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ABSTRACT The increase in railway coverage significantly increased the railway mileage in karst areas.
However, the fragile ecosystem in karst areas and weak mechanical performance in cavities cause hidden
railway safety hazards. Even with the crucial stability and safety of railways in karst areas, there is only
limited research conducted on the dynamic response of railway subgrade and the influence of hidden soil
holes on the stability under different conditions. In this study, the Guizhou section of the Shanghai–Kunming
high-speed railway was chosen as the research area. On-site monitoring and simulations using ABAQUS
were performed to study the dynamic response of the subgrade under the dynamic load of a train. The
influence of the soil hole, axle load, and vehicle speed on the dynamic response law and stability of the
subgrade were considered based on the model rationality verification. Previous studies have demonstrated
the considerable impact of soil holes on the dynamic response characteristics and stability of roadbeds. The
ambient vibration frequency of the train was concentrated at 10–60 Hz. Under train load, the amplitude of
the dynamic response parameters of each subgrade structural layer increased with the axle load; however,
the increase in speed exhibited a greater impact on the vertical dynamic displacement and dynamic stress than
on the dynamic acceleration, which affected the stability of the soil hole and roadbed. This study summarized
the dynamic response characteristics of subgrade in karst areas under different conditions, thereby providing
a design reference for high-speed railways in karst areas.

INDEX TERMS Dynamic response, high-speed railway, karst, subgrade, vibration monitoring.

I. INTRODUCTION
China’s karst area accounts for approximately 37.8% of its
total land area, and the national railway operating mileage
is more than 139 000 km, accounting for two-thirds of the
world’s high-speed railway operating mileage. In existing
high-speed railways, the length of the section located in areas
with high-risk karst collapse is greater than 2000 km. Owing
to karst collapse, train operations are often interrupted for
thousands of hours, which seriously endangers the operation
and safety of the railway [1], [2].

Railway engineering is affected by karst collapse through-
out the construction and operation cycles. Train vibration,
karst cavities, and other factors, the mechanical properties
and deformation characteristics of rock and soil around rail-
ways environment affects the stability of the railway sub-
grade and induces subgrade instability. Therefore, it is of
great practical significance to study the influence of hidden
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soil holes on the stability of railway subgrade in karst
areas [3], [4].

This study considered the Guizhou section of the
Shanghai–Kunming high-speed railway, and investigated the
influence of karst collapse and train vibration load on sub-
grade stability and dynamic response by combining field tests
and numerical simulations. The main contributions of this
study are as follows:

1) By performing field monitoring of the vibration accel-
eration of the subgrade under driving conditions, the vibra-
tion response law of the ground around the subgrade was
obtained by analyzing the data in the time and frequency
domains.

2) To address the vibration problem of high-speed railways
under operational conditions, a three-dimensional finite ele-
ment numerical simulation model of the dynamic coupling of
high-speed train–ballastless track–subgrade structure in karst
areas was established. The development of the model, selec-
tion of structural elements, and realization of the boundary
conditions are discussed.
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3) The monitoring results were used to verify the accuracy
of the mathematical model. The differences in the dynamic
displacement, acceleration, and dynamic stress of the sub-
grade and foundation with and without underlying soil holes,
and distribution characteristics and propagation rules in the
subgrade were analyzed in the time domain.

4) Using a quantitative analysis method, the dynamic
response law of the train vibration load along the subgrade
depth direction, and its influence on the subgrade stability
under different train axle loads and running speeds were
studied. This provides a reference for the durability and safety
design of high-speed railway subgrades in karst areas.

The remainder of this paper is organized as follows.
Section II presents a review of existing relevant literature.
Section III presents the methodology used in the present
study, which utilizes relevant research on the dynamic
response of railway subgrades in karst areas and combines
on-site train vibration frequency acquisition and numerical
simulation methods. The results are discussed in Section IV.
Considering the presence or absence of soil holes, and differ-
ent train axle loads and vehicle speeds, the vertical dynamic
stress, dynamic strain, and dynamic acceleration of differ-
ent high-speed railway subgrade layers are comprehensively
studied and compared. Finally, Section V concludes the
paper.

II. LITERATURE REVIEW
Large-scale karst ground collapse disasters have occurred in
more than 16 countries including China, the United States,
and Spain. Thus, the operational safety of high-speed rail-
ways passing through development areas containing karsts
is crucial. Regarding the dynamic response and stability
of high-speed railway subgrades in karst areas, in-depth
research has been conducted focusing on three aspects: karst
collapse theory, influence of karst soil holes on subgrade
stability, and dynamic response of hidden soil hole subgrade
under train vibration load.

A. KARST COLLAPSE THEORY
Previous researchers have studied the formation mechanism
of karst collapse through field investigation, and verified its
accuracy through long-term monitoring and targeted treat-
ment. The relevant results noted that the collapse mecha-
nism of karst areas caused by rainfall, mining, groundwater
discharge, and other factors is mainly attributed to erosion
due to the decline of the groundwater level. In addition,
the sharp decline of groundwater level and buoyancy forms
a hydraulic gradient, which accelerates the seepage velocity
of groundwater and induces collapse [5]–[7]. Although the
natural reduction of groundwater causes karst collapse, sev-
eral scholars believe that the main reason for karst collapse
is the artificial extraction of groundwater, which causes local
high negative pressure areas that loosens rocks and soil par-
ticles. This concept led to the development of the vacuum
suction theory [8], [9]. Karst collapse is caused by the water–
soil–rock interaction. In addition to water and aerodynamic

factors, human activities, such as train vibrations, are among
the main causes of karst collapse. With the development
of various testing and analysis methods, the mechanism of
karst collapse induced by natural phenomena and human
engineering activities have been investigated through model
tests, chemical analyses, and mathematical models. Thus,
karst collapse theories, such as dissolution and disintegration,
CO vibration theory, vibration liquefaction, and seepage pres-
sure effect, have been proposed. The relevant systems have
also been improved [10], [11].

B. STABILITY ANALYSIS OF THE HIGH-SPEED RAILWAY
SUBGRADE IN KARST AREA
The stability analysis of the railway subgrade in a karst area
is important in ensuring safe railway operation. At present,
the research on the stability of railway subgrade in karst
areas mainly focuses on the formation mechanism, prediction
of karst collapse, and stability evaluation of the underlying
soil hole in the subgrade. There are three main methods for
the stability analysis of karst subgrade: qualitative analy-
sis methods, which provide non-quantitative conclusions for
karst development and subgrade conditions according to the
geological conditions [12]; semi-quantitative analysis meth-
ods, which combine approximate calculation and empirical
analysis based on the semi-quantitative structural mechan-
ics theory [13]; and quantitative analysis methods, which
combine geological data and physical parameters, selects
the main control factors, and simplifies the complex work-
ing conditions to the ideal model for analysis and calcula-
tion [14]. There have been several studies on the stability
and critical failure conditions of subgrade in karst areas
with different tunnel types, buried depth, subgrade size, and
other characteristics through indoor model tests, mathemati-
cal and statistical derivations, intelligent algorithms, and var-
ious finite element simulation methods; thus, several targeted
non-quantitative, semi-quantitative, and quantitative conclu-
sions have been developed. These studies have considerable
significance for the subgrade stability analysis under similar
conditions [15]–[17].

C. DYNAMIC RESPONSE OF SUBGRADE SOIL
With the continuous improvement of train running speed and
traction quality, there is an increasing importance for the
stability evaluation of high-speed railway subgrade in terms
of various factors, such as wheel–rail dynamic principle, sub-
grade environment, and mechanical properties of subgrade
soil [18]. One of the basic methods of determining the train
vibration load is empirical fitting through the combination of
theoretical and test data.

The research on the dynamic response of subgrade under
complex environmental factors has also gone through various
stages. The research on this topic has shifted from field
monitoring and data analysis to simplified indoor tests and
theoretical derivations using field data, and then to numerical
simulation under the condition of simplifying the environ-
ment and highlighting key factors [19]–[21].
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The dynamic stress response of railway subgrade was first
studied in European and American countries. These studies
focused on the treatment of environmental noise and vibration
effect, analysis of the acceleration and velocity time history
characteristics of the subgrade under different vehicle types,
and frequency spectrum analysis through Fourier transform
(FTT) [22], [23]. Based on these reports, other scholars have
analyzed the dynamic response of railway subgrade vibration.
According to the characteristics of different railway sections,
vehicle types, wheel–rail, subgrade, and environment, nonlin-
ear models of the track–subgrade coupling have been estab-
lished through numerical simulation. In-depth analyses have
been conducted on the dynamic response of subgrade soil
under train vibration with different vibration accelerations
and distribution characteristics [24]–[27].

Thus, various karst collapse mechanisms have been devel-
oped throughout years of research with a focus on the
railway subgrade in karst sections using quantitative, semi-
quantitative, and qualitative methods. Most of the existing
evaluation methods of the dynamic stress response of sub-
grade under train load are applied to a specific environment
for targeted analysis and research. In most studies, there
is less emphasis on combining the stability analysis of the
subgrade in karst sections with the dynamic stress analysis of
the subgrade under train load. In this study, considering the
train load, and interaction between the subgrade and karst soil
hole, the stability of high-speed railway subgrade is analyzed
through numerical simulations. Moreover, the dynamic stress
response characteristics of the subgrade in these areas under
train vibrations are studied.

III. METHODOLOGY
A. DEVELOPMENT OF THE DYNAMIC RESPONSE MODEL
BASED ON TRAIN–TRACK–SUBGRADE COUPLING
The settlement deformation and dynamic stability of the
subgrade are important factors that affect the smoothness
and durability of the ballastless track of high-speed railways.
Using the ABAQUS/explicit module, and considering the
subgrade structure and karst characteristics of the Guizhou
section of the Shanghai–Kunming high-speed railway, this
study established an integrated dynamic coupling model con-
sidering the train track road bedrock soil environment.

1) MODELING PROCESS
Themodel is a vibration-coupled system that includes spatial,
time-varying, and nonlinear solutions. The vehicle and track
subgrade were regarded as two subsystems. The coupling was
realized through contact elements. The relationship between
the mass, damping, stiffness, and vector matrix of the load
was established. After the discretization of the structure,
the train–track–subgrade coupling vibration equation can be
expressed as (1):

[M]{Ẍ}(t+1t)+ [C]{Ẋ}(t+1t)+ [K]{X}(t+1t)

= {P}(t+1t), (1)

where [M] is the mass matrix of the high-speed train-
ballastless track-subgrade system, [C] is the damping matrix
of the high-speed train–ballastless track–subgrade system,
[K] is the stiffness matrix of the high-speed train–ballastless
track–subgrade system, {Ẍ} is the generalized acceleration
vector of the coupled system, {Ẋ} is the generalized velocity
vector of the coupled system, {X} is the generalized displace-
ment vector of the coupled system, and {P} is the generalized
load vector of coupled system.

To induce the vibration of the structure, the train load
input to the track–subgrade subsystem was in the form of the
wheel–rail force. Subsequently, the time history analysis of
the dynamic response process was carried out.

To highlight the sensitive factors and satisfy the accuracy
of the analysis, the following assumptions were proposed to
simplify the calculation model:

1) The horizontal and vertical boundaries of the model
were expanded 10–15 times the span of the soil hole
to minimize boundary effects.

2) The soil hole was generalized as an ellipsoidal soil hole
located directly under the subgrade.

3) The analysis did not consider the horizontal force, rein-
forcement of the track structure, rail joints, and other
details.

4) The rock and soil were considered as isotropic and
homogeneous elastic–plastic materials.

The main body of the model included a CRTSII slab bal-
lastless track structure, high-speed train, layered subgrade,
soil hole, and foundation. Meanwhile, the train load was
directly simulated along the track. Owing to the limited
research time, the current research model was simplified,
in which only a train with two carriages was simulated. In the
future, a more comprehensive train–track–subgrade model
that is more similar to the actual situation will be established
for a more in-depth research.

The high-speed train has three parts: the wheelset, carriage,
and bogie. The train, two bogies, and four wheelsets were
connected by a suspension system. The following assump-
tions were made in this study:

1) The wheel set, carriage, and bogie were treated as rigid
bodies, and eccentric action was not considered.

2) The connector element was adopted for the suspension
system and did not consider nonlinear characteristics.

3) Only the vibration field generated by two carriages
in a train was simulated, and the interaction between
multiple carriages was not considered.

4) The train moved at a uniform speed along the track, and
only the vertical force was considered [28].

The wheel was modeled with a practical size, and a wear-
type tread was adopted for the wheel tread. The parameters of
each part of the train were set by referring to the CRH3 type
train. The track slab structure was modeled according to
the CRTSII track, including the rail, fastener, track slab,
cement–asphalt (CA) mortar, and bearing layer. Meanwhile,
the solid parts were bound by a TIE connection. The rail
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geometry of the model was simulated according to a standard
section of a 60-kg rail.

The wheel–rail contact setting primarily considered the
wheel–rail normal force (2) and wheel–rail tangential force
(3):

P(t) =
[
1
G
1Z (t)

] 3
2

, (2)

where G is the wheel–rail contact constant (m/N2/3), which
is equal to 3.86R−0.0115 × 10−8 (m/N2/3), in which R is the
wheel radius (m), and1Z (t) is the elastic compression of the
wheel/rail (m) at time is t;

F = µ× P(t) =
[
µk + (µs − µk) e−dcγeq

]
× P(t), (3)

where µk is the dynamic friction coefficient, µs is the static
friction coefficient, dc is the attenuation coefficient, γeq is the
relative sliding speed between the wheel and rail, and P(t) is
the wheel–rail normal force. The friction coefficient of the
tangential behavior was set as 0.3. The damping material was
set to light damping, and the mass damping coefficient α and
stiffness damping coefficient β were needed to be input in the
calculation process. The calculation formula is

C = αM + βK , (4)

where C is the spring stiffnesses,M is the mass, and K is the
damping coefficient.

In the dynamic analysis, the constraint displacement on the
model boundary produces vibration wave reflection, which
did not conform to the characteristics of the vibration wave
propagation to infinity, thereby affecting the accuracy of the
results. In this study, a viscoelastic boundary was set at the
bottom and around the model to simulate an infinite foun-
dation, and the upper subgrade surface was not constrained.
The normal and tangential damper coefficients and spring
stiffness are given as

KBN = αN
G
R
, CBN = ρcp; (5)

KBT = αT
G
R
, CBT = ρcs, (6)

where KBN and KBT are the normal and tangential damping
coefficients, respectively; CBN and CBT are the normal and
tangential spring stiffnesses, respectively; R is the length
of the artificial boundary; the tangential direction αT is 2;
normal direction αT = 4; G and ρ are the shear modulus and
density of the soil, respectively; and cp and cs represent the
longitudinal wave velocity and shear wave velocity, respec-
tively. Thus, (6) was imported into ABAQUS.

The subgrade was modeled according to the standard size:
a subgrade surface width of 8.6 m, surface layer thickness
of 0.4 m, bottom layer thickness of 2.3 m, embankment filling
thickness of 1.3 m, slope gradient of 1:1.5, foundation width
of 50 m, and height of 30 m. The height was divided into the
foundation soil layer and soluble bedrock. To eliminate the
boundary effect, the model assumed a length of 100 m along

the train direction. The soil hole was located at 50 m. The grid
density increased at the soil hole in the middle part directly
below the subgrade. Considering the lower mechanical prop-
erties of the filled hole than that of the soil hole without
filling, a hole with no filling was used. The soil hole was
longitudinally located in the middle of the foundation model,
and vertically located in the contact between the sedimentary
soil and soluble rock layers. The soil hole had an ellipsoidal
shape with a span of 2.5 m and height of 1.25 m. To improve
the calculation efficiency and accuracy of themodel, themesh
density was increased at the soil hole and subgrade. The rail
and track structures were set as an elastic model, and the rock
and soil in the subgrade and foundation were modeled using
the Mohr–Coulomb ideal elastic–plastic material constitutive
model. The model expressed the stability of the subgrade and
possible collapse under different loads. The results of the
subgrade and foundation grid division are shown in Fig. 1,
and the final model is shown in Fig. 2.

FIGURE 1. Mesh generation of the model.

According to the geological conditions, the foundation was
composed of limestone and clay. Based on existing literature,
the physical, mechanical, and subgrade damping parameters
used in the model are listed in Table 1 and 2.

2) RATIONALITY VERIFICATION OF THE KARST
COLLAPSE SIMULATION
To verify the accuracy of the simulation results of the
soil hole karst collapse, the calculation results of the
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TABLE 1. Modeling parameters of different track structures.

TABLE 2. Subgrade modeling parameters.

FIGURE 2. Schematic of the environmental dynamic analysis model.

model were compared with the theoretical analysis results.
In existing transportation engineering research, cylindrical
and funnel-shaped soil hole collapse types are mainly consid-
ered. In this study, the cylindrical collapse evolution model
was taken as an example for the comparative calculation.
He et al. [29] deduced a formula for the critical collapse
height of a cylindrical soil hole using the limit equilibrium
theory

H0 =

(
4αβc+ Rγ − 2α2βq− 2c

)
2γα2β

+

√(
2α2βq− 4αβc+ 2c− Rγ

)2
+ 4α2βqRγ

2γα2β
(7)

where H0 is the critical height (m), R is the radius of the
soil hole (m), γ is the unit weight of the soil layer, c is the
soil cohesion (kPa), ϕ is the internal friction angle of the soil
mass, q is the overlying load (kPa), α = tan(45◦ − ϕ/2), and
β = tanϕ. By applying the appropriate parameters, the critical
collapse heightH0 of 2.3mwas obtained. During the verifica-
tion calculation, a stable load of 700 KPa was applied on the
top of the model. As the theoretical formula does not include
elliptical soil holes, the shape of the soil hole was simplified
to a circle with a radius of 1 m.

The model simulated the upward development of the soil
hole into seven stages. With the development of the soil hole,
the thickness of the overburden was 26, 22, 18, 14, 10, 6, and
2 m, respectively. The settlement deformation of the founda-
tion surface at different stages of the soil hole development is
shown in Fig. 3(a). The stability of the foundation can be eval-
uated using the inclined deformation i [30], which refers to
the ratio of the vertical and lateral displacement of the ground
surface. When i 6 3 mm/m, the foundation is considered
stable. When 3 < i 6 6 mm/m, the foundation is considered
to be basically stable. When i > 6 mm/m, the foundation is
deemed unstable. Thus, the surface tilt deformation value is
obtained, as shown in Fig. 3(b) and Table 3.

Through the simulation of the underlying soil hole, the sta-
bility analysis and calculation show that the soil hole insta-
bility led to subgrade collapse when the thickness of the
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FIGURE 3. Surface settlement and inclined deformation during the
upward soil hole development.

TABLE 3. Stability of the upward development of the soil hole.

overlying soil layer is approximately 2 m, which is similar to
the theoretically calculated critical collapse height of 2.3 m.
Therefore, the simulation result of the model for soil hole
karst collapse is verified.

B. VIBRATION MONITORING AND ANALYSIS
Train vibrations have nonlinear characteristics; thus, it is not
sufficient to study them only by theory and calculations, and
field monitoring is still the most direct and effective method
of monitoring. In this study, a typical section of the Guizhou
section of the Shanghai–Kunming high-speed railway was
selected for the vibration monitoring of the surrounding

environment of the subgrade when a train with eight carriages
passed through. The amplitude frequency and attenuation law
of the vibration load under traffic conditions were examined.

1) SURVEY OF THE FIELD VIBRATION MONITORING
CRH2 high-speed train was the main vehicle type investi-
gated in the test section. The monitoring subgrade section
height was 3 m. The 891-2 vibration picker, developed by
the China Seismological Bureau (Fig. 4), was selected. It has
an acceleration resolution of 1 × 10−5 m/s2 and maximum
range of 40 m/s2. A 16-channel data acquisition instrument
and DASP software were used for the data acquisition with a
maximum sampling rate of 256 kHz/channel (Fig. 5). A flow
chart of the on-site vibration monitoring is shown in Fig. 6.

FIGURE 4. Model 891-2 vibration picker.

FIGURE 5. Data acquisition instrument.

FIGURE 6. Flow chart of the field vibration monitoring.

2) SITE MONITORING PLAN
The selection of the monitoring section directly affects
the accuracy of the monitoring results. The monitoring
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section was primarily selected based on its position in the
straight-line section to reduce the interference of the addi-
tional load when the train runs in the curved section. In addi-
tion, the monitoring site was flat and open, which provided
a good field of vision, ensuring that the equipment could
monitor the entire train vibration process before the high-
speed train arrived at the section. The monitoring location
position was also established to be as close to the railway
line as possible to maximize the monitoring data. The dis-
tance between the monitoring points was 3.0 m. The vertical
vibrations were simultaneously monitored. The layout of the
monitoring points is shown in Fig. 7.

FIGURE 7. Schematic of the monitoring points.

3) TIME DOMAIN ANALYSIS OF THE VIBRATION
MONITORING RESULTS
In this study, the field data collection and subsequent analysis
of the vertical vibration during train passes were carried
out. Fig. 8 shows the monitoring results of the time his-
tory response to the vertical vibration acceleration when the
train passed at 229 km/h. The vertical vibration acceleration
amplitudes of the different measuring points are summarized
in Fig. 9.

As a full-length train with eight carriages passed through,
vibration was continuously observed for 6.3 s. Moreover,
the vibration acceleration time history curve of each mea-
suring point exhibited no evident differences apart from the
amplitude. When the wheelset passed through the section,
the amplitude of the acceleration time history curve fluc-
tuated significantly. The maximum values of the vibration
acceleration of measuring points no. 1–6 were 0.153, 0.099,
0.075, 0.054, 0.040, and 0.029 m/s2, respectively. The ground
vibration intensity showed nonlinear attenuation with an
increase in the distance between the measuring points and
subgrade. The maximum value was 5.28 times that of the
minimum value, and the total attenuation rate was 81.05%.
The vibration acceleration was attenuated by 54.55%, and
the attenuation and deceleration rate at points 2–6 decreased.
This indicates that when the soil hole along the railway is far
from the subgrade structure, the stability of the subgrade will
not be greatly affected.m/s2.

4) FREQUENCY DOMAIN ANALYSIS OF THE VIBRATION
MONITORING RESULTS
The power spectrum of the vibration monitoring signal
was obtained through FTT between the time and frequency

domains, and the power spectrum of each measuring point
was compared. The relationship between the time history
signal X (t), power spectrum G(ω), and correlation function
R(τ ) of the vibration wave is shown in Fig. 10.

The time domain signal X (t) can be resolved into a fre-
quency function by FTT:

X (ω) =
∫
+∞

−∞

x(t)e−jωtdt, (8)

where ω denotes a continuous frequency variable. A differ-
ence exists in the distribution of energy generated by the
vibration at each frequency, which can be described by the
self-power spectrum and calculation formula:

G(ω) = X(ω) · X∗(ω). (9)

The vibration acceleration time history signal was nor-
malized by FTT using MATLAB. The vibration accelera-
tion spectra of the different measuring points were obtained,
as shown in Fig. 11.

Increased high-frequency vibrations and wider frequency
range were observed at the measuring points closer to the
subgrade. The dominant vibration frequencies at measuring
points 1–6 were 10–60, 10–50, 10–30, 0–20, 0–10, and
0–10 Hz, respectively. The dominant vibration frequency
decreased from 10–60 Hz at measuring point 1 to 0–10 Hz
at measuring point 6, in which the vibration of 20–60 Hz
almost dissipated. This indicates that the increase in the
propagation distance of the vibration wave increased the
attenuation speed of the high-frequency vibration, whereas
that of the low-frequency vibration decreased, resulting in the
peak value of the spectrum curve becoming closer to the low-
frequency vibration.

5) DYNAMIC RESPONSE VALIDATION OF THE MODEL
To verify the accuracy of the model, the generalized model
built according to the site conditions was compared with the
field-measured data. A comparison between the time history
curve of the simulated andmonitored vibrationwave is shown
in Fig. 12.

The model was used to simulate the vibration response of
a pair of carriages passing through the section. Owing to the
limitations of the research time and computing equipment in
this study, a calculation time of 2 s was selected to reduce
the computing time and workload. The longitudinal length of
the numerical model was 100 m, and the on-site track length
was regarded to have infinite extension, which affected the
propagation of the vibration waves. Moreover, this caused
the prolonged vibration of a single train carriage during the
numerical simulation, compared to that obtained during the
on-site monitoring. The vibration acceleration amplitudes of
measuring points 1–4 calculated by the model were 0.168,
0.116, 0.095, and 0.075 m/s2, respectively, whereas the field
monitoring results were 0.153, 0.099, 0.075, and 0.054 m/s2,
respectively, with the errors of 9.00%, 17.17%, 26.67%,
and 38.89%, respectively. These errors are attributed to the
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FIGURE 8. Time history curve of the vibration acceleration at different measuring points during train passes.

attenuation of the vibration waves by the on-site plants and
structures, indicating that the measured values were lower
than the simulated values. Further, as themeasuring point was
farther from the subgrade, the error increased. The different
results is also attributed to the non-uniform on-site damping,
which was regarded as a fixed value during the modelling.
In addition, the on-site railway line can be regarded as infinite
extension and the transmission of the train vibration has
gradually increasing time-varying characteristics as the train
moves away from the subgrade. However, the model only
simulated a track length of 100 m, and the train vibration was
directly loaded, which caused the longer vibration duration
of a single carriage for the simulated value than that of the
monitoring value. Moreover, higher vibration amplitude was
observed in the first 0.5 s.

The two data groups of measuring point 1, which have
the smallest measured and simulated amplitude errors, and
highest curve fit, were analyzed by one-way ANOVA with
a significance level α of 0.05. The mean and variance of the
measured data were 0.0011 and 0.0015, respectively, whereas
that of the simulated data were 0.0009 and 0.0031, respec-
tively. The significance value p of the two groups of data
was 0.071 > α, indicating there is no significant difference
between the two groups of data and accuracy of the model
in measuring point 1. In addition, the vibration propagation
farther from the subgrade has minimal impact on the stability
of the soil hole and subgrade. The measuring points close to
the subgrade have small error values. Therefore, this model
can be applied to the dynamic response analysis of soil within
the subgrade.
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FIGURE 9. Amplitude curve of the vibration acceleration at different
measuring points.

FIGURE 10. Schematic of the conversion between the time and frequency
domains.

FIGURE 11. Spectra of the vibration acceleration at different measuring
points.

IV. RESULTS AND DISCUSSION
The curve characteristics of the dynamic parameters under
different conditions quantitatively express the influence of
soil holes, different axle loads, and different vehicle operating
speeds on roadbed stability. Consequently, the change trend
along the depth of the influence can be summarized. The
high-speed railway subgrade stability transformation in karst

FIGURE 12. Comparison of time history curves of the vibration waves.

areas under different working conditions is quantitatively
evaluated.

A. DISTRIBUTION CHARACTERISTICS OF THE SUBGRADE
DYNAMIC DISPLACEMENT
In this section, the dynamic displacement in the vertical
direction is studied by selecting a train axle load of 16 t,
driving speed of 250 km/h, subgrade filling height of 4 m,
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and buried soil tunnel depth of 2 m. The time history curves
of the vertical dynamic displacements at different structural
layers of the subgrade centerline when the train passes over
the subgrade with underlying soil tunnel and that without soil
tunnel are shown in Figure 13.

FIGURE 13. Time history curve of the dynamic displacement of different
structural layers of the high-speed railway subgrade in a karst area.

When the train passed directly above the soil hole, themax-
imum vertical dynamic displacement was observed on the
subgrade surface. The maximum vertical dynamic displace-
ment was 0.408 and 0.837 (105.15% increase) mm, when
there was no soil hole and where there was an underly-
ing soil hole, respectively. Comparing the different layers,
the maximum vertical dynamic displacement of the bottom
layer and bottom of the subgrade were 0.351 and 0.298 mm,
respectively, when there was no soil hole, whereas those with
the underlying soil hole were 0.754 and 0.668 mm, respec-
tively (increase of 114.81% and 124.16%, respectively). With
increasing depth, the soil cavity had increasing influence on

the vertical dynamic displacement of different layers and the
stability of the subgrade. Under the same working condi-
tions, the vertical dynamic displacement distribution along
the transverse direction of the subgrade when the train passed
over the soil hole in the middle section of the subgrade is
shown in Fig. 14.

FIGURE 14. Transverse distribution characteristics of the dynamic
displacements of the different structural layers of the high-speed railway
subgrade in karst area.

The vertical displacements of the different subgrade layers
were symmetrically distributed along the middle line of the
subgrade. In addition. the settlement under the supporting
layer of the track slab was clearly larger than that on both
sides. Further, the dynamic displacement exhibited a U shape
and had small changes in the range of the supporting layer.
With an increase in the depth, the vertical dynamic displace-
ment gradually attenuated, and the influence of the track
structure on the shape of the vertical displacement curve
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FIGURE 15. Time history curve of the vertical vibration acceleration of the different structural
layers of the high-speed railway subgrade in a karst area.

further decreased, gradually changing from a U-shaped dis-
tribution to a V-shaped distribution. Moreover, the vertical
dynamic displacement of each structure layer was always
greater when there is no soil hole.

B. DISTRIBUTION CHARACTERISTICS OF THE SUBGRADE
VIBRATION ACCELERATION
Under the same working conditions, the vertical vibration
acceleration generated by the train under operating conditions
was observed to be greater than that in the transverse and lon-
gitudinal directions. Thus, this section presents the analysis
of the calculation results of the vertical vibration acceleration
time history curve of the different layers in the middle line of
the subgrade when the train was passing through the subgrade
section, as shown in Fig. 15.

When the first bogie passed directly above the subgrade
soil hole, the first peak acceleration appeared, and the

vibration attenuation occurred after the bogie passed through.
During the attenuation process, the second bogie passed
through, and the acceleration again exhibited a peak value
with a superposition effect. After the train passed through
completely, the acceleration gradually returned to its initial
state. With an increase in the subgrade depth, the instanta-
neous peak effect of the vibration acceleration caused by a
bogie passing through the surface layer gradually decreased,
and the curve changed from a concentrated bimodal shape
to a spindle shape. This is because the wheel–rail vibra-
tion observed when the bogie passed through was consid-
erably higher than that at other times, thereby forming a
peak. However, with an increase in depth, the energy dis-
tribution gradually became uniform during propagation. The
energy concentration in the subgrade surface layer gradually
decreased with an increase in depth. After reaching a certain
depth of the subgrade structural layer, the distribution of the
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vibration energy became more uniform than that in the sur-
face layer, the peak effect disappeared, and the curve ampli-
tude became more uniform. The maximum vertical vibration
acceleration appeared on the subgrade surface. The maxi-
mum vertical vibration acceleration of the subgrade with and
without a soil hole were 12.72 and 15.71 m/s2, respectively.
The maximum vertical vibration acceleration increased by
23.51% when there was a soil hole. In contrast, when there
was no soil hole, the maximum vertical vibration acceleration
of the bottom layer and bottom of the subgrade were 0.56 and
0.31m/s2, respectively, whereas those with an underlying soil
hole were 0.60 and 0.35 m/s2 respectively (increase of 7.14%
and 12.90%, respectively). Thus, the soil holes loosened the
surrounding soil structure, and the subgrade without soil
holes was denser. The vibration response was evident when
the soil holes lie in the same position [33], [34].

C. DISTRIBUTION CHARACTERISTICS OF THE DYNAMIC
STRESS OF SUBGRADE
Under the same working conditions, the vertical dynamic
stress time history curves of the different layers in the sub-
grade centerline are shown in Fig. 16.

The underlying soil hole had no significant influence on the
vertical dynamic stress time history curve of each structural
layer of the subgrade. In addition, the vertical dynamic stress
response decreasedwith increasing depth. Themaximum ver-
tical dynamic stress of the subgrade with and without the soil
hole was 7.19 and 9.43 kPa, respectively. When there was no
soil hole, the maximum vertical dynamic stress of the bottom
of the roadbed and subgrade bottom were 3.90 and 2.98 kPa,
respectively, whereas those with an underlying soil hole were
3.96 and 2.82 kPa, respectively. Under the same working
conditions, the vertical dynamic stress distribution along the
transverse direction of the subgrade when the train passed
above the soil hole in the middle section of the subgrade is
shown in Fig. 17.

The vertical dynamic stress was symmetrically distributed
along the middle line of the subgrade. The distribution of the
dynamic stress on the top and bottom of the subgrade bed
presents a ‘‘W’’ shape, which first slightly increased in the
range of the bearing layer, and then sharply increased at the
edge of the bearing layer. This was attributed to the stress
concentration at the edge of the bearing layer, while there
was no direct train dynamic stress input outside the bearing
layer. Subsequently, the dynamic stress dropped sharply until
it approached zero. With an increase in depth, the dynamic
stress distribution on the subgrade surfacewas relatively slow,
and the amplitude was considerably less than that on the
surface and bottom of the subgrade bed. The center of the
subgrade had the largest dynamic stress. With the increase
in the distance from the center of the subgrade, the dynamic
stress gradually decreased to zero.

The distribution of the vertical dynamic displacement,
dynamic acceleration, and dynamic stress along the depth
direction with and without the soil hole is shown in Fig. 18.
The amplitudes of the vertical dynamic displacement,

FIGURE 16. Time history curve of the dynamic stress of the different
structural layers of the high-speed railway subgrade in a karst area.

vibration acceleration, and vertical dynamic stress decreased
nonlinearly with an increase in depth. In addition, at each
depth, the vertical dynamic displacement was greater without
the soil hole.

When there was no soil hole, the vertical dynamic dis-
placement in the bottom of the roadbed, bottom layer of the
subgrade, and foundation were attenuated by 6.15%, 13.97%,
and 37.96%, respectively, compared with the surface layer of
the foundation. In contrast, with an underlying soil hole, the
attenuations were 8.62%, 10.43%, and 22.45%, respectively.
The attenuation area was primarily in the foundation, which
was evident when there was no soil hole. With an underlying
soil hole, the vibration acceleration rebounded near the soil
hole owing to the reflection of the vibration wave from the
bottom of the hole. Moreover, the acceleration difference is
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FIGURE 17. Transverse distribution characteristics of the dynamic stress
in different structural layers of the high-speed railway subgrade in the
karst area.

higher closer to the soil hole. The acceleration attenuation
without a soil hole was approximately 45.34%, 24.92%, and
11.53% in the bottom of the roadbed, bottom layer of the
subgrade, and foundation, respectively. With an underlying
soil hole, the acceleration attenuation was approximately
47.56%, 21.55%, and −3.46%, respectively. The attenuation
area was primarily in the bottom layer of the subgrade, and
the acceleration attenuation was evident when there was no
soil hole.

The amplitude of the vertical dynamic stress decreased
nonlinearly with an increase in depth without a soil hole,
the dynamic stress decreased by approximately 43.35%,
18.80%, and 27.14% at the bottom of the subgrade bed,
bottom of the subgrade, and foundation, respectively. With
an underlying soil hole, the dynamic stress decreased by
approximately 39%, 23%, and 27%, respectively, with the

FIGURE 18. Amplitude of the dynamic parameters at different depths of
the high-speed railway subgrade in a karst area.

attenuation area of the dynamic stress primarily located at the
bottom of the subgrade bed.

The dynamic characteristics of the high-speed railway sub-
grade in karst areas vary under different driving conditions
and environments. Therefore, the difference in the underlying
soil hole was subject to driving conditions was studied, along
with the dynamic characteristics and stability of the subgrade
under the condition of one-way traffic and different train axle
loads and speeds.

D. INFLUENCE OF THE TRAIN AXLE LOAD
ON DYNAMIC RESPONSE
This section presents the dynamic response of the subgrade
under different axle loads of 10, 12, 14, 16, 18, 20, and 22 t
with a driving speed of 250 km/h, embankment filling height
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FIGURE 19. Amplitude of dynamic parameters and its AC change curve with depth in different axle load.

of 4 m, and soil hole buried depth of 2 m. Fig. 19 shows the
distribution characteristics along the depth direction of the
maximum amplitude of the vertical dynamic displacement,
dynamic acceleration, and dynamic stress curves at the center
of the subgrade under different axle loads and the correspond-
ing attenuation coefficient (AC).

With the increase in depth, the difference of the vertical
dynamic displacement of the axle load from 10 t to 22 t
gradually decreased from 0.51 mm of the surface layer of
the subgrade bed to 0.25 mm of the top of the soil hole,
which decreased by 50.98%. In addition, the difference in the
acceleration decreased by 71.43% from 0.56 to 0.16 m/s2.
The difference of the vertical dynamic stress decreased by

91.49% from 3.76 to 0.32 kPa. When the train axle load
increased from 10 t to 22 t, the amplitude of the verti-
cal dynamic displacement decreased by 37.87%, 39.68%,
40.79%, 41.50%, 41.83%, 42.74%, and 45.24%, respectively,
from the surface layer of the roadbed to the top of the soil
hole. The corresponding amplitude of the vertical vibra-
tion acceleration decreased by 64.49%, 64.13%, 60.11%,
65.65%, 67.95%, 67.42%, and 66.87%, and that of the ver-
tical dynamic stress decreased by 90.61%, 37%, 90.32%,
90.71%, 90.91%, 90.80%, and 91.02%, respectively. This
shows that the dynamic effect of the train axle load on
the subgrade decreased with an increase in depth. More-
over, when the axle load increased, the dynamic response
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parameter amplitude increased, which affected the stability
of the subgrade.

The uneven settlement of the subgrade surface is the main
factor for driving safety. Thus, the dynamic response char-
acteristics of the subgrade surface under different axle loads
were studied (dynamic acceleration of 10, 16, and 22 t). The
time history curves of the vertical dynamic displacement,
dynamic acceleration, and dynamic stress of the subgrade
surface are shown in Fig. 20.

As the axle load of the train increased from 10 t to 22 t,
the amplitude of vertical dynamic displacement on the sub-
grade surface increased from 0.60 to 1.15 mm (increase
of 91.67%) and the amplitude of the vibration acceleration
increased from 9.88 to 19.74 m/s2 (increase of 99.80%).
The amplitude of the vertical dynamic stress increased from
4.80 to 9.99 kPa (increase of 108.13%). As the train axle load
increased, the vertical dynamic displacement and dynamic
stress amplitude of the subgrade surface linearly increased
with a relatively constant rate of increase. The amplitude
of the vibration acceleration increased nonlinearly, and the
rate of increase was faster when the train axle load was less
than 18 t, and relatively slow when the train axle load was
greater than 18 t. Thus, increasing the train axle load had a
significant influence on the dynamic response and stability
of the subgrade.

E. INFLUENCE OF THE TRAIN SPEED
ON THE DYNAMIC RESPONSE
With the increase in train speed, the wheel–rail effect was
strengthened, and the dynamic response of the environmental
vibration field to the subgrade structure and the underlying
soil hole considerably changed. In this section, the axle load
of the train was 16 t, the embankment filling height was 4 m,
the buried depth of the soil hole was 2 m, and the vehicle
speeds were 160, 180, 200, 250, 300, 350, and 400 km/h. The
deformation characteristics and dynamic response of the sub-
grade surface under different driving speeds were analyzed.
Fig. 21 shows the distribution characteristics and AC of the
maximum amplitude of the vertical dynamic displacement,
dynamic acceleration, and dynamic stress curves at the center
of the subgrade along the depth direction under seven axle
loads.

As the train speed increased, the vertical dynamic dis-
placement and dynamic stress amplitude of each structure
layer and soil hole position in the same subgrade depth
increased, while showing an almost linear decay along the
depth direction. The acceleration did not always increase
with the increase in the vehicle speed and decayed nonlin-
early along the depth direction. With the increase of the
depth, the dynamic displacement difference of the surface
layer of the subgrade bed and top of the soil hole was
0.48 and 0.45 mm, respectively, which is almost negligi-
ble. The influence of the speed on the dynamic displace-
ment did not weaken with the increase of the depth and the
difference in vertical vibration acceleration increased from
0.16 to 0.40 m/s2 (increase of 150%). The influence of the

FIGURE 20. Time history curve of subgrade surface dynamic parameters
in different axle load.

running speed on the vibration acceleration increasedwith the
depth, and the difference in vertical dynamic stress decreased
from 1.78 kPa in the surface layer of the subgrade bed to
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FIGURE 21. Amplitude of the dynamic parameters and its AC change curve with depth under different train speed.

0.67 kPa at the top of the soil hole (decrease of 62.36%).
This shows that the influence of the train running speed
on the dynamic stress gradually weakens with an increase
in depth. When the train speed was 160, 180, 200, 250,
300, 350, and 400 km/h, the vertical dynamic displacement
amplitude decreased by 44.62%, 45.82%, 43.50%, 41.50%,
41.92%, 33.87%, and 29.37%, respectively, from the sur-
face layer of subgrade bed to the top of the soil hole. This
indicates that the vertical dynamic displacement attenuation
along the depth decreased when the train speed was greater
than 300 km/h. The acceleration amplitude decreased by
76.50%, 71.91%, 68.10%, 65.65%, 58.92%, 54.74%, and
47.44%, respectively from the surface of the subgrade bed

to the top of the soil hole, which indicates that the attenua-
tion of the vibration acceleration along the depth weakened
with the increase of the train running speed. Meanwhile,
the amplitude of the vertical dynamic stress decreased by
92.54%, 91.22%, 90.80%, 90.71%, 89.10%, 87.43%, and
84.89%, at the train speed of 160, 180, 200, 250, 300, 350, and
400 km/h, respectively. The dynamic stress attenuation along
the depth was more apparent; however, with the increase in
train speed, the dynamic stress attenuation along the depth
decreased.

The time history curves of the vertical dynamic displace-
ment, dynamic acceleration, and dynamic stress on the sub-
grade surface when the representative train running speeds
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FIGURE 22. Time history curve of the subgrade surface dynamic
parameters at different speeds.

were 160, 250, and 400 km/h are shown in Fig. 22. The
figure shows that the time of the vertical dynamic dis-
placement, dynamic acceleration, and peak dynamic stress
was delayed at different speeds. On the surface of the sub-
grade, the amplitude of the vertical dynamic displacement
increased from 0.76 to 1.24 mm (increase of 63.16%) as
the train speed increased from 160 to 400 km/h. Meanwhile,
the amplitude of the dynamic acceleration increased from
14.65 to 16.84 m/s2 (increase of 14.95%), whereas the ampli-
tude of the vertical dynamic stress increased from 6.66 to
9.16 kPa (increase of 37.54%). With the increase in train
speed, the dynamic displacement amplitude of the subgrade
surface increased nonlinearly. The rate of increase was lower
when the speed was less than 250 km/h, whereas signifi-
cant increase was noted when the speed was greater than
250 km/h. The amplitude of the vibration acceleration did
not increase with the increase in vehicle speed due to the
acceleration of the load moving speed and decreased loading

time on the subgrade. The dynamic stress amplitude increased
nonlinearly with a the lower rate of increase when the speed
was less than 250 km/h and significant increase when the
speed was greater than 250 km/h. Therefore, the train speed
had a significant influence on the stability of the subgrade,
vertical dynamic displacement, dynamic stress, and dynamic
acceleration.

V. CONCLUSION
In this study, the time-frequency characteristics and attenua-
tion law of the vibration acceleration caused by train vibra-
tions at different measuring points in karst areas were studied
by monitoring and finite element analysis. The study area
was the Guizhou section of the Shanghai–Kunming high-
speed railway. A dynamic analysis model of the soil mass of
the train–track–subgrade was established, and the dynamic
response of the subgrade to the train vibration loads under
different conditions was studied. The primary conclusions
drawn are as follows:

1) The dominant frequency of the high-speed train
surrounding environment vibration was concentrated
in the range of 10–60 Hz. With the increase in
the propagation distance, the attenuation was faster
for high-frequency vibration and slower for low-
frequency vibration, resulting in the peak value closer
to low-frequency vibration in the spectra.

2) Under the train operation conditions, the vertical defor-
mation and vibration acceleration of the soil hole under
the subgrade was larger, and the deformation and
dynamic characteristics were more pronounced. The
soil hole had a significant impact on the stability of the
subgrade and safety of the train operation.

3) The dynamic displacement, vibration acceleration, and
dynamic stress of the subgrade structure and soil hole
increased with an increase in the train axle load, sig-
nificantly affecting the stability of the soil hole and
subgrade structure.

4) There were apparent differences observed on the
dynamic displacement, acceleration, and dynamic
stress of the subgrade structure and soil hole posi-
tion under different train speeds. The faster train
speed resulted in the more apparent dynamic response,
thereby a significant impact on the stability of the soil
hole and subgrade.
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