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Assessment of Locomotive and Multi-unit Fatigue Strength
Considering the Results of Certification Tests in Ukraine
and EU Countries

Sergiy A. KOSTRYTSYA!

Summary

The comparative analysis of methods for assessing the fatigue strength of the rail vehicle used in the Ukraine and the EU is de-
scribed in this article. As a result of the comparison, the following main differences of the indicated methods are distinguished:
1. In Ukraine, fatigue strength assessment is carried out using the fatigue strength factor, which should not exceed the
normative value. In the countries of the European Union, the fatigue strength is evaluated according to the permissible
stresses, and the permissible stresses are determined using stress strain diagrams.

2. According to the requirements of the Norms in Ukraine for determining the fatigue strength factor, the endurance limits
of standard samples in a symmetrical loading cycle are used. The stress limit diagrams, which are used in European norms,
are constructed for characteristic structural elements taking into account the asymmetry of the stress cycle coefficients.
Analytic studies and analysis of experimental data carried out by the author have made it possible to develop a number of recom-
mendations aimed at increasing the reliability of the results of estimating the fatigue strength of load-bearing structures of self-
propelled rolling stock and to make proposals for harmonizing the relevant regulatory documents in Ukraine and the EU countries.
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1. Introduction

Railway transport is one of the most important
branches of economy of many countries in the world,
and its successful operation largely depends on the
condition of used rail vehicle. Current and unsched-
uled repairs of rail vehicle lead to significant addition-
al material costs, and the defects of its load-bearing
structures, in addition, significantly affect the safety
of traffic, as they can lead to emergencies.

In the process of operation, the rail vehicle is sub-
ject to time-varying loads. As a result of this action,
stresses appear in the load-bearing elements of its
structure, which are random functions of time. If the
level of these stresses exceeds a certain value, then
there occurs the process of gradual accumulation of
damages in the material of the part, leading to de-
struction. This process is called fatigue of the material,
and the corresponding destruction - fatigue failure.

Fatigue failure of load-bearing structures of rail ve-
hicle during operation, as a rule, leads to catastrophic

consequences, therefore the problem of preventing
this phenomenon in railway transport is very actual
and can be solved at the stage of certification tests.

2. Research problem and methodology

At the design stage or in the process of admis-
sion to operation, at carrying out certification tests
for assessing the fatigue strength of the multi-units in
Ukraine Railways and abroad, there is used the regu-
latory framework, based on fundamental researches
in the field of material fatigue.

At the same time, it should be noted that the me-
thods of assessing the strength of load-bearing struc-
tures of rail vehicle have greatly developed, especially
over the past 30 years. There are three main directions:
1) improvement of methods of strength calculating,
2) improvement of methods of experimental research

conducting and processing of the obtained information,
3) improvement of the regulatory framework.
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For the computational support of design and
simulation of rail vehicle, at the stage of preparation
for strength tests, the finite element method (FEM)
has become most widely used. The application of the
FEM, at the early stages of its development, to the
calculation of real structures was fraught with great
difficulties. First of all, this was due to the need to pre-
pare a large number of initial data, the complexity of
analyzing the results obtained in the course of com-
putational research and the low power of computers
that existed at that time. Therefore, with the growth of
computer performance, the development of software
complexes implementing the FEM went along the
path of creating an intuitive interface, with the ability
to visualize both the raw data and the results of the
calculation. Modern software complexes allow creat-
ing calculation schemes that practically accurately re-
flect both the geometry of the structure and the con-
ditions of its loading [11, 13, 14].

The development of methods for carrying out expe-
rimental research is mainly associated with the use
of increasingly sophisticated hardware that allows
digitization and recording of measurement processes
directly in a computer. That, in turn, gave impetus
to the development of software packages that allow for
the almost instantaneous processing of experimental
data in accordance with the requirements of regula-
tory documents [2, 7, 10, 12].

The regulatory framework, on the way to the devel-
opment of methods for assessing the strength of load-
bearing structures of traction rail vehicle, in Ukraine
was the most conservative element. This is indicated,
in particular, by the data given in the Table 1.

Kostrytsya S.A.

The analysis of data, given in Table 1, allows us to
draw two main conclusions:

1. The regulations for assessing the strength of trac-
tion rail vehicle operating in Ukraine [6, 16], re-
quire urgent updating, as nomenclature of traction
rail vehicle and its technical characteristics have
changed significantly over the last 30 years.

2. When developing new Regulations, it is neces-
sary to take into account the need for their har-
monization with the Regulations applied in other
1520 mm gauge countries (Latvia, Lithuania, Es-
tonia, Russia, Belarus, etc.) and the EU countries.
This becomes especially relevant in connection
with conclusion of international contracts for sup-
ply of new equipment by Ukrainian Railways.

As already noted, the requirements for fatigue
strength of the structural components of rail vehicle
in all regulatory documents are based on fundamen-
tal research. However, the criteria for making this as-
sessment are qualitatively different. In particular:

1. In 1520 mm gauge countries, the assessment of
fatigue strength is performed with the application
of the fatigue safety factor that shall not exceed
regulatory value (for main load-bearing elements
of body and bogie frames, according to the Regu-
lations requirements for both locomotives [6] and
Regulations for multi-units [16] there is applied
equal to two). In European Union countries the
fatigue strength assessment is performed accord-
ing to the acceptable stresses, and the acceptable
stresses are determined with application of limit
stresses diagrams.

Table 1

Regulatory documents, applicable in Ukraine, Russia and European Union

Ukraine

—

. Technical requirements for the design
and manufacture of welded structures of
locomotive bogies — 1970.

2. Technical requirements for the design

locomotives - 1972.

Other 1520 mm gauge countries

1. Regulations on calculation and
assessment of the strength of load-
bearing elements and the dynamic
qualities of locomotives — 1998.

and manufacture of welded frames of 2. Regulations on calculation and

assessment of the strength of load-

European Union

1. EN 13749-2011, UIC 615-4 (bogie).

2. EN 12663-2010, UIC 566 (body).

3. ERRI B12/RP17-1997 (limit stress
diagrams for various steel grades).

4. DVS 1612:2014-08 (limit stress diagrams
for welded steel structures).

5.5.DVS 1608:2011-08 (limit stress

3. DSTU 4493-2005. Passenger mainline

cars of diesel and electric trains. Safety
requirements.

4*. Regulations on calculation and

assessment of the strength of load-
bearing elements and the dynamic
qualities of locomotives — 1998.

5*. Regulations on calculation and

Note: * - regulatory documents that are not put into effect in Ukraine, but are applied in case of relevant reference in

assessment of the strength of load-
bearing elements and the dynamic
qualities of multi-units — 1997.

technical task for products.

bearing elements and the dynamic
qualities of multi-units — 1997.

3. GOST R 53077-2008 (bogie, modified

with reference to EN 13749-2005).

4. GOST R 53076-2008 (bogie, modified

with reference to EN 12663-2000).

5. 5. GOST 33796-2016. Interstate
standard. Multi- units. Requirements for

strength and dynamic qualities.

diagrams for welded aluminum and
alloys structures).
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2. For determination of fatigue safety factor there are ap-
plied the endurance limits of references at symmetric
loading cycle. Limit stress diagrams, used in European
regulations [1, 4, 5, 8, 9, 15], are constructed for char-
acteristic structural elements taking into account the
asymmetry coeflicients of the stress cycle.

In this connection, it became necessary to com-
pare the results of assessment of the fatigue strength
of load-bearing structures of rail vehicle using the
above criteria.

According to the Regulations [6, 16] applied in
Ukraine, the fatigue strength of load-bearing traction
rail vehicle structures is assessed using a fatigue safety
factor that should not exceed the normative value.
The fatigue safety factor n is determined with the help
of the equation:

o)
n=_———:, (1)
(kO'v +yo, )
where:
o, - endurance limit of reference at symmetrical
loading cycle,

o, - average cycle stress,

o, - amplitude of dynamic stresses,

vy - coeflicient that takes into account the sensitiv-
ity of the metal to the asymmetry of the cycle
(ato, >0,y=03,ato, <0,y =0); k — effective
coefhicient, taking into account the decrease in
the endurance of the part in relation to the en-
durance limit of the reference.

The coeflicient k is determined from relation:

k=pkk,/y-m, )

where:

effective stress concentration factor,
coeflicient taking into account the heteroge-
neity of the part material,

>N
>
|

k, — coefficient taking into account the influence
of internal stresses in the part,

y - coeflicient that takes into account the dimen-
sions of the part, which must be determined
according of the regulations [6, 16],

m - coefficient taking into account the state of the

part surface.

In the European Union countries, the fatigue
strength is assessed according to the acceptable stres-
ses, and the permissible stresses are determined using
limit stress diagrams. Two types of diagrams are used:
1. Diagrams given in the regulatory document (limit

stress diagrams for various steel grades and type

of part welded joints, obtained experimentally)

[1, 4, 5, 15]. In these diagrams there is provided

ando )

min

the dependence of the limit stresses (o
on the mean stress (0, ) of the loading cycle.

2. Diagrams oflimit stresses for welded steel structures [8]
and welded aluminum and alloy structures [9]. These
diagrams include data for steels from the European
report ERRI B12/RP17-1997, but they significantly
expand data on the types of welded joints. In addi-
tion, in these diagrams there is provided the depen-
dence of the limit stresses (o) on the coefficient of
asymmetry of the lading cycle.

The examples of application of two types diagrams
are show in the Fig. 1 and Fig. 2.
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Fig.1. Assessment of fatigue strength using the limit stress diagram
given in the report ERRI B12/RP17-1997 [Diagram is scanned]
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Fig. 2. Assessment of fatigue strength using the limit stress dia-
gram is accordance with the requirements DVS 1612:2014-08
[Diagram is scanned]
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The main advantage of using diagrams (Fig. 1 and
Fig. 2) is the convenience of the results assessment. The
strength of the structure is considered to be ensured if the
stresses in the structure, obtained by calculation or experi-
mentally, do not exceed the boundaries of the correspond-
ing curves. For example, all the stresses (in Fig. 1 and Fig. 2
are shown by dots) are in the range of allowable values.

To compare the results of the assessment of fatigue
strength according to European regulations and regu-
lations applied in Ukraine, we should determine the
limit stress of the loading cycle using Formula (1).

Maximum and minimum stresses of the stress cycle:

C,0u=0,10,, (3)

O-min = O-m - O-v : (4)
From Formula (1) it follows that:

o, =(o,—nyo, )/nk=0_ [nk-yo, [k. (5)

Upon substitution of expression (5) in (3) and (4),
we obtain:

O =0, [nk+0, (l—wam/k), (6)
O =0, /nk—0,, (l—wam/k). (7)

The limit stress diagrams of the loading cycle ob-
tained with the use of relations (6) and (7) for grade steel
0912C with proportionality limit 345 MPa, as well as the
limit stresses from the regulations ERRI B12/RP17-1997
for European steel 18G2A with yield strength 355 MPa
are given in Fig. 3. Diagrams corresponding to the regu-
lations [6, 16] are constructed at two values of the coef-
ficient y (see Formula 2), which takes into account the
dimensions of the cross section of the part.

20

e “ 5 i e e -
Fig. 3. Comparison of limit stress diagrams. The diagram, given
in red, corresponds to European regulations, green and blue —
to Ukrainian regulations with values of the coefficient y equal
to 0.6 and 0.8, respectively
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It can be seen in Fig. 3 diagrams that the greatest
discrepancy between the stresses of load cycles (green
and red lines) occurs at a value of y = 0.6 (the regula-
tions [6, 16], the size of the part is 160 mm). This dis-
crepancy is due, first of all, to the fact that in Ukrainian
regulations the values of the coeflicient y are given de-
pending on the diameter of the part, and not on the
dimensions of its cross section. Or in other words, the
recommendations of the regulations [6, 16] can be used
for structural elements having circular cross-section.

The foregoing points to the need for special stud-
ies to determine the coeflicient that takes into account
the cross-sectional dimensions of parts, including
parts made from rolled sections.

The most reliable results for determining the coef-
ficient y, taking into account the dimensions of the
cross-section of the part, can be obtained using the re-
lation:

y= -10 , (8)

where:

(e}

., — experimental value of the endurance limit

of a part having a definite shape and di-
mensions of the cross section,

o, —experimental value of the endurance limit
of a reference having circular cross section
and made of the same steel grade.

Upon full-scale tests for the fatigue strength of the
characteristic structural elements used in locomotive
construction and having various shapes and sizes of
cross section, a graph (graphs) similar to that given in
the regulatory documents [8, 9] can be constructed.
However, this way requires huge time and material
costs and is currently impossible.

The main provisions on the theoretical definition
of the scale factor were developed in the works of the
well-known scientist in the field of fatigue strength of
materials Kogaiev V.P. [3]. In the basis of Kogaiev V.P.
development lies the statistical theory of fatigue fail-
ure. The basic equation for the similarity of fatigue
failure obtained in [12] is as follows:

oly)-u
ng(l_p): J{L} d_A) (9)
Ige il o A,
where:
P - probability of occurrence of fatigue crack at
stresses 0 <0 _;,
o(y) - function describing the law of stress distri-
bution over the height of the cross section
(0< f(x,y)<1),
m  —fatigue curve index,
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¥ —minimum limit of the endurance limit (the
probability of inequality o_,, <u is equal
to 0). For plastic materials u = 0. 50 ,

o -—scale factor,

A —size factor.

The quantity that stands on the left side of the sim-
ilarity Formula (9) is in fact the same probability of
destruction of the part P. Thus, at P = 0.05:

1
—Ig(1-P)=-2.31g(1-0.05)=0.051,
oo g(1-P)=-2.31g(1-0.05) =0.051

at P=0.01:

1
—Ig(1-P)=-2.31g(1-0.01) =0.01.
oo g(1-P)=-2.31g(1-0.01)=0.01

The integral on the right-hand side depends on the
shape and dimensions of the section, and also on the
law of distribution of normal stresses along its height.
Calculation of this integral only for round and flat sam-
ples having different stress concentrators is described
in papers [3]. Numerical data for rolled sections in
these and other reference sources are not available.

Therefore, let’s consider as an example a part made
of a rolled section in the form of an I-beam (Fig. 4),
whose normal stresses along the height are distribut-
ed according to linear law.
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Fig. 4. Main dimensions of the rolled section in the form of
I-beams: h — I-beam height, b — shelf width, & - wall thickness,
t — shelf thickness

Using the notations shown in Fig. 4, we can write
the following relationship for determining the stress o
at the point located at the distance y from the section
center of gravity:

o-u=G(y-a,), (10)
where: G - gradient of normal stresses, calculated
with the help of the following expression:
—u

G= Gmax ,
a_ao

where:
o —is assumed to be equal to o_,,
a - coordinates of the point, where the stresses
are equal too , in our caseitis a = h/2,
a, - coordinates of the point, where the stresses

are equal to u, a, = h/4.

Taking into account the Formula (10) it is possible
to write:

e e

O 0

Upon integrating is obtained:

e (e

m+1| o, | AS

I:

where:
c and d - parameters, depending on section size,
& - value equal to relation o, /u. In its turn, the
value u for plastic materials is assumed to be
equal to 0.50 .

Parameters c and d are found from relation:

c-l—é and d—l—z
b h

In essence, the value ¢ is desired size coefficient,
since taking into account Formula (8) and the above
value of u, we have:

£-0.50

o,

7/:6_la :2:
o

Gfl -1

=0.5& .

Thus, for the cross-section in the form of I-beam,
Formula (9) after all the transformations becomes as
follows:

1
—le(1=P)=
oo g(1-P)

vh [ u| 1 - o
:m{;j R[(g )" —e(dg-1)" J (12)

The solution of the obtained similarity equation
of fatigue failure can be obtained by the method of
successive approximations or graphically. In case of
graphical solution, there are points of intersection of
the right and left parts of Formula (12), as a result, the
required parameter ¢ is determined. An example of
a graphical solution is shown in Fig. 5.
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Fig. 5. Example of graphical solution of the fatigue failure similarity equation for I-beam

In the Fig. 5, the horizontal lines correspond to the
probability of not destruction of the part 95% and 99%,
each curve - to I-beam with a certain number and made
of steel having the exponent of the fatigue curve m.

The results of solution of the Formula (10) for I-be-
ams, channels and channel boxes (in accordance with
GOST 8239-89) made from steels with different expo-
nent of the fatigue curve m are given in Table 1. At cal-
culation of m were taken into account 8, 10 and 12.

In the absence of experimental data, the exponent
of the fatigue curve m according to GOST 25.504-82
should be determined from the ratio:

o
m=5+—L,

where ¢, - ultimate strength of this steel grade
in MPa.

Thus, for the abovementioned 09T2C and 18G2A
steels with strength limits of 480 MPa and 540 MPa,
the fatigue curve should be taken equal to 11 and 12,
respectively.

3. Calculation results

Using the method described above, the Author
carried out calculations of the scale factor for rolled
sections in the form of I-beam, channel, and chan-
nel box. According to the obtained results, the coeffi-
cient y taking into account the dimensions of the part
at calculation of the fatigue safety factor, varies within
the following range:

1) I-beam - 0.69<y <0.75,
2) channel - 0.7<y <0.77,
3) channel box - 0.69 <y <0.76.

Taking into account the foregoing, it is proposed
to add the data of Table 2 to the developed in Ukraine
Regulations on design and assessment of locomotive
and multi-unit strength.

Table 2
Values of coefficient v, taking into account the
dimension factor influen

Part section height [mm] Coefficient y value

up to 100 0.8
100-250 0.75
more than 250 0.7

Table 2 is fully consistent with relevant table, given
in GOST 33796-2016, applicable in all the 1520 mm
gauge countries, except Ukraine.

4. Conclusions

1. In order to avoid conflict situations when carrying
out certification tests of rail vehicle manufactured
by EU countries in Ukraine and vice versa, it is
necessary to harmonize requirements of fatigue
strength for 1520 mm and 1430 mm.

2. The implementation of the scale factor values in
the Ukrainian regulations proposed by Authors
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of this article will allow harmonizing the require-
ments for assessment of strength of load-bearing
structures of locomotives and multi-unit fatigue
strength with the requirements of similar regula-
tory documents applicable in the EU countries.
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Ocena wytrzymalosci zmeczeniowej lokomotyw i zespotow trakcyjnych
z uwzglednieniem wynikow badania certyfikacyjnego na Ukrainie i w krajach UE

Streszczenie

W artykule przedstawiono analize poréwnawczg metod oceny wytrzymalosci zmeczeniowej pojazdéw szynowych
eksploatowanych na Ukrainie i w krajach UE. Wyr6zniono nastepujace istotne réznice w opisanych metodach:

1. Na Ukrainie, ocena wytrzymatosci zmeczeniowej prowadzona jest przy uzyciu wskaznika wytrzymatosci
zmeczeniowej, ktory nie powinien przekracza¢ wartosci normatywnej. W krajach Unii Europejskiej, wytrzy-
malos¢ zmeczeniowa jest oceniana w zaleznosci od poziomu dopuszczalnych naprezen okreslanych z wykresu
naprezen i odksztalcen.

2. Zgodnie z wymaganiami norm na Ukrainie, do okreslenia wskaznika wytrzymalosci zmeczeniowej wyko-
rzystuje si¢ granice wytrzymatosci standardowych probek przy symetrycznym obcigzeniu. Wykresy granic na-
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prezenia uzywane w europejskich normach, sa konstruowane dla charakterystycznych elementéw konstrukcyj-
nych z uwzglednieniem wspoélczynnikéw niesymetrycznego cyklu naprezenia.

Przeprowadzone przez autora studia teoretyczne i analiza danych dos$wiadczalnych, umozliwily opracowanie
rekomendacji majacych na celu podniesienie jako$ci oceny wytrzymatosci zmeczeniowej konstrukeji nosnych
elementéw taboru z wlasnym napedem i przygotowanie propozycji zharmonizowania odpowiednich doku-
mentéw regulacyjnych na Ukrainie i w krajach UE.

Stowa kluczowe: lokomotywa, zesp6t trakcyjny, certyfikacja, wytrzymalos¢ zmeczeniowa, kryteria oceny

OneHKa yCTaTOCTHON MPOYHOCTH TOKOMOTHB M CAMOXOJHBIX NOABIDKHBIX COCTABOB
COITIACHO pe3y/IbTaTaM cepTU(UKAIVOHHBIX TeCTOB B YKpauHe u crpaHax EC

Pe3rome

B craTbe mpefcTaBleH CpaBHUTEIbHDBIN aHAIN3 METONOB OLIEHKM YCTAaJIOCTHONM IMPOYHOCTU eJUHUIL JKeyles-
HOJOpO>KHOTO MOABIDKHOTO COCTaBa UCIOIb30BaHbIX B YKpauHe 1 cTpaHax EC. B pesynbrare ynoMmanyToro
CpaBHEeHU ObITN BbIfle/IeHbl BaYKHbIE PA3HUIIbI B OMMCAHBIX METOMIAX:

1. B YkpauHe oleHKa yCTaJIOCTHOI IPOYHOCTY IPOBOAUTCS IPU YIOTPeO/IeHNN MHANKATOPA YCTaTOCTHOM
MIPOYHOCTY, KOTOPBIIl He JO/DKEeH IpeBbllIaTbh HOpMaTUBHOTO 3HadeHMsA. B crpanax EC ycranocTHas mpou-
HOCTb OLIEHMBAETCA COOTBETCTBEHHO YPOBHIO JOIIYCKaeMOTO HAINpsDKeHMs, a JOIlycKaeMoe HaIpsyKeHUe
OIpefieIAeTCs IIPY IOMOIIM AYiarpaMMbl HallpsDKeHU-iepopMarIiuin.

2. CornacHo Tpe6OBaHNAM HOPM B YKpauHe, JJis onpefenieHNs GpakTopa yCTaTOCTHO IIPOYHOCTI VICIIONb3Y-
eTCsl IIpefie/Ibl IPOYHOCTY CTAaHAAPTHBIX 00pasIoB IIpY CMMMETPUYHOI Harpyske. [luarpamsl pefie/ioB Ha-
IpsKeHNA UCTIONb3yeMble B eBPOIEICKMX HOpMaX CKOHCTPYPUPOBaHbI 71 XapaKTepPUCTUUECKUX KOHCTPYK-
IIVIOHHBIX 3JIEMEHTOB C y4eTOM K03(pPMIMeHTOB HeCMMMETPUYHOTO LIVKJ/ISI HAIIPsDKEHNUA.

[TpoBemeHHbIe ABTOPOM aHATUTUYECKIE Pa3pabOTKM U aHAIN3 HKCIEPUMEHTANTbHBIX TaHHBIX CAe/au BO3-
MOXXHBIM PaspaboTKy psAfa peKOMEeHalNil HallpaBeHHBIX Ha IOBBIIIEHIe HaJl&)KHOCTU Pe3y/IbTaToOB OLeHKN
YCTaZIOCTHON MPOYHOCTY Hecyllell KOHCTPYKIMM CaMOXONHbBIX €IMHUILL IIOABVDKHOTO COCTaBa U MOATOTOBKY
IpeJIoKeHMII Pery/IAOHHbIX JOKYMEHTOB B YKpanHe 1 cTpaHax EC.
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