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ABSTRACT

One of the priority tasks in development of railway transport is to
raise its efficiency by increasing the time between repairs for both the
track superstructure and the rolling stock. Solving this problem is
impossible without timely, complete, and reliable information about the
dynamics of interaction of the rolling stock with the infrastructure. To
organise monitoring of dynamic processes, completely different types
of primary transducers are used: resistance strain gauges, fibre-optic
sensors, dynamometers (force sensor pads), accelerometers, acoustic
emission sensors. This implies relevance of the scientific and technical
problem of comparative testing of sensors of different types to assess
the information content of their signals and justify the criteria for choosing
primary transducers when solving specific monitoring problems.

The objective of the study is to comparatively test removable
resistive strain sensors, optical polarisation strain sensors and
accelerometers under a passing train and to evaluate their information
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content to control rail depression and detect defects on the running
surface of wagon wheels.

The study using finite element modelling and a physical mode! of
a rail as of a beam on an elastic foundation, substantiates the
relationship between longitudinal deformations and vertical accelerations
of the rail foot. Comparative tests of removable strain-resistive and
optical polarisation strain sensors and accelerometers were held on
an experimental section of track under a passing train. A signal
processing algorithm has been developed and the equivalence of strain
gauges and vibrometers for determining the depression of a rail under
a passing train has been proven. A comparison has been made of the
pulse components of the signals of deformation and vibration
acceleration during movement of a wheel with a defect on the running
surface, and the requirements for the frequency characteristics of the
sensors and theirmounting on the rail surface have been substantiated.
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INTRODUCTION

The dynamics of interaction between rolling
stock wheels and rails [1-4] determines the
reliability and service life of wagon running gear
[5, 6] and elements of the track superstructure [7].
Anincreased level of dynamic forces in the «wheel—
rail» system increases the likelihood of formation
of fatigue defects and the rate of development of
mechanical wear [8-10]. Excessive forces from
rolling stock onto the track can lead to destruction
of the rail due to defects, the dimensions of which
do not exceed the detection threshold of standard
ultrasonic flaw detection equipment [11-13]. For
example, in 2022 alone, on the West Siberian
Railway, 17 rail fractures occurred due to cracks,
all of which had smaller dimensions than the
maximum ones, which had not allowed them to be
detected either by mobile flaw detection equipment
or by removable flaw detectors. In eight cases,
destruction occurred along cracks in the foot tips,
which did not cross the vertical plane of symmetry
of the rail and were not detected by ultrasonic
testing.

One of the indicators of the dynamic impact
of rolling stock on the track according to GOST
[Russian state standard] 34759-2021 refers to
longitudinal stresses in the flange tips, which
during certification tests should not exceed 240
MPa. An increased level of stress in the foot is
associated with depression of the rail in the
vertical plane under a passing train, which
directly affects the likelihood of brittle failure of
an object with a transverse crack.

Technical condition of rolling stock on the
railways of the Russian Federation and abroad
is widely monitored with the Pauk [Spider],
Neva, WILD, WCM, Lasca, and Atlas-LG
systems [14]. These stationary rolling stock
diagnostic tools monitor the levels of dynamic
stress, depression, and vibration of the rails under
a passing train. The advantage of this approach
is the ability to classify rolling stock defects not
by size and type, but directly by the degree of
their negative impact on the track.

Traditionally, to control mechanical stresses
and depression, the relative deformations of the
rail under a passing train are measured [15-18].
The complexity of organising this type of control
is associated with the laboriousness of attaching
strain gauges directly to the rail using glue. At
the same time, the results of deformation
measurements strongly depend on installation
conditions and human factors. The use of welding
to attach strain gauges to rails is possible only
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after certification tests. All this significantly
limits the possibility of quickly changing the
location or scheme of measuring deformations.

Relevant is the development of removable
strain sensors that provide registration of
dynamic processes in rails at frequencies up to
(10-20) kHz [19-23]. To increase the reliability
and information content of the control process,
vibrometry tools, which are accelerometers, can
additionally be used. Using the example of
diagnostics of bridge spans, work [24] showed
that the combined use of strain gauging and
vibrometry makes it possible to compensate for
limitations of each method, increasing their scope
of application and reliability of the results.

The objective of the study is to assess the
possibility and to compare the results of strain
gauging of rails using removable strain gauge
sensors and optical polarisation sensors with the
results of vibrometry under a passing train to
monitor rail depression and detect defects in the
running surface of railway wheels.

RESULTS
Experimental Equipment and Test Methods

Three different types of digital removable
strain gauges were used to monitor strain: two
strain-resistive and one optically polarisation
sensor. The sensitive elements in the strain
gauges were film strain gauges 2FKP-5—
200-A-12-S with a base of 5 mm, a resistance of
200 Ohms and an average strain sensitivity of
2,04. The strain gauges were glued to an elastic
element of a string type made of ABS plastic
(Pic. 1 a) and of a cantilever type (beam) made
of D16A duralumin (Pic. 1 b) using cyanoacrylate
glue. The elastic elements were attached to the
rail by two disk (ring) magnets with a pressing
force of 10 N. The mass of the plastic sensor
assembly was of 26 g, the mass of the duralumin
sensitive element was of 62 g.

A string-type strain gauge (Pic. 1 a) with
single strain gauge was connected to the
«Dynamika-3» strain gauge system, registered
in the state register of measuring instruments
under No. 66938-17, according to the «single
strain gauge» scheme with a sampling frequency
of 16 kHz. The cantilever type strain gauge
(Pic. 1 b) used four strain gauges connected via
a bridge circuit to the original strain gauge
device, with a sampling frequency of 4 kHz. The
values of the smallest digit of the recorded digital
signals were of 1,85¢10° and 1,7¢10°¢ relative
deformations, respectively.
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Pic. 1. Designs of removable strain gauges of string (a) and beam (b) types [performed by the authors].

Pic. 2. Appearance of the optical polarisation sensor
[photo made by the authors].

In the optical polarisation sensor, an elastic
element with a 60 mm base made of 12X18H10T
steel transmits rail deformations to a quartz glass
disk. The operating principle of the sensor is
based on the phenomenon of photoelasticity and
is described in detail in [25]. The value of the
smallest digit of the analogue-to-digital converter
in relative units of deformation was of 5¢10°%.
The mass of the sensor was of 94 g.

Strain gauges were installed in inter-sleeper
spaces on the lower surface of the rail foot in the
symmetry plane and were oriented to measure
longitudinal deformations ¢_ (Pic. 3). Vibration
acceleration was measured with a three-axis
accelerometer based on the ADXL326 chip with
an upper limit of the transmission frequency of 1600
Hz. The developed and manufactured measuring
circuit ensured the conversion of acceleration into
a digital signal with a sampling frequency of 12
kHz and a value of the smallest digit of 310~ m/s?,

the root-mean-square deviation of the intrinsic noise
of the measuring path did not exceed 621072 m/s?.
The accelerometer was installed on the rail foot to
record only one vertical component of vibration
acceleration a, (Pic. 3).

Finite element Modelling

A 7 m long rail model was divided into
tetragonal elements with edge lengths from 10
to 245 mm (Pic. 3). Sleepers within a stress-
strain diagram of 2000 pcs/km were reproduced
by elastic boundary conditions with vertical
rigidity distributed along the foot of the rail at
the point of contact with the sleepers. In model
experiments, the rigidity varied within the
range from 10 to 200 MN/m?. The foot tips
were rigidly fixed at the rails’ edges. A force
from the wheel Q = 10 kN was applied to the
rail head along the normal in the symmetry
plane. The longitudinal deformations of the
foot £_and the vertical displacements of the
foot of the rail A, obtained by the finite element
method for a rigidity of 10 MN/m? are
presented in Pic. 4 q, ¢, for a rigidity of 100
MN/m? in Pic. 4 d, e.

Analytical Model

According to the theory of resistance of
materials, a rail is a beam lying on an elastic
foundation [26]. In this model, there is
arelationship between the movements of the rail
in the vertical plane along the y axis with the
longitudinal deformations € of the rail (Pic. 3).
For a beam, the following relationship between
the deflection Ay(z) and the bending moment
M (z) is valid:

’a, (2)

EeJ « =M
x dzz x(z)9

M

where £ —modulus of elasticity, MPa; J_ —section
moment of inertia, m*; A (z) and M (z) — functions
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Pic. 3. Rail model for finite element calculations [performed by the authors].
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Pic. 4. Results of modelling by the finite element method of a rail with a base stiffness of 10 (a, b, c)
and 100 MN/m° (d, e, f): deformation ¢, (a, d), antiderivative of deformations Fi(z) (b, €), second antiderivative
of deformations and displacement of the rail foot A (c, ) [performed by the authors].

of beam depression and of bending moment from
coordinate z, m and Nem, respectively.

The bending moment creates proportional
mechanical stresses in the longitudinal direction:

o ()= L2, @

x

wherey —maximum distance to the deformation
measurement point from the neutral axis of the
rail, m.

Combining (1) and (2) and taking into
account the relationship between elastic
deformations and mechanical stresses 6 =¢  E:
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d’(2) _ e,
. 3)
Expression (3) includes only geometric quantities
that establish the relationship between rail
depression curvature. Consequently, the pattern
described by this expression, to a first
approximation, does not depend either on the
mechanical characteristics, or on the method of
applying forces or their values, or on the
boundary conditions of the rail fastening.

The beam depression function can be
obtained by double integration of expression (3):

A, (2)= klus (v)dv)du =kF(F(s.(2)), (4

where F — antiderivative, k = I/y, —
proportionality factor, m .

To check the analytical dependences (4), the
deformations ¢_(Pic. 4 a, d) were numerically
integrated twice. The antiderivatives F(e (z)) are
shown in Pic. 4 b, e. The second antiderivatives
of deformations F(F(g(z))) are shown in Pic. 4
¢, fand coincide with the vertical movements of
the foot Ay with an error of no more than 1 %
near the point of application of the force in the
area with coordinates from 1,5 to 5,5 m. The
calculated proportionality coefficient k =
(12,5£0,2) m ~ ' is practically independent of
stiffness in the range from 10 to 200 MN/m?®. The
obtained value of coefficient k corresponds to the
distance from the foot to the neutral axis of the
raily  =0,08 m (standard height of the new rail
is 0,18 m).

When a train moves at a constant speed, the
coordinate of the point of measurement of
deformations relative to the train is described by
the simplest equation:
z=Vet %)
where V is train speed, m/s.

The transition in (4) from integration over
coordinate z to integration over time ¢ can be
carried out by replacing the variable in (5):

2
8, ()= —F(F(e.(1). (©)
A similar expression can be obtained for
accelerometer signals, since displacement
obviously represents the second antiderivative
of acceleration:

A,())=F(F(a (1)), @)

where ay(t) is vibration acceleration of the rail
foot at the moment ¢, m/s?.

Expressions (6) and (7) in integral form
establish a connection between the longitudinal

deformations of the rail base ¢, and the vertical
acceleration a, which, in a certain sense,
indicates the equivalence of these two types of
measurements:

L F(F (s (0) = F( (o, 1) ®)

max

Expression (8) was obtained under the
conditions of neglecting the uneven distribution
of under-rail stiffness and is obviously determined
with an accuracy of up to a certain polynomial
of the first degree. In practice, expression (8)
establishes a relationship between deformations
and accelerations only in the low-frequency
region, since double integration is a high-pass
filter. The validity of equation (8) for real signals
will make it possible in the future to justify the
possibility of reducing the number of types of
sensors installed on rails and to focus on methods
for processing their signals.

Experimental Results

Experimental studies were carried out on an
operating straight section of continuous track with
rails of R65 type on a ballast base. Deformations
of the rail foot were recorded when cargo trains
were moving at speeds from 40 to 60 km/h before
entering the wagon maintenance station. As the
train moved along the measuring section, vibration
accelerations and longitudinal deformations of the
rail foot were recorded (Pic. 5).

High-frequency oscillations predominate in
the accelerometer signals (Pic. 5); the passage of
a wheel over the sensor installation location
causes an increase in the root-mean-square
deviation of the vibrations. The foot deformation
reaches zero level in the middle of the wagon,
when all the wheels are located as far as possible
from the deformation measurement point. As the
wheel approaches the strain gauge, the rail bends
downwards, and longitudinal tensile stresses
arise in the foot. Between the wheels and wagons,
the curvature of the rail changes sign, the centre
of the inscribed circle is located at the bottom,
and compressive stresses are observed in the foot.
The maximum value of stresses in-between
wagons is 2—4 times higher than the stress
between wheelsets of one bogie, the level of
tensile stresses under the wheel in absolute value
is 3—4 times higher than the maximum level of
compressive stresses.

Significant differences in the shape of the
signals (Pic. 5) of the optical polarisation sensor
from the signals of the strain gauges are
associated with their different locations along the
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Pic. 5. Diagram of the wheel arrangement of three wagons of a cargo train and the corresponding signals from the accelerometer, beam and
string strain gauges, and optical polarisation sensor when eight wheelsets pass (performed by the authors].

track. In the experimental data in Pic. 5, the
distance between the measurement points was
2,5 m. Rail deformations depend both on the
dynamics of the rolling stock and on the state of
the under-rail foundation: stiffness and
unevenness along the length of the track; the
same statement is true for accelerometer signals.

The verification of relation (8) was performed
by double numerical integration of the
accelerometer signal and strain gauge signals
(Pic. 6). The Pearson correlation coefficient,
calculated from local maxima and minima of
primitive deformations and vibration acceleration,
is greater than 0,99. The similarity of the shape
of the second antiderivatives (Pic. 6) and the
strong correlation between the extreme values
confirm the validity of the integral equation (8),
relating vertical vibration acceleration to
longitudinal deformations of the foot. When
performing numerical integration, the constancy
of the average level must be ensured, which is
only possible under conditions of symmetrical
sensitivity of the strain gauge to compressive and
tensile deformations.

Wheelsets’ defects such as skids and gouges
increase the dynamic force transmitted from the
wheel to the rail. The shape of the signals from
the strain gauges and accelerometer is distorted

(Pic. 7 a). Pulse components /-9 appear in the
signals, each of which corresponds to the impact
of a running surface defect, that is of a local
deviation of the wheel from the circle, on the rail.

The first 6 pulses /-6 with a fairly high
probability relate to one running surface defect,
which was registered several times during
successive full rotations of the wheel. The
average time between adjacent pulses /—6 (Table
1) is 0,18 s, which at a speed of 59 km/h
corresponds to a distance of 2,950 m, equal to
the circumference of a wheel with a diameter of
0,94 m. For the first six pulses, the deviation of
the time between them from average (Table
1) does not exceed 3 ms, which is comparable to
half the oscillation period of 6 ms.

The strain and vibration acceleration pulses
recorded in the test are damped oscillations with
a frequency of 74 Hz (Pic. 7 b, ¢). The pulses in
the signals of the accelerometer and the string
strain gauge are equivalent in shape and
frequency content, and the signal-to-noise ratio
of vibration acceleration is 1,5-2 times higher
than that of the string strain gauge.

In the signals of the beam and optical
polarisation sensors, signs of slipping of
magnetic fasteners along the surface of the rail
are observed indicated by a shift in the average
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Table 1

Time between vibration acceleration pulses in Pic. 7

Pulse numbers 1-2 2-3 3-4 4-5 5-6 67 7-8 89
Time between pulses, ms 180 177 180 178 182 151 194 165
Absolute deviation from the 0,3 2,2 0,4 -1,6 3,0 -29 15 -15
average, ms

Relative deviation from the 0,2 -1,2 0,2 -0,9 1,7 -15,9 8,4 -8,2
average, %

signal value (Pic. 7 b). The spectral composition
of these signals is distorted: in the pulse of the
beam sensor, a natural oscillation frequency of
800 Hz is observed, and in the optical polarisation
sensor there are no frequencies above 200 Hz. All
this is due to the designs of the sensors and their
fairly large masses, 2—3 times the mass of the
string sensor. When a wheel with a defect moves,
the massive strain gauge is affected by dynamic
forces that exceed the frictional forces and
disrupt the fixed contact of the magnetic holders
with the rail surface.

KEY FINDINGS AND CONCLUSION

To organise monitoring of the dynamics of
vertical depression and longitudinal mechanical
stresses of the rail foot during movement of
defect-free wheels, both strain sensors and
accelerometers can be used. The second
antiderivatives in time from vertical acceleration
and from longitudinal deformations of the base
with constant coefficients are equal to the vertical
depression of the rail. This pattern, formulated
for a beam model on an elastic foundation, is
confirmed by finite element modelling and
numerical integration of signals from
accelerometers and strain gauges installed on the
operating track.

Pulse signals caused by passage of wheels
with running surface defects, recorded by
accelerometers, have a 1,5-2 times higher signal-
to-noise ratio compared to strain gauges. This
effect does not impose restrictions on the use of
strain gauges since it can be compensated by the
use of filtering at the stage of post-processing of
digital signals. When a wheelset with a defect on
the running surface moves, pulse signals are
recorded multiple times, up to six times. The
amplitude of the pulses depends on the local
stiffness of the under-rail foundation which
requires the use of several transducers to
unambiguously identify a defective wheelset.

The shape of the recorded pulse components
when using magnetic mounts is significantly
influenced by the mass, quality factor and natural
frequency of strain gauges. Reliable conversion
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of pulse components by removable strain gauges
depends on their mass, which determines the
level of dynamic forces.

The results can be used to improve the design
and software of stationary diagnostic tools for
rolling stock in terms of the level of dynamic
impact on the track, increase the reliability of the
results and expand their functionality.
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