
Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 4/7 ( 88 ) 2017

10

© V. Kovalchuk, Ya. Bolzhelarskyi, B. Parneta, A. Pentsak, O. Petrenko, I. Mudryy, 2017

1. Introduction

Switches or turnouts are an integral part of railway 
transport, which are at the same time one of the weakest 
components of track, since their design includes moving 
components and a crossing [1]. The crossing is a more com-
plicated element that is exposed to large dynamic forces 
caused by its longitudinal and transverse profiles [2, 3]. 

Results of processing statistical data by the tonnage 
carried through revealed that the current profile in line 
with GOST 28370-89 does not meet performance crite-
ria because the average time of crossings operating cycle 
on all the examined directions of the Ukrainian Rail-
roads (Ukraine) does not reach the warranty period of 
operation [4]. In most cases, the performance of crossings 
does not actually reach the half-way term of a failure-free 
operation.

An analysis of the removed crossings by the tonnage 
carried through showed that the largest percentage of 
crossing failures occur due to the reasons of chipping and 

wear of the crossing core and wing rails (Fig. 1). In particu-
lar, up to 50 % of the total number of removed crossings are 
the defects of wear in the core and wing rails, 30 % – core 
and wing rails chipping, 20 % – other defects [2].
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Fig.	1.	Distribution	histogram	of	defects	in	turnouts	[2]



Applied mechanics

11

The studies conducted, aimed at establishing the causes 
for the occurrence of such defects, are necessary and relevant 
for today. Appropriate monitoring will make it possible to 
devise timely engineering solutions for improving bearing 
capacity of the crossings of turnouts.

2. Literature review and problem statement

The main factor that affects the level of dynamic forces 
on the crossings is the irregularity of their vertical plane, 
which is caused by the profile of wing rails and core [5, 6]. As 
a result, the longitudinal and transverse profiles of the cross-
ing affect the intensity of wear of its elements, the formation 
of defects, and ultimately the term of its service.

The phenomenon of contact fatigue of material of surface 
layers of the crossing occurs as a result of multiple elastic 
or elastic-plastic deformation of the material in the regions 
of contact wheel – crossing. This leads to the occurrence of 
micro- and then macro cracks around the contact surfaces of 
crossing and wheel. The intensity of the process of accumu-
lation of fatigue damage is affected by a multitude of factors. 
The main are the frequency of loading, the level and charac-
ter of distribution of contact stresses. In this case, the char-
acter of the distribution of residual stresses depends on the 
temperature and condition of the surface layer of crossing. 

Exploring the reasons for the occurrence of such defects, 
the mechanisms of their development during operation will 
contribute to the development of technical control systems. 
This will make it possible to develop effective measures to 
extend the terms of operation of the crossings of turnouts.

However, conducting such an analysis is possible only 
during detailed studies and calculations of the stressed-
strained state of the crossing in the region of its contact 
interaction with a wheel [7]. As is known, classical theory of 
the calculation of contact stresses by the methods outlined 
in articles [8, 9] is based on the significant simplifications 
of actual picture of contact interaction between a wheel 
and a core, which is why results of the calculations in most 
cases differ from experimental data. The main reason for 
the differences in theoretical and experimental results is 
the existence of plastic deformations during real interaction 
between a wheel and a core, which leads to a change in the 
magnitude of contact area [9]. Author of article [7] paid 
attention to this and he essentially corrected the classic 
procedure for the calculation of contact stresses. In order to 
calculate the strength and durability of the core in the region 
of contact interaction with the wheels of rolling stock, it is 
necessary to know kinetics of the stressed-deformed state 
of metal in the given region. It will depend on the mutual 
position of rolling surface of the crossing core and the wheel 
during motion of rolling stock, as well as during changes in 
the transverse profiles of the wheel and the core, which hap-
pens in the process of their operation and wear.

This problem cannot be solved using known analytical 
methods of calculation and known analytic formulae. The 
exact determining of local stresses and deformations in the re-
gion of core and wing rails of the crossing is possible only un-
der condition of the application of modern numerical methods 
of calculations with the use of electronic computing machines.

A large number of contact models are currently used, from 
the simple ones to the more complex, which in general can be 
divided into four groups. The first group includes empirical 

and heuristic approaches that are based on the preliminary 
assumption about elliptical shape of the contact spot and the 
law of Hertz concerning the distribution of normal stresses 
in it. The most commonly used are the linear and nonlinear 
empirical Kalker’s models and the Muller method [6, 9, 10], 
Vermeulen and Johnson theory, Polah method [11]. Their 
shortcoming is the lack of precision in terms of a two-contact 
interaction and underestimation of all possible profiles of the 
wheel and the crossing.

The second group is the rapid and approximated methods 
that consider the distribution of tangential stresses at a con-
tact spot, but the distribution of normal stress is accepted 
by the Hertz law. Also known are the method of first order 
accuracy FASTSIM [5, 6], the method of second order accu-
racy FASTSIM2 [6, 11], the method of approximating tables 
[6], the semi-analytical method FASTSIM_A [6]. Such 
methods make it possible to take into account the actual 
shape of surfaces of the wheel and the crossing, at relatively 
simple calculations, but they are not suitable for detailed 
examination of the contact problem.

The third group consists of the methods for accurate 
determining of the contact interaction, based on the ap-
proaches of elasticity theory, in which contact surfaces are 
considered as half-spaces. Such approach is employed by the 
method CONTACT [9, 12]. These methods do not introduce 
additional assumptions about the distribution of normal 
stresses, arbitrary shape of contact surfaces is considered. 
The disadvantage is cumbersome calculations that prevent 
using such methods as part of the models of interaction be-
tween the track and the rolling stock.

The fourth group includes the finite-element approaches, 
which to the largest extent match the real picture of interac-
tion between the wheel and the crossing; nevertheless, these 
are the most difficult ones in terms of solving practical tasks 
on interaction between the track and the rolling stock. 

Contact interaction between the core and the wheel 
physically represents a three-dimensional distribution of 
stresses and deformations in the body of core and in the con-
tact region of wheel [13, 14]. 

When shifting the load to the edge of of a rail head, 
results of calculations according to the classical theory may 
yield significantly reduced values of both normal (σmax) 
and tangential stresses (tmax). Convergence in the results of 
stresses may vary within the range of 2.0–2.5 times com-
pared with the actual picture of the stressed state received 
by employing the MKE method.

Normal stresses on the rolling surface of rail and wheel 
depend on the wheel load on the rail, the curvature radii of 
the rolling surfaces of wheel and rail, the properties of their 
materials. Note that the Hertz contact theory holds under 
assumptions about the materials of contact bodies being uni-
form and isotropic. In this case, friction forces in the contact 
area are missing while dimensions of the contact area are 
small compared with the size of conjugated bodies.

Based on the performed analysis, it was established that 
the prediction of crossing wear based on the mathematical 
models of material deformation runs into several difficulties. 
The approaches that are available to date for establishing 
the causes for the development of defects in the crossings 
of turnouts are based on cumbersome computations, not 
considering actual conditions of the interaction between 
the wheel and the profile of crossings. As a result, it was 
found that the assessment of the stressed-strained state of 
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turnout crossings is possible when using the finite-element 
approaches that most accurately describe the real picture of 
interaction between the wheel and the crossing.

3. Research goal and objectives 

The goal of present work is to evaluate the stressed-
strained state of the 1/11 type crossings of turnouts by the 
method of finite elements using the Ansys programming 
environment.

To accomplish the set goal, the following tasks should 
be solved:

– to develop a finite-element model of the crossing in the 
Ansys programming complex;

– to determine the kinetics of development of contact-fa-
tigue damage on the rolling surface of the crossing;

– to establish main causes for the occurrence of defects 
and damage to the crossings of turnouts.

4. Development of the finite-element  
model “wheel-crossing”

We designed a three-dimensional crossing and a wheel of 
the rolling stock. Geometric model of the crossing is shown 
in Fig. 2; diagram of the forces that load the wheel pair is 
presented in Fig. 3.

 

Fig.	2.	Geometric	model	crossing-wheel

 
Fig.	3.	Diagram	of	the	forces	applied	to	a	crossing	

When building the model “wheel-crossing” and performing 
the calculations, we considered the R65 type turnout, 1/11 
brand; in this case, we examined the unworn profile of the brace 
and the crossing. Mechanical properties of the brace and the 
crossing that were used for the calculation are given in Table 1.

We split in the global Cartesian coordinate system the 
wheel pair into tetrahedra-like finite elements. The finite- 
element grid of the model “wheel-crossing” is shown in Fig. 4. 

Values of the required functions in the grid nodes are 
marked as unknown, the discretized problem is stated rela-

tive to them [12, 13]. The dimensions of finite elements are 
significantly reduced in the examined region to improve 
accuracy in the calculation of stresses and deformations. A 
snippet of the grid of finite elements into which the crossing 
and the wheel brace were split in the estimated cross section 
is shown in Fig. 4.

Table	1

Mechanical	properties	of	brace	and	crossing

Mechanical properties Brace Crossing

Density, kg/m3 7850 7850

Young modulus, Pa 2.1∙1011 2.1∙1011

Poisson ratio 0.3 0.3

 

Fig.	4.	A	finite-element	model	of	the	pair	“wheel-crossing”

In order to simulate contact surfaces, we determined the 
contact pairs as a result of preliminary analysis of behavior of 
the crossing at its deformation. In the contact asymmetric pairs 
“surface-surface”, one of the surfaces is accepted as the target 
(TARGET170), another – as the contact (CONTACT174). 
Simulation of contact pairs (Fig. 5) is typically performed 
under interactive mode by using the feature Contact Wizard.

 

Fig.	5.	Creation	of	the	contact	pair	in		
Ansys	Mechanical;	assigning	the	target	and		

the	contact	surfaces	(TARGET	–	CONTACT)

As a result of discretization, the stationary (that is, such 
that does not depend on time) continual problem is reduced 
in order to solve it to a system of linear or nonlinear algebraic 
equations relative to the values of the desired function in the 
grid nodes. 

When solving the problem in question, we accepted as 
the main unknowns under the assigned conditions of me-
chanical load the search for the fields of stresses and defor-
mations using formula (1):
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( ), , ;σ =ij x y z  ( ), , ;ε =ij x y z , 1,2,3,=i j  (1)

as well as the three components of displacement vector – 
formula (2):

( ), , ;U x y z ( ), , ;V x y z ( ), , .W x y z    (2)

The process of solving comes down to establishing the 
connection between fifteen unknown functions: six compo-
nents of the stress tensor, six components of the deformation 
tensor, and three components of the displacement vector. 

When calculating the equivalent stresses, the given solu-
tion to the problem employed a general theory of boundary 
statess [14] (general theory of strength). For the case when 
the stressed state is determined not in the system of the 
main stresses areas, in order to calculate equivalent stresses, 
formula (3) is applied:

( ) ( ) ( ) ( )2 2 2 2 2 21
6 ,

2
eqv x y y z z x xy yz xzσ = σ −σ + σ −σ + σ −σ + τ +τ +τ

 
(3)

for the calculation of equivalent deformations, the following 
formula is used (4):

( )

( ) ( ) ( ) ( )2 2 2 2 2 2

1

2 1

3
.

2

eqv

x y y z z x xy yz xz

ε = ×
+ µ

× ε − ε + ε − ε + ε − ε + γ + γ + γ
 
 (4)

Using the given approaches, we shall proceed to the cal-
culation of contact stresses in the region of contact between 
the wheel and the crossing.

5. Results of calculation of the contact stresses  
“wheel-crossing”

Fig. 6 shows the distribution of contact pressure along 
the contact area “wheel-crossing”. It demonstrates that the 
shape of the contact area is elliptical, but very close to a 
circle (dimensions of the ellipse axes are 11.1 mm in longitu-
dinal direction and 13.25 mm in transversal direction). The 
ellipse of the contact in this case is placed close to the middle 
of crossing head while the center of the contact area under 
the given conditions is shifted by a few millimeters from the 
rail axis towards the side of the working edge.

 

 

a  

 
b

Fig.	6.	Distribution	of	contact	pressure	along	a	crossing	surface:	a – in	the	region	of	a	crossing	core;		
b	–	in	the	region	of	a	crossing	wing	rail
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the dangerous point, the largest shear stresses are also im-
plemented, and this the occurrence of plastic deformations 
is possible. 

In contrast to the components of normal stresses tensor 
that have only negative values in the region of contact, some 
components of linear deformation tensor are stretching. 
Thus, linear deformations (Fig. 8) in the transverse direction 
to crossing εy on the surface are stretching while those under 
the surface are compressive.

Linear deformations along the z vertical axis are com-
pressive over the entire contact area. Linear deformations 
along the longitudinal x axis of the crossing on the rolling 
surface are negative while those beneath the surface are 
positive.

6. Kinetics of the defect development at contact 
interaction «wheel-cross»

One of the dominating factors that define kinetics of the 
contact interaction phenomena is the condition of contacting 
surfaces. A kinetic indentation method has been used in the 
studies into surface properties of materials. 

Underlying the method is the principle of receiving 
compression deformation of the surface layer of a metal at a 
constant speed, which is equivalent to the uniaxial stretching 
at the level of plasticity limit. A condition of equivalence in 
this case is the equality between relative extension at com-
pression and relative contraction at stretching, which arises 
from retaining the volume at plastic deformation. The ratio of 
yield limit to the mean contact pressure is approximately 0.3.

Let us consider interaction between a wheel and a crossing. 
Under the influence of the applied force from the wheel to the 
crossing, there occurs a deformation of two typess: elastic and 
plastic. The ratio between them and the degree of their develop-
ment depend on the magnitude of the applied load, the radius of 
wheel r, crossing surface curvature radius ,′r  properties of the 
material and coordinates of the given element of volume that is 
deformed. First, we shall examine the processes that take place 
at elastic deformation. It follows from the solution of Hertz 
problem on the elastic collision of two bodies that:

1/3
1/3 ,

′ ρ =   + ′
rr

N D
r r

   
(6)

where 

2 23 1 1
,

4

    − µ − µ′= +    ′    
D

E E

Note that considering the plastic deformations leads to 
an increase in the size of the contact area, and this, in turn, 
reduces the maximum magnitude of contact pressure. Com-
pared with data of the analytical solution (ideally elastic), 
considering the plastic deformations increases the area of 
contact zone by around 10.6 % and reduces maximum pres-
sure by around 10.7 %. However, for determining the qual-
itative impact of the shape (profile) of wheel rolling surface 
on the magnitude of contact stresses, it will suffice to solve 
this problem in elastic statement.

For the normal stresses, values that are 
maximal by absolute magnitude correspond 
to the moment when the wheel passes the 
estimated cross section. For the tangential 
stresses, on the contrary, at the moment 
when the wheel is over the estimated cross 
section, their magnitude is close to zero. 

As the results of calculations show, 
the maximal normal compressive contact 
stresses σz (Fig. 7) act along the direction of 
the applied vertical load – along the z axis. 
Their magnitude reaches σz=–414.6 MPa 
(in the center of contact ellipse on the cross-
ing’s rolling surface), which significantly 
exceeds yield limit of the crossing’s steel 
σT=330 MPA.

 

 

 

 

 

 

b

Fig.	7.	Distribution	of	contact	stresses	along	the	surface	
of	crossing:	a	–	general	view	of	the	distribution	of	contact	

stresses;	b	–	area	of	concentration	of	maximal	contact	stresses	
in	the	zone	of	contact	between	the	wheel	and	the	crossing
 
The point at which the largest equivalent stresses are 

implemented should be named dangerous. In the vicinity of 

a

 

Fig.	8.	Deformation	distribution	on	a	crossing
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μ, ,µ′  E, ′E  are the Poisson’s ratios and Young modulus of 
the wheel of rolling stock and of the crossing of turnouts, 
respectively, N is the load. 

The magnitude of convergence of two bodies, which is pre-
determined by elastic deformation, is determined from formula:

1/3

2/3 2 1 1
.

  = +    ′yh N D
r r    

(7)

Using this equation, we obtain

.=
ρy

ND
h      (8)

Mean contact stresses are determined by ratio (9):

2 .σ =
πρ
N

     (9)

Then convergence at elastic deformation during unload-
ing of the conjugated bodies can be written in the form (10):

1/2 1/2 1/2.= π σyh D N     (10)

At elastic-plastic deformation:

2
1

2
,=

π σy

N
h

C r
     (11)

where coefficient 1 1,98.=C  
Due to the existence of surface irregularities, the interac-

tion of bodies will be discrete in character. In this case, the 
spots of real contact form whose total area is the actual area Ar. 
Contact spots are located in the areas whose total area forms 
the contour contact area Ac. Based on this, we shall introduce a 
coefficient that links both of these magnitudes. Using a formula 
for the surface of a spherical segment and by assuming that at 
one and the same magnitude Ar the convergences are the same 
both in the case of smooth and in the case of rough surfaces, we 
shall write equation for the elastic deformation (12):

2 .= β πr yA rh      (12)

Similarly, for the actual area of interaction at elastic- 
plastic deformation we obtain:

2 .−= β πr y nA rh      (13)

Introduce relations 0 0/ / ,=R R A A  where the magni-
tudes with a zero index are related to the initial state, while 
the magnitudes without indexes are the current values. We 
introduce coefficient 0 0.β = A R  Thus, the dependence of 
kinetics of contact stresses on the wheel contact with the 
crossing can be written by formula (14):

( )
.

3
4

β
=

+ π π σ
σ s

s

R
N

I r NC
C

   (14)

Here, the constant C shows by how many times the actu-
al pressure exceeds the yield limit and is determined by the 
properties of the surface ( 3,0≈C ). 

It is worth noting that under conditions of multiaxial 
load, in addition to the fatigue damage, quasi-static damage 
may also accumulate. This is connected to the phenomenon 
of a one-side accumulation of deformations in any direction – 
cyclic creep. The kind of damage by the defect code 11.1 and 
11.2, which develops on the surface of a wing rail under the 
influence of contact stresses, is shown in Fig. 9.

 

Fig.	9.	Metal	damage	on	the	surface	of	a	wing	rail	of		
the	crossing

Under conditions of three-axial compression, at large 
stresses of vertical compression, the cracks of multi-cycle 
fatigue develop. It is initiated when a contact area approach-
es the edge of the working face of the crossing’s core, which 
is the consequence of non-uniform longitudinal-transverse 
compression of surfaces of the wheel and the crossing.

7. Discussion of research results on the evaluation of  
the state of strength of the crossings of turnouts

Determining the optimal hardness of a wheel rolling 
surface is a challenging task whose solution should be found 
systematically taking into account different parameters. The 
point at which the largest equivalent stresses are implement-
ed should be named dangerous. In the vicinity of the dan-
gerous point the largest shear stresses are also implemented, 
and thus the occurrence of plastic deformations is possible.

When a wheelset passes, each of the stresses in the es-
timated section of the rail varies according to its inherent 
law. For the normal stresses, a pulse cycle is realized with 
a small coefficient of asymmetry, for the tangential stress-
es – sign-alternating cycle with a large coefficient of asym-
metry (close to –1). For the normal stresses, values that are 
maximal by absolute magnitude correspond to the moment 
when the wheel passes the estimated cross section. For the 
tangential stresses, on the contrary, at the moment when 
the wheel is over the estimated cross section of the crossing, 
their magnitude is close to zero.

Under conditions of multiaxial load, in addition to the 
fatigue damage, quasi-static damage may also accumulate, 
which is connected to the phenomenon of a one-side accu-
mulation of deformations in any direction – the so-called 
cyclic creep). The data obtained indicate the possibility of 
accumulation in the contact zone of the crossing of linear de-
formations, which subsequently may lead to the origination 
of cracks of multi-cycle fatigue. 

The defined stressed-strained state of the crossings of 
turnouts provides the limits for the creation of normative doc-
uments on the reliability of crossings of turnouts, taking into 
account a set of initial factors of influence on their durability.
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One of the shortcomings of the studies conducted is that 
the estimated model employed physical-mechanical proper-
ties of the crossing and the wheel of only one type of rolling 
stock and turnout crossing. That is why in the further scien-
tific-research work the evaluation of durability of the cross-
ings of turnouts might be directed with regard to different 
types and brands of crossings and types of rolling stock of 
railways. Those studies would require further work, to form 
the evaluative criteria of reliability and functional safety of 
transport facilities of the railway track.

8. Conclusions

1. Maximal normal compressive contact stresses act along 
the direction of the applied vertical load – along the z 
axis. Their magnitude in the wing rail of a crossing reach-
es  – 414.6 MPa. In this case, the stresses are localized within 
the limits of a small area of contact between the wheel and the 

crossing. Dimension of the area can be compared with the size 
of the contact spot.

2. Determining and analysis of the formation mechanism 
and development kinetics of the contact-fatigue damage by 
the code DS 14.1-14.2 on the rolling surface of the cast part 
of a wing rail and the crossing’s core allow us to argue that 
the main reason for the occurrence of such defects is too high 
contact stresses near the edge of the working face of a wing 
rail and the crossing’s core. They occur in this region in the 
form of a cyclically repeated and sign-alternating normal 
and tangential stresses from the cyclically recurring power 
impacts from the wheels of rolling stock.

3. The cause of defects and damage to the crossings of 
turnouts is the process of accumulation of linear deforma-
tions in the microvolumes of metal of the crossing. They 
depend on the character of cyclic loading, which arises from 
the railroad rolling stock on the surface of the crossing, as 
well as approaching of the ellipse of contact to the edge of 
working surfaces of the wing rail or the crossing’s core.




