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Abstract: The international regulations used to assess the dynamic behaviour of railway vehicles – UIC code 518 and EN 14363 – define a set of testing conditions. Under these regulations, the so-called normal method of assessing the movement safety is based on the measurement of forces Y1 (horizontal-crosswise) and Q1 (vertical) of the attacking wheel-rail contact. The so-called “nominal criterion” with participation of a horizontal nominal force called “frame” or “axial” is introduced as an initial (given) real criterion. The“frame”/“axial” force  is transmitted between the axle and frame and the vertical force representing the resultant force at the contact point of attacking wheel. The vertical load on the two wheels of a wheel-axle and the geometric position of nominal force are taken into consideration. The introduction of Q2/Q1 as a diagnostic parameter in the system leads to improvement.
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1. introduction
Rail transport is a complex "technological" system operating under the conditions and influence of a number of technical, social, economic and even political factors.

To achieve a quality transport service, it is required to apply an integrated approach to the nature, specificities and interconnection of individual (partial) issues of reliability and safety into the respective rail transport system. The main aspect in this direction is the establishment and maintenance of a system for reliability and safety management. It is a regulatory management system with a characteristic structure (defined by the objectives, tasks, directions and strategy to solve the problems of operational reliability and safety) defining standards and procedures for safe functioning of the individual railway subsystems [1]. 

In general, four groups of factors influencing on risk occurrence in the transport activity and a transport accident respectively can be defined:

- Technical factors – all technical faults of vehicles, infrastructure [2, 3, 4] and special equipment.

- Subjective factors – caused by the railway vehicle drivers or organizers of transport processes.

- Organizational (technological) factors – imperfections of technology, organization and management of the transport process.

- Other factors – influence of "operational environment" (atmospheric conditions, interaction with other types of transport systems, etc.).
The technical operation and safety in rail transport are not time-consistent concepts [5, 6]. The operational environment can be changed in a very short time and offer unknown conditions for the transport process implementation such as an emergency situation with hazards that have been unidentified until present. To avoid such situations, operational staff needs to apply adequate professional actions. People working in rail operation systems must be well trained and possess sufficient knowledge in all aspects of safety (nature, influencing factors, potentially possible hazards in the workplace, way of action in unusual and emergency situations, restorative actions after accidents, etc.). 
The classical rolling stock derailment occurs as flange climbing onto the rail head [7, 8] or the track gauge extension. As far as derailments consist a significant part of the total number of accidents, the study on this phenomenon by the methods of probability theory and mathematical statistics is of considerable scientific interest.

The railway accident “derailment” can be classified into six main types [7, 8]:
- classical derailment;

- collision of rolling stock with fixed obstacles and people;

- loss of strength and durability of the elements of superstructure, wheeled part and vehicle structure;

- failure in the rail transport management technology;

- other  cases such as expansion of track gauge due to high temperatures, disasters, etc.;

- faults in signalling and power supply systems.

The subtypes of each main type of derailment are as follows:

 (a) in the case of classical derailment:

- derailment when the flange climbs onto the rail head;

- derailment when the track gauge is widened .

(b) in the case of a collision between rolling stock and fixed objects and people:

-  with hitting running rolling stock;

-  with shunting;

-  with hitting a fixed barrier (including large-gauge and small-gauge objects, elements of switches and intersections);

-  with hitting people.

 (c) in the case of strength and durability loss:

- derailment due to broken rails and elements of switches and crossings under a running vehicle;

- derailment due to broken elements of wheeled parts (wheels, axles, wheelsets, spring suspension and coupling elements);

- derailment due to train breaking while running (draw gear, central bolted beams, body-bogie link, etc.).

(d) due to failures of technology and management:

- failure in the mechanism of transport process management (reception of the train on an occupied track; directing the train to a busy section, accepting and directing the train to an unprepared route; running at a prohibitative signal);

-  failure of the shunting management mechanism;

- failure of the control mechanism of loading and unloading operations and strengthening of load (loss of load, disbalancing of load, etc.).

(e) derailment due to track temperature expansion, disasters, etc.:

- derailment due to track expansion because of high temperatures;

- twisting of rails due to absence of ballistic prism or other elements;

- unacceptable wear-out of rail head and joints, etc.

(f) failures in signalling systems and electricity supply:

- derailments due to failures of automation devices;

- derailments due to failures of telemechanics;

- derailments due to failures of power supply devices.
The incidents and accidents in railway transport caused by rolling stock derailments have always consisted the highest share of all railway accidents everywhere in the world – in all cases being over 50% and reaching even up to 80-90% [9]. It is not occasional that the derailment is considered a typical (even the most popular) rail rolling stock incident. 

The experience, research and  contributions of Bulgaria, especially of the Research Institute of Transport with  Bulgarian Railways (BDZ), to avoid or reduce the accidents due to rail rolling stock derailment have been related mostly to operating speeds up to the permissible maximum + 10%.
The cases of derailment under these conditions (at operating speeds) are much rarer than those at low speeds and that obviously gives reasons to many professionals to consider that running at low speeds is dangerous from the viewpoint of "derailments". That is indisputably true if in "comparison" the number of accidents is considered more decisive than material damage and human casualties. Obviously, without any further details, it could be concluded that the derailment at operating speeds is not less significant than those occurring at lower speeds.

2. International regulations and standards for determination of safety criteria against derailment.

Under Directive 2004/49/EC [10] each EU member state shall ensure that it provides railway safety and increase of its level in compliance with the development of Community legislation and scientific and technical progress. For this purpose, European Railway Agency (ERA) was established [9]. To address the assigned tasks, Common Safety Methods (CSM) [11] have been developed to increase the level of rail transport safety and harmonize safety requirements in all EU countries [12]. The "Railway Administration" Executive Agency   (RAEA) is the national safety authority in railway transport of the Republic of Bulgaria [13]. In 2006 the Ministry of Transport and Communications established a specialized unit for investigation of accidents and incidents in railway transport (SUIAIRT) as part of the ministry structure [14]. A number of methods and sensory systems have been developed to measure the forces of wheel-rail interaction under operational conditions [15-22].
The dynamic parameters that are directly related to safety against derailment include the forces in contact area between the railway vehicle and track. The establishment of this relationship is a result of Nadal’s studies [23], which have shown that derailment might occur when the ratio of lateral (Y) and vertical (Q) forces in wheel-rail contact exceeds a certain boundary value. This value depends on the angle of flange, the geometry of contact and the coefficient of friction.
The state of safety against derailment based on criterion “Nadal" but modified by taking into account Y/Q pulse duration (or the distance, which actual derailment takes place within) is an essential element of assessment of rolling stock dynamic properties and their approval for operation according the provisions in force.

These regulations include EN 14363 standard [24] valid in the European Union and UIC 518 [25] published by the International Union of Railways. The derailment criterion is included also in the technical standards used in the US [26] and Japan [27].
The UIC 518 and EN 14363 standards include the permissible length of track section where the condition in Nadal criterion can be violated without a risk of derailment. However, it should be noted that despite the modifications, which considerably take into account the dynamic aspect of derailment phenomenon, Nadal criterion is based predominantly on quasi-static conditions of a running vehicle that lead to risk of derailment due to flange climbing on the rail. However, the derailment phenomenon with wheel climbing is in fact dynamic in nature and a subject of further intensive examinations.
The purpose of these studies is to determine the dynamic conditions leading to this type of derailment and develop new criteria to assess safety with movement. In particular, the studies made by Elkins and Wu [28, 29, 30] have revealed the need of such modifications of derailment criterion, which take into account the effect of angle of attack. It is aso worth mentioning the new approach to derailment problem using the energy method [22, 31].
Nadal derailment criterion determines the maximum (limited) value of ratio between lateral force Y and vertical force Q acting on the wheel at the point of wheel-rail contact. Since a vehicle derailment might occur if the value of this ratio exceeds the limit of admissible value for a sufficiently long period of time or a distance of track, the derailment safety assessment following these standards shall be performed using an average value (Y/Q)2m calculated by averaging Y/Q ratio in a window width of 2m around each route point. According to UIC 518 and EN 14363, the risk of derailment is high if (Y/Q) > (Y/Q)lim = 0,8. This boundary value adopted in these two standards corresponds to the coefficient of "wheel-rail" friction ( = 0,6, and to the maximum value of wheel angle ( = 70( in profiles of wheels and rails respectively – S1002/UIC60, which are used in the European countries. It should be noted that under normal operating conditions the friction coefficient (  is usually much lower, especially on the rail head lateral surface (at the point of contact "wheel-flange") [32, 33].  For the assumed value – ( = 0,36 of wheel/rail profiles S1002/UIC60, the ratio is assumed (Y/Q)2m (1,2.  The latter condition is examined in EN 14363 standard as a criterion of safety against derailment under quasi-static conditions corresponding to vehicle speeds less than 40 km/h.
The occurrence of derailment risk strongly depends not only on the pulse duration Y/Q (i.e. a high value of Y/Q in a short time interval), but also on the angle of attack of the attacking wheel –  (, since exceeding the limit value of this ratio can result in derailment only at large angles of attack. When the angle of attack does not exceed 5 mrad (approximately 3°) or becomes negative, the Y/Q limit values are much higher than those obtained directly by Nadal criterion [23, 28, 29, 30]. Such conclusions have been drawn from a derailment test with running conducted by the Association of American Railways (AAR, USA) [32] and such results have been obtained by the simulation studies carried out with the NUCARS programme of the Transport Technology Centre (TTCI, USA) [29,30]. The limit value of the derailment coefficient proposed by Elkins and Wu [28] is (Y/Q)2m =1,0 for attack angles ( > 5 mrad and (Y/Q)2m = 12/(( +7) for angles ( < 5mrad. 

The criterion proposed by H. Weinstock imposed a limit on the sum of ratios Y/Q for both wheels on the same axle [34]. This criterion is not included in UIC 518 and EN14363 standards as a recommended method of assessing the current safety of railway vehicles.

The international regulations (standards) for testing used to assess the dynamic behaviour of railway vehicles – UIC code 518 and EN 14363 define a set of test conditions, describe the data processing rules and give the limit values of specified quantities of assessment.
The regulations mentioned above state that the so-called normal method is based on the measurement of the contact forces Y (horizontal-transverse) and Q (vertical) of wheel/rail contact [35] indicating the following evaluation parameters:
- (Y, the total force exercised laterally on the track by wheel axles;
- Y/Q ratio used to assess the risk of derailment by flange climbing onto rail head;
- Yqst, the mean value of the lateral distortion force exercised on the outer rail in curves;
- Q, the maximum vertical force exercised on the outer rail in curves;
- Qqst, the mean value of vertical force exercised on the outer rail in curves.
The first two forces ((Y and Y/Q) are considered important for safety while the others are used to assess the track fatigue.
In addition, the lateral accelerations are measured on the bogie frame (above the wheel axles) and the lateral and vertical accelerations are measured in the body (above the central bearings). The body accelerations are used in the normal method for evaluating the "running behaviour".

Other alternative methods defined as “simplified" are described in UIC 518 and EN 14363. These methods are based mostly on these accelerations (bogie frame and body). However, although one and the same methods can be applied to accelerations, this document focuses only on the factors of influence of wheel/rail forces assessed within the normal method as safety and track fatigue criteria.

For the "maximum" quantities of measurement (ΣY, Y/Q and Q) the value of 99.85%, which is the absolute one, and/or 0.15% of the negative signal are selected.
For the whole test area, when the statistical process used is one-dimensional, the maximum estimate is defined as "mean ± 3 standard deviations" of N individual values.

For quasi-static values (Yqst and Qqst), the used quantity is 50% of the filtered signal value for each section of the track while the estimated value in the test area is determined as average of these N individual values.

The limit values ​​for evaluation of safety and fatigue track (axle load ≤ 22,5 t) are as follows:
 (ΣY)lim = (10 + P0/3) kN, where P0 is the static load of axles in kN





(1)
(Y/Q)lim = 0,8











(2)
(Yqst)lim = 60 kN 










(3)
(в UIC 518: 2009: 30 + 10500/Rm, where Rm is the mean radius of the sections used)
(Qqst)lim = 145 kN










(4)
(Q)lim = (90 + Q0) kN 










(5)
with limitation according to the high speed where Q0 is the static load of wheel.

3. Experimental determination of the safety criterion against derailment
The experimental determination of safety criterion against derailment under quasi-static conditions is carried out either by direct measurement of forces Y1 and Q1 or by direct measurement with computation of the same forces.
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Figure1. Computational scheme for determining the so-called “Nominal” criterion against derailment

The computational scheme of the task is given in Fig. 1 where the attacking wheel 1 contacts the rail edge rounded by the flange with point А1 in the conical zone (or if there is not such one, in the inflection zone) where the slope angle (1 to the horizontal has a maximum value and the non-attacking wheel contacts point А2 of the rolling surface to the upper surface of the rail head; due to the small slope of rolling surface at contact point А2 ((2 < 2(), in these examinations it will be accepted as zero ((2 = 0(). Vertical forces Р1 and Р2 transmitted from the structure are applied to the axle necks of wheels 1 and 2 respectively, and force Р0 of the wheel axle own weight is applied to its centre; horizontal force Yp transmitted by the structure to the wheel axle known as "frame force" is applied at a distance h in vertical direction from the horizontal plane of rail heads, whereby this distance is assumed to be not only equal, but also less or greater than the radii of wheels. Reactive forces N1 and N2 at contact points А1 and А2 respectively follow the directions of respective normals n1 and n2 to the supporting surfaces and friction forces (1N1 и (2N2 have the same directions as respective tangents t1 and t2 and opposite directions of the preset displacements.
To solve the system described above, the principle of virtual displacements in analytic mechanics is applies.
As an initial (given) real criterion that should be adaptated to ratio Y/Q approved internationally according to EN 14363 and UIC 518, the so-called "nominal" criterion Yp/Q(1 with participation of horizontal nominal force Yp called "frame" or "axial" transmitted between the axle and frame is introduced [39, 40]; as well as vertical  force Q(1 representing the resultant force at the contact point of attacking wheel:
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(6)
where: (1 and (1 – the angle of flange and friction coefficient at the flange-rail contact point of attacking wheel respectively; (2 – friction coefficient at the flange-rail contact point of non-attacking wheel;  Q(2 and Q(1 – vertical load on both wheels of a wheel-axle and h/c – parameter taking into account the geometry location of nominal force Yp.

The internationally validated criterion of Nadal Y/Q = Y1/Q1 is: 
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 (7)                                  
and with the correction made by Marie G. 
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  (8)
is temporarily replaced by the so-called "conditional transforming" criterion against derailment Y1/Q1, which is closer to reality, being characterized by factually acting adapted (reduced) forces Y1 and Q1 at the contact point of attacking wheel. It helps to achieve methodological compatibility with the initial criterion assumed temporarily with deviation Y1/Q1 ( Y/Q acceptable in practice.

The determination of Y/Q criterion validated by the Euro-norms and UIC criterion is possible only experimentally, at that with the help of a special force-measuring wheel axle with appropriate equipment and staff provided by the owner to be used under certain conditions; or giving tests to be completely performed by West European companies, which is even more disadvantageous for Bulgaria. This state inevitably generates an alternative to seek another solution at least for the most common cases of low responsibility –  for example, according to the objective set here – the theoretical determination of criterion against derailment Y1/Q1 and Y/Q respectively, by no direct method but indirectly as follows: by theoretical or experimental determination of the nominal criterion against derailment Yp/Q(1 and its subsequent adaptation to conditional criterion Y1/Q1, which is considered equivalent to criterion Y/Q established in compliance with EN and UIC. As for the actual adaptation from Yp/Q(1 to Y1/Q1, it is based on the disclosed methodological compatibility and the transformational dependencies between criteria Yp/Q(1 and Y1/Q1: 
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(9)
Fig. 2 shows the dependency between criteria Y1/Q1 and Yp/Q(1 with different values of (1(= 0,3; 0,36; 0,4), with different values of ratio Q(2/Q(1(= 0; 0,5; 1; 1,5; 2) for wagon axles of (920mm, which are standard ones according to UIC.
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Figure 2. Dependencies between criteria Y1/Q1 and Yp/Q(1 with different values of (1(= 0,3; 0,36; 0,4)  separated according to parameter Q(2/Q(1(= 0; 0,5; 1; 1,5; 2) for wagon axles of (920mm, which are standard according to UIC
With values of (2 = 0,25 and h/c = 0,315 for wagon wheel axles, formula (9) can be specified as follows:


[image: image7.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

+

=

1

2

1

p

1

p

1

1

'

Q

'

Q

.

079

,

0

921

,

0

'

Q

/

Y

.

315

,

0

1

'

Q

/

Y

Q

Y









(10)

and  with parameter  varying Q(2/Q(1 = Q2/Q1 (= 0; 0,5; 1; 1,5; 2):
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In case of reverse adaptation from Y1/Q1 to Yp /Q(1, the following dependency is obtained: Y1/Q1 to Yp/Q(1, we obtain dependence on the
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(12)

which is in appropriate for practical use under the conditions mentioned in formulas (9) with Q2/Q1 = Q(2/Q(1.
In cases where the values of wheel load Q(2/Q(1 and Q2/Q1 have to be determined, the following formulae shall be used:
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The results of the current studies that are appropriate for practical use allow mutual transformation  between nominal criterion Yp/Q(1 and conditional one Y1/Q1 or approved one Y/Q according to EN and UIC using three basic methods:
- graphic with a diagram,

- analytical with classical proceeding,
- analytical with software products,
As the analytical methods are those recommended to practice while the graphic one is given rather to illustrate and substantiate the methodology and even to derive basic analytical dependencies.
4. CONCLUSIONS 
1. With preserving the basic precondition in Nadal model characterised with forces convergent at one point, a formula of the criterion against derailment is worked out with considering the presence and impact of non-attacking wheel. 

2. The so-called “nominal criterion” against derailment is derived based on the nominal forces and its limit value is determined depending on 7 physical values, of which the vertical loads on wheels and the height of distance to frame force Yp applied to the wheel axle, the so-called “correcting member” containing ratio Q2/Q1, which in fact is inextricably linked to the main part of formula.
3. Due to the adjusted limit value of Nadal criterion and keeping it,  there is a possibility to avoid the boundary mode, which is risky for derailment of railway vehicles. On the other hand, the introduction of ratio Q2/Q1, which is examined as a diagnostic parameter, into the system will contribute to its improvement expressed in decrease of the dispersion of results, increase of sensitivity, improvement of the system control, etc.
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