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1. Simulation of accumulation of rolling contact
fatigue damage in railway wheels and rails

1.1. General information

Program packagélniversal Mechanism (UM) has been developed at the Laboratory of
Computational Mechanics of Bryansk State Technical Unive{B®fU), Russia

Modules UM RCF Wheel (UM Rolling Contact Fatigue of Wheel) and UM RCF Rail
(UM Rolling Contact Fatigue of Rail) representghe additional program todd integrated in
UM Simulation program. The indication of presence of the moslulecurrent configration of
UMi s sign c¢+é& i n t Amutwiodow (eosmmpandintendelg| Aboutpre- o f
gr a mé&igurel.l

Configuration
UM Durability/LOCO sveessnnsssssasmanssnnsmns {+) -
UM Durability/CArriagle .s.cesssscsssmsnssnnsmns {+)
UM Durability/FreightWagon «c.cecsssscsansanas {+)
M 3D CONTAEL sccccsmcmcssssssscsssasanssnnnnms {+)
M CAD InterfaceS .@ccccccecucccnecacacmceacnna-s {+]
TM BCF Wheel ...vivviencnsnsnsnannsansasnannnnnnnss {+}
UM BCF BAil wevevevemsasnsnsmamsanasnmnnsnsssss {+}
UM CUM .. ... eeeeeerencasnnnnmmmsanasnanennnnmms {+) =
M Flexikble Bailway Track ..ccececcscnsnnsnnnnns {+) 3
M Modal BEAM c.ceesnansnsssnananssnnamnsssnnms {-)
UM FEM BAIl cuuevevamnsasnsnsmmnnssssssnsssssmns | i

wyww, universalmechanism, com

e-mail: um@universalmechanism.com

Figurel.l List of modules imMbout program window

Modules UM RCF WheelandUM RCF Rail aredeveloped for simulation dhe process of
accumulation ofolling contact fatigue (RCFilamage in railway wheeknd rails The module
may be used for implementing of htiuariant comparative calculations, for example for solution
of the problem of the wheel tread rail profile optimization acording toRCF criterion.

Module UM RCF Wheel allows the user

1 to define the velocity ofhe accumulation oRCFdamage in wheels with the different tread
surfaces by using the data which are obtained by simulatithre cdilway vehicle dynamics
by means of th&JM Loco (Chapter §,
1 to use the four RCF criteria for modelling of the accumulation of RCF damage
o criterion of amplitude of maximum shear stress
o Dang Van criterion;
o0 combined criteriq;
1 to take into account wheel profile weawt effect on the rate of accumulation of RClnda
ageusing theUM Loco/Wheel Profile Wear Evolution tool (Chapterl6);
1 to take into account wheel stéwrdness effect on the rate of accumulation of RCF dgmage
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1 to take into account residual stresses effect on the rate of accumulation of RCF;damage
1 to represent processes of the stress modeaind the damage accumulation in the wheel
with the help of grghic interface including isolines and coloring

Module UM RCF Rail allows the user

1 to define the velocity othe accumulation oRCF damage irrails with the different tread
surfaces by using the data which are obtained by simulatithre cdilway vehicle dynamics
by means of th&JM Loco (Chapter §

1 to use the four RCF criteria for modelling of the accumulation of RCF damage

o criterion of amplitude of maximum shear stress
o Dang Van criterion;
0 combined criterio;

1 to take into accountil profile wearout effect on the rate of accumulation of RCindge
using theUM Loco/Rail Profile Wear Evolution tool (Chapterl6);

1 to take into account residual stressfect on the rate of accumulation of RCF damage

1 to represent processes of the stress miodednd the damage accumulation in thi with
the help of graphic interface including isolines and coloring

For modelling of the process of RCF damage acdationm in theUM RCF Wheel and

UM RCF Rail modules the following assumptions are used:

1 the materials of the contacting bodies are uniform, isotropic and elastic

1 the ggometric forms of the contact surfaces exert a determinative influence on conditions in
contact and these conditions weakly depend from the structural forms of whedls;

1 the temperature level arising in the wheel or rail does not influence on a stress stage and m
chanical properties of their materials considerably.

Parallel calculatiorof wheelrail contact problems on muitihreaded processors is irepl
mented to speed up the simulation process.

For operation of th&JM RCF Wheel module theUM Loco module andUM Loco/Wheel
Profile Wear Evolution tool in the current configuration &M are required.

For operation of th&/M RCF Rail module theUM Loco module andJM Loco/Rail Pro-
file Wear Evolution tool in the current configuration &M are required.

This manual is compiled as follows. Practical issues are discussed il.8egridSect 1.6.
More detail information about RCF and approaches to modelling ciidbemulation of RCF
damage, the description of the algorithms involved in the pragramonsidered in Sect.2,
Sect.1.3and Sectl.5
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1.2. Rolling contact fatigue

A reason of some widespread defects of the machine elenserdlling contact fatigudn-
teraction ofa wheel and rail is characterized by the following featuféss is a very high pse
sure (more than 1000 MPa) in the contact that causes a plastic deformation of the subgurface la
ers under the big friction ctieients. Rolling the wheebn the rail especially at moving in curve
sections is accompanied by the considerable longitudinal and lateral creep thatdaege
damaging effectBesides, cases of the full sliding of the wheel along the rail are fossibng
braking. It results to thermomechanical damage of the rolling surface and rather fasigsp@l
the surface damaged layers under acting of the contact stiesset® high levels of the contact
stress and temperature arising on the fricticuafaces of wheel the cracks appddre cracks
are typically either parallel or perpendicular to the wheel trdatih continued rolling the cracks
grow, and when the material is weakened to the point of failure the spalls are férmetivork
of the craks may progress into the RCF sh§lls

1.2.1. Rolling contact fatigue damage of railway wheels

Surface RCF damage€i@urel.2a) become apparent as inclined parallel cracks placed on the
rolling circle and spalls from thenthis type of defect is named thread cheéksthe first stage
hair-like cracks inclined abouinder equal angles to generatrix of the wheel cylindrical surface
appear on the rolling surfacAngle of inclination of the cracks in different cases may change
from 20 30 to 45 degreesSection where such cracks are discovered may be situatedi at 25
40 mm from outside wheel face, on the middle of tread, irr¢lgeonadjoining to flangeWithin
process of increasing of the run the small cracks begin to unite forming local kptdisthe
local spalls may generate a chain of entire spalls, which agetmirjable defect and the wheel is
liable to turning1].

a) b)
Figurel.2. RCF damage of railway wheeliahallow; bi subsurface

Sulsurface RCF damagd-igurel.2b) appear at the depthi @mm and more and cracks
commonly develop towards tread causing spalling in form of shells. However, the crack-may d
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velop inside of the wheel that, in case of manyesrturned rim, under action of impact load may
result in aéstruction of the whedP].

A spectrum of the forces dependent from wheel load, position of the wheel on rail, wheel and
rail profiles, friction forces acts on the wheedad.Unfavorable combination of the worn wheel
and rail profiles at some positions of the wheel on rail is the factor which contributes to arising
normal and tangential stresses and thus to arising rate of the damage accufdjlation

One of the features of appearing subsurface RCF damage of wheel is that rim material unde
action of normal and tangentitactionis in complicated stress stat®hen directions of the
main stresses change during cycle and the stressoc@mis reach maximum values at the same
time [3].

Often the subsurface damages progress in the presence of the inclusions (voids, blowhole:
as well as of heterogeneities of structuvdelling of an elastoplastic stress stagng finite
element (FEpnalysisshows that local stresses increase inrélggonclose to the defect and as a
result the plastic deformation has pl§4E It causes residual stresses that may be tensile lbnes.
furthersthe cracknucleation1].

However RCF damages may arise in absence of evident material d&jeatsthe depth
about 4mm from tread where the equivalent stresses reach the maximuenesaaeding the
fatigue limit of material at the considered pofdtich damages arise under large stresses in cases
of unfavorable combination of the worn wheel and rail profiles especially of the "tshagied
profile of wear"[1], when the normal stresses under wheel loadkiN2ihcrease from 1100 to
2300MPa and moreThe contact stresses also increase with decreasing the wheel diameter aftel
multiple reprofiling of the wheel.

1.2.2. Rolling contact fatigue damage of rails

Contact fatigue damagecaused by cyclic loads during the interactiorthaf wheel and rail
aresubdivided into those arising from the surface amérgingoelow the surface.

The initiation of fatiguedamagein a rail occurs at the point where the maximum stress is
reached. When this maximum stresaisesncreasng of thecyclic plastic deformation, theer
sulting damage will be contact fatigue damage. Since the point with the maximum stress in the
contact baveen the wheel and the rail at high friction coefficients is located on the rolling su
face, the corresponding type of contact fatigue daneagergingon the surface is called head
check (parallel cracks ahe rail head fillet) or squatlepending on therigin of the stress cau
ing fatigue[6].

With decreasing the friction coefficient in contact the point with the maximum stress-is lo
ered into the subsurface layer and the stress can reach the maximum in the region wreee there
inclusions in the material’he type of contact fatigue damage that octalswthe surfacef a
rail is known as shellingContact fatigue cracks occurrimglowthe surface gradually grove-t
wards the surface and cause chipping of metal of theead,husually from the rolling surface of
the inner rail of a curve or from the fillet of the head of the outer rail, especiallyitioknica-
ed[6]. The type of such fatigue damage is showRigurel.3a

Spalling of the rail head={gure1.3b) is caused biRCFdamage as a result of number af-fa
tors, such as neconforming wheel and rail profiles, high adhesion coefficient, rail overloading
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due to the speed of movement that doescorrespond to the equilibrium speed, increasing of
the contact stresses due to false flaGe

a) b)

Figure1.3. RCFdamage of the rdilai subsurface; b superficial

The fatigue cracks can also occur under high loads in the presencerogtallic inclusions
or defects in the material, which are stress concentrators that cause crack initiation. The deve
opment of such cracks can lead to breaking of the rail andeasilg to derailment.

1.2.3. Factors effecting the rolling contact fatigue of wheels and rails

The RCF resistance is related to plasticity, hardness, wearing rate and other impertant a
pects. But first of all RCF durability of the railway wheatsd railsdepend on chemical cong
sition of the steel.

Analysis shows that the compositions of the wheel steels in different countries do not differ
greatly. The chemical composition of some of them is showiable 1.1. Such elements as
nickel, copper are contained in an amount 0025 wt%, molybdenum 0.08 wt%, phosphorus,
sulfur 0.01%0.04 wt%, vanadium 0.00.05 wt%([7], [8], [9], [10], [11].

The carbon content has the big effect on the properties of the steel. It is contained in ar
amount 0.480.77wt%. Increasing the carbon content increaseshtreiness, wear resistance
and RCF resistance. Higher carbon content makes the wheel more sensitive to thermal effects
the case of tread braking, which result in thermomechanical damage.

The alloying elements such as mangané&e)(silicon (Si), chromim (Cr) and other ones
also have the effect on the ability of steel to resist RCF.

It is noted in the papdf2] the hardness is a factor having the biggest effect on the &CF r
sistance of the wheel steels.

! Photos courtesy of Prof. Zakharov S.M.
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Tablel.1
Chemical composition of the wheel steels
Region Standard Grade Castcomposition wt%
of steel C Si Mn Cr

Russia GOST 10791 L 0.480.54 | 0.450.65 |[0.81.2 00. 25

CIScown- | 2011 2 0.550.63 | 0.220.45 |0.50.9 00. 3

tries T 0.620.7 |0.220.65 |0.51.0 00 . 4

North AAR M-1071 A 0.470.57 | 0.151.0 0.6-0.9 00. 25

America | M-208 2012

Europe | EN 13262:2004 | ER7 |O0. 52{00. 4 00. 8 00. 3

+A2:2011
China TB/T 2708 1996 | CL60 | 0.550.65 |0.17-0.37 |0.50.8 00. 25
Japan JISE5402 1201 C55 [O0. 58/ 00. 4 00. 9 O00. 3

World manufacturers provide a wide variety of categories of rails of different typed-for di
ferent operating conditions. The steels with a high carbon content, which have a peatlite stru
ture or close to pearlite structure, arged for the manufacture of rails. An increase in the
strength properties of rails is achieved by alloying steels with manganese, nickel, chromium, m
lybdenum and vanadium, as well as using various manufacturing and heat treatmeno-+technol
gies.Tablel.2 shows the characteristics of rail steels of various tifles

Tablel.2
Characteristics of rail steels
Typesof rail steels C, % Microalloying Tensile Hardness
strength HB
MPa

Mediumcarbon 0,457 0,60 - 6907 820 | 2407 280
Medium carbonalloy 0,501 0,70 - 88071 1080 | 27071 300
With ahigh content 0,721 0,82 - 90071 1020 | 26071 290
carbon(standarl
High carbon 0,601 0,82 | Mo, Niandor | 10007 1200| 3107 330
(mediumstrength) Vv
High carbon 0,651 0,82 | V, Nband/or | 11007 1300| 3307 400
(microalloyed Mo
High carbon 0,651 0,82 | Cr,Vand/or | 11307 1300| 3407 380
(heatstrengthened Nb
Hypereutectoid 0,851 1,00 - 13007 1400| 38071 430
(heatstrengthened
Low carbon 0,207 0,30 - 14507 1650| 44071 460
martensiticstructure
Mediumcarbonbainite 0,307 0,40 | Mo and/orV | 130071 1500| 3807 450
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Increasing the carbon content increasesntimelness of the steel, its wear resistance end r
sistance to contact fatigue, but decreases the impact strength of the material. Improvements |
the technology of rail steel production in recent decades have led to the fact that harder rails hav
sufficient ductility and the impact strength.

1.2.4. Approaches to simulation of accumulation of rolling contact
fatigue damage

A high-cycle fatigue calculation is performed according to the following schAngéterion
of the RCF failure is ches [13]. The parameters of the variable stresses cycle in the points of
subcontact layer, when they pass through the region adjacent to the contact, are computed. Tl
values of RCF criterion in the points by using these paramatersalculated. The point with the
highest value of the criterion is regarded as dangerous. It is considered that the stregth is pr
vided if the criterion value at the dangerous point is smaller a certain value. The endurance limi
in torsion is taken asuch value. If the approach uses the limit stress diagrartiine dividing
the diagram field into areas of safe and dangerous $tates considered that the strength is
provided if the corresponding point falls in the region of the safe states.

The quantities whose values are easily determined by testing of the specimens in bending an
torsion are used in such approaches.

That RCF of a railway wheel may be considered as adygte fatigue is confirmed by oe
sidering statistical data about reprofilingthe wheels due to RCF damagéke average txa
eled distance of the W3 wheel between reprofiling givel#}i s e qu a |l >km.dhus3 . 0 Z
the number of the loading cycles of the contagioni s e q u & The dontdt pafctd takes
different locations along the width of the wheel tread during rolliigat is why number ofye
cles for the dangerous point is smaller than this value with taking into account the frequency of
repeating the contact in tinegionof location d this point.

The RCF criteria considered below take into account the stress stateAdrtlye same time
there are other factors that have a great influence on RCF generféigoatfect of lubricantd-
cated on the surfaces of the wheel and rail issuwod factor As noted inthe papergl5] and
[16] during testing of specimens of wheel steel under contact fatigue with pure rolling (without
sliding) and supplying lubricant oil or wateri RCF damagés not observed even at very high
pressures.

The possibility of using curves of RCF of the Weller's curves type is regarded in some papers
[1], [17]. They are presented in the form typical fioe low cycle fatigue

O 6, h (11)

where, 1 is the chosen RCF criterion characterizing the stress state in the contact region;

0 7 is the number of the cycles of variable stress## arising fatiguedefects

0 andda 1 are the material constants obtained experimentally.

The appearance of the RCF curve is showriguirel1.4.

The Eq.(1.1) allows calculating the number of cycles to material failure for a given value of
the criterion, . Use of this approach is suggested by results obtained in some [&)eiE6].
These results show the RCF curves of wheel materials tending to an inclined asymptote, but nc
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to anx-axis paralleled asymptote. That is, a physical limit of the RCF does not exist for them.
The notion of a limited fatigue limit can be applied to them.

g

eq

eq

Y

Nj N

Figurel.4. RCF curve

The RCF curve can be obtained only with help the experimierstzl
The equivalent stresses, according chosen RCF criterion, and the accumulated damage a
calculated in the nodes of the wheel fragment FE md@g! To study the accumulation of iha
age in the material of the wheel a linsammation model is used, which assumes that at each
point of time the increment of damage does not depend on the accumulated démeag€EF
damage) accumulated in thieth node is calculated as
~ p
0 mh (2.2
whered Qi is the number of the cycles of variable stresses until arising fatigue defects, when
the value of criterion is ;
¢ 1 is number of loading cyclgmumber of ingresses of the radial crgsstionof the wheel
into theregionof contacj.
In common practic®  p is consideredsthe RCF failure conditian

1.2.5. Criteria of rolling contact fatigue damage

The peculiarity of the contact problem is as follows: the point, in which the processiof da
age accumulation is most intensive, is located on the surface of the contact patch orln the su
contact layer of material where the stress state is multidkilaén specimens are tested in-te
sile-compressive or bending to determine a fatigue Jithé pont of maximum stress is located
on the surface. For such tests the stress state is uniaxial and characterized by a normal stress
In torsion the stress state is biaxial and characterized by sheartstReEssilts from these tests
are used to construtatigue limit diagramsthe normal or shear stress vs. the number of cycles
to specimen failure.

In the common practice it is accepted to construct the RCF curves as diagramxiimeim
contact pressurg vs. the number of cycles until the appearaie of the fatigue failure. The
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maximum contact pressure is taken as the criterion of the contact fatlgere. are several ae
sons why it cannot be used as a criterion for modelling of the processes of accumulation of RCI
damage.

1. Use of this criteriordoes not take into account the creep, spin and tangeattbndis-
tributed over the contact surface and arising from the rolling of the wheels when brakirng or tra
tion are applied. These factors significantly influence on the stress state.

2. The criteion cannot consider the residual stresses in the subcontact layer of the material.

3. The RCF tests are done under the higintzianpressures up to 350@0Pa. This gives rise
to plastic deformations in the subcontact layérich leads to a change of geetry of the co-
tact surfaces, and a subsequent change of the contact pressure distribution.

In this connection, for modelling of the processes of accumulation of RCF damage more
complex criteria accounting the peculiarities of the stress state in thetcohthe wheel and
rail is necessary to use.

1.2.5.1. Criterion of amplitude of maximum shear stress

The simplest criterion used in simulation of RCF damage accumulation is the amplitude of
maximum shear stred§s  [1]. Its suitability as a criterion is obvious when taking into account
the dominant idea of the nature of fatigue failure: due to shifts of material on the planes of actior
of the maximum shear stresses. Through such shifts, the material becomes friable; and m
crocracks are formed. Repetition of this process leads to crack giveltriterion allows te
ing into account the stresses caused by normal and tangextiadnin the contact.

In [19], using the example of the uniaxialess stateit is shown that the criterion allows
take into account the residual stresses. The criterion does not take into account hydrostatic pre
sure, which plays an important part because the favorable conditions for the formatue and
velopment of tk cracks are created when there is multiaxial tension in the material. fFhe fo
mation of cracks is more difficult with multiaxial compression.

The distribution of the values of tife  criterion in the region adjacent to the contact patch
of elliptical shapes analyzed using the FE model of the parallelepijéglurel1.5).

y)\
Pathof point
Contactpatch

Figurel.5. FE modebf the fragment adjacent to the contact patch
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The model consists @he eightnode finite elements with thedgessizeof 1 mm. The vert-
cal forces are applied in the nodes located on the surface of the contacilpeiclvalues are
determined in accordae with the elliptic law of distribution of pressures

. W W,
oy r — =h (13
naxa n p 5 o
wherec¢hhare the semiaxes of the elliptical contact patch;

N is the maximum pressure

The coefficient offriction f and eccentricity of the elliptical contact pathrevaried during
analyzing

Q p 1 h (1.4

wherd  dj &

The normal forceequal to120kN and the maximum pressufe 1000MPawere accepted
for all vanants.

The value of the criterion is determined for the nodes of the plane FE Aneshich is
dragged through the subcontact region alongXthaxis with steps equal to the length edgeof

the finite elemen{Figurel.5). The value of the maximum shear stréss is determined for
each position occupied by the nodeduring the dragging of the mesh as

T " " 8 (15)
C
In what follows, the point will be associated with nodé theplaneFE mesh.

After that the mean maximum shear stress is found

B .
o 2 (L6)
€
where¢ is number of positions of the nodi the one loading cycle.
The criterion valug  for each node position was calculated as the difference between the

maximum shear stred§s  obtained for positionsand the mean value

T T T 8 (1.7)

The biggest of the valuesbtained for positionswas chosen as the criterion value for node
of theplanemesh.

The effect of tangential traction occurring under full sliding of the wheel alonQ@zlais is
analyzed at the different values of the coefficient of frictichhe dangerous point, in which the
criterion has the maximum value, is located at the depthnam below the contact surface at
"Q 1@t The dangerous point is located at the depth oin8 below the contact surface at
"Q 1@, in addition, the criterion value at the points located on the contact surface is close to the
maximum.

The isolinesof the values of the criterion in the nodes of the plane mesh dragged along the
Oz axis through the region adjacent to the contact are showigiurel.6. The dimensins of
semiaxes ar@d x& unm and® X& wnm for the ellipse of contact with the eccentricity
Q T8 and® p @ pnm and® uv8t gnm for the ellipse of contact with the eccentricity
‘Q 1 In the all presented cases the number of isolines is theistdmaeseven, but the values
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of isolines are different. The maximum value of the criterionNI€2 is obtained for the ellipt
cal contact patch with the eccentric® 1@ at™Q m8trand 174MPa at’Q 1@&@®. The max
mum value of the criterion 1A@Pa is obtainedor the elliptical contact patch with the ecee

tricity Q 1®@vat’Q Tt@8tand 181IMPa atQ 1@.
The eccentricity of the contact patch has little effect on the maximum value of the criterion.

e i Y N
| - N\ :
TRt .
-l _ . i i"__ SRR
u i
e= .20f= .00; e= .20f= .30;
Maximum value off  is1 631 O Maximum value off  is1 741 O
Al lIIIllIill ‘ Bl
2 ir|
e= .0f= .00; e= .0f= .30;
Maximum value off  is1 701 O Maximum value off is1 8f11 O

Figurel.6. Isolines of values of the criterion of amplitude of maximum shear dtressn the
nodes of plane FE mesh dragged alongdheaxis through the region adjacent to the contact;
1-6 are isoline numbers

Use of the criterion of the amplitude of maximum shear stress allows considering the tange
tial traction.The distribution oft is significantly changed with the increasing of the tange
tial traction: the region with the large values of the criterion increases and shifts to the contact

surface.
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1.2.5.2. Dang Van criterion

The Dang Van criterio[14] is represented by two inequalities

T to | , 0 TN

- 1.8
T to | , O th (18)

wheret 0O is the timedependent value of the shear stress at the specified material point and in
the specified shear plane through this point. The value , called skar stress amplitude, is
calculated as the difference between the current magnitude dtdfrttee rotating shear stress in
the specified plane and its mean magnitude during one cycle;

. O ” ” . ) Oisthe timedependent value of the hydrostatic stress at the same
material point, positive when tensile;

, h, h, arethe normal stresses at the same point;

| is the Dang Van coefficierit the dimensionless material parameter representingithe i
fluence of the hydrostatic stress, positive;

t is the material parameter usually taken equal to the fatigue limit of the material in pure
shear, positive.

The criterion is represented by the diagram in the form of two inclined lines corresponding to
the nequalitieg1.8). The hydrostatic stress is plotted along the abscissa axis, the "amplitude"” of
the shear stress along the ordinate axis and can be either positegatve(Figurel.7).

L”JA
Fatigue

No fatigue e U=q-U4,0,

/Lé/ [H
No fatigue -4 g=40,0.-4
/ Fatigue

Figurel.7. Dang Van diagram of contact fatigue under multiaxial stress state

The Dang Van coefficient is equal to the tangent of the slope angle of the cyclic fatigue di
gram. The criterion is numerically equaltte length of the segment OC cut off by the line pa
allel to the inclined line of the diagram passing through point A with the coordinatésand
t 0 (Figurel.8). Then the ratior j , - can be considered as a safety factor. It is obvious, that
for the cycles represented by points A and B the safety factors are the same.

The inclined straight line passing through the point D cuts off a short segment bndhe
axis, the safety factor takes a big value. If the line intersect$ tloe axis at the point with the
negative value of the criterion, the criterion is set to zero (the line passing through the point E). If
only the absolute value of the shear stres® is taken into consideration in calculations, then
only the upper part of the diagram can be used.
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Oy A Lé/vd:} Un
Figurel.8. Determination of safetfactor using fatigue diagram

The Dang Van criterion can be represented in the form
T st 6s | , 08 (2.9

The valuest 0 and, 0 are varied over time. In calculations using the FE models the
time is converted to the coordinates of pojrdascupied by the nodewhen it passes through the
region adjacent to the contdEigurel.5).

To simplify the calculations of the 0 at the point, instead of the tangential stress at-a ce
tain point of the material acting on a certain plane passing through this point, the maximum ta
gential stres§  is used14]. Then the mean maximum shear stress is equal

B .
t Té A (.10

where¢ is number of positions of the node in the one loading cycle.
The amplitudevalue of the shear stress is found as

T o f t 8 (111
In the papef20] the Dang Van coefficient is determined by dependence
| otj, mvh (112

where, is ultimate fatigue strength of the material under a uniaxial stress state.

The recommended value of the coefficient of 0.38 is givgalh

Thedistribution of the values of the Dang Van criterion in the region adjacent to the elliptical
contact patch is analyzed using the FE model of the parallelefftppdel.5). The description
of the model and the conditions of the test calculations are giveecinl.2.5.1

The value of the maximum shear stréss is determined for each positigroccupied by
the node, when the mesh is dragged along th@®z axis (Figurel.5). Then the mean value is
determined

+ R (.13

where¢ is number of positions of the node
The value of the criterion for each node position is calculated as

t t | ., h (1.14)
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wheret ¢t t is Aamplitudedo of shear stress;

» IS hydrostatic stress in the node, when it occupies the pogition

The biggest value chosen from the values obtaining at the pogit®ascepted as a value of
criterion for node of plane mesh.

The isolines of the values of the criterion in the region of the Hertzian contact with the ecce
tricity equal to 0.2 are shown ifRigure1.9. The semiaxe®f ellipse of contact patch are
X& umm and® x& onm. In Figurel.9a the isolinespictureon the contact surface is shown.
The negative values of the criterioreasbtained for all nodes located within the boundaries of
the contact patch, so they are assumed to be zero.

The zero values of the criterion are obtained for the entire region located below the contac
patch, as can be seen from the isolipiesurefor nodes located in thgOzplane(Figurel.9b).
Nonzero values are obtained in adjacent regidihe isolinespicture for the plane FE mesh
dragged alond@z axis through he subcontact region is shown kigure1.9c. The maximum
value of the criterion 14MPa is obtained for the node located on @eaxis at the depth of
2mm.

S

A

a) b) )

Figurel.9. Isolines of the values of the Dang Van criterion in the region of elliptical contact
with the eccentricity @& when the normal force is applied:
ai on the surface of contactjiin theyOzplane; ¢ in the nodes of pine FE mesh dragged
alongOzaxis through the region adjacent to the contaét;ate isoline numbers

The value of the criterion depeson the length of the selected paftthe point Figurel.5).

It determines theneanvalue of the maximum shear stress calculated by{IEL)) and, accal-
ingly, the "amplitude" valu¢ in Eq.(1.14).

The effect of the tangentitdactionoccurring under full sliding of the wheel along he ax-
is is analyzed for two values of tleefficient of friction'Q 1@ xandQ 1@. The isolines of
the values of the criterion are presente&igurel.10: on the contact surfag&igurel.10a) and
in the plane mes(Figurel.10b,c). The last two figures show the same number of isolinge
seven, but the values of the isolines is differéefthe maximum value of the criterion at the
"Q 1 Xs 185MPa and at th&) 1@ it reaches of 21MPa.

The sameanalysis was carried out for contacts with eccentriciilest@® andQ 1@ The
similar picturesof distributions of the criterion values are obtainEude distributions of values of
the criterion in the nodes of plafd& mesh for elliptical contact with eccentricy T@oare
shown inFigurel.11.
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In Table1.3 the maximum values of the criterion and the depth of the location of the ipoint
which this value takes place for the considered varianéspresented.

Theshapeof the contact patch hasmalleffect on the maximum value of the criterion.

Use of the Dang Van criterion leads to the increasing role of the tangé&atéibn with the
coefficient of frictionof 0.17 the maximum value of the criterion is increased by 25.3% and by
41.5% withthe coefficient of frictionof 0.3.

it ¥
i

b) c)

Figurel.10. Isolinesof the values of Dang Van criterion in the region of elliptical contact with
the eccentricityQ & when the normal forcH and tangential tractioi® "QOare applied:
a,bi"Q ™ xci 'Q T®;
ail on the surface of contact; bj én the nodes of plane FE mesh dragged aldngxis
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Figurel.11 Isolinesof the values of Dang Van criterion in the nodes of plane FE mesh dragged
alongOzaxis through the subcontact region of elliptical contact with eccentficity@@owhen
the normal forcé\ and tangential tractiol® "Quare applied:
air’Q m8tbi "Q ™ ¥xci'Q ™

Tablel.3

The maximum value of theDang Vancriterion and coordinate y of the point,
in which it takes place depending on eccentricitye and coefficient of friction f

Eccentricitye 0,2 0,6 0,9
t+ ,MPa| ymm |t ,MPa| yymm |1t ,MPa| y mm
Forcesin | "Q m 145 2 154 2 139 2
contacth |"Q mip x| 185 2 185 3 178 2
andO "Q o 211 3 206 3 201 3




Universal Mechanism 10 1-19 Chapter25. Rolling Contact Fatigue

The Dang Van criterion allows taking into consideration the hydrostatic stresesaddal
stresses.

The Dang Van criterion is applied in calculations of strength at the variable stressed-and mu
tiaxial stress stateEstimation of the strength arried out using aiagram, two branches of
which are represented by inequaliti@sB). If the point representing the cycle of tlkariable
stresses is located in the area of safe states, it is considered that strength is ensured and fatic
damagedoes not accumulate.

If the Dang Van criterion is used as a criterion of contact fatigue faitusenecessary toed
termine the values of the criterion under the test loads for constructing RCF Itusveepie-
sented by the lefband side of inequaies (1.8) and can be interpreted as the length of segment
of y axis cut off by a line parallel to the branch of the diagram, drawn through a point répresen
ing the gcle, in the stress scal@t the big negative hydrostatic stress inherent in the contact
problem the value of the criterion is small and can even have a minus sign.

As a result, in the region with the biggest valueghefstress components located untex
contact patch the criterion takes the zero value. The peripheral regions adjacent to the conta
region have the dominant influence on the value of the criterion.

1.2.5.3. Combined criterion

Let the stress statt a point of a solid body be determined by the principal stresses
and, (Figurel.12a).Let us divide it into two statg22]. The date | with the stresses on the
planes of the element causes a change of its valbigere1.12b). Themeanstress

” B ” ” ” (1'15)
o
is called the hydrostatic stress. It causes uniform tension or compression.
The state Il with the stresses

” ” ” FI

” ” ” F] (1.16)
causedglistortion of the elemer{Figurel.12c).

e 1A TR
V! ¥ a
4% = <45 4+ <%
a) b) c)

Figurel.12. Separation of the stress state at a point by two:
I T causing change of volume;ilicausing distortion

In accordance with this division the specific strain energy due to distortion of the element is
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x P -
L 11
Y (plo ” ” ” ” ” ” h ( 7)
and the spefic strain energy due to change of its volume is
x p q .
- 1.18
Y (plo ” ” ” h ( )

whereQOis tensile modulus; is Poisson's ratio.

Taking into account that in the case of uniform compressiorbdlées are not destroyed
Mises excluded the strain energy due to change of volume from consideration and obtained a cr
terion that takes into account the strain energy due to distortion

\;P— ” ” ” ” ” ” J 8 (1'19)
78

The ratio between the energies depends on the stress state and can vary within wide limit:
With pure shear the strain energy due to change of volume is zero. For uniaxial tension-the ene
gies are equal

x P -
—_— 1.20
Y (pro c” h ( )
= p <
—_— 1.21
Y 50 8 (1.21)

The strain energy due to distortion is 6.5 times larger than the strain energy due to change ¢
volumgewhen the Poisson's ratio 3 = 0. 3.

If the stresses equal in magnituge ” , act on the element of a body under
considerationthe strain energy due to distortion and, hence, the equivalent,stressis zero,
regardless of whether theyeatensile or compressive.

Davidenkov and Fridman proposed a unified strength theory that takes into accoust the m
chanical state of materifi23]. The material state diagram is constructed in the coordinates: the
equivdent stress determined by the second theory of strength vs. the maximum shear stres
(Figurel.13).

Chas B hex
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Figurel.13. Diagram of a mechanical state of material

The stress state is characterized by the ratiot j, . The vertical line of the diagram
cuts off a segment on the abscissa equal to the true resistance to the "Miptuaeay whose
slope angles determined by the ratio of intersects this line, the material is destroyed bs-di
ruption. Uniform tension is characterized by a ray passing along the abscisst eqpsesents
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the mostseverdoading in which even plastic materials are destroyed by disrupfiba.conta-

dictory resultis obtained with estimation of this case using the theory of Mighe equivalent
stress is zerdlhe reason for this is the exclusion of the strain energy due to change of volume at
the uniform tension from the analysis.

On the other hand, the contgmbblem has its own peculiaritfthe uniform compression
predominates at the points of the region adjacent to the conkectatio of energies changes in
favor of the strain energy due to change of voluifes can be seen by the example of contact
between the wheel and the rallet us take the following initial data: the diameter of runnimg ci
cle of the wheel of 956hm, the radius of curvature of the rail profile of 58, the load from
the wheel on the rail is equal to 1RN.

The stresses in thmoint located on the surface at the center of the elliptical contact patch are
equal

; mix oy, mh T @) ¢, i h
wherer] p ™ @¢ } @ the maximum pressure.

The strain energy due to change of volume is 26 times greater than theeséay due to
distortion. It turns out that the component, which is many times greater than the strain energy
due to distortionis not used when estimating the strength.

The Dang Van criteriorfSect.1.2.5.9 take into account the hydrostatic strdssthe Dang
Van criterion the hydrostatic stress is multiplied by the coefit| , which is assumed to be
0.38 for wheel steel#t the high hydrostatic stresd the ader of-916 MPaas in the considered
example for points located in the region adjacent to the contact this negative term exceeds th
absolute value of the "amplitude" of the maximum shear stress, which leads to the negative valu
of the criterion.

The developers of theM RCF Wheel andUM RCF Rail modules offer the combined &r
terion of contact fatiguelained on the basis efstimationof the strength of a small element of
body, on the planes of which the stresses causing its distortion andecbfig volume adi24].

The criterion theories of strength are applied according to the following scheme.

The uniaxial stress state, which is equivalent to the multiaxial stress state, is detesnined u
ing the appropriate crit®n. Tresca or Mises criterion can be used to estimation of the strength
of element subjected to the action of stresses that cause its distdhmrMises theory of
strength is preferable since it takes into account all three principal tanggrasdesThen the
equivalent uniaxial stress is

L L A I (1.22)
78

The first or second theory of strendf#t2] can be applied to estimation of theesigth of the
element, on the planes of which the hydrostatic stressFamtalloy steels the second theory of
strength is appliedlhen the equivalent stresfuniaxialtension is

” n ' ” n h (1-23)
or, taking into account » » »We obtain

; P ¢ .8 (1.24)
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Then the uniaxial stress, which is equivalent to the multiaxial stress state determined by the

principal stresses ,,, and, ,is equal
, L, . yow p ¢, 8 (1.25)
7

The distribution of the values of tlegjuivalent stress the region adjacent time elliptical
contact patch isnalyzed using the FE model of the parallelepiffédurel.5) described in
Sect.1.2.5.1 The value of the equivalent stress is determined for each positipof the node
using Eq(1.25). The set of their values determines the cycle of variable stresses for the node
The characteristics of the cycle wdriablestress, which are equivalent to the multiaxial stress
state, ag determined as

; ; . Jgh (1.26)
where, is the mean value of the stress of the cycle;

; ; , ich (1.27)

where,, is the amplitude value of the stress of the cycle.
In calculations in fatigue the Haigh diagram of limit stresses is used. Serensen andhKinasos

vili [25] proposed an approximation of this diagréfigure1.14).
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Figurel.14. SerenseiKinasoshviliapproximatediiagram

The segment limiting strength due to fatigue failure is constructed by the results of two tests.
The tests with the symmetrical cycle allow obtaining the limit of enduranceOn the diagram
it is represented by the poiAt(Figurel.14). Testing with a pulsation cycle give the value of the
endurance limit , which is represented by the pohtvith coordinates

. K L8 1.28
ch c (1.29)

The straight line, which approximates the limiting curve, is drawn through the pbints
andC. The tangent of the slope angle of this line is

o g (1.29)
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The coefficient is called the coefficient of material sensitivity to the asymmetithety-
cle. The values of the coefficient depending on the ultimate strength of the materiahre
shown inTablel1.4.

Tablel.4
The coefficient of sensitivity of material to the asymmetry of the cycle
. » MPa 350550 520750 700-1000 10001200 12001400
I 0 0,05 0,1 0,2 0,25

According to the data fronTable 1.4 as a result of linear approximation using the least
squares method the dependence is obtained

I TITT 1T TT G -TT prip T & (1.30)

The introduction of the coefficient allows to express the parameters of the cycle, which is
represented by the poiKt through the parameter of the symmetric cycle. Similarly, the @-
rameters of the cycle, which is represented by the pbjimanbe expressed through the paem
ter of the equivalent symmetric cygle .

Then the ratio

[ »
can be considered as a fatigue strength coefficient of safety, and

(1.31)

” [ ” (1.32

as the criterion of contact fatigue.

The distribution of the values efjuivalent stress and combinedterion in the region adj
cent to the elliptical contact patch with eccentrifly & is andyzed using the FE model of
the parallelepipe¢Figurel.5). The description of the model and the conditions of the testi-calc
lations are given in Sect.2.5.1

The isolines of the values efjuivalent stresm the yOzplanein the region adjacent to the
Hertzian contacind on the surface onese shown inFigurel.15a. The maximum value of
equivalent stresé80MPa is obtained for the node locatdhe depth of 4.Bam under the ao
tact surfaceThe region with negative values of the stressess located near the center of the
contact.In the center of the contact they reachldf8 MPa.

The effect of the tangential traction occurring under full sliding of the wheel along the pos
tive direction of theDz axis that are connected by direct prajmorality with the pressured.3)
is analyzed for two values of the coefficient of frictibh 1@ xandQ 1@. The isolines of the
equivalent stresses are showrkigurel.15b,c. The stress at the point located below the contact
surface increases insignificantly with increasing the coefficient of friction: up td/M@vat the
"Q 1 xand up to 50MPa at théQ T1@. For considered cases this point is shifted along the
Oz axis by 1.05nmm and 2nm, and by 4nm along theOy axis respectively. The equivalent
stress on the contact surface increases sharply-ftagito 443MPa at theQ 1@ xand up to
588MPa at theQ 1. The point with the biggest stress is shifted to the contact surface and
located on the trailing edge of contact.
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Figurel.15. Isolines of the values of equivalent strgssin theyOzplane in the region
of elliptical contact with eccentricit2 1@ when the normal forcH and tangential traction
"O "QoUare applied: 8 Q 18t bi "Q T Xci 'Q 1@, 1-6 are isoline numbers

These lines have the same maximum order of isoliriee seventh, but the values of the-is
lines are different. The maximum value of the positive equivalent stress fowiths® 1@ X
is 560MPa. At the coefficient of friction equal to 0.3 the point with the maximum positive stress
of 650MPa is located on the contact surface.

The set of values of equivalent stress at the ppmtsupied by the nodenvhen dragging the
plane mesh through the subcontact rediigurel.5) represents the cycle of variable stresses
for this node. The maximum and minimum stresses dsaw¢he mean (1.26) and amplitude
» (1.27) values is determined ffahe obtained cycle. The value of the criterion is obtained by
substituting them in the EL.32). The isolines of the values of the combined criterion for the
plane mesh A, obtained when applying the previously considered loads, are shoWwiy-in
urel.16.
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Figurel.16. Isolinesof the values of combined criterign in the nodes of plane FE mesh
when the normal forcH and tangential tractioi® "QUare applied:
al"™Q ™8t b1 "Q ™ xci 'Q T1@; 1-6 are isoline numbers
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The biggest values of the criterion for the aats’Q 1@rand™Q 1@ Xare obtained for the
points located at the depth of 4rBn under the contact surface. They amounted to 267 and
273MPa respectively. With the coefficient of friction equal to 0.3 the point with the bigglest va
ue of the criterion 0828 MPa is shifted on the contact surface. The maximum value of tlee crit
rion in the subcontact layer at the depth ofifh is 277MPa in this case.

Thus, the distributions of the values of equivalent stress, which do not contradictithe est
mates using théheory of Tresca and Mises, are obtained. The biggest equivalent stréss is o
tained at the point located in the subcontact layer when only normal force is applied td-the bo
ies. The point with the biggest value of the equivalent stress is displaced @nthet surface
when one body slides relative to the other with the coefficient of friction equal to 0.3. Tde neg
tive value of the equivalent stress is observed in a small region adjacent to the contact patch.

The Dang Van (Secl..2.5.2, which allow analyzing a multiaxial stress state taking imgto a
count the hydrostatic stress, have found application in calculations of the machine panmts of co
plex geometric shap&.he problem of hydrostatic stress accounting is noticed in the works of
A. Ekberg. It consists in the fact that for points located in the region of the contact patgh the h
drostatic stress contained in the criterion is of big value and negative. Fogabim this term
can exceed in the absolute value the "amplitude” of the maximum shear stress. As a result, tr
criterion can have a negative value.

In the proposed combined criterion only one component of the hydrostatic stress ptpys a si
nificantrole,he ot her two enter B8Oto it with mult.i

The criterion allows taking into account the residual stresses in the material of the wheel, as
well as the temperature stresses that occur during tread braking.

1.2.6. Rolling contact fatigue tests

Constructig RCF curves requires the solution of two problénagtermination of the cet
rion value, for the different load levels and the material constanend & to expression
(1.2).

Specimens in the form of rollers or discs with a diameted@®m of thickness 42 mm
are typically used for RCF testing of materig@fsgurel.17). One roller is made of the wheel
steel; other roller is made of the rail stdal.some papers the roller made from rail steekis r
ferred as a loading roll¢26]. The loading roller may also be made of hgjlength steel or the
alloy WCS8 (the Russian steel gragehich contains W92 wt%, Co8 wt% and has hardness of
88 HRA.

Specimen material in the contact region is in a state of plane strain. The stresdistabeitat
ends of the specimen is a plane stress, so the thickness of the loading roller must be sufficient
the influence of the butt ends can be ignored.

To obtain the maximum contact pressure of about 20RA it is necessary to apply the load
of 9.16kN when the specimen sizes d@re 40 mm,B =8 mm. The load is decreased by desrea
ing the contact lengtB (Figurel.17a). In this case the loading roller of the #nessB = 3 mm
(Figurel.17b) or the roller with width of the rolling surface43nm (Figurel.17c) is used. The
rollers with the tooidal surface of rolling are also usdeddure1.17d).
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Figurel.17. Specimens$or RCF testing of the wheel steels

Another feature of RCF testing is the appearance of plastic deformation in the speamen m
terial even at relatively low Hertzian pressures, the effect of which should be taken into account.
The results of the RCF testsopided by Prof. D.PMarkov were used in the development
theUM RCF module.These tests were done at the Railway Research Institute (JSC "VNIIZhT",
Russia).The test specimens were made from wheel steels having a different chemicalicompos

tion. Nine experimental castings (EC) were produced for this.

As previously stateth Sect.1.2.3 the factor having the biggest effect on the RCF resistance
of the wheel steslis the hardnesg?2]. Therefore, the hardnesgas taken as a criterion of
choaing steels.Three EC covering the hardness range from 260 toHE@Overe selectedn
addition, they are close to Russiaheel steels of the grad2sL and T[7] by their charactes+
tics. Further in the manual the steels will be called by the numbers of EC.

EC6, EC2and EC9 correspond to the carbamient of the steel grades 2ahd T respe-
tively (Tablel.5).

Tablel.5
The characteristics of the materials of the experimental castings
Steel grade The carbon contenivt% HardnessHB
EC6 0.57 269
EC2 0.54 295
EC9 0.73 322

The test specimens were cut out at a distance ofrtGrom the rolling surface of the wheel.
The cylindrical specimens of diameter #dn were usedThe toroidal roller of the diameter of
38.6mm with a radius of theorus 18mm made of hard alloy WC8 was used as the loadirtg rol
er. The speed of rotation of the specimen was 1Ipd@ The specimens were rolling without
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sliding. The oil F20 was applied to the rolling surfac@$e tests were carried out on five load
levels.From 1 to Sspecimes were tested at each load level.
The test results are shownTiable1.6.

Tablel.6
The dependeme of the durability of the specimens on the load
Load N Thedurability, cycle§10°
SteelEC6 SteelEC2 SteelEC9
120 8.71 1173 1890
300 512 5.86 9.14
600 2.82 321 5.78
900 2.90 2.80 3.87
1200 1.89 2.16 291

1.2.7. Stress-strain curves of wheel steels

The stresstrain curves of thevheel steels of the grades 2ahd T[7] are obtained for sot
ing the contact problems in the elastoplastic formulation for the tested speclimesite tests of
the long cylindricalspecimens with a diameter of frim were done at the Vyksa Steel Works
(Russia).The obtained values oli¢ yield strength, proof streagd the ultimate tensile strength
of the steels are shown Trablel.7.

Tablel.7

The characteristics of the strength and plasticity of the wheel steels

Parameter The grade of the steel
L 2 T

The yield strength 655 624 747
MPa
- - g 3.28110° 312 1°0 373 1°0
The ultimate tensile 931 887 1121
strength, MPa

The polygonal approximation of the stredgin curves is made for using them in the walc
lation. The relationship betweestiressesandstrainsfor thei segment is represented as

., O o-h (1.33)

where-[ - ] - is the normalized intensity of the strains;
- is the strain intensity;
- is the strain corresponding to the yield strength;
» » ). Iisthe normalized stress intensity;
» IS the stress intensity;
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» IS the yield strength;

R are the dimensionless coefficients for thh segment of theurve

The approximated stressrain curves of the steels 2 and L are showfignrel.18

The values of the coefficients of the polygonal approximation in th€1E3) for eight
sgmentsof the stresstraincurves of the steel grades 2ahd T are given iffablel.8.
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Figurel.18. Theapproximated stresstrain curves of the wheel steels

Tablel.8

The parameters of the polygonal approximations of thetressstrain curves
of the wheel steels

The steel of the grade L

The strains 0-1 1-2.32 | 2.32-3 35 5-10 10-15 1520 | 2025

intervals- [
@ 0 1 0.898 | 0.931 | 0.946 1.06 1.15 1.318
o 1 0 0.044 | 0.033 0.03 | 0.0186 | 0.0126 | 0.0042

The steel of the grade 2

The strains 0-1 1-15 | 1525 | 255 5-10 10-15 1520 | 2025

intervals- [
@ 0 0.904 | 0.9565 | 0.978 1.04 1.25 1.358 | 1.578
@ 1 0.096 | 0.061 | 0.0524 | 0.04 0.019 | 0.0118 | 0.0008
The steel of the grade T
The strains 0-1 1-1.5 152 2-4 4-6 6-8 8-12 12-16
intervals- [
W 0 0.93 0.915 | 0.959 | 1.001 | 1.046 1.18 1.329

I

) 1 0.07 0.08 0.058 | 0.0475| 0.04 | 0.0233 | 0.0108
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1.2.8. Rolling contact fatigue curves of wheel steels
The stresstrain state of the specimens was analyzed by the FE mj@iBjod he scheme of

testing and FE models of the fragments of the wheel steel speciméradimd) roller are shown
in Figure1.19.
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Figurel.19. Wheel steel specimen of cylindrical shape (1) and loading roller of toroidal
shapg2): ai scheme of testing; bFE models

FE models of the fragments of the wheel steel specimen and loading roller had dimension:
on theOx andOz axes of 3.15nm, on theOy axis of 1.5mm. The finite elements of the sere
dipity family [27] with eight nodes and dimensions of th@gesalong theOx and Oz axes of
0.075mm and 0.Inm along theé)y axis were usedlhe rollers had dimensionthie radius of the
specimen of the wheel steel is @0n, the radius of the loading roller is 19n8n and the radius
ofthetorusis 18dm.The | oading roll er mat er i'hPafohteed f
tensile modulus and 0.202 for the Poissoat®. The wheel steel specimens material had fo
lowi ng par ameé'Paforshe terile Gnadilds and 0.3 for the Poisson's ftie.FE
model of the wheel steel specimen had 26,896 nodes. The FE model of the loading roller ha
11,767 nodes. The nubar of the finite elements was 24,000 and 9,600 respectively.

The rolling contact problem was solved in the elastoplastic formulafio®.approximated
stressstrain curves with the values of the coefficiefitand® given inTable 1.8 were used for
the wheel steel materia{$ect.1.2.7). Rolling was simulated by using aggeential shift of the
loading roller along th€®z axis at a step equal to the size of the finite elen®hs$teps were
used which corresponds to rolling along a distance of ri2r25Such distance was sufficient to
exclude the influence of edge effectstbe stress state in the contact regibime contact prio-
lem was solved for each position of the loading rofiutions were made for the specimens of
all three EGsteelsfor five load level{Sect.1.2.6.

During testing a trough was formed on the cylindrical surface of the wheel steel specimen
due to rolling of the loading rollelts crosssection shape is shownkingure1.20.
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Figure1.20. The trough formed on the cylindrical surface of the wheel steel specimen due to
rolling of the loading roller: & deformed state of the FE model in the formation of the trough
(displacements increaség 20 times); b profiles of the crossections othe trough after the

initial rolling of the loading roller with the load of 1200
for specimens of EC6, EC2 and EC9 steels

The biggest depth of the trough was obtained for the spe@me@6 steel It amounted to
0.0107mm at the load 120N. The radiiof curvature of the troughs in cressction were &
fined approximatelyTheir values of 24, 25.&nd 27.5 mm were obtained for the specimains
EC6, EC2and ECSsteelsrespectively.

Typically the maximum theoretical Hertzian pressure is used to genet&eirRves How-
ever, due to the formation of the observed trough the real contact pressure will be significantly
lower than the maximum Hertzian pressier example, comparison of the values of theimax
mum theoretical Hertzian pressure and the pressicelated by the FE method for the spec
menof EC2 steelre shown imablel1.9.

Tablel.9

The maximum pressure in thecontact of the specimerof EC2 steeland the loading roller

Load N 120 300 600 900 1200

Hertzian pressurg without accounting the | 1520 2059 2598 2978 3278
formed trough, MPa

Pressuré) by FEA with accounting the 1471 1643 1936 2095 2195
formed trough, MPa

The maximum pressure under the load 1R0®@hen considering the curvature of the trough
from the Hertz solution in the elastic formulation is equal to 28R&. It is much less than the
pressure 3278 MPa calculated without taking into acdtentormed trough.

The initial rolling of the loading roller was simulated as follows. The loading roller was
placed at the positio@, the load was applied to it. The contact problem in the elastoplastic fo
mulation was solved. Then the loading roller was moved in positamnto the distance equal to
length of the finite element. The contact problem was solved again. This procedure was repeate
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until reaching the positioR9. The deformed state of the suiaaf specimen after the initial tol
ing is shown irFigure1.20a. The figure shows that after the initial rolling on the surface af-spe
imen the trough is formed.he feld of residual stresses in the material of specimen after initial
rolling was obtained.

Then the loading roller was placed at the posifidat the middle of the raceway for siratll
tion of repeated loading'he same load as for the initial loading wagplegal to it. The stresses
obtained after repeated loading were used for determinatitie vhlues of RCF criterion.

The length of the segment of the raceway of the loading roller was chosen so that at this
length it was possible to choose a region witleeeresidual stresses did not chanigee isolines
of residual stresses by Mises after initial rolling are showfigorel.21.

Figurel.21 Section of fragment of the wheel steel specimen along the longitudinal plane of
symmetry: 1, 2 are initial and final positions of the loading roller; AB is segment selectd to d
termine the values of RCF criterion; colayiare levels of stresses by Mises

Variable stress state in the rolling direction takes place close to the initial pdsérhfinal
position2. Therefore, for determination of the value of RCF criterion the region of the model
between the planes A andvigas chosenHigurel1.21). The stresses in all nodes of the fBEdel
after repeated loading aride values of the RCF criterion at the nodes located in the radial se
tion of the specimen were determined by the methods descrilseatti.2.5

The isolinesof valuesof the Dang Van criterior{Sect.1.2.5.9 in the radial section of the
specimerof EC2 steelinder the loads 300 and 1200N are shown irFigure1.22.

23 4 560

S — sl =
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Figurel.22. Isolines of values of the Dang Van criterion in the radial section of the specimen
of EC2 steel under the loadi 800N; bi 1200N; 1-6 are isoline numbers
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At the lowest loads the biggest value$ stressesare observed at the depth of
(Figurel.22a). As the load increases, the points with the biggest values rise to the contact su
face.There is the region with zero criterion values below the contact patch surfases the
region with a big negative hydrostatic streBgygrel.22b). The maximum values of the Dang
Van criterion in the material of the specimehEC2 steeldepending on the applied loads are
given inTablel1.10.

Tablel.10

Maximum values of the Dang Van criterion in the material of specimen dEC2 steel
and its durability depending on the level of the load

Load, N 1200 900 600 300 120
t , MPa 296 280 251 140 110
Durability, cy C | 2.16 2.8 3.21 5.86 1173

As a result of approximation of the obtained data in accordance with the expéshidine
dependence of the number of cycletil arising fatigue defects in the material of the specimen
of EC2 steel on the value of the Dang Van criterion was obtained

6 vl gpt M8 (1.34)
The dependendd.34) is represented by the diagramFigure1.23.
The similar analysis was carried out for the specimens of EC6 and EC9 Bheetesulting
RCF curvesobtained usinghe Dang Vancriterion for the specimens from the three exper
mental castings are shownhkigurel1.24.
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Figurel.23. RCF curve for specimen of EC2 steel obtained using the Dang Van criterion
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Figurel.24. RCF curves for specimens of EC6, EC2 and EC9 steels
obtained using the Dang Van criterion

The calculations using other RCF criteriar@done similarly.

In accordance with the combined criteri@ect.1.2.5.3 for each position of the nodei of
the FE mode(Figurel.5) the value of the equivalent stress (1.25) is calculatedFor the d-
tained cycle the mean stress (1.26) and amplitudg (1.27) are calculatedThe criterion v&
ue for the nodeis calculated using the depende(it82).

The isolnes of values of theombinedcriterion in the radial section of the specimen of EC2
steel under the loads 300 a®@D N are shown irFigurel.25.

At the load equal t@00N the biggest value of the criterion of 2lVPa is observed at the
points located at the depth of @3t mm under the contact surfadeéiqurel.25a). The biggest
value of the criterion equal to 488Pa at the load of 90N is observed at the point located on
the surface of the specimdriqurel.25b).

The maximum values of the cdaned criterion in the material of the specimen of EC2 steel
and the durability of the specimens depending on the applied loads are ghadreih.11.

1 4 56 7

a)

Figurel.25. Isolines of values of the combined criterion in the radial section of the specimen
of EC2 steel under the loadi 800N; b7 900N; 1-7 are isoline numbers
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Tablel.11

Maximum values of thecombinedcriterion in the material of specimen of EC2 steel
and its durability depending on the levelof the load

Load, N 1200 900 600 300 120
., ,MPa 450 488 462 276 263
Durability, cy C| 2.16 2.8 3.21 5.86 1173

As a result of approximation of the obtained data in accordance with the expfésBidime
dependence of the number of cyclegil arising fatigue defects in the material of the specimen
of EC2 steel on the value of thembinedcriterion was obtained

6 opppm, "8
The dependendd.35) is represented by the diagranmFigure1.26.
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Figurel.26. RCF curve for specimen of EC2 steel obtained using the combined criterion

The similar analysis was carried out for the specimens of EC6 and EC9 Bheetesulting
RCF curves obtained usitige combinedatriterion for the specimens from the threerimental
castings are shown Figurel.27.
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Figurel.27. RCF curves for specimens of EC6, EC2 and EC9 steels
obtaired using the combined criterion

In accordance with the criterion of the amplitude of maximum shear stress1(Qext) for

each position of the node of the FE modelKigurel.5) the value of the stress  (1.5), the
mean valug®  (1.6) and then the criterion value  (1.7) as the amplitude value of the cycle
of the stresses  arecalculated.

The resulting RCF curves obtained using the criterion of the amplitude of maxinaamn sh
stress for the specimens from the three experimental castings are shioguréi.28.
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Figurel.28. RCF curves fospecimens of EC6, EC2 and EC9 steels obtained using
the criterion of the amplitude of maximum shear stress

For ease of use the values of the material constaarsd & in the expression of the RCF
curve(1.1) for the four criteria considered above and the wheel steels of different hardness from
the three experimental castings are summarizdailnel.12.
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Table1.12

Values of the material constants for different wheel steels and RCF criteria

RCFcriterion Wheel Hardness | Material constants in E¢1.1)
steel HB for RCF curve
0 a
The criterion of the amplitude EC6 269 85661 1 4.4
of maximum shear stress EC2 295 2054% 14 4.9
EC9 322 530 9% 1 { 7.7
TheDang Van criterion EC6 269 3. 848 1L 1.8
EC2 295 5. 2801 1.8
EC9 322 6. 11 7L 1 2.2
The combined criterion EC6 269 2. 75 %L1 1.9
EC2 295 3. 6161 1.9
EC9 322 4. 34 7L 1 2.2

The obtained RCF curves can be used for modetiintpe process of accumulation of the
RCF damage for the wheel steels that are close in characteristics to the characteristics of expe

mental castings.
1.2.9. Rolling contact fatigue curves of rail steel

A description of the benebcale contact fatigue testing of rolgmnape rail steel specimens is
given and contact fatigue curves for rail steel are obtaingd8 The values of the material
constantsC andmin the expresion of the contact fatigue cur¢&1) for rail steel, obtained after
processing the test results using the finite element method, are presérabteil3.

Tablel1.13
Values of rail steel constants for three contact fatigue criteria
RCFcriterion Material constants in Eq1.1) for RCF
curve
0 a

The combined criterion 5, 98811 1,424

The Dang Van criterion 4 968 1L1 1,606

The criterion of the amplitude 3 33%L1 1,767

of maximum shear stress
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1.3. Simulation of accumulation of rolling contact fatigue
damage using UM RCF Wheel module

Rolling the wheel on the rail is a cyclic loading. Thus, the maximum stresses in any radial
section of the wheel occur once per revolution of the elvh&or this reason, in the
UM RCF Wheel module accumulated RCF damage is attributed to one radialszossn of
the wheel.

In the simulation of the process of accumulation of RCF damage it is impossible to indicate
the point, at which the accumulatioh damage will be occurred most intensiveiven if the
contacted bodies will not have a mutual displacement, but the normal force is variable, for e
ample, in the Hertz problem the sizes of the semiaxes of the elliptical contact patch and therefor
alsothe positions of the dangerous points both on the contact surface and in the subcontact layze
will be changed.

Consequently, calculations should be performed for the certain set of points locatecin the r
gion adjacent to the contat/hen the FE analysis applied, the nodes of the FE model can be
used as such pointsor the correct solution of the contact problem the dimensions of the FE
models of the bodies should be such that the condition of smallness of the contact patch size
fulfilled.

But with a large number of degrees of freedom of the system the considerable time to the
contact problem solving and determination of the stresses at the nodes is Aedded necs-
sary to perform such calculations many timéss possible to select sonoeosssection of the
wheel rim and watch for the force values at each moment when it comes into contact with the
rail. The number of such cases should be sufficient so that the statistical data about the force
and positions of the wheel on the rail aneresentative.

Based on the considerations outlined above, in the module a fragment of the FE model of th
wheel adjacent to the contact is used. The size of this localized fragment should be so that th
stresses on the planes of localization are relatsmizil.

1.3.1. Input data

Necessary data for modelling of the accumulation of RCF damage UMHhRCF module is
created during process of simulation of dynamics of avagivehicle in theUM Loco module
(Chapter8) with helpthe UM Loco/Wheel Profile Wear Evolution tool (Chapterl6). In Fig-
ure1.29 the Object simulation inspector window with settings of the evolution project thie
wheel profile is shown.

The wheelsfor which it is necessary to simulate the accumulation of dansigeild be
switched on at the tree in tiiolling contact fatigue group box.In result after completn of
simulation of dynamics of railway vehicle in the folder specified inDirectory for saving re-
sults item the binary*.wld files and the text.rcf file of RCF project will be createdn the
same folder the files with results of simulation of waad settings of the evolution project will
be locatedThe RCF project file has the same name as the mNdete of the*.wld input data
file contains the number of the wheelset and notation of the wheel. Notitieneft wheel, "
is right wheel.
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Object simulation inspector

| Salver I Identifiers | Initial conditions | Obiject variables
Rail vehide | HVA I Information | Tools
=B YTy
| Track | Wheel Fai | Contact | Forces | Speed | Wear |
= B | [¥]wear profie evolution
Continue simulation
Lse of threads

Mumber of threads {max=3) 4 E]

| Configurations | Weights | YWear parameters | Finish conditions | Results |

Directory for saving results | C:\Jsers\Public\Documents UM Software LabUniversal Mechan Ge- |
Save results every 1000 EI wear step

Save wear depth distribution along profile
Rolling contact fatigue
=[] simple_18_100 -
= [W] Bogiel J
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wset 1 right
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m
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[ Integration ” Message ” Close

Figure 1.29. Settings of the evolution project of the wheel profil®&M Simulation

The wheel profiles obtained as a result of wear are saved mwviltte initial data file. The
number of the profiles dependa the number of the iterations specified in the evolution project.
For each number of profile the following data is stored:

itheYoungds modul us ofanaterial Bfthe wheeb,n' s r at i o

T the radius of the whegel

T the number of the points of theheel profile and their coordinates

T the weight factors

T the number of loading cyclgs

T the data about contact for each loading cydlee coordinates of nodes of the mesh on the
surface of contact patch and values of the forces in the nodes aof mesh

1 Od3J y.O dtkre should be enough free space on the hard disk. Depending on the settings of
the evolution project eactwld file with the input data can take up to several g
gabytes.



Universal Mechanism 10 1-39 Chapter25. Rolling Contact Fatigue
1.3.2. Construction of finite element model of wheel

For solving the contactrpblem of the wheel and rail the dimensions of the finite elements
are chosen so as to ensure a minimum computation time at the sufficient precision of solution
The profiles of the rolling surfaces of the wheel and rail from input data file are spdxified
coordinates of the points located along the contours with step ofifh.For analysis of the
stress state in the contact region it turned out to be appropriate to apply the meshes with the si:
of the element of inm for threedimensional (3D) FEnodels.Nevertheless, when using the
fragments that include regions adjacent to the contact surfaces of such sizes at which the stress
are small on the surfaces of extraction of the fragment, the FE model contains a big number o
the degrees of freedorin this connection, the FE model containing 10 layers of finite elements
counted from the contact surface is used in the calculations.

Construction of the FE model starts with creation of the-dmeensional (2D) flat mesh
composed of the quadrangular fenielementsilt is created on the base of nodes placed on the
wheel profile with step of inm (Figure1.30). Its dimension along the wheel profile is 105 mm.
This dimengn covers the profile section on which the contact has place at any possible pos
tions of the wheel on the raithen 3D FE model is generat@D mesh is dragged along circular
arc by revolution around an axis of the whee{B&jure1.31).Dimension of the FE model at the
circumferential direction is 5m. This dimension is chosen with taking into consideration that
contact patch length does not exceedr in any cas.

Figure1.30. 2D mesh for construction of 3D FE model of wheel fragment

The thickness of the fragment of &fin ensures sufficient accuracy of the solution when u
ing an elastic foundation. The most probable dimension of the semaiafithe contact patch
does not exceed Im and the point with the biggest shear stress is placed on the depth about
0.5a. It is possible to cover the region of the biggest stresdbe aelected size of the fragment.
Nevertheless, the obtained scheme is characterizedblgyramimber ofthe degrees of freedom.
For example, the FE model presentedrigure1.31 contains 53166 nodes and has 1388 k-
grees of freedom. Therefore, in order to decrease the computation time a fragment of this FE
model will be used in calculations (see Sé&c3.3.
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Figurel.31. 3D FE model of wheel fragment

The stiffness matrix of the obtained 3D FE model of the wheel consisting ofneigatfinite
elements is formed. This concludég preparatory stage and further calculations for loading c
cles are started.

1.3.3. Calculation of stresses in the region of wheel and rail contact

For solution of the rolling problem in tHeM Loco module the modedf contact forces of
W. Kik and I.Piotrowsk [29] and the Kalker CONTACT moddB0] are used Chapter8,
Sect.8.4.2.5.2."Parameters of inertial raglontact). The UM Loco/Multi -point Contact Model
tool is required for the WKik and I.Piotrovski model and thlM Loco/CONTACT add-on
interface tool for applying the CONTACT program.

Normal and tangentiafactionare calculated at the nodes of the 2D mesh located onthe co
tact surfaceThe mesh isreated as follows: the contact patch is divided into strips of the same
width orierted along the rolling directiomnd then each strip is divided into the same number of
elements having the same dimensions within the stdhagter8, Sect8.3.1.2.2.3.
"FASTSIM"). The contact pressure on the plane of each element is deterfimeedalculated
forces are attributed to the center of gravity of the elemidmd. number of the strips andeel
ments is set by the us&ince duringhe rolling of the wheel along the rail the contact patches
change their shape and sitlee step of the mesh in two directions also changes for each new
contact.

For determination of the stresses in the nodes of the FE model of the wheel fragment it is
necessary to apply the forces obtained as a result of solving the contact problem to the-nodes |
cated on the contact surfat¢¢owever, the nodes of the mesh created during the solution of the
problem by fast algorithms do not coincide with the nodes ofFEheneshTherefore, after lad
ing the initial data the forces in the nodes of the FE mesh located on the contact surfalee are ce
culated using a linear interpolatiot that the position of the meshes relative to each other is
uniquely determined by the oalinates of the wheel profile points, on the basis of which these
meshes are created.
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The procedure for determining the stresses at the nodes of the FE model of the wheel fo
each loading cycle begins with the separating a fragnfégire1.32a) from the initial FE mad-
el (see Sectl.3.2. The dimensions of the mesh of the fragment adjacetité contact surface
are chosen so that they areng bigger than the contact patch in each directt@parated fig
ment has a thickness as the initial 3D FE model.

The application of the FE fragment on the elastic foundd8a&has the design schemeé a
lows to determine the stresses and the strains in 3D region adjacent to the contact surface witho
any type of simplified assumptions like these: a contact patch has shape of circle or ellipse, tc
selection of the criical plane, to assumption that it is in a state of plane deformatsmof such
fragment allows decreasing the computation time esseri@dlly[32], [33], [34].

During construction of the initial FE model the components of its matrix of stiffnesslare ca
culated.To the nodes located on all surfaces of the separated fragment except the contact surfac
the elastic constraints aapplied(Figure1.32b). The stiffness of the constraints is assumed to be
10" N/m in accordance with the recommendations givemdrk [34].
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Figurel.32. FE fragment on elastic foundation:
a) separation of small fragment from initial FE model;
b) applying of elastic constraints on surfaces of separated fragment;
c) applying offorces to nodes of contact surface of separated fragment

Components of the stiffness matrix of the finite elements ensemble adjacent to an interna
node of the fragment are taken from the stiffness matrix formed for the initial FE rRodel.
nodes locatedn the surface of separated fragmetite components are halved, for nodestioca
ed on the edges they are divided into four.

Nodal contact forces are applied to the nodes located on the contact surface of the separat
fragment(Figurel.32c). Displacements of the nodes are determined with the method of node
iterations[35].
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The normal and shear stresses are calculated for all nodes of thetesepér fragmeniThe
number of nodes of the fragment in the rolling direction is considered as the path-tf tiozle
of the plane radial section of the fragm@figurel.5). Then each node from this chain is jHéa
position occupied by theth node as it passes through the region adjacent to the cdritact.
equivalent stress per cycle is calculated in aamwed with the chosen RCF criterion
(Sect.1.2.5. The obtained values of the criterion are assigned to the nodes located in the plane
of symmetry of the FE modef ¢the wheel fragmenDuring simulation of the process of aec
mulation of RCF damage they are compared with damaging values from given RCF curve.

The areas of equal values of the combined critgrion in the color and the isolines of the
values of tle criterion are shown iRigure1.33. The biggest, ¢ @ WPa is obtained for the
node located at the depth ofidn below the contact surface.
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Figure1.33. Areas of equal values of the combined critefion in the radial crossection of
the wheel contained in the plane of symmetry of conta6tade numbers of isolings , the
value of isoline is 37.5KPa

1.3.4. Accumulation of damage in the nodes of finite element model

The simulation of the dynamics of the movement of a railweghjicleis carried out orthe
sections of the track of short length order toreduce the machine time cast$e mileage is
scaled to obtain wear indicators for longer sections, for example, several thousand kilometers
The wear at each poimif the wheel profile is calculated using a scaling fackosimilar go-
proach is applied to the process of madglof the accumulation dRCF damage irthe wheel.
Dependencél.2) for calculating theRCF damage accumulated in theh node is transformed
to the form

. 0 Qa4 o .
g _ 1.36
0 ~ vy f 5 ah (1.36)

where0 is the number of iterations of the wear simulation;

0 isthe number of configurations in the wear project;

0 is the number othe wear steps (the number of profile changes dudng wear itea-
tion);

Q4 isthemileage at one wear step;

“Yis the length of the track traveled by the vehicle during the simulation;



Universal Mechanism 10 1-43 Chapter25. Rolling Contact Fatigue

Y is the distance after which the wear calculation starts;

| istheweight of the-th configuration B | p;

0 isthe number ofthespeeds in theth configuration;

I istheweight of thg-th speed in theth configuration B | p;

0 isthe number of loading cycles for théh configuration;

0 "Q isthe number of cycles until the appearance of fatfgilere when the criterion value
is,,

Thenumberof loadingcyclesi  for thei-th configuration is determined by the dependence

YOY .
) 1.3
Sy 0 B (137)

where'Yis the wheel radius;

0 is the number of records per wheel revolution

All of the listed above parameters are set in the evolution project. For detaithaaterl 6
of the user manual.

The number of cycles until arising fatigue defects for the nodes located in the plane of sy
metry of the FE fragment is calculated using the (E4). Then the accumulated damage in
these nodes is determined by summing the damage in accordance with depé@n8@énce

In the program settings the user can choose two variants for stopping the simulation of the
damage accumulation.

1) Set the limiting value of the accumulated dam@ge

2) Select the traveled di st anwitkoutWnatationamt ,
til the wheel has covered the entire distance set in the evolution project.

User can also set the minimum value of the damaging stress in accordance with the selecte
RCF criterion. During simulation of the accumulation of RCF damhgecycle is considered
damaging if the value of the criterion exceeds this limit. The minimum value by default is zero.

1.3.5. Consideration of wheel profile wear

Wear of the profile of the rolling surface of the wheel is one of the most important factors i
fluencing the accumulation of RCF damage in the material of the wimettle process of wear
the profile of the wheel is changed, which leads to the change of the dynamics of the vehicle an
the redistribution of the pressure in the contact of the wheel andithin addition, as the result
of wear the surface layer of the material of the wheel, in which fatigue damage has already bee
accumulated, disappears, RCF damage begins to accumulate in the layer located deeper unc
the treadThus, the processes thle wear and accumulation of RCF damage are inseparably
nected For this reason, the data needed for modelling of the accumulation of RCF damage in the
UM RCF Wheel module is created using théM Loco/Wheel Profile Wear Evolution tool
(Chapterl6).

Let us introduce the concept wheel wear iterationWithin the framework of this section,
thewheel wear iterations a series of calculations within which the profile of the rollindeste
of the wheel does not change.


16_um_predicting_railway_profile_wear.pdf
16_um_predicting_railway_profile_wear.pdf

Universal Mechanism 10 1-44 Chapter25. Rolling Contact Fatigue

For accumulation of RCF damage in ths!l RCF Wheel module the FE model of the wheel
fragment is used (Sed.3.2. At the eachwheel wear iteratiorthis model is reconstructed
new FE mesh is constructed on the basis of the worn wheel piidfdedamages calculated by
means interpolation of the damages accumulated in the nodes of the mesh at the wrmabus
wear iterationare assigned to the obtained nodes of the new niésn the procedure of acc
mulation of RCF damage in the nodes of the new Fsmof the wheel is repeated.

Figurel.34 shows the distribution of accumulated damage in the material of the wheel of a
freight car with the GOST profilg’] after the traveled distance dd,50 and100 thousandkm.

The number of thevheel wear iterationsthe total traveled distance and traveled distance at
onewheel wear iteratiorare determined by the set of parameters specified in the wheel profile
evolution project.

Let us consider the example of setting these parameteid iSimulation.

The required group of parameters is located aR&&'Wheel | Wear | Wear parameters
tabin theObject simulation inspector.

1 Number of iterations = 10;

1 Number of wear steps= 2000;

1 Mileage (km) =5.

In accordance with dependence (16.12) of Séttl.1.3. "The wear simulation parameters.
The profileupdating proceduteof Chapterl6 the total traveled distance of the whedl be

Qa 00 Qa PTG MO P TUITTRM.

As a result, for the RCF project we will get Wbeel wear iterationsThe traveled distance
of the wheel at oneheel wear iterationvill be 20000km.

If user is going to model the accuratibn of RCF damage in the wheel material, then at the
stage of creation of the evolution project he needs to determine howwhael/wear iterations
will be required to solve this task and the traveled distance at one iteration. The increase of tra
eleddistance leads to the increase of wear and, consequently, to a redistribution of forces in thi
contact of the wheel and rail due to the change of the shape of the contacting surface of th
wheel.

Notice that in the evolution project the number of chan@éseowheel profile is assigned by
theNumber of wear stepgparameter, and for each new wheel wear iteration the profile assigned
by theNumber of iterations parameter is saved. That is from the series of the evolutive profiles
the profile obtained at tHast step of the previous iteration of the calculation of the wearois ch
sen, and it is considered invariable at eeel wear iterationDuring simulation of the ace
mulation of RCF damage within oméneel wear iteratiorthe forces obtained taking inte@unt
the evolution of the wheel profile in the evolution project are applied to the nodes of the mesh of
FE model of the wheel. Such approach provides the acceptable accuracy of solution di-the pro
lem of determination of the stresses in the materiti@fvheel and allows setting the suffidien
ly big traveled distance at oméheel wear iteration

On the other hand, as a result of wear, the surface layer of the material of the wheel is r
moved, which leads to the redistribution of the accumulated danmagedistribution changes
significantly with increasing wedseeFigurel.34). Therefore, it is not advisable to set a very
big traveled distance at omdneel wear iterationBased on these considerations, it is desirable to
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divide the total traveled distance of theaghinto a quite big amount of the segments, to each of
which onewheel wear iterationvill be corresponded.

Figurel.34. Isochromatic lines of accumulated damage in material of the car whikel
GOST][7] profile after traveled distancei a0 000 km; bi 50 000 km; ¢i 100000 km

However, it should be taken into consideration that the excessive increase of the number o
wheel wear iterationgntails the increase of the computation time during simulation ofcthe a
cumulation of RCF damage and often cannot bring the problem to a more exact solution. In add
tion, the size of the input data files (SelcB.]) increases, each of which depending on thewevol
tion project settings can take up to several gigabytes on the hard disk.

The required number aofheel wear iterationsind the traveled distance at one itieraare
determined by testing a specific model. As a tentative value during simulation of the azcumul
tion of RCF damage can be recommended the traveled distancevetesiavear iteratiorof 5
10 thousandtm.



Universal Mechanism 10 1-46 Chapter25. Rolling Contact Fatigue

The number of the contact problems that nieebe solved at oneheel wear iteratiordur-
ing simulation of the process of accumulation of RCF damage is determined by the length of the
way traveled by the vehicle when modelling the dynamics, and byuh#&er of records per
wheel revolution parameteon theRail/Wheel | Wear | Resultstab in theObject simulation
inspector (Figure1.29). This parameter can accept only positive integer values greater than zero.
With a value of 1 the number of contact problems is equal to the number of wheel revolutions a
the given distanceAs the value of the parameter increases, the number of contact problems i
creases by a multiple of this value. The increase of the value Muhwer of records per
wheel revolution parameter makes the set of statistics about the contacts of the whele¢ and
rail obtained as result of simulation of the vehicle movement more representative, but increase
the computation time during simulation of the process of accumulation of RCF damage.

1.3.6. Consideration of presence of lubricant in wheel and rail contact

It has already been noted in SekcR.4that during testing the specimens of the wheel steel
under contact fatigue without the presence of the lubricant in the ctimtadamage is notbe
served even at very high pressur€kis is due to the mechanism of generation of the cracks
[16]. As a rule, the RCF tests of the wheel steel specimens in laboratory conditions gime the u
derstated number afycles until arising fatigue defects, since they are carried out with aentin
ously feeding the lubricant in the form of oil or water on the contact surf&ocek. conditions
are harder than the real service conditions of the whdelier operating condans rainwater is
natural lubricant in the contact of the wheel and the@dilziously, depending on weather cond
tions such lubricant is not always present in the contderefore, statistics show that the RCF
durability of the wheels is higher tharattofthelaboratory specimens.

In order to obtain the results that are closer to the statistical operational datactlledo
"lubrication coefficient"v s introduced in th&JM RCF Wheel module.This coefficient is
set by the usellt is dimensionless and ranges from 0 toThe coefficient is calculated for the
specific operating conditions of the railwaghicle For example, if a ravay vehicle operates
outdoors in a particular geographic region then it can be defined as the rdte rafmber of
rainy days per year, typical for that region, to the number of all days in thdrye#ner opera
ing conditions you can take the ratio of tlistanceraveled by thevehiclewith the presence of
a lubricant in the contact between the wreeel the rail to the entirdistancetraveled by theve-
hicle.

With the introduction of the coefficient  during simulation of the accumulation of RCF
damage a modified form of the dependeficg6) is used in the calculations

0 Q& P
- _ 1.38
N Y | f RS 8 ( )

CA
c

The default lubrication coefficiems 0.33.
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1.3.7. Consideration of residual stresses in wheel material

The residual technological stresses occurring in the process of manufacturing the wheels an
the mounting stresses caused by the interference fit of the wheel rim on the wheel plate can &
represented as stationary fields in the wheel material. Since the problems of determining suc
stresses are solved in the axisymmetric formulation, the obtained stress distributions are attribu
ed to one radial section of the wheel.

In work [36] using the ANSYS software the residual technological stresses in the material of
the altrolled car wheel made of the steel gradé]2vere calculated.

The specialists of Laboratory of Computational Ketics of BSTU performed the calaul
tion of the mounting stresses in the locomotive wijigé] caused by the interference fit of the
wheel rim on the wheel plat&he stresses were calculated using the ITFEMCP softpatke
age oriented at solving the contact probleRigurel.35 shows the FE model of the wheel and
the field of the equivalent stresses by the Mises criterion in caorat
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Figurel.35. Mounting stresses in the locomotive wheel caused by the interference fit of the
wheel rim on the wheel plate: FE model of wheel rim (a)waneel plate (b); regions of equal
equivalent stresses by the Mises criterion (c)

For using in the process of simulation of accumulation of RCF damage the information about
the distribution of the residual stresses in the radial section of the wheeliffedpacthe text
file. The file has the following structure:

1) the number of points of the radial section of the wheel,

2) the coordinates of the pointaindy;

3) the values of normal and shear stresses for eachipoint ,, ,t* , T ,1 .
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The origin is chosen at the point of the wheel profile located on the running circle. The wheel
profile should be oriented so that the flange is located on the right. The positive direction of the
Ox abscissa axis is to the rightto the flangethe positive direction of th®y ordinate axis is
upwardi to the axis of rotation of the wheels€&idurel.36). Coordinates are given in milliea
ters, stressésin megapascals.

Figurel1.36. Reference system for assignment of coordinates of the points
of profile of radial crossection of the wheel

The UM library includes two files of the format described above. The first file contains data
about the residual technological stresses in the material of tr@ledl car wheel from the steel
grade 7], wheel diameter is 95dm:

{UM Data)RCRWheelResidual technological stressesheelD954 mm.txt

The second file contains data about the mounting stresses in the material of the locomotive
wheel[37] caused by the terference fit of the wheel rim on the wheel plate, the wheel diameter
is 1250mm:

{UM Data\RCRWheelinterference fit stressesvheel D1250 mm.txt

After loading the residual stresses data from the file intollMeRCF Wheel project the
values of the residual stresses in the nodes of the flat FE mesh of the wheel fragmenti-are calc
lated using interpolation.

Figurel.37 shows the distributins of the circumferential, axial and radial residual teehn
logical stresses in the radial section of the car wheel after loading and processing in the
UM RCF Wheelproject.

The distributions of the circumferential, axial and radial mounting stressesidayfige n-
terference fit of the wheel rim on the wheel plate in the radial section of the locomotive wheel
after loading and processing in ti& RCF Wheel project are shown ikigure1.38.

In process of simulation of the accumulation of RCF damage the field of the alternating loa
ing stresses obtained from the solution of the contact problem is superimposed on the stational
field of the residual stresses, the normad ahear stresses of both fields are summed. Then the
value of the criterion of the RCF failure in the nodes of the FE mesh located in the radial sectior
of the wheel is calculated.
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Figurel.37. Distribution of residual technological stresses in the radial section of the car wheel:
ai circumferential; i’ axial; ci radial
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Figure1.38. Distribution of mountingtresses caused by the interference fit of the wheel rim
to the wheel plate in the radial section of the locomotive wheel:
ail circumferential; i axial; ci radial



Universal Mechanism 10 1-51 Chapter25. Rolling Contact Fatigue

Figurel.39 shows the areas of equal equivalent stresses by the combined criterion
(Sect.1.2.5.3 in the radiasection of the car wheel for one of the variant of the location of the
contact obtained from the solution of the contact problem without taking into account tle resid
al stresses. The point with the maximum value of the criterion oMP®is located ahe depth
of 3mm below the contact surface. As seen figigure1.39%, accounting the residual tean
logical stresses significantly changes the distribution of thevalgat stresses. Due to the big
compressive circumferential stresgEgyurel.37a) the equivalent stress in the point located at
the depth of 3nm decreases to 8@Pa.However, the point with the maximum value of thie cr
terion of 161IMPa is now located on the contact surface.

a)

0.00 21.30 42.60 63.91 85.21 106,51 127.81 14912 17042
N [ [ [ [ [ [ [ [ .

b)
0.00 20.12 40.23 60.35 80.47 10059 120.70 140.82 16094
N [ [ [ [ [ [ [ [ .
MPa

Figurel.39. Areas of equal equivalent stresses by combined criterion in the radial section
of car wheel: & without accounting the residual stressesvith accounting theesidual
technological stresses

Figurel.40a shows the areas of equal equivalent stresses by the combined criterion
(Sect.1.2.5.3 in the radial section of the locomotive wheel for one of the variant of the location
of the contact obtained from the solution of the contact problem without taking into account the
residual stresse$he point with the maximum value of the criterion of MRa is located at the
depth of 4mm below the contact surface. Accounting the mounting stresses caused byrthe inte
ference fit of the wheel rim on the wheel plate does not significantly changésthibution of
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equivalent stressg$igurel.40b), the point with the maximum criterion value remains at the
same depth. However, due to the big tensile circumferesitiessegFigurel.38a) the equia-
lent stress in this point increases to 29Ba.

a)
0.00 30.21 60.41 90.62 120.83 15103 18124 21145 24165
|| S R E— | [ [ [ T

b)
0.00 36.88 73.76 11063 14751 184.39 22127 25815 29503
[ | e R R R | [ [ |
MPa

Figurel.40. Areas of equal equivalent stresses by combined criterion in the radial section
of locomotive wheel: & without accounting the residual stressesmath accounting the
mounting stresses caused by the interference fit of the wheel rim on the wheel plate
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1.4. Working with UM RCF Wheel module

1.4.1. Running UM RCF Wheel module

The RCF project file is created WM Loco (Chapter8) module with helgJM Loco/Wheel
Profile Wear Evolution tool (Chapterl6), see Sectl.3.1

During or after installatiorJM software on computer it is recommended to associate the
files with *.rcf extension with RCF project files &M RCF Wheel module. In this case the
UM RCF Wheelmodule will be automatically run by double click on such files.

Another way to run the module is usiggart button and therll programs | Universal
Mechanism 10 | Tools | UMRolling Contact Fatigue of Wheelmenu item. After running
UM RCF Wheel module user needs to open the RCF project*filef with help File | Open

menu item o! e button on the&standard toolbar.
1.4.2. Interface of module

Interface of th&JM RCF Wheel module is presented Figurel.41.

18] UM Rolling Contact Fatigue of Wheel - simple_18_100.rcf = | B |
Eile Design Scheme View Help
= | @ .
U]
¢4 o> @ | i [[EE[8] @ 6 & Raik4
Information Panel o
Ry et B Damage Stress, MPa
Status
Calculation for this wheel profile is finished 0.572 369.58
Number of the wheelset: 1 0.536 ) 346.48
e I Cumulative damage sum |
Mumber of the profile: 2
Contact problem: 762 of 762 [ [
Overall progress of the calculation
100% I F
= RCF criterion stresses -
Calculation
Time left: 00:01:58
Traveled distance: 9974.210 km
Maximum damage: 0.5719949518 o B
Predicted traveled distance: — B B
Step information
0.179 115.49
Mormal force: 119 kN
Contact pressure: 1874 MPa 0.143 92.40
Simulation parameters 0.107 69.30
Criterion of rolling contact fatigue: 0.071 46.20
The combined criterion
0.036 23.10
Residual stresses:
no 0.000 0.00
Ready CAP NUM SCRL

Figurel.41. Interface olUM RCF Wheelmodule

In the top of the window the title bar, menu b&tandard toolbar andDesign Scheme
toolbar are located. In the bottom the status bar is located. In the left side of the window the
floating Information Panel is placed. The user can dock it to the left or right side of the window
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or hide it. By default, thénformation Panel is attached to the left side of the window andlis a
ways visible whenever the modugerun

The user can show or hidlee toolbars anthformation Panel and change its settings by the
View | Toolbars and Docking Windowsmenu or using the context menu by clicking the right
mouse button. The user can also changdantesfaceof the module window using théiew |
Application Look menu.

The workspacef window is intended fothe graphical displaying of design scheme aed r
sults of calculations. If the datar calculaton is loaded, in the center of the workspace always is
displayed the wheel profiland FE meshAll display modes can be switched on or off, for e
ample, using the buttons on tiesign Schemeoolbar. If during calculations the coloring
modes are switched pthe equivalent stresses in the plane of symmetry of FE fragment of the
wheel are shown in the center of the workspabe. cumulative RCF damage in the same plane
is shown on topThe color scale for estimate of the level of accumulated RCF damagehis on t
left and the color scale for the estimate of the equivalent stresses is on the right.

1.4.3. Parameters

The Parameters option becomes available when the data for calculation is lodded.
Figurel.42 the dialog box is shown, which appears on the screen with helpetfign Scheme |

- 2
Parameters...menu item or butto! . *" .

The appearedlialog box hagour tabs:Calculation, Material, Residual stressesndVisu-
alization. TheResetto default button allowsreturningto theinitial values of the parameters at
the seleted tab.The changed parameters are saved only after clickiig Otherwise, the
changes will not be saved.

1.4.3.1. The ¢Calculationé tab

TheCalculation tab is shown irFigure1.42.

Modelling of the process of accumulation of RCF damage irJtdeRCF Wheel module
provides two variants of the finish of calculation:

1) thepassage of the entire distance specified in modelling the dynamics of the railway veh
cle (traveled distance);

2) the reaching of limit of thaccumulatedlamage sum in the wheambint.

In thefirst case the calculation will be realized for atheel wearterations for all wheels
listed in the*.rcf project, regardless of the accumulated damage in the wheel.

In thesecondcase user has to set the limit value of cumulative damageTheraccumud-
tion of RCF damage at the point of wheel is calculateddnygutheEq. (1.38), the accumulation
of RCFdamage in the nodes of FE scheme is reviewed in 58ct After reaching of limit of
the cumulative damage sum the calculation will be contiunitithe finish of the currentvheel
wear iteration(see Sectl.3.9, after that the calculation for the next wheel is started.

By default, the first variantraveled distanceis chosen.
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[ Parameters ﬁ"

Calculation |Materia| |F‘.E5idual stresses | Visualization

Finish condition

~ Limited value of the cumulative damage sum | 1

[] simulate damage into the wheel flange
Coordinate x of the flange start (mm): 28

Lubrication factor:  0.33

Mumber of threads (max = 8): f =

[ Ok ] I Cancel |

Figurel.42. TheParametersdialog box, theCalculation tab

The Simulate damage into the wheel flanggégem (Figurel.42).

Slip in the contact of the wheel flange and the side surface of the rail leads to the big shea
stresses on the surface of the wheel flange and fast accumulation of RCF damage on this surfac
However, as a result of intensive wear the surface layer with accumulated damage quipkly disa
pears. Statistical operational data confirms that RCF defects on the contact surface of the whe
flange are rare. Therefore thiV RCF module allows to exclugthe simulation of the process
of accumulation of RCF damage in the wheel flahgpg default, theSimulate damage into the
wheel flangeitem is not activated. In this case, the user needs to specify a section of the whee
profile, which will be considerkas a flange. Th€oordinate x of the flange start (mm)pa-
rameter is used for this purpose, ségurel.42. The default value of this parameter isr@gh.

The coordina is assigned in the reference system showikigarel.36. Thus, part of the FE
model of fragment of the wheel whose&oordinates of nodeare greater than the spe@fi ©-
ordinatex of the flange start is considered as the wheel flange.

The purpose of parametdrubrication factor (Figurel.42) is described in detail in
Sect.1.3.6
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The value in thé&umber of threadscell determines the number of threads to performuealc
lations in parallel threads. The maximum number of threads depenlde oanfiguration of the
computer. By default, the number of threads is set to two less than the maximum possible in o
der to keep the performance of the operating system during calculations.

If calculation parameters at th@alculation tab were change@except for the number of
thread$, then after clicking th©K button a dialog box appears, $égure1.43.

UMRCFWheel l ]

f - 1 After changing the parameters a new calculation is required.
L' Delete the results of previous calculation?

b

Figurel1.43. Dialog boxi request to remove the results of the calculation

TheNo button means that the parameter changes will not be saved.
The Yesbutton means that the parameters will be saved and files with the simulation results
will be deleted. After that thealculation with new parameters can be started.

1.4.3.2. The ¢Materiale tab

TheMaterial tab is shown irFigurel1.44.

Youngds EndtPds the valueby default) Poisson's ratie (0.3is the valueby
default)and yield strength (6.%52 Pais the valuéry defaulj can be ssigned at the tab.

Damage accumulation is calculated on the assumption that the wheel material works unde
conditions of elastic shakedowRut in the case when the profiles of the wheel and the rail are
not smooth due to wear, high pressures can arise in the contact, which, while maintaining the
condition of elastic shakedown, leads to unrealistic high values of the strain intensitiessnd stre
intensities.The Prandtl diagram is used to limit them: the stress intensity exceeding the yield
strength of the material is taken equal to this limit.

The RCF curve is approximated by the funcifbil), see Sectl.2.4 The values of the mat
rial constant€C andm in this expression are assigned depending on the chosen RCF criterion.
criterion can be chosen in tiRCF criteria group box The criteria are described the follow-
ing sections

1) The criterion of the amplitude of maximum shear stiesse Sectl.2.5.1

2) The Dang Van criterion see Sectl.2.5.2

3) The combined a@erioni seeSect.1.2.5.3

The RCF curves and values of the material constarsisd m for these criteria are given in
Sect.1.2.8

The user can also set the minimum value of the damaging atremsing to the selected
RCF criterion.During modelling of the process of accumulation of the RCF damage the cycle is
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consideed asdamaging if the value of the criterion exceeds this liifiiis minimum value is
equal to zero by default.

If any of the parameters at taterial tab was changed, then after clicking @K button
thedialog box appears as showrFigure1.43.

TheNo button means the exit without saving the changed parameters.

The Yes button means the exit with saving the changed parameters. The result files will be

deleted.

© -
Parameters I&

Calculation | Material |F‘.E5idual stresses I Visualization

Wheel material

Elastic modulus E (Pa): | 2E+11

Poisson's ratio p; 0.3
Yield strength (Pa): 6,55E+8
RCF criteria

(71 The amplitude of maximum shear stress

(71 The Dang Yan criterion
The Dang Yan coeffident: | 032

i@ The combined criterion
The ultimate tensile strength (MPa): 931

RCF curve
Multiplier C: 3.61E+10 Minimum damaging stress {(MPa):
Degree m: -1.9 0

[ Ok ][ Cancel I

Figurel.44. TheParametersdialog box, theMiaterial tab

1.4.3.3. The ¢Residual stressesé tab

TheResidual stressesab is shown irFigure1.45.

With help of this tab the user can include in the calculation two types of residual stresses: r
sidual technological stresses in the wheel after manufacture and mounting stresses in the whe
caused by the fitting of the rim to the wheel pl&esidual stresses data is stored in the text files.

An approach to modelling of the process of accumulation of the RCF damage accounting the
residual stresses in the wheel material is described in1S2at.
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r -
Parameters ﬁ

| Calculation | Material | Residual stresses | visualization

Residual technological stresses

.................

C:\Users\Public\Documents\UM Software Lab\Universal Mechanism\ 10WRCFyWwI [

Mounting stresses

[ Enable

C:\UsersPublic\DocumentsiUM Software LabiUniversal Mechanism10R.CF Y | &

[ Ok ][ Cancel ]

Figurel1.45. The Parametersdialog box, theResidual stressesab

1.4.3.4. The ¢Visualizationeé tab

TheVisualization tab is shown irFigure1.46.

The design scheme can be moved in the window in any direction by using the arrow keys or
keyboard (or by the | eft mouse butet am);eciGtr
keyson keyboard(or by the mouse wheel}ll these operations are performed discretely with a
determined stepThe steps values can be changed at\isealization tab. The steps aresa
signed in conventional units.

Also the background color of the workspace afdow, the color and width of the lines for
displaying the wheel profile, FE meahdisolines can be assigned on the tab.
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[ Parameters @1

Calculation | Material | Residual stresses | Visualization |

Display of the objects in the window
Displacement step: 0.1

Scaling step: 1

Background

Color: | | El

Wheel profile

Width: 2
Finite element mesh
width: 0.3
[ (-]

Isolines

Color;

Width: 0.5

—

Ok ][ Cancel ]

Figure1.46. TheParametersdialog box, the/isualization tab

1.4.4. Imaging modes

The several types @heimaging modes of design scheme and calculation resulish can
be switched on or off in the various combinations with each odéinerimplemented in the rde
ule.

If necessary, the design scheme in the window can be moved, zaanoun. The scheme
can be returned to its original position in the following ways

T choose th®esign Scheme | Starting positiomenuitem;

T click the buttor.m at theDesign Scheméoolbar;

T click theHome key onthe keyboard,;

T right-click in the workspace of window, choose tB&rting position item in theappeared
shortcut menu.
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1.4.4.1. The ¢Meshe mode

The Meshimaging mode can be enabler disable in three ways:
T choose th®esign Scheme | Mesmenuitem;

T click the buttor.ﬂiJ at theDesignSchemetoolbar;

T click thel key onthe keyboard.

The mesh from quadrangular elements, which is located at the plane of symmetry of the FE
fragment of wheel, is displayed in the center of workspace of the wifidigure1.30). If with
the enabledMesh modethe Color visualization of damagemodeis enabled, then the similar
mesh is diplayed in the top of window at the median plane of wheel fragment, whereathe pr
cess ofacaumulation of RCF damage is illustrated.

The mode is automatically activated when the data is loaded.

Note. TheMesh mode is always available if the data for calculation is loaded.
1.4.4.2. The ¢Wheel profileé mode

TheWheel profile imaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Wheel profilenenu item;

i click the buttor | at theDesign Scheméoolbar;

T click the2 keyon the keyboard.

The wheelprofile is displayed in the center of workspacetioé window (Figurel.41). If
with the enabledWheel profile modethe Color visualization of damagemodeis enabled, then
the similarwheel profileis displayed in theop of window, where the process of accumulation of
RCF danage is illustrated.

The mode is automatically activated when the data is loaded.

Note. TheWheel profile mode is always available if the data for calculation is loaded.
1443. The ¢Color vidamhgeat modeof

TheColor visualization of damageimaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Color visualization of damageenu item;

1)

T click the buttor.lﬂ{J at theDesign Schemeoolbar;

T click the3 keyon the keyboard

In the top of windowthe radial crossection of the whees displayed, in which the disttib
tion of the accumulated RCF damage with help coloring is shéwgure1.41). The coloring is
performed for each quadrangular element of flat mesh. The color of the node is choser depen
ing on the value of the accumulated RCF damage according to an estimation scale. Téen the r
sulting colors from the four vertices are mixedhe plane of the element according to a linear
law. In the left side of the workspace of window the color scale for estimation of the lewel of a
cumulated RCF damage is displayed.
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Note. TheColor visualization of damagemode is available if the data for calculation
is loaded and the calculation has been done.

1444 The ¢Col or visualization of stressesé m

The Color visualization of stressesmaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Glor visualization of stressesnenu item;

5

T click the buttor.tﬂ{J at theDesign Scheméoolbar;

T click the4 keyon the keyboard.

In the center of the workspaas window the radial crossection of the wheel is displayed,
in which the distribution of thequivalent stressewith help coloring is shownFjgurel.41).
The coloring is performed for each quadrangular element of flat mesh. The color of the node is
chosen depemdg on the value of the equivalent stresses according to an estimation scale. Ther
the resulting colors from the four vertices are mixed in the plane of the element according to &
linear law. In theight side of the workspace of window the color scaleefstimation of the ke
el of equivalent stresses is displayed.

Note. The Color visualization of stressesnode is available if the data for calculation
is loaded and the calculation has been done.

1.4.4.5. The ¢lsolinese mode

Thelsolinesimaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Isolinesenu item;

T click the buttor.tg{J at theDesign Schemeéoolbar;

T click the5 keyon the keyboard.

The mode is intended for displaying the lines of equal valudseafomponerit isoparame
ric lines. The mode supports six isolines, that is, the component is divided into sevenlfevels.
the Color visualization of stressesnode is enabled, then in the center of the workspacemsf wi
dow the radial crossection of thevheel is displayed, in which the isolines of equivalent stresses
are shown(Figurel1.41). If the Color visualization of damagemode is enabled, then in thep
of the workspace of window the radial cresstion of the wheel is displayed, in which the-is
lines ofaccumulated RCF damagee shownkigurel.41).

Note. Thelsolinesmode is available if the data for calculation is loaded, the calculation
has been done and t@elor visualization of damagemode orColor visualiza-
tion of stressesnode is enabled.

1.4.4.6. The ¢gMaximum damagee mode

The Maximum damageimaging mode can be enablor disabled in three ways:
T choose th®esign Scheme | Maximum damageenu item;

T click the buttor.LEI{J at theDesign Schemeéoolbar;
T click the6 keyon the keyboard.
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In the top of the workspace of window the radial cresstion of the wheel idisplayed, in
which the node with the biggest accumulated RCF damage is marked by the white circle
(Figurel.41). The value ofthe biggesdamage can be viewed at thdormation Panel in the
Calculation parametergiroup box(Figure1.48).

Note. The Maximum damagemode is available if the data for calculation is loaded,
the calculation has been done, @aor visualization of damagemode is ea-
bled and the biggest accumulated damage more than zero.

1.4.4.7. The ¢Accumulated damageé mode

The Accumulated damageimaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Accumulated damageenu item;

LF

T click the buttor. at theDesign Scheméoolbar;

T click the7 keyon the keyboard.

If the Color visualization of damagemode is enabledhén in the top of the workspace of
window the radial crossection of the wheel is displayed, in which the nodes of FE mesh are
marked by the points, beside each node the numerical value of accumulated RCF damage in th
node is shownlf the Color visualization of stressesnode is enabled, then in tkenterof the
workspace of window the radial cressction of the wheel is displayed, in which the nodes of
FE mesh are marked by the points, beside each node the numerical value of equivalent stress
thisnode is shown.

Note. The Accumulated damagemode is available if the data for calculation is loaded,
the calculation has been done and@aéor visualization of damagemode or
Color visualization of stressesnode is enabled.

1448.The ¢Numbers ofnrodehe nodesé

TheNumbers of the nodesmaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Numbers of the nodesenu item;

T click the buttor. at theDesign Schemeoolbar;

T click the8 keyon the keyboard.

In the center of the whspace of window the radial cressction of the wheel is displayed,
in which the nodes of FE mesh are marked by the points, beside each node its number is show
If the Color visualization of damagemode is enabled, then the numbers are shown beside the
nodes of radial crossection of the wheel in the top of the workspace of window, where ¢he pr
cess of accumulation of RCF damage is illustrated.

Note. TheNumbers of the nodesnode is always available if the data for calculation is
loaded.

1.4.4.9. The ¢Residual stressese mode

TheResidual stressegmaging mode can be enabled or disablevimways:
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T choose th®esign Scheme | Residual stresse®nu item;

R

T click the buttor.ﬂ{J at theDesign Scheméoolbar.

In the center of the workspace of window the radrakssection of the wheel is displayed,
in which the distribution of one of the components of residual stresses with help coloring is
shown(Figurel.37). The coloringis performed for each quadrangular element of flat mesh. The
color of the node is chosen depending on the value of the stress component according-to an es
mation scale. Then the resulting colors from the four vertices are mixed in the plane ef the el
mert according to a linear law. In the right side of the workspace of window the color scale for
estimation of the level of selected stress component is displayed.

The component of residual stresses for displaying can be choserrassiblaal stresseslia-
log box (Figurel1.47). To open the dialobox select theDesign Scheme Choice of component

menu item or clickhe button E'j at theDesign Scheméoolbar.

Note. The Residual stressesnode is available if the residual stresses data is loaded
(see Sectl.3.7,1.4.3.3.

r -
Residual stresses I,&J

Axial stresses ox
Radial stresses ay
@ Circumferential stresses oz
Shear stresses Tuy
Shear stresses Tyz

Shear stresses Tz

[ QK ] | Cancel |

A

Figurel.47. Selection of residual stresses components for displaying

1.4.5. Performing calculation

The calculation can b&tartedn the following ways:
T choose th®esign Schemé Run menuitem;

T click the buttor. b at theDesign Schemeoolbar;

T click theF9 key onthe keyboard;

T right-click in the workspace of window, choose tR&n item in theappearedshortcut
menu.

The sequence of calculations is determined by the listdfiles in the RCF projectrcf (see
Sect.1.3.]). Everywld file contains the input data for one whdaltially, the calculation taking
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into account thevheel wear iterationsvill be completely carried out for the first wheel, then for
the second wheel and so on.

If the condition for the completion of the calculation is the reaching the limit value ofthe a
cumdated damage at the wheel poamtd it is reached earlier than the calculations fowhgel
wear iterationswere made, the renrang wheel wear iterationare skippedand the calculation
for the next wheel is starteti.the condition for the completion of the calculation is the travelled
distance, the calculation is carried out forvalieel wear iteration®f all wheels containig in

the RCF project.
Thelnformation Panel allows monitoring the status of the calculat{®igure1.48).

Information Panel o &)

Status
Calculation was stopped by user

Mumber of the wheelset: 1
Wheel: left
Mumber of the prafile: 3
Contact problem: 190 of 762

Overall progress of the calculation

0%

Calculation

Time left: 00:11:23
Traveled distance: 11218.855 km
Maximum damage: 0,5646305091
Predicted fraveled distance: -—

Step information
Mormal force: 125 kM
Contact pressure: 1420 MPa

Simulation parameters
Criterion of rolling contact fatigue:

The combined criterion

Residual stresses:

no

Figure1.48. Thelnformation Panel

After completion of the calculation the program displays a corresponding message at the di
log box on the screen.
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The calculation can beggipedin the following ways:
I choose th®esign Scheme | Stomenu item;

T click the buttor. L at theDesign Scheméoolbar;

T click theEsckey on the keyboard;

T right-click in the workspace of window, choose t&&op item in the appeared shortcut
menu.

1.4.6. Saving the results of calculation

B

The simulation results can be saved by mean&iteg Sawe menuitem or the button
on theStandard toolbar. Thisoptionis notavailableduringthe calculationrunning

The calculation results are saved in two files. Both files have the same nam&as-tre-
ject file and are located in tls®urcedata folder.

The first file is binary and has the.rcfresults extension. The data from this file are used to
display the calculation results in thdM RCF Wheel module and are loaded by the program
automatically when opening tiCF project file.

The second file is a text file with the extensituesv. This file allowsthe userto open the
calculation results ikxceltables.

In addition, during the calculation procesgratocol file is ceated in the source data folder
in text format, which contains information about the calculation progress.

Note. The autosave of results after the completion of calculation forvele&l wear
iteration is supported.

1.4.7. Deleting the results of calculation

The calculation results can be deleirethe following ways:
I choose th®esign Scheme | Delete resultsenu item;

T click the buttor. = at theDesign Scheméoolbar;
T click theDeletekey on the keyboard.
The option is available if the calculation was carried out.

1.4.8. Viewing calculation results

After completion of the calculation for the finsheel wear iteratiorthe options are available
allowing to navigate through the list wheel wear iterationgn two directions: from the first to
the last and back.

These options can be used in the fwilng ways:

T choose theDesign Scheme Previous profile or Design Scheme Next profile menu
items,

T click the buttor. N or b at theDesign Schemeéoolbar;

T click thePgDn or PgUp key onthe keyboard.
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At that the calculation results for selectetieelwear iterationare displayed at thifor-
mation Paneland the workspace of window.

At the Status group box of thénformation Panel the general information is displayed: the
number of the wheelset, the wheel is left or right, the number of the profie isumber of
wheel wear iterationthe total number and number of calculated contact problems for current
wheel wear iterationthe percentage of overall progress of the calculdiayure1.48).

First of all, the value of biggest accumulated damage at the wheel point and the traselled di
tance are interest when analyzing the calculation resiliesse parameters can be seen at the
Calculation group box of thdnformation Panel (Figurel.48). If the calculation was carried
out until reaching the limit of accumulated RCF damage and this limit has not been reached, th
predictedtraveled distance at the same group box shows how many kilometers the wheel coulc
still run with the reached level of accumulated damage. predicted traveled distance is dete
mined by dividing the traveled distance to the biggest accumulated damage.

The wheel point with the biggest accumulated damage can be marked on the design schen
at the workspace of window with hetlpe Maximum damageimaging modegsee Sectl.4.4.9.

The depth at which this point is located under the rolling sudht®e wheel can be determined
using theMeshimaging mode, starting from the fact that the side size of the finite element of the
mesh is Inm (see Sectl.4.4.]). The Color visualization of damagemode(see Sectl.4.4.3

and Isolines mode (see Sectl.4.4.5 allow representing the distribution of accumulated RCF
damag in the radial crossection of the wheel.

File with *.csv extension (se&ect 1.4.6 allows the userto open the calculation results in
Exceltables anatreategraphs for preparing a report.

Using the results from the first data block, it is possible to plot the dependence ofithe acc
mulated damage at the dangerous point of the wheel material on the mileage. The example ¢
such a graph is shown igure1.49.
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Figurel.49. Dependence of accumulated damage at the dangerous point
of the wheel material on the mileage
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The data from the second block make it possible to pladidggam of theaccumulatedRCF
damage in the dangerous section of the wi#elthe dangerous section we will mean the ci
cumferential section of the wheel containing the dangerous point, i.poitewith thebiggest
accumulatedRCF damage.To construct the diagram the values of the accumulated damage at
the nodes of the FE mesh of the radial section of the wheel fragment belonging to the dangerot
section are usedhe example of such sequenoéthe nodes is shown ifigurel.50a. The d-
scissa axis is theaxis in the coordinate system showrfigure1.36. The graph of the depeh
ence of the accumulated damage in the nodes of the dangerous section of the wheel®n their c
ordinatex is shown n Figure1.50b.

The second block also contains the data allowing to plot the surface of accumulated damag
in the radial section of the wheel fragmehte x coordinate of the node is plotted along the a
sdssa in accordance with the frame of reference showingure1.36. On the ordinate the depth
of the node under the rolling surface is plott€tde value of the accurtated damage in the
nodes of the FE mesh of the radial section of the wheel fragment is plotted along the applicate
Theexample of such surface is showrFigure1.51.

0.5

04 //\ ——20thkm

03 / \ ——40th km
0.2 60 th km
/A

0.1 / A\\t’\ —— 80 th km
X I e 1//\‘\\:-&- X, mm

-60 -50 40 -30 -20 -10 0 10 20 30 40 50 60

b)

Accumulated RCF damage

Figure1.50. Diagram of accumulated RCF damage in dangerous section of wheel
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Figurel.51. Accumulateddlamage surface in radial section of wheel fragment
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1.4.9. Sample of simulation of accumulation of damage in the wheel

Let us consider the example of modelling of the process of accumulation of RCF damage in
the wheel of the car with bogies of-180 model. Thear model is supplied with tHéM soft-
ware and it is available in the librafiy M Data}\sample¥Rail Vehiclessimple 18 100

Load the model iUM Simulation. Open thedbject simulation inspedor.

At the Solver| Simulation processparameterstab set the following values:

1 Solver=Park

i1 Error tolerance = 1E7;

1 Computation of Jacobian=yes

9 Jacobian forwheelrail forces = yes

At theRail vehicle| Contact | Contact forcesab set the values:

1 Young's module=2E+13

1 Poisson's ratio=0.3.

Go to theRail vehicle | Wear tab and load the evolution project frovdheelRCF Test.ecf
file. Set the equiredNumber of threadsand switch on th&/ear profile evolution radio button
(Figurel1.52). Run the simulation using thetegration button.

Object simulation inspector

| Solver I Identifiers | Initial conditions | Object variables
Rail vehide | XVA | Information | Tools

=B Y%y

| Track I Wheel Rail I Cantact I Forces I Speed | Wear |

= E | Wear profile evolution
Continue simulation
Use of threads
Number of threads (max=8) 4 E]
Configurations | Weights | Wear parameters | Finish conditions | Resuits |
+ @ & v | Mumber of computations = 4
Tangent | Curve R650
MName |Tangent |
Length |82IJ |
Start of wear section |30 |
Set of speeds (m/=) |16.6?,22. 22 |
Identifiers
@ Current
() From file | J|
Information
Fail inclination 0.05 -~
Distance between SCE and SCW  0.0057 (H
Traclk macrogeometry Tangent B
Irregularities From fi1le
File= with irregularities:
Left rail (Z) C:~U=zers~PublichDocumnent=~UH Sof tware
FEight rail (Z)} Z:~Jzers~Public~Document=~UH Scoftware|
1| m 3
[ Integration ][ Message ” Close l

Figurel.52. The settings of the project of wear profile evolution
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According settings of # evolution project the simulation of moving the tacarried out
along the tangent track section and the caraek section with radius of 650 n©On each track
section the car mosgeat the speed of 16.67 and 22.22 m/s.

In result of the simulation theath for the fivewheel wear iterationsf the left wheel of the
first wheelsewere generated he total travelled distance is BBOkm. The travelled distance at
eachwheel wear iteratioms 5000km. The RCF project file is located in the folder

{UM Data}\sample¥Rail_Vehicles&simple_18 10WearResultRC¥imple 18 100.rcf

Open the RCF project idM RCF Wheel modulein any of the ways specified in Sett4.1
Change the project settings at @ealculation and Material tabs as shown ifigurel.53 and
Figure1l.54. Keep the parameters at tResidual stressesab unchangedSave the project se
tings by clickOK button at theParametersdialog box.Run the simulation ypthe Run button
(see Sectl.4.5.

Various possibilities of representation of the calculation results are described ifi.&&ct.
In Figurel.55, Figure1.56 andFigurel.57 the results of simulation of the process of accamul
tion of the RCF damage in the ma#tiof the car wheel are shown.

r -
Parameters I&

Calculation |Materia| | Residual stresses I visualization

Finish condition

() Limited value of the cumulative damage sum | 1

Simulate damage into the wheel flange
Coordinate x of the flange start (mm): | 25

Lubrication factor: 0,33

Mumber of threads (max = 8): ] =

Reset to default ]

[ Ok ][ OTMeHa ]

Figurel.53. RCF projecsettingson theCalculation tab
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o
Paramesters

==

Calculation | Material |F‘.E5idual stresses I Visualization

YWheel material

Elastic modulus E (Pa): | 2E+11
Poisson's ratio p; 0.3
Yield strength (Fa): 7.47E+3

RCF criteria

(71 The amplitude of maximum shear stress

(") The Dang Van criterion
The Dang Yan coeffident: | 032

i@ The combined criterion
The ultimate tensile strength (MPa): 1121

RCF curve
Multiplier C: 4.347E+11
Degree m: -2.2 0

Minimum damaging stress (MFa):

Feset to default

[ Ok ][ Cancel ]

Figure1.54. RCF projectsettingson theMaterial tab
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Figurel.55. AccumulatedRCFdamage at the danger point of the wheel material
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Figure1.56. Diagram of accumulated RCF damage in the dangerous section of the wheel

r B
18] UM Rolling Contact Fatigue of Wheel - simple_18_100.rcf =l E s
File Design Scheme View Help
= 0| @.
o
e8| B[R 6 ® Roik4
Information Panel n Damage Swess, MPa
Status
Calculation for this wheel profile is finished 1.298 344.62
Number of the wheelset: 1 1.217 323.08
Cumulative damage sum
Wheel: left
Number of the profile: 5
Contact problem: 762 of 762
Overall progress of the calculation
100%:
L 0.811 21538
— 0.730 RCF criterion stresses 193.85
Time left: 00:04:42
0.649 172.31
Traveled distance: 24850.254 km
Maximum damage: 1.2979907387
Predicted traveled distance: —
0.487 129.23
Step information
0.406 107.69
Normal force: 120 kN
Contact pressure: 1687 MPa 0.324 86.15
Simulation parameters 0.243 64.62
Criterion ?Frul\in.g cz.mtzct fatigue: 0.162 43.08
The combined criterion
0.081 21.54
Residual stresses:
no 0.000 0.00
Ready CAP NUM SCRL

Figurel.57. Results of simulation of the process of accumulation of RCF damage
in the material of the freight car wheel
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1.5. Simulation of accumulation of rolling contact fatigue
damage using UM RCF Rail module

The formation oRCFdamage in a certain section of the rail occurs as a result of cydic loa
ing and depends on the passed tonn@be. nature of loading at the same value ofghssed
tonnage can differ significantly depending on the types of railvedyycles passing through this
section, their quantitative ratio, the degree of loading and the speed of movenedition,
evenvehicles of the same type may have different wheel diameters, profiles of wheel rotling su
faces and other parameters, whadto affects the nature of the loadiipdeling the dynamics
of the movement of railway vehicles in thi allowsthe useito createthe load blocks taking
into account the above factors.

To simulate the process of accumulatioR@F damage in the raihateria) the dynamics of
the movement of railway vehicles is simulated either dangenttrack section or on aurve
track section.The number of rail crossections is set, in which the contact forces from each
wheel of the passing vehicle are calcethiThe number of such sections should be sufficient to
provide representative statistiaboutthe forces and position of the wheel on the dailthe
UM RCF Rail modulethe accumulated fatigue damage in these sections are summed up and
assigned to one crosgction, which will be referred to below the control sectiorof the rail

When modelling the process of accumulation of RCF damage, it is impossible to indicate the
point at which the accumulation of damage will proceed most intenskedn if the contacting
bodies do not move mutually, but the normal force is variable, for example, in the Hertz problem
the dimensions of the semiaxes of the elliptical contact paiitlthange, and hence the pos
tions of dangerous points, both on the contact surface and in the subcontact layer of a material.

Therefore, the calculations must be carried out for a set of points located in the area adjacer
to the contactWhen using th finite element methodhe nodes of thé-E model can be used as
such pointsFor the correct solution of the contact problem, the dimensions of the design scheme
of the bodies must be such that the condition of the smallness of the contact patchl sige wil
satisfied.For the correct solution of the contact problem, the dimensions of the FE models of the
bodies must be such that the condition of the smallness of the contact patch size will be satisfiec
But with a large number of degrees of freedom ef dlgstem, it will take considerable time to
solve the contact problem and determine the stred$les nodes, and such calculations must be
performed many times.

Based on the above considerations, a fragment of the FE model of the rail adjacent to th
cortact is used in the module. Its dimensions are taken such that the stresses on the surfaces
which it cut is out will be relatively small.

1.5.1. Input data

Necessary data for modelling of the accumulation of RCF damage iONhRCF Rail
module isgeneratedduring process of simulation of dynamics of a railway vehicle in the
UM Loco module ChapteB) with help the UM Loco/Rail Profile Wear Evolution tool
(Chapterl6). In Figure1.58 the Object simulation inspector window with settings of the ev
lution project ofthe railprofile is shown.
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i UM RCF Rail test - scanning = (-2

| General | Alternatives | Rail profile wear |Run I F‘.esults|

Wear parameters |Track | Wheel+rail contact | Profiles |

Mumber of iterations 10 E]

Tonnage per iteration 1E06

Width of wear accumulation interval {mm)
I:I Whole wear section

Interrupt of simulation on degeneration of profie

Wear section

Start of wear section
End of wear section

Roling contact fatigue
Save dataset for roling contact fatigue prediction

Rail [Ieft - ]

Mumber of section 100 E]

Save list of variables every 1 E] iteration

Wear model

i@ Archard (71 Specht (71 Wear map
Parameters
Wear coeffident (m3/1) 1.6E-13

Figurel.58. Settings of the evolution project of the rail profilddM Simulation

It is necessary to enable tBave dataset for rolling contact fatigue predictioncheck box
in the Rolling contact fatigue parameter grougn the dropdown list of theRail item the user
can select the rail for which the process of accumulation of RCF damage needs to be simulatec
left, right or left and rightThe item Number of sectionspecifies the number of rail crosse
tions, in which the contaébrces from each wheel of the passing vehicle will be calculated.

As a result, after the simulation of the dynamics of the railway vehicles is completed; a bin
ry *.rld file will be created in th&ailWear folder located in the rail profile wear evolutipro-
ject. The same folder contasriiles with wear simulation results and evolution project settings.
The file with input dat#.rld includes in the title the name of the rail profile file and its identif
cationi left "I" or right "r".

The initial data fie *.rld stores the rail profiles obtained as a result of wehe. number of
profiles depends on the number of iterations specified in the evolution prbjectollowing
information is stored for each profile number:

itheYoungds modulus and Poirasison's ratio of

T the number of the points of tinail profile and their coordinates;

T the tonnage, number of numerical experiments, statistical weight of the experiment, mass
passing through thealculatedsection;
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T the number of loading cycles;
T the data about contact for each loading cydlee coordinates of nodes of the mesh on the
surface of contact patch and values of the forces in the nodes of mesh.

Note. There must be enough free space on the tigkd Eachr.rld file can be up to
several gigabytes depending on the evolution project settings.

Figurel.59 shows the frame of reference in which the coordinates of the points of the rail
profile are set.

y, mm

----- e B R ST R EEEEEREEPEEE RS

Figurel.59. Reference systemor specifying the coordinates of the rail profile points

1.5.2. Construction of finite element model of rall

To solve the contact problem of the wheel and rail the dimensions of the finite elements are
chosen so as to ensure a minimum computation time witffieiesot precision of solutionThe
profiles of the rolling surfaces of the wheel and rail friiainput data file are specified by the
coordinates of points located along the contours with step ghi.1For analysis of the stress
state in the contacegion it turned out to be appropriate to apply the meshes with the size of the
element of Inm for threedimensional (3D) FE modelblevertheless, when using the fragments
that include regions adjacent to the contact surfaces of such sizes at whitlesbes are small
on the surfaces of extraction of the fragment, the FE model contains a big number of the degree
of freedom.In this connection, the FE model containing 10 layers of finite elements counted
from the contact surface is used in the caloortes.

Construction of the FE model of a rail fragment starts with the creation of-ditmensional
(2D) flat mesh composed of the quadrangular finite eleméntscreated on the base of nodes
placed on theail profile with step of Inm (Figure1.60). Its dimension along the rail profile is
87 mm.This dimension covers the profile section on which the contact has place at any possible
positions of the wheel on theiltalhen 3D FE model is generat&D mesh is dragged along the
longitudinal axis of the rai(Figurel.61).Dimension of the FE model at the longitudinal dire
tion is 50mm. This dimension is chosen with taking into consideration that contact patch length
does not exceed 5Am in any case.
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Figure1.60. 2D mesh for construction of 3D FE model of rail fragment

The thicknes®f the fragment of 1@hm ensures sufficient accuracy of the solution wien
ing an elastic foundatioriThe most probable dimension of the semiaxisf the contact patch
does not exceed Im and the point with the biggest shear stress is placed on tteadeut
0.5a. It is possible to cover the region of the biggest stresses at the selected size of the fragmer
Nevertheless, theesultingscheme is characterized by a large number of degrees of freedom.
example, the FE model presented-igurel.61 contains 4807 nodes and has 1481 degrees
of freedom.Therefore, in order to decrease the computation time a fragment of this FE model

will be used in calculationsee Sectl.5.3.

P
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Figurel.61. 3D FE model of rail fragment

The stiffness matrix of the obtained 3D FE model ofrdikeconsisting of eightiode finite
elements is formedAt this step, the preparatory stage is completed, and further calculations for
loading cycles are started.
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1.5.3. Calculation of stresses in the region of wheel and rail contact

For solution of the rolling problem in tHeM Loco module the model of contact forces of
W. Kik and I.Piotrowski [29] and the Kalker CONTACT modgB0] are used Chapter8,
Sect.8.4.2.5.2. "Parameters of inertial rail contact”). Thd Loco/Multi -point Contact Model
tool is required for the WKik and I.Piotrovski model and thelM Loco/CONTACT add-on
interface tool for applying the CATACT program.

Normal and tangential traction are calculated at the nodes of the 2D mesh located on the co
tact surface. The mesh is created as follows: the contact patch is divided into strips of the sam
width oriented along the rolling direction, atieen each strip is divided into the same number of
elements having the same dimensions within the stdhapterB, Sect8.3.1.2.2.3.
"FASTSIM"). The contact pressuend the forces actingn the plane of each elementdeta-
mined. The calculated forces are attributed to the center of gravity of the element. The number @
the strips and elements is set by the user. Since during the rolling of the wheel along the rail th
contact patches change their shape and sizetdheoSthe mesh in two directions also changes
for each new contact.

For determination of the stresses in the nodes of the FE modelrafltiiagment it is nece
sary to apply the forces obtained as a result of solving the contact problem to the ocatebs o
on the contact surface. However, the nodes of the mesh created during the solution dif-the pro
lem by fast algorithms do not coincide with the nodes of the FE mesh. Therefore, after loading
the initial data the forces in the nodes of the FE meshddaat the contact surface are caltula
ed using a linear interpolation. At that the position of the meshes relative to each otheras uniqu
ly determined by the coordinates of tiad profile points, on the basis of which these meshes are
created.

The proceéure for determining the stresses at the nodes of the FE modelrafl tfog each
loading cycle begins with the separating a fragmEigiufe 1.62a) from the initial E model (see
Sect.1.5.9. The dimensions of the mesh of the fragment adjacent to the contact surfaae are ch
sen so that they aren3m bigger than the contact patioheach direction. Separated fragment has
a thickness as the initial 3D FE model.

The application of the FE fragment on the elastic foundd8a&has the design schemeé a
lows to determine the stresses and the straiB®iregion adjacent to the contact surface without
any type of simplified assumptions like these: a contact patch has shape of circle or ellipse, t
selection of the critical plane, to assumption that it is in a state of plane deformation. Use of suct
fragment allows decreasing the computation time esseni&lly[32], [33], [34].

During construction of the initial FE model the compats of its matrix of stiffness arelca
culated. To the nodes located on all surfaces of the separated fragment except the contact surfe
the elastic constraints are appli&igure1.62b). The stiffness of the constraints is assumed to be
10" N/m in accordance with the recommendations given in &tk

Components of the stiffness matrix of theitie elements ensemble adjacent to an internal
node of the fragment are taken from the stiffness matrix formed for the initial FE model. For
nodes located on the surfaces of separated fragment the components are halved, for modes loc
ed on the edges theye divided into four.
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Figurel.62 FE fragment on elastic foundation:
a) separation of small fragment from initial FE model;
b) applying of elastic constraints on surfaces of sepafatgohent;
c) applying of forces to nodes of contact surface of separated fragment

Nodal contact forces are applied to the nodes located on the contact surface of the separat
fragment Figurel.62c). Displacements of the nodes are determined with the method of node
iterations[35].

The normal and shear stresses are calculated for all nodes of the separated FE fragment. T
number of nodes ohe fragment in the rolling direction is considered as the path ofttheode
of the crosssection of theail fragment Figurel.5). Then each node from this chasthej-th
position occupied by theth node as it passes through the region adjacent to the contact. The
equivalent stress per cycle is calculated in accordance with the chosen RCF criterion
(Sect.1.2.5. The obtained values of the criterion are assigned to the nodes located in the plang
of symmetry of the FE model of thail fragment. During simulation of the process of accamul
tion of RCFdamage they are compared with damaging values from given RCF curve.

The areas of equal values of the combined criterion in the color and the isolines of the
values of the criterion are shownkigurel.63. The bigges} ¢ L KPa is obtained for the
node located at the depth ofrdn below the contact surface.
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Figurel.63. Areas of equal values of the combined critefjon in the crosssectionof the ralil
contained inhe plane of symmetry of contact
1-6 are numbers of isolings , the value of isoline is 36. NMPa

1.5.4. Accumulation of damage in the nodes of finite element model of
rail

In the process of modelling the wear of the rail profile the scaling is used, the purpose of
which is to obtain significant wear with a small total weight of the vehicles passing along a given
section of the track. In fact, the weaagram is multiplied by a scale factor. A similar approach
is applied to the process of moliley the accumulation dRCFdamage in the rail material.eb
pendence (1.2) for calculating tRE€FdamageQ accumulated in the-th node is transformed to
the form

0 ——| —h (1.39)

where0 is the number of iterations of rail profile wear simulation

0 is thenumber of numerical experiments

0 isthe number of loading cycles for théh numerical experiment

0 is thetonnage assigned to one wear itergtion

] is themass passing through tbalculatedsection

| is the weight of thé-th numerical experiment

0 "Qisthe numbenof cycles until the appearance of fatigue failure, when the criterion value
is equal tq,

The listed above parameters are set in the evolution project. For detail$\ageerl 6 of the
use manual.

The number of cycles until arising fatigue defects for the nodes located in the plane of sy
metry of the FE fragment is calculated using the (E4). Thenthe accumulated damage in
these nodes is determined by summing the damage in accordance with depén8@nce

In the program settings the user can choose two variants for stopping the simulation of the
damage accumulation.

1) Select theTonnage'option i.e. the damages will accumulate without Isnimntil calcua-
tions will be performed for all wear iterations specified in the evolution project.
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2) Set the limiting value of the accumulated damage

User can also set the minimum value of the damaging stress in accordance with the selecte
RCF criteron. During simulation of the accumulation of RCF damage the cycle is consaered
damaging if the value of the criterion exceeds this limit. Its default minimum value is zero.

1.5.5. Consideration of presence of lubricant in wheel and rail contact

It has alreadyoeen noted in Sect.2.4that during testing the specimens of the wheel steel
underrolling contact fatigue without presence of a lubricant in the contact theg#ais not b-
served even at very high pressures. This is due to the mechanism of generation of the cracl
[16]. As a rule, the RCF tests of the wheel steel specimens in laboratory conditions gime the u
derstated number of cyclestil the appearance of fatigue defects, since they are carried out with
continuously feeding the lubricant in the form of oil or water on the contact surfaogs.co-
ditions are harder than the real service conditions of the wisglgiay transport isvidely used
for the transportation of passengers and goods on mainline railways, tram lines and metro line:
in industrial zones, and in the mining industity.outdoor conditions rainwater and condensate
are the natural lubricants in the wheail contact. Obviously, depending on weather conditions
such lubricant is not always present in the confBotrefore, statistics show that the RCFadur
bility of the rails is higher than that of the laboratory specimens.

In order to obtain the results that areselbto the statistical operational data, theaied
"lubrication coefficient"0  is introduced in th&JM RCF Rail module. This coefficient is set
by the user. It is dimensionless and ranges from 0 to 1. The coefficient is calculated fex-the sp
cific operating conditions of the railway track. For example, if a railway track is operated in the
open air in a specific geographic region, then it can be defined as the ratio of the number of rain:
days per year, typical for this region, to the numidealbdays in the year. In other operating
conditions the ratio of the length of the track section with the presence of lubricant to the length
of the entire track can be taken.

With the introduction of the coefficient Klub, when modelling the accumulatioRCF
damage, a modified form of the dependeficg9) is used in the calculations

- 0
50 2 P (1.40)
The default lubrication factar  is 0.33.

1.5.6. Consideration of rail profile wear

Since the processes of wear and accumulati®tGidamage are inextricably linked, tha-d
ta neededor modelling ofthe accumulation o0RCF damage in th&JM RCF Rail module is
createdusing theUM Loco / Rail Profile Wear Evolution tool (Chapterl6).

Let us introduce the concept i@l wear iteration Within the framework of this sectiothe
rail wear iterationis a series of calculations within which the profile of theimglsurface of the
rail does not change.

For accumlation of RCF damage in thgM RCF Rail module the FE model of thelil
fragment is use@Sect.1.5.2. At the eachrail wear iterationthis model is reconstructed. new
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FE mesh is created based on the worn rail profile damages calculated by meartsrpob-
tion of the damages accumulated in the nodes of the mesh at the previagsaraierationare
assigned to the obtained nodes of the new mBsén the procedure of accumulation of RCF
damage in the nodes of the new FE mesh of the rail is szpeat

The Figure1.64 shows the distribution of accumulated damage incth@rol section of the
rail R65[38] on the tangent track sectiorteafthe passed tonnage of 10 &ddnmillion tons.

w

Figurel.64. Isochromatic lines of accumulated damage irctirdrol section of the railvith
R65 profile[38] after the passed tonnage: 40 Mt b1 50 Mt

The number ofail wear iterations total tonnage and tonnage at oa# wear iterationare
determined by a set of parameters set in the rail profile evolution project.

The required parameter group is lochta theRail profile wear | Wear parameterstabin
the scan project windo{Figure1.58).

1 Number of iterations = 100;

1 Tonnage per iteration= 1E06.

For example, for th@iven values in accordance with the formula (8p.ih Sect16.2.1.
"Rail profile wear simulatichof Chapterl6 thetotal tonnagdas

0 0 0 p TP %TT @p TT Mt

The number of contact giolemsN that must be solved at on&il wear iterationwhen mal-

elling the process of accumulationREFdamage is determined by the dependence

0 O 0 h

where0 is the number of numerical experiments
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0 is the numbef crosssections of the rail in which the contact forces from each wheel
of the passing vehicle are calculgted

0 isthe number of wheelsets of vehicles included in the numerical experiment

The number of calculated sectioitls is set by theNumber of sectionparameter on the
Rail profile wear | Wear parameterstab in the scan project windovn increase in the value
of this parameter makes the set of statistical data on wéiéelontacts obtained as a result of
modelling the movement of velhds more representative, but increases the computation time
spent on modelling the process of accumulation of RCF damage.

The required number ofil wear iterationsand the passed tonnage per iteration arer-dete
mined by testing a specific moddl.big value of theTonnage per iteration parameter can lead
to a violation of the smoothness of the rail profile on the local sefigure1.65) or to the @-
generation of the profildsee Sectl6.1.1.3. The wear simulation parameters. The prefile
updating procedufeof Chapte 16). Therefore, in order to maintain the smoothness of the rail
profile during the evolution process, when modelling wear, it is recommended to increase the
number of iterations and decrease the passed tonnage per itehstimmlicative value of the
Tonnage per iterationparameter 1 million tons can be recommended.

——

|

Figurel.65. Violation of the smoothness of the rail profile in the local section
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1.6. Working with UM RCF Rail module

1.6.1. Running UM RCF Rail module

An input datafile for modelling of the accumulation of RCF damagehe railis created in
UM Loco (Chapter8) module with heldJM Loco/Rail Profile Wear Evolution tool (Chapter
16), see Sectl.5.1

During or after installatiorJM software on computer it is recommended to associate the
files with *.rld extension with thdiles of theUM RCF Rail module. In this case tHéM RCF
Rail module will be automatically run by double click on such files.

Another way to run the module is using ®&rt button and theill programs | Universal
Mechanism 10 | Tools | UMRolling Contact Fatigue of Rail menu item. After running
UM RCF Rail module user needs to open theld file with help File | Open menu item or

- button on theStandard toolbar.
1.6.2. Interface of module

Interface of th&JM RCF Rail module is presented Figurel.66.

f =N
|#] UM Ralling Contact Fatigue of Rail - r63new_l.rd =RneN X~ |

File Design Scheme View Help

=1 | @ .
e 1] =] 0
% o0 & | B (@I EE[m) B B Rl
Information Panel 2B Damage Stress, MPa
Status
Calculation for this rail profile is finished 0.448 481.65
0.420 Cumulative damage sum A51.55
Rail: left

Mumber of the profile: 10 1
Contact problem: 828 of 828

Overall progress of the calculation
100% —

Calculation =
Time left: 00:21:15

T : 10000000.000 -
onnage RCF criterion stresses

Maximum damage: 0.4475578430 — —

Predicted tonnage: —

Step information

Mormal force: 0 kN 0041 Uans2
Contact pressure: 0 MPa 0112 120.11
Simulation parameters 0.084 90.3:
Criterion (.:Frollin.g cfmtact fatigue: 0.056 §0.21

The combined criterion
0.028 30.10

Residual stresses:

no 0.000 0.00

Ready CAP| NUM SCRL
A

Figurel.66. Interface olUM RCF Rail module
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In the top of the window the title bar, menu b&tandard toolbar andDesign Scheme
toolbar are located. In the bottom the status bar is located. In the left side of the window the
floating Information Panel is placed. The user can dock it to the left or right side of the window
or hide it. By default, thénfor mation Panelis attached to the left side of the window andlis a
ways visible whenever the modugerun

The user can show or hide the toolbars krdrmation Panel and change its settings by the
View | Toolbars and Docking Windowsmenu or using the castt menu by clicking the right
mouse button. The user can also changdantesfaceof the module window using théiew |
Application Look menu.

The workspacef window is intended fothe graphical displaying of design scheme aed r
sults of calculationdf the datafor calculaton is loaded, in the center of the workspace always is
displayed theail profile and FE meshAll display modes can be switched on or off, fgare-
ple, using the buttons on tiiEesign Schemeoolbar.If during calculations the coting modes
are switched orthe equivalent stresses in the plane of symmetry of FE fragment dHiltlaee
shown in the center of the workspadée cumulative RCF damage in the same plarsiown
on top.The color scale for estimate of the levelastumulated RCF damage is on the left and
the color scale for the estimate of the equivalent stresses is on the right.

1.6.3. Parameters

The Parameters option becomes available when the data for calculation is lodded.
Figurel.67 the dialog box is shown, which appears on the screen with helpetfign Scheme |

- v
Parameters...menu item or butto! . *" .

The appearedlialog box hagour tabs:Calculation, Material, Residual stresss andVisu-
alization. TheReset to afault button allowsreturningto theinitial values of the parameters at
the seleted tab.The changed parameters are saved only after clickiig Otherwise, the
changes will not be saved.

1.6.3.1. The ¢Calculationé tab

TheCalculation tab is shown irFigurel1.67.

Modelling of the process of accumulation of RCF damage idMeRCF Rail module po-
vides two variants of the finish of calctita:

1) passing through theontrol section of the raibf all vehicle configurations specifiefdr
the simulation of the dynamics of movement inlth Loco module (passed tonnage)

2) reaching of limit of th@ccumulatedlamage sum in thail point

If the first option is selected, the calculation will be performed foradllwear iterations re-
gardless of the accumulated damage at the rail point.

In the second case user has to set the limit valaeafmulatedlamage suniThe accumua-
tion of RCF émage at the point odil is calculated by using tHeq. (1.40), the accumulation of
RCFdamage in the nodes of FE scheme is reviewed in 58ct After reaching of limit of the
cumulative damage sum the calculation will be continugd the finish of the currentail wear
iteration (see Sectl.5.6.

By default, the first option is selectédhe Tonnageitem.
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[ Parameters ﬁ"

Calculation |Materia| | Residual stresses I visualization

Finish condition

I Limited value of the cumulative damage sum | 1

Simulate damage in the side of the rail

Coordinate x of the side start {(mm): | 22

Lubrication factor:  0.33

Mumber of threads (max = 8): f =

[ OI ] [ Cancel |

Figurel.67. The Parametersdialog box, theCalculation tab

The Simulate damage in theside of the railitem (Figurel.67).

The UM RCF Rail module makes it possible not to simulate the process of accumulation of
RCFdamage in the side of the rdily default, theSimulate damage in theside of the railitem
is erabled.If the user deactivates this option, he needs to specify the section of the rail profile
that will be considered sid&he Coordinate x of theside start (mm) parameter is used for this
purpose, se€igurel.67. The default value of this parameter isfé. The coordinate isetin
the reference system shownRigurel.59. Thus, the part of the FE model of the rail fragment,
the x coordinates of the nodes of which are greater than the given x coordinate of the start of th
side part, is considered the side part of the rail.

The purpose othe Lubrication factor parameter(Figurel.67) is described in detail in
Sect.1.5.5

The value in thé&umber of threads cell determines the number of threads to performuealc
lations in parallel threads. The maximum number of threads depends on the configuration of the
computer. By default, the number of threads is set to two less than the maximum possible in o
der b keep the performance of the operating system during calculations.
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If the calculation parametem the Calculation tabhave beerchangedexcept for the nm-
ber of threads then after clicking th©K button a dialog box appears, segurel.68.

KUMRCFR,aiI l—Jﬁ

f = 1 After changing the parameters a new calculation is required.
L' Delete the results of previous calculation?

b

Figurel1.68. Dialog boxi request to remove the results of the calculation

TheNo button means thahe parameter changes will not be saved.
The Yesbutton means thahe parameters will be saved and files with the simulation results
will be deleted. After that the calculation with new parameters can be started.

1.6.3.2. The ¢Materiale tab

TheMaterial tab is shown irFigure1.69.

Youngds EndtPds the valueby default) Poisson's ratie (0.3is the valueby
default)and yield strength (8 £ Bais the valueby defaulj can be ssigned at the tab.

Damage accumulation is calculated on the assumption theditimeaterial works under co
ditions of elastic shakedowBut in the case when the profiles of the wheel and the rail are not
smooth due to wear, high pressures @ase in the contact, which, while maintaining the ¢ond
tion of elastic shakedown, leads to unrealistic high values of the strain intensities andstress i
tensities.The Prandtl diagram is used to limit them: the stress intensity exceeding the yield
strergth of the material is taken equal to this limit.

The RCF curve is approximated by the funcifbil), see Sectl.2.4 The values of the mat
rial constant€C andm in this expression are assigned depending on the chosen RCF criterion.
criterion can be chosen in tiRCF criteria group box The criteria are described the follow-
ing sections

1) The criterion of the amplitude of maximum shear stiesse Sectl.2.5.1

2) The Dang Van criterion see Sectl.2.5.2

3) The combined criterion see Sectl.2.5.3

The RCF curvedor steels with different chemical compositiand values of the material
constantsC andmfor these criteria are given in Sett2.8

The user can also set the minimum value of the damaging stressing to the selected
RCF criterion.During modelling of the process of accumulation of the RCF damage theisycl
consideredas damaging if the value of the criterion exceeds this liffiiis minimum value is
equal to zero by default.
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Figure1.69. The Parametersdialog box, theMaterial tab

If any of the parameters at thaterial tab was changed, then after clicking (K button
thedialog box appears as showrFigure1.68.

TheNo button means the exitithout saving the changed parameters.

The Yes button means the exit with saving the changed parameters. The result files will be
deleted.

1.6.3.3. The ¢Residual stresseseé tab

TheResidual stressetab is shown ifFigure1.70.
With help of this tab the user can include in the calculation two types of residual stresses: r
sidual technological stresses in tiad after manufacture anahy other type of residual st®es,
for example, arising in the rail during operati®esidual stresses data is stored in the text files.
The approachseto modeling of the process of accumulation RCF damageaccounting the
residual stresses ftine wheel andherail are similar A description of such approaches is given
in Sect.1.3.7.
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r© -
Parameters ﬁ
| Calculation | Material | Residual stresses | visualization
Residual technological stresses
[ Enable;
()
Residual stresses
[ Enable
()
[ Ok ] [ Cancel ]
L

Figurel.70. The Parametersdialog box, theResidualstressedab

1.6.3.4. The ¢Visualizationeé tab

TheVisualization tab is shown irFigurel.71.

The design scheme can be moved in the window in any direction in the plane ofetire scr
using the arrow keys on keyboard (or the | e
and c¢&rlayttons on keyb o &l tbHese operationshaee parfarruegdi  w h
cretely with a determined stephe step values can be changgdheVisualization tab. The
steps aresetin conventional units.

Also the background color of the workspace of window, the color and width of the lines for
displaying theail profile, FE mestandisolines can be assigned on the tab.
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[ Parameters @1

Calculation | Material | Residual stresses | Visualization |

Display of the objects in the window
Displacement step: 0.1

Scaling step: 1

Background

Color: | | El

Rail profile

Width: 2
Finite element mesh
width: 0.3
[ (-]

Isolines

Color:

Width: 0.3

—

Ok ] [ Cancel ]

Figurel.71. TheParametersdialog box, the/isualization tab

1.6.4. Imaging modes

The several types of the imaging modes of design scheme and calculation results, which ca
be switched on or off in the various combinasiamth each other, are implemented in thedmo
ule.

If necessary, the design scheme in the window can be moved, zoom in or out. The schem
can be returned to its original position in the following ways:

T choose th®esign Scheme | Starting positiomenu iten;

T click the buttor.m at theDesign Scheme¢oolbar;

T click theHome key on the keyboard;

T right-click in the workspace of window, choose ®&rting position item in the appeared
shortcut menu.
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1.6.4.1. The ¢Meshe mode

The Meshimaging mode can be enabler disable in three ways:
T choose th®esign Scheme | Mesmenuitem;

T click the buttor.|:ID at theDesign Scheméoolbar;
T click thel key onthe keyboard.
The mesh consisting of quadrangular elements, which is located at the plane of symmetry o
the FEfragment of rail, is displayed in the center of workspace of the wir{@ayurel.60). If
with the enabledviesh modethe Color visualization of damagemodeis enabled, then the sim
lar mesh is diplayed in the top of window at the median planeailf fragment, where the pr
cess of aaamulation of RCF damage is illustrated.
The mode is automatically activated when the data is loaded.

Note. TheMesh mode is alvays available if the data for calculation is loaded.
1.6.4.2. The "Rail profile" mode

TheRail profile imaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme Rail profile menu item;

T click the buttor_(:j at theDesign Scheméoolbar;

T click the2 keyon the keyboard.

Therail profile is displayed in the center of workspace of the windBigurel.66). If with
the enabledRail profile modethe Color visualization of damagemodeis enabled, then the
similar rail profile is displayed in the top of window, where the process of accumulatiBCBf
damage is illustrated.

The mode is automatically activated when the data is loaded.

Note. TheRail profile mode is always available if the data for calculation is loaded.
1643.The ¢Col or viswualization of damageée mod

TheColor visualization of damageimagng mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Color visualization of damageenu item;

0

T click the buttor W’J at theDesign Schemeoolbar;

T click the3 keyon the keyboard.

In the top of windowthe crosssection of theail is displayed, in which the distabon of the
accumulated RCF damage with help coloring is shdvigufe1.66). The coloring is performed
for each quadrangularezhent oftheflat mesh. The color of the node is chosen ddpgnon the
value of the accumulated RCF damage according to an estimation scale. Thesalthey rcd-
ors from the four vertices are mixed in the plane of the element according to a linar tlaav.
left side of the workspace of window the color scale for estimation of the levetwhalated
RCF damage is displayed.
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Note. TheColor visualization of damagemode is available if the data for calculation
is loaded and the calculation has beend

1644 The ¢Col or visualization of stressesé m

The Color visualization of stressesmaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Color visualization cftressesnenu item;

5

T click the buttor. W’J at theDesign Scheméoolbar;

T click the4 keyon the keyboard.

In the center of the workspaa® window the crossection of theail is displayed, in which
the distribution of thequivalent stressegith help coloring is showrnHgurel.66). The coloring
is performed for each quadrangular elemertheflat mesh. The color of the node is chosen d
pending on the value of the equivalent stresses according to an estimation scale. Tawiri-the
ing colors from the four vertices are mixed in the plane of the element according to a linear law.
In theright side of the workspace of window the color scale for estimation of Wiet dé equina-
lent stresses is displayed.

Note. TheColor visualization of stressesnode is available if the data for calculation
is loaded and the calculation has been done.

1.6.4.5. The ¢lsolinese mode

Thelsolinesimaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Isolinesenu item;

T click the buttor.ﬁa at theDesign Schemeéoolbar;

T click the5 keyon the keyboard.

The mode is intended for displaying the lines of equal values of the compaseparame
ric lines. The mode supports six isolines, that is, the component is divitedawven levelsif
the Color visualization of stressesnode is enabled, then in the center of the workspacemsf wi
dow the crossection of therail is displayed, in which the isolines of equivalent stresses are
shown(Figure1.66). If the Color visualization of damagemode is enabled, then in thep of
the workspace of window the cressction of theail is displayed, in which the aines of ac-
cumulated RCF damagee shownKigure1.66).

Note. Thelsolinesmode is available if the data for calculation is loaded, the calculation
has been done and t@®lor visualization of damage mode orColor visualiza-
tion of stressesnode is enabled.

1.6.4.6. The ¢gMaximum damagee mode

The Maximum damageimaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Maximum damageenu item;

T click the buttor.IIID at theDesign Schemeéoolbar;
T click the6 keyon the keyboard.
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In the top of the workspace of window the crssstion of theail is displayed, in which the
node with the biggest accumulated RCF damage is marked by the whitéKigale1.66). The
value ofthe biggestiamage can be viewed at tinéormation Panel in the Calculation parane-
tersgroup box Figurel1.73).

Note. The Maximum damagemode is available if the data for calculation is loaded,
the calculation has been done, @aor visualization of damagemode is ea-
bled and the biggest accumulated damage more than zero.

1.6.4.7. The ¢Accumulated damageé mode

The Accumulated damageimaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Accumulated damageenu item;

L]

T click the buttor. "J at theDesign Scheméoolbar;

T click the7 keyon the keyboard.

If the Color visualization of damagemode is enabled, then in the top of the workspace of
window the crossection of theail is displayed, in which the nodes of FE mesh are marked by
the points, beside each node the numerical value of accumulated RCF damage in this node
shown.If the Color visualization of stressesnode is enabled, then in tleenterof the wok-
space of window the cros®ction of theail is displayed, in which the nodes of FE mesh are
marked by the points, beside each node the numerical value of equistakss in this node is
shown.

Note. The Accumulated damagemode is available if the data for calculation is loaded,
the calculation has been done and@aéor visualization of damagemode or
Color visualization of stressesnode is enabled.

1.648.The¢ Numbers of the nodese mode

TheNumbers of the nodesmaging mode can be enabled or disabled in three ways:
T choose th®esign Scheme | Numbers of the nodesenu item;

T click the buttor. at theDesign Schemeoolbar;

T click the8 keyon the keyboard.

In the center of the workspace of window the cisssion of theail is displayed, in which
the nodes of FE mesh are marked by the points, beside each node its number igf ghewn.
Color visualization of damagemode is enabled, then the numbers arevshibeside the nodes
of the crosssection of theail in the top of the workspace of window, where thecpss of e-
cumulation of RCF damage is illustrated.

Note. TheNumbers of the nodesnode is always available if the data for calculation is
loaded.

1.6.4.9. The ¢Residual stressese mode

TheResidual stressegmaging mode can be enabled or disablevimways:
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T choose th®esign Scheme | Residual stresse®nu item;

]

T click the buttor. u;"J at theDesign Scheméoolbar.

In the center of the workspace of window the cresstion of theail is displayed, in which
the distribution of one of the components of residual stresses with help coloring is 3he@wn
coloring is performed for each quadrangular elemenheflat mesh. The color of the node is
chosen depending on the value of the stress component according toveti@stscale. Then
the resulting colors from the four vertices are mixed in the plane of ¢l according to a
linear law. In the right side of th@orkspace of window the color scale for estimation of the le
el of selected stress component is displayed.

The component of residual stresses for displaying can be choserrassiblaal stresseslia-
log box(Figurel.72). To open the dialobox select theDesign Scheme Choice of component

menu item or clickhe button E'j at theDesign Scheméoolbar.

Note. The Residual stressesnode is available if the residual stresses data is loaded
(see Sectl.6.3.3.
[ Residual stresses I,&,r

Transverse siresses ox
Vertical stresses ay

@ Longitudinal stresses oz
Shear stresses Tuy
Shear stresses Tyz

Shear stresses Tz

[ QK ] | Cancel |

A

Figurel.72. Selection of residuatresses components for displaying

1.6.5. Performing calculation

The calculation can b&tartedn the following ways:
T choose th®esign Scheme | Rumenuitem;

T click the buttor. b at theDesign Schemeoolbar;

T click theF9 key onthe keyboard;

T right-click in the workspace of window, choose tRein item in theappearedshortcut
menu.

The calculation is performed sequentially for each ofréilewear iterationin accordance
with the initial data in theld file.
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If the condition for the end of thealculation is the achievement of the limit value of the a
cumulated damage at the point of the rail, and it is reached before the calculationsrwere pe
formed at all theail wear iterations then the procedure ends, and the calculation for the memai
ing rail wear iterationsis not performedlf the condition for the endf the calculation is the
passed tonnage, then the calculation is performed ediblWear iterations

Thelnformation Panel allows monitoring the status of the calculat{®&igure1.73).

Information Panel o (8

Status
Calculation was stopped by user

Rail: left
Mumber of the profile: 2
Contact problem: 630 of 1200

COverall progress of the calculation
10%

Caloulation
Time left: 00:05:28

Tonnage: 1650000, 000
Maximum damage: 0.0230001333
Predicted tonnage: —-

Step information
Marmal force: 115 kM
Contact pressure: 1126 MPa

Simulation parameters

Criterion of rolling contact fatigue:
The combined criterion

Residual stresses:
no

Figurel.73. Thelnformation Panel

After completion of the calculation the program displays a correspgmiessage in the ali
log box on the screen.

The calculation can beggipedin the following ways:

I choose th®esign Scheme | Stomenu item;

T click the buttor. = at theDesign Schemeéoolbar;



Universal Mechanism 10 1-95 Chapter25. Rolling Contact Fatigue

T click theEsckey on the keyboard;
T right-click in the workspace of window, choose tB&p item in the appeared shortcut
menu.

1.6.6. Saving the results of calculation

|

The simulation results can be saved by mean&itbd Savemenuitem or the button
on theStandard toolbar. Thisoptionis notavailableduringthe calculationrunning

Note. The autosave of results after the completion of calculation forredakear it-
erationis supported.

The calculation results are saved in two files. Both files have the same nameldsfilke
and are located in threourcedata folder.

The first file is binary and has the.rcfresults extension. The data from this file are used to
display the calculation results in thiM RCF Rail module and are loaded by the program a
tomatically wheropening the filavith input datarld .

The second file is a text file with the extensioosv. This file allowsthe userto open the
calculation results iExceltables.

In addition, during the calculation procesgratocol fileis created in the source data folder
in text format, which contains information about the calculatiogass.

1.6.7. Deleting the results of calculation

The calculation results can be deleted in the following ways:
T choose th®esign Scheme | Delete resultsenu item;

T click the buttor. = at theDesign Schemeéoolbar;
T click theDeletekey on the keyboard.
The option is available if the calculation was carried out.

1.6.8. Viewing calculation results

After completion of the calculation for the finsdil wear iteration the options are available
allowing to navigate through the list @il wear iterationsin two directions: from the first to the
last and back.

These options can be used in the following ways:

I choose theDesign Scheme Previous profile or Desgn Scheme |Next profile menu
items;

4 | DD

T click the buttor. or at theDesign Schemeéoolbar;

T click thePgDn or PgUp key onthe keyboard.

At that the calculation results for selectedl wear iterationare displayed at thénfor-
mation Paneland the workspace of window.
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At the Status group box of thénformation Panel the general information is displayed: the
rail T left or right, the number of the profilethe number ofail wear iteration thetotal number
and number obolved contact prolems forthe currentrail wear iteration the percentage of
overall progress of the calculati¢higure1.73).

First of all, when analyzing the calculation results,alkeie of the biggest accumulateda
age at the point of the rail and the passed tonnage are of intéres¢. parameters can be seen at
the Calculation group box of thdnformation Panel (Figurel.73). If the calculation was ca
ried out until reaching the limit of accumulated RCF damage and this limit has not been reached
the predicted tonnage at the same group box shows how many teescgudd still be passed
through thecontrol section of raiwith the reached level of accumulated damd&gme predicted
tonnage is determined by dividing the tonnage by the biggest accumulated damage.

The pointof the rail with the biggest accumulated dage can be marked on the design
scheme at the workspace of window with help Maximum damage imaging mode (see
Sect.1.6.4.9. The depthat whichthis pointis locatedunder the rolling surface of thiail can be
determined using th®lesh imaging mode, starting from the fact that the side size of the finite
element of the mesh ismim (see Secil.6.4.). TheColor visualization of damagemode (see
Sect.1.4.4.3 andlsolines mode (see Seci.4.4.5 allow representing the distribution of aec
mulated RCF damage in the cregstion of thealil.

File with *.csv extension (see Sed.6.6 allows the user to open the calculation results in
Exceltables and create graphs for preparing a report.

Using the results from the first data block, it is possible to plot the dependence ofithe acc
mulated damagat the dangerous point of thal material on theonnage An example of such a
graph is shown ifrigure1l.74.

1.2

=
=)

\

Accumulated RCF damage
= =
~ o

v

N\

=
[=]

o

20 40 60 80 100 120 140 160 180 200 220

Tonnage, million tons

Figurel.74. Dependence of accumulated damage at the dangerous point
of the rail material on the tonnage

The data of the second block alloa@nstructinga diagram of the accumulated RCF damage
in the dangerous section of the r@l the dangerous section wellwnean the longitudinal se
tion of the rail containing the dangerous point, i.e. the point with the biggest accumulated RCF
damageTo construct the diagram the values of the accumulated damage at the nodes of the F
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mesh of the crossection of the raifragment belonging to the dangerous section are Uge.
example of such sequencetb&nodes is shown ifigurel.75a The dscissa axis is the axis
in the coordiate system shown iRigure1.59. The graph of the depelence of the accumulated
damage in the nodes of the dangerous section ofaih®n their ©ordinatex is shown m
Figurel.75b.

Y %

Dangerous point

Dangerous section
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b)

Figurel.75. Diagram of accumulated R@Rmage in the dangerous section of the rail

The second block also contains the data allowing to construct the surface of accumulatec
damage in the crossection of the rail fragment. Thxcoordinate of the node is plotted along the
abscissa in accordanedgth the frame of reference shown kigurel.59. The ordinate is the
depth at which the node is located below the rolling surfHee.value of the accumulatednda
agein the nodes of the FE mesh of the crssstion of the rail fragment is plotted along tipe a
plicate.Theexampleof suchsurfaces shownin Figurel.76.
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Figurel.76. Accumulated damage surface in the creesstion of the rail fragment
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1.6.9. Sample of simulation of accumulation of damage in the rail

Let us considean example of modelling of the process of accumulation of RCF damage in
therail.

To prepare the initial data, let us simulate the wear process of the PEB}ail a tangent
section of the track when a loaded freight car paas@ng it on threpiece bogies of model 18
100 at speeds of 40, 60 and86/h. The track irregularities correspond to the track of a bad
quality according to the UIC standaithe car model is supplied with théM software and it is
available in the libary {UM Data}\samplefRail_Vehiclessimple 18 100

Start UM Simulation and create a new scan project using the menu $eaming | New
project - rail profile wear....

Make sure that the itnof measure for speed is m/s (meters per second) in the program. Set
them/svalue on theSpeed unittoolbar.

Speed unit
Jkmfh @ mfs

In the scanning project window open tAkernatives tab and add a new family of altern
tives using thed button. In the opened window select the model of the freight Siar-
ple_18 100The selected model appears in Hanily of alternativeslist.

i Sample for UM Manual - scanning = @
General | Alternatives |F'.ai| profile wearlRun IF‘.esuIts|
+ ﬁi‘ | Initial conditions | Variables | Inteqgration | Tools | External libraries
Family of altermatives Hierarchy of parameters | Tree of alternatives | Identifiers | Rail vehide
List of parameters
Caption = @ 4.7 simple_18_100
simple_15_100 » -0 Whole list
Braking
Open wagon
Hopper
Tank car
Car body
Bogiel
Bogie2
RWParameters

Openthe Rail vehicle | WheelRail | Wheels| Profiles tab. Clear the list ofSet of wheel

profiles by deleting the default profiles using the butlih Add the newwagnw.wpprofile to
the listSet of wheel profilesfrom the{UM Data \rw\prf directory using thel button and s
sign it to all wheels.
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../rw/prf
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s =

i Sample for UM Manual - scanning o [-E- (eS|
General | Alternatives |Rai| profile wear | Fun | R.esultsl
<+ ﬁ Initial conditions | Variables | Integration I Tools I External libraries |
. ) Hierarchy of parameters | Tree of alternatives I Identifiers | Rail vehide
Family of alternatives
Caption = E Lﬁr ;)E| ?f;
simple_18_100 Wheel/Rail | Contact | Forces | Speed |

Wheels |

Profiles |Dut—uF—round | Radii diFFerence|
Set of wheel profiles

+ boumentsiUM Software Lab\Universal Mechanism3'\rw evwwagnw, wpf

4 [ 0 b
= WS Left wheel Right wheel

i newwagnw,wpf newwagnw.wpf

2 newwagnw,wpf newwagnw. wpf

3 newwagnw.wpf nevwwagnw. wpf

4 newwagnw,wpf newwagnw.wpf

Openthe Rail vehicle | Speedtab and select the mode of longitudinal motion const In
the Body item of theSpeed control parameterssection select theimple_18_ 100.Car body
from the dropdown list

i£if Sample for UM Manual - scanning = (== [ﬂ]
General | Alternatives |Rai| profile wear | Run | R.esultsl
R Initial conditions Variables Integration Tools External libraries |
+ +| |
i i i Rail vehide
Family of alternatives Hierarchy of parameters | Tree of alternatives I Identifiers |
Caption = E Lﬁ' ;)E | .p/;
simple_18_100 | WheeljRai | Contact | Forces | Speed |
Mode of longitudinal motion
(71 Meutral (7 Profile
@) v=const Tv=0

Speed control parameters

Body |simp|e_18_lﬂ0.l:ar body. ;||
Point {0,000 |l0.000 [|1.000 |
amplifier 1000000 |
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OpentheIntegration | Simulation process parameterdab. Set the valugE-7 in the Error

toleranceitem. Enable the check box€omputation of JacobianandJacobian for wheel/rail
forces

i Sample for UM Manual - scanning = @
General | Alternatives |F‘.ail profile wear | Fun | F‘.esultsl
£l Hierarchy of parameters Tree of alternatives Identifiers Rail vehide
+ + | &
. ) Initial conditions | Variables | Integration | Tools I External libraries
Family of alternatives
Simulati te i
Caption imulation process parameters | Solver options |
simple_18_100 5_D|'u'EF Type of solution
(7) BDF ]
%) ABM (70 Mull space method (MSM)
@) Park
— Gear 2 @ Range space method (RSM)
() Park Parallel
Step size for animation and data storage (0,005
Error tolerance

[ Delay to real time simulation
|:| Keep system matrix decomposition
Computation of Jacobian
[ Block-diagenal Jacobian
Jacobian for wheelfrail forces
Stop simulation on wheel derailment

Openthe Hierarchy of parameters tab. Add a new group of parameters USE?; button
and name itSpeed Click the vO parameter in the hierarchical listst of parameters. In the
opened windowChanging parameter valuesset the values 11.111, 16.667 and 22.222 (m/s)
andtheweights 0.3, 0.5 and 0.2 accordingly for these values, as shown in figure.

|#] Changing parameter valuelélélg
Identifier: v
Current value: 20
Maode IUse for
(@) List of values (7 Loop | Bogie 1.v0 (20)
[¥| Bogie2,v0 (20)
Add value: 22,22 ||
+ Value Weight
ﬁ 11.111 0.3
16.667 0.5
22,222 1
’ CK ] ’ Cancel
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Close theChanging parameter valueswindow and return to the scanning project window.
After the performed actions the hierarchy of parameters for the family of alternatimes
ple_18 10Qwill look as shown in figure.

s =

i Sample for UM Manual - scanning = @
General | Alternatives |F‘.ail profile wear | Fun | F‘.esultsl
-+ ﬁ | Initial conditions I Variables | Integration I Tools I External libraries
Family of alternatives Hierarchy of parameters | Tree of alternatives | Identifiers | Rail vehide
List of parameters
L = @ 4.7 Whole st L
simple_18_100 4:S5peed e [ wo=20 (Speed
2oyl [11.111; 16.667; 22.227]; -Total 3 | § i D cz=3.13071EE

----- (1 xbogie=4.325
----- 1 couplingBases=|=
----- B radius_wheel=
----- [ zeg=2.25 (Pos
----- (1 z_center_plats
----- (1 z_side_bearin
----- B mwedge=21.£

Open theRail profile wear | Wear parameters tabard set the following values for the wear
parameters:

1 Number of iterations = 10;
Tonnage per iteration= 1¢;
Width of wear accumulationinterval (mm) = 1;
Interrupt of simulation on degeneration of profile=yes
Start of wear section= 50;
End of wear section= 850,
Savelist of variables every = literation
Wear model = Fleischer,
Wear coefficient(m®J) = 1.610";
Savedatasetfor rolling contactfatigue prediction = yes
Rail = left;
Number of section= 100.

= =4 4 -4 -4 -8 -8 -2 -2 -3 -2
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s =

i Sample for UM Manual - scanning = @

| General | Alternatives | Rail profile wear |F'.ur1 | F'.esultsl

Wear parameters | Track | Wheel+ail contact | Profiles |

Mumber of iterations 0

:

Tonnage per iteration 1E0G
Width of wear accumulation interval {mm)

Whale wear section

I

Interrupt of simulation on degeneration of profile
Wear section
Start of wear section ]

End of wear section

iI

Rolling contact fatigue
Save dataset for rolling contact fatique prediction

Raail [Ieﬂ: - ]

Mumber of section 100

2 =

Save list of variables every iteration

]

Wear model
(@) Fleischer 71 Specht 71 Archard

Parameters
Wear coeffident (m31) 1.6E-13

Open theRail profile wear | Track | Model and parameters tab and set the following v
ues for the parameters:
1 Track model = Moving rigid body track .

- =

i£if Sample for UM Manual - scanning = @

| General | Alternatives | Rail profile wear |F'.ur| | F'.esultsl

| Wear parameters | Track |Wheel—rail contact | Pruﬁ|e5|

Model and parameters |r'u'lau::ru::u;pan::nmvatr}-I I Irregulariﬁes|

Track model
Massless track @ Moving rigid body track Flexible track

Parameters

Open theRail profile wear | Track | Macrogeometry tab and set theTrack type to Tan-
gent
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-

i£if Sample for UM Manual - scanning = |2

| General | Alternatives | Rail profile wear |F'.ur1 | F'.esultsl

| Wear parameters | Track |Wheel—rail contact | Pruﬁles|

| Model and parameters | Macrogeometry |Irregulariﬁes|

Track type
@) Tangent; (") 5-Curve ) From file
(™) Curve Switch

Open theRail profile wear | Track | Irregularities tab, set theTrack type to Unevenand
Type of irregularities to From file. Set the group of irregularitiasic_bad_1000m.tidor the
rails from{ UM Data} \rw directory using th& Load group of irregularities from file button.

-

i£if Sample for UM Manual - scanning = @

| General | Alternatives | Rail profile wear |F‘.ur| | F‘.esultsl

| Wear parameters | Track |'|.I'l.|'hev.=_-|—rai| contact | Pruﬁ|e5|

| Model and parameters I Macrogeametry | Irregularities |
Tracktype
) Even i@ Uneven:

Type of irregularities

(@) From file Identifiers

(7 Deterministic (7 File +deterministic

= B

Vertical irregularities

Left rail | c:Yusers'publicdocumentsium software lab\universal mEdﬁanism‘n,B‘n,rthi-:_bad_lDDDm_z_Ief‘t.E|
Right rail | c:Yusersipublic\documentsum software labluniversal medﬁanism‘qﬂ\,rwh.nc_bad_lDDDm_z_righ'ﬁ|
Factor

Lateral irregularities

Left rail | c:Yusersipublic\documentsum software labluniversal medﬁanism‘qﬂ\,rwh.nc_bad_lDDDm_y_IEFt.ﬁ|
Right rail | c:Ysers'publicdocumentsum software lab\universal medﬁanism‘n,ﬁ‘-,m"nui-:_bad_lDDDm_y_righﬂ|
Factor

Open theRail profile wear | Profiles taband set the65new.prfprofile from the {UM D a-
ta}\rw\prf directoryfor the both railsFor more information on the assignment of rail profiles,

seeChapterB, Sect "Assigmment of rail profiles”. Set theGauge measuring interval (mm)
to 14. Set the following vhues for the parameters:

I Rail inclination (rad) = 0.05;
1 SCR-SCW distance(mm) = 5.15;
1 Gauge measuring interval(mm) = 14.


../rw
../rw/prf
../rw/prf
08_um_loco.pdf
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-

i£if Sample for UM Manual - scanning = ([ B[]
| General | Alternatives | Rail profile wear |F'.ur1 | F'.esultsl

| Wear parameters | Track | Wheel-rail contact | Profiles |

Rail indination (rad)
SCR-SCW distance (mm)

(5]
[
n
=

Gauge measuring interval (mm) 14

Left rail

"Ci\Users\Public\Documents UM Software Lab\Universal Mechanism3yrwiprfirasnew.rpf™ E|
"Cr\Users \PubliciDocuments UM Software LabUniversal Mechanism'@yrw\prfirasnew.rpf™ E|

Right rail

Open theRail profile wear | Wheelrail contact tab Select theKik -Piotrowski contact
model anl set the following vlues for the contact parameters:

f Young'smodulus= 2. L10
Poisson's ratio= 0.27;

Shear yield stress= 31 ;0

Width of strip (mm) = 10;

Minimum number of strips = 20;
Number of elements= 20;
Interpenetration factor = 0.55;
Damping ratio = 0.01.

= =4 4 4 -8 -8 -1

g

i Sample for UM Manual - scanning = @
| General | Alternatives | Rail profile wear |F‘.ur| | F‘.esultsl

|Wear parameters I Track | Wheel-rail contact |F‘roﬁ|es|

Contact model

@) Kik-Piotrowski (7 CONTACT
Contact parameters

Young's modulus 200 000 000 Q00

Poisson's ratio 0.3

Shear yield stress 300 000 000

Width of strip {mm}) 10,00

Minimum number of strips
Mumber of elements
Interpenetration factor 0.550000
Damping ratio 0.010000
Use contact points lookup table

llicl

Wear project is readyOpen theRun tab. With the event log window make sure thatrsca
ning project contains no erroiSet the required number of processes based arapiabilities of
your computerStartthe simulationby clicking the Run button
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As a result of the simulation, data were obtained foradrwear iterationsof the left rail in
the tangent section of the track; the total tonnage is 10 million tons, the tquassgpeht each
iterationis 1 million tons.

Open the RCF project idM RCF Rail modulein any of the ways specified in Sett6.1
Change the project settings at @alculation and Material tabs as shown ifigurel.77 and
Figurel.78. Keep the parameters at tResidual stressesab unchangedSave the project se
tings by click OK button at theParametersdialog box.Run the simulationby the Run button
(seeSect 1.6.5.

Various possibilities of representation of the calculatiesults are described in Seti6.8
In Figurel.79, Figure1.80 andFigure1.81 the results of simulation of the process of accamul
tion of the RCF damage thecontrol section of the raibn the tangent track sectiane shown.

© -
Parameters I&

Calculztion |Materia| | Residual stresses I visualization

Finish condition

(7 Limited value of the cumulative damage sum | 1

Simulate damage in the side of the rail

Coordinate x of the side start {(mm): | 22

Lubrication factor: 0,33

Mumber of threads (max = 8): f =

o
o
]
i1
o

[ Ok ] [ Cancel I

Figurel.77. RCF project settings on ti@alculation tab
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rF'arameters ﬁ1

Calculation | Material |F‘.E5idual stresses I Visualization

R.ail material

Elastic modulus E (Pa): | 2E+11

Poisson's ratio p; 0.3
Yield strength (Pa): 3E+3
RCF criteria

(71 The amplitude of maximum shear stress
(") The Dang Van criterion
The Dang ¥an coeffident: | 0.33

i@ The combined criterion

The ultimate tensile strength (MPa): 1180

RCF curve

Multiplier C: 4. 347E+11 Minimum damaging stress (MPa):

Degree m: 2.2 0

Reset to default

[ O ] [ Cancel ]

Figurel.78. RCF project settings on tivaterial tab

0.25
& /
1]
£ 0.20 /
[}
=]
b 0.15
o
E /
% 0.10
=S
E /
3 0.05
ta]
=T
0.00

0 2 4 6 8 10 12
Tonnage, million tons

Figurel.79. Accumulated RCF damage at the danger point of the rail material
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0.25 =1 millien tons
/\ —— 2 million tons
S,'?’ 0.20 1 —— 3 million tons
.‘E ——4 million tons
g 0.15 =5 million tons
E 0.10 ——6 million tons
E =7 million tons
g 0.05 ——8 million tons
9 millien tons

000 Poate v tena, 10 million tons

-40 -30 -20 -10 0 10 20 30 40 x, mm

Figure1.80. Diagram of accumulatedCF damage in the dangerous section of the ralil

r B
18] UM Rolling Contact Fatigue of Rail - r63new_Lrid (BN
File Design Scheme View Help
= | @ _
D s Q
oo & | B [OEER P B » n| Y
Information Panel a Damage Stress, MPa
Status
Calculation for this rail profile is finished 0.232 347.59
0.217 Cumulative damage sum 995.87
Rail: left
Mumber of the profile: 10
Contact problem: 1200 of 1200
Overall progress of the calculation
100%
T m s DA
Calaulation 0.130 195.52
Time left: 00:09:58
: 0.116 173.80
UETETE D RCF criterion stresses
Maximum damage: 0.2316769751
Predicted tonnage: —
0.087 130.35
Step information
Mormal force: 0 kN D72 lits2
Contact pressure: 0 MPa 0.058 86.90
Simulation parameters 0.043 65.17
Criterion of rolling contact fatigue: 0.029 43.45
The combined criterion
0.014 21.72
Residual stresses:
no 0.000 0.00
Ready CAP NUM SCRL

Figurel.81. Results of simulation of the process of accumulation of RCF damage
in the material of the rall
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