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Summary: The paper deals with the running safety and the ride comfort of a railway vehicle. It 
presents methods used for investigation of these essential ingredients in the assessment of the vehicle 
running behaviour. The present study of the running safety and ride comfort is based on the results of 
numerical simulations for non-linear model of railway vehicle moving along a tangent track. 
Importantly, the applied model takes into account lateral and vertical irregularities of the track 
geometry with random character. The running safety is studied according to the UIC 518 code: 
through the ratio of the lateral Y to vertical Q forces in the wheel/rail contact point. The lateral and 
vertical vehicle body accelerations, which a passenger of the railway vehicle is exposed to, are used 
for the assessment of the ride comfort in accordance with the ISO 2631-1 standard. It is analysed and 
compared how various parameters of the railway vehicle-track system affect the running safety and 
the ride comfort.  
Keywords: railway vehicle, safety against derailment, ride comfort 

 
 
 

1. INTRODUCTION  
 
 

Running safety and ride comfort are essential elements in the analysis of the railway 
vehicle dynamics and they have to be taken into account in modelling and assessment of 
the vehicle running behaviour. The main objective of running safety is the preventing the 
derailment of a railway vehicle which occurs when the wheels run off the rails. The 
derailment can be the result of various, sometimes very complicated conditions which lead 
to the lost of the lateral guidance, provided by the track during the normal vehicle 
operation. According to the review [1] by Wu and Wilson in [2], the four main causes of 
the derailment are: wheel flange climb, gauge widening, rail rollover and track panel shift. 
The risk of derailment by flange climbing over the rail can be assessed with the over 
hundred-year-old Nadal criterion [3] and its more contemporary modifications [4-9] partly 
adopted in regulations for testing running safety [10-12]. Ride comfort is a complex 
concept which involves numerous factors which have adverse effects on a travelling 
passenger [13-14]. They include vibrations, temperature, noise, air quality, lighting 



76 Ewa Kardas-Cinal  

conditions and others as well as the time that the passenger is exposed to these undesired 
factors. The effect of vibration depends on the magnitude of acceleration suffered by a 
passenger, its direction and frequency [15]. 

The present paper studies safety of derailment by flange climbing and the vibration 
comfort for a passenger car by using the methods included in the UIC 518 code [12] and 
the ISO  2631-1 standard [16] (and also in the Polish PN-91/S-04100 standard [17]), 
respectively. The investigations are based on the results of the numerical simulations for a 
non-linear model of railway vehicle moving along a tangent track with the random 
geometrical irregularities. The main objective is comparison how various factors, like ride 
velocity, suspension parameters and track irregularities, affect the running safety and the 
ride comfort.  

 
 
 

2. RAILWAY VEHICLE - TRACK MODEL 
 
 

The passenger car studied in this paper is described with the non-linear model of a 
railway vehicle which consists of seven rigid bodies: the car body, two bogie frames, and 
four wheelsets (27 degrees of freedom) [18]. The railway vehicle moves along a stiff, 
tangent track with constant speed v. The primary and secondary vehicle’s suspensions are 
assumed to have linear characteristics. The applied stiffness constants and damping 
coefficients as well as masses and inertia moments of the car body, bogies and wheelsets 
are the same as previously used in [19,20]. The forces at the wheel/rail contact are found 
with the algorithm developed by Kalker within the simplified nonlinear theory of contact 
[21]. The positions and geometry of the contact points are determined by using the non-
linear wheel (UIC 60) and rail (ORE S1002) profiles. The model includes the geometrical 
track irregularities ( )x�
 
  represented by: w w( ), ( )y x z x - lateral and vertical 
irregularities of the track centre line, 02 ( )l x  - variable track gauge and w ( )h x  - local 
superelevation of the track. These parameters are random quantities which vary with 
position x measured along the track centre line and as such they can be treated as stationary 
and ergodic stochastic processes. The realizations of the track irregularities are directly 
included into the equations of motion. These equations are solved numerically to find the 
coordinates 1 2 27( ) ( , , , )t y y y�y �  describing the positions and rotations of all vehicle 
elements at a sequence of N equidistant times t i t� �  during the vehicle motion over the 
track section of the length L ; thus total duration of the simulated motion is /T L v� and 
the time step is / /t T N L v� � � �  where / .L L N� �  The realizations of track 
irregularities applied in simulations have the length of 4000m and their respective standard 
deviations are equal to 0.003myw� � , 0.0033mzw� � , 2 0.0011 ml� � , 0.0015mhw� � . 
The power spectral densities of w w( ), ( )y x z x  are shown in Fig. 1, the two other densities 
are given in [20].  
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Fig. 1. Power spectral density of lateral ( wy ) and vertical ( wz ) irregularities of the track centre line  
vs spatial frequency f  

 
 
 

3. ANALYSIS OF RUNNING SAFETY 
 
 

As it has already been mentioned in the introduction, there are several causes of the 
derailment of a railway vehicle. One of the main scenarios of derailment is realised when 
during the vehicle motion a large lateral force acting on a wheelset leads to the wheel 
flange contact with the rail – as a result flange climbs up the rail rapidly (especially after 
the contact angle attains its maximum value) and the wheelset derails. The occurrence 
flange climb is related to the ratio /Y Q  of the lateral to vertical force components at the 
wheel-rail contact.  
 

 
 

Fig.2. Force components at a wheel/rail contact: lateral (Y ) and vertical (Q ) , normal force ( N ) 
and lateral rolling-friction force ( F ) 

 
This ratio is used directly in the Nadal criterion [3] which gives its maximum value    
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obtained under the condition of the saturated friction force (depending on the friction 
coefficient � ) at the contact point and calculated for the maximum flange contact angle .�  
The Nadal criterion is easy to implement and it is  widely used for assessment of the safety 
against derailment. In particular, this criterion is applied – in a modified form – in the UIC 
518 code [12] which is used for testing and approval of railway vehicles. The main 
modification adopted in the UIC 518 code is the requirement that the ratio /Y Q  exceeds 
the assumed critical value of 0.8 over a 2m track interval. This is done because derailment 
of a vehicle can take place only if the ratio /Y Q exceeds the limit value for a sufficiently 
long time interval. Similar requirements of the minimum  duration of  the ratio /Y Q  
exceeding the Nadal limit value are  imposed in other  regulations regarding the  running 
safety that are used for certification testing of railway vehicles. In particular, the time limit 
of 50 ms is adopted together with the limit value of 1.0 for /Y Q  by Association of 
American Railroads (AAR) [10], while the flange climb distance limit of 5 ft is adopted by 
the Federal Railroad Administration (FRA), U.S., [11] for high-speed tracks of the class 6 
and higher. Modifications of the /Y Q  limit by increasing its values for short duration of 
the lateral force impulse have been proposed in the reports of Japanese National Railways 
(JNR) [4] and General Motors Electromotive Division (EMD) [5]. The occurrence of 
wheel climbing also strongly depends on the angle of attack (the yaw angle 
  of the 
wheelset) so that the limit /Y Q  value should be increased for 
  smaller than 5 mrad as it 
was proposed  by Elkins and Wu [7] and investigated  further in the reports [8,9]. These 
works also propose bi-parameter expressions for the flange climb distance as a function of 
both 
  and /Y Q . Another extension of the Nadal criterion is obtained when, instead of 
the /Y Q  ratio for flanging wheel only, the sum of the /Y Q  ratios for both wheels on the 
same axle is considered. The resulting Weinstock [6] criterion is less conservative and 
regarded to be more accurate than the Nadal criterion, but it is not so widely applied. 

In the present work, safety against derailment is assessed with the Nadal criterion 
modified according to the UIC Code 518.  In the first step of the safety analysis, the ratio 

/Y Q  obtained from simulations is averaged at each track point x  over the surrounding 
2m track section (window) �  1m, 1m x x� � . Thus, the running average 2m( / )Y Q  is 
calculated – it is done to satisfy the discussed requirement of minimum flange climb 
distance necessary for derailment. Further, as it is recommended in the UIC Code 518, the 
99.85 percentile value 2 0.9985( / ) mY Q  is found. The obtained values 2 0.9985( / ) mY Q  have 
been compared to the limit value 0.8 adopted in the UIC Code 518 [12].  This method of 
assessment of safety against derailment - described in more detail in [22, 23] - is presented 
schematically in Fig.3.  
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Fig.3. Scheme of evaluation of safety against derailment according to UIC Code 518 [12] and the 

illustration of its consecutive steps based on the simulation results ( 200km/hv � )  
 

On the basis of the simulation studies [22-24], it can be concluded that the values of 
2m 0.9985( / )Y Q : 

� grow with the increase of the ride velocity but they do not exceed the limit value 
0.8 for the investigated riding speeds in the interval from 80 to 200 km/h (see 
Table1), 

� grow with the increasing amplitude of the lateral irregularities, while the effect of 
the vertical irregularities is negligible (see Table 2); ,exp ,exp,w wy z - denote 
experimental  realizations, 

� are practically identical for the front and rear bogies, and significantly larger for the 
leading wheelset than for the trailing one. 

Changes of stiffness and damping coefficients of the vehicle suspension modify the 
values of /Y Q  very slightly, except for the case of the breakdown of the damper in the 
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vertical primary suspension. The effect of ride velocity, track irregularities and various 
suspension parameters is summarized in Table 3. 

 
Table 1 

The 99.85 percentile value 2 0.9985( / ) mY Q  for various ride velocities v . 

bogie 
 

 wheelset v =80 km/h   v =120 km/h  v  =160 km/h   v  =200 km/h 

front/rear 

leading 
 

      0.266 0.321       0.411 0.650 

 trailing 
 

      0.105 0.134       0.236 0.482 

 
 

Table 2 
The 99.85 percentile value 2 0.9985( / ) mY Q for various amplitudes of the lateral wy and vertical 

wz track irregularities; ride velocity v=160 km/h. 
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0.411 0.538 0.670 0.414 0.418 

 trailing 
 

0.236 0. 377 0.447 0. 237 0.237 

 
 
 

4. RIDE COMFORT  
 

 
The passenger ride comfort related to vibrations is of vital importance among a variety 

of other factors involved in comfort evaluation. The principal quantity that is relevant to 
the vibration aspect of the ride comfort is the acceleration that the passenger is subject to 
during the motion of a railway vehicle.  The perception of the ride comfort depends on 
both amplitude and frequency f of the suffered acceleration as well as on its direction 
(lateral y or vertical z). 

The frequency dependence arises since various organs in human body are sensitive to 
vibrations from different frequency ranges. In the standard ISO 2631-1 [16] and the Polish 
standard PN-91/S-04100 [17], the ride comfort is evaluated quantitatively on the basis of 
lateral and vertical components of acceleration ya , za (measured or obtained in 
simulations). It is done by determining the rms acceleration values  ; rms ( )ya f , ; rms ( )za f  
for the centre  frequencies of the 1/3 octave bands chosen in the ISO and PN standards 
[16,17]. 
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Table 3. 
Effect of ride velocity, vehicle suspension parameters and track irregularities on running 

safety and ride comfort. Blue up and down arrows denote increase or decrease (respectively) 
of the analysed parameter values. 

                                                   Effect on: RUNNING 
SAFETY RIDE COMFORT 

 
parameter 

 
direction 

 
parameter change  

   

velocity along track 
 strong strong strong 

 
track 

irregularities 

lateral 
 

 significant strong negligible 

vertical 
 

 negligible negligible strong ! 
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vertical 
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Subsequently, the obtained rms values are compared with the reduced comfort 
boundary, the fatigue-decreased proficiency boundary, and the exposure limit [16,17].  
Other methods for evaluation of the ride comfort related to vibrations, like those applied in 
the standards UIC 513R [25] and ISO 10056 [26], can also be used and synthetic indices of 
ride comfort can be obtained from the rms accelerations by using suitable frequency-
dependent weighting functions.  A comparison and correlation between the results of the 
methods used in various standards is discussed thoroughly in [14, 27].  

The accelerations, experienced by a passenger and used for assessment of the ride 
comfort according to the ISO 2631-1 standard [16], are usually identified with the lateral 
and vertical accelerations of vehicle body (centre of mass) yba , zba . The dependence of the 
ride comfort on the passenger’s position can also be studied by using accelerations at 
various locations within the car body, see, e.g., [18]. In the reported research, the 
accelerations yba , zba  have been obtained numerically by solving  the equations of motion 
over the track interval 0 4000m.x� �  The rms accelerations values of ;rms( )yba f , 

;rms( )zba f  in 1/3 octave bands ( / 2, / 2)f f f f� �� �  of width 0.231f f� ��  are found 
with the numerical Fourier transformation [17]: 
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the band centre frequencies f  are within the interval from 0.1 Hz up to 80 Hz as assumed 
in the standards [16,17]. For each 1/3 octave band, the obtained ;rms( )yba f  and ;rms( )zba f  
will are compared with the boundary values for reduced comfort and fatigue-decreased 
proficiency given in this standard.  

The obtained results [18,22-24] are analysed in a synthetic way in Table 3. In particular, 
it shows that both the increasing vehicle velocity and growing track irregularities lead to 
the increase of vehicle body acceleration and, as a result, to the decrease of the ride 
comfort. As an effect of these factors, values of the body accelerations can exceed the 
reduced comfort boundary for frequencies below 5 Hz, but they usually stay below the 
fatigue-decreased proficiency boundary. The frequency values corresponding to the 
maximums of the rms lateral body acceleration ;rms( )yba f  increase, roughly linearly, with 
the increasing velocity, while the position on the frequency axis of the maximum vertical 
acceleration ;rms( )zba f  does not change. The positions of these frequencies do also not 
depend on the magnitude of the track irregularity amplitudes. 

The nominal values of parameters of the lateral stiffness of secondary suspension and 
the vertical damping of primary suspension seem to be chosen optimally with respect to the 
ride comfort. Similarly, it can be concluded that the nominal value 0zyc �  (no damping in 
the lateral primary suspension) is chosen properly since changing zyc  has been found to 
have no significant effect on the body acceleration. Lateral ( yba ) and vertical ( zba ) body 
accelerations depend significantly on the position in the car body. It has been found in [18] 
that values of accelerations at points distant from the body centre of mass are even a few 
times larger  than at the body centre of mass. The largest effect is found when the values of 
the body acceleration are compared between different points in the longitudinal symmetry 
plane. The change of the points within the lateral symmetry plane has much smaller effect 
and it is present only for the vertical acceleration.  
 
 
 

5. CONCLUSIONS  
 
 

The obtained results lead to the expected conclusion that with increasing ride velocity 
there is an increasing risk of derailment and a decrease of the comfort. The effect of the 
track geometrical irregularities on the running safety is different than in the case of the ride 
comfort. For the running safety, the effect of the vertical irregularities on the values of 

2 0.9985( / ) mY Q  is negligible, while the magnitudes of both the lateral and vertical track 
irregularities have strong effect on the vehicle body accelerations, which determine the ride 
comfort. The investigation of the rms body acceleration for the chosen points of the car 
body, allows us to evaluate and analyse the ride comfort for the passenger at various 
locations.  

Summarizing, the performed analysis shows that the effect of various parameters of the 
railway vehicle-track system is very diverse both for the running safety and the ride 
comfort. Simultaneously, the two investigated aspects of the running behaviour can be 
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affected by changes of particular parameters in a very much different way. This confirms 
the conclusion that an improvement of running safety can sometimes result in a decrease of 
the passenger’s ride comfort. 
 

The author wishes to acknowledge the financial support provided by the Ministry of 
Science and Higher Education (Project No N N509 404036).   

 
REFERENCES 

 
1. H. Wu and N. Wilson: Railway Vehicle Derailment and Prevention, pp. 209-237, in [2]. 
2. Iwnicki S. (ed.): Handbook of Railway Vehicle Dynamics, CRC Press Inc., 2006. 
3. Nadal M. J.: Theorie de la Stabilite des Locomotives, Part 2, Movement de Lacet, Annales des Mines, 

vol. 10, 232 (1896). 
4. Matsudaira T.: Dynamics of High Speed Rolling Stock, Japanese National Railways  RTRI Quaterly 

Reports, Special Issue, 1963. 
5. Koci H.H. and Swenson C.A., Locomotive Wheel-Loading – A System Approach, General Motors 

Electromotive Division, LaGrange, IL, February, 1978.  
6. Weinstock H.: Wheel Climb Derailment Criteria for Evaluation of Rail Vehicle Safety, Paper no. 84-

WA/RT-1, 1984 ASME WinterAnnual Meeting, New Orleans, LA, November 1984. 
7. Elkins J., Wu H.: New criteria for flange climb derailment, Railroad Conference, 2000. Proceedings of 

the 2000 ASME/IEEE JointVolume , 1-7, 2000. 
8. Shu X., Wilson N., Wu H., Tunna J.: A bi-parameter distance criterion for flange climb derailment, Rail 

Conference, 2005. Proceedings of the 2005 ASME/IEEE Joint.  
9. Wu H., Shu X., Wilson N.: TCRP Report 71, Track-Related Research, Volume 5: Flange Climb 

Derailment Criteria and Wheel/Rail Profile Management and Maintenance Guidelines for Transit 
Operations, Transportation Research Board of the National Academies (USA), 2005.  

10. M1001 , AAR Mechanical Division, Manual of Standards and Recommended Practices, Section C – Part 
II, Volume 1, Chapter XI, Section 11. 5.2 Track- Worthiness Criteria, Adopted 1987, Revised 1993.

11. Federal Railroad Administration, Track Safety Standards, Part 213, Subpart G, September 1998. 
12. UIC Code 518 OR: “Testing and approval of railway vehicles from the point of view of their dynamic 

behaviour - Safety – Track fatigue-Ride quality”, International Union of Railways, 2nd edition, April 
2003. 

13. da Silva G.: Measurements of comfort in vehicles, Measurement Science and Technology   vol. 13, pp. 
R41–R60, 2002. 

14. Suzuki, H.: Research trends on riding comfort evaluation in Japan, Proc. Instn Mech. Engrs, Part F: J. 
Rail and Rapid Transit, vol. 212(F1), pp. 61-72, 1998. 

15. Griffin M.J.: Handbook of Human Vibration, Academic Press, 1990.  
16. ISO 2631-1: “Mechanical Vibration and Shock. Evaluation of human exposure to whole-body 

vibration. Part 1: General Requirements”, International Organization for Standardization, 1985 and 
1997.  

17. Polska Norma PN-91/S-04100: Drgania. Metody bada� i oceny drga� mechanicznych na stanowiskach 
pracy w pojazdach. Polski Komitet Normalizacji, Miar i Jako�ci, 1991. 

18. Kardas-Cinal E.:” Investigation of ride comfort in a railway vehicle in the presence of random track 
irregularities”, Archives of Transport, vol 18, issue 1, pp 5-16,Warsaw, 2006. 

19. Zboi�ski K.: Metodyka modelowania dynamiki pojazdów szynowych z uwzgl�dnieniem zadanego 
ruchu unoszenia i jej zastosowania. Prace Naukowe Transport z. 43. Oficyna Wydawnicza Politechniki 
Warszawskiej, Warszawa 2000 (in Polish).  

20. Kardas-Cinal E., Dro	dziel J., Sowi�ski B.: Simulation study of a relation between the derailment 
coefficient and the track condition, Archives of Transport, vol. 21, issue 1-2, Warsaw, 2009. 

21. Kalker J.J., “A fast algorithm for the simplified theory of rolling contact”, Vehicle System Dynamics 
vol.11, 1- 3, 1982.  



84 Ewa Kardas-Cinal  

22. Kardas-Cinal E., Zboi�ski K.: “Investigation of Safety of a Railway Vehicle in the Presence of Random 
Track Irregularities”, VSDIA2006 – Proc. of the 10th Mini Conf. on Vehicle System Dynamics, 
Identification and Anomalies,169-176, Budapest, 6-8 Nov. 2006.  

23. Kardas-Cinal E.: „Symulacyjna analiza kryteriów bezpiecze�stwa jazdy pojazdu szynowego”, Prace 
naukowe TRANSPORT, zeszyt 63, str. 125-132, Oficyna Wydawnicza Politechniki Warszawskiej, 
Warszawa 2007.  

24. Kardas-Cinal E.:” Running safety and ride comfort of a railway vehicle in the presence of random track 
irregularities”, Proceedings of International Conference on Simulation Based Engineering and Sciences 
(TCN CAE 2008) 16-17.10. 2008, Venice, Italy. 

25. UIC 513R: Guidelines for Evaluating Passenger Comfort in Relation to Vibration in Railway Vehicles, 
International Union of Railways, 1994.  

26. ISO 10056: Mechanical Vibration-Measurement and Analysis of Whole-Body Vibration to which 
Passengers and Crew are Exposed in Railway Vehicles, International Organization for Standardization, 
2001. 

27. Kim Y.-G., Kwon H.-B., Kim S.-W., Park C.-K. and Park T.-W.: Correlation of ride comfort evaluation 
methods for railway vehicles, Proc. Instn Mech. Engrs. Part F: J. Rail and Rapid Transit, vol. 217,  pp. 
73-88, 2003. 

 
 

ANALIZA PORÓWNAWCZA BEZPIECZE
STWA I KOMFORTU JAZDY  
POJAZDU SZYNOWEGO 

 
Streszczenie. Praca dotyczy zagadnie� bezpiecze�stwa i komfortu jazdy pasa�era, stanowi�cych istotne 
elementy analizy dynamiki pojazdu szynowego oraz przedstawia metody ich badania. Analiza 
bezpiecze�stwa i komfortu jazdy zawarta w niniejszej pracy zosta�a przeprowadzone na podstawie rezultatów 
symulacji nieliniowego modelu pojazdu szynowego poruszaj�cego si� po torze prostym. Istotn� cech� 
u�ytego modelu jest uwzgl�dnienie poprzecznych i pionowych nierówno�ci toru o charakterze losowym. 
Bezpiecze�stwo przeciw wykolejeniu badano wed�ug normy UIC 518, obliczaj�c iloraz si�y poprzecznej Y do 
pionowej Q w punkcie kontaktu ko�o/szyna. Ocen� komfortu jazdy zgodnie z norm� ISO 2631-1 
przeprowadzono na podstawie wyznaczonych numerycznie poprzecznych i pionowych przyspiesze� 
nadwozia. Przedstawiono analiz� porównawcz� nierówno-miernego wp�ywu parametrów uk�adu pojazd 
szynowy-tor na bezpiecze�stwo i komfort jazdy. 
S�owa kluczowe: pojazd szynowy, bezpiecze�stwo przeciw wykolejeniu, komfort jazdy 
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