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ABSTRAC The main stiffness properties that determine the stresses in the track structure components under loads

from a moving train are the modulus of elasticity of the rail slab and the slab-track/rail correlation stiffness
coefficient. These parameters have been investigated for a ballasted track and are well established today, in contrast to those
of a non-ballasted track. This study aims at determining the stiffness characteristics of a non-ballasted track, comparing them
with those of a ballasted track, and assessing their effect on the stress-strain state (SSS) of the elements of a non-ballasted
track structure. Field experiments to measure the stresses in the track structure elements were carried out using strain-gauge
methods. As a result of the experiments, the modulus of elasticity and the correlation stiffness coefficient of the rail slab and
the rail were determined for the RHEDA2000 slab track system. The results obtained prove it possible to apply a rail-as-beam-
on-elastic-foundation theory and to use well-established calculation methods for designing a non-ballasted track structure
suitable for different operational conditions.
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CTPYKLMM BEPXHETO CTPOEHUS MyTW NOA Harpy3KoW OT ABWMXKYLLEroCs Noe3aa, IBNATCS MOAYb YNpyroctu
noApenbCOBOro OCHOBAHUS U KOIPOULMEHT COOTHOCUTENbHOW XXECTKOCTU NOAPENbCOBOr0 OCHOBAHMS U PenbCa. 3HAYEHNUS 3TUX
napameTpoB A/ NyTH C e300/ Ha Bannacre ceroAHs UCCNenoBaHbl U XOPOLLO M3BECTHbI, B 0TMuMe oT b6esbannactHoro nytu. Llenb
MCCNenoBaHUS — HAaTYpPHOE ornpeneneHue ynpyrmx xapaktepuctuk 6e36annactHoro xenes3HoAopoXHOro nyT1, MX CpaBHEHME C
aHaNOrMYHbIMU XapaKTepUCTUKaMK A5 NYTH Ha BannacTte u oLeHKa BO3AENCTBUS AaHHbIX XapaKTEPUCTUK Ha HanpsxeHHo-aedop-
MMPOBAHHOE COCTOSIHME 3IEMEHTOB BEPXHErO CTPOEHMs 6e36annacTHoro nyTu. HaTypHble UCMbITaHWS MO U3MEPEHUIO HAMPSIXKEHUI
B 3/1IEMEHTaX BEpXHero CTpOeHUS NyTU OCYLLECTBASMUCH C MOMOLLbI0 TEH30METPUYECKMX MeTOL0B. B pe3ynbrate skcnepuMMeHTOB
YCTaHOB/EHbI 3HAYEHUS MOAYNS YNPYroCTU NOAPENbCOBOTO OCHOBAHMS U KOIhdULIMEHTA COOTHOCUTENLHOW KECTKOCTU NoApenb-
COBOro OCHOBaHWS v penbca ang 6esbannactHoi koHcTpyKumn RHEDA200O. MonyyeHHble pe3ynbTaThbl AaOT BO3MOXHOCTb pac-
CMaTpuBaTh penbC Kak Banky, N1exallyto Ha CNaOLHOM YNpyroM OCHOBaHMM, MPUMEHUTENbHO K 6e36annactHoOMy MyT1 U MCNoNb-
30BaTb M3BECTHble METOAbI pacyeTa A5 NPOEeKTUPOBAHUS XKEeNe3HOA0POXHOI0 MyTH C YCTPOMCTBOM 6e36annacTHoM KOHCTPYKLMK
B 3aBMCMMOCTU OT YCIIOBUIA IKCMyaTaLmUu.

AH HOTAL“/] OCHOBHbIMU YNpYrMMU XapakTepUCTUKaMu, ONPeLeNnsioWLMMMU 3HAUEHUS HAMNPSXKEHWUI B 31EMEHTAX KOH-
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HopopoxHoro nyTtu // Tpancnopt BPUKC. 2023.T. 2. Buin. 1. C. 4. https://doi.org/10.46684/2023.1.4.

INTRODUCTION

At present, the railway transport in the Russian
Federation has been developing due to the continu-
ous expansion of the fast and high-speed railway net-
works and an increase in railway carrying capacity
together with the growing volume of freight and pas-
senger traffic. On sections with speeds above 160 km/h
(on fast and high-speed sections), there is a worldwide
practice of switching to slab track systems as the most
low-maintenance and long-lasting (up to 50-60 years)
structures [1]. Non-ballasted track systems require sig-
nificant capital investment but they have a number
of advantages over ballasted track structures. These
advantages lie in the reduction of maintenance costs,
improved train ride quality and passenger ride com-
fort as well as reduced fuel and energy consumption
required for train traction and others [2].

World practices in the operation of non-ballasted
track systems have shown their cost effectiveness un-
der certain operational conditions [3]. There are more
than 30 types of non-ballasted track systems in the
world today, but choosing a certain system for specific
operational conditions remains a complicated task [4].
One of the reasons is a lack of easy methods for calcu-
lating the stress-strain state (SSS) of a ballastless track,
which would take into account the specifics of the de-
signed structure, engineering and geological conditions
of construction, operational conditions in the future,
etc. The calculation methods known today are labour-
intensive and require a considerable amount of input
data. In addition, their application will be challenging
for ordinary engineering personnel in design organisa-
tions due to their mathematical complexity. When com-
paring rail performance in ballasted and non-ballasted
track structures, the rail can be modelled as a beam
resting on a continuous elastic foundation [5]. Due to
this method, it is possible to carry out the assessment of
the track structure SSS using well-established theories
and calculation methods.

The evaluation of the track elements SSS for a con-
ventional ballasted track is carried out in accordance
with the track stiffness calculation methods based on
the above-stated assumption that a rail is a beam on
an elastic foundation [6]. In accordance with these
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methods, the Schwedler-Zhuravsky theorem for the
curved rail axis is applied

d?y d*y d*M
— =M wm —-FEl —=—=
dx? dx*  ax?
where E is the modulus of elasticity of rail steel; I is the
inertia moment of the rail cross-section in relation to
its central horizontal axis passing through the centre
of gravity of a section; y is the rail transverse elasticity
under load; M is the bending moment; q is the rail slab
performance.

In equation (1), a linear dependence between the
rail transverse elasticity and the rail slab performance
is defined and is expressed by the modulus of elasticity
of the rail slab U

EI g, @

q=-U-y. 2

Integration of equation (1) with dependence (2) makes
it possible to determine the rail transverse elasticity,
the bending moment value and the rail pressure on the
sleeper (formulae (3)) [7].

= & e™(coskx + sinkx)
Y ’

P
= — pkx <
M ik e*(coskx - sinkx), 3)

Pkl .
Q=Uyl= - e (coskx + sinkx),
where [ is the distance between sleeper axes; k is the
correlation stiffness coefficient of the rail slab and the
rail determined by the relation

/U
k:4m. 4

According to formula (3), the bending moment is pro-
portional to the ordinates of the influence line p_kx
that are defined by the relation (formula (5)). Graphi-
cally, u_kx function is shown in Fig. 1. Fig. 1 also shows
the position of the dynamic vertical forces acting from
the rolling stock wheels on the rails.

1, = €**(coskx — sinkx). (5)
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Fig. 1. Diagram showing the bending moment of a rail modelled
as beam on a continuous elastic foundation

Fig. 1 shows that the bending moment line crosses
the horizontal axis at points that have equal ordinates:
x = m/4k, then, x = 5m/4k, etc. Thus, knowing the dis-
tances X it is possible to find experimentally the corre-
lation stiffness coefficient of the rail slab and rail k, and
further, using formula (4) and expressing U through k,
to find the modulus of elasticity of the rail slab.

U=4-E-1-k (6)

U and k are design characteristics of a railway
track and have been well researched for a ballasted
track structure [8]. The mean U-value for a ballasted
track with reinforced concrete sleepers varies between
50-120 MPa; and for a track with timber sleepers, it is
20-30 MPa. The change in the values depends on the
elastic properties of the rail pads, the sleeper layout,
the elastic properties of the ballast bed and the sub-
grade or formation. The stiffness coefficient of the rail
foundation and the rail is also determined by the elas-
tic properties of the rail steel and the actual rail cross-
section geometry (from 1.10 m to 1.6 mis for a track
with reinforced concrete sleepers; and from 0.90 m to
1.1 m™ is for a track with wooden sleepers).

The stiffness properties of a non-ballasted track
have not been thoroughly investigated, which makes
it difficult to use the beam model on elastic foundation
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for the calculation of the track components’ SSS. In this
regard, it is an urgent engineering task to experimen-
tally determine the stiffness properties of a non-ballast-
ed railway track.

RESEARCH METHODS

Field experiments to determine the modulus of
elasticity and correlation stiffness coefficient of rail
slab and rails on RHEDA 2000 non-ballasted track were
performed on the Sablino — Tosno 46-km section of St.
Petersburg - Moscow line (II main track, 45 + 65,00 kilo-
meter post). Non-ballasted track features are shown in
Fig. 2.

The experiment took place on a track section laid
on an embankment of medium-grain sand, with light
powdery loam ranging from solid to semi-solid at the
base of the embankment. The track consisted of con-
tinuous welded P65 rails, VOSSLOH fastenings and
German-made sleepers with a layout of 1840 pcs/km.
Sleepers were embedded in a load-bearing reinforced
B40-class concrete slab of 240 mm thickness. It is laid
on a 300-mm-thick foundation slab of B15 concrete.
A 40cm-thick protective layer of sand-and-gravel mix
is installed under the track foundation slab (Fig. 2).

Empty freight trains with the VL10 locomotive,
long-distance passenger trains with the EP2K locomo-
tive, ER suburban electric trains, and regional Las-
tochka ES1high-speed electric trains were running on
the section during the experiment. The freight trains’
speeds varied between 40-80 km/h, and passenger
trains’ speeds were between 40-110 km/h.

In order to identify the distance x = p/4k (Fig. 1),
resistance strain gauges were attached to the bottom
edge of the outer rail. The resistance strain gauges con-
formed to the requirements of GOST 21616 91 “Resis-
tance Strain gauges. General technical requirements”.
They were attached to the rail bottom with special glue
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Fig. 2. Design of RHEDA 2000 non-ballasted track system
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Fig. 4. Lengthwise layout of strain gauges attached to the rail
bottom

at a distance of 3 mm from the outer edge of the rail, as
shown in Fig. 3 [9].

The strain gauges were installed every 10-50 cm
lengthwise. There were 8 measuring points ona 2.175 m-
long rail. The layout of the strain gauges in the experi-
mental section is shown in Fig. 4.

The strain gauges were electrically connected in a
bridge circuit. An active strain gauge with ohmic resist-
ance R, was included in an unbalanced bridge shown
in Fig. 5.

The measuring circuit was calibrated using a can-
tilevered beam of equal resistance (Fig. 6), onto which
strain gauges from the same batch as those used in the
experiment were attached with glue [10].

The procedure for calibrating the gauge circuit
was as follows: strain gauge R, was glued to the bot-
tom edge of the rail, a bridge circuit was assembled,
then calibration strain gauge R, was connected to one
arm, and finally, strain gauges with constant electri-
cal resistance R, and R, were connected to the other
two arms. With the adjustment of R, gauge resistance,
the bridge circuit was brought to a balanced posi-
tion, i.e. the value of the current across the diagonal
of the bridge was zero. Then a load of certain mass
was suspended from the beam with equal resistance
thus generating P, force (Fig. 6) and, correspondingly,
causing M, bending moment. The use of a beam with
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equal resistance showed that the bending stresses o,
at any cross-section point are the same when P, force
is applied. Therefore, the bending stresses can be de-
termined by the formula

Or_j = _la ) (7)
T—1 W
where M, is the bending moment, W is the moment of
resistance of the beam with equal resistance.
According to formula (8), the bending moment
will be

M,=P,-l ®)

With the force P, acting on the beam, the bridge circuit
was unbalanced and the current value I, was detected
in the arm of the bridge. Knowing the absolute value
of bending stresses in the beam and registering current
I, gauge factor K, was determined.

Cr_;
KT*I' = 1=t . (9)

1 T—i
Thus, a further research was aimed at determining
the bending stresses in the rail o, by using a gauge
factor to convert the current value in the unbalanced

+ Constant
=T current source

R4 Rs

Fig. 5. Bridge connection circuit of strain gauges:
R, is an active sensor attached to the bottom edge of the rail,
R, is a calibrating sensor; R, and R, are resistors with constant
electrical resistance

AY

\1\\\\

Fig. 6. Cantilever beam of equal resistance for calibrating the
measuring circuit: h is beam thickness equal to 0.5 cm;
lis beam length equal to 20 cm; b is beam width equal to 8 cm;
P is force application point
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bridge diagonal Ichan when the wheel-to-rail load
was applied

o, = Ki Lepan- (10)

During the experiment, the readings of all strain gaug-
es were recorded simultaneously. It allowed processing
the results and determining the bending stresses in the
rail bottom edges at the same time at different posi-
tions of the rolling stock axles relative to the attached
strain gauges.

The experimental measurements were processed
using conventional methods of mathematical statis-
tics. Statistical series were formed so that one statisti-
cal series comprised the values of measured stresses
corresponding to one type of rolling stock, fixed axle
load and certain train speeds. The probability level in
processing the results was assumed 0.994. The main in-
terest was in the mean values of the rail bottom edge
stresses, their maximum possible values and the coef-
ficients of variation.

RESEARCH RESULTS

According to the well-known formulae [11], the rail
bottom edge stresses can be determined according to
the following dependence

M
b
f

Cp_g = (11)
where M is the bending moment in the rail caused by
the passage of the rolling stock, W, is the resistance mo-
ment in the rail in relation to the furthest fiber at the
bottom, fis the transition factor from axial stresses to
edge stresses. The value of the latter can be accepted
in accordance with the Methodology for assessing the
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impact of rolling stock on the track to ensure its reli-
ability (RF Railway Ministry, CPT-52/14).

Applying formula (3) in expression (11) including
expression (5), we obtain

P.f

Cp_s
Expression (12) shows that the edge stresses at the rail
bottom and the ordinates’ influence line of the bending
moment will be in direct proportion. Consequently, the
edge stresses curve in the rail along its length will coin-
cide with the bending moment curve, while zero edge
stresses will be at the point at a distance of x = n/4k
from the first axis of the train bogie [12]. Recording the
movement of the front train bogie axis over the first
strain gauge (Fig. 4), with the train running from left
to right (Fig. 4), it is possible to construct the stress-
es curve in the rail edge acting at the same moment,
thereby determining the distance x corresponding to
the horizontal coordinate w4k by interpolation (Fig. 4).
Due to the obtained value of x = m/4k, the rail slab/rail
correlation stiffness coefficient is determined in re-
verse movement. Modulus of elasticity of the rail slab
is calculated using formula (6).

Using this approach and experimental measure-
ments, mean values of the modulus of elasticity of
track slab U for different types of rolling stock running
at different speeds were calculated. The results are
shown in the table below.

DATA ANALYSIS
Based on the data obtained, Fig. 7 shows the de-
pendencies of the modulus of elasticity of the rail slab

on the type of rolling stock and speed changes.

Table

Modulus of elasticity of RHEDA 2000 non-ballasted track

ER electric train

Lastochka ES electric train - - 59,0
EP2K Locomotive 61,0 60,9 60,8
VL10 Locomotive 61,0 61,0 61,0
Passenger car 59,9 59,9 59,8
Mean 60,7 60,6 60,5
Mean
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Modulus of elasticity of the RHEDA 2000 U non-ballasted track, MPa, at train speeds, km/h

Type of train ot40(incl) | or50(incl) | or60(incl) | or70(incl) | or80(incl) | or90(inc) | or100 (incl)
R0 50 (excl) | no60(excl) | no70 (excl) | mo80(excl) | mo90 (excl) | mo 100 (excl.) | mo 110 (excl.)
60,0 60,0 59,8 60,0 59,9 59,8 59,5

58,7 589 58,9 589
60,8 60,8 60,7 60,6
61,0 = = =
59,8 59,8 59,8 59,7
60,5 60,3 60,3 60,2
60,4
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Fig. 7. The effect type of rolling stock and movement speed on the modulus of elasticity of RHEDA 2000 non-ballasted track

The analysis of the experimental data and statistical
process results show that the modulus of elasticity of
the rail slab varies from 58.9 to 61.0 MPa for all types
of rolling stock at different speeds. The discrepancy of
the results does not exceed 3-5 % as a rule. For further
engineering applications, the modulus of elasticity of
RHEDA 2000 non-ballasted track structure can be ac-
cepted to be 60 MPa.

A number of scientific papers [13] state that one of
the main disadvantages of ballastless track design is
considered to be its high stiffness. Track stiffness RT is
known to be numerically equal to the force applied to
the rail causing its elastic deflection equal to 1, i.e. track
stiffness is directly related to the rail slab modulus of
elasticity [14].

2
Ry =22,
Tk

(13)

The experimental results demonstrate that RHEDA
2000 non-ballasted track does not show any significant
increase in stiffness compared to a ballasted railway
track with reinforced concrete sleepers. The mean
value of the modulus of elasticity of the rail founda-
tion for a typical ballasted track is 50-120 MPa [15],
whereas for the non-ballasted RHEDA 2000 track it is
only 60 MPa. Since the stiffness of the entire track is

TRANSPORT INFRASTRUCTURE

determined by the stiffness of track elements, the re-
sults obtained can be attributed to the use of VOSSLOH
W-301-HH fasteners with high elasticity rail pads.

CONCLUSION

The experimental data on determining the modu-
lus of elasticity and rail slab/rail stiffness coefficient of
RHEDA 2000 non-ballasted track structure provide a
number of key conclusions:

e modulus of elasticity and slab/rail correlation stiff-
ness coefficient for RHEDA 2000 non-ballasted track
with train speeds between 40 and 110 km/h do not
depend significantly on the type of rolling stock.
The variances do not exceed 3-5 %j;

e the mean modulus of elasticity of rail slab for
RHEDA 2000 non-ballasted track was 60 MPa, which
indicates no increase in the stiffness of the ballast-
less track compared to the ballasted track. The
results can be attributed to the use of VOSSLOH
W-301-HH fasteners with high elasticity rail pads;

e the obtained elastic properties for RHEDA 2000
rail slab track make it possible to use the model of
beam resting on a continuous elastic foundation to
determine the strain-stress state of all non-ballasted
track components.
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