
1TRANSPORT INFRASTRUCTURE

VOL. 2                     ISSUE 1                     2023

Original article
UDC 625.033.34
doi: 10.46684/2023.1.4

Modulus of elasticity of non-ballasted track
Ksenia I. Ivanova1�, Alexey F. Kolos2, Xintong Wang3

1, 2, 3 Emperor Alexander I St. Petersburg State Transport University (PGUPS); St. Petersburg, Russian Federation
1 kivanova@pgups.ruv�
2 kolos2004@inbox.ru
3 wangxintong@mail.ru

ABSTRACT�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 

coeffi cient. 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 coeffi cient 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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АННОТАЦИЯ�Основными упругими характеристиками, определяющими значения напряжений в элементах кон-
струкции верхнего строения пути под нагрузкой от движущегося поезда, являются модуль упругости 

подрельсового основания и коэффициент соотносительной жесткости подрельсового основания и рельса. Значения этих 
параметров для пути с ездой на балласте сегодня исследованы и хорошо известны, в отличие от безбалластного пути. Цель 
исследования — натурное определение упругих характеристик безбалластного железнодорожного пути, их сравнение с 
аналогичными характеристиками для пути на балласте и оценка воздействия данных характеристик на напряженно-дефор-
мированное состояние элементов верхнего строения безбалластного пути. Натурные испытания по измерению напряжений 
в элементах верхнего строения пути осуществлялись с помощью тензометрических методов. В результате экспериментов 
установлены значения модуля упругости подрельсового основания и коэффициента соотносительной жесткости подрель-
сового основания и рельса для безбалластной конструкции RHEDA2000. Полученные результаты дают возможность рас-
сматривать рельс как балку, лежащую на сплошном упругом основании, применительно к безбалластному пути и исполь-
зовать известные методы расчета для проектирования железнодорожного пути с устройством безбалластной конструкции 
в зависимости от условий эксплуатации.
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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 traffi  c. 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-
nifi cant 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 eff ectiveness 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 specifi c 
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 specifi cs 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 stiff ness calculation methods based on 
the above-stated assumption that a rail is a beam on 
an elastic foundation [6]. In accordance with these 

me thods, the Schwedler-Zhuravsky theorem for the 
curved rail axis is applied
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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 defi ned and is expressed by the modulus of elasticity 
of the rail slab U

 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].
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2
Pk
U

e–kx(coskx + sinkx),

 M = 
4
P
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 Q = Uyl = 
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Pkl
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where l is the distance between sleeper axes; k is the 
correlation stiff ness coeffi  cient of the rail slab and the 
rail determined by the relation

 4 .
4
U

k
EI

=  (4)

According to formula (3), the bending moment is pro-
portional to the ordinates of the infl uence line μ_kx 
that are defi ned by the relation (formula (5)). Graphi-
cally, μ_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.

 μ
kx

 = e–kx(coskx – sinkx). (5)
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Fig. 1 shows that the bending moment line crosses 
the horizontal axis at points that have equal ordinates: 
x = π/4k, then, x = 5π/4k, etc. Thus, knowing the dis-
tances x it is possible to fi nd experimentally the corre-
lation stiff ness coeffi  cient of the rail slab and rail k, and 
further, using formula (4) and expressing U through k, 
to fi nd the modulus of elasticity of the rail slab.

 U = 4 · E · I · k4. (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 stiff ness coeffi  cient 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–1 to 1.6 m–1 is for a track 
with reinforced concrete sleepers; and from 0.90 m–1 to 
1.1 m–1 is for a track with wooden sleepers).

The stiff ness properties of a non-ballasted track 
have not been thoroughly investigated, which makes 
it diffi  cult to use the beam model on elastic foundation 

for the calculation of the track components’ SSS. In this 
regard, it is an urgent engineering task to experimen-
tally determine the stiff ness properties of a non-ballast-
ed railway track.

RESEARCH METHODS

Field experiments to determine the modulus of 
elasticity and correlation stiff ness coeffi  cient 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. 1. Diagram showing the bending moment of a rail modelled 
as beam on a continuous elastic foundation

Fig. 2. Design of RHEDA 2000 non-ballasted track system
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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 on a 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 R1 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 R1 was glued to the bot-
tom edge of the rail, a bridge circuit was assembled, 
then calibration strain gauge R2 was connected to one 
arm, and fi nally, strain gauges with constant electri-
cal resistance R3 and R4 were connected to the other 
two arms. With the adjustment of R2 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

i
 force (Fig. 6) and, correspondingly, 

causing M
i
 bending moment. The use of a beam with 

equal resistance showed that the bending stresses σ
T-i

 
at any cross-section point are the same when P

i
 force 

is applied. Therefore, the bending stresses can be de-
termined by the formula

 т ,ii
M

W−σ = , (7)

where M
i
 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
i
 = P

i
 · l. (8)

With the force P
i
 acting on the beam, the bridge circuit 

was unbalanced and the current value I
T
 was detected 

in the arm of the bridge. Knowing the absolute value 
of bending stresses in the beam and registering current 
I

T-i
, gauge factor K

T-i
 was determined.

 т
т

т
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K

I
−

−
−

σ
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Thus, a further research was aimed at determining 
the bending stresses in the rail σp by using a gauge 
factor to convert the current value in the unbalanced 
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Fig. 3. Strain gauge glued to the rail bottom

Fig. 4. Lengthwise layout of strain gauges attached to the rail 
bottom

Fig. 5. Bridge connection circuit of strain gauges: 
R1 is an active sensor attached to the bottom edge of the rail; 
R2 is a calibrating sensor; R3 and R4 are resistors with constant 

electrical resistance

Fig. 6. Cantilever beam of equal resistance for calibrating the 
measuring circuit: h is beam thickness equal to 0.5 cm; 

l is 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

 т .r chanK Iσ = ⋅  (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 diff erent 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, fi xed 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-
fi cients of variation.

RESEARCH RESULTS

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

 ,r
r s

r

M
f

W−σ =  (11)

where M
r
 is the bending moment in the rail caused by 

the passage of the rolling stock, W
r
 is the resistance mo-

ment in the rail in relation to the furthest fi ber at the 
bottom, f is 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 

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

 .
4r s kx

r

P f
k W−
⋅

σ = ⋅ μ
⋅ ⋅

 (12)

Expression (12) shows that the edge stresses at the rail 
bottom and the ordinates’ infl uence 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 = π/4k 
from the fi rst axis of the train bogie [12]. Recording the 
movement of the front train bogie axis over the fi rst 
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 π⁄4k by interpolation (Fig. 4). 
Due to the obtained value of x = π/4k, the rail slab/rail 
correlation stiff ness coeffi  cient 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 diff erent types of rolling stock running 
at diff erent 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.
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Table
Modulus of elasticity of RHEDA 2000 non-ballasted track

Type of train

Modulus of elasticity of the RHEDA 2000 U non-ballasted track, MPa, at train speeds, km/h

от 40 (incl.) 
до 50 (excl.)

от 50 (incl.) 
до 60 (excl.)

от 60 (incl.) 
до 70 (excl.)

от 70 (incl.) 
до 80 (excl.)

от 80 (incl.) 
до 90 (excl.)

от 90 (incl.) 
до 100 (excl.)

от 100 (incl.) 
до 110 (excl.)

ER electric train 60,0 60,0 59,8 60,0 59,9 59,8 59,5

Lastochka ES electric train – – 59,0 58,7 58,9 58,9 58,9

EP2K Locomotive 61,0 60,9 60,8 60,8 60,8 60,7 60,6

VL10 Locomotive 61,0 61,0 61,0 61,0 – – –

Passenger car 59,9 59,9 59,8 59,8 59,8 59,8 59,7

Mean 60,7 60,6 60,5 60,5 60,3 60,3 60,2

Mean 60,4
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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 diff erent 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 scientifi c papers [13] state that one of 
the main disadvantages of ballastless track design is 
considered to be its high stiff ness. Track stiff ness RT is 
known to be numerically equal to the force applied to 
the rail causing its elastic defl ection equal to 1, i.e. track 
stiff ness is directly related to the rail slab modulus of 
elasticity [14].

 T
2

.
U

R
k

=  (13)

The experimental results demonstrate that RHEDA 
2000 non-ballasted track does not show any signifi cant 
increase in stiff ness 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 stiff ness of the entire track is 

determined by the stiff ness 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 stiff ness coeffi  cient of 
RHEDA 2000 non-ballasted track structure provide a 
number of key conclusions:

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

•  the mean modulus of elasticity of rail slab for 
RHEDA 2000 non-ballasted track was 60 MPa, which 
indicates no increase in the stiff ness 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;

•  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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Fig. 7. The effect type of rolling stock and movement speed on the modulus of elasticity of RHEDA 2000 non-ballasted track
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