
Article

Ultralow-frequency seismic sounding of railway subgrade
state by passing trains
Galina N. Antonovskaya a, Irina P. Orlova b, and Natalia K. Kapustiana,b

aN. Laverov Federal Center for Integrated Arctic Research of the Ural Branch of the Russian Academy of Sciences, Arkhangelsk,
Russia; bSchmidt Institute of Physics of the Earth of the Russian Academy of Sciences, Moscow, Russia

Corresponding author: Galina N. Antonovskaya (email: essm.ras@gmail.com)

Abstract
The degradation of the railway subgrade is a common cause for train accidents in Russia because of the extensive railway

system and large areas of weak soils. We present a seismic monitoring technique that utilizes moving trains as signal sources
to probe the properties of the subgrade. The broadband (periods up to 100 s) seismic sensors recorded signals over several
weeks during a nonstop monitoring experiment. The large statistic allows us to identify the signals properties, and thus these
signals are processed by an automated system. We defined the parameters of the low-frequency signal generated by a passing
train that are sensitive to changes in the subgrade state. These are the ratio of amplitudes of horizontal components, and
the time interval between the end of the train passage and the maximum amplitude surge in the component transversal to
rails. We propose an analytical model to describe the interaction between a moving train and the subgrade that takes into
consideration the viscosity of a substrate layer. The application of this model produces a consistent explanation of processes
in the media and enables an “in situ” estimation of soil elasticity and viscosity, caused by seasonal thawing.

Key words: railway subgrade stability, low-frequency vibrations, seismic test, seismic equipment, simulation

Résumé
La dégradation de la sous-fondation des voies ferrées est une cause fréquente d’accidents ferroviaires en Russie, en raison de

l’étendue du réseau ferroviaire et des grandes zones de sols fragiles. Nous présentons une technique de surveillance sismique
qui utilise des trains en mouvement comme sources de signaux pour sonder les propriétés de la plate-forme. Les capteurs sis-
miques à large bande (périodes jusqu’à 100 s) ont enregistré des signaux pendant plusieurs semaines au cours d’une expérience
de surveillance ininterrompue. La grande statistique nous permet d’identifier les propriétés des signaux et ainsi ces signaux
sont traités par un système automatisé. Nous avons défini les paramètres du signal basse fréquence généré par le passage
d’un train qui sont sensibles aux changements de l’état de la plate-forme. Il s’agit du rapport des amplitudes des composantes
horizontales, et de l’intervalle de temps entre la fin du passage du train et la poussée maximale d’amplitude de la composante
transversale aux rails. Nous proposons un modèle analytique pour décrire l’interaction entre un train en mouvement et la
plate-forme qui prend en compte la viscosité d’une couche de substrat. L’application de ce modèle produit une explication
cohérente des processus dans le milieu et permet une estimation « in situ » de l’élasticité et de la viscosité du sol, causées par
le dégel saisonnier. [Traduit par la Rédaction]

Mots-clés : plate-forme ferroviaire stabilité, vibrations basse fréquence, test sismique, équipement sismique, simulation

Introduction
More than 65% of Russian territory is cryolithozone where

soils remain frozen for many consecutive years (permafrost)
(Garagulia and Ershov 2000; Fig. 1) and more than 15 mil-
lion residents of Russia live in these territories. Latter regions
often contain watered and swampy weak soils especially in
the northern part of European Russia. These conditions com-
plicate railroad construction works and require special mea-
sures to ensure the safety of operation, namely, soil character-
ization and reinforcement. These include enforced antithaw-
ing and the construction of reinforced substrate layers on top

of frozen soils (Ashpiz et al. 2011; Kudryavtsev et al. 2016;
Kondratiev 2017; Zhang et al. 2018).

The railroad safety is threatened by landslides, mudslides,
melting of permafrost, carst, subsidence, rockfall, snow
slides, etc. Deformation of the subgrade soils happens across
4%–10% of railways with inhomogeneous distribution: 1%–3%
in the European part with better soils and 15%–25% in ex-
treme regions of the Eastern Siberia and Far East. Addition-
ally, the planned increase in the trains’ speed and the carry-
ing capacity of vehicle till 27 t axle load (Russian Railways
Company Standard 10.002–2015 2016; Railvolution 2019) are
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Fig. 1. Permafrost distribution in the Russian Federation (Kotlyakov and Khromova 2012). Zones represent the permafrost
density and thickness. Permafrost depth in region 2 is above 50 m, in region 3 it is 50–90 m, and in region 4 it is below 90 m.
[Colour online]

factors of existing and new dangerous phenomena. The soil
monitoring methods and techniques that are aimed to pre-
vent the formation of defects or to fix the existing ones are
still the same (Ma et al. 2012; Varlamov 2018; Tian et al.
2021).

There is a plethora of methods used worldwide to en-
sure the safety of railroad operation by probing the railway
subgrade state: traditional (visual, geodesic, hydrogeological,
and thermometric), geophysical (electrometric, radio loca-
tion, and seismic), or mobile complexes including aerospace
(Szwilski et al. 2003, 2004; Ižvolt et al. 2016; Kovacevic et al.
2016; Fraga-Lamas et al. 2017; NetworkRail 2018; Brzeziński
et al. 2018). We will focus on the following seismic meth-
ods: traditional shallow seismic survey profiling and the reg-
istration of vibrations produced by passing trains (Aw 2007;
Donohue et al. 2011; Ashpiz et al. 2011 ; Sukhobok et al. 2016;
Mirzaxidova 2020).

There are three common points for most of the seismic
methods used. First, the frequency of the probing signal is
above 5 Hz. Initial studies of the subgrade were performed
using the seismic prospection sensors as these are most fit-
ting for building the cross-sections of the railroad embank-
ment. Later the same sensors are used for vibration measure-
ments in the transport constructions. Single-component seis-
mic prospection sensors are well fitted to these tasks also be-
cause only the vertical component is usually of interest.

Second common feature is the specification of propagation
velocities of longitudinal and transverse waves and the analy-
sis of the train-generated signal dumping (Ashpiz et al. 2011).
Finally, all the surveys are discrete in time because the in-
stallation procedure for a multiprofile survey system is elab-
orate and time consuming. The additional factor is that all
hazardous processes as the degradation of permafrost and
watering are very slow.

Seismic profile reconstruction requires wave arrival times
and is limited to the depth of 3–4 m (Szwilski et al. 2003,
2004). An example of the resulting structure cross-sections
with wave velocities and the relief of layers is given in
Antonovskaya et al. (2020a). The accuracy of wave veloci-
ties’ estimation is comparable with their variations caused by
moisture saturation of the ground (Bachrach and Nur 1998;
Crane 2013). This in turn makes an early detection of the nat-
ural flooding impossible.

The detection of the soil alteration is limited to the sur-
face soil layer because of the amplitude dampening data be-
ing collected only for few meter long distances. Only spe-
cific seismic and georadar surveys (Szwilski et al. 2003; Fontul
et al. 2018) reach deeper layers, which are actually housing
the hazardous processes of the soil degradation. Therefore,
common methods defined by normative standards (Lehtonen
2011; McHenry and Rose 2012; Authority Transport Asset
Standards 2021) can effectively detect the failure in the rail-
road bank only when it is developed into a hazardous state
or even visually pronounced. Seismic probing studies of ge-
ologic media show that wave amplitudes are more sensitive
to medium deformation by the flooding due to HPP reservoir
fill-up or even earthquake development (Gupta and Rustogi
1976; Mashinskii 2005; Zaima and Katayama 2018). This im-
plies that the amplitude-based method can detect soil condi-
tion changes at the early stages. The main difficulty in the
way of such a method is the reproducibility of a probing sig-
nal. To overcome this issue, usually a special signal source
is employed: a vibrator (Weber and Münch 2014; Kovalevsky
et al. 2020) or an artificial monochrome signal (Kapustian and
Yudakhin 2007).

However, there is another way, which is a statistical anal-
ysis of amplitudes at frequent impacts. This opportunity has
not been exploited before because of the lack of proper signal
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Fig. 2. The installation diagram of a seismic station for the railway subgrade monitoring: (a) map of the research area where
the work place is marked with an asterisk; (b) view after installation; (c) equipment installation diagram: 1, berm; 2, TC-120s
sensor installed in the subgrade; 3, datalogger; 4, storage battery; 5, solar panel; 6, railway track. [Colour online]

generators. In our study, we assume passing trains as such
source and their amount varies from tens to hundreds per
day. The resulting impact contains at least three types of vi-
bration and dynamic loads with different parameters. First
of all, mechanical oscillations from train wheels passing over
rail gaps propagate over hundreds of meters away from a rail-
way (Basakina et al. 2014; Connolly et al. 2014a, 2014b). The
characteristic frequencies of such waves are above 5 Hz, and
these vibrations are useful for the estimation of vibrational
impacts on buildings (Lopes et al. 2016; Hu et al. 2018).

Another interaction is a wheel deforming a rail sub-
grade. The impact propagates to sleepers and the upper
layer of the subgrade (Grassie et al. 1982; Brough et al.
2003; Antonovskaya et al. 2021). The subgrade deforma-
tion study is performed with a variety of sensors (load
сells, borehole deformation gauges techniques, etc.) (Hendry
et al. 2008; Ngamkhanong et al. 2018) using nondestructive
testing methods, namely, seismic surface-wave and ground-
penetrating radar survey (Anbazhagan et al. 2011). The re-
sulting loads and deformations are large enough to treat the

passing train as a source similar to ones used for dynamic soil
probing (Pinzon-Rincon et al. 2021).

While these types of vibromechanical impacts are stud-
ied (Krylov 1997; Picoux and LeHouédec 2005; Stoyanovich
and Pupatenko 2015; Burdzik and Nowak 2017), they are not
used for early fault detection in soil. Particularly, Mirzaxidova
(2020) in her study points out that the problem of a timely de-
tection of hazardous regions in the railroad subgrade cannot
be resolved in the current decade.

Finally, the moving train not only compresses the track
foundation, i.e., vertical forces act, but also can push it in
a horizontal plane. The latter is possible if subsoil or natural
ground is the elasto-viscous medium (i.e., low-velocity layer)
compared to the track foundation. The track foundation is
restored after removing the load (passing the train) and the
deformation–recovery curve has a hysteresis loop, and we
have observed this in our studies (Antonovskaya et al. 2020b).
The mentioned article is a pioneering study made possible
by never used before ultralow-frequency sensors with three-
component registration for railroad subgrade monitoring.
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Fig. 3. Characteristic seismic waveforms produced by a cargo train: (а) original waveforms; (b) waveforms after 0.1 Hz low-pass
filtering. Vertical lines are timestamps for (1) train head and (2) train tail passage. [Colour online]

As we inspect low-frequency oscillations in both horizontal
and vertical axes for parameters that can be used in monitor-
ing, we have to keep in mind that those parameters are to
be least dependent on a source type (train’s weight, speed,
etc.) and are easy to process for an automated system con-
necting a multitude of remote sensors. We also focus on the
reaction of these parameters to the climate-related changes,
such as spring temperature oscillations and thawing of soils,
to estimate how sensitive the method is toward the shifts in
subgrade soil state.

Main goal of our study is the search for seismic waveform
parameters that are informative for detecting changes in the
subgrade and are available for automated record processing.

Materials and methods
The experiment took place in the Onega district of

Arkhangelsk region, north of the Russian Federation, on the
Northern Railway of JSC “Russian Railways” (Fig. 2a). The cho-
sen railway section lies in peaty soils. Embankment’s height

is 3 m. We used three-component broadband seismic sensors
TC-120s from Nanometrics (Kanata, ON, Canada). The instal-
lation of the seismic station and its location are shown in
Fig. 2. Sensors were buried 80 cm deep and 5 m away from
the railway. The X component is aligned with the railway, Y
is horizontally perpendicular, and Z is vertical. We placed the
datalogger (3) and the storage battery (4) in a separate metal
box which we also buried next to the seismic sensor. As a re-
sult, a solar panel for powering the system and a GPS antenna
remained on the Earth’s surface. Special signs marked the lo-
cations of the equipment (Fig. 2b). The equipment operated in
continuous mode; data were recorded on the datalogger flash
storage. The observations conducted between 23 April and 17
July 2019 captured 1590 various trains during this period, in-
cluding single locomotives, passenger trains, and empty and
loaded cargo trains.

A typical set of waveforms registered when cargo trains
pass by the monitoring point is shown in (Fig. 3a). The av-
erage weight of a cargo train is 4000 tons, the speed is 45–
55 km/h, and about 30–40 trains pass along the track per
day, which characterizes a constant technogenic load on the
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Fig. 4. Low-frequency oscillation parameters for eight cargo trains: (a) waveforms for Y component for period “train passing–
lateral relaxation time”. Curves are drawn one under the other, the ends of trains’ passage are marked by vertical dotted line.
(b) Trajectories of ground particles motion in the horizontal plane for the same period.

weak soils. Transversal horizontal oscillations (Y) are dom-
inating but there are two distinctive set of frequencies. To
process the most impactful low-frequency part of the signal,
we do noise reduction by short-time-average through long-
time-average (STA/LTA) trigger algorithm, which is common
in seismology for an automatic event detection (Trnkoczy
2012). The next step is low-pass filtering of frequencies below
0.1 Hz (Fig. 3b). To identify the stable, i.e., recurring, wave-
form properties, we looked through the filtered recordings.
For the Z component, the recurring feature is periods of a si-
nusoid at the beginning of the recording and at the end of
the train passage——vertical lines mark the passing interval.
It is only visible on the filtered waveforms and its presence
is derived analytically when solving the task of deformation
of the roadbed by a passing train (Antonovskaya et al. 2021).
The amplitude and period of the first sinusoid are the most
informative and reproducible and are sensitive to a sensor
position, head locomotive weight and speed, and elastic soil
parameters.

Another tool in our arsenal is time-series plotting of the
chosen parameters alongside with temporal variations of ex-
ternal factors like temperature.

Experimental results
Low-frequency oscillations last much longer than high-

frequency oscillations and persist beyond the train passage
time (Fig. 3). We observe that the waveform of the pass-
ing train heavily depends on train velocity and accelera-
tion/deceleration and its weight and length but waveforms

subgrade oscillations after passing trains are similar (Fig. 4).
Additionally, the amplitude maximum AY for component Y
is one–two orders of magnitude higher than AX for compo-
nent X in the relaxation part (Fig. 3b). Thus, we will consider
further only the post-train waveform. Values of maximum
(AY) and minimum (AX) amplitudes after the passage of the
train and �t——the interval between zero and maximum AY——
are shown in Fig. 3b.

We registered cargo and passenger trains and single loco-
motives. Also, different train types on seismic records are
clearly separated by the time duration and by the oscillation
amplitude values. The average weight varies from 200 tons
(single locomotive) to 4000 tons (cargo train). The histogram
of AY values (Fig. 5) exhibits three local maxima——AY1 = 0.05
× 10 − 3, AY2 = 0.4 × 10 − 3, and AY3 = 1.4 × 10 − 3 m/s——
with the last being the strongest. The first maximum cor-
responds to single locomotives, the second one to passen-
ger trains, and the third one to cargo trains. Single locomo-
tives represent a small group, so we did not consider them
separately.

If AY is dependent on the train weight, then amplitudes for
X and Y components should be proportional. It is clear from
the AX–AY diagram (Fig. 6) that there is a dependence. For all
data points a linear dependence is clear, and two others that
represent heavy and light trains (groups 2 and 3) seem to have
parallel linear fits. Remark that approximation reliability for
the whole data set (all trains) is better than for groups 2 and
3 due to the larger data amount for the whole data. We show
all data within ±3σ band for maxima 2 and 3. Further, we
used data in σ band to obtain better reliability and regarded
only cargo trains. The latter suggest that the mass of a train

C
an

. G
eo

te
ch

. J
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

G
al

in
a 

A
nt

on
ov

sk
ay

a 
on

 1
1/

06
/2

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1139/cgj-2021-0621


Canadian Science Publishing

6 Can. Geotech. J. 00: 1–12 (2022) | dx.doi.org/10.1139/cgj-2021-0621

Fig. 5. Histograms of the different parameters: (a) amplitude maximum AY for component Y; (b) �t according to the results of
processing for the entire period of observations.

Fig. 6. Scatter chart of horizontal amplitudes AX–AY with
linear trend lines for (1) all data and for data groups corre-
sponding to maxima: (2) AY = 0.4 × 10 − 3m/s; (3) AY = 1.4 ×
10 − 3 m/s. Equations and values of the approximation relia-
bility R2 are shown in Fig. 6. [Colour online]

might determine the amplitudes. The linear slope coefficient
R is determined as

R = | AY

AX
|

and is considered to be weight-independent.
Another parameter to be analysed is time interval �t ob-

tained by the automatic processing. Most of the obtained

values (more than 90%) lie within 20–27 s interval (see the
histogram in Fig. 5b); therefore, we used only the recordings
that have �t within this range.

Analytical model
The process of low-frequency deformation of the homoge-

neous soil layer by a passing train can be solved analytically.
This is essentially the Boussinesq solution, which we have
already successfully employed, and it produces values and
waveforms close to experimental ones for the vertical low-
frequency (0.5–2 Hz) component (Antonovskaya et al. 2021).
The initial low-frequency waveform is almost nondistinguish-
able for the horizontal component (Fig. 3). However, the hor-
izontal oscillations are well described by the Elsasser model,
which examines the elastic layer over a viscous half-space
and describes the space–temporal distribution of medium
stress. The analytical Boussinesq solution produces the vi-
bration amplitude values, i.e., the parameter obtained by a
velocimeter. The Elsasser model describes the change of the
stress–strain state that can be used to derive the vibration am-
plitude (Irvine 2013). Therefore, we can estimate the state of
the soil by analysing changes of the low-frequency amplitude
over time.

In Mukhamediev et al. (2008), the model is proposed to de-
scribe the propagation of stress according to diffusion laws
in a horizontal direction from the mid-ocean ridge; the litho-
sphere consists of an elastic crust and viscous asthenosphere.
The model made it possible to explain the delay in platform
seismicity relative to the push created by the ridge as well as
to estimate the viscosity of the lithosphere. We used the solu-
tion obtained in Mukhamediev et al. (2008), but at a different
scale level where the initiating push is created by the train, so
the viscous medium can correspond to the low-velocity zone,
and the upper elastic layer is the overlying soil (Fig. 7).
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Fig. 7. The model of stress disturbances transfer created by the train in the subgrade in horizontal direction: (a) schematic
section of the railway; (b) geometry of the subgrade-ground system and perturbation of its stress–strain. [Colour online]

In Mukhamediev et al. (2008), the response to the push was
estimated by the change in time of seismicity, so we used the
change in time of the amplitude of oscillations at the obser-
vation point (broadband seismic equipment location) as a pa-
rameter indicating the “arrival” of the impact. This is possi-
ble because the amplitude of the vibration velocity is propor-
tional to the additional deformation (Shalev et al. 2015) and
thus, for an elastic medium, to the additional stress.

A model of the local tension transmission consists of a rigid
elastic embankment (track foundation), underlined by a layer
of elastic-viscous soil (natural ground, Fig. 7b). The elastic-
viscous media may correspond to the low-velocity zone typ-
ical of the top part of the cross-section. Tensions propagate
along the embankment–soil contact in the horizontal Y direc-
tion from rails according to diffusion laws (Elsasser 1971). We
assume the pressure from the train pr = const, and it serves
as a source of impacts created in the embankment. The pro-
cess lasts for a time interval T, while the disturbances acquire
a velocity V1(t) > 0 and an additional stress σ 1(t) > 0. As a re-
sult, it is necessary to determine the propagation function of
the disturbance along the X-axis f (x1, t), which satisfies the
equation

∂ f (x1, t )
∂t

= a
∂2 f (x1, t )

∂x2
1

(1)

the initial conditions of f ( x1, 0 ) = 0 and 0 < x1 < ∞, and the
boundary condition:

f (0, t ) =
{

1, 0 < t < T

0, T < t < ∞

The coefficient a is

a = 2G
η (1 − ν )

Hh

where G is the shear modulus, η is the viscosity coefficient, ν

is the Poisson’s ratio, H is the embankment thickness, and h
is the soil thickness.

The analytical solution of (1) is taken from (Carslaw and
Jaeger 1989)

f (x1, t ) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

φ∗
(

x1

2
√

at

)
, 0 < t < T

φ∗
(

x1

2
√

at

)
− φ∗

(
x1

2
√

a (t − T )

)
, T < t < ∞

(2)

where

φ∗ (ξ ) = 1 − φ (ξ )

and the integral of errors is

φ (ξ ) = 2√
π

∫ ξ

0
e−ξ2

dξ

where ξ is the integration variable.
The solution of (2) depends on the coefficient a and the du-

ration of an impact T. For the former one, we took H = 2.5 m
and h = 4.5 m according to the soil slab size and the shallow
seismic survey data (Antonovskaya 2020a ). For the latter, we
took an average train passage time of T = 80 s. Shear mod-
ulus G is proportional to the square of the transversal wave
velocity VS and the embankment density ρ:

G = VS
2 · ρ

Based on our results of the shallow seismic survey, i.e., ρ =
1.99 g/cm3 and VS = 150 m/s, we obtain G = 44.8 MPa. Pois-
son’s ratio is defined by the well-known formula

ν = V 2
P ρ − 2G

2
(
V 2

P ρ − G
)
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Fig. 8. Relative amplitude A as a function of time calculated using the Elsasser model for: (a) various distances between the
sensor and the rails; (b) different models and 5 m distance to the rails.

Fig. 9. Evolution of R, �t, NY, and the air temperature T dur-
ing the experimental session: (i)–(iii) see in the text. [Colour
online]

According to the previously mentioned shallow seismic
survey data, the average velocities of longitudinal waves
Vp for crushed stone-sand embankment vary from 333 to
443 m/s, and thus v = 0.4.

Discussion
We calculated the relative perturbation amplitude A for dif-

ferent distances from the rails as a function of time past train
passage 80 s mark (Fig. 8a). The impact maximum decays with
the distance and moves later in time——at 5 m it happens at
�t ∼ 21 s. The values and positions of maxima depend on
the shear modulus of the upper layer and the viscosity of the
lower (Fig. 8b). A 10% reduction of G leads to an increase of
�t by 5 s and a slight decrease of amplitudes. If viscosity η is
reduced by the same 10% interval, then �t shifts by −1 s and
amplitudes stay almost the same. Higher reduction of η fur-
ther moves �t to the left and amplitudes rise. In a real case
of flooding, G will grow and η will decrease; thus, �t should
decrease if the amplitude rises.

We used automated processing on the recordings between
April and June 2019 in accordance with the previously ex-
plained corrections to retrieve R and �t values. It is reason-
able to average these values since there are 30–40 trains pass-
ing each day. Given that early stages of hazardous processes
in soils can take days and that cargo cycles are week long,
we averaged R, Ry, �t, and T; the chosen method is 7-point
moving average (Fig. 9). One has to keep in mind that curve
edges, i.e., the first and last weeks, are subjects to larger
errors.

The most representative condition (weather, season) pa-
rameter is temperature, and it is plotted with 7-day averaging
in all instances of Fig. 9. Parameter R characterizes mostly a
change of the amplitude in the transverse direction, as the
soil and embankment are homogeneous in the longitudinal
direction. Parameter NY is defined as the ratio of median val-
ues of the power of vibrations on the Y and Z components;
it is a parameter related to high-frequency oscillations and is
sensitive to changes in the soil (Orlova et al. 2020).
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Fig. 10. Evolution of R, �t, NY, and the air temperature T during the experimental session with phase I–IV time regions. [Colour
online]

From days 10–30, the variation of R is similar to the varia-
tion of the temperature but with a phase delay of 2–3 days (i).
Time interval �t curve is in antiphase from the temperature
curve during days 10–35 and then stabilizes (ii). Parameter
NY shows positive fluctuations in the low-temperature part;
however, when temperature rises, it goes down (iii) and sta-
bilizes.

Let us compare these data to calculations based on the El-
sasser model. It is reasonable to assume that high frequency
characteristic NY is determined by the upper soil layer prop-
erties. Therefore, the positive fluctuations that occur before
the temperature rise relate to relatively higher value of the
shear modulus for frozen soil compared to the values during
subsequent thawing (Terzaghi et al. 1996).

A possible explanation of the R minimum before the tem-
perature spike is that the viscosity of the lower half-space is
also the lowest. As T rises, a partial thawing takes place in the
lower layer, which explains the phase shift of R relative to T.
This agrees with data on partial thawing of ice in soils due to
heating that occurs even at negative temperatures (Terzaghi
et al. 1996). Seasonal soil freezing is estimated from existing
regulatory standards for various regions of Russia. The vis-
cosity in the interface area becomes lower; an increase of R
is thus observed. The next minimum is hard to explain and
we suggest it corresponds to a partial increase in the viscosity
of the entire underlying layer due to processes with further
heating.

The variation of time interval �t behaves similar to R in
10–35-day period (ii). According to our model, its increase is
either caused by the rise of viscosity or decline of the shear

modulus. The behavior of RY tells us that it is the latter. The
further clarification of the observed patterns needs an elab-
orate study, and while there are no facts that suggest other-
wise, we consider the proposed interactions as a satisfying
physical description. To clarify the abovementioned devel-
opment, we marked the corresponding phases on the time
evolution chart in Fig. 10, which is a compact view of Fig. 9.
Here, all fluctuations of R, �t, NY are presented in percentiles
of the total average value. Phase regions I–IV are as follows:
I, frozen state; II, thawing of the upper layer; III, deeper
thawing; IV, the defrost boundary starts moving down the
cross-section.

While the suggested explanation is mostly qualitative,
there are quantitative agreements as well. According to the
Elsasser model, the seasonal variations of R and �t iden-
tify approximately 10% of changes in shear modulus and vis-
cosity. Such alterations of the deformation parameters cor-
respond to 5% variations of the elastic wave velocity. This
is an order of magnitude lower than the shifts that are at-
tributed to be responsible for hazardous situations develop-
ment, among which the thawing of frozen soils is paramount.
The fundamental study of the relevant soils (Terzaghi et al.
1996) indicates that for frozen clay samples a change in their
temperature by 1 ◦C leads to a change in the elasticity mod-
ulus by about 25%, and for frozen sands by up to 50%.

Conclusions
In the conditions of increasing traffic volumes and weight

standards in railway transport, the task of improving
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methods of monitoring and diagnostics of subgrades on weak
natural soils is of paramount importance for ensuring the
railway communication safety. The monitoring technology
advantages we are developing in comparison with episodic
(discrete) surveys are (i) the possibility of detecting danger-
ous processes at an early stage, and (ii) specialized sources of
external signals are not required and there is no violation of
the train schedule.

The main limitations of the study at this stage are that we
observed changes in the subgrade state in a relatively short
time period and did not consider various types of seasonal
changes such as freezing depth or soil temperature data of
the project area. These questions are for future research.

Nevertheless, the fidelity of derived parameters on the first
research step is well enough to detect possible dangerous de-
velopments in railway subgrade soils. We demonstrated this
with an almost 2-month-long experimental session, and we
did not employ any external signal sources but passing trains
only. While no hazardous situation occurred within this pe-
riod, the sensitivity was tested on the seasonal soil thawing.
In our opinion, the simplicity of the setup and the automated
nonstop monitoring and data processing may make this tech-
nique a valuable asset for the railroad safety assurance.
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