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Abstract. The problem of the interaction of rolling stock with the rail track has been analyzed in the present 
paper. It has been established that in the process of transport science development a number of methods for 
determining the causes of wheel pairs derailment are developed, which, in a varying degree, take into 
account the peculiarities of their interaction. The problem of choosing the most accurate method for 
estimating the causes of rolling stock derailment becomes more complicated because of the lack of sufficient 
experimental data that would allow us to verify the adequacy of the models. The indicators of stability of 
the wheel against derailment, which are used on the railways of Ukraine and Europe, have been examined. 
Their dependences on the speed of movement were derived. It has been established that the increase of the 
speed of motion leads to the increase of the interaction power of the rolling stock with the rail track, which 
may, under certain operational parameters, provoke its derailment. As a result of the calculations, it has been 
shown that the use of norms for car design and calculation used on Ukrainian railways can lead to an 
inadequate estimation of traffic safety parameters, since it does not take into account the unevenness of the 
railway track. It has been established that the requirements of BS EN 14363: 2005 European norms are 
stricter in comparison with the norms for calculation and evaluation of the bearing elements strength and 
dynamic qualities of motor-vehicle rolling stock used on Ukrainian railways. A comparison of the 
experimentally and theoretically calculated values of the stability margin coefficient against wheel 
derailment of the first wheel pair of the diesel train car was carried out. 

1 Introduction 

The most important problem on rail transport is to ensure 
the safety of train movement during operation. At the 
same time, the primary task is to prevent accidents and 
derailments. Rolling stock derailment is due to the loss of 
the interaction of at least one wheel of the rolling stock of 
the railway transport with a rail as a result of the 
displacement of the wheel from its normal position 
relatively to the rail head [1]. 

During movement of the wheel along the rail, vertical 
and horizontal forces occur, which cause the wheel flange 
to press on the head of the rail. Taking into account the 
geometry of the wheel and rail contact, such a process can 
lead to the displacement of the contact point on the wheel 
flange, and in the worst case, can lead to the wheel to roll 
onto the head of the rail (Fig. 1). 

As a rule, the action of a considerable vertical force on 
the wheel is enough to make such a process impossible. 
However, under certain operating conditions, there can be 
substantial increase in horizontal force or vertical force 
reduction, which may cause wheel derailment. 

The level of safe operation of the rolling stock on the 
railways is determined, mainly, by the availability of 

stability margin of the train. Therefore, the issue of 
derailment is given great importance both in theoretical 
and experimental studies. 

The object of our research is the DPKr-2 modern 
passenger diesel train [2] of Kryukiv, Ukraine, carriage 
plant production (Fig. 1). 

It should be noted that at this stage only diesel train 
operational tests were carried out. Theoretical studies of 
the power interaction of this diesel train with the rail track, 
as well as theoretical determination of the level of safe 
operation with the help of the coefficient of stability 
margin of the wheel against derailment have not been 
carried out. 

 

Fig. 1. The wheel rolling onto the head of the rail. 
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2 Analysis of literary data and problem 
statement 

Over a hundred years ago Nadal in his paper [3] proposed 
a method for determining the ratio of forces acting on the 
wheel, under which wheel derailment does not occur. But 
in this method a separate wheel is considered, and the 
criterion itself is based on the quasi-static conditions of 
the vehicle movement. Under real conditions of operation, 
the process of wheel pair derailment is dynamic and is the 
subject of further research [4, 5]. 

For dynamic simulation of wheel pair derailment, it is 
suggested to use modern software packages [6]. This 
makes it possible to simulate the movement of the whole 
train rather than a separate wheel pair. 

In paper [7] a technique using acceleration sensors to 
detect early signs of wheel pair derailment is presented. 
The algorithm for detecting wheel pair derailment is 
tested by means of simulation and experimental research 
on a scale model of a train. 

In paper [8], two safety criteria against wheel 
derailment are compared. The first one is based on 
Nadal’s formulas, and the second criterion is a power one. 
It was noted that the power criterion is more convenient 
for railway transport state monitoring, since it does not 
require the measurement of contact forces. 

In paper [9], the kinematic and geometric safety 
criteria against wheel derailment were researched and 
compared. 

Applying the concept of dynamic system stability in 
paper [10], the mechanism of rolling stock derailment on 
a railway bridge was investigated. The theory of random 
power analysis is proposed. 

In papers [11, 12], the studies were carried out on the 
modification of derailment criteria, which took into 
account the angle of wheel rolling on the head of the rail. 
It was established that taking into account the angle of 
wheel rolling onto the rail, when determining the 
possibility of wheel pair derailment, the accuracy of 
calculations increases. 

In papers [13, 14] the method for assessing the 
stability of motion against wheel derailment according to 
the specified formula was proposed. It determines the 
critical magnitude of the ratio of horizontal frame strength 
and vertical force under given vertical load distribution. 
The refined formula has found wide application in 
experimental works on determining the maximum 
permissible speeds of movement of new and modernized 
units of rolling stock. 

In current regulations of railways in Ukraine [15, 16] 
that are used to estimate the probability of wheel 
derailment, the coefficient of stability margin against 
wheel rolling onto the head of the rail is suggested for 
usage. It is believed that in the case when the value of this 
coefficient is less than one, the wheel pair can derail. 

In paper [17], to determine the safety conditions 
against wheel pair derailment, the author suggests not to 
consider a single wheel derailment, but a wheel pair as a 
whole regarding it as a solid body. In this case, it is 
necessary to consider the possible movement of the wheel 
pair when wheel flange is sliding in the vertical transverse 

plane and runs on the head of the rail. The disadvantages 
of the proposed method are the failure to take into account 
the impact of the other wheel pairs of rolling stock, which 
leads to inaccuracies in the calculations. 

Paper [18] formulates the power interpretation of the 
wheel rolling onto the head of the rail. According to the 
authors, this is possible when the kinetic energy of 
motion, which falls on a wheel pair, exceeds the work of 
forces that arise in the contact between the surfaces of the 
flange and the wheel. 

Article [19] presents a brief overview of selected 
problems of railway vehicle dynamics that are related to 
traffic safety. The study of the corresponding dynamic 
phenomena, including the mechanism of the wheel pair 
derailment, is also discussed. 

Works [20, 21] outline the approaches that are used in 
conducting forensic rail-transport expertise. 

The analysis of publications and normative documents 
has shown that most of the considered methods estimate 
the probability of derailment for one wheel pair, without 
taking into account the impact of other wheel pairs, which 
may lead to incorrect identification of the reason for 
wheel pair derailment. In addition, horizontal and vertical 
unevenness of the track is not taken into account, 
although, as experience shows, the main causes of 
accidents and derailments on the railways of Ukraine are, 
first of all, the deviation in the condition of the railway 
track and running gears of the rolling stock from the 
standards. 

Therefore, to approximate the results of mathematical 
modeling to the real conditions of operation, it is proposed 
to calculate wheel pair derailment because of the wheel 
rolling onto the head of the rail, using the dynamic 
equations of spatial oscillations of the car arising from the 
geometrical unevenness of the track in the horizontal and 
vertical directions. 

At present the theoretical studies of power interaction 
of the diesel train DPKr-2 with a rail track have not been 
conducted. Therefore, the problem of determining the 
conditions for its safe operation with the help of the 
coefficient of stability margin against wheel derailment 
and the theoretical prediction of the conditions for 
accidents and derailments prevention is urgent. 

3 Purpose and objectives of the study 

The purpose of the work is to determine the traffic safety 
index, namely the stability of the wheel against rolling on 
the head of the rail for DPKr-2diesel train. 

To achieve this goal, the following tasks were 
performed: 
• wheel stability indicators against derailment used on the 

railways of Ukraine and Europe were calculated; 
• operation conditions of DPKr-2 diesel train moving on 

a straight section of the track, which are acceptable 
according to Ukrainian and European norms, were 
studied; 

• adequacy of the mathematical model was studied by 
comparing the obtained results during theoretical 
calculations with the experimental ones. 

    
 

,MATEC Web of Conferences https://doi.org/10.1051/matecconf/20182234 0 ( 201 )80 340 03
BulTrans-2018

50 503 

2



 

4 Theoretical determination of traffic 
safety indicators 

To obtain a spatial mathematical model that will be used 
to determine the dynamic characteristics of the criteria for 
the probability of wheel pair derailment, an analysis of the 
design of the diesel train car was made and its spatial 
mechanical model was adopted [22]. 

The chosen mechanical model consists of 7 solid 
bodies (body, two bogies, four wheel pairs), connected by 
elastic-dissipative joints. The body and bogies have 6 
degrees of freedom, and wheel pairs have 5, because there 
is no galloping for them. The possibility of taking into 
account the unevenness of the track in the horizontal and 
vertical directions is foreseen. 

To describe the oscillations of the diesel train car, the 
mathematical model consisting of 38 second-order 
differential equations is obtained [23]. 

At present, there are a number of standard methods for 
determining the possibility of wheel pair derailment, 
which, in varying degrees, take into account the features 
of a wheel pair and rail track interaction. Thus, the 
railways of Ukraine are governed by the norms for 
calculating and designing motor-vehicle rolling stock [15] 
or carriages [16], while European railways are governed 
by BS EN 14363: 2005 norms. 

On the basis of the performed dynamic calculations of 
the car of the DPKr-2 diesel train, we determine its 
coefficient of stability margin in motion on the straight 
section of the track according to different methods. 

In accordance with norms [15], the coefficient of 
stability margin of the wheel against derailment is used as 
a traffic safety indicator. This criterion is the ratio of the 
permissible theoretical value of the driving force to the 
vertical load up to its experimental value. The minimum 
permissible value of the stability margin coefficient 
against wheel derailment is 1,4. 

The expression for determining the coefficient of 
stability margin has the form [15]: 

ୱ୲ܭ  ൌ ሾቀ
௒ౚ
ே౤
ቁ
Т
/ ቀ

௒ౚ
ே౤
ቁ
Е
ሿ ൌ	

〈
ொሾଶሺ௕ି௔మሻି௄ీభሺ௟భା௔భሻା௔మ௄ీమሿା௒೑௥ା௤ሺ௕ି௔మሻ

௒೑௟భ
൅

ᇱ൛ܳሾ2ሺܾߤ				 െ ܽଵሻ െ ୈଶሺ݈ଵܭ ൅ ܽଶሻ ൅ ܽଵܭୈଵሿ െ ௙ܻݎ ൅

ሺܾݍ െ ܽଵሻൟ
ଵାఓ ୱ୧୬ሺଶఉሻ

ఉ
൅ ൛ܳሾ2ሺܾ െ ܽଶሻ െ ୈଵሺ݈ଵܭ ൅ ܽଵሻ ൅

ܽଶܭୈଶሿ ൅ ௙ܻݎ ൅ ሺܾݍ െ ܽଶሻൟߤcosଶߚ〉
ଵ

ୡ୭୲ఉାஜ
, (1) 

where Yd – the driving force; Nn – vertical force from the 
wheel, which is rolling onto the head of the rail; μ – the 
coefficient of friction between the flange of the rolling 
wheel and the rail; β – angle of inclination of the wheel 
flange generatrix to the horizontal plane; Yf – frame force 
acting on a wheel pair (modulo); Q – weight of the 
suspension part of the car, which falls on the neck of the 
axle of the wheel pair; KD1, KD2 – coefficients of vertical 
dynamics in the 1st degree of suspension; μ' – the 
coefficient of friction between the rolling surface of the 
non-rolling wheel and the rail; q – the weight of non-
suspended parts that falls on the wheel pair; b – half 
distance between the points of application of vertical 

loads and the necks of the axle of the wheel pair; a1 – the 
distance between the point of application of the vertical 
load on the axle neck of the rolling wheel and the contact 
point on the flange; a2 – the distance between the point of 
vertical load application on the axle neck of the non-
rolling wheel and the point of contact on the surface of its 
rolling; r – the radius of the wheel in the circle of rolling. 

Analyzing formula (1), we see that the change in the 
stability margin coefficient is due to the change in the 
frame strength and coefficients of vertical dynamics. The 
other parameters are constant values that do not result in 
the change of the stability margin coefficient against 
wheel’s derailment during diesel train movement. 

To determine the frame strength and coefficients of 
vertical dynamics, we use the adopted spatial 
mathematical model. 

Since the frame force is a horizontal force acting on 
the axle of the wheel pair of the bogie on the body side in 
the transverse direction to the axis of the track, then it can 
be calculated by the formula: 

 ௙ܻ ൌ 2ܵ௧௦	ൣ൫ݕ௕௝ േ ܽଵ߰௕௝ ൅ ܽ଻ߠ௕௝൯ െ ൫ݕ௪௣௜൯൧, (2) 

where Sts – the transverse stiffness of the spring of an 
axlebox suspension; уbj, уwpi – horizontal transverse 
displacements of the j-th bogie of the diesel train car and 
its i-th wheel pair, respectively, ψbj, θbj – angles of 
wobbling and lateral oscillation of the bogie, obtained 
during the numerical integration of the equations of 
motion; a1, a7 – corresponding lengths. 

In formula (2), the upper “+” sign is used for the first 
wheel pair of the bogie, the “–” sign is used for the second 
wheel pair of the bogie. 

The coefficients of vertical dynamics are determined 
by deflections Δ or forces F in separate sets of spring 
suspension: 
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where zbj, φуbj, θbj, zwpi, θwpі – generalized coordinates of 
car movement of a diesel train, obtained during 
calculations of the spatial mathematical model; a1, a4 – 
corresponding lengths. 

After calculating the given formulas at different 
speeds of the diesel train movement, we obtain the 
dependence of the coefficient of stability margin against 
wheel derailment on the speed of the first and second 
wheel pairs (Fig. 2). 

 

Fig. 2. Coefficient of stability margin with the length and 
amplitude of unevenness of 15 m and 0,006 m respectively. 
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The analysis of the obtained dependencies shows that 
when the speed of movement increases from 0 m/s to 
50 m/s, the stability coefficient decreases in the range: 
I wheel pair – from 3,73 to 2,84; II wheel pair – from 3,73 
to 2,14. 

The reduction of the stability margin coefficient 
against wheel derailment shows the increased power 
effect of the rolling stock on the railway track. Under 
certain operating conditions, it can lead to the loss of 
stability of the rolling stock and its derailment. 

The second technique is based on the use of norms 
[16] for cars. According to them, the coefficient of 
stability of the wheel pair against derailment (under the 
condition of rolling onto) is determined by the formula: 
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where β – the angle of inclination of the wheel flange 
generatrix to the horizontal plane; μ – the coefficient of 
friction of surfaces of wheels and rails; Qn – the force of 
the weight of the suspended parts of a car, acting on the 
neck of the axle of the wheel pair; qwp – the weight of non-
suspended parts that falls on the wheel pair; Cvd1 – the 
estimated value of the coefficient of vertical dynamics of 
a car; Cdlw – the estimated value of the coefficient of 
lateral wobbling dynamics; Hf- – the calculated mean 
value of the frame force; b – half distance between the 
middle parts of the axle necks; l – an average distance 
between contact points of wheels with rails; a1,2 – the 
calculated distance from the contact points to the middle 
of the necks of the wheel pair axle; r – the radius of the 
wheel. 

According to the results of the calculations with 
formula (4), the dependence of the stability coefficient of 
the wheel pair against derailment (under condition of 
rolling onto) on the speed of the diesel train car (Fig. 3) 
was obtained. 

The analysis of the calculated data shows that when 
the speed of movement increases from 10 to 50 m /s, the 
stability coefficient of the wheel pair decreases from 7,27 
to 2,01, but remains permissible. 

 

Fig. 3. Dependence of the stability coefficient of the wheel pair 
on the speed of movement. 

It should be noted that formula (4) does not allow us 
to take into account the real conditions of operation, 
namely, vertical and horizontal unevenness of the rail 
track, as well as the peculiarities of the interaction of 
separate elements of the diesel train car design. The frame 
strength and coefficients of dynamics are considered 
constant values. All this makes it impossible to use the 
data obtained during the calculations of the mathematical 
model. 

Let us turn to the analysis of European norms BS EN 
14363:2005, according to which the rolling stock is 
considered secure against derailment if the condition (5) 
is performed at each stage of the test: 

 ቀ
௒

ொ
ቁ
୫ୟ୶

൑ ቀ
௒

ொ
ቁ
୪୧୫

, (5) 

where Y – horizontal guiding force; Q – vertical force 
from the wheel on the rail. 

Using the model of the diesel train car DPKr-2, the 
guiding force was found to be the resultant force of the 
creep force and the frame strength and is determined by 
the formula: 

 ୬ܰ ൌ 	
௒೑ି௒೑ೝభି௒೑ೝమ

ୱ୧୬ఊభ
, (6) 

where Yf – frame strength; Yfr1,2 – the forces of the creep 
on the first and second wheels of the wheel pair 
respectively; γ1 – the conicality of the wheel flange of the 
wheel pair. 

It should be noted that the guiding force occurs only 
when the gap between the wheel flange and the rail head 
is exhausted. In the presence of a gap, the guide force is 
zero. Since the mutual horizontal movement of the wheel 
and the rails is calculated at each step of the integration, 
the proposed model allows for tracking the instant when 
the clearance between the flange and the rail head 
becomes zero and for calculating the guide force. 

It should be noted that the use of European norms BS 
EN 14363: 2005 to determine the possibility of a wheel 
derailment is practically impossible without the use of 
computer simulations, since it is necessary to calculate a 
guiding force, which requires tracking the instant when 
the gap between the flange and the rail head becomes 
equal to zero. 

By calculation, we check the fulfillment of condition 
(5) at different speeds of the diesel train movement  
(Fig. 4). The calculation is performed with a horizontal 
unevenness for 15 m and its amplitude for 0,006 m, which 
corresponds to the good condition of the railway track. 

 

Fig. 4. Dependence of the ratio (Y/Q) on the speed of the first 
and second wheel pairs. 
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From the obtained dependences, it follows that an 
increase in the speed from 0 m/s to 50 m/s leads to the 
increase in the numerical value of the ratio (Y/Q): for the 
first wheel pair – from 0 to 0,55; for the second one – from 
0 to 0,79, which is close to the permissible value and can, 
under certain operating conditions, cause accidents and 
derailments. 

Using the proposed approach for determining the 
safety indicators, the maximum permissible speed of the 
DPKr-2 diesel train car was determined at a given 
horizontal unevenness of the track (Table 1). 

The sign “–” means the realization of the condition of 
derailment and the danger for the diesel train car 
movement. 

The norms [15] used in Ukraine allow for movement 
of a diesel train car at a speed of 115-120 km/h, but BS 
EN 14363: 2005 European norms do not allow it. 

Table 1. Permissible speed of the diesel train car movement. 

Speed, 
km/h 

Traffic safety indices with an unevenness of 20 m and 
an amplitude of 10 mm 

European norms on 
the condition of 

derailment 

Norms [15] on the 
condition of 
derailment 

Car 
norms 
[16] 

150 – – + 
145 – – + 
140 – – + 
135 – – + 
130 – – + 
125 – – + 
120 – + + 
115 – + + 
110 + + + 
105 + + + 

It was found out that the norms for cars [16], which do 
not take into account rail track unevenness, permit the 
diesel train to drive at the maximum permissible speed. 
However, according to the norms [15], with a given 
horizontal unevenness, the speed of up to 120 km/h is 
permissible. Thus, consideration of the track state 
significantly affects the traffic safety indicators. Using the 
coefficient of stability margin against the wheel 
derailment, which is calculated according to the norms 
[16], may lead to an unreliable estimation of traffic safety 
parameters, because the failure to take into account actual 
operating conditions can cause serious accidents. 

In general, it can be stated that the requirements of the 
European norms for the DPKr-2 diesel train are more 
stringent than the requirements of norms used in Ukraine. 

The obtained results can be used to establish safe 
speeds of diesel train movement on straight sections of the 
track in the presence of vertical and horizontal 
unevenness. 

5 Experimental determination of the 
stability margin coefficient against 
wheel derailment 

To verify the adequacy of the mathematical model of the 
diesel train car, we will compare the values of the stability 

margin coefficient against wheel derailment obtained by 
calculation with the data of experimental studies (Fig. 5). 

 

Fig. 5. Comparison of the experimental values of the stability 
margin coefficient against wheel derailment of the first wheel 
pair of a diesel train car at the speed of 30 m/s on a straight 
section of the railway with theoretically calculated ones. 

Experimental study of the DPKr-2 diesel train was 
carried out by the “Branch research laboratory of 
dynamics and rolling stock strength” of Dnipropetrovsk 
National University of Railway Transport named after 
Academician V. Lazaryan. 

The determination of the dynamic characteristics 
included in the criteria for the probability of derailment 
was carried out using strain gauges of the type KF5-P1-
10-200 installed on the axle boxes, as well as sensors of 
linear displacements WS31-250 with a maximum stroke 
of 250 mm and a relative error of ± 1%. 

All processes using a tensor amplifier of the type 
TMA-32 with a block of filters and ADC (analog-to-
digital converter) were transferred to the corresponding 
software modules. 

From Fig. 5 it is evident that the minimum 
experimental value of the stability margin coefficient 
against wheel derailment at a speed of the diesel train car 
of 30 m/s is 3,4. In this case, the minimum theoretical 
value of the stability margin coefficient against wheel 
derailment on the first wheel pair at the speed of 30 m/s 
and the average amplitude of horizontal unevenness of 
0,006 m is 3,2. The difference in the results does not 
exceed 6%.  

6 Conclusions 

It has been shown that the increase in the speed of the 
diesel train car leads to deterioration of traffic safety 
indicators determined by all methods of study. However, 
the values of the maximum permissible speeds under the 
same conditions are different. This is conditioned, first of 
all, by the fact that the coefficient of stability against 
wheel pair derailment calculated according to car norms 
[16] does not take into account the influence of rail track 
unevenness and, therefore, may give a false assessment of 
the traffic safety parameters. 

In assessing the possibility of wheel derailment 
according to the norms valid on the railways of Ukraine, 
the values of the frame strength and the coefficient of 
vertical dynamics are analyzed. At the same time BS EN 
14363: 2005 European norms are guided by horizontal 
guiding force. Therefore, the results obtained by these 
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techniques are different. It has been shown that the 
requirements of European norms are more stringent than 
those used in Ukraine. So under the same conditions of 
diesel train movement (straight track section, horizontal 
unevenness of 20 m long and amplitude of 10 mm) 
European standards allow for speeds of up to 110 km/h, 
norms of a motorized rolling stock [15] allow speeds up 
to 120 km/h. and car norms [16] allow for speeds of up to 
150 km/h. 

The comparison of the results of the theoretical studies 
with those from the experimental ones proves the 
adequacy of the model and the possibility to use it in 
solving the problems of wheel derailment, since the 
difference in the results is 6%. 
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