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Abstract: This article discusses a method for analyzing the layered structure of soil using the phase-
metric method of geoelectric monitoring to ensure the reliability of a railway track. The importance
of monitoring soil layers for timely detection of changes that may affect the stability and safety of
railway tracks is emphasized. The use of geophysical monitoring methods, such as phase monitoring
of the geoelectric signals, allows us to optimize measures to strengthen the roadway and increase
its durability. The present article describes laboratory experiments in which a specialized setup was
created to simulate the process of drilling through various soil layers. Geoelectric methods involving
the registration of phase characteristics of the electromagnetic field were used in an experimental
setup. The experiments demonstrated the effectiveness of the phase-metric method for determining
the characteristics of the layered structure of the soil. The results showed that the change in the phase
of the signal recorded at the receiving electrodes can be used to identify different soil layers with
different electrical characteristics, such as moisture and density. The method of modeling the physical
and geological environment using equivalent circuits of elements in the form of a dielectric made it
possible to more accurately analyze the electrical properties of the soil. Based on the obtained data, an
automatic monitoring system was developed using recurrent neural networks (RNNs), in particular
long short-term memory (LSTM) networks, for automatic detection of bends and transitions in signal
time series. Evaluation of the model’s effectiveness showed high accuracy in identifying layers, which
contributes to increasing the reliability and efficiency of monitoring the condition of the railway track.

Keywords: vertical electrical resistivity tomography; phase-metric method; borehole observations;
borehole drilling; drilling optimization; data analysis; time series; railway

1. Introduction

Ensuring the stability and safety of railway infrastructure is one of the key tasks of the
transport industry. The soil condition on which the railway track is located directly affects
its reliability and durability. Changes in the layered structure of the soil can lead to serious
problems such as track subsidence, differential settlements, and deformations, which can
ultimately cause accidents and disruptions in train traffic [1].

Traditional methods of monitoring soil conditions, including electrical resistivity
tomography and seismic surveys, are widely used to assess soil properties. However,
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these methods have several limitations: low resolution in heterogeneous media, high
sensitivity to external interference, and the need for complex and time-consuming data
processing [2,3]. These shortcomings make it difficult to promptly detect critical changes in
the soil and take prompt measures to prevent accidents.

However, despite their effectiveness, traditional geophysical methods have certain
limitations. For example, electrical resistivity tomography may struggle with resolution in
highly heterogeneous soils, and seismic surveys can be influenced by external noise and
require extensive data processing. The accuracy and reliability of these methods can be
reduced in challenging geological environments, which underscores the need for advanced
approaches that address these shortcomings [3].

Recent advancements in geophysical monitoring have introduced innovative tech-
niques that offer enhanced precision and efficiency [4,5]. For instance, methods that monitor
changes in the phase of electric signals at electrode receiver lines have shown promise in
overcoming some of the limitations of traditional methods. These phase-metric techniques
leverage the sensitivity of phase changes to variations in soil characteristics [6].

The main information that needs to be obtained is the following: the granulometric
characteristics of the soil, porosity, moisture level, degree of plasticity and deformation
of layers, and depth of groundwater [7,8]. While direct geophysical monitoring methods
offer detailed insights, their application in railway tracks presents significant technical and
economic challenges. Recent advancements in geophysical techniques could potentially
address these limitations and improve the feasibility of comprehensive soil monitoring [9].

Previously, the authors of the present work obtained the following original scientific
results on the current topic [6]:

- A methodology for applying phase-metric methods of geodynamic monitoring in
various tasks;

- A method for forming an artificial multiphase field of a given structure in a controlled
area of the near-surface part of the geological environment, allowing for observation
of various geodynamic processes under various measurement conditions;

- Methods for recording phase parameters and characteristics of a multiphase field by a
single-point pole receiver and a differential pair, allowing for increased sensitivity of
measurements and solving problems of spatial localization of geodynamic processes
in a controlled area;

- A method for receiving and primarily converting measured signals recorded by point
pole receivers in the field of geodynamic monitoring systems based on phase-metric
monitoring methods and devices, allowing for real-time assessment of phase parameters
and characteristics of a multiphase field in a controlled area of the geological environment.

This study proposes an innovative approach based on the phase-metric method of
geoelectric monitoring, which will allow for highly accurate determination of soil charac-
teristics by analyzing phase changes in electrical signals [10-12].

The main contributions of our study are as follows: a laboratory setup for simulating
the drilling process through different soil layers was developed and we conducted experi-
ments to measure phase fluctuations of the recorded signals; a study was conducted on
the effectiveness of the phaseometric method in detecting and identifying different soil
layers (by monitoring changes in the humidity and density of the near-surface part of the
geological environment of the railway roadbed); and taking into account their electrical
characteristics, the use of recurrent neural networks (RNNs) and long short-term memory
(LSTM) networks in automated soil probing systems was proposed.

Thus, this study aims to develop a method for obtaining information about the layered
structure of the soil on which the railway track is located, using phase-metric geophysical
control methods.

2. A Description of the Laboratory Experiment

The most promising approaches for the automated monitoring of railway roadbeds
are geoelectric probing methods [13]. These methods are particularly promising for as-
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sessing the layered structure of soil beneath railway tracks, where even minor variations
can significantly impact track stability [14]. The ability to accurately observe and assess
geological formations, coupled with advanced predictive analysis capabilities, is essential
for maintaining the integrity of railway infrastructure. The use of vector measurement
systems that register phase characteristics of the electromagnetic field enhances the pre-
cision of soil monitoring by reducing data ambiguity and improving the reliability of the
information used to manage and reinforce railway tracks [15,16]. Phase-metric systems
are used under both laboratory and field conditions. They are fundamental for geoelectric
control, which plays a critical role in detecting and localizing geodynamic processes that
could affect railway stability [17,18].

Different layers of rocks may differ in moisture saturation and granulometric composi-
tion, which in turn affects the change in their electrical characteristics. In this context, the
objects of control are the process equipment, the well, and the surrounding soil.

A method for modeling the physical and geological environment involves using
equivalent circuits represented as dielectrics [18,19]. This method states that an equivalent
circuit containing parallel or series-connected active and capacitive resistances can be an
electrical model for analyzing the studied environment. Geophysical measurement data,
such as electric current, electric field, seismic waves, and other physical parameters, are
used during modeling. These measurements are used to calculate active and capacitive
resistances in the equivalent circuit of the model.

This approach allows for a detailed study of the physical properties of the soil, such as
its electrical conductivity and permittivity. In addition, this method enables the determi-
nation of geological parameters such as the depth and distribution of different soil layers,
which enriches our understanding of the physical processes in the geological environment.
In our case, the geological environment is abstracted as connected particle equivalent
circuits, where each particle represents a microregion of the studied environment. To
analyze the electrical properties, the cell encompassing the environment and the object of
study are described by two resistances: R; and Rj. R is a resistance that characterizes the
dielectric properties of the environment and is purely reactive. This resistance is associated
with permittivity and affects the ability of the environment to respond to an alternating
electric field. Resistance R; is a parallel connection of the active resistances of two different
environments. This reflects the consideration of the specific resistance of the objects being
isolated, which may differ from the surrounding environment. This approach allows for
a more accurate consideration of the influence of geological formations, such as mineral
inclusions or water layers, on the electrical conductivity of the overall environment. Thus,
the proposed model integrates the concepts of reactive and active resistance, as well as the
specific resistance of objects, for a detailed study of the electrical conductivity of the geo-
logical environment. Analysis of these parameters using the particle substitution scheme
allows for more in-depth studies related to the influence of geological formations on the
electrical properties of the environment.

When modeling a medium, a complex electrical circuit arises because of connecting
cells, which can be calculated using the nodal potential method (NPM). The main advan-
tage of the NPM is its ability to effectively describe complex electrical circuits, including
modeling a medium with many cells. The NPM is widely used in many software packages
for analyzing electrical circuits, which provides a convenient and accessible platform for
modeling geophysical processes. As a result, we can consider complex interactions between
elements of the medium and, consequently, the possibility of studying various scenarios
and impacts on the model.

The representation of the transfer function of the studied section of the geological
environment in the form of a geoelectric model of series-connected complex resistances [17]
makes it possible to use the model of an N-layer imperfect dielectric. The given model
contains N elements with layer thickness d and electrical parameters of the i-th element:
dielectric constant, ¢;, and specific electrical resistance, p;. The transfer function of a soil
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foundation fragment can be described by a set of series-connected RC (Resistance-Capacity)
circuits with parameters as follows [17]:

Ci = €;S(jw, Au;) /d(Au;), R; = p;id(Au;)/S(jw, Au;), (1)

where S(j@) is the effective area of a soil base fragment, determined considering the
skin effect, d is the layer thickness, ¢; is the dielectric constant, and p; is the specific
electrical resistance.

If we neglect the influence of grounding parameters, the transfer function of the geoelectric
section can be equivalently represented by the model of a layered imperfect dielectric:
N Ri . N Rl-xl-

H(jw, Au) = ) -7y, ,
Hil+x2 H14x?

(2)

where x; = WR;C; = we;p;.

In the absence of defects and deformations in the system “soil base—roadbed—railway
track”, the geoelectric signal recorded by the geodynamic control system in operator form
is defined as

Y(p) = (21 TN, Au)})xw )

j=1

where 7 is the number of horizontal layers, and m is the number of vertical sections in each
layer. Changing the characteristics of the layers of the geological section causes variations
in the transfer function H(p) and changes the recorded response:

Y(p) = Y(p) + AY(p) = (21 ﬁ[wﬁm Au) + ANy (p, Au)] ) X(p) @
i=1j=

From this expression, it is evident that the amplitude—phase characteristics of the
recorded geoelectric signals will contain complete information about the transfer function
and characteristics of the hydrogeological environment section. At the same time, from
the theory and experience of practical use [18], it is known that the control of phase
characteristics will have greater sensitivity, accuracy, and noise immunity, which makes it
possible to diagnose geodynamic indicators of the initial stage of occurrence of defects and
deformations of the roadbed of the railway.

To assess the prospects of using the phaseometric method in the task of obtaining
information about the properties of the soil, laboratory modeling of the natural-technical
system “soil-probing drill” was carried out. For this purpose, a laboratory setup was
created, the diagram of which is shown in Figure 1. Electrodes A and B are for input
signals, with a phase difference of 90°, and electrodes M; M, M3 N; N, and N3 are for
the resulting output signals.

Each of the point sources generates an electric field signal of the following type:

— —0 _ — —0 _
Eax = Eax +AEax, Epx = Epx + AEpx (5)
—0 _
where E is the electric signal recorded before the drill was driven into the ground; AE is
the anomalous component of the electric field caused by the presence of the drill in the
ground, causing a change in the electrical characteristics of the soil.
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Figure 1. Experimental setup diagram.

3. Results

During the experiment, the drill was inserted into different soil layers beneath the
railway track.

The control zone was a specially artificially organized section of the railway roadbed,
for which dry sand (specific electrical resistance p ~ 300 kOhm-m) or a sand and gravel
mixture (5 in the figure) was used as the upper ballast layer (cushion). The following
parameters of the measuring setup and experimental conditions were used: a temperature
of the near-surface part of the geological environment of +18 °C; pH of 6.5; frequencies of
probing electrical signals of 166 Hz; amplitudes of the probing electrical signals of 80 V; a
sampling frequency of the analog-to-digital converter of the receiving path of the measuring
system of 10,101 Hz; the type of geoelectric setup—radial (consisting of two emitters and
six receivers); a distance between emitters of 12 m; and a distance between receivers of 3 m.

The diagram of the measuring setup is shown in Figure 2, where A and B are emitters,
and M and N are field receivers.

M M,
(o] [5)
A M k
1 Nl B
@ B @ oo o)
‘@ oN,

Figure 2. Layout of electrodes in measuring setup (A,B—input signal electrodes, MjMyM3N1N>N3
output signal electrodes).

The immersion process was conducted in stages, starting from the 80 s mark and
continuing at 50 s intervals, with a drill penetration step of 10 cm. Voltage changes on the
receiving electrodes were recorded with a sampling frequency of 10,101 Hz. The phase
shift of the output signals (see Figures 3 and 4) was monitored during the drill’s passage
through various soil layers. Observations showed that the phase of the electrical signals
varied as the drill moved through layers with distinct electrical characteristics, which is
crucial for assessing the impact of different soil layers on railway track stability.
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Figure 4. Output signal phase change (experiment 2).

Studies have demonstrated that the extent of phase change in the signal is strongly
influenced by the depth and electrical characteristics of the soil layers. This information
is critical for assessing the operational reliability of the railway roadbed, as variations
in soil properties can lead to differential settlement and track misalignment. Accurate
identification of different soil layers helps in understanding how they interact with railway
loads and how they respond to changes in moisture content, density, and other factors.
This understanding is essential for predicting potential issues and implementing effec-
tive reinforcement measures to prevent track failures. For railway infrastructure, where
maintaining precise alignment and stability is crucial for safe and efficient operations, this
capability significantly enhances the management of soil-related risks [18,19].

The experimental data demonstrate that the phase-metric probing method is effective
in detecting variations in soil composition, including moisture content and density. For
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example, soil with a lower density or higher moisture content will have a different effect
on the phase of the probing signal, which allows for the identification and localization of
such layers.

The figures show that as the drill penetrated the soil and passed through different
layers, the angle of the phase signal changed. Thus, in Figure 2, starting from the 410th
second, the probing drill reached a layer with a lower moisture content. In Figure 3, starting
from the 290th second, the drill also hit less wet soil. These changes in the phase signal
confirm the possibility of using the method to detect and characterize different soil layers.

Thus, the phase-metric probing method has proven its worth in identifying and
analyzing the layered structure of the soil, which is important for ensuring the stability
and reliability of the railway roadbed. This allows for prompt and accurate determination
of soil characteristics, which facilitates the adoption of timely measures to strengthen and
stabilize the railway bed.

The presence of different layers in the soil is reflected in the graphs in the form of
bends and sharp changes in the sequence of time series. These bends indicate changes
in soil characteristics, such as moisture, density, and composition, which are important
for assessing the condition and stability of the railway roadbed. To automate the process
of detecting these bends and improve the accuracy of data analysis, it was decided to
use machine learning methods, particularly recurrent neural networks (RNNs) with long
short-term memory (LSTM) [20,21].

Recurrent neural networks (RNNSs) can process sequential data, considering the de-
pendence of the current state on the previous ones. This makes them ideal for analyzing
time series, such as phase signal changes during ground probing. RNNs can be trained on
data containing examples of time series with inflections, and can then automatically detect
such changes in new data.

The original data were a time series of phase changes of signals recorded during a
laboratory experiment with a sampling frequency of 10,101 Hz. The total volume of the
collected data was 500,000 samples, corresponding to approximately 454 s of observations.
A low-pass filter with a cutoff frequency of 50 Hz was applied to remove high-frequency
noise. Then, the data were normalized by bringing the values of phase changes to the range
of [0, 1], which was necessary for the stable operation of the neural network. Sections of the
time series corresponding to transitions between soil layers were identified. These sections
were marked with the label “1” (bend), while the rest of the data were marked with the
label “0” (no bend). As a result, 10,000 labels “1” and 490,000 labels “0” were obtained. To
prevent model bias due to class imbalance, a technique of random under-sampling of class
“0” to the size of class “1” was used. The data were divided into a training set (70%), a
validation set (15%), and a test set (15%).

The developed LSTM model had the following architecture (Figure 5): the input layer
size corresponded to the time step length, which was set to 100; the first LSTM layer
contained 64 neurons with the tanh activation function; the second LSTM layer contained
32 neurons with the tanh activation function; the fully connected layer contained 1 neuron
with the sigmoid activation function to predict the probability of a bend. The model was
trained using the Adam optimizer, and the loss function was binary cross-entropy. Training
was carried out over 20 epochs with a batch size of 64.

During model training, the loss function and accuracy metric were monitored on the
training and validation samples. After completing the training, the model was tested on
the test sample: Accuracy = 0.79; Recall = 0.81; Precision = 0.84; Fl-score = 0.83. This
indicates that the model copes well with the task, correctly classifying most of the data. The
model effectively identifies most of the real bends, which is critical for preventing errors in
monitoring and maintaining the reliability of the railway roadbed.
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Figure 5. LSTM model architecture.

4. Conclusions

This paper proposes a method for determining soil layer characteristics during drilling,
distinguished using the phase of the resulting signal as a key informative parameter. The
results of the studies showed that the proposed method has high sensitivity in the problem
of determining the boundaries of soil layers.

The study results demonstrate that the proposed phase-metric method is highly
sensitive in detecting transitions between soil layers, which is vital for maintaining railway
track stability. Laboratory experiments confirmed that this method effectively monitors
changes in the time series of signals, allowing for accurate identification of transitions
between soil layers with varying characteristics. This capability is crucial for optimizing
reinforcement strategies and preventing potential track failures. Although the method
shows promise beyond railway infrastructure, including applications in environmental
monitoring and construction, its primary value lies in enhancing the stability and safety of
railway roadbeds. The method’s adaptability to various geological conditions and real-time
requirements underscores its potential for widespread adoption in smart infrastructure
systems. In addition, to improve the accuracy and efficiency of monitoring, a system based
on recurrent neural networks, such as LSTM, has been developed and tested, which allows
for the automatic detection of specific inflexions in time series. This not only improves the
accuracy of layered structure analysis but also reduces the time and cost of monitoring and
optimizing the condition of the railway roadbed.

The obtained results demonstrate the high efficiency of the developed LSTM model
in the task of automatic detection of bends in a time series of phase signals. The model
achieved 79% accuracy on the test set, which indicates its ability to correctly classify most
events. Classification errors can be caused by noise in the data and the complex structure
of phase signals. However, the accuracy can be increased in the future by increasing
the size of the training set, applying regularization methods such as Dropout and L1/L2
regularization to prevent overfitting, and optimizing the model hyperparameters using
automated search methods such as Grid Search or Bayesian Optimization.

The implementation of the developed system based on LSTM will make it possible to
automate the process of analyzing geophysical data, reducing dependence on the human
factor, reducing the time for detecting critical changes in the soil structure, and increasing
the efficiency of monitoring. Additionally, integrating real-world data sets and conducting
longitudinal studies will provide deeper insights into the method’s performance across
diverse operational conditions. Since the studies were conducted under controlled lab-
oratory conditions, which may not fully reflect the complexity and variability of real
geological conditions, in the future, it is planned to place the research facility outdoors with
a corresponding increase in scale.
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The developed system can be integrated into existing infrastructure solutions, provid-
ing continuous monitoring and prompt responses to potentially dangerous changes in the
soil under railway tracks.
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