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Chapter

New Approach Measuring the
Wheel/Rail Interaction Loads
Yuri P. Boronenko, Rustam V. Rahimov and Waail M. Lafta

Abstract

This chapter suggested new methods for monitoring the dynamic processes of
rolling stock/rail interaction. This study develops a new technical solution for mea-
suring the wheel/rail interaction forces on a significant part of the sleeper. The
theoretical part of this study, using FEM, confirm the ability of piecewise continu-
ous recording of vertical and lateral forces from the wheel/rail interaction by mea-
suring the stresses in two sections of the rail. Also, the optimum location of strain
gauges and the effective length of the measuring zone have been determined. The
experimental part of this study has been carried out on the stands and the railway
track to confirm the effectiveness of the method to determine the vertical and
lateral wheel/rail interaction forces, increase the reliable statistical data, improve
the measurement accuracy, reducing the time and cost compared with current
testing methods. The developed method is recommended to determine the wheel/
rail interaction forces and identify defects on the wheels when diagnosing rolling
stock on operational and travel regimes.

Keywords: wheel/rail interaction, rolling stock/track effects, vertical force and
lateral force of rolling stock, rail strain gauge, effective rail zone, wheel/rail loads

1. Introduction

The rapid development of heavy traffic is one of the priorities to increase the
efficiency of rail transportation, which allows the formation of freight trains of
increased weight and length. However, this will increase axle loads and issues
related to controlling rolling stock/rail interaction forces.

The first experimental assessments of the force impact of rolling stock on a rail
track were carried out in the late 19th and early 20th centuries [1–3]. In 1925, an
experimental method on the rolling stock/rail impact was developed, the forces
acting on the track, stresses, and deformations in the track elements have been
investigated [4]. Direct measurement of the wheel/rail interacting forces is diffi-
cult; therefore, their determination is usually carried out indirectly by measuring
shear deformations, and relative displacements using strain gauges and the subse-
quent application of algorithms for processing the data obtained [5–9].

Early research confirmed that since the maximum stresses arise at the edges of
the rail base, the vertical and lateral forces have been initially determined from their
correlation dependencies on the half-sum and half-difference of edge stresses
[7, 10]. Later, these studies were developed in the works of M.F. Verigo, O.P.
Ershkova [11], S.S. Krepkorosky, A.K. Shafranovsky [12, 13] and others [14–16].
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The main disadvantage of this method is that the received results depend on the
elastic properties of the path [4]; therefore, the error ratio reaches 30% [7].

E.M. Bromberg and O.P. Ershkov were developed, theoretically substantiated
and practically implemented a more accurate experimental method for measuring
vertical and lateral forces (“three-point” method) [11, 17] by simultaneously regis-
tering stresses at three points, Figure 1), measuring stresses at the edges of the rail
base (strain gauges 1 and 2) and in the outer section of the headrail (strain gauge 3)
[7, 14, 15, 18].

The absence of computers (during that period) limited the development of the
“three-point” method. Subsequently, the method was replaced by the analog
Schlumpf method [19–21] for measuring the rolling stock force effect on the rail.
According to this method, the lateral forces are measured by the deformations of
the rail web by four strain gauges (numbers 6–9 in Figure 1). The essence of this
method lies in the linear dependence of the magnitude of the lateral forces on the
difference in bending moments acting on points mutually symmetric to the neutral
axis of the rail neck [7, 14, 22].

Researches revealed that the shortage of the Schlumpf method [22, 23] is inac-
curate results on the measurement of wheel/rail interaction forces when the acting
point of the vertical force displace relative to the longitudinal plane of the rail due to
the lateral displacement of the wheelset in the track. The values of the lateral forces
in the wheel/rail contact depend on the position of the contact spot on the railhead;
therefore, errors are inevitable in determining their values. According to VNIIZhT
research [14], the greatest error in measuring lateral forces by this method is 7–9%;
according to the VNIKTI results [22], the method can error up to 40%. While,
according to the VNICTT research [24], the error can reach 100%. Subsequently,
Schlumpf’s method was improved and modernized by many researchers, to which a
significant number of theoretical and experimental studies are devoted, for exam-
ple, G.F. Agafonova [25], E.I. Danilenko [26], V.S. Kossova [27], A.K. Shafranovsky
[12, 13] and other sources [15, 22, 25, 27].

Figure 1.
Schemes of sticking strain gauges on the rail neck to determine the rolling stock/rail force: 1–9 - strain gauge
numbers; Q is the vertical force; P - lateral force; Mz - bending moment; X, Y - directions of the axes of the
coordinate system.
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To determine the vertical forces in the wheel/rail contact, a method based on the
measurement of deformations by using strain gauges (#4 and #5 in Figure 1),
installed vertically from both sides in the same section on the neutral axis of the rail
journal, is widely used [3, 6, 7]. This method for measuring vertical forces depends
on the lateral force and the eccentricity of the vertical force [4].

For the correct measurement of the wheel/rail interaction forces, an experimental
and computational method [27] have been developed to install strain gauges, similar
to the Schlumpf method. This method’s difference lies in the joint measurement of
the vertical and lateral forces in the cross-section of the rail at different positions of
the wheel on the rail [22–24]. Tomeasure the forces acting on the railhead, in contrast
to the Schlumpf method [21], the signals are recorded from each strain gauge sepa-
rately. In this case, to obtain the output signals, the strain gauges numbers 6 to 9 in
Figure 1 have been connected to four measuring bridges connected to the recording
devices through strain amplifiers [22, 23]. Several calibration experiments were car-
ried out to confirm the readings of strain gauges and force effects, including various
options for loading the measuring section of the rail. As a result of calibration exper-
iments using linear superposition from strain gauges (S) readings, the influence
matrix [G] has been formed. The pseudoinverse matrix [G]+ to the matrix [G] is
calculated, which makes it possible to obtain at each moment (t) the actual values of
the force acting on rolling stock/rail interaction, according to the incoming signals
from strain gauges using the matrix on Eq. (1) [22, 23]:

F tð Þf g ¼

Q tð Þ

P tð Þ

Mz tð Þ

8

>

>

<

>

>

:

9

>

>

=

>

>

;

¼ G½ �þ � S tð Þf g: (1)

According to the calculations using the finite element method, it has been found
that the restoration of lateral forces using the method of “Russian Railways-2016”
[22, 27] gives an error of no more than 10%. In contrast, with the restoration of
vertical forces, the relative error does not exceed 1.5%, and it has been noted that
using the “RZD-2016” method compared with the Schlumpf method significantly
increases the number of used strain gauges and measurement channels.

The researches of Yu.S. Romain [7] confirmed that to reduce the number of
strain gauges and channels, measure the stresses not at four but three points of the
rail, connecting them with three half-bridge circuits. As a result of theoretical and
experiments calculations, the measurement error ratio was about 4% [7]. Later,
numerous experimental studies in this field have been carried out, and the most
important researches were proposed by D.R. Ahlbeck and H.D. Harrison [9, 28, 29]
and by A. Moreau [30].

On the railways of North America and Europe, the “American Method”
described by D.R. Ahlbeck and H.D. Harrison [9, 28, 29] is used to measure the
wheel/rail interaction loads. According to this method, measurements of lateral
forces are carried out by strain gauges located on the rail foot, as shown in Figure 2.

A linear dependence of the lateral forces measured by the “American method”
on the displacement of the vertical force relative to the longitudinal plane of the rail
has been revealed [31]. Moreover, this dependence gives an error in measuring the
lateral force of no more than 4% [14]. Subsequently, experimental methods for
measuring transverse forces based on measurements of deformations on the surface
of the rail foot has been developed in [32, 33].

Also, there is another method for measuring lateral forces - the “method with
measurements over the sleeper”, similar to the Schlumpf method [19, 20], where
four strain gauges are installed vertically on the rail neck above the axis of the

3

New Approach Measuring the Wheel/Rail Interaction Loads
DOI: http://dx.doi.org/10.5772/intechopen.100031



sleeper to provide maximum rigidity to lateral loads and, consequently, to the
maximum bend of the rail web. Since this method is very sensitive to changes in the
position of the vertical force, then later this method was abandoned [31].

All the methods described above for measuring the vertical and lateral forces of
the wheel/rail interaction are point-based. The forces are determined only when the
wheel is positioned over the sections of the strain gauges; therefore, continuous
registration of forces is impossible. The measurement results depend on the speed
of movement and the sampling frequency of the measuring equipment. Multiple
passes of the test rolling stock along the measuring track section are required to
obtain a statistically reliable amount of experimental data. Further development of
methods for measuring the forces acting in the wheel/rail contact, which signifi-
cantly increases the volume of recorded data, is a strain-gauge measuring scheme of
“piecewise-continuous” registration [14].

Currently, the system for measuring the vertical force acting in wheel/rail inter-
action is consists of two complexes of strain gauges installed on the rail neck at an
angle of 45° symmetrically relative to the middle of the sleeper gap, where signals
from eight strain gauges are summed [9, 29, 31, 34, 35]. With this system, we can
measure the difference in displacement between two sections at some distance
within the same spacing, and the actual position of the vertical load has not been
considered in the results. This method eliminates the effect of lateral force, which
causes shear, bending in the horizontal plane and torsion of the rail. Thus, a con-
stant measured value for several tens of centimeters is obtained, providing more
reliable measurements [31]. Subsequently, the method of “piecewise-continuous”
registration of vertical forces was improved by many researchers, for example, in
[34, 36, 37]. The effective zone of the “piecewise-continuous” registration scheme
in one inter-sleeper gap is approximately 0.2 m.

A similar method of connecting strain gauges is used in the “French method” to
evaluate lateral forces described by A. Moreau [30]. The method is based on measur-
ing the stresses in the rail neck from the action of a bending moment in the horizontal
plane created by a lateral force from a passing wheel. According to the “French
method”, the vertical force mounted on the rail neck has been checked using strain
gauges (Figure 3) located symmetrically relative to the horizontal neutral axis of the
rail, in two measuring sections of the rail in each space between sleepers.

A. Moreau suggested that the distance between two measuring sections of sleepers
is 350 mm with a distance between the sleepers’ axes of 60 cm [31]. The method can
significantly increase the information recorded by the measuring circuit. The regis-
tration area of the lateral forces is several tens of centimeters. Further improvement of
the method proposed by A. Moreau is reflected in the works [31, 35].

Figure 2.
Position of strain gauges for measuring lateral forces by the “American method”: 1–8 - numbers of strain gauges.
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All the above methods for measuring the wheel/rail force are based on the use of
strain gauges installed on the rail, differ in the location of strain gauges and the
specifics of processing the received signals. Other experimental research methods of
measuring the forces arising at the point of contact of wheel/rail are also known
[14, 36, 38–41].

An effective method for measuring vertical and horizontal forces transmitted by
wheels to sleepers are also methods where registration is carried out using force-
measuring elements mounted on rail pads [3, 4, 40]. Such vertical and horizontal
power measuring elements using strain gauges in the bridge circuit were developed
at VNIIZhT by LA Grachishnikov [3].

In researches [38, 41], measurements of vertical and lateral forces from the
wheel/rail interaction have been carried out by measuring the deformation of the
hole in the rail. In this case, to measure the interaction forces, cylindrical strain
gauges mounted on two liners have been installed in the holes in the rail neck [38]
in the neutral axis of the rail, where each force component can be measured sepa-
rately [14, 39]. Similarly, a simple transducer was developed that allows one to
separate the effects of the vertical force from the lateral ones by placing it in the
holes made in the rail neck near the centre of the rail lateral torsion [41]. The main
disadvantages of the methods are the low sensitivity of deformation signals to
lateral forces and violation of the track integrity [34, 35].

The statistical studies on the Russian railways showed that the GOST R 55050–
2012 [21] method and the Russian Railways (RZD-2016) method are used to mea-
sure the force effect of rolling stock on the track [21, 27, 42]. These methods are
implemented using strain gauges mounted on the rail neck and measure the wheel/
rail forces only when the wheel is positioned over the strain gauges sections, and
continuous registration of forces in the wheel /rail contact is impossible. In this case,
the results depend on the speed of movement and the number of tests; therefore, to
obtain a statistically reliable amount of experimental data, multiple passes of the
test rolling stock along the measuring section of the track are required. For this
reason, there is a need to develop new technical solutions that make it possible to
increase the length of the measuring zone, ensure the continuous registration of the
force effect wheel/rail interaction during movement, and increase the measurement
accuracy.

2. Research on the development of methods for recording the wheel/rail
interaction

2.1 Calculation method and calculation model

For this study, a simplified computational model of the rail track has been built,
which is a rail of the R65 type (according to GOST 8161–75) [43], 3200 mm long,
laid on six sleepers, the distance between them is 544 mm, with boundary

Figure 3.
Location of strain gauges for determining lateral forces by the “French method”: 1–8 - numbers of strain gauges.
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conditions characterizing the rigidity of the upper structure of the railway tracks,
fasteners, and horizontal longitudinal stiffness of the rail, as shown in Figure 4.

As a boundary condition, kinematic connections have been assumed, which are
elastic elements (Elastic Support/Foundation Stiffness), to consider the vertical and
lateral stiffness of the relationship between the rail and sleepers and the longitudinal
stiffness rail. In calculations, vertical and lateral forces added together in one sec-
tion and successively have displaced along the rail. Different positions of the
wheelset relative to the longitudinal axis of the rail during movement have been
considered. Figure 2 represents the Rail model that has been used where:

Q - the vertical force; P - lateral force.
l1 = l2 = l3 = l4 = l5 - the distance between the supports.
a – represent the location of the vertical and lateral forces applied relative to the

axis of symmetry of the inter-sleeper’s gap.
Cx and Cy - transverse (horizontal) and vertical stiffness of the connection

between the rail and the sleepers.
Cz - longitudinal stiffness of the rail.
Apply vertical loads on the rail’s rolling surface; small areas of the contact patch

with an area of 144 mm2 were provided (Figure 3). Contact patch centre:

• It is in the middle of the railhead.

• Displaced 11.7 mm outward from the middle of the railhead.

• Displaced 11.7 mm inward from the middle of the railhead.

Apply a lateral force to the rail’s side edge; the ridge contact patch areas with an
area of 35 mm2 were provided (Figure 3). The centre of such a platform was at a
distance of 13 mm from the railhead level.

The ANSYS Workbench software package, version 18, has been used for calcu-
lations using the finite element method. The finite element mesh that has been

Figure 4.
Design diagram of the rail, where: Q - the vertical force; P - lateral force; l1 = l2 = l3 = l4 = l5 - the length of the
sleepers (distance between the supports); a - the coordinate of the application of vertical and lateral forces
relative to the axis of symmetry of the inter-sleepers’ gap; Cx and Cy - transverse (horizontal) and vertical
stiffness of the connection between the rail and the sleepers; Cz - longitudinal stiffness of the rail.
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applied to the rail model includes 117535 elements and 435738 nodes. Finite ele-
ments of the Solid186 type with a size of 7.5 mm have been used. The Solid186
feature has a quadratic shape with twenty nodes with three degrees of freedom at
each node: displacements in the nodal coordinate system’s x, y, and z directions.

The gap between the sleepers was divided into 17 sections to determine the
dependence of the stresses arising on the surface of the rail neck, on the acting
forces in the wheel/rail contact (from section �8 to section 8), the distance between
which is 34 mm (Figure 5).

2.2 Research on the development of a method for registering vertical forces
acting from a wheel on a rail

The analytical method of calculation substantiated the possibility of registering
vertical forces from the wheel to the rail by measuring the shear stresses in two
sections of the rail over a significant part of the sleep space [44, 45]. The results of
the analytical calculation made it possible to conclude that the difference in shear
forces in 2 symmetrical sections at a distance between the measuring sections
remains constant and equal to the vertical force from the wheel to the rail
(Figure 6).

P ¼ Q1�Q2 ¼
I:b

S
τLzx � τRzx

� �

(2)

Where, τLzx and τRzx - shear stresses, measured respectively in sections to the left
and right of the acting force; S - the static moment of the lower part of the section
relative to the point at which the stresses are determined; b - is the width of the rail
neck in the measured section; I - the moment of inertia of the rail.

Since the calculation formulas (2) do not include parameters that depend on the
distance between the sleepers and the characteristics of the supports, this circum-
stance makes it possible to determine the vertical force from the wheel to the rail on
a significant part of the sleep distance, thereby increasing the volume of reliable
statistical data obtained and increasing the accurate measurements.

Virtual measuring points were set symmetrically on both sides of the rail on the
neutral axis, and the values from these points were summed up to check the

Figure 5.
Platforms on the rail surface for applying vertical and lateral forces.

7

New Approach Measuring the Wheel/Rail Interaction Loads
DOI: http://dx.doi.org/10.5772/intechopen.100031



possibility of restoring forces by measuring shear stresses in two sections and
exclude the influence of lateral and longitudinal forces.

Using the FEM, the vertical force Q was applied at a point on the railhead
surface for each section and alternately shifted along the rail from section �8 to 8.
As a result, the reconstructed values of vertical forces were determined from
the difference in shear stresses τzx(+i) - τzx(�i) arising in 2 symmetric sections
of the rail when the vertical force moves along the rail, which are shown in
Figure 7.

When comparing the calculation results of the vertical forces, it has been found
that the main difference between the results obtained by the finite element method
and the data found according to the beam theory was the absence of a force jump.
Using FEM, a smooth increase in the values of the restored forces is observed over a
length approximately equal to 3/4 of the rail height, then the growth slows down
and reaches a maximum in the centre of the inter-sleeper gap. The forces at the
centre of the span remain practically constant. The constant-scale zone for the
restoration of the vertical force turns out to be significantly smaller than it follows
from the calculation according to the beam theory.

The best accuracy of the vertical force is provided when measuring shear
stresses in sections 6 (�6) with a length of the measuring zone of about 200 mm
(Figure 7, d). With an increase in the length of the measuring zone, the deviation
increases. The accuracy of restoring the vertical force along sections 4 (�4) and 5
(�5) is significantly lower (Figure 7, b, c), but in the middle part of the measuring
zone of any of these figures, the constancy of the restoring force is ensured. The
resulting discrepancies can be eliminated by calibration. The maximum length of
the measuring zone, where the constancy of the vertical force is ensured, is
approximately 0.3 … 0.5 of the distance between the sections, which makes it
possible to increase the volume of reliable statistical data obtained and improve the
measurement accuracy.

Thus, the results obtained in the calculations by the finite element method
confirmed the sufficient efficiency of restoring the vertical force in the wheel/rail
contact from the measured shear stresses in two sections of the rail.

Figure 6.
Scheme of piecewise continuous registration of vertical forces: P - vertical force from the wheel to the rail;
Q1, Q2 - transverse forces; l - the distance between strain gauges.
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2.3 Influence evaluation on the accuracy of displacement measurements of the
wheel from the axis of symmetry and the occurrence of lateral forces

When the rolling stock moves along the rail track, a transverse displacement of
the wheel pair in the track occurs, which leads to the displacement of the “wheel/
rail” contact patch in the transverse plane of the rail; as a result, the vertical force
also changes its position. In this case, the occurrence of lateral force is possible when
the wheel flange hits the rail. Therefore, additional calculations were carried out for
the following cases: displacement of the point of application of the vertical force
relative to the longitudinal axis of the rail; lateral force generation.

As a result of the calculations, taking into account the movement of the wheel/
rail contact patch in the transverse plane and the occurrence of lateral force, it was
found that the lateral displacement of the wheel relative to the longitudinal plane of
the rail by 11.7 mm and the occurrence of lateral force do not significantly affect the
measurement accuracy of the vertical forces by the difference between the values of
shear stresses in two sections of the rail. In this case, the effect of the lateral
displacement of the wheelset on the result is no more than 1.6%, and the lateral
force is no more than 1.38%.

For further experimental verification, it has been recommended to install strain
gauges in sections 6 (�6), provided that the distance between the axles of the
sleepers is 544 mm and the length of the sleeper gap is 408 mm. The stiffness
characteristics of the rail base and rail can influence the results of the experiment.
The discrepancy between the vertical force coming from the wheel to the rail and
the restoring force is proposed to be eliminated by calibrating the strain gauge
circuits.

2.4 Experimental studies to determine the loads from a wheel/rail contact

Experiments were carried out on a fragment of an R65 type rail made according
to GOST 8161–75 [43] with a length of 665 mm, fixed on two supports measuring
200 � 140 � 20 mm; distance is 544 mm.

Figure 7.
The reconstructed values of the vertical force from the difference in the values of the shear stresses arising in
the investigated sections of the rail when the vertical force moves from section �8 to section 8: a - section 3 (�3);
b - sections 4 (�4); c - sections 5 (�5); d - sections 6 (�6).
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Pre the experiment, a precision marking of a rail fragment between the supports
was carried out on 17 sections, the distance between 34 mm.

Then, strain gauges were glued to both sides of the rail web. Strain gauges are
placed on the neutral axis of the rail in sections 6 (�6) to determine the vertical
force by measuring the stresses in two sections of the rail. To determine the forces
on the rail, strain gauges have been installed on the neutral axis of the rail in section
0. The arrangement of strain gauges is shown in Figure 8.

Strain gauges are connected to two full parallel bridges with a four-wire con-
nection to register signals in sections �6 (6). Strain gauges are connected according
to a full-bridge circuit with a four-wire connection to register signals in section 0.

P ¼ Q1 �Q2 ¼
Kp ε1 þ ε2ð Þ

2
�
Kp ε3 þ ε4ð Þ

2
�
Kp ε5 þ ε6ð Þ

2
þ

þ
Kp ε7 þ ε8ð Þ

2
¼

Kp

2
ε1 þ ε2 � ε3 � ε4 � ε5 � ε6 þ ε7 þ ε8ð Þ,

(3)

Where Q1 - Q2 is the difference in shear forces.
Kp is a coefficient that depends on the characteristics of the material and the

profile of the rail. During operation, this factor can change due to wear on the
railhead.

The change in the output voltage for the considered circuit of parallel operation
of two bridges is determined by the expression:

ΔU ¼ k ε1 þ ε2 � ε3 � ε4 � ε5 � ε6 þ ε7 þ ε8ð Þ 1� ηð ÞU, (4)

or

ΔU ¼ k � εΣ 1� ηð ÞU: (5)

εΣ ¼ ε1 þ ε2 � ε3 � ε4 � ε5 � ε6 þ ε7 þ ε8;

Where η is a term characterizing the nonlinearity of the bridge; k - coefficient of
sensitivity of strain gauges; U is the voltage of the measuring bridge.

From equality (3) and (5), we obtain the formula for determining the vertical
force from the readings of strain gauge bridges:

P ¼
Kp

2
εΣ ¼

Kp

2

ΔU

Uk 1� ηð Þ
: (6)

Figure 8.
Layout of strain gauges on the rail neck (numbers from �8 to 8 indicate section numbers, numbers in brackets
for each section indicate distances from the middle part between the supports): 10-80, 10 0-20 0- strain gauge
numbers.
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During experiments, a static vertical load P equal to 0 kN, then from 100 kN to
200 kN with a step of 25 kN was applied to a rail fragment sequentially, along the
investigated sections (Figure 8), through a loader at the DYNASET-200 stand. Up
to 100 kN to 0 kN with the same step until the moment of complete unloading. The
experiment process at the DYNASET-200 stand is shown in Figure 9.

Based on experiments results, the dependences of the vertical force on the
position of the load application point have been determined according to the pro-
posed method (Figure 10).

The experiment results showed that the average value of the restored forces over
the length of the measuring zone of 204 mm according to measurements in sections
6 (�6) was 199.15� 0.98 kN with a load of 200 kN. The error ratio, in this case, was
equal to 0.42%.

The experiments were carried out to determine the vertical static force from the
wheel to the rail according to the proposed method based on the measured stresses
in two rail sections.

The results showed that the discrepancies in the recovery of the force value of
200 kN at the point of application of the vertical force located in the longitudinal
axis of the rail, in section 0 according to measurements in sections 6 (�6) relative to
the measuring circuit located in section 0 and recording readings according to
GOST R 55050–2012 [21], was 0.47% (0.95 kN).

Figure 9.
A fragment of a rail on the DYNASET-200 stand during the experiment: a) front view: b) left view.

Figure 10.
Dependence of the restored forces recorded by the measuring circuits located in sections 6 (�6).
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Thus, the experimental studies confirmed the effectiveness of recovering verti-
cal forces by measuring stresses in two sections of the rail under the action of a
vertical load located in the longitudinal plane of the rail [46, 47].

Then, the proposed measurement technology has been tested to determine the
wheel/rail interaction loads [48, 49]. Due to the nature of the track on the site,
strain gauges have been installed at 363 mm.

Over a length of the measuring zone of approximately 220 mm, the deviations of
the scale factor from the mean value do not exceed 3%, which is in satisfactory
agreement with the FEM calculation. It is also possible to increase the length of the
measuring zone up to �440 mm when using a variable scale factor. The measure-
ment comparison results are shown in Figure 11.

It is clear that, at the moment when the wheel was passing the middle of the
measuring section, the results coincide with the measurements according to GOST
R 55050–2012, and the proposed method gives many values of the rolling stock/rail
interaction force.

Thus, the results above confirmed the ability of the new method to determine
the vertical force acting in the wheel/rail interaction, increase the information
received by 20–40 times with the same number of measuring circuits and improve
the measurement accuracy compared with the current method using according to
GOST R 55050–2012 [50].

2.5 Development of a method for determining lateral forces in the wheel/real
interaction

To develop a new method for measuring the lateral force from the wheel/rail
interaction theoretically, the method of registering vertical forces between the
wheel/rail by measuring stresses in two sections of the rail [44, 50] and the “French
method” of lateral forces registration has been adopted as prototypes, The method
of registering vertical forces between the wheel/rail by measuring stresses in two
sections of the rail increased measurement accuracy of the vertical effect of the
rolling stock on the path on a significant part of the sleeper gap. The “French

Figure 11.
The measurement of the vertical force acting from the wheel to the rail when passing the measuring section at a
speed of 100 km / h (length of the measuring zone with an error of no more than 3% Δ1 ≈ 8 mm), according to
the method of two sections with a constant scale (Δ2 ≈ 220 mm) and variable scale (Δ3 ≈ 440 mm).
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method” of lateral forces registration, described in [31, 30], with the installation of
strain gauges vertically on the rail necks, symmetrically relative to the horizontal
neutral axis of the rail.

At the first stage, the results accuracy of the “French method”was investigated on
the track of a traditional 1520 mm gauge design [30]. For this, eight virtual mea-
suring points have been installed on both sides of the rail neck in two vertical cross-
sections located in the inter-sleep space. Ly1 - Ly2 values were changed while
maintaining the symmetrical arrangement of the measurement points relative to the
neutral axis of the rail (Figures 12). The (Ly1 - Ly2) in the vertical direction between
the measurement points varied from 5 to 90 mm with a step of 5 mm. The distance
in the horizontal direction was varied from 274 to 544 mm with a step of 10 mm.

In this case, the lateral force P is determined, similarly to the Schlumpf method
[19], by the expression.

P ¼
MO1 �MO2

Ly2 � Ly1
¼

ΔM

ΔLy
, (7)

Here MO1 , MO2 are the bending moments relative to the points O1 and O2

(Figure 12) from the action of the vertical force Q and lateral force P.
As a result of multivariate calculations using the finite element method, the

dependences of the main, normal, and tangential stresses arising in the investigated
sections of the rail under the action of vertical and lateral forces have been obtained.

The calculations showed that with such an arrangement of measuring points, it
is impossible to accurately determine the value of the lateral force (railway track
with R65 rails and laying concrete sleepers 1800 pcs / km) [51].

The maximum error ratio of expression (7) was no more than 13.8%, caused by
the nonlinear dependence of the stresses σy on the displacement of the contact point
in the transverse direction. Therefore, it has been decided to abandon the “French”
approach to measurements with the asymmetrical installation of measurement
points relative to the neutral axis of the rail.

Figure 12.
Arrangement of symmetrical points for measuring voltages; 1–8 - numbers of points of measurements; Q is the
vertical force; P - lateral force; X, Y - directions of the axes of the coordinate system.
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At the second stage, multivariate calculations have been carried out to measure
normal stresses at the points without maintaining the symmetrical arrangement of
the measurement points relative to the neutral axis of the rail. The best results
determine lateral forces from the wheel/rail interaction given by the location of the
measurement points below the neutral axis of the rail (Figure 13).

At the designated points, the values of normal stresses σy are determined. The
differences in normal stresses (σy) do not depend on the displacement of the vertical
force across the rail, and expression (7) has been used to determine the lateral force,
as in the Schlumpf method. The value of ΔLy is constant. The arising stresses
linearly depend on ΔM; therefore, expression (7) has been replaced with the
equivalent:

P ¼
∆M

∆Ly
¼ K∆σy: (8)

Where K is a scale factor that depends on the inertial characteristics of the rail
section; Δσy is the difference between normal stresses arising at points (Figure 13),
which is determined by the formula:

∆σy ¼ ∆σy34 þ ∆σy78
� �

� ∆σy12 þ ∆σy56
� �

(9)

where Δσy12, Δσy34, Δσy56 and Δσy78 are the values of the difference between
the normal stresses at the measuring points 1 2; 3 4; 5 6 and 7 8, respectively,
determined by the formulas:

∆σy12 ¼ σy1 � σy2;∆σy34 ¼ σy3 � σy4;∆σy56 ¼ σy5 � σy6;∆σy78 ¼ σy7 � σy8: (10)

The values of Δσy has been determined according to formula (9) in the central
part of the sleeper do not depend on vertical force application relative to the middle
of the railhead. However, they have some deviations along the measuring zone,
from section �8 to section 8; with an increase in length, the deviation increases.

Thus, the values of Δσy was obtained when multiplied by a scale factor, make it
possible to determine the magnitude of the lateral force during the wheel/rail
interaction.

The analysis of the results using FEM confirms that such an arrangement of
measurement points using a constant scale factor provides a standard deviation

Figure 13.
Layout of stress measurement points below the neutral axis of the rail: a - view from the inside of the track; b -
outside view; 1–8 sampling point numbers.
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when determining the wheel/rail interaction lateral force of no more than 4% along
the length of the measurement zone of approximately 140 mm. The values of the
wheel/rail interaction lateral force when a vertical force of 120 kN and a lateral
force of 45 kN have been applied are shown in Figure 14.

From the above results, lateral forces of the wheel/rail interaction along the
length of the 140 mm measuring zone with a relative error of not more than 4.0%
have been determined by installing eight strain gauges in the inter-sleeper span
below the neutral axis of the rail and perpendicular to the longitudinal axis of the
rail. Strain gauges are installed on both sides of the rail web in two vertical cross-
sections, the distance between which is 440 mm, provided that the distance
between the sleepers’ axes is 544 mm to eliminate the influence on the measure-
ment accuracy of lateral forces from the wheel/rail interaction and the displacement
of vertical forces relative to the longitudinal plane of the rail. The sections are
located symmetrically at a distance of 220 mm from the vertical central transverse
plane of the sleepers. Strain gauges with a 1–5 mm base are glued at heights of 67.5
and 72.5 mm from the rail base. The developed method for measuring lateral forces
by measuring normal stresses in two rail sections is recommended to be verified
experimentally.

2.6 Experimental studies to determine lateral loads from the interaction of a
wheel with a rail

Experiments have been carried out on a fragment of a railway track with R65
rails according to GOST 8161–75 [43], 3000 mm long, laid on wooden supports
(beams) measuring 100 � 200 � 2000 mm, the spacing of which is 544 mm. A
precision marking of the R65-type rail was carried out between wooden beams in 9
sections, the distance between which is 34 mm to prepare for the experimental
tests. Precision rail markings are shown in Figure 15.

Then, on both sides of the rail web in two vertical cross-sections with the
distance between them 440 mm, strain gauges with a nominal base of 3 mm have
been glued. The sections have been arranged symmetrically at a distance of 220 mm
from the vertical central transverse plane between the wooden beams. At the same

Figure 14.
The values of the lateral force from the difference in the values of the normal stresses arising in the investigated
sections of the rail when the vertical and lateral forces move from section - 8 to section 8. (The lateral force in the
rail calculate according to Eq. 5, and when vertical force 120KN and lateral force of 45 kN acted on the rail).
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time, in contrast to theoretical studies [51], where the distance between the mea-
surement points is recommended to be 5 mm, in experimental studies, the distance
between the centres of the strain gauges was 7 mm. When the wheel moves along
the rail and sleepers, deformations occur, recorded by the installed strain gauges.
The vertical normal stress σyi arising on the rail web is proportional to the
deformations.

σyi ¼
E

1� μ2
εyi þ μεxi
� �

, (11)

Where E is the modulus of elasticity; μ is Poisson’s ratio; εyi - linear deformations
caused by normal stresses σyi on the rail web; εxi - linear deformations on the rail
web caused by rail bending.

The difference between normal stresses, expressed in terms of deformations, has
the following form:

∆σy12 ¼ σy1 � σy2 ¼
E

1� μ2
εy1 � εy2
� �

; (12)

∆σy34 ¼ σy3 � σy4 ¼
E

1� μ2
εy3 � εy4
� �

; (13)

∆σy56 ¼ σy5 � σy6 ¼
E

1� μ2
εy5 � εy6
� �

; (14)

∆σy78 ¼ σy7 � σy8 ¼
E

1� μ2
εy7 � εy8
� �

; (15)

∆σy ¼ ∆σy34 þ ∆σy78
� �

� ∆σy12 þ ∆σy34
� �

¼
E

1� μ2
εy3 � εy4 þ εy7 � εy8 � εy1 þ εy2 � εy5 þ εy6
� �

: (16)

Where εyi is deformations caused by normal stresses σyi recorded by the i-th
strain gauge.

Figure 15.
Sections of the investigated rail fragment between the sleepers (numbers from �4 to 4 indicate the section
numbers, the numbers in brackets for each section indicate the distance from the middle part between the
wooden beams).
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The magnitude of the lateral force, expressed in terms of deformations εyi, has
the form:

P ¼ K ∙∆σy ¼ K ∙

E

1� μ2
εy3 � εy4 þ εy7 � εy8 � εy1 þ εy2 � εy5 þ εy6
� �

(17)

The summation and subtraction of strain signals included in the formula (17) are
performed using a complete measuring bridge with a four-wire connection. The
expression determines the change in the output voltage of the measuring bridge:

∆U ¼
∆R3

R
�
∆R4

R
þ
∆R7

R
�
∆R8

R
�
∆R1

R
þ
∆R2

R
�
∆R5

R
þ
∆R6

R

� �

1� ηð ÞU, (18)

R is the resistance of the strain gauges; ΔR1 - ΔR8 - change in resistance of strain
gauges T1 – T8, respectively; η - parameter characterizing the nonlinearity of the
measuring bridge; U is the voltage of the measuring bridge.

The resistance change is proportional to the deformation.

∆Ri

R
¼ kтεyi, (19)

Where kT is the coefficient of the strain gauge sensitivity of the strain gauges.
Then the change in the output voltage will be determined by the formula:

∆U ¼ kт εy3 � εy4 þ εy7 � εy8 � εy1 þ εy2 � εy5 þ εy6
� �

1� ηð ÞU (20)

From expressions (17) and (20), we obtain the formula for calculating the lateral
forces arising from the interaction of the wheel and the rail:

P ¼ K
E

1� μ2
εy3 � εy4 þ εy7 � εy8 � εy1 þ εy2 � εy5 þ εy6
� �

¼

¼ K �
E

1� μ2
�

ΔU

kTU 1� ηð Þ
¼ Krp �

ΔU

U 1� ηð Þ
,

(21)

Where Kгр ¼ K ∙ E
kт ∙ 1�μ2ð Þ - it is proposed to determine experimentally.

To register signals and determine lateral forces during the wheel/rail according
to expression (21) is necessary to install eight strain gauges vertically on both sides
of the rail neck, connected to a complete measuring bridge with a four-wire circuit
with recording equipment.

At the first stage, a central vertical static load Q , equal to 25 and 50 kN, have been
applied sequentially (Figure 15), followed by a decrease in the load until the
moment of complete unloading.

At the second stage of the experiment, a vertical static load Q , equal to 25 and 50
kN, was applied along the rail sections with a displacement relative to the longitu-
dinal rail axis by 20 mm outward and inward from the middle of the railhead. At all
stages of the experiment, simultaneously with the vertical load on rail fragment, a
horizontal transverse load P equal to 0.2Q and 0.4Q have been applied at a distance
of 20 mm from the railhead level.

According to the experiment results [52], the dependences of the lateral force on
the point of load application have been determined using the proposed method
(Figure 16).

The average values of the restored lateral forces over the length of the measuring
zone 136 mm have been obtained, shown in Table 1.
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The experimental studies carried out on the railway track confirmed the results
of theoretical studies and the effectiveness of the method of piecewise continuous
recording of lateral loads from the wheel/rail interaction by measuring the normal
stresses in two rail sections [53].

3. Conclusions and recommendations

1.Theoretically and experimentally approved the possibility of piecewise
continuous recording of vertical and lateral forces from the wheel/rail

Figure 16.
Dependences of the restored lateral forces on the point of load application: a - under the action of a vertical force
of 50 kN and a lateral force of 20 kN; b - under the action of a vertical force of 50 kN and a lateral force of 10
kN; c - under the action of a vertical force of 25 kN and a lateral force of 10 kN; d - under the action of a
vertical force of 25 kN and a lateral force of 5 kN; 1 - under the action of a vertical force in the longitudinal
plane of the rail and a lateral force; 2 - under the action of a vertical force with an outward displacement of the
track and lateral force; 3 - under the action of a vertical force with an inward displacement of the track and
lateral force; 4 - actual load.

Parameter Loading Scheme

A B C D

Recovered loads, kN:

mean 20.16 10.04 10.02 5.06

maximum value 20.79 10.38 10.39 5.20

minimum value 19.35 9.71 9.68 4.84

Confidence interval width, kN 0.72 0.34 0.36 0.18

Standard deviation, kN 0.47 0.24 0.28 0.15

Relative error, % 2.37 2.43 2.82 3.01

A - with a vertical force of 50 kN and a lateral force of 20 kN;
B - with a vertical force of 50 kN and a lateral force of 10 kN;
C - With a vertical force of 25 kN and a lateral force of 10 kN;
D - With a vertical force of 25 kN and a lateral force of 5 kN.

Table 1.
Statistical data obtained from the length of the measuring section (136 mm).
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interaction by measuring the stresses in two rail sections on a significant part
of the sleeper gap.

2.As a result of comprehensive studies using analytical calculations on beam
theory, the finite element method and experiments on stands and railway
tracks, it has been approved that the best option for determining the vertical
forces in wheel/rail contact by measuring shear stresses in two sections of the
rail when installing strain gauges on the neutral axis of the rail in two sections
at a distance of 204 mm from the centre of the sleeper gap (the distance
between the measuring sections is 408 mm). This ensures the determination of
the vertical force with a relative error of not more than 4% over the length of
the measuring zone, approximately 1/3 of the distance between the sleepers
(approximately 220 mm), and with the use of a variable scale factor, this
length increases to 440 mm.

3.As a result of comprehensive studies using the finite element method and
experiments on the railway track, it has been found that the best option for
determining lateral forces from the wheel/rail interaction by measuring
normal stresses in two sections of the rail and install eight strain gauges at
heights of 67.5 and 72.5 mm from the rail base in two vertical cross-sections,
the distance between them is 440 mm, located symmetrically relative to the
vertical central transverse plane of the sleepers gap. This arrangement of strain
gauges provides a standard deviation of the restored lateral force of no more
than 4% along the length of the measuring zone of about 140 mm.

4.Thus, methods and devices have been developed for determining the vertical
and lateral forces acting from the wheel on the rail by measuring the stresses in
two sections of the rail [54, 55], which ensure the registration of the force
effect of the rolling stock on the railway track on a significant part of the
sleeper gap, allowing to increase the volume the obtained reliable statistical
data, improve the measurement accuracy, reduce the number of trips of the
tested rolling stock along the experimental measuring sections, thereby
reducing the time and cost of tests in comparison with test according to GOST
R 55050-2012 and “RZD-2016”.

5.The developed methods for measuring the forces of wheel/rail interaction by
measuring stresses in two sections of a rail has been recommended to be used
when determining the wheel/rail interaction forces, as well as for identifying
defects on the rolling surface of wheels when diagnosing rolling stock while a
train is in motion [56, 57].
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