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At present, the world-wide heavy-haul transportation technology of cargo trains has developed rapidly. Heavy-haul railway
transportation has received extensive attention due to its large capacity, high efficiency, and low transportation costs. In order
to understand the role that ferroelectric materials can play in the dynamic response of a heavy-duty railway surrounding rock
structures in crosstunnels, this article introduces the domain structure of ferroelectric materials, derives the calculation method
of the dynamic response of the surrounding rock structure, simulates the dynamic response characteristics through the
corresponding formula, and analyzes the changes of the heavy-duty railway in the presence and absence of water. The situation
was analyzed. The research results found that the increase of axle load will increase the bending moment of the invert
structure. When the axle load is 30 t, the V-class surrounding rock is the most unfavorable working condition and the bending
moment value of the invert structure is the largest at this time. When the added value of contact pressure is generally around
6.5 kPa, the railway as a whole can maintain a stable state.

1. Introduction

With the continuous improvement of my country’s railway
network, “passenger high speed” and “freight heavy duty”
have become the two important directions of today’s railway
development. The structural stress forms and disease charac-
teristics of heavy-duty railway tunnels are very different
from those of ordinary railway tunnels. The bottom of the
tunnel is the foundation that bears the load of trains and
structures. Coupled with the effect of geological factors such
as groundwater, the diseases at the bottom of the tunnel are
particularly prominent, manifesting as lining cracks, venting
and sinking of the basement, external squeezing of the side
ditch, and mud and mud. Damage to the tunnel bottom
causes a decrease in the safety reserve of the tunnel structure

in terms of strength, rigidity, and stability. These diseases
not only endanger driving safety and deteriorate driving
conditions but also increase tunnel maintenance costs and
shorten tunnel service life.

Ferroelectric materials have some very excellent proper-
ties, such as dielectric properties. Ferroelectric materials
include layered ferroelectric ceramics, relaxor ferroelectric
ceramics, and antiferroelectric ceramics. When there is an
external electric field, the positive and negative charges
inside the ferroelectric material will shift to a certain extent,
which will cause the charge centers to no longer overlap, and
the so-called dipoles will appear. The applied electric field
can drive the polarization direction of the dipole to move
in the direction of the applied electric field, resulting in
dielectric polarization. If we place a uniform dielectric
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between the two poles of a capacitor, under the polarization
of this dielectric, the capacitance value of the capacitor will
increase several times compared with the capacitance value
of the vacuum medium. This property is called dielectric.
Ferroelectrics have the characteristics of large dielectric con-
stant and obvious nonlinear effects. The spontaneous polar-
ization of ferroelectric materials originates from the electric
dipole generated by the noncoincidence of the positive and
negative charge centers inside the unit cell. Perovskite struc-
ture ferroelectrics are currently the most widely studied,
simplest, and most representative ferroelectric materials.

For the related applications of ferroelectric materials and
the characteristics of railway dynamic response, experts at
home and abroad have done a lot of research. In order to
study the mechanism behind the collapse evolution, Xiao
et al. conducted in situ microseismic (MS) monitoring in
the left main/auxiliary power house. The temporal and spa-
tial characteristics of stress-structure-controlled collapse are
summarized and introduced. These methods provide a con-
sistent set of results, that is, tensile fracturing is the most
active rock mass fracturing mechanism in the evolution of
stress-structure-controlled collapse. In addition, the evolu-
tion of microseismic activity during the development of the
study collapse was also obtained. The results provide a direct
case history, which will help predict and support stress-
structure-controlled collapse disasters and help excavate
deep-buried caves on site [1]. He et al. proposed an innova-
tive roof-cutting and pressure-relief technology in response
to the complex construction technology and high roadway
construction costs in the traditional technology of retaining
lanes along the goaf. A number of mechanical models of
the “surrounding rock structure-roadside support” were
established, and the design formulas for the support resis-
tance of each roadway were obtained. The results show that
through presplitting blasting, the lower foundation roof falls
enough to better support the upper roof, thereby limiting the
rotation deformation of the upper roof and reducing the
impact load of the roof fracture [2]. Yan et al. deal with sev-
eral types of inclination rail defects by simulating the accel-
eration system installed on the locomotive and theoretically
study the feasibility of monitoring the inclination rail joint
defects. The quantitative relationship between the axle box
acceleration characteristics (peak) and the rail defects was
determined by simulation. Therefore, the proposed method
combines defect analysis and comparison with theoretical
results, will enhance the ability of long-term monitoring
and evaluation of the track system, and provide a more sen-
sible preventive track maintenance strategy [3]. Cai et al.
comprehensively studied the new track dynamics behavior
of a polyurethane foam-cured ball in heavy-duty railway
tunnels. First, based on the multibody system dynamics the-
ory and finite element method, a dynamic model of the
vehicle-track-tunnel interaction system is established. Then,
the dynamic effect of the polyurethane foam-cured road ast
track on the train and surrounding infrastructure is calcu-
lated and compared with the dynamic effect of the tradi-
tional road ast track [4]. In order to study the adaptability
of cement-modified expansive soil as a filling material for
heavy-duty railway subgrades, Cai et al. carried out different

axle loads, trains, speeds, and service environmental condi-
tions based on the test section of the cement-modified
expansive soil subgrade of the Menggan Railway. The results
show that the dynamic parameters decay linearly along the
depth and lateral direction of the subgrade in the same infill
structure layer. The dynamic stress attenuation at the bot-
tom of the subgrade surface is about 49%, and the dynamic
stress attenuation at the bottom of the lowest subgrade is
76% [5]. Based on the train longitudinal dynamics theory
and the vehicle-track coupling dynamics theory, Liu et al.
established a heavy-duty train-track coupling dynamics
model considering the longitudinal, lateral, and vertical
forces of the coupler and traction system. The inspection
conditions and mechanical properties of the locomotive
under traction and braking conditions are analyzed, and
the process and extent of the influence of traction, braking
force, and coupler force on the locomotive performance
are studied, and the theoretical model is verified by train
[6]. The focus of Holder et al.’s research is the laboratory
characterization of the lateral load path through the Skl-
type fastening system using new instrument technologies
that are subjected to heavy freight rail loading conditions.
The investigation of the performance of the fastener system
includes the evaluation of the lateral load distribution
through the superstructure of the track and the evaluation
of the single fastener system. The observations of this study
will help the railway industry to improve the design of fas-
tener systems and develop mechanical track structure design
methods [7]. These studies have provided some references
for this article, but due to certain problems in related
research methods and data, the results of the experiment
have not been accepted by the public.

The innovation of this article is that the article puts for-
ward the theoretical calculation method of the surface load
of the ballast bed based on the measured data combined with
the existing specifications and the research results at home
and abroad according to the characteristics of the ballast
bed and the wheel-rail action mode. The elastic layered sys-
tem is used to derive the elastic mechanics analytical solu-
tion of the surface load of the invert structure, which is an
elastic foundation beam. The model and the load structure
model provide the initial conditions of the load.

2. Response Characteristic Analysis Method

2.1. Ferroelectric Materials. A ferroelectric material is a kind
of dielectric material. It has spontaneous polarization in two
or more directions within a certain temperature range, and
its spontaneous polarization will occur with the direction
and magnitude of the external field (common electric field,
temperature field). When the ferroelectric is below the criti-
cal temperature, it will transform from the paraelectric phase
to the ferroelectric phase. This critical temperature is the
Curie temperature (CT) [8, 9]. Figure 1 shows the change
in the crystal structure of a ferroelectric material with a
perovskite structure from a paraelectric phase to a ferroelec-
tric phase. The general formula of perovskite is ABO3: A and
B are metal ions, and O is oxygen ion. Above the Curie tem-
perature, the perovskite ferroelectric material has a cubic
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crystal structure. At this time, the positive and negative
charge centers coincide and the ferroelectric material is in
a nonpolarized state, that is, the paraelectric phase; when
the temperature drops below the Curie temperature, the
atoms in the unit cell will move the ferroelectric material.
Due to the different displacements of the positive and nega-
tive ions, the positive and negative charge centers no longer
overlap, resulting in an electric dipole moment. Polarization
refers to the electric dipole moment per unit volume, that is,
at the Curie temperature. The following ferroelectric mate-
rials exhibit ferroelectricity in the macroscopic view [10].

As a kind of dielectric material, a ferroelectric material
has other characteristics besides showing ferroelectricity,
such as dielectric, piezoelectricity, pyroelectricity, photoelec-
tric effect, acousto-optic effect, and optical transition effect
[11]. These different characteristics also make ferroelectric
materials have a wide range of applications. In the applica-
tion of ferroelectric materials, ferroelectric memory uses
the polarized bistable state for information storage, so it
has the advantages of nonvolatile, fast reading and writing,
fatigue resistance, radiation resistance, etc. and is considered
to be one of the most potential new types of memory at pres-
ent; ferroelectric memory has been commercialized [12].
The hysteresis loop of ferroelectric materials is shown in
Figure 2.

Important parameters such as spontaneous polarization
CP, remanent polarization OP, coercive field BG, and ferro-
electric loss can be obtained by measuring the hysteresis
loop. It is precisely because of these advantages that ferro-
electric memory has been widely used in both civilian and
military fields [13, 14]. Ferroelectric memory is currently
the only new-generation memory that has been widely used,
and its advantages and application areas are shown in
Figure 3.

Ferroelectric memory allows designers to write data to
nonvolatile memory faster and more frequently and at a
lower price. The failure of the ferroelectric thin film is caused
by the abnormal evolution of the ferroelectric single domain.
The essential reasons for determining ferroelectric domains
and domain flipping are the microstructure of ferroelectric
thin films such as lattice defects, interface terminal types,
and oxygen vacancies [15]. With the miniaturization and
high integration of ferroelectric memory, the size of
ferroelectric thin films in the thickness direction is close to

the nanometer scale and the polarization/domain structure
and evolution are increasingly restricted by the abovemen-
tioned factors.

2.2. Heavy-Duty Railway Tunnel Structure. The tunnel bot-
tom structure is the main load-bearing structure of heavy-
duty railway tunnels, and the load size is mostly determined
based on the experience of ordinary railway tunnels. The
accurate theoretical calculation method can quickly calculate
the dynamic load on the surface of each structural layer and
determine the initial load conditions of the calculation
model, which has important guiding significance for the
design of heavy-duty railway tunnels [16].

Based on the force mode of the track bed structure of the
heavy-duty railway tunnel under the action of sleepers, a cal-
culation method for the dynamic load on the sleeper bottom
surface is proposed, that is, the static axle load/wheel weight
is converted to the dynamic axle load/wheel load according
to the train speed, combined with the contact area of the
sleeper bottom surface. The additional value threshold of
the dynamic load caused by the train is calculated.

σ = P ∗ 1 + βvð Þ
BL

, ð1Þ

where σ is the stress, P is the static axle load, and β is the
dynamic impact coefficient, also known as the velocity influ-
ence coefficient.

The dynamic load on the surface of the track bed struc-
ture is calculated according to formula (1), which is different
from the actual “saddle-shaped” or “triangular” load distri-
bution on the surface of the track bed structure. The error
is compensated [17]. Table 1 compares the calculated results
of formula (1) with the measured dynamic load threshold on
the surface of the track bed structure.

According to D’Alembert’s principle, the dynamic differ-
ential equation of the structure can be obtained as follows:

M½ � ϕf g + C½ � ϕf g + K½ � ϕf g = F tð Þ½ �: ð2Þ

Among them,M stands for the mass matrix, C stands for
the damping matrix, K stands for the stiffness matrix, and ϕ
stands for displacement.

Regarding the formula as a constant coefficient differen-
tial equation, the displacement of the structure can be used
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Figure 1: The crystal structure from the paraelectric phase to the
ferroelectric phase of the perovskite structure.
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Figure 2: Schematic diagram of hysteresis loop of ferroelectric
material.
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to approximate the velocity and acceleration of the structure
through a finite difference expression. One of the most
effective solutions is the central difference method. The
method assumes

ϕf g = 1
Δt2

ϕt−Δtf g − 2 ϕf g + ϕt+Δtf gð Þ,

ϕtf g = 1
2Δt −ϕt−Δtf g + ϕt+Δtf gð Þ:

ð3Þ

Based on the abovementioned formula, we can get

1
Δt2

M½ � + 1
2Δt

� �
ϕt+Δtf g = F tð Þ½ � − K½ � − 2

Δt2
M

� �
: ð4Þ

The theoretical basis of the finite element method is the

weighted residual method and the variational method. The
weighted margin method commonly used is the configura-
tion method, the least square method, the moment method,
and the Galerkin method, among which the Galerkin
method is the most widely used. The variational method is
aimed at solving the continuum problem. For the function
of the unknown function, there are

Π =
ð
γ

F u, ∂u
∂k

� �
dγ +

ð
γ

E u, ∂u
∂x

� �
dΓ: ð5Þ

In the formula, u is an unknown function, F is a specific
operator, and E is a specific operator.

Next, the discrete unit is determined, the finite element is
divided, and the displacement interpolation function is
determined. The matrix form is generally
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Figure 3: Ferroelectric memory application.

Table 1: Comparison of calculation results and formulas.

Surrounding rock level Train axle weight (ton) Tunnel form Cumulative dynamic load threshold Formula calculated value

III 26

Single-line ballastless 81.6 425.44

Double-line ballast
143.2 425.44

125.6 425.44

IV
26

Two-wire ballastless

129.5 425.44

29 163.3 532.74

V
26 120.1 425.44

29 164.1 532.74
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u =
u

v

 !
=

Ni 0
0 Ni

 !
Ni 0 Nj

0 Ni 0

" #
= Ni,Nj,Nm½ �ac:

ð6Þ

In the formula, N is the interpolation function matrix
and ac is the nodal displacement matrix.

According to the element displacement obtained in the
previous step, the stress-strain equation of each element
can be solved according to the geometric and physical equa-
tions and the stress-strain matrix is obtained as follows:

ε =
εx

εy

εxy

0
BB@

1
CCA = Lu = LNae = Bi, Bj, Bm½ �ae = Bae,

σ =
σx

σy

σxy

0
BB@

1
CCA =Dε =DBae = Sae,

S =DB =D Bi, Bj, Bm

� �
= Si, Sj, Sm
� �

:

ð7Þ

In the formula, B is the strain matrix, L is the differential
operator, S is the stress matrix, and D is the elastic matrix.

Based on the principle of virtual work, the stiffness
matrix equation is established as follows:

Ff ge = K½ �e uf ge: ð8Þ

In the formula, fFge is the vector of the concentrated
force on the nodes of the element, ½K�e is the element stiff-
ness matrix, and fuge is the displacement vector of the ele-
ment nodes.

The stepwise integration method is a kind of direct inte-
gration method. It uses finite difference instead of the deriv-
ative of displacement γ″ with γ″ respect to time and
expresses the sum with the combination of displacements
to obtain the recurrence formula of each time interval and
then obtain the response of the entire time history. The con-
tent of the method is as follows:

γ′ and γ″ can be expressed by displacement γ:

γ″ = 1
Δt2

δt−Δt − 2δt + δt+Δtð Þ,

γ′ = 1
2Δt −δt−Δt + δt+Δtð Þ:

ð9Þ

The recurrence formula of the stepwise integration
method is as follows:

1
Δt2

M + 1
2Δt C

� �
δt+Δt =Qt − K −

2
Δt2

M
� �

δt : ð10Þ

The definition of the distance function is as follows for
all x!1 ∈ Γ:

d x!
� �

=min x! + x!1

��� ���� �
: ð11Þ

From the definition, when the unknown point is on the
boundary, the function value is 0. Find the closest point on
the boundary and mark the closest point and the value of
the distance function is

d x!
� �

= x! − x!c
��� ���: ð12Þ

From the definition of the distance function, the specific
definition of the signed distance function is

ϕ x!
� �

= d −x!
� �

= 0, x! ∈ Γ,

ϕ x!
� �

= −d x!
� �

, x! ∈ ψ:
ð13Þ

The signed distance function is a subset of the implicit
function and has all the properties of the implicit function
discussed in the previous section [18]. Using the signed dis-
tance function can simplify many level set methods for deal-
ing with implicit functions.

Zi = TT xnm − f ∉ Rnð : ð14Þ

Meet the orthogonal normalization condition, namely,

bTj bk = δjk, ð15Þ

in which, at the time, j = k, δjk = 1; otherwise, δjk = 0.

Xij′ = d + BBT Xij − d
	 


= d + BZj: ð16Þ

The formula is inverse transformation. In actual opera-
tion, due to the influence of noise data or different transfor-
mation methods, there are errors between them, as shown as
follows:

εj = Xij − Xij′ = Xij − d − BBT Xij − d
	 


: ð17Þ

The vibration load caused by train operation is generally
a small amplitude load, and the shield tunnel lining and sur-
rounding rock generally only undergo elastic deformation
under the action of the train vibration load [19].

2.3. Heavy-Duty Railway. Chloride ions corrode the steel
bars, resulting in the continuous loss of the effective cross-
sectional area of the steel bars, and the load-bearing capacity
is obviously reduced. The corrosion of the steel bars causes
the rust expansion effect, causing the concrete protective
layer to crack. The continuous development of the cracks
also accelerates the corrosion of chloride salts and reduces
the bearing capacity of the concrete. Chloride ions invade
the reinforced concrete structure and severely reduce the
bonding force between the steel bar and concrete, which will
cause the steel bar and concrete to not work together nor-
mally [20, 21]. Therefore, the corrosive effect of chloride
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ions is one of the main reasons that affect the service life of
reinforced concrete structures.

Among the diseases of heavy-duty railway tunnels, the
most frequent occurrence is water seepage diseases. Water
leakage is the most common disease in well-known railway
tunnels and has less harm to the tunnel structure. Therefore,
the number of diseases at the bottom of the tunnel is ranked
second, which is sufficient to explain the heavy-duty railway
tunnels. The problem of the disease at the bottom of the tun-
nel is particularly prominent, which indicates that the bot-
tom of the tunnel is the main place where the disease of
the heavy-duty railway tunnel occurs. The conditions of
the disease at the bottom of the tunnel are shown in Figure 4.

From the point of view of the location of the disease, dif-
ferent diseases occurred in the upper arch wall structure and
the lower tunnel bottom structure of the heavy-duty railway
tunnel [22]. Comparing the disease rates of passenger-cargo
railway tunnels and heavy-duty railway tunnels, the disease
rate of heavy-duty railway tunnels is much higher than the
average disease rate of the whole road tunnel, indicating that
the high disease rate of heavy-duty railway tunnels is its pri-
mary feature [23].

Because the heavy-duty train runs on continuous rails,
the train vibration load generated by the interaction between
the heavy-duty train and the rail is continuous in space and
time. Then, the discrete fastener system distributed at a cer-
tain interval in the track structure converts the continuous
excitation load on the upper part into multiple vertical exci-
tation loads that act on specific positions of the track struc-
ture and then transfer them to the concrete track bed, and
then, the track bed is transferred to the shield segment tun-
nel, and finally, the load is transferred to the soil layer [24].
Among them, under the action of the vibration load of the
heavy-duty train, the vibration load curve of each fastener
system can be obtained from the actual measurement situa-
tion [25].

Based on the vertical dynamics analysis model of the
subway train in the shield tunnel, the vibration load of the
subway train required for the similar model test is realized
by applying a vertical excitation load on the position of the
fastener on the concrete track bed and through multiple
excitations. The device applies the fastener load at a certain
time interval to simulate the effect of the train.

3. Response Characteristic Experiment
and Results

3.1. Foundation Beam Calculation. Single-track heavy-duty
railway tunnels and double-track heavy-duty railway tunnels
are usually only equipped with the floor structure under the
condition of level II surrounding rock. Therefore, this exam-
ple is based on the Winkel foundation beam theory to ana-
lyze the single-track and double-track heavy-duty railways
of level II surrounding rock. The internal force calculation
of the tunnel was the floor structure. The internal force solu-
tion of the calculation model for the slab structure of the
class II surrounding rock single-track tunnel under the
action of 27 t axle load is shown in Table 2.

The theoretical calculation of the bending moment and
shear force of the calculation model of the elastic foundation
beam bottom plate of the single-track tunnel is shown in
Table 3.

We list the converted concentrated loads corresponding
to the characteristic points on the surface of the invert struc-
ture of the single-track tunnel under the condition of the 27 t
axial load of the III-level surrounding rock. The boundary
constraint conditions of the invert structure are considered
in accordance with the consolidation, and the internal forces
of the invert structure under different concentrated loads are
solved. The overlay is shown in Table 4.

Then, the internal force of the invert structure under the
action of concentrated force is solved and listed in Table 5.

It can be seen that the concentrated load of F1~F5 will
cause the bending moment value of the corresponding char-
acteristic point to increase. After the internal force is super-
imposed, it is found that the bending moment value of the
single-track tunnel invert structure under the symmetrical
load is also symmetrically distributed and the bending
moment value at the center of the line maximum.

3.2. Dynamic Response Characteristic Analysis. Since the left
amplitude of the surface load of the invert structure is larger
than the right amplitude as a whole, the structural bending
moments show the same regularity. The bending moment
theory of the invert structure is obtained by summing the
bending moments under the action of the equivalent 7 con-
centrated loads of the 27 t axle load calculated. We compare
the theoretical calculation solution of the bending moment
of the invert structure corresponding to different working
conditions with the measured data, and the results are
shown in Figures 5 and 6.

The measured data show that the decrease of surround-
ing rock conditions and the increase of axle load will
increase the bending moment of the invert structure. When
the axle load is 30 t, the V-level surrounding rock is the most
unfavorable working condition and the bending moment
value of the invert structure is the largest at this time. For
the lateral distribution of the bending moment of the
inverted arch structure, the value of the bending moment
of the heavy-duty line, that is, the left line and the right rail
position, is the largest and gradually decreases with the
increase of the lateral distance. There is a certain error in
the analysis of the bending moment under the most unfavor-
able conditions. According to the most unfavorable princi-
ple, it is considered that the calculation method of the
curved elastic foundation beam can be applied to the design
of the invert structure of the double-track heavy-duty rail-
way tunnel.

The change curve of the additional value △P of the con-
tact pressure of the no. 1 measuring point at the bottom left
of the center line and the no. 2 measuring point below the
center line with and without water is shown in Figure 7.

It can be seen that when the surrounding rock at the bot-
tom of the tunnel is in anhydrous conditions, the additional
value of contact pressure △P below the center line fluctuates
at about 6.5 kPa and the additional value of contact pressure
on the left and right side△P is stable at about 5.8 kPa but the
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Figure 4: Classification of diseases in heavy-duty railway tunnels.

Table 2: Calculating model of the slab structure of the single-track tunnel in surrounding rock.

Internal solution Feature location
q1-q2 load section q2-q3 load section

Uniform load Triangular load Uniform load Triangular load

Bending moment (KN∗m)

Left sulcus −11.13 −1.76 −4.01 −0.64
Line left rail 3.72 0.74 0.41 0.11

Line center 4.44 1.02 4.44 1.02

Right track 0.41 0.11 3.72 0.74

Right sulcus −4.01 −0.64 −11.13 −1.76

Shear force (kM)

Left sulcus −30.06 −3.31 −3.62 −0.52
Line left rail −9.02 −2.17 −5.21 −1.07
Line center 5.44 1.09 −5.43 −1.09
Right track 5.22 1.07 9.02 2.19

Right sulcus 3.62 0.52 30.06 3.31

Table 3: Moment and shear force calculation model for elastic foundation beam bottom plate of single-track tunnel.

Axle load Internal solution Left sulcus Line left rail Line center Right track Right sulcus

27 t
Bending moment (KN∗m) −17.87 5.21 10.25 5.21 −17.87

Shear force (kM) −37.73 −16.71 0 16.71 37.73

30 t
Bending moment (KN∗m) −18.54 6.46 11.46 6.46 −18.45

Shear force (kM) −40.31 −17.01 0 17.01 40.31

Table 4: Characteristic points of single-track tunnel invert structure.

Serial number Feature point location C0 C1 C2 C3 C4 Bending moment (KN∗m)

1 Left sulcus −1:17E − 03 1:17E − 03 −1:42E − 03 −2:56E − 03 2:76E − 03 1.53

2 Line left rail −2:41E − 03 2:41E − 03 −3:01E − 03 5:14E − 03 −5:44E − 03 4.31

3 Line center −2:62E − 03 2:62E − 03 −3:16E − 03 −5:58E − 03 −6:01E − 03 8.08

4 Right track −2:41E − 03 2:41E − 03 −3:01E − 03 −5:58E − 03 −5:44E − 03 4.31

5 Right sulcus −2:62E − 03 2:62E − 03 −3:16E − 03 −5:58E − 03 −6:01E − 09 1.53
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overall situation is relatively stable. The additional value of
the contact pressure below the center line is slightly reduced
compared with that below the center line, indicating that the
effect of the excited vibration load below the center line is
more obvious than that of other positions.

In order to understand the role of the domain structure
of ferroelectric materials, we compare the elastic energy,
depolarization energy, and various abilities of the ferroelec-
tric material domain structure and the railway surrounding
rock structure under traditional materials. The comparison
result is shown in Figure 8.

It can be seen in Figure 8 that after comparing the elastic
properties of different materials, it can be seen that the elas-
tic properties of traditional materials vary greatly, and as the
number of uses increases, their elastic properties must show
a certain degree. In the case of ferroelectric materials, the
elastic performance is much better than that of traditional
materials and the increase rate is about 30%.

We compare the depolarization energies of the two
materials, and the results are shown in Figure 9.

As can be seen, in the comparison of the depolarization
energy of traditional materials and ferroelectric materials,
the depolarization energy of traditional materials is much
higher than that of ferroelectric materials and as the number
of tests increases. The depolarization energy of traditional
materials shows an upward trend, while the trend of ferro-
electric materials shows a downward trend.

We compare the various abilities of the two materials,
and the results obtained are shown in Figure 10.

It can be seen that for the supernatural power of mate-
rials, the difference between ferroelectric materials and tradi-
tional materials is not much. In this simulation test, there is
no obvious difference between the values obtained by the
two. This shows that ferroelectric materials have no special
advantage over traditional materials in terms of abilities.

4. Discuss

4.1. Surrounding Rock Structure. Based on a variety of
research methods such as the on-site large-scale in situ
vibration test, long-term remote monitoring, theoretical
derivation, numerical simulation, and data investigation,
the dynamic characteristics, load theoretical calculation
methods, calculation models, and fatigue damage evolution
laws of heavy-duty railway tunnel structures are carried
out. The dynamic response and stress distribution character-
istics of different structural parts of heavy-duty railway tun-
nels are clarified.

The heavy-duty railway tunnel is divided into two major
structural parts, the upper arch wall structure and the lower
tunnel bottom structure, to analyze the dynamic response
and stress distribution characteristics, respectively. The
increase of the axle load of the heavy-duty train, the decrease
of the surrounding rock conditions, and the decrease of the

Table 5: Calculation results of bending moment of surrounding rock invert structure.

Serial number Feature point location F1 F2 F3 F4 F5

1 Left sulcus 4.71 16.65 21.48 −2.01 −2.25
2 Line left rail 1.77 2.34 3.31 1.54 0.77

3 Line center 1.38 2.03 8.08 2.03 1.38

4 Right track 0.77 1.54 4.31 2.34 1.77

5 Right sulcus 0.76 1.02 1.63 1.86 1.29
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Figure 5: Bending moment of invert structure of class IV heavy-duty railway tunnel.
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distance from the train load acting position will increase the
dynamic load increment on the surface of the structure and
the internal force of the structure.

The dynamic response and stress distribution character-
istics of the arch wall structure are clarified: single- and
double-line tunnels and ballastless and ballasted tunnel arch
wall structures have similar dynamic load distribution laws
under various working conditions and under the most unfa-
vorable working conditions (class V) (surrounding rock, 30 t
axle load). The maximum power increment does not exceed
5%, which is less affected by the power of heavy-duty trains.

The surface load distribution and vertical transmission
laws of the various structural layers of the heavy-duty rail-
way tunnel bottom structure are clarified: (1) the heavy-
duty train load gradually decreases with the increase of the
vertical depth during the transmission of the tunnel bottom
structure, and the track bed structure has a large rigidity and
a filling layer. The large thickness has a buffer effect on the
dynamic load. When the dynamic load is transmitted to
the surface of the surrounding rock, there has been a signif-
icant attenuation but the maximum power increase of the
single-track tunnel is still 38.26% and 9.6% of the double-
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Figure 6: Bending moment of invert structure of V-class surrounding rock heavy-duty railway tunnel.
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track tunnel is much higher than the arch wall structure.
Therefore, the dynamic impact of the heavy-duty train on
the tunnel structure is mainly focused on the structure at
the bottom of the tunnel. (2) In the single-track heavy-
duty railway tunnel, due to the symmetry of the structure,
the lateral distribution of the additional train load on the

surface of each structural layer at the bottom of the tunnel
is in a “triangular” distribution, which is represented by
the largest line center and gradually attenuates with the
increase of the lateral distance. (3) In double-track ballasted
and unballasted heavy-duty railway tunnels, the dynamic
load distribution on the surface of the track bed, the surface
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of the invert, and the surface of the surrounding rock shows
that the dynamic effect of the train is mainly concentrated
on the position of the track of the heavy-duty line. There is
a difference in the dynamic load distribution on the surface
of the two types of ballast beds. The surface of the filled layer
of the ballastless bed is “saddle shaped,” and the ballast bed
has a “triangular” load, and the dynamic load value of the
ballast bed is higher than that of the ballastless bed. (4)
The influence rate of the axle load on the dynamic increase
of the tunnel bottom structure is up to 33.5%~48.2%, and
the influence rate of surrounding rock conditions is up to
19.7%~24.3%. Therefore, axle load is the main factor affect-
ing the dynamic response of the tunnel bottom structure.

4.2. Ferroelectric Materials. Ferroelectric materials are widely
used in the manufacture of modern electronic devices due to
their excellent dielectric properties, piezoelectric properties,
and polarization reversibility. The microstructure of ferro-
electric materials determines the macroscopic properties of
ferroelectric materials to a certain extent, and the simulation
of their microstructure is of great significance in material
design. At present, the traditional phase field method used
to calculate and simulate ferroelectric materials has limita-
tions such as many material parameters, energy potential
wells, and unobvious symmetry, which seriously hinder fer-
roelectric materials, especially the microstructure of new fer-
roelectric materials.

This paper establishes a theoretical framework for non-
traditional phase field simulation of tetragonal and orthogo-
nal ferroelectric phases. Based on the characteristic function
of the ferroelectric material variant, use it as the phase field
simulation sequence parameter to construct the anisotropic
properties of the ferroelectric variant, which presents a mul-
tipotential well structure, and use it to replace the traditional
phase field method to describe higher-order polynomials in
ferroelectric materials. Using the anisotropic properties of
ferroelectric variants to replace the polynomial of the inter-
nal energy of the traditional phase field method, an uncon-
ventional phase field method suitable for tetragonal and
orthogonal phase ferroelectric domain structures has been
developed. The nontraditional phase field method requires
few parameters and can also describe the multipotential well
structure of the ferroelectric material variant, and the poten-
tial well structure is obvious and the symmetry is obvious.

5. Conclusion

This study found that under different axle loads and sur-
rounding rock conditions, the fatigue damage of the tunnel
bottom structure of the single- and double-track heavy-
duty railway tunnel is significantly higher than that of the
arch wall structure and it is mainly concentrated in the posi-
tion of the heavy-duty line track and decreases with the
increase of depth. The track position of the infill structure
began to show damage after 50 years of operation and devel-
oped downward; when the operation time exceeds 100 years,
the fatigue damage of the inverted structure and the damage
of the infill structure are connected. The fatigue damage of
the single-track tunnel is always symmetrical, while the

double-track tunnel expands to the bottom of the side trench
structure half of the heavy-duty line. Of course, there are
some shortcomings in the research of this paper. The data
studied in this paper are basically based on simulation
results, and no real field investigation has been carried out.
In the collected data, the factors that may damage the track
in the tunnel are not considered. Completely, the experi-
ments in this article cannot draw very perfect conclusions.
This also requires that in today’s research, we need to
increase the scope of data and conduct real data investiga-
tions in order to obtain better research results.
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