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Abstract: An embankment is needed to satisfy the requirements for the longitudinal slope of rail-
way lines, and ground reinforcement is also generally required in loess regions. The present study
attempted to understand the effects of different ground reinforcement measures on the dynamic
characteristics of a track–embankment–ground system. To this end, the critical speeds and the distri-
butions of dynamic stress and environmental vibration were analyzed using a 2.5D finite element
method. Three typical ground reinforcements, including dynamic compaction ground (DCG), soil–
cement compacted pile composite ground (SCG) and CFG pile composite ground (CFGG), were used.
The results indicate that the train speed (critical speed I) at which the maximum vertical displacement
of the track occurs is universally higher than that (critical speed II) at which the wave propagation
phenomenon occurs. The lower boundary limit of the peak region in the dispersion relationship can
be selected as the reference value of critical speed II. Moreover, the values of critical speed I obtained
using the DCG, SCG and CFGG models were around 92, 105 and 127 m/s, respectively. For critical
speed II, the values were 75, 80 and 115 m/s. Once the train speed exceeded critical speed II, the
vibration was confined to the embankment in the CFGG model, as evidenced by the isolation of the
wave propagation from the embankment to the ground as well as the increasing dynamic stress in the
embankment. After reinforcement, the dynamic stress, dynamic influence depth (DID), critical speed
and resonant frequency increased. Additionally, the DID stayed around the 3–6 m range at all speeds.

Keywords: dynamic behavior; embankment; ground reinforcement; critical speed; dynamic influence
depth

1. Introduction

An embankment is needed in railway line construction to satisfy the requirements for
the longitudinal slope. The dynamic responses of the ground have been discussed in some
previous studies in the case of a low embankment height. In some theoretical analyses,
the embankment is commonly considered as a beam resting on a semi-infinite foundation.
However, the geometry of the system is no longer compatible with the adaptability of
theoretical methods when the height of the embankment is non-negligible [1–3]. In fact, the
influence of dynamic loading might be mainly concentrated on the embankment, owing to
the limited influence depth of the moving train load [4]. Discussions about the dynamic
responses of embankments are of significance for the evaluation of the dynamic stability
and long-term operation status of the subgrade.

In the construction of embankments, ground reinforcement is generally adopted
to ensure the high strength and limited deformation of the foundation [5–8]. There are
three vital issues for the operation of railway lines, i.e., the effects of the embankment
on the dynamic characteristics and environmental vibration of the system, the effects
of the ground reinforcement measures on the dynamic response of the system and the
distribution laws of the dynamic stress on the embankment. Regarding the first issue,
Connolly et al. [9] investigated the effect of the embankment stiffness on the ground-borne
vibration. Costa et al. [10] established a simplified approach for calculating the critical
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speed of track–embankment–ground systems. Olivier et al. [2] investigated the ground
vibration on embanked high-speed rail lines via a finite element model and pointed out
that vibration attenuation with distance is dependent on the soil surface geometry. In order
to present an efficient mitigation measure for railway embankment vibrations, Lyratzakis
et al. [3] processed a number of numerical simulations in which a 3D finite element model
of a ballasted track–embankment–ground system was built. Regarding the reinforcement
effects of piles, Gao and Li [11] investigated the influences of CFG pile composite subgrade
on ground vibration attenuation and the vibration frequency spectrum. Connolly et al. [12]
reported that the critical speed increases and the displacement of the rail decreases as the
stiffness of the pile increases. Li et al. [13] discussed the influences of piles on the vibration
responses of soils, and the train–track dynamic interactions. The results showed that pile-
reinforced ground has a higher critical speed than that of natural ground. The dynamic
characteristics of embankments with different ground reinforcement measures, however,
are rarely addressed, although they have been considered in some previous studies.

Loess is one of the most extensively distributed geological formations, covering approx-
imately 10% of the land surface on the earth’s mantle [14]. China has the most widespread
dispersion of loess in the world, with a range of over 631,000 km2, accounting for 6.6% of
the total area of the country. In loess regions, ground treatment measures are required in
the construction of embankments, according to the actual stratigraphic condition. Dynamic
compaction, soil–cement compaction piles and cement–fly-ash–gravel (CFG) piles are fre-
quently used to reinforce the ground when the depth of the collapsible loess is small. In
detail, the dynamic compaction method is employed to increase the density, leading to a
lower compressibility and higher strength of the soil foundation through the energy gener-
ated from dropping a rammer. Soil–cement compaction piles, considered as flexible piles,
present a relatively high homogeneity and density, leading to a higher bearing capacity of
the composite ground compared with that when employing soil–cement mixing piles [15].
CFG piles, which can be classified into the group of semi-rigid piles by mixing gravels,
fly ash and cement, have the advantages of a higher strength and stiffness with a lower
cost, with the ability to improve the bearing capacity of the CFG pile composite ground by
transmitting the construction load to deeper soil levels [11,16]. When the thickness of the
collapsible loess is relatively large, it is appropriate to employ a long–short composite piled
foundation, in which the short pile is used to eliminate the collapsibility, and the long pile
is capable of controlling the compressive deformation of the soil. However, some questions
remain: How do the dynamic displacement, environmental vibration and dynamic stress
evolve as the train speed increases, or under different methods of ground reinforcement?
How do the ground reinforcement measures affect the critical speed and the dynamic
influence depth of the system? Moreover, what roles do the embankment and reinforced
ground play in the dynamic response of the system? All of these issues are essential in fully
understanding the operating conditions of railway lines in loess areas. However, as yet,
little is known about these critical issues.

Aiming to achieve the abovementioned objectives, three typical reinforced ground
types, i.e., dynamic compaction ground (DCG), soil–cement compacted pile composite
ground (SCG) and CFG pile composite ground (CFGG), were selected to illustrate the
variations in the dynamic displacement of the track, the environmental vibration of the
embankment–ground system and the distribution of the dynamic stress in the embankment.
An efficient 2.5D finite element method was used to calculate the dynamic response law of
the system. The present study is expected to provide a preliminary reference for the related
research in the future.

2. Brief Introduction of the 2.5D Approach and Verification
2.1. Brief Introduction of Basic Theory

Dynamic responses of subgrade systems have been previously studied as plane strain
problems, for the consideration of computational efficiency. However, some published
studies have revealed that dynamic characteristics of subgrade systems subjected to mov-
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ing train loads will violate the corresponding assumptions in the plane strain condition,
although the cross-section of the subgrade is considered invariant along the direction of
the moving load. The 2.5D finite element method was introduced by Yang et al. [17] for
understanding the dynamic responses in subgrade systems, and it has been increasingly
used with the advantages of high efficiency, high accuracy and the ability to consider
complex sections [10,17–21], compared with a higher demand for meshing by employing
a 3D finite element model. The accuracy of simulated results obtained using the 2.5D
approach depends on several factors, including the number and corresponding size of
meshes, resolution in the time–frequency domain and wave adsorption boundary. On the
other hand, the computational efficiency of 2.5D models highly depends on the number of
samplings and the range of the frequency–wavenumber domain [22].

In the 2.5D approach, soil properties are considered as invariant, and the cross-section
of the track–embankment–ground system is also considered as invariant and infinite in the
direction of the moving train, i.e., the z direction herein. Since the wavenumber transfor-
mation is adopted along the z direction as mentioned, the 3D dynamic responses of the
subgrade system can be calculated based on a 2D finite element model, which consequently
reduces the degree of freedom of the model. Because only the section information in the
x–y plane is considered in the finite element preprocessing, the computational workload
is greatly reduced. The dynamic responses on each node of the mesh element in the
time–space domain (x,y,z,t) can be calculated from the frequency–wavenumber domain
(x,y,ξz,ω) using a dual Fourier transform. Any details on corresponding basic theories
and equations can be found in the previous literature as mentioned above [17–21]. The
present 2.5D finite element procedure was written using the commercial software MAT-
LAB R2019b. A schematic illustration of the 2.5D approach for dynamic responses in an
embankment–ground system can be seen in Figure 1.
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Figure 1. Schematic illustration of the application of the 2.5D finite element method in dynamic
responses of an embankment–ground system (Adapted with permission from ref. [23]. Copyright
2021 Springer Nature.).

2.2. Verification of the 2.5D Procedure

The accuracy of the present approach was validated by comparing the simulated
results obtained with the proposed 2.5D approach with the field monitoring data obtained
by BANVERKET (Swedish Rail Administration). Additionally, the simulated results were
compared with those from Takemiya [18] and Gao et al. [21] under train speeds of 70
and 200 km/h, respectively. In the 2.5D modeling procedure, the effects of different soil
layers with distinct physical properties and the ground reinforcement measure of piles
were considered [20]. Then, we considered the track system as a Euler beam with a
bending rigidity of 200 MN·m2 and mass per unit length m = 10,800 kg/m [24]. Some
other properties of the train and soil are listed in Tables 1 and 2. A comparison of the
vertical displacements obtained using the 2.5D approach and those from Takemiya [18],
Gao et al. [21] and the monitoring data is shown in Figure 2.
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Table 1. Parameters of the soil layer (Takemiya [18] and Gao et al. [21]).

Soil Layer or
Structure

Thickness
(m)

Density
(kg·m−3)

Shear Wave
Velocity (m/s)

Poisson’s
Ratio

Crust 1.0 1500 72 0.39
Organic clay 3.0 1260 41 0.35
Clay layer 1 4.5 1475 65 0.41
Clay layer 2 15.0 1475 87 0.33

Table 2. Train axle load distribution of X2000 (Takemiya [18] and Gao et al. [21]).

Carriage No. Pn1 (kN) Pn2 (kN) an (m) bn (m) ln (m)

1 160.5 117.5 2.9 11.6 0.0
2 122.5 122.5 2.9 14.8 24.2
3 122.5 122.5 2.9 14.8 24.4
4 122.5 122.5 2.9 14.8 24.4
5 180.0 181.5 2.9 6.6 24.4
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3. Model Information
3.1. Section and Material Parameters

A typical cross-section of an embankment–ground system is presented in Figure 3,
according to the latest design of railway embankments applied in the loess region in China.
The width of the embankment surface was 8.8 m, and its height was set to 6 m considering
the potentially limited effect depth of the moving train load [4]. In detail, the thickness of
the surface and bottom layers of the subgrade bed was set to 0.7 and 2.3 m, respectively.
The slope ratio of the embankment was 1:1.5, as shown in Figure 3. In this case, the height
of the embankment was non-ignorable. A typical loess site was selected as the model
foundation. Three types of ground soil improvement methods were adopted in the present
study, i.e., dynamic compaction ground (DCG) with a depth of 3 m, soil–cement compacted
pile composite ground (SCG) and CFG pile composite ground (CFGG), as shown in the
finite element models in Figure 3. Figure 3 also depicts the outline and meshing of the
model cross-sections. The model width was set to around 150 m. It was noted that the size
of the grid should be smaller, leading to the generation of a greater number of grids along
the center line below the embankment, compared with the region far away from the center
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line. It is obvious that the dynamic stress attenuates gradually in the surrounding region;
therefore, we decided to focus on the distribution of the dynamic stress in the region below
the embankment.
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The parameters of the different soil layers and structure parts are listed in Table 3. The
parameters of the soil layers were obtained by conducting physical–mechanical tests in the
laboratory. The properties of the embankment and piles were collected from correspond-
ing railway engineering reports in the loess region. As a frequency-domain method, the
nonlinearity of the soil cannot be considered accurately in the 2.5D computing process.
In a previous study, the equivalent linear method was used to consider the variation in
the soil stiffness with the octahedral strain through multiple iterations [10]. This is an
excellent compromise, but significantly demanding from the computational point of view.
A better situation for the present model is a linear relationship between the dynamic stress
and strain points of the compacted loess, which has been reported previously in an initial
dynamic strain interval under traffic loading [25]. This means the nonlinear characteristic
of the soil becomes no longer essential in studying the dynamic behavior of the compacted
loess embankment.

Table 3. Parameters of the soil layer.

Soil Layer or Structure Applicable
Model

Thickness
(m)

Length
(m)

Density
(kg·m−3)

Modulus
(MPa)

Damping
Ratio

Poisson’s
Ratio

Surface layer of subgrade bed ALL 0.7 - 1900 86.5 0.04 0.25

Bottom layer of subgrade bed ALL 2.3 - 1900 96.0 0.04 0.25

Embankment below subgrade bed ALL - - 1800 50.0 0.04 0.25

Treated soil DCG 3.0 - 1800 50.0 0.04 0.3
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Table 3. Cont.

Soil Layer or Structure Applicable
Model

Thickness
(m)

Length
(m)

Density
(kg·m−3)

Modulus
(MPa)

Damping
Ratio

Poisson’s
Ratio

Cushion
SCG

0.8 - 2000 200 0 0.3
CFGG

Soil–cement compacted pile SCG - 15 2000 100 0 0.23

Soil among pile SCG 15 - 2000 50.0 0.04 0.25

CFG pile CFGG - 15 2500 25,500 0 0.17

Soil layer 1 ALL 7.0 - 1980 26.3 0.05 0.32

Soil layer 2 ALL 6.0 - 1880 17.9 0.05 0.33

Soil layer 3 ALL 24.0 - 1990 41.1 0.05 0.32

With regard to the pile-reinforced ground, a 0.5 m diameter and 15 m length of the
pile were selected at a spacing of 1.5 m. The foundation reinforcement area was 2.5 m
beyond the foot of the embankment slope. A 0.8 m thick cement-improved soil cushion
was placed between the reinforced ground and the embankment. In accordance with some
relevant references [23,24], the pile–soil contact was simulated by applying the binding
constraint and the equivalent dynamic modulus method for obtaining the equivalent
modulus (see Equation (1)). Specifically, equivalent piling, which was distributed in the
longitudinal direction with a fixed cross-section, was adopted in the present study based
on Zhang et al. [26]. It was considered reasonable to simulate the dynamic responses in
the reinforced ground by using such a method, because the dynamic stress decays to a
very low value when transmitting from the embankment to the ground. The connection
surface between adjacent soil layers in the finite element model was modeled by sharing
the same nodes. Considering the response detail of the embankment instead of that in
the pile-reinforced ground was an objective of this study, so the above simplification was
acceptable. Moreover, it is apparent that the dynamic pile–soil interaction might be very
slight beneath an embankment whose height is non-ignorable. For the SCG, the dynamic
modulus of the soil in the pile is increased appropriately as a result of the compaction effect.

Esp =
πD
4l

Ep +

(
1 − πD

4l

)
Es (1)

where l refers to the pile center spacing, D is the diameter of the pile, E is the dynamic
modulus, and subscripts sp, p and s refer to the equivalent pile wall, pile and soil among
the pile, respectively.

There are two generic choices of the track structure type, i.e., ballasted and slab track.
In recent years, the slab track type has been increasingly adopted on high-speed railways,
resulting in a higher service performance and a longer life. However, the ballasted track
type is still widely used on both normal and high-speed railways owing to its low price and
easy maintenance. To date, ballasted tracks have contributed to more than 95% of railway
systems [25,27]. In many countries, ballasted tracks are the main choice for high-speed
railways, such as in France, Spain and Italy. In China, the first high-speed ballasted track
railway line in the loess region is in operation (Yinchuan–Xi’an). Therefore, a ballasted
track was selected in the present study in order to consider a large speed range, i.e., from
60 to 140 m/s.

Similar to Gao [20] and Bian [28], the ballasted track system was modeled as a Eu-
ler beam with a width of 4 m, and the parameters were as follows: bending rigidity
EI = 13.254 MN·m2 and mass per unit length m = 540 kg/m. It should be noted that using
a Euler beam model can lead to a reasonable analysis of dynamic responses in the subgrade
system with good accuracy. The granular mixture of railway ballast and sleepers was mod-
eled as a continuous distributed mass attached to the track, in order to be coincident with
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the assumption of invariance in the z direction for the 2.5D method. In fact, the sleepers
vertically transmit shock excitation to the embankment and thus have a discrete supporting
effect on the track. On the other hand, the deformation of ballast can be modeled using a
more appropriate constitutive model; however, the 2.5D method becomes more compli-
cated for the calculation of the dynamic responses of track–embankment–ground systems.
A viscoelastic, dynamically artificial boundary was adopted to simulate the absorbing
effect of the outer domain on the wave induced by the moving load. The parameters of
the viscoelastic element were calculated by referring to the stress field in the viscoelastic
medium [20,22].

3.2. Vehicle Information

The relative position of the axle loading was defined according to the CRH3 (China
Railways High-speed) train, as shown in Figure 4. The train has 8 carriages, in which
4 motor carriages (M) and 4 trailing carriages (T) are orderly arranged (M + T + M + T + T +
M + T + M). The length of the train is about 200 m, and the max axle weight is about 17 t. A
mathematical model of the train using the 2.5D approach can be found in [24].
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Figure 4. Relative axle position of the CRH3 train (units: m) (Adapted with permission from ref. [23].
Copyright 2021 Springer Nature.).

4. Results and Discussion

There are three vital types of responses when studying the dynamic behavior of the
subgrade when subjected to moving train loads, i.e., the vertical displacement of the track,
the dynamic stress of the subgrade soil and the environmental vibration on the surface.
They are relevant to the operating safety and comfort of passage, the long-term settlement
and dynamic stability of the subgrade and the suitability of living environments along
the line. In order to fully analyze the effects of the train speed, five different speeds were
considered, i.e., 60, 80, 100, 120 and 140 m/s. It is worth noting that 100, 120 and 140 m/s
are very high speeds for operation.

4.1. Vertical Displacement of Track

The vertical displacement curves of the track considering different train speeds are
shown in Figure 5. Here, we ignored the difference in the vertical displacement induced
by the train head and subsequent carriage, and the maximum vertical displacement of the
track induced by the moving load was adopted to ensure a more conservative result. As
shown, the vertical displacement form of the track changes as the train speed increases. It
is well known that there are two classical response patterns of the subgrade with increasing
train speed, i.e., with or without wave propagation over the ground. The change in the
displacement pattern is more evident when observing the contour plot of the surface in the
x–z section, as shown in Figure 6. For the DCG and SCG models, the Mach cone is easy
to distinguish.
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Figure 5. Vertical displacement curves of the track based on different train speeds: (a) DCG model;
(b) SCG model; (c) CFGG model.
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The displacement caused by adjacent bogies (two and three bogies in Figure 5a) has no
interactions when the speed is at a low level, in which the system’s displacement pattern
is quite similar to a quasi-static deformation. With the increase in the train speed, the
interaction between adjacent bogies gradually emerges, which is the external expression
of wave propagation and the Mach cone. This interference in the deformation induced by
adjacent bogies that are closely spaced gives rise to an increase in the vertical displacement
amplitude for the DCG and SCG models. This conclusion was drawn through a comparison
of the displacement generated by the second bogie, whose amplitude is similar to that in
the condition with no wave propagation. The above phenomenon means that the spatial
position of the axle load, which depends on the train type, has a significant influence on the
amplitude of the vertical displacement of the track at a relatively high speed [12]. Moreover,
the Mach cone of the SCG model becomes blunter compared with that of the DCG model,
especially for the v = 100 m/s condition. This change indicates that the reinforcement
measure significantly improves the integrity of the embankment.

Additionally, it is important to highlight that the response pattern of the CFGG model
at a high speed (i.e., v ≥ 120 m/s) is unique. The interaction between adjacent bogies
also exists but no longer leads to an increase in the vertical displacement amplitude. It is
evident that the displacement amplitude generated by the second bogie is larger than that
generated by the third bogie. The contour plot of the surface of the CFGG model at a high
speed is different from those of the other models. As can be seen in Figure 7, the Mach
cone appears, but the wings are confined to the embankment area. This phenomenon is
of significance in revealing that the CFG pile reinforcement measure can isolate the wave
propagation from the embankment to the ground. The main reason might lie in the fact
that the local reinforcement decreases the response of the ground through the continuity
and coordination of displacement.
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Owing to the increase in train speeds in recent decades, discussions about the critical
speed of the subgrade have become increasingly necessary. The critical speed has always
been seen as the speed yielding the maximum amplification of dynamic responses, or the
lowest load speed that gives rise to wave propagation in track–ground systems [10,29]. In
order to determine the critical speed of our track–embankment–ground system, variations
in the vertical displacement amplitude of the track versus train speed are depicted in
Figure 8. The critical speeds of the DCG, SCG and CFGG models were around 92 m/s,
105 m/s and 127 m/s, respectively. A common conclusion can be drawn that the ground
reinforcement reduces the vertical displacement of the track and increases the critical
speed of the system. It is evident that the DCG model had two critical speeds, which is
consistent with the performance of the ground with the presence of a stiffer upper layer.
This is acceptable because the modulus of the embankment filler is larger than that of the
ground layer.
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Figure 8. Variations in the vertical displacement amplitude of the track versus train speed.

Establishing a simplified determination method of the critical speed is a significant
effort in engineering practice. To this end, Costa [10] tested a theoretical method for
obtaining the critical speed of a track–embankment–ground system. However, it is difficult
to consider a layered soil for the reinforced ground following the method proposed by
Costa [10]. Thus, the P–SV ground dispersion relationship cannot be calculated using
theoretical methods. An alternative approach is to plot the P–SV Green function (vertical
displacement response to unit vertical harmonic load) of the model [30]. The 2.5D approach
is an efficient method to delineate the dispersion relationship of a system without a track,
as shown in Figure 9. The intersection of the embankment–ground dispersion curve and
the track system dispersion curve can be used to determine the critical speed of a track–
embankment–ground system [10,22]. As shown in Figure 9, the critical speeds obtained by
the dispersion curves were about 96, 104 and 144 m/s for the DCG, SCG and CFGG models,
respectively. The prediction performed well for the DCG and SCG models. However, a
remarkable difference cannot be overlooked in the CFGG model. The reason might lie in
the significant movement of the peak area of the contour plot, which basically changes
the dispersion relationship and makes the dispersion curve hard to delineate. That is, the
critical speed of the DCG and SCG models can be obtained rapidly through the dispersion
relationship; however, this remains challenging for the CFGG model. It is worthwhile
mentioning that the vehicle type and the spatial distribution of the axle load also change the
values of the critical speed obtained in the manner shown in Figure 8 [12]. The interaction
of the axle loads will not be discussed because the effect is always subtle and difficult
to quantify.
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Figure 9. Contour plot of the dispersion relationship of the track system and the ground in the
frequency–speed domain: (a) DCG model; (b) SCG model; (c) CFGG model.

The effects of reinforcement measures on the dynamic responses of the system could
also be discussed from the point of spectrum features. The peak area is distributed in a
narrow frequency range, which can be regarded as the resonance frequency of the system.
It is evident that the resonance frequency was remarkably increased after the ground was
reinforced with the CFG pile.

In addition, it should be pointed out that the appearance of the peak area leads to
a change in the displacement curve in the time domain. As can be seen in Figure 5, the
displacement forms under the condition of no wave propagation on the surface are similar.
The contour plots of the surface around the lower limit speed are depicted in Figure 10.
Combining the results shown in Figures 6 and 7, a conclusion could be drawn that the
lower boundary limit of the peak region could be taken as another critical speed at which
the Mach effect occurs.
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Figure 10. Contour plot of the surface around the lower boundary limit speed: (a) DCG model;
(b) SCG model; (c) CFGG model.

Compared with the critical speed (critical speed I) determined using the vertical am-
plitude of the track, the lower boundary speed (critical speed II) is also of great significance.
Moreover, critical speed II is more universal, since the value of critical speed I depends
upon the spatial distribution of the axle load to some extent. In engineering practice, critical
speed II is suggested for estimating the response pattern of the subgrade.
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4.2. Environmental Vibration

In the present section, the influences of the ground reinforcement measures on the
environmental vibration on the surface are studied comparably. Several parameters are
frequently used to describe the environmental vibration, such as the acceleration, vertical
velocity and root mean square of the vertical velocity [2,13]. The vibration level (VAL, unit:
dB), defined using the maximum acceleration value, was adopted to introduce variation
into the environmental vibration generated by the moving train load, written as follows:

VAL = 20 log10(A/A0) (2)

where A is the maximum acceleration value (m/s2), and the quantity A0 is the normalization
value of A0 = 10−5 m/s2 [18].

The distribution and attenuation of the VAL are shown in Figures 11–13. Taking the
DCG model as an example (Figure 11), the increase in the train speed led to an increase in
the VAL. The VAL decayed rapidly at first and gradually became stable with the distance
from the center of the railway. Moreover, the increase in the train speed also led to an
increase in the attenuation rate of the VAL.

Before illustrating the distribution of the VAL of the alternate models, the variations in
the VAL of the track versus the train speed under different ground reinforcement measures
are shown in Figure 12. The VAL linearly increased with increasing train speed by around
115–135 dB. Additionally, the ground reinforcement measure was found to have a negligible
influence on the VAL. That is, the differences in the VAL distribution were only reflected
in the attenuations, along with the distance from the center of the railway, as shown in
Figure 13.
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Figure 11. (a) Distribution and (b) attenuation of the VAL on the surface under different train speeds
of the DCG model.
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Figure 12. Variations in the VAL of the track versus train speed with different ground reinforcement
measures.
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Figure 13. The attenuation of the VAL on the surface based on different train speeds: (a) SCG model;
(b) CFGG model.

The differences in the VAL distribution between the DCG and SCG models were very
slight, and the attenuation in the VAL value of the SCG model was a little faster than that of
the DCG model. An obvious tendency could also be observed in the CFGG model, i.e., it
had a faster rate of reduction in the value of the VAL. The ground vibration intensity of the
CFGG model was significantly lower than that of the alternate models.

4.3. Dynamic Stress

The distribution and influence depth of vertical stress are significant in evaluating the
long-term settlement and dynamic stability of the subgrade. To this end, vertical stress
variations along the center line of the different models are shown in Figure 14. As mentioned
above, the dynamic response was basically changed by the CFG pile reinforcement measure.
The response of the SCG model, however, was similar to that of the DCG model. For the
DCG and SCG models, the vertical stress amplitude decayed very quickly along the depth,
and the attenuation tendencies under different train speeds were similar, as shown in
Figure 14a,b. That is, an increase in the train speed did not change the attenuation law of
the dynamic stress with depth. However, an evident difference can be clearly observed in
Figure 14c. Regarding the CFGG model, the attenuation tendencies in the embankment
were similar to those of the other two models, with the train speed being lower than critical
speed II. Once the train speed exceeded critical speed II, such as at 120 m/s, the amplitude
declined slowly and a rebound tendency became more and more evident at a depth of
around 3–5 m as the train speed increased. Additionally, the dynamic stress of the soil
among the piles suddenly decreased in the embankment–ground interface, owing to the
pile–soil stress proportion of the composite ground. It should be noted that the train speed
of 140 m/s resulted in a fluctuation in the simulated results.

The vertical dynamic stress amplitudes at 4 m depth versus the train speed based on
different models are depicted in Figure 15. It is quantitatively shown that the dynamic stress
increased with the increase in the train speed. Furthermore, the ground treatment measure
was found to increase the dynamic stress in the embankment. The higher the stiffness of
the composite ground, the larger the dynamic stress. Regarding the CFGG model, a better
prediction of the dynamic stress is expected when there is no wave propagation on the
surface owing to the constant difference from the other models. However, an inflection
point evidently occurred at a train speed of around 110 m/s. The dynamic stress difference
between the SCG and CFGG models became more and more significant once the train speed
exceeded critical speed II. Under the condition of a train speed higher than critical speed
II, it is valid that the CFG pile reinforcement confined the vibration to the embankment,
isolating the wave propagation from the embankment to the ground as well as increasing
the dynamic stress in the embankment.
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the depth: (a) DCG model; (b) SCG model; (c) CFGG model.
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Figure 15. Vertical dynamic stress amplitude at 4 m depth versus train speed with different ground
reinforcement measures.

The dynamic influence depth (DID) is always considered as an important factor to
describe the region subjected to train loading. With regard to the determination of the
DID, the first approach is to take the depth at which the dynamic stress attenuation rate
is reduced to 10%; the other approach refers to the determination of the thickness of the
compression layer, i.e., the depth at which the ratio of the additional stress to the self-weight
(ζ) is between 0.1 and 0.2 [31]. As we all know, the dynamic behavior of the soil is strongly
affected by the confining pressure. Moreover, the cyclic stress ratio is always adopted
to classify the dynamic behavior of soil subjected to long-term traffic loading. The latter
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approach, therefore, should be more reasonable in determining the DID. In the present
study, ζ = 0.1 was adopted to determine the DID.

It is worth mentioning that the initial earth pressure on the top of the subgrade is
not zero because of the dead load applied by the bed. In the present study, the initial
vertical earth pressure was 14 kPa, according to the “Code for Design of Railway Earth
Structure” [32]. The relationships between the dynamic stress amplitude and depth with
the 0.1 self-weight line are depicted in Figure 14, and the variation in the DID versus the
train speed is shown in Figure 16. It is clear that the DID increased with the increase in
the train speed, and the ground reinforcement led to an increase in the DID. The DID
stayed around the 3–6 m range at all speeds. For the CFGG model, the inflection point
became no longer obvious owing to the sudden decrease in the dynamic stress in the
embankment–ground interface.
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5. Conclusions

The present study addresses the effects of different ground reinforcement measures
on the responses of a ballasted track–embankment–ground system. Three typical rein-
forced ground layers were adopted, i.e., dynamic compaction ground (DCG), soil–cement
compacted pile composite ground (SCG) and CFG pile composite ground (CFGG). The
critical speed, dynamic influence depth (DID) and environmental vibration attenuation
were discussed in terms of the displacements of the track, the variations in environmental
vibration and the dynamic stress distributions. Some conclusions can be drawn, as follows:

1. The train speed (critical speed I) at which the maximum vertical displacement of
the track occurs is higher than that (critical speed II) at which the wave propagation
phenomenon occurs. The response pattern is basically changed after the wave propa-
gation phenomenon occurs. Consequently, it is suggested to take critical speed II into
account in engineering practice.

2. The contour plots of the dispersion relationship of the embankment–ground could
be used to determine critical speed I of the DCG and SCG models. This remained
challenging for the CFGG model, resulting in an abnormal distribution of the peak
area. The lower boundary limit of the peak region could be selected as the reference
value of critical speed II. The obtained values of critical speed I for the DCG, SCG and
CFGG models were around 92, 105 and 127 m/s, respectively. For critical speed II, the
values for the same models were 75, 80 and 115 m/s, respectively.

3. After reinforcement, the dynamic stress, DID, critical speed and resonant frequency
increased. Meanwhile, the displacement of the track decreased. When the train
speed exceeded critical speed II, the CFG pile reinforcement measure significantly
changed the dynamic characteristics of the system. The vibration was confined to the
embankment, isolating the wave propagation from the embankment to the ground as
well as increasing the dynamic stress in the embankment.
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4. The DID stayed around the 3–6 m range at all speeds and increased with the increase
in the train speed. The ground reinforcement also led to an increase in the DID.

It should be noted that, although a verification of the 2.5D finite element model was
performed in this paper, the simulated dynamic responses of the track–subgrade system
under the effects of different ground reinforcement measures need to be compared with
experimental monitoring data from engineering practice, in order to verify the accuracy of
the proposed 2.5D finite element model and the reliability of the calculated results. On the
other hand, it is better to explicitly present an exact improvement and the efficiency of the
proposed 2.5D finite element model in terms of the vertical displacement, environmental
vibration and dynamic stress in the embankment–ground system through a comparison
with other conventional methods, e.g., 2D and 3D finite element methods, in future research.
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