software ABAQUS [47] has been used in this study. Based on the plastic damage consti-
tutive relationship of concrete, a nonlinear analysis model of 200 m of CRTSIII slab track
on subgrade is established, as shown in Figure 4. The dimensions of the geometric model
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adopt the actual size of the structure. The dimensions of the track slab are 5600 mm x
2500 mm x 210 mm (length x width x height). The dimensions of the self-compacting
concrete are 5600 mm x 2500 mm X 100 mm (length x width x height). The dimensions
of the base plate are 5600 mm x 2500 mm x 210 mm (length x width x height). The
dimensions of the groove are 1000 mm x 700 mm x 100 mm (length x width x height).
There is also a 20 mm expansion joint between the base plates.

Track slab

Self-compacting
concrete

Pre-stressed
reinforcements

Rails

Base plate

Reinforcement mesh
Subgrade

Figure 4. Finite element model of CRTSIII slab track on subgrade.

The model contains 157,652 solid elements and 215,572 nodes. In order to simulate
functional characteristics and the interaction relationships of each structural layer of slab
track, the reduced integration element C3D8R [47], with eight nodes, is adopted to simulate
the slab track main structure. The fasteners are simulated by the spring element with a
spacing of 0.63 m, and the pre-stressed reinforcements are arranged on the track slab. The
pre-stressed reinforcements layer consists of 12 transverse and 8 longitudinal bars with
a diameter of 13 mm, as shown in the black line in Figure 4. The pre-stressed force is
simulated by a cooling method (the tension force of single longitudinal and transverse
pre-stressed reinforcements is 122 kN and 127 kN, and the corresponding cooling range
is 370.9 °C and 386.1 °C, respectively). The upper and lower layers of the base plate are
equipped with CRB550 cold-rolled ribbed reinforcement mesh, reinforced reinforcements
are arranged at the bottom of the groove, and anti-crack reinforcements (diameter: 12 mm;
length of a single piece: 700 mm; 16 pieces are arranged around a groove, as shown in
the blue lines in Figure 4) are arranged around it. The door-type reinforcement plays the
role of connecting the track slab and self-compacting concrete, as shown in Figure 5. Forty
groups of portal reinforcements are arranged on the track slab. As shown in Figure 5b,
the dotted line is the dividing line, the part above the dotted line is anchored on the track
slab, and the part below the dotted line is anchored on the self-compacting concrete. All
reinforcements are embedded into the track structure. According to [48], the thickness of
the subgrade surface layer is 40 cm.

The material of the expansion joint of the base plate is easier to damage compared to
the reinforced concrete of the base plate itself under an external load. Therefore, this study
analyzed the unfavorable conditions that cause the base plate’s expansion joint to break.
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Figure 5. Schematic diagram of door-type reinforcements. (a) Schematic diagram of space location; (b) size of rebar (unit: mm).

2.2.2. Contact Relationship and Boundary Conditions

The rotation degree of freedom of the spring is restrained to simulate the fastener pad
function. For the connection effect of door-type reinforcements between track slab and
self-compacting concrete, binding contact is adopted between the two layers. A contact
element [49] is adopted to simulate the geotextile isolation layer and elastic rubber cushion.
The geotextile is paved between the self-compacting concrete and concrete base plate, and
a rubber cushion layer surrounds the convex platform. In practice, the bonding force
between the slab track and subgrade will be greatly weakened or even disappear after
long-term operation, so the contact element which only considers the tangential friction
and vertical pressure between layers, but neglects the adhesive behavior [48,50], has been
adopted during out analysis to simulate the adverse conditions. In this circumstance,
the deformation of track structure and interlayer seams is easier to produce and develop.
Considering the longitudinal characteristics of the structure, symmetrical constraints are
adopted at both ends of the rail, base plate and subgrade. Additionally, the degrees of
freedom in three directions of the subgrade’s underside have been completely fixed.

2.2.3. Material Properties and Load Conditions

Referring to [41,42,51], the material parameters of the track structure are shown in
Table 2.

Table 2. Track structure material properties.

Linear Expansion

Name Elastic Modulus (GPa) Coefficient (m/°C) Poisson Ratio Density (kg/m?)
Rail 205.9 1.18 x 1075 03 7830
Track slab 36.0 1.0 x 107° 0.2 2500
Self-compacting concrete 32.5 1.0 x 1075 0.2 2450
Base plate 32.5 1.0 x 1075 0.2 2500
Subgrade 0.18 - 0.25 2000

The load condition has a significant influence on the track’s force and deformation [34].
In this study, the object is the track irregularity and damage caused by the subgrade frost
heave. The effect of the train load will be investigated in subsequent studies. In order to
reveal the influence of subgrade frost heave on track irregularities and damage, the gravity
of the track is the main load. Gravity acceleration is applied to the track and foundation.
We performed static analysis to research the irregularity and damage of the track under
gravity load.

Subgrade frost heave as a form of load is applied to the subgrade surface. We utilized
the node displacement load in the finite element software to produce different frost heave
loads. In this study, subgrade frost heave load includes two parameters: frost heave
wavelength and frost heave amplitude.
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2.3. Model Validation

The accuracy of the CDP model is the key to this study. In order to validate the CDP
model, according to the validation process in [30], the damage modes of standard concrete
specimens (0.15 m x 0.15 m) and the calculation of the stress-strain curves are carried out.
The damage nephograms and the stress-strain curves of concrete specimens are shown
in Figure 6. The results show that the failure mode of the simulation model is consistent
with the one in reality, and the stress—strain curve of the simulation is in good accordance
with the theoretical result, which indicates that the CDP parameters of the track structure
are reasonable.

Stiffness Stiffness
degradation degradation
+7.304x10" +7.716x10™
+6.695x10™" +7.073x10™
+6.087x107" +6.430x10™
+5.478x107" +5.787x10™
+4.869x107" +5.144%10™
+4.261x10" +4.501x10™
+3.652x10" +3.858x10™
+3.043x10! +3.215%10™
+2.435%10! +2.572x10™
+1.826x10" +1.929x10™
+1.217x10" +1.286x10™
+6.087x10 +6.430x107
+0.000 +0.000
(b)
30 40
Theoretical results —— Theoretical results
)5 o Simulation results 3 —e— Simulation results
30
~20 Py
~15 =20
wn wn
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& 10 15
10
5
5
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Figure 6. Diagram of concrete specimen failure modes. (a) Failure mode of C40 concrete specimen; (b) failure mode of
C60 concrete specimen; (c) simulation and theoretical results of C40 concrete; (d) simulation and theoretical results of

C60 concrete.

3. Mapping the Relationship of Track Irregularity under Frost Heave
3.1. Effect of Frost Heave Position

The track irregularity caused by foundation displacement is usually considered as
a cosine curve [52]. Based on the track irregularity test data [39] in the subgrade frost
heave zone of the Harbin-Dalian high-speed railway in February 2013, the cosine function
is adopted to simulate the subgrade frost heave displacement. The frost heave action
positions are singular in this study. Using the displacement module [47] of the ABAQUS
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software, the displacement function is applied to the nodes on the surface of the subgrade
bed, which is a cosine function fitting the displacements of subgrade frost heave as shown
in Figure 7a. The analysis type of the model is static analysis.

wavelength

amplitude

(@)

Rail

T TT——_—_—

self-compacting

concrete et Jesesst sy kescecd s feed
Concrete base
A~E are frost heave positons A B (& D E

(b)

Figure 7. Frost heave type and positions. (a) Cosine-type displacement curve of subgrade frost heave; (b) frost heave

action positions.

Considering the cosine-type displacement curve of subgrade frost heave with a frost
heave amplitude of 10 mm and a wavelength of 10 m, the effect of frost heave on the struc-
ture and mechanical properties at different positions of the base plate has been analyzed.
Specifically, A is located at the seam of the base plate, B and D are at 1/4 and 3/4 of the
track slab, C is at the middle of the track slab and E is at the middle of the base plate, as
shown in Figure 7b.

As shown in Figure 8, subgrade frost heave affects the deformation of its upper
structure. Due to the greater rigidity of the CRTSIII slab track, a certain deformation
deviation appears between the rail and subgrade. The rail’s deformation is asymmetrical
compared to the cosine curve, and the deformation amplitude from the subgrade mapped
to the rail increases. In order to clarify the influence of subgrade frost heave on track
irregularity, the ratio of peak value of rail displacement to the corresponding frost heave
amplitude under frost heave displacement is defined as the amplitude transfer ratio.

As shown in Figure 9, when frost heave occurs at position C (in the middle of the track
slab), the amplitude transfer ratio is less than 1.0. Due to the large rigidity of pre-stressed
track slab, the structural deformation is basically consistent with the frost heave curve, and
no asymmetry occurs in the longitudinal direction, thereby weakening the rail’s upward
deformation trend. When frost heave occurs at other positions, the amplitude transfer
ratio is almost the same, which is around at 1.06. In order to reflect the variation trends
of track irregularities, the first-order derivation of the rail deformation curve along the
longitudinal direction has been carried out to reflect the track irregularity change rate, as
shown in Equation (12).

d
Jia :d—z (12)

where « is the track irregularity change rate, y is the rail’s deformation amplitude under
frost heave (mm), and x is the longitudinal position coordinate of railway line (mm). The
track irregularity change rate under different frost heave positions has been obtained, as
shown in Figure 10.
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The action position of frost heave

Figure 9. Amplitude transfer ratio at different positions.

As shown in Figure 10, when frost heave occurs at positions A and E, the rail’s
deformation curve is completely symmetrical, and the maximum positive and negative
change rates of the track irregularities are (+2.33) and (£2.26), respectively. When frost
heave occurs at positions B and D, the rail’s deformation curve is not symmetrical; similarly,
the positive and negative change rates of the track irregularities are quite different. This
is because the track slab’s end warps under the action of frost heave, which leads to the
rail’s asymmetric deformation. When subgrade frost heave occurs at position C, the change
rate of the track irregularity is 3.15, which is the highest rate when compared with other
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positions. In other words, the rail’s smoothness is in the worst possible condition, and
therefore more attention should be paid to this issue.

4r . 4r Positive change rate
= Position A 3.11 3.15 Negative change rate
3 Position B 3+
Position C 2.33 2.41 296
2 Position D 2
Position E

Ju—
—

1

—_—
1

—

The change rate of track irregularity
(e

The change rate of track irregularity
o

2 -2
-3 3L
3.05 -2.87
4 1 1 1 1 1 1 4
-15 -10 -5 0 5 10 15 A B C D E

Longitudinal position (m) Position of frost heave

(@ (b)

Figure 10. Change rate of track irregularity at different positions. (a) Distributed along the route; (b) maximum change rate
of track irregularity.

3.2. The Influence of Frost Heave Parameters

According to field investigations of subgrade frost heave displacements in frozen soil
regions [53], it has been found that the frost heave amplitude of existing high-speed railway
subgrade mainly ranges from 15 to 25 mm (and up to 40 mm in particular sections), and
the frost heave wavelength is generally lower than 40 m. Consequently, these frost heave
parameters (a frost heave amplitude of 0—40 mm and wavelength of 0—40 m) have been
analyzed in this paper.

Given that the change rate of track irregularities reaches its maximum in the middle
part of the track slab (position C), the influence of position C subgrade frost heave parame-
ters on track irregularity has been studied. When the frost heave wavelength is set at 10 m,
the effect caused by amplitudes 5 mm, 20 mm and 40 mm are analyzed. When the frost
heave amplitude is set at 10 mm, the effect caused by wavelengths 5 m, 20 m and 40 m
are analyzed.

As shown in Figure 11a, when the frost heave amplitude is small, the rail’s deforma-
tion curve is basically symmetrical. Moreover, the rail’s deformation amplitude is basically
consistent with the frost heave amplitude. When the frost heave amplitude increases, the
rail’s deformation increases accordingly. As shown in Figure 11b, when the frost heave
wavelength is 40 m, the rail’s deformation curve is basically symmetrical. When the frost
heave wavelength decreases, the rail’s deformation curve gradually becomes asymmet-
rical. When frost heave parameters increase, the range of non-uniform rail deformations
gradually increases.

As shown in Figure 11c, when the frost heave amplitude is small, the track slab’s
deformation is relatively small, which does not jack up the rails; as a result, the amplitude
transfer ratio is less than 1.0. When the frost heave amplitude increases, both the rail’s
deformation and amplitude transfer ratio increase. The track irregularity’s change rate
increases linearly along with the increase of frost heave amplitude. When the frost heave
amplitude is 5 mm, the track irregularity’s change rate is only 1.8; when the frost heave
amplitude is 40 mm, the track irregularity’s change rate increases to 7.94, an increase of
approximately 4.4 times. As shown in Figure 11d, when the frost heave wavelength is
short, the track slab’s warping deformation is obvious, the rail’s deformation amplitude
is greater than the frost heave amplitude, and the amplitude transfer ratio is greater than
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1.0; when the frost heave wavelength exceeds 10 m, the amplitude transfer ratio remains
almost unchanged. The track irregularity’s change rate decreases with the increase in
frost heave wavelength, and the curve slope first increases and then decreases. When the
frost heave wavelength is 5 m, the track irregularity’s change rate is 3.27, and when the
wavelength is 40 m, it is 0.95, a reduction of approximately 3.4 times. Both frost heave
amplitude and wavelength lead to changes in the track irregularity rate, which in turn
affect the rail’s smoothness. The greater the frost heave amplitude and the shorter the frost
heave wavelength, the greater changes in the track irregularity rate.
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Figure 11. The rail’s deformation and amplitude transfer ratio under different frost heave parameters. (a) The rail’s

deformation under different amplitudes; (b) the rail’s deformation under different wavelengths; (c) amplitude transfer ratio

under different amplitudes; (d) amplitude transfer ratio under different wavelengths.

4. Laws of Track Interlayer Seams under Subgrade Frost Heave

Referring to the Maintenance Rules for Ballastless Track of High-Speed Railway
(Trial) [54], when the height of the track structure interlayer seams reaches 1.0 mm and
no repairs are done in time, these seams will cause adverse effects on the track structure’s
service performance and the vehicle’s operation. Taking a frost heave amplitude of 10 mm
and frost heave wavelength of 10 m as examples, the distribution law of the interlayer
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seams between the self-compacting concrete and base plate under different frost heave
positions has been analyzed. The seam length is the longitudinal length of the area where
the seam height exceeds 1.0 mm, as shown in Table 3.

Table 3. The height and length of seams under different frost heave positions.

Frost Heave Position A B C D E
Seams between the self-compacting concrete and Height 0.38 mm 1.07 mm 3.18 mm 3.91 mm 0.79 mm
base plate Length 0Om 0.18 m 142 m 1.15m Om
Height 1.49 mm 3.37 mm 3.32mm 1.65 mm 1.04 mm

Seams between the base plate and subgrade

Length 1.31m 3.45m 4.10m 343 m 1.21m

As shown in Table 3, when frost heave occurs in the middle of the track slab, compared
with other positions, the seam length and maximum height between the self-compacting
concrete and the base plate are greater, reaching 1.42 m and 3.18 mm, respectively. The
seam length and maximum height between the base plate and subgrade reach 3.32 mm
and 4.10 m, respectively. It was therefore observed that the track slab’s middle section is
located in a disadvantageous position regarding frost heave, which is why variations in
track structure seams under subgrade frost heave have been analyzed in this study.

4.1. Seams between the Self-Compacting Concrete and Base Plate

When studying the law of the seams between the self-compacting concrete and
base plate, considering that a frost heave wavelength of 10 m is relatively common in
severely cold areas and has a great influence on the mechanical characteristics of the slab
track [39,54], the frost heave wavelength is set at 10 m. As shown in Figure 12a, when
the frost heave amplitude is small due to the track slab’s warping deformation, the seams
between the self-compacting concrete and base plate only occur at the end of the track
slab; yet when the frost heave amplitude increases, the warping deformation becomes
obvious. When the frost heave amplitude is 40 mm, the seam range and height greatly
increase. In order to study the seam development process, the distribution cloud with a
seam height greater than 1.0 mm under different frost heave amplitudes is extracted, as
shown in Figure 12b. When the frost heave amplitude is small, the seam only exists at the
end of the slab. When the frost heave amplitude increases, the seam range also increases,
which is consistent with the results shown in Figure 12a. When the frost heave amplitude
is 12.42 mm, the seam range extends from one slab to two slabs. When the frost heave
amplitude reaches 18.92 mm, these seams appear below the three slabs, and the range
reaches about 1.5 slabs. When the frost heave amplitude reaches 27.60 mm, the lower
section of a slab is almost completely void. When the frost heave amplitude is 40 mm, the
seam range can reach a length of 2.5 slabs.

From Figure 13a, when the frost heave wavelength is 10 m, the seam height and length
increase linearly with increases in frost heave amplitude. When frost heave amplitude
increases from 5 mm to 40 mm, the seam height and length increase by 7.64 times and
22.10 times, respectively. This means that the effects of frost heave are rather obvious. As
shown in Figure 13b, when the frost heave amplitude is 10 mm, the frost heave wavelength
increases from 5 m to 10 m. The seam height is reduced to 3.18 mm from 5.53 mm, and the
seam length decreases from 6.77 m to 1.42 m, resulting in reduction ratios of 43.4% and
79.0%, respectively. When the frost heave wavelength increases from 35 m to 40 m, the
seam height is reduced from 0.77 mm to 0.69 mm, and the seam length remains unchanged.
That is, as the frost heave wavelength gradually increases, both the height and length of
the seam decreases, and the reduction range is gradually reduced. In addition, when the
frost heave wavelength reaches 28 m, the maximum height of the seam is 1.0 mm,; that is,
the seam height gradually decreases in response to the increase in wavelength. There is an
indication that when the frost heave wavelength exceeds 28 m, no seam changes occur.
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Figure 12. Seams between the self-compacting concrete and base plate under different amplitudes of frost heave displace-

ments. (a) Deformation law of track structure; (b) development law of seams.
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Figure 13. The height and length of seams between self-compacting concrete and the base plate under different frost heave

parameters. (a) The height and length under different amplitudes; (b) the height and length under different wavelengths.

4.2. Seams between the Base Plate and Subgrade

As shown in Figure 14a, the seams mainly appear at the starting positions of frost
heave and the expansion joint, and the seam values at the three positions gradually increase
as the frost heave amplitude increases. As shown in Figure 14b, when the frost heave
amplitude gradually increases from 0 to 30 mm, the seam height increases linearly and the
seam length increases nonlinearly. The decreased increment in seam length is caused by the
concrete’s plastic damage. This is especially apparent when the frost heave reaches 35 mm,
as the plastic damage caused by the base plate is serious due to the tensile stress. That is to
say, when the equivalent plastic strain accumulates to a certain value, the concrete located
on the surface of the base plate is crushed on a large scale. Additionally, cracks appear
along the transverse direction, which leads to the phenomenon of “bending” as shown in
Figure 14c. It creates smaller seams between the end of the base plate and the surface of
the subgrade. When the frost heave amplitude exceeds 30 mm, the maximum seam height
appears at the frost heave’s starting position. When the frost heave reaches 40 mm, the
seam length and maximum height increase correspondingly.
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Figure 14. Cont.
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Frost heave amplitude: 30 mm |

Degree of [ [ ] ] Equivalent

Damage 0 0.08 0.16 0.24 0.33 0.41 0.49 0.57 0.66 0.74 0.82 0.90 0.98 plastic strain 0 02 03 04 06 07 09 1.0 12 13 15 1.7 2.0

(0)

Figure 14. Laws of interlayer seams under different frost heave amplitudes. (a) Variation of seams’ height longitudinally; (b) variation
of the seams’ length and height; (c) base plate deformation before and after plastic state.

As shown in Figure 15, both the height and length of the seams decrease nonlinearly
with increases in frost heave wavelength, and then the two values tend to stabilize gradually.
When the frost heave wavelength reaches 19.24 m, the maximum seam height is 1.0 mm; as
a result, the height of the seam decreases. In other words, when the frost heave wavelength
is greater than 19.24 m, it may be considered that there are no seams.
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Figure 15. The length and height of seams.

5. Discussion on the Limits of the Subgrade’s Frost Heave Control
5.1. Influence of Load Condition on the Seams
Subgrade frost heave is the main load condition analyzed in this study, which directly

affects the generation and development of seams. Wavelength and amplitude are the two
main parameters of subgrade frost heave and their influence on seams is discussed.
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Peak value of seam (mm)

Combined with the relevant standards of irregularity management for the slab track
of high-speed railways in maintenance rules and the results shown in Section 3, it can be
asserted that the amplitude transfer ratio of subgrade frost heave is greater than 1.0. That
is, the tolerated deviation management value of subgrade frost heave is stricter than the
requirement concerning track irregularity. Because of the various influential factors in the
field, one must consider a certain safe coefficient and use an amplitude transfer ratio of 1.1
to get the management value of subgrade frost heave’s tolerated deviation, as shown in
Table 4.

As shown in Figure 16a,b, the seam peak values between the different interlayer
structures are concluded under different subgrade frost heave amplitudes (0—40 mm)
and frost heave wavelengths (0-40 m). The compound effects of subgrade frost heave
displacements on interlayer seams can be obtained. When the frost heave wavelength
is small and frost heave amplitude increases, the seam values also increase rapidly; that
is, large seams occur easily. Similarly, when the wavelength increases (especially when
it reaches 30 m), the seam growth rate shows a sharp decreasing trend. Therefore, it is
necessary to pay more attention to these seams under short-wave frost heave. Referring
to Figure 16b, it can be seen that the seam value decreases due to the plastic damage
of concrete.

By analyzing the portion of the seams within 1.0 mm in Figure 16a,b, the critical value
of the seams under different frost heave amplitudes and wavelengths were obtained and
shown in the purple region in Figure 16¢,d, in which all track layers have strong follow-up
capability; thus, it may be considered that they have no seams. Referring to Figure 16d, the
variation law of the frost heave critical value between the base plate and subgrade is almost
the same as Figure 16c; however, when the frost heave wavelength is the same, the critical
frost heave amplitude is significantly greater than the critical value in Figure 16c. When
the frost heave wavelength is 10 m, the critical frost heave amplitude is 4.2 mm, which is
about 1.45 times the critical value of the self-compacting concrete and base plate; when the
frost heave wavelength is 30 m, the critical frost heave amplitude is 24 mm, which is about
1.71 times that of the self-compacting concrete and base plate.

Peak value of seam (mm)

Figure 16. Cont.
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Figure 16. The peak and critical value of seams under different frost heave conditions. (a) Peak value between the self-compacting
concrete and base plate; (b) peak value between the base plate and the subgrade’s surface layer; (c) critical value between the
self-compacting concrete and base plate; (d) critical value between the base plate and the subgrade’s surface layer.

Table 4. Admissible deviation management value of frost heave amplitudes.

Proiect Regular Comfortable Temporary Speed Limit
) Maintenance Level Repair (200 km/h)
Grade I I I v
Admissible deviation management value of
. . 4 6 8 10
rail surface height(mm)
Subgrade frost heave tolerance value(mm) 3.6 55 7.3 9.1

5.2. Limit of Frost Heave Displacement Control of the Subgrade

The tolerated deviation management value of subgrade frost heave, the critical values
of seams between the self-compacting concrete and base plate, and the critical values
of seams between the base plate and subgrade are summarized and analyzed. Finally,
the control limit of subgrade frost heave based on static results is obtained, as shown in
Figure 17. The critical values of seams between the base plate and subgrade are smaller
than those between the self-compacting concrete and base plate under different frost heaves.
Additionally, the difference between the control limit increases in response to the increase
in the frost heave wavelength. It can be concluded that the critical values of the seams
between the self-compacting concrete and base plate are taken as the main control index of
the subgrade frost heave.

When the subgrade frost heave amplitude reaches the tolerated deviation management
value of the regular maintenance standard (Grade I), the corresponding subgrade frost
heave wavelength limit is 12 m. This means that as long as the frost heave wavelength
exceeds 12 m, no seams will occur in the Grade I standard. The comfortable limit (Grade
II) corresponds to a wavelength limit of 16 m. The temporary repair standard (Grade
III) corresponds to a wavelength limit of 19 m, and the speed limit standard (Grade IV)
corresponds to a wavelength limit of 23 m. In addition, when the frost heave wavelength is
less than 12 m, and the slab track irregularity standard of the high-speed railway (i.e., the
subgrade frost heave tolerated deviation management value) is satisfied, the phenomenon
of seam heights greater than 1.0 mm between the self-compacting concrete and the base
plates may still occur. Therefore, it is necessary to pay attention to the state of the track
structure when small wavelength frost heave occurs in the field.
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Figure 17. Control limit of subgrade frost heave based on static results.

6. Conclusions

By establishing a nonlinear finite element model of CRTSIII slab track, the deformation
characteristics of slab track under subgrade frost heave were studied. Further, a millimeter-
level control limit of subgrade frost heave was proposed based on the relevant standards
of high-speed railway slab track irregularity management. The following conclusions
are drawn:

(1) The frost heave displacements of subgrade affects the deformation of its superstruc-
ture, leading in turn to cosine track irregularities. Because of the great stiffness of slab
track, the amplitude transfer ratio will be greater than 1.0; that is, the deformation
mapped to the rail surface will increase.

(2) When subgrade frost heave occurs in the middle of the track slab, the track irregu-
larity’s change rate reaches the maximum value of 3.15, indicating the worst level of
track irregularity. The track irregularity’s change rate increases linearly in response
to the increase in frost heave but decreases nonlinearly in response to the increase in
frost heave wavelength.

(3) The frost heave displacements of subgrade leads to the occurrence of interlayer seams
between the track structures. Similarly, seam height and length are larger when frost
heave acts on the middle section of the track slab. When the frost heave amplitude
increases and the frost heave wavelength decreases, the seam length and height also
increase. Finally, when the frost heave wavelength exceeds 28 m, it can be considered
as having no seams between the self-compacting concrete and base plate.

(4) When the frost heave amplitude increases, the seam height increases linearly whilst
the seam length increases nonlinearly due to plastic damage of the concrete. In
particular, when the frost heave amplitude reaches 35 mm, the concrete on the surface
of the base plate produces plastic damage and cracks along the transverse direction,
leading to a “bending” phenomenon.

(5) Based on the relevant standards of slab track irregularity management, the critical
values of interlayer seams between the self-compacting concrete and base plate have
been selected as the main control indices of subgrade frost heave. Four corresponding
wavelength limits (Grades I-IV) are 12 m, 16 m, 19 m and 23 m, respectively.

(6) The contribution of this paper is to reveal the deformation transfer law of slab track
and subgrade frost heave in a complex environment, to elucidate the occurrence and
development law of interlayer seams and to obtain the four-level control limit value
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of subgrade frost heave. In practice, once the limit value is exceeded, maintenance
workers can promptly carry out remedial work to prevent further deterioration of the
track. The limit value of subgrade frost heave control proposed can provide references
for new technologies in the design and construction of high-speed railway; it can also
strengthen monitoring and timely maintenance during operation.
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