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Abstract: Currently, the load on railway tracks is increasing due to the increase in freight traffic.
Accordingly, more and more serious requirements are being imposed on the reliability of the roadbed,
which means that studies of methods for monitoring the integrity of the railway roadbed are relevant.
The article provides a mathematical substantiation of the possibility of using seismoelectric and
phasemetric methods of geoelectric control of the roadbed of railway tracks in order to identify
defects and deformations at an early stage of their occurrence. The methods of laboratory modeling
of the natural–technical system “railway track” are considered in order to assess the prospects of
using the presented methods. The results of laboratory studies are presented, which have shown
their high efficiency in registering a weak useful electrical signal caused by seismoacoustic effects
against the background of high-level external industrial and natural interference. In the course of
laboratory modeling, it was found that on the amplitude spectra of the output electrical signals of
the investigated geological medium in the presence of an elastic harmonic action with a frequency
of 70 Hz, the frequency of a harmonic electrical signal with a frequency of 40 Hz is observed. In
laboratory modeling, phase images were obtained for the receiving line when simulating the process
of sinking the soil base of the railway bed, confirming the presence of a transient process that causes
a shift in the initial phase of the signal ∆ϕ = 40◦ by ~45◦ (∆ϕ’ = 85◦), which allows detection of the
initial stage of failure formation.

Keywords: railway transport; roadbed; geodynamic processes; seismoelectric method; stress–strain
process; transfer functions; frequency characteristics; phasometric method; laboratory modeling

1. Introduction

The railway is one of the most important cargo transportation systems in the world
due to the rapid development of this class of heavy transport, as well as its efficiency
in comparison with other transport systems. At the same time, the increase in railway
maintenance costs is directly related to the increase in the volume of cargo transportation [1].
Accordingly, in this regard, the requirements for the reliability and safety of the functioning
of railway tracks and railway infrastructure in general are significantly increasing, the
provision of which through technical monitoring is extremely important and relevant, and,
as a result, is the focus of plentiful scientific and applied research [2–4].
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This task is complicated by the fact that special requirements for the construction
and operation of railways are imposed in areas of activation of geodynamic processes,
where there is a significant risk of landslides and the formation of karst craters, which are
associated with intensive cyclic impact on the ground base of passing trains [4]. According
to the Richter scale, the efficiency of such transport vibration is equivalent to an earthquake
of 3–6 points [5]. Moreover, it is known that landslide deformations affect natural and
artificial geological environments and can have a varied nature of development, and the
activation of karst processes in the area of railway tracks can lead to a gradual destruction
of the subgrade (Figure 1) [4]. In addition, the reasons for the deformation of the roadbed
may be the discrepancy between the power of the upper structure of the track to the
intensive dynamic loads of railway transport, as well as the unfavorable effects of climatic
and engineering–geological factors.

It should be noted that the main undesirable activation of near-surface geodynamics
arises not at the stage of engineering surveys and construction works, but in the process of
direct operation of railway tracks and in most cases is of a sudden, spontaneous nature.

Figure 1. Sudden destruction of the railway roadbed as a result of natural factors.

As a result, the indicated defects and deformations of the subgrade lead to the transi-
tion of the “railway track-subsoil” system into an unstable state, the moment of occurrence
of which is not predicted by modern control systems. Geodeformational changes in the
soil lead to a significant deterioration of the railway track, which, in turn, leads to the need
to reduce the negative impact of geodeformational changes on the railway track, since the
quality and condition of the track directly affects the safety of the movement of trains [3]
and the efficiency of its interaction with infrastructure [4]. To detect the early stage of
the development of deformation processes of the roadbed of a railway track and predict
the dynamics of their development in time, it is important to have current and model
information about its state and possible undesirable changes.

Thus, the purpose of the research is to develop methods for monitoring geodynamic
changes in the railway roadbed, to detect the appearance of various kinds of anomalies
and inhomogeneities, indicating the development of destructive processes in the soil, to
create and test a laboratory model of the natural–technical system “railway track” in order
to assess the prospects of using the presented methods.

2. Literature Review

The most reliable method of monitoring the condition of the railway roadbed at
the moment is surveying and geodetic observations on the reference points of profile
lines [6]. However, due to the large length of railway tracks, the use of this method is
very difficult, and the control of the roadbed and the adjacent territory by engineering–
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geological methods are inappropriate. In this case, it is relevant to attract geophysical
methods that are widely used in exploration and engineering geology.

Currently, to obtain information about the structure of the upper layers of various geo-
logical environments, ground-penetrating radar sounding [7], vibroseismic methods [8–11],
electrometric [9–12] and some other methods are traditionally used. But in some cases, such
as when karst cavities have a developed structure, analysis by groups of these methods is
very difficult [13,14].

According to the results of numerous studies, it has been established that when
organizing automated control of geodynamic objects, the most promising is the use of
geoelectric methods of media sounding. They provide effective observations of geological
objects, as well as assessment of the state and forecast of their development, which is
determined by their high technology [8,10–12,15].

However, as practice shows, the application in geodynamic monitoring of any single
method chosen from the ones considered above is not effective enough. As a result, it is
necessary to choose the most preferred research method for each specific task [16]. For
instance, some research has been done on dynamic prediction models for tunnels [17,18],
railway tracks [19], oil sludge straits [20], as well as various underground structures [21]
and geotechnical applications in general [22]. But the usual problem of such methods is
the ambiguity of the assessment of geophysical data.

The joint use of geoelectric and seismic methods, that is, the use of the seismoelectric
control method [23–29], allows increasing the efficiency of geological media studies by
reducing the ambiguity of the assessment of geophysical data.

In the course of laboratory modeling, it is planned to study the amplitude spectra
of the output electrical signals of the monitored geological environment in the presence
of elastic harmonic action, which will allow using this effect to obtain more detailed
information about the structure of the soil during sounding by electric fields. In this case,
the registration of the phase component of the signal of the receiving lines will presumably
increase the noise immunity of measurements. The presence of a transient process causing
a shift in the initial phase of the signal of the receiving lines of the installation will indicate
the initial stage of the dip formation.

In this regard, the purpose of the work is to substantiate and study an integrated
approach to solving problems of monitoring the subsurface of railway tracks and the
adjacent territory to identify the initial stage of defects and deformations in it based on the
use of the seismoelectric method.

3. Mathematical Description of the Seismoelectric Method of Monitoring the Ground
Bed of Railway Tracks

The seismoelectric control method is based on secondary seismic effects. It consists of
the interpretation of signals of an electrical or seismic nature, recorded by the geodynamic
monitoring system, which are received when vibrations of these types are simultaneously
excited in the studied medium. The method is based on the assumption that the real geo-
logical environment is a porous polyphase complex structure in an energetically unstable
state. The combined effect of physical fields of various nature (electromagnetic and elastic)
on the studied geological environment can lead to a change in its physical properties.
The seismoelectric effect of the first kind is the phenomenon of changing the electrical
resistance of the geological medium under the influence of elastic vibrations; the second
kind is the phenomenon of excitation of an electromagnetic field that occurs under similar
conditions. These effects determine, first of all, the nature of the impact on the results of
electrical measurements of vibrational seismic–acoustic noise caused by the movement of
railway transport. In addition, the nature and degree of their manifestation depend on a
number of additional factors, which include the mineral composition of the solid skeleton
of the geological environment and its structure, porosity, permeability and structure of pore
channels, composition and volume of mineral cement, composition and mineralization of
the liquid saturating the pores, etc.
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The most important advantage of the seismoelectric method in comparison with
traditional methods of applied geophysics is the unambiguity of solving inverse problems.
In addition, the role of this method increases significantly with increasing depth and
resolution of studies.

In the literature [8,9] it has been demonstrated that with the practical use of the
seismoelectric method, the most informative is the study of the recorded electrical signals.
This is due to two factors. Firstly, structural changes in various media, first of all, affect
their average conductivity, which is characterized by a seismoelectric effect of the first
kind. Secondly, there is always a double electric layer with a mobile diffuse part at the
boundaries of solid media and pore fluid. Elastic action on such a medium often leads
to a relative movement of the porous fluid, which, in turn, generates an external electric
current that creates an electromagnetic field—a seismoelectric effect of the second type.
In addition, various rock-forming minerals have different types of conductivity: ionic,
electron, hole. The contact of such minerals with different types of conductivity can also
lead to the emergence of new electric fields. Thus, it is proposed to consider the electrical
component as the observed component of the method under study.

The principal possibility of monitoring the roadbed with the use of natural or ar-
tificially created geophysical fields is determined by the fact that the selected objects
(inhomogeneities) differ in properties from the host medium and as a result create anoma-
lous geophysical fields. In our case, the source of elastic vibrations can be railway trains
passing through the studied area (Figure 2). These effects have high energy, and the charac-
teristics of this effect are a priori known [3,4,7,12,20,29]. Geodynamic variations of these
fields are a consequence of the action of both natural factors and man-made impacts on
the environment, and this makes it possible to distinguish them based on the processing
of geodynamic data. At the same time, the seismic impact will highlight the character-
istic features in the analyzed signal, adding auxiliary information about the structure of
the medium to the controlled parameters, manifested at the combination frequencies of
the impact.

Figure 2. The principle of application of seismoelectric control of the railway trackbed.

Since the ground base of a railway track can be represented as a base formed by solid
particles and a liquid pore filler, the type of deformation processes developing in it will be
determined primarily by the physical causes and properties of the specified components
and described by the dependence of the stress–strain state of the soil depending on the
applied load containing four phases (Figure 3).
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Figure 3. Model of the stress–strain process of the ground base of the railway track.

According to this model, the elastic deformation phase (0) is up to 10% of the per-
missible load on the soil and is limited by the value of structural strength, assuming that
no structural changes occur in the soil under these loads. The compaction phase (I) is
determined by the linear relationship between the applied load and the total deformation
of the soil base. The shift phase (II) characterizes the processes of destruction determined
by significant shear deformations due to exceeding the limit. The extrusion phase (III)
characterizes irreversible deformations, in which the soil is squeezed out from under the
railway track.

A similar character, in accordance with the seismoelectric effect of the first kind, is
the dependence of the electrical resistance of the ground base on the applied mechanical
load (due to the movement of railway transport along the track), which can be considered
its amplitude characteristics, and the amplitude and phase spectra of the response to this
seismic action are indicators of the development of deformation processes.

The advantage of this approach is that the railway transport generates an intense and
long-lasting seismic acoustic signal, the parameters of which change slightly over time
relative to the passing train, which eliminates the need to use additional sources of seismic
signals. Moreover, it is known that the level of noise generated by a rolling stock consists of
the following components: drive noise, aerodynamic noise and wheel rolling noise [30,31].
The first two types of noise can be considered stationary background noise, and the third
one arises due to the contact of wheels with the rail and is associated with the high rolling
pressure of steel on steel, characteristic of the “wheel-rail” system [32]. In the frequency
domain, these noises are sources of low-frequency vibrations, the propagation speed of
which coincides with the speed of the train movement. As a result, the spectrum of the
resulting seismic signal can be divided into four frequency ranges from 3 to 80 Hz.

In accordance with the above, when implementing the seismoelectric method, as
an informative parameter, it is necessary to use the complex transfer function of the
investigated section of the geological environment [33]:

.
N(jω, ∆u) =

.
E(jω)
.
I(jω)

=
.
ZA(jω) +

.
ZB(jω) +

n

∑
i=1

Zi(jω, ∆u) (1)

where
.
ZA(jω),

.
ZB(jω) are complex resistances of grounding; E(jω), I(jω) are complex

parameters of the electric field; ω is frequency of the probing signal;
.
Zi(jω, ∆u) are complex

resistances of the i-th elements of the studied section of the geological environment under
seismoacoustic influence ∆u.

The expression of the transfer function of the studied geological medium (1) is a
geoelectric model of complex resistances connected in series. Such a representation allows
us to use the pattern of an N-layer imperfect dielectric. This model contains N elements,
and each element has thickness of d and the following electrical parameters of the i-th
element—dielectric permissivity εi and electrical resistivity ρi. The transfer function of the
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area under investigation can be expressed as the form of RC circuits connected in series,
while each circuit has the following parameters [34]:

Ci = εiS(jω, ∆ui)/d(∆ui), Ri = ρid(∆ui)/S(jω, ∆ui) (2)

where the effective area S(jω) is determined by the skin effect.
If we omit the the grounding parameters, then we might simply represent the transfer

function of the geoelectric section from the dielectric parameters (2):

.
H(jω, ∆u) =

N

∑
i=1

Ri

1 + x2
i
− j

N

∑
i=1

Rixi

1 + x2
i

, (3)

where xi = ωRiCi = ωεiρi.
At the same time, when an elastic seismic wave propagates in the geological en-

vironment, each of its i-th element undergoes a mechanical influence described by the
deformation tensor ∆u = {∆ux, ∆uy, ∆uz}.

The transfer function (3) can be written in exponential form as

H(p, ∆u) = A(p, ∆u)ejφ(p,∆u) (4)

where p is the Laplace operator, A(p, ∆u) = |H(p, ∆u)| =
√

Re2[H(p, ∆u)] + Im2[H(p, ∆u)]
is the module of the transfer function, Re and Im are real, and the imaginary part of
the complex function, accordingly, φ(p, ∆u) = arg[H(p, ∆u)] = arctg

[
Im[H(p,∆u)]
Re[H(p,∆u)]

]
is the

argument of the transfer function.
The module and phase of this transfer function can be calculated based on the input–

output model from the ratio

H(p, ∆u) =
Y(p, ∆u)
X(p, ∆u)

(5)

where X(p,∆u) is the probing electrical signal in operator form, Y(p, ∆u) is the recorded
electrical signal in operator form.

In this case, the ground base of the railway track can be represented as a dynamic
link—Figure 4.

Figure 4. Representation of the ground base of the railway track in the form of a dynamic link.

By converting (5) taking into account (4), we obtain

H(p, ∆u) =

∣∣∣Y(p, ∆u)ejφY(p,∆u)
∣∣∣∣∣X(p, ∆u)ejφX(p,∆u)
∣∣ = |Y(p, ∆u)|
|X(p, ∆u)| e

j∆φ(p,∆u) (6)

where ∆φ(p, ∆u) = φY(p, ∆u)− φX(p, ∆u).
It follows from the last expression that the control of the ground base of the railway

track can be carried out by tracking both the module and the argument (phase) of the
recorded geoelectric signals (since the parameters of the probing signals are constant and
are a priori known).

4. Methodology of Experimental Research on the Model of the Natural–Technical
System “Railway Track”

To assess the prospects of the seismoelectric method in the railway roadbed monitor-
ing, we have done laboratory modeling of the railway track. The laboratory installation



Mathematics 2021, 9, 3164 7 of 13

is shown in the Figure 5. It allows us to simulate the seismic influence of a train passing
by, as well as the natural processes (changes in soil moisture, suffosion, karst, landslide
processes, sinkholes).

The installation consists of the following parts:

- a small-scale model of a geodynamic object—a tank with sandy soil, in which it is
possible to simulate its full or partial mudflow by means of extracting certain sections
of the bottom of the tank; the seismic effect is a vibration source (black box on the left);

- current signal sources, signal registration—metal rods used to generate and register
an electric field;

- geodynamic data processing system, which is an analog-to-digital converter, seismic
station, personal computer with developed specialized software.

Figure 5. Geodynamic object model.

Primary to the current study, the noise of a railway train was generally registered by
a microphone located in the ground base of the railway track. With direct modeling, the
seismic impact was simulated by reproducing the recorded noise using a seismic signal
source—a vibration loudspeaker.

During the study, we were modeling the soil collapse while registering changes in the
characteristics of seismic and electrical signals. Thus, we obtained information about the
primary stage of the soil collapse. The proposed approach allows detection of the primary
phase of destruction of the railway roadbed, as well as prevention of the man-made
catastrophes in the natural–technical system “railway track”.

5. Results and Discussion

Figure 6 represents amplitude spectra of the output electrical signals of the investigated
geological environment in the absence (a) and presence (b) of elastic action (if applied,
an elastic harmonic impact had a frequency of 70 Hz). At the same time, the harmonic
electrical signal had a frequency of 40 Hz.

It can be seen from the obtained spectrograms that the presence of an elastic seis-
moacoustic impact source in the simulated ground base of the railway track leads to
the formation of a spectral component with a frequency of seismoacoustic impact in the
spectrum of the recorded electrical signal (seismoelectric effect of the second type). This
indicates that in this case, the geological environment has a normal specific resistivity
(seismoelectric effect of the first type), and there is no deformation of the soil compaction.
Depending on the parameters of external elastic influences applied to the investigated
area, the electrical parameters of the medium change their characteristics accordingly. This
makes it possible, during further processing of the received electrical signal, to determine
the presence of heterogeneity in the medium, its depth and deformation state. In this case,
there is no need to place the sensors along the entire monitored area.
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Figure 6. Amplitude spectra of the output electrical signals of the investigated geological environment
in the absence (a) and presence (b) of elastic action.

Further studies have shown that the analysis of changes in the phase characteristics
of the transfer function (6) has a number of significant advantages over the amplitude
method; in particular, it is characterized by increased sensitivity and noise immunity [30]
and also detects and localizes geodynamic processes in geological environments [30–32]. In
Figure 7 as an example, the phase spectrum of the output electrical signals of the geological
medium under study was measured while applying the 70 Hz elastic action, because at
such frequency a phase shift of seismic acoustic action is clearly traced.

Figure 7. Phase spectrum of the output electrical signals of the studied geological medium in the
presence of elastic action.

Studies [25–27] explain the modified phase-measuring method of geoelectric control,
namely the use of several current signal sources placed closely to the test control object and
an array of vector sensors for measuring the electric field. At the same time, the registration
of phase characteristics at a fixed position of the sources and the measuring basis with the
possibility of controlling the parameters of the probing signals is based on the fact that the
primary and secondary electric fields are vector values.

Figure 8 shows a diagram of the laboratory experiment to control the process of
occurrence and subsequent growth of a cavity in the ground foundation of a railway track
by the phasometric method. The research was carried out on a physical model of a railway
track using a specially developed measuring phasometric system. In this case, the current
sources designated as A and B (Figure 8) form quadrature harmonic signals with a phase
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shift of 90 degrees. Sources A and B generate an electric field signal at point O, described
as follows:

→
E AX =

→
E

0

AX + ∆EAX ,
→
E BX =

→
E

0

BX + ∆EBX (7)

where
→
E

0
is the electrical signal recorded before the formation of deformation processes in

the ground; ∆E is an abnormal component of the electric field caused by the presence of
deformation processes in the ground.

Figure 8. Diagram of the laboratory experiment.

When using multipolar geodynamic control systems at registration points (M1–M4,
N1–N4), we have to deal with an elliptically polarized geoelectric field. Moreover, in this
case, vector sensors of electric field measurement with the same indices form pairs; the
signals from each pair are sent to the measuring system for processing. In this case, data
processing of recorded geoelectric signals presupposes the formation of their difference
signal (for filtering in-phase interference), its amplification, phase detection (in relation to
the reference signal) and low-pass filtering. The principle of registration for the phase of
the geoelectric field at an arbitrary receiving point is illustrated in Figure 9.

Figure 9. The registration principle for the phase of the geoelectric field at an arbitrary receiving point.

Using this method, simulation of the process of sinkhole formation of the ground base
of the railway track in the presence of train noise was carried out (the seismogram taken
from the short-period seismic meter ZET 7156 is shown in Figure 10). The electrodes A and
B were used as current sources, while the electrodes M and N with corresponding numbers
were receivers. The following distances between electrodes were used: between A and
B—80 cm, between M1 and N1—70 cm, between M2 and N2—60 cm, between M3 and
N3—50 cm, between M4 and N4—40 cm. The frequency of probing electrical signals was
90 Hz, the amplitude of each probing electrical signal was 200 mV, and the analog-to-digital
converter was set at a sampling rate of 10,101 Hz.
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Figure 10. Seismogram of the railway track in the presence of train noise.

Figure 11 shows an example of a phase image obtained as a result of processing in the
time domain for the receiving line M3N3.

Figure 11. The example of a phase image for the receiving line M3N3, obtained by simulating the
process of sinkhole formation of the ground base of the railway track.

The analysis of this process in the time domain makes it possible at an early stage
to unambiguously determine the time interval corresponding to the active development
of the sinkhole formation process and the direction of its change in time—to localize the
source of the deformation process and predict its future dynamics.

For a comparison, Figure 12 shows a variant of solving a similar problem by the
classical seismoacoustic method using a highly sensitive seismometer.

A comparison of the two approaches to the control of the underground base of the
railway track allows us to conclude that the traditional method allows only the registration
of certain geodynamic events in the geological environment without the possibility of their
qualitative interpretation, which is eliminated when using the seismoelectric method and
monitoring the phase characteristics of the recorded geoelectric signals.

Subsequently, from the recorded signal, it is possible to identify features of soil areas
with impaired integrity [31] using Scale Invariant Feature Transform (SIFT)-Support Vector
Machine (SVM) methods [35–40]. In the presence of high noise level, it is possible to
use a neural back propagation network, which will allow achieving 97% accuracy when
processing monitoring data [36,37,39].
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Figure 12. Seismogram of the process of sinkhole formation of the soil base of the railway roadbed.

6. Conclusions

The paper demonstrates that for the diagnostics of the railway roadbed, a number of
features not found in traditional engineering geology should be taken into account. The
article also theoretically and practically substantiates an integrated approach to solving
problems of monitoring the roadbed of a railway on the basis of combining two geophysical
methods for monitoring the natural environment: geoelectric and seismoacoustic methods.

From the presented research results, it has been established that the proposed methods
for monitoring the railway trackbed have high sensitivity to the primary phase of the
soil destruction.

During laboratory modeling, it was found that in the amplitude spectra of the output
electrical signals of the investigated geological environment in the presence of an elastic
harmonic effect with a frequency of 70 Hz, the frequency of a harmonic electrical signal
with a frequency of 40 Hz was observed, which makes it possible to use this effect to obtain
more detailed information about the structure of the soil when sounding with electric fields.
In laboratory modeling, the obtained phase images for the receiving line of the installation
when simulating the process of sinking the soil base of the railway bed confirmed the
presence of a transient process that causes a shift in the initial phase of the signal ∆ϕ = 40◦

by ~45◦ (∆ϕ’ = 85◦), that precedes the initial stage of failure.
Moreover, the joint processing of geoelectric and seismoacoustic signals makes it

possible to detect heterogeneity in the environment, as well as its depth and its geodynamic
variations. The phasometric ground control method allows increasing the efficiency of
the railway roadbed monitoring systems, in particular, through the use of vertical elec-
trotomography methods with the possible localization of heterogeneity. In this case, the
metrological stability of geodynamic measurements, the insensitivity of the technique to
seismic interference, the simplicity of varying the installation size and the organization of
three-dimensional soil monitoring is ensured.

The information obtained during the monitoring of the roadbed will improve the
reliability and safety of the functioning of railway transport, especially in areas with
intensive geodynamic processes.
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