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INTRODUCTION

The railway track is the basic load-bearing 
element of the railway track structure. Its de-
signed geometric layout ensures safe movement 
of rolling stocks. The most commonly used rail-
way track structure in the world is a railway grid 
made of rails attached by fastening system to 
transversely lied sleepers, resting on a layer of 
ballast. A classic ballasted railway track structure 
is made of rails, rail bonds, sleepers and ballast. 
In addition, the railway track structure includes 
additional elements used in special cases: anti-
creep stops, guides in small-radius curves, exten-
sion joints and guard rails on bridges, turnouts 
and track crossings and railway crossings. Such 
a structure has not changed in principle since the 
beginning of the railway. The progress that has 

taken place in the field of track structure con-
struction is expressed mainly in the change in the 
method of connecting rails forming rail track, the 
change in the method of attaching rails to sleep-
ers, the use of concrete or plastic sleepers (instead 
of wooden ones), and above all in the increase in 
the weight of individual track structure elements.

The upper surface of the track bed, the so-
called railway subgrade, is the foundation on which 
the railway track is laid, which is the basic ele-
ment of the technical infrastructure of the railway. 
Since the service life of the railway track is usually 
20–30 years (sometimes even 50 years), it is very 
important to choose the right construction system, 
ensuring that the changing, most often increasing 
operational requirements are met over time.

The main tasks of the railway track bed in-
clude ensuring safe motion of vehicles on rails 
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and taking over dynamic impacts from the roll-
ing stock wheels and transferring them to the 
subgrade. The railway track grid (rails attached to 
sleepers) properly supported on the railway bal-
last transfers the acting loads. The railway ballast 
cooperating with the track grid ensures the proper 
response of the track through:
	• longitudinal resistance (e.g. to longitudinal 

forces, e.g. braking),
	• transverse resistance (e.g. to transverse forces, 

e.g. steering),
	• vertical resistance (e.g. to vertical forces – 

loads from the vehicle axles).

Full contact of both the railway track and the 
sleeper with the ballast ensures the expected op-
eration and behavior of the railway track structure 
during long-term operation (minimizes the effect 
of hanging sleepers or the possibility of track buck-
ling during high temperatures). Progressive opera-
tion causes increased the values of the displace-
ments, stresses and forces transferred between 
elements in the railway track structure. Therefore, 
further research are expected (analyses, computer 
simulations, field and laboratory tests) aimed at 
analyzing such unfavorable phenomena [1–5]. The 
deteriorating condition of the track and loads from 
trains cause further an increase in the dynamic 
impacts, noise and vibrations [6, 7]. The actual 
state of the railway track, its shape and layout, 
described by geometrical parameters (e.g. track’s 

width, twist, tilt, vertical and horizontal deforma-
tions of both rails) changes during long-term op-
eration. The planned repairs in the railway track 
structure:
	• regulation of a continuous welded rail (CWR) 

track,
	• regulation of rail’s dilatations,
	• regulation of rails after creep,
	• vertical realignment of the track (usually by 

balast tamping),
	• horizontal realignment of the track,
	• replacement of singular superstructure elements
	• repair of a broken rail,
	• regeneration of steel superstructure elements,
	• replacement of turnout element,
	• reprofiling of rails (grinding, milling, planing, 

padding),

are intended to extend the service life and reduce 
the costs of railway works.

The arising successive irregularities in the 
operated jointless track significantly change the 
working conditions of the loaded track elements 
[8–10]. The main cause of the track deformation 
is the variable support of the track on its length 
(e.g. the uneven settlement of the ballast [11–13] 
or weak subgrade). Such factors may cause a 
complete contact loss between the sleeper and the 
ballast (Figure 1).

Additionally, the arising imperfections, 
changes, wear and age of elements significantly 

Figure 1. Examples of arising imperfections in railway track structure; (a) rail’s damage; (b) the inappropriate 
support of sleeper in the track; (c) the arising irregularities in the railway track due to deformation of ballast (the 

areas of contact loss between the track and ballast) [14]
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disturb the working conditions of whole railway 
track structure, which unfortunately lead to the 
successive its degradation. The arising imper-
fections and the influence of rolling stocks are a 
source of additional vehicle impacts on the railway 
track (Figure 1). Therefore, the further researches 
are necessary to know and describe the influence 
of arising imperfections on track behavior (e.g. 
problem of hanging and unsupported sleepers or 
contact loss between the track and ballast).

THE TRACK’S PROGRESSIVE 
DEGRADATION

The progressive track degradation causes 
the following changes in the railway track [4, 6, 
15–20]:
a)	rails (especially rail’s head):
	• breaks, head checks, squats, break-outs,
	• skid spots, indentations,
	• corrugations; wear, machining errors,
	• construction errors,

b)	joints and fastening:
	• corrosion, breaks, indentations of plastic 

elements,
	• missing, nut tightening,
	• keeping in the sleeper,

c)	sleepers:
	• breaks and squats of concrete sleepers,
	• cracks of concrete sleepers,
	• corrosion, rotting, indentations of wooden 

sleepers,
	• wear of wooden sleepers at fastening,
	• change of sleeper spacing,

d)	pads: brakes, missing, wear, oval holes, inden-
tation into a sleeper,

e)	ballast and subgrade:
	• ballast around sleepers and at sleepers’ head,
	• raveling,
	• contact loss between track and ballast,
	• ballast fouling (crushing, attrition),
	• mud slots,
	• drainage system (its patency),
	• inhomogeneity of the subgrade,
	• weak subgrade.

During the successive operation, the vertical 
forces acting on the track (FV = FV0 + FVk + FVds + 
FVdh + FVdb + FVj) [21] can be divided into the fol-
lowing components [22]:
	• FV0 is the static wheel force (100%),

	• FVk is the quasi-static contribution in curves 
(0–40%),

	• FVds is the dynamic contribution due to rail ir-
regularities (0–300%),

	• FVdh is the dynamic contribution due to wheel 
flat (0–300%),

	• FVdb is the contribution due to braking (0–20%),
	• FVj is the contribution due to asymmetries (0–

10%) (are shown in Figure 2).

THE EFFECT OF UNSUPPORTED RAILWAY 
TRACK AND SLEEPERS ON THEIR 
BEHAVIOUR

Differential ballast settlement causes the con-
tact loss between the sleeper bottom and the bal-
last (causing an “unsupported sleeper” suspended 
under the cooperating rail) [23]. The used granu-
lar layers (e.g. railway ballast and protecting lay-
ers) are sensitive on further progressive deforma-
tion due to the acting forces from trains (causing 
an accumulative deterioration of the railway track 
geometry). During the successive operation of a 
railway track, the sleepers are getting more and 
more unsupported or hanging [24]. According 
[25], the number of hanging sleepers in the track 
may reach up to 50% of all sleepers.

The arising unsupported railway track and 
sleepers in ballasted tracks are one of the fre-
quent track defects [26]. The main reason for the 

Figure 2. Various sources for impact loads in rail 
tracks [22]
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intensive development of contact loss is the me-
chanics of the railway sleeper and ballast inter-
action (Figure 1c). Additionally, the contact loss 
zones cause inhomogeneous railway ballast pres-
sure distribution between the empty area and fully 
supported adjacent areas [26]. In the paper [26] the 
mechanism of the sleeper–ballast dynamic impact 
in the contact loss zone is studied. It is stated, that 
the significant impact accelerations in this area 
even for lightweight slow vehicles (on the basis of 
measurements of rail deflections). The used model 
(a simple three-beam numerical model) shows that 
the sleeper accelerations are more than 3 times 
higher than the corresponding wheel accelerations. 
In this phenomenon the impact pointing is before 
the wheel enters on the impact point [26]. The bal-
last quasi-static loading analysis shows an increase 
of more than 2 times in the ballast loading in adja-
cent areas for long contact loss and almost full qua-
si-static unloading for short-length contact loss. An 
improved three-dimensional numerical model of 
railway track is used for analysis of the effects of 
unsupported sleepers on the dynamic behavior of 
track [27]. In such studies are considered the fol-
lowing parameters; the gap between the sleeper 
and the ballast, the vehicle velocity and the num-
ber of unsupported sleepers. It was stated, that con-
sideration of sleeper compressive forces, geometry 
of the sleepers and an actual assumption for the 
sleeper–ballast contact significantly improves the 
precision of the results from theoretical models. In 
the paper [23] the experiments on 1/5-scale bal-
lasted track models to analyze combined effects 
of supported and unsupported sleepers are carried 
out. The conducted pullout tests using panels with 
supported and unsupported sleepers show, that the 
unsupported sleepers decreasing the lateral ballast 
resistance. Such analyses, considering the comb-
ing effects of the sleepers support on the lateral 
ballast resistance, are particularly important for 
track’s buckling considerations.

The effect of unsupported sleepers on the 
normal load of wheel/rail using a numerical 
simulation is considered in the paper [28]. The 
numerical research shows that the gaps between 
the unsupported sleepers and ballast have a 
significant influence on the normal load of the 
wheel and the rail. Also the higher velocity and 
the bigger gap size generate the bigger resonant 
frequencies of the track. Due to the arising long 
wavelength, the fluctuation of normal load made 
by the hanging sleepers does not generate the 
phenomenon of short-pitch corrugation of the 

rail. The influence of an unsupported sleeper on 
the vertical bearing characteristics of Heavy-
Haul Railway Ballast [29] is analyzed using 
a three-dimensional discrete element model 
(DEM) [29]. During the research a phenomenon 
of removing ballast particles that contacting with 
the bottom of the sleeper is carried out. The ob-
tained results showed that a phenomenon of un-
supported sleeper significant reduce the bearing 
zone of the ballast below the cooperating sleeper 
and also reduce the number of ballast particles 
that are in contact. Paper [30] presents an in-
teresting method for estimation of the track’s 
vertical stiffness on a basis of measured track’s 
vertical deflections (due to various deflections of 
differently supported sleepers) under static rail-
way vehicle motion along the considered track. 
The measurements of deflections are made on an 
operated railway track section for applied static 
axle loads of a wagon (100 kN/axle, 150 kN/axle 
and 200 kN/axle). On the basis of the obtained 
deflections the track vertical stiffness variations 
are estimated (with mean value: 34.98 [kN/mm] 
for 100 kN/axle, 43.03 [kN/mm] for 150 kN/axle 
and 49.96 [kN/mm] for 200 kN/axle). The main 
conclusion of this paper [30] is that the track re-
sponse changes due to different axle loads.

The unsupported sleepers and railway tracks 
cause differential settlements of track superstruc-
tures, increase of dynamic loading, train-track 
interactions which reduce passenger comfort, 
safety, and maintenance cost. Cognitively inter-
esting are analyses that consider prognostics of 
unsupported railway sleepers and their severity 
diagnostics using machine learning [31]. Such 
studies are important to develop new machine 
learning models for prognosis and diagnostics of 
defect severities of unsupported sleepers related 
to practical track inspection guidelines.

In the following points of the paper, the author 
shows the obtained results during field investiga-
tions and an analysis using the field research car-
ried out (simulating the phenomenon of contact 
loss between the track and sleeper with ballast).

EXPERIMENTAL RESEARCH

The field tests are made at the Poznan-Franowo 
railway station. The main task of the field survey is 
to induce the intended unevenness in the railway 
track (by generating intended author’s irregularity 
in the track support). Figure 3 presents the assumed 
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scheme of intended unevenness analyzed during 
field tests. During the proposed author’s method 
of generating the intended irregularity in the track, 
the following activities are done:
1.	The intended local unevenness (lowering the 

track by a parameter f0 shown in Figure 3).
2.	An intended unevenness is obtained by en-

abling a free move of rails and lifting the track 
with a screw elevator.

3.	Next the metal plates are placed and reattach-
ing the both rails to the sleepers.

4.	The value of f0 is gradually increased from 0 
[mm] successively to 1, 2 and 3 mm.

5.	The static load is shown in Figure 4a.
6.	The Pontos system (Figure 4b) is used during 

field investigations for the static analysis [32].

The author used the Pontos system for static 
analysis of deflections in 3D (Figure 4b). This 
system makes non-contact measurements with an 
accuracy of 0.001 mm and a short time intervals 
(on the order of 0.005 [s]). The Pontos optical, 
mobile measurement system allows for rapid re-
cord in 3D coordinates (e.g. displacement mea-
surements). Using the Pontos device the non-con-
tact measures all deformations and displacements 
regardless of their type or structure are possible. 
The measurement system allows for comprehen-
sive motion analysis, deformation detection and 
vibration analysis. This device allows for excep-
tionally precise 3D coordinates due to the use of 
two cameras.

During the field investigations, 12 rides with 
the SM-42 locomotive are done. The problem 

is treated as static one (the small velocity of the 
moving locomotive: V < 10 km/h). This made it 
possible to analyze the behavior of the track (for 
the rail and the sleeper) by measuring the deflec-
tions of both the rail itself and the sleeper. The 
tests are carried out on a concrete sleeper.

The changes in a real track behavior during 
field tests are visible under the applied loads. The 
obtained graphs presented in the paper and table 
present the proper parameters for the description 
of the static behavior of the CWR track as a beam 
resting on an elastic foundation due to its intend-
ed unevenness. The author paid special attention 

Figure 3. A scheme of induced irregularity in a railway track [author’s scheme]. f0 – an irregularity induced in 
railway track structure [mm], P – an applied static force [MN] (P=90 [kN/wheel]), ES·I – a track’s stiffness in 

vertical plane [MNm2] (ES · I = 3.82 [MNm2]), gt – the track’s weight [MN/m] (gt = 0.0022 MN/m), a – a spacing 
of the sleepers [m] (a = 0.60 m)

Figure 4. The measuring equipment during field tests; 
(a) adopted load scheme (locomotive SM-42-448); 
(b) a Pontos system used to record measurements

a)

b)
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to the presentation of the obtained dependencies 
and parameters for engineering analyses.

THE OBTAINED DEFLECTIONS OF THE 
RAIL AND THE RAILWAY SLEEPER

During the field tests, the following param-
eters and values are measured for the next 4 axles 
of the SM-42 locomotive (for sections no. 1 and 
no. 2)
	• the rail’s and sleeper’s deflections under a ap-

plied load
	• the rail’s stresses under a applied load
	• the force transferred from the rail to the sleep-

er as a result of intended irregularity.

To describe the measurements obtained dur-
ing the tests (deflections of both the rail and the 
sleeper), the following function (calculated by the 
Levenberg-Marquardt’s method) is used:

	 ( ) ( ) cfafz bn
i +⋅= 00 	 (1)

where:	 f0 – the value of f0 gradually increased 
from 0 [mm] to 1, 2 and 3 [mm] in the 
cross-section no. 2 in [mm], a, b, c – the 
constants obtained from the results of 
field tests, i – a described section no. 1 
or no. 2 (Figure 3), n – the rail’s or the 
sleeper’s deflection.

Therefore, the deflections of the rail and 
sleeper are described in the following form:
	• the rail’s deflection under a applied load: zi

r(f0) 
	• the sleeper’s deflection at its end under a ap-

plied load: zi
s(f0) where: i – a considered sec-

tion no. 1 or no. 2 (shown in Figure 3).

Figure 5 shows the measured deflection of 
the rail and the sleeper during field investigations 
in cross-section no. 1 and in cross-section no. 
2 in the railway track. This figure make it pos-
sible to assess the scale of changes in considered 
cross-sections.

ANALYSIS OF THE MEASURED 
DEFLECTIONS

As can be seen in Table 1 the maximum de-
flection for rail and sleeper arises in the case, 
when the successive forces are applied in section 
no.2. The increase in the deflection of the rail is 

shown in Figure 6. The forces acting in section 
no. 1 causes also important deflections in section 
no. 2 (Figure 6a). With an irregularity f0 = 3.5 
[mm] in section no. 2 (Figure 3) the static forces 
from the locomotive are not sufficient for the con-
tact of the rail and sleeper in this section.

The described changes in deflection lead to 
changes in the stresses of the rail. Figure 7 shows 
the changes in the stress values for sections no. 2 
and no. 1 (a scheme shown in Figure 3) obtained 
from the measurements (the extensometer LY41-
20/120 on the rail foot). As can be seen in Figure 
7, according to the scheme in Figure 3, the gen-
erated track irregularity changes the deflections, 
and also causes a change in the value of stresses 
in the foot of the rail, both for section no. 1 and 
no. 2. In section no. 2 a large influence of the in-
duced irregularity on the behaviour of the railway 
track is observed. The increasing deflection of 
the rail, depending on the generated irregularity 
f0, (from 0 mm to 3 mm) causes an increase of 
stresses in the rail from 58.478 MPa up to 75.561 
MPa, i.e. by 29.22%.

In the next point, using the measured maxi-
mum force value, calculations are made of the 
influence of variable sleeper support (in the under 
rail section) on its deflections.

DEFLECTIONS OF THE CONCRETE 
SLEEPER DUE TO CONTACT LOSS WITH 
THE BALLAST IN THE UNDER RAIL’S 
CROSS-SECTION

During the railway track’s operation, the 
ballast is gradually displaced in the under rail’s 
cross-section (Figure 1b). Hence, using the value 
of the force measured during field tests (Figure 
9a), the change in the sleeper deflection along its 
length is analyzed. The foundation elasticity ma-
trices (FEM) are used to analyze the sleeper be-
havior, which take into account both the reaction 
of the ground (ballast) and the interactions trans-
ferred by the beam resting on its foundation [33]. 
Each element of the discretized sleeper transfers 
the load to the ballast, and the reaction depends 
on its modulus of elasticity, as well as the width 
of the given element. The sleeper is divided into 
9 parts (where the values: x2, x3, x7 and x8 are the 
considered ballast loosening areas) and into 80 fi-
nite elements (each with a length of 0.03125 m), 
as shown in Figure 8.The changes in the value of 
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Figure 5. The rail’s and the sleeper’s deflections due to induced uneveness in the railway track (axle load no. 1 
and no. 2 for the four axles of the SM-42 locomotive); a) acting force from 1 axle(axle load no. 1 in cross-section 
no. 1); b) acting force from 1 axle (axle load no. 1 in cross-section no. 2); c) acting force from 2 axle (axle load 
no. 2 in cross-section no. 1) d) acting force from 2 axle (axle load no. 2 in cross-section no. 2); e) acting force 
from 3 axle (axle load no. 3 in cross-section no. 1); f) acting force from 3 axle (axle load no. 3 in cross-section 
no. 2); g) acting force from 4 axle (axle load no. 4 in cross-section no. 1) h) acting force from 4 axle (axle load 

no. 4 in cross-section no. 2)

In the Figure 5 the following markings are used:
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Table 1. The rail’s and sleeper’s deflection in section no.1 and no. 2 for the succeeding axles of the SM-42 locomotive 
Acting force from 1 axle 

(axle load no. 1 in cross-section no. 1) 

A track’s 
irregularity 

( ) ( ) 026582923450 093360
001 ,f,fz ,r +=  

( ) ( ) 49941664690 216920
002 ,f,fz ,r +=  

( ) ( ) 718230674161 210190
001 ,f,fz ,s +=  

( ) ( ) 990630017711 112130
002 ,f,fz ,s +=  

f0 [mm] 

A rail’s deflection 
In section no. 1 

( )01 fz r  [mm] 

A rail’s deflection 
In section no. 2 

( )02 fz r  [mm] 

A sleeper’s deflection 
In section no. 1 

( )01 fz s  [mm] 

A sleeper’s deflection 
In section no. 2 

( )02 fz s  [mm] 

1 2 3 4 5 

0 2.027 1.499 0.718 0.991 

1 2.949 2.164 2.392 2.008 

2 3.012 2.272 2.655 2.091 

3 3.051 2.343 2.827 2.142 
Acting force from 1 axle 

(axle load no. 1 in cross-section no. 2) 

A track’s 
irregularity 

( ) ( ) 1971116021 15240
001 ,f,fz ,r +=  

( ) ( ) 1288280030 24070
002 ,f,fz ,r +=  

( ) ( ) 5368065931 18890
001 ,f,fz ,s +=  

( ) ( ) 2605121791 15610
002 ,f,fz ,s +=  

 
f0 [mm] 

A rail’s deflection 
In section no. 1 

( )01 fz r  [mm] 

A rail’s deflection 
In section no. 2 

( )02 fz r  [mm] 

A sleeper’s deflection 
In section no. 1 

( )01 fz s  [mm] 

A sleeper’s deflection 
In section no. 2 

( )02 fz s  [mm] 

1 2 3 4 5 

0 1.197 2.129 0.537 1.259 

1 2.357 2.929 2.196 2.478 

2 2.487 3.074 2.428 2.618 

3 2.569 3.171 2.579 2.706 
Acting force from 1 axle 

(axle load no. 1 in cross-section no. 2) 

A track’s 
irregularity 

( ) ( ) 1971116021 15240
001 ,f,fz ,r +=  

( ) ( ) 1288280030 24070
002 ,f,fz ,r +=  

( ) ( ) 5368065931 18890
001 ,f,fz ,s +=  

( ) ( ) 2605121791 15610
002 ,f,fz ,s +=  

 
f0 [mm] 

A rail’s deflection 
In section no. 1 

( )01 fz r  [mm] 

A rail’s deflection 
In section no. 2 

( )02 fz r  [mm] 

A sleeper’s deflection 
In section no. 1 

( )01 fz s  [mm] 

A sleeper’s deflection 
In section no. 2 

( )02 fz s  [mm] 

1 2 3 4 5 

0 1.197 2.129 0.537 1.259 

1 2.357 2.929 2.196 2.478 

2 2.487 3.074 2.428 2.618 

3 2.569 3.171 2.579 2.706 
Acting force from 2 axle 

(axle load no. 2 in cross-section no. 1) 

A track’s 
irregularity 

( ) ( ) 7374117411 19280
001 ,f,fz ,r +=  

( ) ( ) 3963102351 14950
002 ,f,fz ,r +=  

( ) ( ) 7219075091 20170
001 ,f,fz ,s +=  

( ) ( ) 1202100341 22450
002 ,f,fz ,s +=  

 
f0 [mm] 

A rail’s deflection 
In section no. 1 

( )01 fz r  [mm] 

A rail’s deflection 
In section no. 2 

( )02 fz r  [mm] 

A sleeper’s deflection 
In section no. 1 

( )01 fz s  [mm] 

A sleeper’s deflection 
In section no. 2 

( )02 fz s  [mm] 

1 2 3 4 5 

0 1.733 1.396 0.722 1.121 

1 2.907 2.421 2.473 2.124 

2 3.075 2.532 2.736 2.293 

3 3.184 2.602 2.907 2.404 

In the Table 1 the experimental values of rail and sleeper deflections in a considered section under 
the influence of forces from all locomotive axles are given.
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Acting force from 2 axle 
(axle load no. 2 in cross-section no. 2) 

A track’s 
irregularity 

( ) ( ) 4024103231 23190
001 ,f,fz ,r +=  

( ) ( ) 1549288880 26690
002 ,f,fz ,r +=  

( ) ( ) 3868090021 17710
001 ,f,fz ,s +=  

( ) ( ) 4373116211 19250
002 ,f,fz ,s +=  

 
f0 [mm] 

A rail’s deflection 
In section no. 1 

( )01 fz r  [mm] 

A rail’s deflection 
In section no. 2 

( )02 fz r  [mm] 

A sleeper’s deflection 
In section no. 1 

( )01 fz s  [mm] 

A sleeper’s deflection 
In section no. 2 

( )02 fz s  [mm] 

1 2 3 4 5 

0 1.402 2.155 0.387 1.437 

1 2.435 3.044 2.287 2.599 

2 2.615 3.224 2.535 2.765 

3 2.734 3.347 2.695 2.873 
Acting force from 2 axle 

(axle load no. 2 in cross-section no. 2) 

A track’s 
irregularity 

( ) ( ) 4024103231 23190
001 ,f,fz ,r +=  

( ) ( ) 1549288880 26690
002 ,f,fz ,r +=  

( ) ( ) 3868090021 17710
001 ,f,fz ,s +=  

( ) ( ) 4373116211 19250
002 ,f,fz ,s +=  

 
f0 [mm] 

A rail’s deflection 
In section no. 1 

( )01 fz r  [mm] 

A rail’s deflection 
In section no. 2 

( )02 fz r  [mm] 

A sleeper’s deflection 
In section no. 1 

( )01 fz s  [mm] 

A sleeper’s deflection 
In section no. 2 

( )02 fz s  [mm] 

1 2 3 4 5 

0 1.402 2.155 0.387 1.437 

1 2.435 3.044 2.287 2.599 

2 2.615 3.224 2.535 2.765 

3 2.734 3.347 2.695 2.873 
Acting force from 3 axle 

(axle load no. 3 in cross-section no. 2) 

A track’s 
irregularity 

( ) ( ) 2308190960 33530
001 ,f,fz ,r +=  

( ) ( ) 9148188220 35460
002 ,f,fz ,r +=  

( ) ( ) 1741093541 19980
001 ,f,fz ,s +=  

( ) ( ) 1716122391 18410
002 ,f,fz ,s +=  

 
f0 [mm] 

A rail’s deflection 
In section no. 1 

( )01 fz r  [mm] 

A rail’s deflection 
In section no. 2 

( )02 fz r  [mm] 

A sleeper’s deflection 
In section no. 1 

( )01 fz s  [mm] 

A sleeper’s deflection 
In section no. 2 

( )02 fz s  [mm] 

1 2 3 4 5 

0 1.231 1.915 0.174 1.172 

1 2.139 2.797 2.111 2.396 

2 2.378 3.043 2.397 2.562 

3 2.546 3.217 2.585 2.671 
Acting force from 4 axle 

(axle load no. 4 in cross-section no. 2) 

A track’s 
irregularity 

( ) ( ) 2524100551 35290
001 ,f,fz ,r +=  

( ) ( ) 9594198210 33810
002 ,f,fz ,r +=  

( ) ( ) 2473092831 22750
001 ,f,fz ,s +=  

( ) ( ) 4894112531 16610
002 ,f,fz ,s +=  

 
f0 [mm] 

A rail’s deflection 
In section no. 1 

( )01 fz r  [mm] 

A rail’s deflection 
In section no. 2 

( )02 fz r  [mm] 

A sleeper’s deflection 
In section no. 1 

( )01 fz s  [mm] 

A sleeper’s deflection 
In section no. 2 

( )02 fz s  [mm] 

1 2 3 4 5 

0 1.252 1.959 0.247 1.489 

1 2.258 2.941 2.176 2.615 

2 2.537 3.197 2.505 2.752 

3 2.734 3.375 2.723 2.841 
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the acting force transferred from the rail to the 
cooperating railway sleeper are clearly visible as 
a further consequence of the unevenness of the 
track caused by f0 (mm) (as shown in Figure 9a). 
Due to the unevenness in the track (diagram in 

Figure 3), the value of the force acting from the 
rail to the cooperating sleeper changes – in cross-
section no. 2 (from 45.094 kN to 2.351 kN). For 
this maximum value Q = 45.094 kN the following 
analyses and calculations are made:

Figure 6. The rail’s and sleeper’s deflections for the succeeding axles of the SM-42 locomotive; a) forces in 
section no. 1 – changes in section no. 2; b) forces in section no. 2 – changes in section no. 2

Figure 7. The changes in rail stresses on the value of f0 induced irregularity in the railway track (the loads from 
the locomotive’s succeeding axles); a) a stress in the rail in cross-section no. 2 – a acting force in cross-section 
no. 2 (the succeeding axles of locomotive); b) a stress in the rail in cross-section no. 1 – a acting force in cross-
section no. 1 (the succeeding axles of locomotive); c) a stress in the rail in cross-section no. 2 – a acting force in 
cross-section no. 1 (the succeeding axles of locomotive); d) a stress in the rail in cross-section no. 1 – a acting 

force in cross-section no. 2 (the succeeding axles of locomotive)



350

Advances in Science and Technology Research Journal 2026, 20(1), 340–353

1)	Identification of sleeper’s foundation param-
eter (U = 22.836 MPa).

2)	Assumed data for calculations: sleeper’s mass 
260 kg (qb = 1.0202 · 10-3 MN/m); length of 
sleeper l = 2.5 m; sleeper’s width b = 0.3 m; 
sleeper’s stiffness EI = 3.8286 MNm2 and 
sleepers spacing a = 0.6 m.

3)	Contact loss between the sleeper and founda-
tion (ballast) from 0 to 0.25 m (the lengths: 
x2,x3,x7 and x8 – Figure 8).

4)	Sleeper’s deflection due to contact loss (for the 
front of sleeper, under rail’s cross-section and in 
the middle of the sleeper – shown in Figure 9b).

DISCUSSION

The tests carried out allow for the analysis 
of deflections in cross-sections no. 1 and no. 2 

Figure 8. The assumed scheme of the considered support discontinuities, Q – force transferred from the rail to 
the sleeper

Figure 9. The force transferred from rail to sleeper and sleeper’s deflection; a) the measured force transferred 
from the rail to the railway sleeper (the KMR200 HBM indicator installed in the sole plate) as a result the f0 

value of irregularity generated in the railway track in section no. 2 (the loads from the locomotive’s succeeding 
axles; the scheme from Figure 3 – the site investigations); b) sleeper’s deflection (under rail’s cross-section 

and middle of the sleeper) due to contact loss between the sleeper and ballast; c) maximum sleeper’s deflection 
(from the front of sleeper) due to contact loss between the sleeper and ballast; d) sleeper’s deflection along the its 

length due to contact loss; where the lengths: x2, x3, x7 and x8 are shown Figure 8
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(Figure 5). As can be clearly seen in the figures 
(especially in Table 1), the gaps of f0 irregularity 
induced in the track significantly change the work 
of loaded elements of the railway track structure. 
Particularly in the considered cross-section no. 2, 
one can observe a large impact of these deforma-
tions on the work of the railway track. And so:
	• for the scheme in Figure 3, in the lack of ir-

regularity in the track (f0 = 0 mm), the rail’s 
deflection is about 2 mm (e.g. under the load 
of 1 axle of the locomotive, the value is 2.129 
mm, for 2 axle is 2.155 mm] for 3 axle is 1.915 
mm; for 4 axle is 1.959 mm);

	• with f0 = 3 mm, the rail’s deflection increases 
to the value of 3.171 mm for 1 axle (i.e. by 
48.94%); for 2 axle by 55.31%; for 3 axle by 
67.98% and for 4 axle up to 72.28%;

	• the sleeper’s deflection increases e.g. from 
1.437 mm to 2.873 mm for 2 axle (i.e. up to 
99.93%).

As can be clearly seen in the Figure 6 the gen-
erated gaps of f0 irregularity induced in the track 
significantly change the work of loaded elements 
of the railway track structure. In the paper [26] 
the variable value of force transferred from the 
sleeper to the ballast is analyzed (from 30 kN to 
60 kN). The value of the acting force measured by 
the author is 45.094 kN. Using the value of this 
measured force transferred from rail onto sleeper 
(Q = 45.094 kN) the numerical analysis is carried 
out (with considered support discontinuities). The 
influence of the lack of contact in the rail’s cross-
section is noticeable (in the obtained deflection 
values shown in Figure 9b and Figure 9c). For the 
cases shown in Figure 8, the obtained sleeper’s 
deflection increases for the front of sleeper from 
1.814 mm to 2.238 mm (by 0.424 mm), for the 
rail’s cross-section from 1.738 mm to 2.139 mm 
(by 0.401 mm) and for the middle of the sleeper 
from 1.525 mm to 1.871 mm (by 0.346 mm). 
For the cases considered in [29] for the analyzed 
sleeper in the area of contact loss with the bal-
last for the force value of 45 kN, the increase in 
deflection from 0.29 mm to 0.34 mm]is obtained. 
The consequence of the contact loss between the 
sleeper with the ballast, in addition to the change 
in deflections, is a change in the values of bend-
ing moments on the length of sleeper (especially 
in under rail’s section and in the middle of the 
sleeper) [14, 27].

CONCLUSIONS

Based on the defections tests carried out 
with static loading on sleepers hanging effect, 
the following conclusions can be drawn:
	• A problem of the work of unsupported sleepers 

is important for both simulations and measure-
ments, as well as the behavior of the railway 
track itself. 

	• The obtained dependences (deflections of the 
rail and the sleeper, stresses in rail and trans-
ferred force on sleeper) and graphs due to in-
duced irregularity are presented.

	• It is found out that the induced irregularity 
with an irregularity at value f0 (from 0 to 
3 mm) in the track significantly changes the 
work of the loaded elements of the railway 
track structure (increase in rail deflections up 
to approx. 72.28% and sleeper up to 99.93%). 
As a shown, with an irregularity f0 = 3.5 mm 
in cross-section no. 2 the acting static forces 
from the locomotive are not able to ensure 
the full contact between the sleeper and bal-
last in this section.

	• The resulting contact loss also causes an ad-
ditional unfavorable phenomenon – crushing, 
attrition and raveling of the ballast, especial-
ly in cross-section no. 2, which leads to the 
further progressive degradation of the whole 
railway track structure.

	• The induced track irregularity changes the 
deflections, and thus causes a change in the 
value of force transferred on sleeper both for 
cross-section no. 1 and cross-section no. 2. 
For the obtained maximum value of force the 
analyses and calculations for sleeper due to 
contact loss with ballast in the under rail’s 
cross-section are presented. The main con-
sequence of such changes in the contact of 
the sleeper with the ballast is an increase in 
deflections in the front of the sleeper.
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