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Abstract: Uneven settlement of high-speed railway subgrade leads to the irregularity of high-speed
railway line, which seriously affects high-speed train operation. The skylight point of high-speed
railway operation is short and the maintenance time is limited. Therefore, how to quickly lift
and repair the ballastless track slab in the subsidence section is an urgent problem to be solved
in the maintenance of high-speed railways. The two-component non-aqueous reactive polymer
material has the advantages of strong expansive force, fast reaction speed, and wide application
range, which is extremely suitable for the repair of high-speed railway track slab subsidence and
lifting. In this study, the expansion force characteristics of different density polymer materials and the
stress-deformation curves at corresponding density are tested in laboratory to propose the mechanical
parameters of polymer. Then, a three-dimensional finite element (FE) model of high-speed railway
train ballastless-track subgrade is established based on ABAQUS. The mechanical characteristics of
CRTS III ballastless track under different repair materials, different elevation, and different density
of polymer grouting materials are analyzed. The results show that, under the dynamic load of the
train, the stress value of polymer repairing material is less than that of cement slurry, presenting a
compressive stress state, which is similar to that of the complete subgrade surface. In addition, within
a certain thickness range, increasing the thickness of polymer is beneficial to reducing the difference
of stress variation between polymer filling layer and complete pavement. Once beyond this range,
the thickness of polymer has little effect on the force variation.
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1. Induction

Unballasted track is the most important structural form of China’s high-speed railway, which
has the advantages of good smoothness, good stability, long service life, good durability, and less
maintenance work [1]. The ballastless track itself has a certain flexural rigidity, which has a certain
resistance to the initial settlement of the lower subgrade. However, under the action of multiple
factors, e.g., environment, improper construction and repeated load of high-speed train, the subgrade
of unballasted track will appear uneven settlement and other disasters to a large extent. It causes
stress concentration and cracks in high rigidity track slab, which leads to the decline of long-term
service performance of track slab, and then affects the comfort and safety of train operation [2].
Engineering cases related to railway settlement have been reported; for instance, due to subsidence
of subgrade caused by traffic loads, the train speed on Tokaido Shinkansen Line in Japan is limited.
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A high-speed railway in west Germany once stopped for a time due to serious damage to the roadbed
after operation [3]. After 8 months of operation, the subsidence of Shanghai Metro Line 1 increased to
30–60 mm and increased by 140 mm in four years [4]. The uneven settlement of subgrade leads to the
irregularity of the upper track structure, leading to the stability and safety of high-speed train operation.

At present, when dealing with the settlement problem of the unballasted track foundation of
high-speed railways, the main treatment methods are the replacement and reinforcement method,
the compaction pile reinforcement method, and the geosynthetic material reinforcement method.
Huang et al. put forward the use of lightweight foam concrete as the roadbed filling to control the
settlement of the subgrade in special soil areas and established a large-scale model of unballasted
subgrade filled with lightweight foam concrete. It was found that the strength of lightweight foam
concrete with target density of 500–800 kg/m3 can meet the requirements of both the static and dynamic
conditions of ballastless track subgrade [5]. In order to improve the applicability and service life
of ballastless track of high-speed railway, Liu et al. proposed epoxy asphalt concrete as the lower
structure of railway and studied the mechanical properties of materials and structures by material
test and numerical simulation, and found that all the three EACs are suitable for the high-speed
railway substructure, and the EACs could improve the cracking resistance and deformability of
substructure. [6]. According to the characteristics of collapsible loess foundation in Zhengxi Passenger
Dedicated Company, Yao et al. studied the adaptability and effect of subgrade Pile-sheet structure,
cement-soil column punching pile, cement-soil compaction pile, and CFG pile to treat collapsible loess
foundation, which provided a guidance for practical engineering application [7]. Through the model
test of oblique jet grouting pile with different angles, Wu et al. obtained that the bearing capacity of the
composite foundation of the oblique jet grouting pile was obviously higher than that of the natural
foundation, and the research results could be used for the railway base line disease treatment works [8].
Brown et al. designed a new full-scale laboratory test facility for railway track beds and founded
that the settlement of geotechnical grid reinforced subgrade was reduced compared to the original
subgrade [9]. Leng et al. used the geotechnical grid to reinforce subgrade and verified that the geogrid
could meet the requirements of controlling foundation settlement by monitoring the settlement of
foundation [10]. All of the above methods can effectively alleviate the settlement of high-speed railway
subgrade. However, there are two problems in these methods. First, the repair time is long and the
damage to the original structure is large, which is not suitable for the subsidence disease of the existing
high-speed railway roadbed. Second, the traffic must be blocked when the roadbed is repaired, which
brings a great burden to the railway line planning.

Grouting reinforcement method [11,12] not only reinforces the roadbed but also does not affect the
normal traffic, which is very suitable for the application of traffic infrastructure maintenance. For the
high-speed railway subgrade reinforcement and lifting, the slurry needs to have the characteristics of
good expansion, high strength after consolidation, and fast condensation speed [13–17]. At present,
the cement slurry commonly used in the engineering has the disadvantage of small expansion force and
fragility after hardening, which makes the long-term use effect of roadbed repaired unsatisfactory [18,19].
In recent years, polyurethane polymer chemical slurry has developed well, which not only has the
characteristics of high fluidity, high strength, and fast condensation speed but also has the characteristics
of good control of expansion pressure, uniform uplift of pavement, and stable long-term use effect.
Therefore, it has been widely used in road and airport runway reinforcement projects, for instance,
Ren et al. determined the layout and construction of grouting holes according to the construction
technology and verified that the preventive reinforcement effect of polymer grouting is good by
the FWD and GPR [20]. Cheng et al. studied the polymer constraining force at channel bottom by
numerical simulation and found that the degree of common pavement structure parameters based on
slab corner filling polymer materials can be obtained with density of 0.303–0.372 g/cm3, density of
polymer material at the edge of the plate is 0.263–0.315 g/cm3, density of polymer material at middle
plate is 0.207–0.25 g/cm3 [21]. Irfan et al. investigated the influence of fuel-resistant polymer on the
consistency and performance properties of asphalt binder and hot mix asphalt (HMA) mixtures and
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found that 1% PMB is an optimal proportion of Elvaloy in asphalt concrete mixtures, yielding maximum
MR values [22]. However, the uneven settlement of high-speed railway has very high requirements on
the uniform lifting and the dynamic characteristics of the roadbed after lifting. At present, there is
little research on polymer grouting technology in settlement and lifting repair of high-speed railway.
Only Bian et al. [23] tested the dynamic cumulative settlement of subgrade and the deformation and
shrinkage of polymer under cyclic loading in large cycles through large-scale physical model tests.
However, it does not involve the influence of the physical and mechanical properties of polymer
specimens on settlement of high-speed railway unballasted track. Therefore, it is urgent to investigate
the mechanism of polymer subsidence and uplift in railway subgrade, improve the grouting technology
and theory, and provide technical support for engineering application.

In this study, considering the physical and mechanical properties of polymer filling, the obtained
law is closer to reality so as to provide technical support for the selection of parameters in engineering
practice. In detail, the expansion force characteristics of different density polymer materials and
the stress-deformation curves at corresponding density were tested in laboratory to provide the
mechanical parameters of polymer. Then, the spatial dynamics model including high-speed train,
unballasted track, and subgrade was established by ABAQUS. The structural and mechanical properties
of polymer lifting layers with different thicknesses and densities under train loads were analyzed.
Finally, the effectiveness of polymer grouting repair was verified by comparing with the effect of
cement slurry repair.

2. Experiment Description

2.1. Materials

The polymer used in this study is a locally available slurry and its rheological properties are
presented in Table 1.

Table 1. Measured properties of the tested grouts.

Grout Density (g·cm−3) Viscosity (Pa·s) Gel Time (s) Gravity (mg/m3)

Polymer 0.21 2.2 60 3.14

2.2. Experimental Equipment and Test Design

2.2.1. Experimental Equipment

The experimental equipment consists of seamless steel pipe, flange blind plate, bolt, and pressure
cell. Specifically, a seamless steel pipe with a diameter of 150 mm, a length of 300 mm, and a thickness
of 20 mm was used. Flanges with thickness of 20 mm were welded at both ends of the seamless steel
pipe, and both ends were sealed with a flange blind plate with a thickness of 20 mm. The pressure
box was mounted in a circular groove with a diameter of 26.5 mm on the bottom flange blind plate,
as shown in Figure 1. Four bolts with diameter of 15 mm and length of 360 mm were used to fix
and seal flange plates to form grouting containers for test. In order to prevent the pressure box from
contacting the grouting material directly, a layer of high-temperature resistant silica gasket was needed
between the lower flange and the cylindrical steel plate.

The pressure box produced by Nanjing Danmo Electronic Technology Co., Ltd. is used to measure
the force, which has a diameter of 58 mm and a thickness of 12 mm, and the maximum range is 8 MPa.
The pressure cell a strain full bridge circuit is adopted in the earth pressure box, which can accurately
eliminate the influence of temperature changes on the instrument.
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Figure 1. Schematic diagram of the expansion force test. (a) Placement of the pressure cell; (b) Molds
for testing.

2.2.2. Test Design

• Expansion Force Test

In order to ensure good sealing effect, the connecting bolts between flange blind plate and grouting
barrel should be uniformly loaded when assembling the test device. In addition, in order to demold
the sample smoothly after the test, butter was applied on the inner wall of the grouting container.
At the beginning of grouting, the exhaust holes are opened first. Once the slurry is discharged from
the vent cap, the vent cap is quickly closed. During the test, the law of expansion force change at
different time is tested by pressure sensor until the pressure is stable or begins to decrease. After the
test, the specimen was demolded by jacking out method, and they are marked in turn.

• Elastic Modulus of Polymer Test

In view of the fact that the compression test of polymer grouting material referred to in this study
has no current specifications to follow. In order to facilitate quantitative research, the compression
test method of rigid foam plastics (GB 8813-88) [24] is used as a reference standard in this study.
Three sets of cylindrical polymer specimens with diameter of 50 mm and height of 100 mm were
designed in the test, and their densities were 0.246 g/cm3, 0.284 g/cm3, and 0.323 g/cm3, respectively.
Considering the convenience of taking the mold, a separable high polymer sample mold was made
(Figure 2). The central cylinder was designed as a pair of open structures with an inner diameter of
50 mm, a height of 600 mm, and a wall thickness of 10 mm.

The production process of the specimen was as follows: (1) A layer of grease was applied on the
inner wall, bottom, and top of the mold; (2) different amount of slurry was injected into the mold to
form different density samples; (3) after standing for 15–20 minutes, the mold was removed and with
the specimens removed, the head and tail of the specimens are transversely cut into five specimens with
a height of 100 mm on a precision lathe; (4) The density of the cut sample is calculated by weighing,
and numbering them in turn, as shown in Figure 2b–d; and (5) WAW-1000 micro-computer controlled
electro-hydraulic servo universal testing machine was used to load the specimen. The strain control
mode was adopted, and the loading rate was set to 0.3 mm/min to simulate the quasi-static process.



Appl. Sci. 2019, 9, 4496 5 of 17

Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 17 

  
(a) (b) 

  
(c) (d) 

Figure 2. Schematic diagram of specimen forming process. (a) Self-made mold drawing, (b) 
grouting molding, (c) specimen after mold removal, (d) numbered specimens. 

3. Results and Discussion of Test 

3.1. Experimental Study on Expansion Force 

The density of polymer specimens in the test vessel is determined by the grouting quantity, 
and a different grouting quantity obtains a different maximum expansion force. Expansion force of 
specimens with different densities increases with time, and the relationship between the maximum 
expansive force and the density of different materials is obtained. 

3.1.1. The Variation of Expansion Force with Time at Different Densities 

The trend of expansive force of three typical polymers with different densities over time is 
shown in Figure 3. On the whole, the expansive force of polymers keeps basically unchanged with 
time, then increases rapidly, and finally tends to be stable. 

0 20 40 60 80

0.0

0.2

0.4

0.6

0.8

1.0

Ex
pa

ns
io

n 
fo

rc
es

 /k
Pa

Time t/s

 0.267g/cm3

 0.362g/cm3

 0.487g/cm3

 

Figure 3. Expansion force-time relationship curves of different densities. 

Figure 2. Schematic diagram of specimen forming process. (a) Self-made mold drawing, (b) grouting
molding, (c) specimen after mold removal, (d) numbered specimens.

3. Results and Discussion of Test

3.1. Experimental Study on Expansion Force

The density of polymer specimens in the test vessel is determined by the grouting quantity, and a
different grouting quantity obtains a different maximum expansion force. Expansion force of specimens
with different densities increases with time, and the relationship between the maximum expansive
force and the density of different materials is obtained.

The Variation of Expansion Force with Time at Different Densities

The trend of expansive force of three typical polymers with different densities over time is shown
in Figure 3. On the whole, the expansive force of polymers keeps basically unchanged with time, then
increases rapidly, and finally tends to be stable.
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The relationship between the maximum expansion force of polymer and the density of polymer
slurry is described in Figure 4. In Figure 4, the expansive force of polymer increases linearly with the
increase of slurry density. That is to say, the relationship between expansive force of polymer and
slurry density of polymer is y = a + b × x (a ∈ −0.33593 ± 0.07422; b ∈ 2.58342 ± 0.14364). This is because
the volume expansion of slurry increases with the increase of polymer content in the confined space,
resulting in the maximum expansion force of polymer, which is consistent with the results shown in
Figure 3. In part 5.1 and 5.2, considering the influence of gravity, area of material contact, and track
constraint of the upper structure of gravel cushion, it takes about 0.3–0.5 MPa expansive force to lift
the track slab in subsidence area, and the corresponding polymer density range is 0.246–0.323 g/cm3.
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3.2. Determination of Elastic Modulus of Polymer Lift Layer

3.2.1. Process and Form of Compression Failure of Specimens

The failure modes of typical specimens with three densities are shown in Figure 5. In Figure 5,
the polymer samples with different densities have certain similarities in the process of failure. At the
initial stage of loading, the polymer specimens were compressed uniformly, and the surface of
the specimens did not change significantly; at the slow stage of stress changes, the surface of the
specimens began to fold and bulge slightly; with the continuation of loading, the specimens with
density of 0.235 g/cm3 showed C-shaped deformation and bending on the whole, and the surface
folding deformation was serious. When the specimens of 0.286 g/cm3 and 0.323 g/cm3 reach the
limit state, macro-visible longitudinal cracks are generated along the vertical direction and develop
continuously, and ultimately splitting failure occurs. The failure modes corresponding to the three
densities have obvious differences, mainly because the smaller the density, the more voids in the
specimen body. When the specimen body is compressed, the voids in the specimen body will be
compressed first, and the deformation of the specimen is relatively large, so longitudinal cracks do
not occur easily. However, the larger the density is, the fewer voids are formed in a certain space.
When subjected to external pressure, the deformation process caused by pore compression is short and
the deformation is relatively small. Therefore, longitudinal cracks and even splitting are prone to occur
in the consolidated body.
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3.2.2. Stress-Strain Curves of Specimens

According to the slope of the straight section of the specimen compression stress-strain curve
(generally 10% to 30% of the peak stress is taken as the reference standard), the elastic modulus of
each specimen is calculated respectively, as shown in Figure 6. In Figure 6, the elastic modulus of
polymer increases linearly with the increase of slurry density. That is to say, the relationship between
expansive force of polymer and slurry density of polymer is y = c + d × x (c ∈ −119.95 ± 13.87; d ∈
884.76 ± 48.92). In parts 5.1 and 5.2, in order to simulate the backfilling of polymers, according to
equation y = 884.76x − 119.95, the fitting values of elastic modulus of polymers with three densities are
97.701 Mpa, 131.322 Mpa, and 165.827 Mpa, respectively.
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4. Numerical Methodology

Coupling FE Model

The high-speed railway train-unballasted track-subgrade coupling FE model was established
based on ABAQUS. Because CRTS III [25] plate is used in ballastless track structure in China, Herts
non-linear elastic contact is used in normal direction, and Coulomb friction model is used in tangential
direction in numerical simulation.

The dynamic loading in this study is mainly divided into two parts: normal stress and
tangential stress.
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1. Normal stress. Wheel-rail contact is simplified to Hertz contact. The normal contact force
between wheel and rail is described by nonlinear elastic of Hertz contact theory.

p(t) =
[ 1
G

∆Z(t)
] 3

2
(1)

where, G is the contact constant of wheel-rail (m/N2/3), and its value is based on Table 2. ∆Z(t) is the
elastic compression between wheels and rails (m).

Table 2. Contact constant value of the wheel-rail.

Tread Type Wheel of Conical Tread Wheel of Abrasive Tread

Contact constant of wheel-rail G = 4.57R−0.149
× 10−8(m/N2/3) G = 3.86R−0.115

× 10−8(m/N2/3)

2. Tangential stress. The tangential action of wheel-rail contact surface is realized by establishing
friction model of wheel-rail. According to Kurt’s ethics, the friction between wheel and rail is equal to
the product of the normal force of wheel and rail and the friction coefficient,

F = µp(t) (2)

where, µ is the friction coefficient between wheel and rail,

µ = µk + (µs − µk)e−βυ (3)

where, µs is the static friction factor, µk is the dynamic friction factor, β is an exponential attenuation
coefficient, and v is the relative sliding velocity between slave planes.

The high-speed railway train is simulated with multi-rigid body structure (as shown in Figure 7).
The vehicle model system consists of car body, bogie, wheelset, and two-system suspension system.
The car body, bogie, and wheelset are regarded as rigid bodies. In the simulation, in order to facilitate
quantitative research, the elastic deformation of the car body, bogie, and wheelset during the vibration
process is neglected. In addition, the primary suspension system and the secondary suspension system
are simulated by connecting elements. Finally, through the connection of suspension system, the car
body, bogie, and wheelset are combined to form a multi-rigid body vehicle model [26]. Two types of
elements are first-order linear elements.
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The CRTSIII unballasted track structure consisted of rails, fasteners, slab track, self-compacting
concrete layers, and base slabs.
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Eight-node reduced integration solid elements were used to simulate the rail, and connection
element was used to simulate the stiffness and damping characteristics of the fastener; the rotational
freedom of the end of the connection element was restrained to simulate the restraint effect of the
fastener on the rail.

Solid elements of eight-node hexahedron were used to simulate the slab track. The slabs on the
subgrade were connected longitudes, and the adjacent slabs were connected with steel bars. The steel
bars were simulated with beam elements, and the Embedded region was used as the constraint between
the steel bars and the slab track, as shown in Figure 8a. Each adjacent two track board is filled with
resin mortar with a gap of 2 cm.
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Two convex plates were set under the corresponding self-compaction concrete layer under each
slab track, as shown in Figure 8b.

The geometric size of the convex plate was 1000 mm (transverse) × 700 mm (longitudinal)
× 100 mm (depth). Limit grooves were set on the surface of the base slab to achieve mechanical
limit with the convex plate of the self-compacting concrete layer, as shown in Figure 8c. Both the
self-compacting concrete layer and the base slab layer are simulated by eight-node hexahedron solid
element. In addition, the subgrade was also simulated by eight-node hexahedral solid elements, which
was divided into three layers: the surface layer of the subgrade, the bottom layer of the subgrade,
and the embankment filling.

In this study, tie constraints are used to deal with the contacts FEof CRTS III ballastless track
structure, such as the contact between track slab and self-compacting concrete, the contact between
self-compacting concrete and base slab, the contact between convex platform and groove, and the
contact between base slab and roadbed. The material parameters and structural dimensions of the
unballasted track and subgrade are shown in Table 3 [27].

Considering the influence of the constraints at the end of the rail, the running time, distance,
and speed of the high-speed train on the analysis results, the longitudinal length of the track is set at
100 m. The FE model of CRTS III ballastless track structure is shown in Figure 8d.
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Table 3. Structure parameters of unballasted track.

Part Size/(m) Elastic Modulus/(Pa) Density/(kg/m3) Poisson’s Ratio

Rail - 2.06 × 1011 7850 0.3
Slab track 5.6 × 2.5 × 0.21 3.65 × 1010 2500 0.2

Self-compacting concrete layers 5.6 × 2.5 × 0.1 3.25 × 1010 2500 0.2
Base slab 16.84 × 3.1× 0.28 2.7 × 1010 2500 0.2

Surface layer of subgrade
(thickness) 0.4 1.8 × 108 2000 0.25

Bottom layer of subgrade
(thickness) 2.3 1.3 × 108 1800 0.25

Embankment filling (thickness) 2 8 × 107 1700 0.25

In the process of polymer grouting repair, the repair material is injected into the joint of the
base and the subgrade. The material reacts and expands, and the settled track slab is lifted and reset.
After the repair is completed, a layer of polymer material is formed between the base and the subgrade.
Therefore, the lifted layer of high polymer in the model was set as an area with a longitudinal length of
16.84 m and a transverse length of 3.1 m, which was located in the middle longitudinal position of
subgrade just below the base, as shown in Figure 9. It is used to simulate the force characteristics of
track slab, self-compacting layer, base, and high polymer material under different lifted heights of
polymer and different densities of polymer. A scheme of the section whose results will be reported in
each Figures is shown in Figure 9c,d.
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5. Numerical Results and Discussion

5.1. Influence of Thickness of Lifted Layer on Mechanical Properties of CRTSIII Unballasted Track Structure

Figure 10 shows the variation of stress at the bottom of track slab with different thickness of lifted
layer. It can be seen that after grouting with cement-based mortar material and polymer material,
the stress on the top of the track slab is similar along the cross section of the track slab, i.e., the tensile
stress on both sides of the track slab is the largest, and the tensile stress is the lowest under the rail.
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Moreover, with the increase of lifting thickness, the tensile stress on the top of the track slab after
lifting with cement mortar material decreases gradually, while the tensile stress on the top of the track
slab after lifting with polymer material has no obvious change. Compared with the original complete
pavement, the maximum tensile stress of the track slab after lifting with cement-based mortar material
is significantly different from that of the original complete pavement, while the maximum tensile
stress of the track slab after lifting with polymer material is similar to that of the original complete
pavement. This is because the elastic modulus of pavement is similar to that of polymer and has good
compatibility, while the elastic modulus of cement-based mortar and original pavement differs greatly.
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Figure 10. Variation of stress at the bottom of track slab with different thickness of lifted layer.

Figure 11 shows the variation of stress at the bottom of self-compacting layer with different
thickness of lifted layer. It can be seen that when cement-based mortar is used to lift subsidence area,
along the cross section of self-compacting concrete layer, the tensile stress on both sides is smaller
and the tensile stress in the middle is larger, which differs greatly from the bottom tensile stress of
original self-compacting concrete layer of complete pavement. With the increase of the lift thickness,
the maximum tensile stress on the bottom of self-compacting concrete layer decreases gradually.
However, the bottom tension stress of self-compacting layer restored by polymer has little change with
the lift thickness, and it is similar to the bottom tension stress of self-compacting concrete layer of
original complete pavement.
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Figure 11. Variation of stress at the bottom of self-compacting layer with different thickness of
lifted layer.
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Figure 12 shows the variation of stress at the bottom of base with different thickness of lifted
layer. In Figure 12, when cement-based mortar is used to lift the subsidence area, along the cross
section of the base, the tension stress on both sides is smaller, and the middle tension stress is larger.
The overall tension stress value is smaller than that of the original complete pavement base layer.
With the increase of the lift thickness, the maximum tension stress on the bottom of the base layer
decreases gradually. However, the bottom tension stress of the base layer restored by polymer has little
change with the lifting thickness, and it is similar to the bottom tension stress of the original complete
pavement base layer.
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engineering, the expansion force of the polymer material required to lift the unballasted track 
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Figure 13 shows the variation of stress at the bottom of lifting layer with different thickness of
lifted layer. It can be seen from Figure 13 that the maximum tensile stress on both sides of cement
slurry lifting layer is smaller, and the middle is larger. The smaller the thickness of the lifting layer
is, the greater the maximum tensile stress of the cement slurry lifting layer is. The polymer lifted
layer is pressed as a whole, and the compressive stress on both sides increases with the increase of the
thickness of the lifted layer, and the compressive stress in the middle part changes little with thickness.
Moreover, the compressive stress on both sides is large and the compressive stress in the middle is
small, which is the same trend as the compressive stress on the surface of the original subgrade.
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5.2. Effect of Polymer Density on Mechanical Properties of CRTSIII Unballasted Track

Due to the different load on the upper structure of the CRTSIII unballasted track in actual
engineering, the expansion force of the polymer material required to lift the unballasted track structure
will change, and the density of the polymer lifted layer will also change. This section analyzes the stress
characteristics of unballasted track structures under different polymer density conditions. The selected
lifting thickness was 30 mm, and the polymer elastic moduli were 98 MPa, 131 MPa, and 166 MPa,
respectively. At the intermediate position of the CRTSIII unballasted track upper structure and the
subgrade, the maximum stress at each point of the cross section of the bottom of the track slab,
the bottom of the self-compacting layer, the bottom of the base, and the surface layer of the lifted layer
were extracted, respectively.

Figure 14 shows the variation of stress at the top of track slab under different moduli of elasticity
polymer lifting. It can be seen from Figure 14 that as the elastic modulus of the polymer material
increases, the maximum tensile stress on both sides of the top of the track slab gradually decreases,
and the maximum tensile stress in the middle portion gradually increases. Moreover, the maximum
tensile stress on both sides is greater than the maximum tensile stress in the middle portion.
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Figure 14. Variation of stress at the top of track slab under different moduli of elasticity polymer lifting.

Figure 15 shows the variation of stress at the top of self-compacting concrete layer under different
moduli of elasticity polymer lifting. It can be seen from Figure 15 that as the elastic modulus of
the polymer material increases, the maximum tensile stress on both sides of the bottom layer of the
self-compacting layer gradually decreases, and the maximum tensile stress in the middle portion
gradually increases. Moreover, a numerical intersection occurs near the directly below the rails on
both sides.
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Figure 15. Variation of stress at the top of self-compacting concrete layer under different moduli of
elasticity polymer lifting.

Figure 16 shows the variation of stress at the top of base under different moduli of elasticity
polymer lifting. In Figure 16, with the increase of elastic modulus of polymer material, the maximum
tensile stress at the bottom of the base layer gradually decreases.
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Figure 16. Variation of stress at the top of base under different moduli of elasticity polymer lifting.

Figure 17 shows the variation of stress at the top of lifting layer under different moduli of elasticity
polymer lifting. As shown in Figure 17 that the surface layer of the lifting layer exhibits a compressive
stress state. As the elastic modulus of the polymer material increases, the maximum compressive
stress on both sides of the lifting layer gradually increases, and the maximum compressive stress in
the middle portion gradually decreases. Moreover, the maximum compressive stress on both sides is
greater than the maximum compressive stress in the middle portion.
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Figure 17. Variation of stress at the top of lifting layer under different moduli of elasticity polymer lifting.

6. Conclusions

In this study, the expansion force and elastic modulus of polymer grouting materials were tested by
means of laboratory materials test. A FE model of high-speed railway train ballastless-track subgrade
is established based on ABAQUS. The mechanical characteristics of CRTS III ballastless track under
different repair materials, different elevation, and different density of polymer grouting materials are
analyzed. The main conclusions are drawn as follows:

(1) When the cement grouting is used for lifting, the cement slurry layer is in the tension state,
and the maximum tensile stress decreases as the height of the lifting increases. However, when the
high-polymer grouting is used to repair and lift the settlement of unballasted track, the polymer layer
is pressed as a whole, and the maximum compressive stress has no obvious change with the lift height.

(2) Compared with cement-based mortar materials, polymer materials have good coordinating
deformation ability. The stress of the unballasted track structure of CRTSIII high-speed railway after
polymer grouting repair is more similar to that of the original unballasted track structure.

(3) There is no strong correlation between the stress variation of CRTS III ballastless track and the
thickness of polymer filling. Within a certain thickness range, increasing the thickness of polymer is
beneficial to reducing the difference of stress variation between polymer filling layer and complete
pavement. Once beyond this range, the thickness of polymer has little effect on the force variation of
CRTS III ballastless track. From the economic point of view, too thick polymer filling layer will increase
the cost of disease maintenance.
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