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

1.1. General information

Program package Universal Mechanism (UM) has been developed at the Laboratory of
Computational Mechanics of Bryansk State Technical University (BSTU), Russia.

Modules UM RCF Wheel (UM Rolling Contact Fatigue of Wheel) and UM RCF Rail
(UM Rolling Contact Fatigue of Rail) represents the additional program tools integrated in
UM Simulation program. The indication of presence of the modules in current configuration of
UM is sign «+» in the corresponding line of About window (command menu Help | About pro-
gram...), Figure 1.1.

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

Figure 1.1 List of modules in About program window

Modules UM RCF Wheel and UM RCF Rail are developed for simulation of the process of
accumulation of rolling contact fatigue (RCF) damage in railway wheels and rails. The modules
may be used for implementing of multivariant comparative calculations, for example for solution
of the problem of the wheel tread or rail profile optimization according to RCF criterion.

Module UM RCF Wheel allows the user:

e to define the velocity of the accumulation of RCF damage in wheels with the different tread
surfaces by using the data which are obtained by simulation of the railway vehicle dynamics
by means of the UM Loco (Chapter 8);
e 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;
o combined criterion;
e to take into account wheel profile wear-out effect on the rate of accumulation of RCF dam-
age using the UM Loco/Wheel Profile Wear Evolution tool (Chapter 16);
e to take into account wheel steel hardness effect on the rate of accumulation of RCF damage;
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e to take into account residual stresses effect on the rate of accumulation of RCF damage;
e to represent processes of the stress modelling and the damage accumulation in the wheel
with the help of graphic interface including isolines and coloring.

Module UM RCF Rail allows the user:

e to define the velocity of the accumulation of RCF damage in rails with the different tread
surfaces by using the data which are obtained by simulation of the railway vehicle dynamics
by means of the UM Loco (Chapter 8);
e 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;
o combined criterion;
e to take into account rail profile wear-out effect on the rate of accumulation of RCF damage
using the UM Loco/Rail Profile Wear Evolution tool (Chapter 16);
e to take into account residual stresses effect on the rate of accumulation of RCF damage;
e to represent processes of the stress modelling and the damage accumulation in the rail with
the help of graphic interface including isolines and coloring.

For modelling of the process of RCF damage accumulation in the UM RCF Wheel and
UM RCF Rail modules the following assumptions are used:
e the materials of the contacting bodies are uniform, isotropic and elastic;
e the geometric forms of the contact surfaces exert a determinative influence on conditions in
contact and these conditions weakly depend from the structural forms of wheels or rails;
e the temperature level arising in the wheel or rail does not influence on a stress state and me-
chanical properties of their materials considerably.

Parallel calculation of wheel-rail contact problems on multi-threaded processors is imple-
mented to speed up the simulation process.

For operation of the UM RCF Wheel module the UM Loco module and UM Loco/Wheel
Profile Wear Evolution tool in the current configuration of UM are required.

For operation of the UM RCF Rail module the UM Loco module and UM Loco/Rail Pro-
file Wear Evolution tool in the current configuration of UM are required.

This manual is compiled as follows. Practical issues are discussed in Sect. 1.4 and Sect. 1.6.
More detail information about RCF and approaches to modelling of the accumulation of RCF
damage, the description of the algorithms involved in the programs is considered in Sect. 1.2,
Sect. 1.3 and Sect. 1.5.
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1.2. Rolling contact fatigue

A reason of some widespread defects of the machine elements is rolling contact fatigue. In-
teraction of a wheel and rail is characterized by the following features. This is a very high pres-
sure (more than 1000 MPa) in the contact that causes a plastic deformation of the subsurface lay-
ers under the big friction coefficients. Rolling the wheel on the rail especially at moving in curve
sections is accompanied by the considerable longitudinal and lateral creep that exerts a large
damaging effect. Besides, cases of the full sliding of the wheel along the rail are possible during
braking. It results to thermomechanical damage of the rolling surface and rather fast spalling of
the surface damaged layers under acting of the contact stresses. Due to high levels of the contact
stress and temperature arising on the frictional surfaces of wheel the cracks appear. The cracks
are typically either parallel or perpendicular to the wheel tread. With continued rolling the cracks
grow, and when the material is weakened to the point of failure the spalls are formed. A network
of the cracks may progress into the RCF shells [1].

1.2.1. Rolling contact fatigue damage of railway wheels

Surface RCF damage (Figure 1.2a) become apparent as inclined parallel cracks placed on the
rolling circle and spalls from them. This type of defect is named thread checks. At the first stage
hair-like cracks inclined about under equal angles to generatrix of the wheel cylindrical surface
appear on the rolling surface. Angle of inclination of the cracks in different cases may change
from 20-30 to 45 degrees. Section where such cracks are discovered may be situated at 25—
40 mm from outside wheel face, on the middle of tread, in the region adjoining to flange. Within
process of increasing of the run the small cracks begin to unite forming local spalls. Later the
local spalls may generate a chain of entire spalls, which are objectionable defect and the wheel is
liable to turning [1].

a) b)
Figure 1.2. RCF damage of railway wheel: a — shallow; b — subsurface

Subsurface RCF damage (Figure 1.2b) appear at the depth 3-6 mm and more and cracks
commonly develop towards tread causing spalling in form of shells. However, the crack may de-
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velop inside of the wheel that, in case of many times turned rim, under action of impact load may
result in destruction of the wheel [2].

A spectrum of the forces dependent from wheel load, position of the wheel on rail, wheel and
rail profiles, friction forces acts on the wheel tread. 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 accumulation [1].

One of the features of appearing subsurface RCF damage of wheel is that rim material under
action of normal and tangential traction is in complicated stress state, when directions of the
main stresses change during cycle and the stress components reach maximum values at the same
time [3].

Often the subsurface damages progress in the presence of the inclusions (voids, blowholes)
as well as of heterogeneities of structure. Modelling of an elastoplastic stress state using finite
element (FE) analysis shows that local stresses increase in the region close to the defect and as a
result the plastic deformation has place [4]. It causes residual stresses that may be tensile ones. It
furthers the crack nucleation [1].

However RCF damages may arise in absence of evident material defects [5] at the depth
about 4 mm from tread where the equivalent stresses reach the maximum value exceeding the
fatigue limit of material at the considered point. Such damages arise under large stresses in cases
of unfavorable combination of the worn wheel and rail profiles especially of the "trough-shaped
profile of wear" [1], when the normal stresses under wheel load 120 kN increase from 1100 to
2300 MPa and more. The contact stresses also increase with decreasing the wheel diameter after
multiple reprofiling of the wheel.

1.2.2. Rolling contact fatigue damage of rails

Contact fatigue damages caused by cyclic loads during the interaction of the wheel and rail
are subdivided into those arising from the surface and emerging below the surface.

The initiation of fatigue damage in a rail occurs at the point where the maximum stress is
reached. When this maximum stress causes increasing of the cyclic plastic deformation, the re-
sulting damage will be contact fatigue damage. Since the point with the maximum stress in the
contact between the wheel and the rail at high friction coefficients is located on the rolling sur-
face, the corresponding type of contact fatigue damage emerging on the surface is called head
check (parallel cracks on the rail head fillet) or squat, depending on the origin of the stress caus-
ing fatigue [6].

With decreasing the friction coefficient in contact the point with the maximum stress is low-
ered into the subsurface layer and the stress can reach the maximum in the region where there are
inclusions in the material. The type of contact fatigue damage that occurs below the surface of a
rail is known as shelling. Contact fatigue cracks occurring below the surface gradually grow to-
wards the surface and cause chipping of metal of the rail head, usually from the rolling surface of
the inner rail of a curve or from the fillet of the head of the outer rail, especially when it lubricat-
ed [6]. The type of such fatigue damage is shown in Figure 1.3a.

Spalling of the rail head (Figure 1.3b) is caused by RCF damage as a result of number of fac-
tors, such as non-conforming wheel and rail profiles, high adhesion coefficient, rail overloading
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due to the speed of movement that does not correspond to the equilibrium speed, increasing of
the contact stresses due to false flange [6].

a) b)

Figure 1.3. RCF damage of the rail: a — subsurface; b — superficial

The fatigue cracks can also occur under high loads in the presence of non-metallic inclusions
or defects in the material, which are stress concentrators that cause crack initiation. The devel-
opment of such cracks can lead to breaking of the rail and, as a result, 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 important as-
pects. But first of all RCF durability of the railway wheels and rails depends on chemical compo-
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 shown in Table 1.1. Such elements as
nickel, copper are contained in an amount 0.25-0.3 wt%, molybdenum 0.08 wt%, phosphorus,
sulfur 0.015-0.04 wt%, vanadium 0.01-0.05 wt% [7], [8], [9], [10], [11].

The carbon content has the big effect on the properties of the steel. It is contained in an
amount 0.44-0.77 wt%. Increasing the carbon content increases the hardness, wear resistance
and RCF resistance. Higher carbon content makes the wheel more sensitive to thermal effects in
the case of tread braking, which result in thermomechanical damage.

The alloying elements such as manganese (Mn), silicon (Si), chromium (Cr) and other ones
also have the effect on the ability of steel to resist RCF.

It is noted in the paper [12] the hardness is a factor having the biggest effect on the RCF re-
sistance of the wheel steels.

! Photos courtesy of Prof. Zakharov S.M.
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Table 1.1
Chemical composition of the wheel steels
Region Standard Grade Cast composition, wt%
of steel C Si Mn Cr
Russia, GOST 10791- L 0.48-0.54 | 0.45-0.65 0.8-1.2 <0.25
CIS coun- | 2011 2 0.55-0.63 | 0.22-0.45 0.5-0.9 <0.3
tries T 0.62-0.7 0.22-0.65 0.5-1.0 <0.4
North AAR M-1071 A 0.47-0.57 | 0.15-1.0 0.6-0.9 <0.25
America | M-208 2012
Europe EN 13262:2004 ER7 | <0.52 <0.4 <0.8 <0.3
+A2:2011
China TB/T 2708 1996 CL60 | 0.55-0.65 |0.17-0.37 0.5-0.8 <0.25
Japan JIS E5402_12015 | C55 | <0.58 <0.4 <0.9 <0.3

World manufacturers provide a wide variety of categories of rails of different types for dif-
ferent operating conditions. The steels with a high carbon content, which have a pearlite struc-
ture or close to pearlite structure, are used for the manufacture of rails. An increase in the
strength properties of rails is achieved by alloying steels with manganese, nickel, chromium, mo-
lybdenum and vanadium, as well as using various manufacturing and heat treatment technolo-
gies. Table 1.2 shows the characteristics of rail steels of various types [6].

Table 1.2
Characteristics of rail steels
Types of rail steels C, % Microalloying Tensile Hardness,
strength, HB
MPa

Medium carbon 0,45 -0,60 - 690 — 820 240 — 280
Medium carbon alloy 0,50 -0,70 - 880 - 1080 | 270-300
With a high content 0,72-0,82 - 900 - 1020 | 260 —290
carbon (standard)
High carbon 0,60-0,82 | Mo, Niand/or | 1000 -1200 | 310-330
(medium strength) \
High carbon 0,65-0,82 | V,Nband/or |1100-1300| 330-400
(microalloyed) Mo
High carbon 0,65-0,82 | Cr,Vand/or |1130-1300| 340-380
(heat-strengthened) Nb
Hypereutectoid 0,85-1,00 - 1300 — 1400 | 380-430
(heat-strengthened)
Low carbon, 0,20 -0,30 - 1450 — 1650 | 440 - 460
martensitic structure
Medium carbon bainite 0,30-0,40 | Mo and/orV |1300-1500 | 380 -450
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Increasing the carbon content increases the hardness of the steel, its wear resistance and re-
sistance to contact fatigue, but decreases the impact strength of the material. Improvements in
the technology of rail steel production in recent decades have led to the fact that harder rails have
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 scheme. A criterion
of the RCF failure is chosen [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. The
values of RCF criterion in the points by using these parameters are calculated. The point with the
highest value of the criterion is regarded as dangerous. It is considered that the strength is pro-
vided if the criterion value at the dangerous point is smaller a certain value. The endurance limit
in torsion is taken as such value. If the approach uses the limit stress diagram — a line dividing
the diagram field into areas of safe and dangerous states — it is 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 and
torsion are used in such approaches.

That RCF of a railway wheel may be considered as a high-cycle fatigue is confirmed by con-
sidering statistical data about reprofiling of the wheels due to RCF damages. The average trav-
eled distance of the W3 wheel between reprofiling given in [14] is equal to 3.02-10° km. Thus
the number of the loading cycles of the contact region is equal 1.1-10%. The contact patch takes
different locations along the width of the wheel tread during rolling. That is why number of cy-
cles for the dangerous point is smaller than this value with taking into account the frequency of
repeating the contact in the region of location of this point.

The RCEF criteria considered below take into account the stress state only. At the same time
there are other factors that have a great influence on RCF generation. The effect of lubricant lo-
cated on the surfaces of the wheel and rail is one such factor. As noted in the papers [15] and
[16] during testing of specimens of wheel steel under contact fatigue with pure rolling (without
sliding) and supplying lubricant — oil or water — RCF damage is 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 for the low cycle fatigue

N = Coz", (1.1)

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

N —is the number of the cycles of variable stresses until arising fatigue defects;

C and m — are the material constants obtained experimentally.

The appearance of the RCF curve is shown in Figure 1.4.

The Eq. (1.1) allows calculating the number of cycles to material failure for a given value of
the criterion o,,. Use of this approach is suggested by results obtained in some papers [15], [16].
These results show the RCF curves of wheel materials tending to an inclined asymptote, but not
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to an x-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

Figure 1.4. RCF curve

The RCF curve can be obtained only with help the experimental tests.

The equivalent stresses, according chosen RCF criterion, and the accumulated damage are
calculated in the nodes of the wheel fragment FE model [18]. To study the accumulation of dam-
age in the material of the wheel a linear summation model is used, which assumes that at each
point of time the increment of damage does not depend on the accumulated damage. The RCF
damage Q accumulated in the i-th node is calculated as

o1
Q= ;W, (1.2)

where N;(j) — is the number of the cycles of variable stresses until arising fatigue defects, when
the value of criterion is a};

n — is number of loading cycles (number of ingresses of the radial cross-section of the wheel
into the region of contact).

In common practice Q = 1 is considered as the RCF failure condition.

1.2.5. Criteria of rolling contact fatigue damage

The peculiarity of the contact problem is as follows: the point, in which the process of dam-
age accumulation is most intensive, is located on the surface of the contact patch or in the sub-
contact layer of material where the stress state is multiaxial. When specimens are tested in ten-
sile-compressive or bending to determine a fatigue limit, the point of maximum stress is located
on the surface. For such tests the stress state is uniaxial and characterized by a normal stress o.
In torsion the stress state is biaxial and characterized by shear stress 7. Results from these tests
are used to construct fatigue limit diagrams: the 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 diagram: the maximum
contact pressure p, vs. the number of cycles N until the appearance of the fatigue failure. The
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maximum contact pressure is taken as the criterion of the contact fatigue. There are several rea-
sons why it cannot be used as a criterion for modelling of the processes of accumulation of RCF
damage.

1. Use of this criterion does not take into account the creep, spin and tangential traction dis-
tributed over the contact surface and arising from the rolling of the wheels when braking or trac-
tion are applied. These factors significantly influence on the stress state.

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

3. The RCF tests are done under the high Hertzian pressures up to 3500 MPa. This gives rise
to plastic deformations in the subcontact layer, which leads to a change of geometry of the con-
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 the contact of the 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 stress 74, [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 action
of the maximum shear stresses. Through such shifts, the material becomes friable, and mi-
crocracks are formed. Repetition of this process leads to crack growth. The criterion allows tak-
ing into account the stresses caused by normal and tangential traction in the contact.

In [19], using the example of the uniaxial stress state, it is shown that the criterion allows
take into account the residual stresses. The criterion does not take into account hydrostatic pres-
sure, which plays an important part because the favorable conditions for the formation and de-
velopment of the cracks are created when there is multiaxial tension in the material. The for-
mation of cracks is more difficult with multiaxial compression.

The distribution of the values of the /4, criterion in the region adjacent to the contact patch
of elliptical shape is analyzed using the FE model of the parallelepiped (Figure 1.5).

y)\
Path of point
Contact patch

Figure 1.5. FE model of the fragment adjacent to the contact patch
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The model consists of the eight-node finite elements with the edges size of 1 mm. The verti-
cal forces are applied in the nodes located on the surface of the contact patch. Their values are
determined in accordance with the elliptic law of distribution of pressures

xZ yZ
p(x.2) =po [1-——33 (1.3)

where a, b are the semiaxes of the elliptical contact patch;

Po 1S the maximum pressure.

The coefficient of friction f and eccentricity of the elliptical contact patch e are varied during
analyzing

e =+1-p7? (1.4)
where § = b/a.
The normal force equal to 120 kN and the maximum pressure p, 1000 MPa were accepted
for all variants.
The value of the criterion is determined for the nodes of the plane FE mesh A, which is
dragged through the subcontact region along the Oz axis with steps equal to the length of edge of

the finite element (Figure 1.5). The value of the maximum shear stress r,jnax is determined for
each position j occupied by the node i during the dragging of the mesh as

o= (o] ;ffsj)_ (1.5)
In what follows, the point will be associated with node i of the plane FE mesh.
After that the mean maximum shear stress is found
Tmia = 2 Tinax. (1.6)
where n is number of positions of the node i in the one loading cycle.

The criterion value t4,,, for each node position was calculated as the difference between the

maximum shear stress 7, ,,, obtained for positions j and the mean value 7,,;4

(1.7)

Tmax = TT]nax — Tmid-

The biggest of the values obtained for positions j was chosen as the criterion value for node i
of the plane mesh.

The effect of tangential traction occurring under full sliding of the wheel along the Oz axis is
analyzed at the different values of the coefficient of friction f. The dangerous point, in which the
criterion has the maximum value, is located at the depth of 4 mm below the contact surface at
f = 0.0. The dangerous point is located at the depth of 3 mm below the contact surface at
f = 0.3, in addition, the criterion value at the points located on the contact surface is close to the
maximum.

The isolines of 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 shown in Figure 1.6. The dimensions of
semiaxes are a = 7.65 mm and b = 7.49 mm for the ellipse of contact with the eccentricity
e=0.2 and a =11.41 mm and b = 5.02 mm for the ellipse of contact with the eccentricity
e = 0.9. In the all presented cases the number of isolines is the same — the seven, but the values
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of isolines are different. The maximum value of the criterion 163 MPa is obtained for the ellipti-
cal contact patch with the eccentricity e = 0.2 at f = 0.0 and 174 MPa at f = 0.3. The maxi-
mum value of the criterion 170 MPa is obtained for the elliptical contact patch with the eccen-
tricity e = 0.9 at f = 0.0 and 181 MPaat f = 0.3.

The eccentricity of the contact patch has little effect on the maximum value of the criterion.

el N
| — 3 ]

__-’__ Jam
u B SRS —{
e=0.2;/=0.0; e=0.2;1=0.3;
Maximum value of T4, is 163 MIla Maximum value of 7y, IS 174 MIla
»’.;I" et b b e | ‘ Bl
(1]
e=0.9;/=0.0; e=0.9;/=0.3;
Maximum value of 75, IS 170 MIIa Maximum value of 7,,, is 181 MIla

Figure 1.6. Isolines of values of the criterion of amplitude of maximum shear stress 3,4, in the
nodes of plane FE mesh dragged along the Oz axis 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 tangen-
tial traction. The distribution of 75,,, is significantly changed with the increasing of the tangen-
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 criterion [14] is represented by two inequalities

Tgo1 = Ta(t) + apyop(t) > 7g;

(1.8)
Tgoz = Tq(t) — apyon(t) < —1,,

where 7,(t) is the time-dependent value of the shear stress at the specified material point and in
the specified shear plane through this point. The value t,(t), called shear stress amplitude, is
calculated as the difference between the current magnitude at time t of the rotating shear stress in
the specified plane and its mean magnitude during one cycle;

op(t) = (ax + 0, + az) /3 is the time-dependent value of the hydrostatic stress at the same
material point, positive when tensile;

Oy, Oy, 0, are the normal stresses at the same point;

apy 1S the Dang Van coefficient — the dimensionless material parameter representing the in-
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 inequalities (1.8). The hydrostatic stress is plotted along the abscissa axis, the "amplitude” of
the shear stress along the ordinate axis and can be either positive or negative (Figure 1.7).

A

7, .
Fatigue
A

No fatigue e T~ Te™ %pyoh
i
/Oy
No fatigue T, T,= 000" T,
/ Fatigue

Figure 1.7. 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 dia-
gram. The criterion is numerically equal to the length of the segment OC cut off by the line par-
allel to the inclined line of the diagram passing through point A with the coordinates a;,(t) and
7,(t) (Figure 1.8). Then the ratio z,/0C 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 on the 7,(t)
axis, the safety factor takes a big value. If the line intersects the t,(t) 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 stress 7,(t) is taken into consideration in calculations, then
only the upper part of the diagram can be used.
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v/

‘L'e/OCDV
Figure 1.8. Determination of safety factor using fatigue diagram

Oh Oh

The Dang Van criterion can be represented in the form

Tpy = |Ta(O)] + apy o, (0). (1.9)

The values 7,(t) and g, (t) are varied over time. In calculations using the FE models the
time is converted to the coordinates of points j occupied by the node i, when it passes through the
region adjacent to the contact (Figure 1.5).

To simplify the calculations of the 7,(t) at the point, instead of the tangential stress at a cer-
tain point of the material acting on a certain plane passing through this point, the maximum tan-
gential stress 7%, is used [14]. Then the mean maximum shear stress is equal

l
g = 20, (1.10)
where n is number of positions of the node in the one loading cycle.

The amplitude value of the shear stress is found as

Tq(t) = T;'nax = Tmid- (1.11)
In the paper [20] the Dang Van coefficient is determined by dependence
apy = 3(t./0. —0,5), (1.12)

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

The recommended value of the coefficient of 0.38 is given in [21].

The distribution 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 parallelepiped (Figure 1.5). The description
of the model and the conditions of the test calculations are given in Sect. 1.2.5.1.

The value of the maximum shear stress T,J;lax is determined for each position j occupied by
the node i, when the mesh A is dragged along the Oz axis (Figure 1.5). Then the mean value is
determined

_ X Timax (1.13)

Tmid = n )

where n is number of positions of the node i.
The value of the criterion for each node position is calculated as

Tpy = Tq + dpyOp, (114)
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where 7, = T,jnax — Tnig 18 “amplitude” of shear stress;

oy, 1S hydrostatic stress in the node, when it occupies the position j.

The biggest value chosen from the values obtaining at the positions j is accepted as a value of
criterion for node i of plane mesh.

The isolines of the values of the criterion in the region of the Hertzian contact with the eccen-
tricity equal to 0.2 are shown in Figure 1.9. The semiaxes of ellipse of contact patch are a =
7.65 mm and b = 7.49 mm. In Figure 1.9a the isolines picture on the contact surface is shown.
The negative values of the criterion are obtained 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 contact
patch, as can be seen from the isolines picture for nodes located in the yOz plane (Figure 1.9b).
Nonzero values are obtained in adjacent regions. The isolines picture for the plane FE mesh
dragged along Oz axis through the subcontact region is shown in Figure 1.9c. The maximum
value of the criterion 145 MPa is obtained for the node located on the Oy axis at the depth of
2 mm.

N 0

A

b) ©)

Figure 1.9. Isolines of the values of the Dang Van criterion in the region of elliptical contact
with the eccentricity e = 0.2 when the normal force is applied:
a — on the surface of contact; b — in the yOz plane; ¢ — in the nodes of plane FE mesh dragged
along Oz axis through the region adjacent to the contact; 1-6 are isoline numbers

The value of the criterion depends on the length of the selected path of the point (Figure 1.5).
It determines the mean value of the maximum shear stress calculated by Eq. (1.10) and, accord-
ingly, the "amplitude” value 7, in Eq. (1.14).

The effect of the tangential traction occurring under full sliding of the wheel along the Oz ax-
is is analyzed for two values of the coefficient of friction f = 0.17 and f = 0.3. The isolines of
the values of the criterion are presented in Figure 1.10: on the contact surface (Figure 1.10a) and
in the plane mesh (Figure 1.10b,c). The last two figures show the same number of isolines — the
seven, but the values of the isolines is different. The maximum value of the criterion at the
f =0.17is 185 MPa and at the f = 0.3 it reaches of 211 MPa.

The same analysis was carried out for contacts with eccentricities e = 0.6 and e = 0.9. The
similar pictures of distributions of the criterion values are obtained. The distributions of values of
the criterion in the nodes of plane FE mesh for elliptical contact with eccentricity e = 0.9 are
shown in Figure 1.11.
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In Table 1.3 the maximum values of the criterion and the depth of the location of the point, in
which this value takes place for the considered variants, are presented.

The shape of the contact patch has a small effect on the maximum value of the criterion.

Use of the Dang Van criterion leads to the increasing role of the tangential traction: with the
coefficient of friction of 0.17 the maximum value of the criterion is increased by 25.3% and by
41.5% with the coefficient of friction of 0.3.

;E = S EmmmESCes
e llJ-/f ‘94 Tammn " :
= s R T

b) c)

Figure 1.10. Isolines of the values of Dang Van criterion in the region of elliptical contact with
the eccentricity e = 0.2 when the normal force N and tangential traction F, = fN are applied:
a,b-f=017,c-f =0.3;

a — on the surface of contact; b, ¢ — in the nodes of plane FE mesh dragged along Oz axis
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Figure 1.11. Isolines of the values of Dang Van criterion in the nodes of plane FE mesh dragged
along Oz axis through the subcontact region of elliptical contact with eccentricity e = 0.9 when
the normal force N and tangential traction F, = fN are applied:
a—f=00;b-f=017;c—f=0.3

Table 1.3

The maximum value of the Dang Van criterion and coordinate y of the point,
in which it takes place, depending on eccentricity e and coefficient of friction f

Eccentricity e 0,2 0,6 0,9
Tpy, MPa y, mm Tpy, MPa y, mm Tpy, MPa y, mm
Forcesin | f =0 145 2 154 2 139 2
contact N | f =0,17 185 2 185 3 178 2
and F, f=03 211 3 206 3 201 3
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The Dang Van criterion allows taking into consideration the hydrostatic stress and residual
stresses.

The Dang Van criterion is applied in calculations of strength at the variable stresses and mul-
tiaxial stress state. Estimation of the strength is carried out using a diagram, two branches of
which are represented by inequalities (1.8). If the point representing the cycle of the variable
stresses is located in the area of safe states, it is considered that strength is ensured and fatigue
damage does not accumulate.

If the Dang Van criterion is used as a criterion of contact fatigue failure, it is necessary to de-
termine the values of the criterion under the test loads for constructing RCF curve. It is repre-
sented by the left-hand side of inequalities (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 represent-
ing the cycle, in the stress scale. At 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 values of the stress components located under the
contact patch the criterion takes the zero value. The peripheral regions adjacent to the contact
region have the dominant influence on the value of the criterion.

1.2.5.3. Combined criterion

Let the stress state at a point of a solid body be determined by the principal stresses oy, o,
and o5 (Figure 1.12a). Let us divide it into two states [22]. The state | with the stresses g;, on the
planes of the element causes a change of its volume (Figure 1.12b). The mean stress

1
O-h = § (0-1 + 0'2 + 0'3) (115)
is called the hydrostatic stress. It causes uniform tension or compression.
The state 11 with the stresses
0-1, = 01 — Op,
0, = 0y — Oy, (1.16)
03 = 03 — 0Op

causes distortion of the element (Figure 1.12c).

03 Oh

02 Oh 02

a) b) C)

Figure 1.12. Separation of the stress state at a point by two:
| — causing change of volume; Il — causing distortion

In accordance with this division the specific strain energy due to distortion of the element is
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1+v
Us = 6F [(01 — 02)% + (07 — 03)* + (05 — 01)?], (1.17)
and the specific strain energy due to change of its volume is
1-2v
U(‘)/ = 6E (0-1 + ()] + 0-3)2, (118)

where E is tensile modulus; v is Poisson's ratio.

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

) =i _ 2 _ 2 _ 211/2
OMises \/E[(Gl 02)° + (0, — 03)° + (03 — 01)°] "/~ (1.19)

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

1+v

Ug - 6F Zo-tzens' (120)
1-2v
U(I)/ = 6—Eairzens- (1.21)

The strain energy due to distortion is 6.5 times larger than the strain energy due to change of
volume, when the Poisson's ratio v =0.3.

If the stresses equal in magnitude o, = 0, = 03 = a3, act on the element of a body under
consideration, the strain energy due to distortion and, hence, the equivalent stress g5 IS z€ro,
regardless of whether they are tensile or compressive.

Davidenkov and Fridman proposed a unified strength theory that takes into account the me-
chanical state of material [23]. The material state diagram is constructed in the coordinates: the
equivalent stress determined by the second theory of strength vs. the maximum shear stress
(Figure 1.13).

Tmax B Fmax
E -
DL___/ /_}C 7y
A
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o=0 St 0 ¢q Ymax

Figure 1.13. Diagram of a mechanical state of material

The stress state is characterized by the ratio a = t,,,4,/0}! .. The vertical line of the diagram
cuts off a segment on the abscissa equal to the true resistance to the rupture S;. If a ray whose
slope angle is determined by the ratio of a intersects this line, the material is destroyed by dis-
ruption. Uniform tension is characterized by a ray passing along the abscissa axis. It represents
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the most severe loading, in which even plastic materials are destroyed by disruption. The contra-
dictory result is obtained with estimation of this case using the theory of Mises — the equivalent
stress is zero. The 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 contact problem has its own peculiarity. The uniform compression
predominates at the points of the region adjacent to the contact. The ratio of energies changes in
favor of the strain energy due to change of volume. This can be seen by the example of contact
between the wheel and the rail. Let us take the following initial data: the diameter of running cir-
cle of the wheel of 950 mm, the radius of curvature of the rail profile of 500 mm, the load from
the wheel on the rail is equal to 120 kN.

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

O, = _0,797p0, O-y = _0,8036p0, 0, = —DPo,

where p, = 1056.6 MIla is the maximum pressure.

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

The Dang Van criterion (Sect. 1.2.5.2) take into account the hydrostatic stress. In the Dang
Van criterion the hydrostatic stress is multiplied by the coefficient ap,,, which is assumed to be
0.38 for wheel steels. At the high hydrostatic stress of the order of -916 MPa as in the considered
example for points located in the region adjacent to the contact this negative term exceeds the
absolute value of the "amplitude™ of the maximum shear stress, which leads to the negative value
of the criterion.

The developers of the UM RCF Wheel and UM RCF Rail modules offer the combined cri-
terion of contact fatigue obtained on the basis of estimation of the strength of a small element of
body, on the planes of which the stresses causing its distortion and change of its volume act [24].

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 determined us-
ing the appropriate criterion. Tresca or Mises criterion can be used to estimation of the strength
of element subjected to the action of stresses that cause its distortion. The Mises theory of
strength is preferable since it takes into account all three principal tangential stresses. Then the
equivalent uniaxial stress is

oty = =101~ 0 + (0 = 05)" + (3 — 0712 (122

The first or second theory of strength [22] can be applied to estimation of the strength of the
element, on the planes of which the hydrostatic stress acts. For alloy steels the second theory of
strength is applied. Then the equivalent stress of uniaxial tension is

Ocq = 01— V(0, + 03), (1.23)
or, taking into account o; = g, = g3 = gy, We obtain

05 = (1= 2v)oy. (1.24)
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Then the uniaxial stress, which is equivalent to the multiaxial stress state determined by the
principal stresses o, 0, and a3, is equal
1
eq = —=[(01 = 02)* + (0 — 03)* + (03 — 0)*]V/* + (1 = 2 V)0, (1.25)

V2
The distribution of the values of the equivalent stress in the region adjacent to the elliptical
contact patch is analyzed using the FE model of the parallelepiped (Figure 1.5) described in
Sect. 1.2.5.1. The value of the equivalent stress o, is determined for each position j of the node i
using Eq. (1.25). The set of their values determines the cycle of variable stresses for the node i.
The characteristics of the cycle of variable stress, which are equivalent to the multiaxial stress
state, are determined as

O = (019% + giin) /2, (1.26)
where o, is the mean value of the stress of the cycle;
o, = (o8* — ginin) /2, (1.27)

where g, is the amplitude value of the stress of the cycle.
In calculations in fatigue the Haigh diagram of limit stresses is used. Serensen and Kinasosh-
vili [25] proposed an approximation of this diagram (Figure 1.14).
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Figure 1.14. Serensen-Kinasoshvili approximated diagram

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 endurance o_;. On the diagram
it is represented by the point A (Figure 1.14). Testing with a pulsation cycle give the value of the
endurance limit g, which is represented by the point C with coordinates

(1.28)

The straight line, which approximates the limiting curve, is drawn through the points A
and C. The tangent of the slope angle of this line is

_2917% (1.29)

o
Op
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The coefficient i, is called the coefficient of material sensitivity to the asymmetry of the cy-
cle. The values of the coefficient i, depending on the ultimate strength of the material o, are
shown in Table 1.4.

Table 1.4
The coefficient of sensitivity of material to the asymmetry of the cycle
o, MPa 350-550 520-750 700-1000 1000-1200 1200-1400
Yy 0 0,05 0,1 0,2 0,25

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

¥, = 0,0003010, — 0,141. (1.30)

The introduction of the coefficient v, allows to express the parameters of the cycle, which is
represented by the point K, through the parameter of the symmetric cycle o_;. Similarly, the pa-
rameters of the cycle, which is represented by the point M, can be expressed through the parame-
ter of the equivalent symmetric cycle o’ ;.

Then the ratio

01

Yoo + 0, (1.31)
can be considered as a fatigue strength coefficient of safety, and
Orcr = WoOm + 0g (1.32)

as the criterion of contact fatigue.

The distribution of the values of equivalent stress and combined criterion in the region adja-
cent to the elliptical contact patch with eccentricity e = 0.2 is analyzed using the FE model of
the parallelepiped (Figure 1.5). The description of the model and the conditions of the test calcu-
lations are given in Sect. 1.2.5.1.

The isolines of the values of equivalent stress in the yOz plane in the region adjacent to the
Hertzian contact and on the surface ones are shown in Figure 1.15a. The maximum value of
equivalent stress 480 MPa is obtained for the node located at the depth of 4.5 mm under the con-
tact surface. The region with negative values of the stresses o, is located near the center of the
contact. In the center of the contact they reach of -118 MPa.

The effect of the tangential traction occurring under full sliding of the wheel along the posi-
tive direction of the Oz axis that are connected by direct proportionality with the pressures (1.3)
is analyzed for two values of the coefficient of friction f = 0.17 and f = 0.3. The isolines of the
equivalent stresses are shown in Figure 1.15b,c. The stress at the point located below the contact
surface increases insignificantly with increasing the coefficient of friction: up to 487 MPa at the
f = 0.17 and up to 507 MPa at the f = 0.3. For considered cases this point is shifted along the
Oz axis by 1.05 mm and 2 mm, and by 4 mm along the Oy axis respectively. The equivalent
stress on the contact surface increases sharply from -118 to 443 MPa at the f = 0.17 and up to
588 MPa at the f = 0.3. The point with the biggest stress is shifted to the contact surface and
located on the trailing edge of contact.
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Figure 1.15. Isolines of the values of equivalent stress o, in the yOz plane in the region
of elliptical contact with eccentricity e = 0.2 when the normal force N and tangential traction
E, = fN are applied:a— f = 0.0;b— f = 0.17; c— f = 0.3; 1-6 are isoline numbers

These lines have the same maximum order of isolines — the seventh, but the values of the iso-
lines are different. The maximum value of the positive equivalent stress for case with f = 0.17
is 560 MPa. At the coefficient of friction equal to 0.3 the point with the maximum positive stress
of 650 MPa is located on the contact surface.

The set of values of equivalent stress at the points j occupied by the node i when dragging the
plane mesh through the subcontact region (Figure 1.5) represents the cycle of variable stresses
for this node. The maximum and minimum stresses as well as the mean a,, (1.26) and amplitude
o, (1.27) values is determined for the obtained cycle. The value of the criterion is obtained by
substituting them in the Eq. (1.32). The isolines of the values of the combined criterion for the
plane mesh A, obtained when applying the previously considered loads, are shown in Fig-
ure 1.16.

a) b) c)

Figure 1.16. Isolines of the values of combined criterion gz in the nodes of plane FE mesh
when the normal force N and tangential traction E, = fN are applied:
a—f =0.0;b—f=0.17; c— f = 0.3; 1-6 are isoline numbers
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The biggest values of the criterion for the variants f = 0.0 and f = 0.17 are obtained for the
points located at the depth of 4.5 mm under the contact surface. They amounted to 267 and
273 MPa respectively. With the coefficient of friction equal to 0.3 the point with the biggest val-
ue of the criterion of 328 MPa is shifted on the contact surface. The maximum value of the crite-
rion in the subcontact layer at the depth of 5 mm is 277 MPa in this case.

Thus, the distributions of the values of equivalent stress, which do not contradict the esti-
mates using the theory of Tresca and Mises, are obtained. The biggest equivalent stress is ob-
tained at the point located in the subcontact layer when only normal force is applied to the bod-
ies. The point with the biggest value of the equivalent stress is displaced on the contact surface
when one body slides relative to the other with the coefficient of friction equal to 0.3. The nega-
tive value of the equivalent stress is observed in a small region adjacent to the contact patch.

The Dang Van (Sect. 1.2.5.2), which allow analyzing a multiaxial stress state taking into ac-
count the hydrostatic stress, have found application in calculations of the machine parts of com-
plex geometric shape. The 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 patch the hy-
drostatic stress contained in the criterion is of big value and negative. For this reason this term
can exceed in the absolute value the "amplitude” of the maximum shear stress. As a result, the
criterion can have a negative value.

In the proposed combined criterion only one component of the hydrostatic stress plays a sig-
nificant role, the other two enter into it with multiplying by “-v”.

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

Constructing RCF curves requires the solution of two problems — determination of the crite-
rion value o,, for the different load levels and the material constants C and m to expression
(1.2).

Specimens in the form of rollers or discs with a diameter 30-40 mm of thickness 8-12 mm
are typically used for RCF testing of materials (Figure 1.17). One roller is made of the wheel
steel; other roller is made of the rail steel. In some papers the roller made from rail steel is re-
ferred as a loading roller [26]. The loading roller may also be made of high-strength steel or the
alloy WC8 (the Russian steel grade), which contains W 92 wt%, Co 8 wt% and has hardness of
88 HRA.

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

To obtain the maximum contact pressure of about 2000 MPa it is necessary to apply the load
of 9.16 kN when the specimen sizes are d = 40 mm, B = 8 mm. The load is decreased by decreas-
ing the contact length B (Figure 1.17a). In this case the loading roller of the thickness B =3 mm
(Figure 1.17b) or the roller with width of the rolling surface 3-4 mm (Figure 1.17c) is used. The
rollers with the toroidal surface of rolling are also used (Figure 1.17d).
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Figure 1.17. Specimens for RCF testing of the wheel steels

Another feature of RCF testing is the appearance of plastic deformation in the specimen ma-
terial even at relatively low Hertzian pressures, the effect of which should be taken into account.

The results of the RCF tests provided by Prof. D.P. Markov were used in the development
the UM 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 chemical composi-
tion. Nine experimental castings (EC) were produced for this.

As previously stated in Sect. 1.2.3, the factor having the biggest effect on the RCF resistance
of the wheel steels is the hardness [12]. Therefore, the hardness was taken as a criterion of
choosing steels. Three EC covering the hardness range from 260 to 320 HB were selected. In
addition, they are close to Russian wheel steels of the grades 2, L and T [7] by their characteris-
tics. Further in the manual the steels will be called by the numbers of EC.

EC6, EC2 and EC9 correspond to the carbon content of the steel grades 2, L and T respec-
tively (Table 1.5).

Table 1.5
The characteristics of the materials of the experimental castings
Steel grade The carbon content, wt% Hardness, HB
EC6 0.57 269
EC2 0.54 295
EC9 0.73 322

The test specimens were cut out at a distance of 10 mm from the rolling surface of the wheel.
The cylindrical specimens of diameter 40 mm were used. The toroidal roller of the diameter of
38.6 mm with a radius of the torus 18 mm made of hard alloy WC8 was used as the loading roll-
er. The speed of rotation of the specimen was 1500 rpm. The specimens were rolling without
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sliding. The oil 1-20 was applied to the rolling surfaces. The tests were carried out on five load
levels. From 1 to 5 specimens were tested at each load level.
The test results are shown in Table 1.6.

Table 1.6
The dependence of the durability of the specimens on the load
Load, N The durability, cycles-10°
Steel EC6 Steel EC2 Steel EC9
120 8.71 11.73 18.90
300 5.12 5.86 9.14
600 2.82 3.21 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 stress-strain curves of the wheel steels of the grades 2, L and T [7] are obtained for solv-
ing the contact problems in the elastoplastic formulation for the tested specimens. Tensile tests of
the long cylindrical specimens with a diameter of 10 mm were done at the Vyksa Steel Works
(Russia). The obtained values of the yield strength, proof stress and the ultimate tensile strength
of the steels are shown in Table 1.7.

Table 1.7
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
&y (£02) 3.28-10° 3.12-10° 3.73-10°
The ultimate tensile 931 887 1121
strength, MPa

The polygonal approximation of the stress-strain curves is made for using them in the calcu-
lation. The relationship between stresses and strains for the i segment is represented as

0 = a; + bé, (1.33)

where & = ¢;/¢,, is the normalized intensity of the strains;
g; 1S the strain intensity;
&, is the strain corresponding to the yield strength;
d = o0;/ 0, is the normalized stress intensity;,
o; Is the stress intensity;
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ay is the yield strength;
a;, b; are the dimensionless coefficients for the i-th segment of the curve.
The approximated stress-strain curves of the steels 2 and L are shown in Figure 1.18
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The values of the coefficients of the polygonal approximation in the Eq. (1.33) for eight

segments of the stress-strain curves of the steel grades 2, L and T are given in Table 1.8.
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Figure 1.18. The approximated stress-strain curves of the wheel steels

Table 1.8

The parameters of the polygonal approximations of the stress-strain curves

of the wheel steels

The steel of the grade L

The strains 0-1 1-2.32 | 2.32-3 3-5 5-10 10-15 15-20 20-25
intervals &
a; 0 1 0.898 0.931 0.946 1.06 1.15 1.318
b; 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 | 15-25 | 255 5-10 10-15 15-20 20-25
intervals &
a; 0 0.904 | 0.9565 | 0.978 1.04 1.25 1.358 1.578
b; 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 1.5-2 2-4 4-6 6-8 8-12 12-16
intervals &
a; 0 0.93 0.915 0.959 1.001 1.046 1.18 1.329
b; 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 stress-strain state of the specimens was analyzed by the FE method [18]. The scheme of

testing and FE models of the fragments of the wheel steel specimen and loading roller are shown
in Figure 1.19.
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Figure 1.19. Wheel steel specimen of cylindrical shape (1) and loading roller of toroidal
shape (2): a — scheme of testing; b — FE models

FE models of the fragments of the wheel steel specimen and loading roller had dimensions
on the Ox and Oz axes of 3.15 mm, on the Oy axis of 1.5 mm. The finite elements of the seren-
dipity family [27] with eight nodes and dimensions of the edges along the Ox and Oz axes of
0.075 mm and 0.1 mm along the Oy axis were used. The rollers had dimensions: the radius of the
specimen of the wheel steel is 20 mm, the radius of the loading roller is 19.3 mm and the radius
of the torus is 18 mm. The loading roller material had following parameters: 5.9-10'* Pa for the
tensile modulus and 0.202 for the Poisson's ratio. The wheel steel specimens material had fol-
lowing parameters: 2.0-10*" Pa for the tensile modulus and 0.3 for the Poisson's ratio. The FE
model of the wheel steel specimen had 26,896 nodes. The FE model of the loading roller had
11,767 nodes. The number of the finite elements was 24,000 and 9,600 respectively.

The rolling contact problem was solved in the elastoplastic formulation. The approximated
stress-strain curves with the values of the coefficients a; and b; given in Table 1.8 were used for
the wheel steel materials (Sect. 1.2.7). Rolling was simulated by using a sequential shift of the
loading roller along the Oz axis at a step equal to the size of the finite element. 30 steps were
used which corresponds to rolling along a distance of 2.25 mm. Such distance was sufficient to
exclude the influence of edge effects on the stress state in the contact region. The contact prob-
lem was solved for each position of the loading roller. Solutions were made for the specimens of
all three EC steels for five load levels (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 roller. Its cross-section shape is shown in Figure 1.20.
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Figure 1.20. The trough formed on the cylindrical surface of the wheel steel specimen due to
rolling of the loading roller: a — deformed state of the FE model in the formation of the trough
(displacements increased by 20 times); b — profiles of the cross-sections of the trough after the

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

The biggest depth of the trough was obtained for the specimen of EC6 steel. It amounted to
0.0107 mm at the load 1200 N. The radii of curvature of the troughs in cross-section were de-
fined approximately. Their values of 24, 25.8 and 27.5 mm were obtained for the specimens of
EC6, EC2 and EC9 steels respectively.

Typically the maximum theoretical Hertzian pressure is used to generate RCF curves. How-
ever, due to the formation of the observed trough the real contact pressure will be significantly
lower than the maximum Hertzian pressure. For example, comparison of the values of the maxi-
mum theoretical Hertzian pressure and the pressure calculated by the FE method for the speci-
men of EC2 steel are shown in Table 1.9.

Table 1.9

The maximum pressure in the contact of the specimen of EC2 steel and the loading roller

Load, N 120 300 600 900 1200
Hertzian pressure p, without accounting the 1520 2059 2598 2978 3278
formed trough, MPa
Pressure p, by FEA with accounting the 1471 1643 1936 2095 2195
formed trough, MPa

The maximum pressure under the load 1200 N when considering the curvature of the trough
from the Hertz solution in the elastic formulation is equal to 2345 MPa. It is much less than the
pressure 3278 MPa calculated without taking into account the formed trough.

The initial rolling of the loading roller was simulated as follows. The loading roller was
placed at the position 0, the load was applied to it. The contact problem in the elastoplastic for-
mulation was solved. Then the loading roller was moved in position 1 onto the distance equal to
length of the finite element. The contact problem was solved again. This procedure was repeated
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until reaching the position 29. The deformed state of the surface of specimen after the initial roll-
ing is shown in Figure 1.20a. The figure shows that after the initial rolling on the surface of spec-
imen the trough is formed. The field of residual stresses in the material of specimen after initial
rolling was obtained.

Then the loading roller was placed at the position 14 at the middle of the raceway for simula-
tion of repeated loading. The same load as for the initial loading was applied to it. The stresses
obtained after repeated loading were used for determination of the values 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 where the residual stresses did not change. The isolines
of residual stresses by Mises after initial rolling are shown in Figure 1.21.

Figure 1.21. 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 selected to de-
termine the values of RCF criterion; coloring are levels of stresses by Mises

Variable stress state in the rolling direction takes place close to the initial position 1 and final
position 2. Therefore, for determination of the value of RCF criterion the region of the model
between the planes A and B was chosen (Figure 1.21). The stresses in all nodes of the FE model
after repeated loading and the values of the RCF criterion at the nodes located in the radial sec-
tion of the specimen were determined by the methods described in Sect. 1.2.5.

The isolines of values of the Dang Van criterion (Sect. 1.2.5.2) in the radial section of the
specimen of EC2 steel under the loads 300 N and 1200 N are shown in Figure 1.22.

23 4 560
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Figure 1.22. Isolines of values of the Dang Van criterion in the radial section of the specimen
of EC2 steel under the load: a— 300 N; b — 1200 N; 1-6 are isoline numbers
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At the lowest loads the biggest values of stresses are observed at the depth of 0.4 mm
(Figure 1.22a). As the load increases, the points with the biggest values rise to the contact sur-
face. There is the region with zero criterion values below the contact patch surface. This is the
region with a big negative hydrostatic stress (Figure 1.22b). The maximum values of the Dang
Van criterion in the material of the specimen of EC2 steel depending on the applied loads are
given in Table 1.10.

Table 1.10

Maximum values of the Dang Van criterion in the material of specimen of EC2 steel
and its durability depending on the level of the load

Load, N 1200 900 600 300 120
Tpy, MPa 296 280 251 140 110
Durability, cycles10° 2.16 2.8 3.21 5.86 11.73

As a result of approximation of the obtained data in accordance with the expression (1.1) the
dependence of the number of cycles until arising fatigue defects in the material of the specimen
of EC2 steel on the value of the Dang Van criterion was obtained

N = 5,28 -10%7,°. (1.34)

The dependence (1.34) is represented by the diagram in Figure 1.23.

The similar analysis was carried out for the specimens of EC6 and EC9 steels. The resulting
RCF curves obtained using the Dang Van criterion for the specimens from the three experi-
mental castings are shown in Figure 1.24.
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Figure 1.23. RCF curve for specimen of EC2 steel obtained using the Dang Van criterion
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Figure 1.24. RCF curves for specimens of EC6, EC2 and EC9 steels
obtained using the Dang Van criterion

The calculations using other RCF criteria were done similarly.

In accordance with the combined criterion (Sect. 1.2.5.3) for each position j of the node i of
the FE model (Figure 1.5) the value of the equivalent stress o, (1.25) is calculated. For the ob-
tained cycle the mean stress a,, (1.26) and amplitude o, (1.27) are calculated. The criterion val-
ue for the node i is calculated using the dependence (1.32).

The isolines of values of the combined criterion in the radial section of the specimen of EC2
steel under the loads 300 and 900 N are shown in Figure 1.25.

At the load equal to 300 N the biggest value of the criterion of 276 MPa is observed at the
points located at the depth of 0.3-0.4 mm under the contact surface (Figure 1.25a). The biggest
value of the criterion equal to 488 MPa at the load of 900 N is observed at the point located on
the surface of the specimen (Figure 1.25b).

The maximum values of the combined criterion in the material of the specimen of EC2 steel
and the durability of the specimens depending on the applied loads are given in Table 1.11.

a)

Figure 1.25. Isolines of values of the combined criterion in the radial section of the specimen
of EC2 steel under the load: a— 300 N; b — 900 N; 1-7 are isoline numbers
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Table 1.11

Maximum values of the combined criterion in the material of specimen of EC2 steel
and its durability depending on the level of the load

Load, N 1200 900 600 300 120
Orcr, MPa 450 488 462 276 263
Durability, cycles10° 2.16 2.8 3.21 5.86 11.73

As a result of approximation of the obtained data in accordance with the expression (1.1) the
dependence of the number of cycles until arising fatigue defects in the material of the specimen
of EC2 steel on the value of the combined criterion was obtained

N =3,61-10007. (1.35)

The dependence (1.35) is represented by the diagram in Figure 1.26.
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Figure 1.26. 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 steels. The resulting
RCF curves obtained using the combined criterion for the specimens from the three experimental
castings are shown in Figure 1.27.
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Figure 1.27. RCF curves for specimens of EC6, EC2 and EC9 steels
obtained using the combined criterion

In accordance with the criterion of the amplitude of maximum shear stress (Sect. 1.2.5.1) for

each position j of the node i of the FE model (Figure 1.5) the value of the stress r,jnax (1.5), the
mean value 7,,,;4 (1.6) and then the criterion value t3,, (1.7) as the amplitude value of the cycle
of the stresses t,,,, are calculated.

The resulting RCF curves obtained using the criterion of the amplitude of maximum shear
stress for the specimens from the three experimental castings are shown in Figure 1.28.
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Figure 1.28. RCF curves for specimens 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 constants € and m 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 summarized in Table 1.12.
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Table 1.12

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

RCF criterion Wheel Hardness, | Material constants in Eq. (1.1)
steel HB for RCF curve
C m
The criterion of the amplitude EC6 269 8.566-10™ 4.4
of maximum shear stress EC2 295 2.054-10" 4.9
EC9 322 5.309-10° 7.7
The Dang Van criterion EC6 269 3.845-10° 1.8
EC2 295 5.280-10° 1.8
EC9 322 6.117-10" 2.2
The combined criterion EC6 269 2.753-10"° 1.9
EC2 295 3.610-10" 1.9
EC9 322 4.347-10" 2.2

The obtained RCF curves can be used for modelling of the process of accumulation of the
RCF damage for the wheel steels that are close in characteristics to the characteristics of experi-
mental castings.

1.2.9. Rolling contact fatigue curves of rail steel

A description of the bench-scale contact fatigue testing of roller-shape rail steel specimens is
given and contact fatigue curves for rail steel are obtained in [28]. The values of the material
constants C and m in the expression of the contact fatigue curve (1.1) for rail steel, obtained after
processing the test results using the finite element method, are presented in Table 1.13.

Table 1.13
Values of rail steel constants for three contact fatigue criteria
RCF criterion Material constants in Eq. (1.1) for RCF
curve
C m

The combined criterion 5,988-10° 1,424

The Dang Van criterion 4,966-10° 1,606

The criterion of the amplitude 3,333-10™ 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 wheel. For this reason, in the
UM RCF Wheel module accumulated RCF damage is attributed to one radial cross-section of
the wheel.

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

Consequently, calculations should be performed for the certain set of points located in the re-
gion adjacent to the contact. When the FE analysis is applied, the nodes of the FE model can be
used as such points. For 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 is
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 needed. And it is neces-
sary to perform such calculations many times. It is possible to select some cross-section 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 forces
and positions of the wheel on the rail are representative.

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

1.3.1. Input data

Necessary data for modelling of the accumulation of RCF damage in the UM RCF module is
created during process of simulation of dynamics of a railway vehicle in the UM Loco module
(Chapter 8) with help the UM Loco/Wheel Profile Wear Evolution tool (Chapter 16). In Fig-
ure 1.29 the Object simulation inspector window with settings of the evolution project of the
wheel profile is shown.

The wheels, for which it is necessary to simulate the accumulation of damage, should be
switched on at the tree in the Rolling contact fatigue group box. In result after completion of
simulation of dynamics of railway vehicle in the folder specified in the Directory for saving re-
sults item the binary *.wld files and the text *.rcf file of RCF project will be created. In the
same folder the files with results of simulation of wear and settings of the evolution project will
be located. The RCF project file has the same name as the model. Name of the *.wld input data
file contains the number of the wheelset and notation of the wheel. Notation "I" is left wheel, "r"
is right wheel.
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Figure 1.29. Settings of the evolution project of the wheel profile in UM Simulation

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

— the Young’s modulus and Poisson's ratio of material of the wheel;

— the radius of the wheel,

— the number of the points of the wheel profile and their coordinates;

— the weight factors;

— the number of loading cycles;

— the data about contact for each loading cycle — the coordinates of nodes of the mesh on the
surface of contact patch and values of the forces in the nodes of mesh.

3ameuanme. There should be enough free space on the hard disk. Depending on the settings of
the evolution project each *.wld file with the input data can take up to several gi-
gabytes.
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1.3.2. Construction of finite element model of wheel

For solving the contact problem 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 specified by the
coordinates of the points located along the contours with step of 0.1 mm. For analysis of the
stress state in the contact region it turned out to be appropriate to apply the meshes with the size
of the element of 1 mm for three-dimensional (3D) FE models. Nevertheless, when using the
fragments that include regions adjacent to the contact surfaces of such sizes at which the stresses
are small on the surfaces of extraction of the fragment, the FE model contains a big number of
the degrees of freedom. In 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 two-dimensional (2D) flat mesh
composed of the quadrangular finite elements. It is created on the base of nodes placed on the
wheel profile with step of 1 mm (Figure 1.30). Its dimension along the wheel profile is 105 mm.
This dimension covers the profile section on which the contact has place at any possible posi-
tions of the wheel on the rail. Then 3D FE model is generated. 2D mesh is dragged along circular
arc by revolution around an axis of the wheelset (Figure 1.31).Dimension of the FE model at the
circumferential direction is 50 mm. This dimension is chosen with taking into consideration that
contact patch length does not exceed 50 mm in any case.

Figure 1.30. 2D mesh for construction of 3D FE model of wheel fragment

The thickness of the fragment of 10 mm ensures sufficient accuracy of the solution when us-
ing an elastic foundation. The most probable dimension of the semiaxis a of the contact patch
does not exceed 10 mm 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 stresses at the selected size of the fragment.
Nevertheless, the obtained scheme is characterized by a big number of the degrees of freedom.
For example, the FE model presented in Figure 1.31 contains 59 466 nodes and has 178 398 de-
grees of freedom. Therefore, in order to decrease the computation time a fragment of this FE
model will be used in calculations (see Sect. 1.3.3).
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Figure 1.31. 3D FE model of wheel fragment

The stiffness matrix of the obtained 3D FE model of the wheel consisting of eight-node finite
elements is formed. This concludes the preparatory stage and further calculations for loading cy-
cles are started.

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

For solution of the rolling problem in the UM Loco module the model of contact forces of
W. Kik and I. Piotrowski [29] and the Kalker CONTACT model [30] are used (Chapter 8,
Sect. 8.4.2.5.2. "Parameters of inertial rail contact™). The UM Loco/Multi-point Contact Model
tool is required for the W. Kik and I. Piotrovski model and the UM Loco/CONTACT add-on
interface tool for applying the CONTACT program.

Normal and tangential traction are calculated at the nodes of the 2D mesh located on the con-
tact surface. The mesh is created as follows: the contact patch is divided into strips of the same
width oriented along the rolling direction, and then each strip is divided into the same number of
elements having the same dimensions within the strip (Chapter 8, Sect.8.3.1.2.2.3.
"FASTSIM™). The contact pressure on the plane of each element is determined. The calculated
forces are attributed to the center of gravity of the element. The number of the strips and ele-
ments is set by the user. Since during the rolling of the wheel along the rail the contact patches
change their shape and size, the 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 lo-
cated on the contact surface. However, the nodes of the mesh created during the solution of the
problem by fast algorithms do not coincide with the nodes of the FE mesh. Therefore, after load-
ing the initial data the forces in the nodes of the FE mesh located on the contact surface are cal-
culated using a linear interpolation. At that the position of the meshes relative to each other is
uniquely determined by the coordinates 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 for
each loading cycle begins with the separating a fragment (Figure 1.32a) from the initial FE mod-
el (see Sect. 1.3.2). The dimensions of the mesh of the fragment adjacent to the contact surface
are chosen so that they are 3 mm bigger than the contact patch in each direction. Separated frag-
ment has a thickness as the initial 3D FE model.

The application of the FE fragment on the elastic foundation [31] as the design scheme al-
lows to determine the stresses and the strains in 3D region adjacent to the contact surface without
any type of simplified assumptions like these: a contact patch has shape of circle or ellipse, to
selection of the critical plane, to assumption that it is in a state of plane deformation. Use of such
fragment allows decreasing the computation time essentially [31], [32], [33], [34].

During construction of the initial FE model the components of its matrix of stiffness are cal-
culated. To the nodes located on all surfaces of the separated fragment except the contact surface
the elastic constraints are applied (Figure 1.32b). The stiffness of the constraints is assumed to be
10" N/m in accordance with the recommendations given in work [34].
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Figure 1.32. 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 of forces to nodes of contact surface of separated fragment

Components of the stiffness matrix of the finite 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 nodes locat-
ed on the edges they are divided into four.

Nodal contact forces are applied to the nodes located on the contact surface of the separated
fragment (Figure 1.32c). 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 the separated FE fragment. The
number of nodes of the fragment in the rolling direction is considered as the path of the i-th node
of the plane radial section of the fragment (Figure 1.5). Then each node from this chain is the j-th
position occupied by the i-th 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 plane
of symmetry of the FE model of the wheel fragment. During simulation of the process of accu-
mulation of RCF damage they are compared with damaging values from given RCF curve.

The areas of equal values of the combined criterion oz in the color and the isolines of the
values of the criterion are shown in Figure 1.33. The biggest ogcr = 263 MPa is obtained for the
node located at the depth of 4 mm below the contact surface.
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Figure 1.33. Areas of equal values of the combined criterion oz in the radial cross-section of
the wheel contained in the plane of symmetry of contact; 1-6 are numbers of isolines ozcp, the
value of isoline is 37.57 MPa

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

The simulation of the dynamics of the movement of a railway vehicle is carried out on the
sections of the track of short length in order to reduce the machine time costs. The mileage is
scaled to obtain wear indicators for longer sections, for example, several thousand kilometers.
The wear at each point of the wheel profile is calculated using a scaling factor. A similar ap-
proach is applied to the process of modelling of the accumulation of RCF damage in the wheel.
Dependence (1.2) for calculating the RCF damage accumulated in the n-th node is transformed
to the form

Nt NCN k i Nic;
ws mstep Z Z 136
0= ZZ S; — Sp, By N,(k)’ (1.30)
m=1i=

where N;; is the number of iterations of the wear S|mulat|on,

N, is the number of configurations in the wear project;

N,,s is the number of the wear steps (the number of profile changes during one wear itera-
tion);

kmg., is the mileage at one wear step;

S; is the length of the track traveled by the vehicle during the simulation;
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Sy, 1s the distance after which the wear calculation starts;

a; is the weight of the i-th configuration (X1, a; = 1);

N,,, is the number of the speeds in the i-th configuration;

Bij is the weight of the j-th speed in the i-th configuration (27:‘1 Bij = 1);

Ny, is the number of loading cycles for the i-th configuration;

N, (k) is the number of cycles until the appearance of fatigue failure when the criterion value
IS 0gq-

The number of loading cycles N, for the i-th configuration is determined by the dependence

Si = Sp,

=L b 1.37
L™ 2nr " (1.37)

where R is the wheel radius;

N,- is the number of records per wheel revolution.

All of the listed above parameters are set in the evolution project. For details, see Chapter 16
of the user manual.

The number of cycles until arising fatigue defects for the nodes located in the plane of sym-
metry of the FE fragment is calculated using the Eq. (1.1). Then the accumulated damage in
these nodes is determined by summing the damage in accordance with dependence (1.36).

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 damage Q.

2) Select the traveled distance variant, i.e. damage will be accumulated without limitation un-
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 selected
RCF criterion. During simulation of the accumulation of RCF damage the cycle 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 in-
fluencing the accumulation of RCF damage in the material of the wheel. In the process of wear
the profile of the wheel is changed, which leads to the change of the dynamics of the vehicle and
the redistribution of the pressure in the contact of the wheel and the rail. In addition, as the result
of wear the surface layer of the material of the wheel, in which fatigue damage has already been
accumulated, disappears, RCF damage begins to accumulate in the layer located deeper under
the tread. Thus, the processes of the wear and accumulation of RCF damage are inseparably con-
nected. For this reason, the data needed for modelling of the accumulation of RCF damage in the
UM RCF Wheel module is created using the UM Loco/Wheel Profile Wear Evolution tool
(Chapter 16).

Let us introduce the concept of wheel wear iteration. Within the framework of this section,
the wheel wear iteration is a series of calculations within which the profile of the rolling surface
of the wheel does not change.
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For accumulation of RCF damage in the UM RCF Wheel module the FE model of the wheel
fragment is used (Sect. 1.3.2). At the each wheel wear iteration this model is reconstructed. A
new FE mesh is constructed on the basis of the worn wheel profile. The damages calculated by
means interpolation of the damages accumulated in the nodes of the mesh at the previous wheel
wear iteration are assigned to the obtained nodes of the new mesh. Then the procedure of accu-
mulation of RCF damage in the nodes of the new FE mesh of the wheel is repeated.

Figure 1.34 shows the distribution of accumulated damage in the material of the wheel of a
freight car with the GOST profile [7] after the traveled distance of 10, 50 and 100 thousand km.

The number of the wheel wear iterations, the total traveled distance and traveled distance at
one wheel wear iteration are determined by the set of parameters specified in the wheel profile
evolution project.

Let us consider the example of setting these parameters in UM Simulation.

The required group of parameters is located at the Rail/Wheel | Wear | Wear parameters
tab in the Object simulation inspector.

e Number of iterations = 10;

e Number of wear steps = 2000;

e Mileage (km) = 5.

In accordance with dependence (16.12) of Sect. 16.1.1.3. " The wear simulation parameters.
The profile-updating procedure” of Chapter 16 the total traveled distance of the wheel will be

kMo = NigNyskMste, = 10 - 2000 - 5 = 100 000 km,

As a result, for the RCF project we will get 10 wheel wear iterations. The traveled distance
of the wheel at one wheel wear iteration will be 10 000 km.

If user is going to model the accumulation of RCF damage in the wheel material, then at the
stage of creation of the evolution project he needs to determine how many wheel wear iterations
will be required to solve this task and the traveled distance at one iteration. The increase of trav-
eled distance leads to the increase of wear and, consequently, to a redistribution of forces in the
contact of the wheel and rail due to the change of the shape of the contacting surface of the
wheel.

Notice that in the evolution project the number of changes of the wheel profile is assigned by
the Number of wear steps parameter, and for each new wheel wear iteration the profile assigned
by the Number of iterations parameter is saved. That is from the series of the evolutive profiles
the profile obtained at the last step of the previous iteration of the calculation of the wear is cho-
sen, and it is considered invariable at one wheel wear iteration. During simulation of the accu-
mulation of RCF damage within one wheel wear iteration the forces obtained taking into account
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 of the prob-
lem of determination of the stresses in the material of the wheel and allows setting the sufficient-
ly big traveled distance at one wheel wear iteration.

On the other hand, as a result of wear, the surface layer of the material of the wheel is re-
moved, which leads to the redistribution of the accumulated damage. This distribution changes
significantly with increasing wear (see Figure 1.34). Therefore, it is not advisable to set a very
big traveled distance at one wheel wear iteration. Based on these considerations, it is desirable to
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divide the total traveled distance of the wheel into a quite big amount of the segments, to each of
which one wheel wear iteration will be corresponded.

Figure 1.34. Isochromatic lines of accumulated damage in material of the car wheel with
GOST [7] profile after traveled distance: a — 10 000 km; b — 50 000 km; ¢ — 100 000 km

However, it should be taken into consideration that the excessive increase of the number of
wheel wear iterations entails the increase of the computation time during simulation of the ac-
cumulation of RCF damage and often cannot bring the problem to a more exact solution. In addi-
tion, the size of the input data files (Sect. 1.3.1) increases, each of which depending on the evolu-
tion project settings can take up to several gigabytes on the hard disk.

The required number of wheel wear iterations and the traveled distance at one iteration are
determined by testing a specific model. As a tentative value during simulation of the accumula-
tion of RCF damage can be recommended the traveled distance at one wheel wear iteration of 5-
10 thousand km.
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The number of the contact problems that need to be solved at one wheel wear iteration dur-
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 by the Number of records per
wheel revolution parameter on the Rail/Wheel | Wear | Results tab in the Object simulation
inspector (Figure 1.29). 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 at
the given distance. As the value of the parameter increases, the number of contact problems in-
creases by a multiple of this value. The increase of the value of the Number of records per
wheel revolution parameter makes the set of statistics about the contacts of the wheel and the
rail obtained as result of simulation of the vehicle movement more representative, but increases
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 Sect. 1.2.4 that during testing the specimens of the wheel steel
under contact fatigue without the presence of the lubricant in the contact the damage is not ob-
served even at very high pressures. This 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 give the un-
derstated number of cycles until arising fatigue defects, since they are carried out with continu-
ously feeding the lubricant in the form of oil or water on the contact surfaces. Such conditions
are harder than the real service conditions of the wheels. Under operating conditions rainwater is
natural lubricant in the contact of the wheel and the rail. Obviously, depending on weather condi-
tions such lubricant is not always present in the contact. Therefore, statistics show that the RCF
durability of the wheels is higher than that of the laboratory specimens.

In order to obtain the results that are closer to the statistical operational data, the so-called
"lubrication coefficient" Kj,;, is introduced in the UM RCF Wheel module. This coefficient is
set by the user. It is dimensionless and ranges from 0 to 1. The coefficient is calculated for the
specific operating conditions of the railway vehicle. For example, if a railway vehicle operates
outdoors in a particular geographic region then it can be defined as the ratio of the number of
rainy days per year, typical for that region, to the number of all days in the year. In other operat-
ing conditions you can take the ratio of the distance traveled by the vehicle with the presence of
a lubricant in the contact between the wheel and the rail to the entire distance traveled by the ve-
hicle.

With the introduction of the coefficient K;,,;, during simulation of the accumulation of RCF
damage a modified form of the dependence (1.36) is used in the calculations

Nt NCN K i Nig;
mstep
0=k ), ) 5 Z Z 39
“‘bmll Si — Sh, Bij N, (k)

The default lubrication coefficient is 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 and
the mounting stresses caused by the interference fit of the wheel rim on the wheel plate can be
represented as stationary fields in the wheel material. Since the problems of determining such
stresses are solved in the axisymmetric formulation, the obtained stress distributions are attribut-
ed to one radial section of the wheel.

In work [36] using the ANSY'S software the residual technological stresses in the material of
the all-rolled car wheel made of the steel grade 2 [7] were calculated.

The specialists of Laboratory of Computational Mechanics of BSTU performed the calcula-
tion of the mounting stresses in the locomotive wheel [37] caused by the interference fit of the
wheel rim on the wheel plate. The stresses were calculated using the ITFEMCP software pack-
age oriented at solving the contact problems. Figure 1.35 shows the FE model of the wheel and
the field of the equivalent stresses by the Mises criterion in coloration.
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Figure 1.35. 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) and wheel 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 wheel is specified in the 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 points x and y;

3) the values of normal and shear stresses for each point — oy, 0y, 07, Txy, Ty, Tsx-
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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 right — to the flange, the positive direction of the Oy ordinate axis is
upward — to the axis of rotation of the wheelset (Figure 1.36). Coordinates are given in millime-
ters, stresses — in megapascals.

Figure 1.36. Reference system for assignment of coordinates of the points
of profile of radial cross-section 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 the all-rolled car wheel from the steel
grade 2 [7], wheel diameter is 954 mm:

{UM Data\RCF\Wheel\Residual technological stresses - wheel D954 mm.txt

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

{UM Data}\RCF\Wheel\Interference fit stresses - wheel D1250 mm.txt

After loading the residual stresses data from the file into the UM RCF Wheel project the
values of the residual stresses in the nodes of the flat FE mesh of the wheel fragment are calcu-
lated using interpolation.

Figure 1.37 shows the distributions of the circumferential, axial and radial residual techno-
logical stresses in the radial section of the car wheel after loading and processing in the
UM RCF Wheel project.

The distributions of the circumferential, axial and radial mounting stresses caused by the in-
terference fit of the wheel rim on the wheel plate in the radial section of the locomotive wheel
after loading and processing in the UM RCF Wheel project are shown in Figure 1.38.

In process of simulation of the accumulation of RCF damage the field of the alternating load-
ing stresses obtained from the solution of the contact problem is superimposed on the stationary
field of the residual stresses, the normal and shear 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 section
of the wheel is calculated.
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Figure 1.37. Distribution of residual technological stresses in the radial section of the car wheel:
a — circumferential; b — axial; ¢ — radial
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Figure 1.38. Distribution of mounting stresses caused by the interference fit of the wheel rim
to the wheel plate in the radial section of the locomotive wheel:
a — circumferential; b — axial; ¢ — radial
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Figure 1.39a shows the areas of equal equivalent stresses by the combined criterion
(Sect. 1.2.5.3) in the radial section 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 the residu-
al stresses. The point with the maximum value of the criterion of 170 MPa is located at the depth
of 3 mm below the contact surface. As seen from Figure 1.39b, accounting the residual techno-
logical stresses significantly changes the distribution of the equivalent stresses. Due to the big
compressive circumferential stresses (Figure 1.37a) the equivalent stress in the point located at
the depth of 3 mm decreases to 89 MPa. However, the point with the maximum value of the cri-
terion of 161 MPa is now located on the contact surface.

a)

0.00 21.30 42.60 63.91 85.21 106.51 127.81 149.12 170.42

b)
0.00 20.12 40.23 60.35 80.47 100.59 120.70 140.82 160.94
I [ [ I [ [ [ [ [ .
MPa

Figure 1.39. Areas of equal equivalent stresses by combined criterion in the radial section
of car wheel: a — without accounting the residual stresses; b — with accounting the residual
technological stresses

Figure 1.40a 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 stresses. The point with the maximum value of the criterion of 242 MPa is located at the
depth of 4 mm below the contact surface. Accounting the mounting stresses caused by the inter-
ference fit of the wheel rim on the wheel plate does not significantly change the distribution of
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equivalent stresses (Figure 1.40b), the point with the maximum criterion value remains at the
same depth. However, due to the big tensile circumferential stresses (Figure 1.38a) the equiva-
lent stress in this point increases to 295 MPa.

a)

0.00 30.21 60.41 90.62 120.83 151.03 181.24 211.45 241.65

b)
0.00 36.88 73.76 110.63 147.51 184.39 221.27 258.15 295.03
[ | R R R R | [ [ |
MPa

Figure 1.40. Areas of equal equivalent stresses by combined criterion in the radial section
of locomotive wheel: a — without accounting the residual stresses; b — with 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 in UM Loco (Chapter 8) module with help UM Loco/Wheel
Profile Wear Evolution tool (Chapter 16), see Sect. 1.3.1.

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

Another way to run the module is using Start button and then All programs | Universal
Mechanism 10 | Tools | UM Rolling Contact Fatigue of Wheel menu item. After running
UM RCF Wheel module user needs to open the RCF project file *.rcf with help File | Open

menu item or e button on the Standard toolbar.
1.4.2. Interface of module

Interface of the UM RCF Wheel module is presented in Figure 1.41.

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

Figure 1.41. Interface of UM RCF Wheel module

In the top of the window the title bar, menu bar, Standard toolbar and Design 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, the Information Panel is attached to the left side of the window and is al-
ways visible whenever the module is run.

The user can show or hide the toolbars and Information Panel and change its settings by the
View | Toolbars and Docking Windows menu or using the context menu by clicking the right
mouse button. The user can also change the interface of the module window using the View |
Application Look menu.

The workspace of window is intended for the graphical displaying of design scheme and re-
sults of calculations. If the data for calculation is loaded, in the center of the workspace always is
displayed the wheel profile and FE mesh. All display modes can be switched on or off, for ex-
ample, using the buttons on the Design Scheme toolbar. If during calculations the coloring
modes are switched on, the equivalent stresses in the plane of symmetry of FE fragment of the
wheel are shown in the center of the workspace. The cumulative RCF damage in the same plane
is shown on top. The color scale for estimate of the level of accumulated RCF damage is on the
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 loaded. In
Figure 1.42 the dialog box is shown, which appears on the screen with help the Design Scheme |

- 7
Parameters... menu item or button .

The appeared dialog box has four tabs: Calculation, Material, Residual stresses and Visu-
alization. The Reset to default button allows returning to the initial values of the parameters at
the selected tab. The changed parameters are saved only after clicking OK. Otherwise, the
changes will not be saved.

1.4.3.1. The «Calculation» tab

The Calculation tab is shown in Figure 1.42.

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

1) the passage of the entire distance specified in modelling the dynamics of the railway vehi-
cle (traveled distance);

2) the reaching of limit of the accumulated damage sum in the wheel point.

In the first case the calculation will be realized for all wheel wear iterations, for all wheels
listed in the *.rcf project, regardless of the accumulated damage in the wheel.

In the second case user has to set the limit value of cumulative damage sum. The accumula-
tion of RCF damage at the point of wheel is calculated by using the Eq. (1.38), the accumulation
of RCF damage in the nodes of FE scheme is reviewed in Sect. 1.3.4. After reaching of limit of
the cumulative damage sum the calculation will be continued until the finish of the current wheel
wear iteration (see Sect. 1.3.5), after that the calculation for the next wheel is started.

By default, the first variant Traveled distance is 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 ][ Cancel I

Figure 1.42. The Parameters dialog box, the Calculation tab

The Simulate damage into the wheel flange item (Figure 1.42).

Slip in the contact of the wheel flange and the side surface of the rail leads to the big shear
stresses on the surface of the wheel flange and fast accumulation of RCF damage on this surface.
However, as a result of intensive wear the surface layer with accumulated damage quickly disap-
pears. Statistical operational data confirms that RCF defects on the contact surface of the wheel
flange are rare. Therefore the UM RCF module allows to exclude the simulation of the process
of accumulation of RCF damage in the wheel flange — by default, the Simulate damage into the
wheel flange item is not activated. In this case, the user needs to specify a section of the wheel
profile, which will be considered as a flange. The Coordinate x of the flange start (mm) pa-
rameter is used for this purpose, see Figure 1.42. The default value of this parameter is 28 mm.
The coordinate is assigned in the reference system shown in Figure 1.36. Thus, part of the FE
model of fragment of the wheel whose x coordinates of nodes are greater than the specified co-
ordinate x of the flange start is considered as the wheel flange.

The purpose of parameter Lubrication factor (Figure 1.42) is described in detail in
Sect. 1.3.6.
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The value in the Number of threads cell determines the number of threads to perform calcu-
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 or-
der to keep the performance of the operating system during calculations.

If calculation parameters at the Calculation tab were changed (except for the number of
threads), then after clicking the OK button a dialog box appears, see Figure 1.43.

UMRCFWheel l ]

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

b

Figure 1.43. Dialog box — request to remove the results of the calculation

The No button means that the parameter changes will not be saved.
The Yes button means that the parameters will be saved and files with the simulation results
will be deleted. After that the calculation with new parameters can be started.

1.4.3.2. The «Material» tab

The Material tab is shown in Figure 1.44.

Young’s modulus E (2-10™ Pa is the value by default), Poisson's ratio x (0.3 is the value by
default) and yield strength (6.55-10° Pa is the value by default) can be assigned at the tab.

Damage accumulation is calculated on the assumption that the wheel material works under
conditions of elastic shakedown. But 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 intensities and stress
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 function (1.1), see Sect. 1.2.4. The values of the mate-
rial constants C and m in this expression are assigned depending on the chosen RCF criterion. A
criterion can be chosen in the RCF criteria group box. The criteria are described in the follow-
ing sections:

1) The criterion of the amplitude of maximum shear stress — see Sect. 1.2.5.1.

2) The Dang Van criterion — see Sect. 1.2.5.2.

3) The combined criterion — see Sect. 1.2.5.3.

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

The user can also set the minimum value of the damaging stress according to the selected
RCF criterion. During modelling of the process of accumulation of the RCF damage the cycle is
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considered as damaging if the value of the criterion exceeds this limit. This minimum value is
equal to zero by default.

If any of the parameters at the Material tab was changed, then after clicking the OK button
the dialog box appears as shown in Figure 1.43.

The No 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

2
[
W
m
o
=]
m
3

[ Ok ][ Cancel I

Figure 1.44. The Parameters dialog box, the Material tab

1.4.3.3. The «Residual stresses» tab

The Residual stresses tab is shown in Figure 1.45.

With help of this tab the user can include in the calculation two types of residual stresses: re-
sidual technological stresses in the wheel after manufacture and mounting stresses in the wheel
caused by the fitting of the rim to the wheel plate. Residual 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 in Sect. 1.3.7.
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Parameters ﬁ

| Calculation | Material | Residual stresses | visualization

Residual technological stresses

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

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

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

[ Ok ][ Cancel ]

Figure 1.45. The Parameters dialog box, the Residual stresses tab

1.4.3.4. The «Visualization» tab

The Visualization tab is shown in Figure 1.46.

The design scheme can be moved in the window in any direction by using the arrow keys on
keyboard (or by the left mouse button), it can be zoomed by pressing the «Gray +» and «Gray -»
keys on keyboard (or by the mouse wheel). All these operations are performed discretely with a
determined step. The steps values can be changed at the Visualization tab. The steps are as-
signed in conventional units.

Also the background color of the workspace of window, the color and width of the lines for
displaying the wheel profile, FE mesh and isolines can be assigned on the tab.
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[ Parameters ﬁ"

Calculation | Material | Residual stresses | Visualization |

Display of the objects in the window
Displacement step: 0.1

Scaling step: 1
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Color: | | El

Wheel profile

Width: 2
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Color;

Width: 0.5

—
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Figure 1.46. The Parameters dialog box, the Visualization tab

1.4.4. Imaging modes

The several types of the imaging modes of design scheme and calculation results, which can
be switched on or off in the various combinations with each other, are implemented in the mod-
ule.

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

— choose the Design Scheme | Starting position menu item;

— click the button |@| at the Design Scheme toolbar;

— click the Home key on the keyboard;

— right-click in the workspace of window, choose the Starting position item in the appeared
shortcut menu.
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1.4.4.1. The «kMesh» mode

The Mesh imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Mesh menu item;

— click the button DU at the Design Scheme toolbar;

— click the 1 key on the 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 window (Figure 1.30). If with
the enabled Mesh mode the Color visualization of damage mode is enabled, then the similar
mesh is displayed in the top of window at the median plane of wheel fragment, where the pro-
cess of accumulation of RCF damage is illustrated.

The mode is automatically activated when the data is loaded.

Note. The Mesh mode is always available if the data for calculation is loaded.
1.4.4.2. The «Wheel profile» mode

The Wheel profile imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Wheel profile menu item;

— click the button | at the Design Scheme toolbar;

— click the 2 key on the keyboard.

The wheel profile is displayed in the center of workspace of the window (Figure 1.41). If
with the enabled Wheel profile mode the Color visualization of damage mode is enabled, then
the similar wheel profile is displayed in the top of window, where the process of accumulation of
RCF damage is illustrated.

The mode is automatically activated when the data is loaded.

Note. The Wheel profile mode is always available if the data for calculation is loaded.
1.4.4.3. The «Color visualization of damage» mode

The Color visualization of damage imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Color visualization of damage menu item;

1)

— click the button Q{J at the Design Scheme toolbar;

— click the 3 key on the keyboard.

In the top of window the radial cross-section of the wheel is displayed, in which the distribu-
tion of the accumulated RCF damage with help coloring is shown (Figure 1.41). The coloring is
performed for each quadrangular element of flat mesh. The color of the node is chosen depend-
ing on the value of the accumulated RCF damage according to an estimation scale. Then the re-
sulting colors from the four vertices are mixed in the 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 level of ac-
cumulated RCF damage is displayed.
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Note. The Color visualization of damage mode is available if the data for calculation
is loaded and the calculation has been done.

1.4.4.4. The «Color visualization of stresses» mode

The Color visualization of stresses imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Color visualization of stresses menu item;

5

— click the button QU at the Design Scheme toolbar;

— click the 4 key on the keyboard.

In the center of the workspace of window the radial cross-section of the wheel is displayed,
in which the distribution of the equivalent stresses with help coloring is shown (Figure 1.41).
The coloring is performed for each quadrangular element of flat mesh. The color of the node is
chosen depending on the value of the equivalent stresses according to an estimation scale. Then
the resulting colors from the four vertices are mixed in the plane of the element according to a
linear law. In the right side of the workspace of window the color scale for estimation of the lev-
el of equivalent stresses is displayed.

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

1.4.4.5. The «Isolines» mode

The Isolines imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Isolines menu item;

— click the button QU at the Design Scheme toolbar;

— click the 5 key on the keyboard.

The mode is intended for displaying the lines of equal values of the component — isoparamet-
ric lines. The mode supports six isolines, that is, the component is divided into seven levels. If
the Color visualization of stresses mode is enabled, then in the center of the workspace of win-
dow the radial cross-section of the wheel is displayed, in which the isolines of equivalent stresses
are shown (Figure 1.41). If the Color visualization of damage mode is enabled, then in the top
of the workspace of window the radial cross-section of the wheel is displayed, in which the iso-
lines of accumulated RCF damage are shown (Figure 1.41).

Note. The Isolines mode is available if the data for calculation is loaded, the calculation
has been done and the Color visualization of damage mode or Color visualiza-
tion of stresses mode is enabled.

1.4.4.6. The «Maximum damage» mode

The Maximum damage imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Maximum damage menu item;

— click the button LBU at the Design Scheme toolbar;
— click the 6 key on the keyboard.
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In the top of the workspace of window the radial cross-section of the wheel is displayed, in
which the node with the biggest accumulated RCF damage is marked by the white circle
(Figure 1.41). The value of the biggest damage can be viewed at the Information Panel in the
Calculation parameters group box (Figure 1.48).

Note. The Maximum damage mode is available if the data for calculation is loaded,
the calculation has been done, the Color visualization of damage mode is ena-
bled and the biggest accumulated damage more than zero.

1.4.4.7. The «<Accumulated damage» mode

The Accumulated damage imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Accumulated damage menu item;

LF

— click the button at the Design Scheme toolbar;

— click the 7 key on the keyboard.

If the Color visualization of damage mode is enabled, then in the top of the workspace of
window the radial cross-section 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 this
node is shown. If the Color visualization of stresses mode is enabled, then in the center of the
workspace of window the radial cross-section 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 in
this node is shown.

Note. The Accumulated damage mode is available if the data for calculation is loaded,
the calculation has been done and the Color visualization of damage mode or
Color visualization of stresses mode is enabled.

1.4.4.8. The «Numbers of the nodes» mode

The Numbers of the nodes imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Numbers of the nodes menu item;

— click the button at the Design Scheme toolbar;

— click the 8 key on the keyboard.

In the center of the workspace of window the radial cross-section of the wheel is displayed,
in which the nodes of FE mesh are marked by the points, beside each node its number is shown.
If the Color visualization of damage mode is enabled, then the numbers are shown beside the
nodes of radial cross-section of the wheel in the top of the workspace of window, where the pro-
cess of accumulation of RCF damage is illustrated.

Note. The Numbers of the nodes mode is always available if the data for calculation is
loaded.

1.4.49. The «Residual stresses» mode

The Residual stresses imaging mode can be enabled or disabled in two ways:
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— choose the Design Scheme | Residual stresses menu item;

R

— click the button ﬂg at the Design Scheme toolbar.

In the center of the workspace of window the radial cross-section of the wheel is displayed,
in which the distribution of one of the components of residual stresses with help coloring is
shown (Figure 1.37). The coloring is 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 esti-
mation scale. Then the resulting colors from the four vertices are mixed in the plane of the ele-
ment 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 chosen at the Residual stresses dia-
log box (Figure 1.47). To open the dialog box select the Design Scheme | Choice of component

menu item or click the button E'j at the Design Scheme toolbar.

Note. The Residual stresses mode is available if the residual stresses data is loaded
(see Sect. 1.3.7, 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

Figure 1.47. Selection of residual stresses components for displaying

1.4.5. Performing calculation

The calculation can be started in the following ways:
— choose the Design Scheme | Run menu item;

— click the button b at the Design Scheme toolbar;

— click the F9 key on the keyboard,;

—right-click in the workspace of window, choose the Run item in the appeared shortcut
menu.

The sequence of calculations is determined by the list of wlid files in the RCF project rcf (see
Sect. 1.3.1). Every wld file contains the input data for one wheel. Initially, the calculation taking
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into account the wheel wear iterations will 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 of the ac-
cumulated damage at the wheel point and it is reached earlier than the calculations for all wheel
wear iterations were made, the remaining wheel wear iterations are skipped and the calculation
for the next wheel is started. If the condition for the completion of the calculation is the travelled
distance, the calculation is carried out for all wheel wear iterations of all wheels containing in
the RCF project.

The Information Panel allows monitoring the status of the calculation (Figure 1.48).

Information Panel o &)

Status
Calculation was stopped by user

Mumber of the wheelset: 1
Wheel: left
Mumber of the profile: 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

Figure 1.48. The Information Panel

After completion of the calculation the program displays a corresponding message in the dia-
log box on the screen.
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The calculation can be stopped in the following ways:
— choose the Design Scheme | Stop menu item;

— click the button L at the Design Scheme toolbar;

— click the Esc key on the keyboard;

— right-click in the workspace of window, choose the Stop item in the appeared shortcut
menu.

1.4.6. Saving the results of calculation

B

The simulation results can be saved by means the File | Save menu item or the button
on the Standard toolbar. This option is not available during the calculation running.

The calculation results are saved in two files. Both files have the same name as the RCF pro-
ject file and are located in the source data folder.

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

The second file is a text file with the extension *.csv. This file allows the user to open the
calculation results in Excel tables.

In addition, during the calculation process, a protocol file is created 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 for each wheel wear
iteration is supported.

1.4.7. Deleting the results of calculation

The calculation results can be deleted in the following ways:
— choose the Design Scheme | Delete results menu item;

— click the button = at the Design Scheme toolbar;
— click the Delete key 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 first wheel wear iteration the options are available
allowing to navigate through the list of wheel wear iterations in two directions: from the first to
the last and back.

These options can be used in the following ways:

— choose the Design Scheme | Previous profile or Design Scheme | Next profile menu
items;

— click the button N or b at the Design Scheme toolbar;
— click the PgDn or PgUp key on the keyboard.
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At that the calculation results for selected wheel wear iteration are displayed at the Infor-
mation Panel and the workspace of window.

At the Status group box of the Information Panel the general information is displayed: the
number of the wheelset, the wheel is left or right, the number of the profile is the number of
wheel wear iteration, the total number and number of calculated contact problems for current
wheel wear iteration, the percentage of overall progress of the calculation (Figure 1.48).

First of all, the value of biggest accumulated damage at the wheel point and the travelled dis-
tance are interest when analyzing the calculation results. These parameters can be seen at the
Calculation group box of the Information Panel (Figure 1.48). If the calculation was carried
out until reaching the limit of accumulated RCF damage and this limit has not been reached, the
predicted traveled distance at the same group box shows how many kilometers the wheel could
still run with the reached level of accumulated damage. The predicted traveled distance is deter-
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 scheme
at the workspace of window with help the Maximum damage imaging mode (see Sect. 1.4.4.6).
The depth at which this point is located under the rolling surface of the wheel can be determined
using the Mesh imaging mode, starting from the fact that the side size of the finite element of the
mesh is 1 mm (see Sect. 1.4.4.1). The Color visualization of damage mode (see Sect. 1.4.4.3)
and Isolines mode (see Sect. 1.4.4.5) allow representing the distribution of accumulated RCF
damage in the radial cross-section of the wheel.

File with *.csv extension (see Sect. 1.4.6) allows the user to open the calculation results in
Excel tables and create graphs for preparing a report.

Using the results from the first data block, it is possible to plot the dependence of the accu-
mulated damage at the dangerous point of the wheel material on the mileage. The example of
such a graph is shown in Figure 1.49.
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Figure 1.49. 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 plot the diagram of the accumulated RCF
damage in the dangerous section of the wheel. By the dangerous section we will mean the cir-
cumferential section of the wheel containing the dangerous point, i.e. the point with the biggest
accumulated RCF 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 dangerous
section are used. The example of such sequence of the nodes is shown in Figure 1.50a. The ab-
scissa axis is the x axis in the coordinate system shown in Figure 1.36. The graph of the depend-
ence of the accumulated damage in the nodes of the dangerous section of the wheel on their co-
ordinate x is shown in Figure 1.50b.

The second block also contains the data allowing to plot the surface of accumulated damage
in the radial section of the wheel fragment. The x coordinate of the node is plotted along the ab-
scissa in accordance with the frame of reference shown in Figure 1.36. On the ordinate the depth
of the node under the rolling surface is plotted. The value of the accumulated damage in the
nodes of the FE mesh of the radial section of the wheel fragment is plotted along the applicate.
The example of such surface is shown in Figure 1.51.
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Figure 1.50. Diagram of accumulated RCF damage in dangerous section of wheel



Universal Mechanism 10 1-68 Chapter 25. Rolling Contact Fatigue

m0.9-10
0.8-0.9

Accumulated RCF damage

m0.7-0.8
m0.6-0.7
®0.5-0.6
m0.4-0.5
m0.3-0.4
m0.2-03
m0.1-0.2
m0.0-01

10
8
6

Depth, mm

Figure 1.51. Accumulated damage 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 18-100 model. The car model is supplied with the UM soft-
ware and it is available in the library {UM Data}\samples\Rail_Vehicles\simple 18 100.

Load the model in UM Simulation. Open the Object simulation inspector.

At the Solver | Simulation process parameters tab set the following values:

e Solver = Park;

e Error tolerance = 1E-7,

e Computation of Jacobian = yes;

e Jacobian for wheel/rail forces = yes.

At the Rail vehicle | Contact | Contact forces tab set the values:

e Young's module = 2E+11;

e Poisson's ratio = 0.3.

Go to the Rail vehicle | Wear tab and load the evolution project from Wheel RCF Test.ecf
file. Set the required Number of threads and switch on the Wear profile evolution radio button
(Figure 1.52). Run the simulation using the Integration 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

Figure 1.52. The settings of the project of wear profile evolution
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According settings of the evolution project the simulation of moving the car is carried out
along the tangent track section and the curve track section with radius of 650 m. On each track
section the car moves at the speed of 16.67 and 22.22 m/s.

In result of the simulation the data for the five wheel wear iterations of the left wheel of the
first wheelset were generated. The total travelled distance is 25 000 km. The travelled distance at
each wheel wear iteration is 5 000 km. The RCF project file is located in the folder

{UM Data}\samples\Rail_Vehicles\simple_18 100\WearResultRCF\simple 18 100.rcf

Open the RCF project in UM RCF Wheel module in any of the ways specified in Sect. 1.4.1.
Change the project settings at the Calculation and Material tabs as shown in Figure 1.53 and
Figure 1.54. Keep the parameters at the Residual stresses tab unchanged. Save the project set-
tings by click OK button at the Parameters dialog box. Run the simulation by the Run button
(see Sect. 1.4.5).

Various possibilities of representation of the calculation results are described in Sect. 1.4.8.
In Figure 1.55, Figure 1.56 and Figure 1.57 the results of simulation of the process of accumula-
tion of the RCF damage in the material of 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 ]

Figure 1.53. RCF project settings on the Calculation tab


../SAMPLES/Rail_Vehicles/simple_18_100/WearResultRCF

Universal Mechanism 10 1-71 Chapter 25. Rolling Contact Fatigue
rF'arameters ﬁ1
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Wheel material
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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
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RCF curve
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Figure 1.54. RCF project settings on the Material tab
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Figure 1.55. Accumulated RCF damage at the danger point of the wheel material
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Figure 1.56. Diagram of accumulated RCF damage in the dangerous section of the wheel
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Figure 1.57. 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 of RCF damage in a certain section of the rail occurs as a result of cyclic load-
ing and depends on the passed tonnage. The nature of loading at the same value of the passed
tonnage can differ significantly depending on the types of railway vehicles passing through this
section, their quantitative ratio, the degree of loading and the speed of movement. In addition,
even vehicles of the same type may have different wheel diameters, profiles of wheel rolling sur-
faces and other parameters, which also affects the nature of the loading. Modelling the dynamics
of the movement of railway vehicles in the UM allows the user to create the load blocks taking
into account the above factors.

To simulate the process of accumulation of RCF damage in the rail material, the dynamics of
the movement of railway vehicles is simulated either on a tangent track section or on a curve
track section. The number of rail cross-sections is set, in which the contact forces from each
wheel of the passing vehicle are calculated. The number of such sections should be sufficient to
provide representative statistics about the forces and position of the wheel on the rail. In the
UM RCF Rail module the accumulated fatigue damage in these sections are summed up and
assigned to one cross-section, which will be referred to below as the control section of 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 intensively. Even 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 patch will change, and hence the posi-
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 adjacent
to the contact. When using the finite element method, the nodes of the FE model can be used as
such points. For 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 patch size will be
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 satisfied.
But with a large number of degrees of freedom of the system, it will take considerable time to
solve the contact problem and determine the stresses at the 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 the
contact is used in the module. Its dimensions are taken such that the stresses on the surfaces by
which it cut is out will be relatively small.

1.5.1. Input data

Necessary data for modelling of the accumulation of RCF damage in the UM RCF Rail
module is generated during process of simulation of dynamics of a railway vehicle in the
UM Loco module (Chapter 8) with help the UM Loco/Rail Profile Wear Evolution tool
(Chapter 16). In Figure 1.58 the Object simulation inspector window with settings of the evo-
lution project of the rail profile is shown.
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Figure 1.58. Settings of the evolution project of the rail profile in UM Simulation

It is necessary to enable the Save dataset for rolling contact fatigue prediction check box
in the Rolling contact fatigue parameter group. In the drop-down list of the Rail item the user
can select the rail for which the process of accumulation of RCF damage needs to be simulated:
left, right or left and right. The item Number of section specifies the number of rail cross sec-
tions, in which the contact forces 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 bina-
ry *.rld file will be created in the RailWear folder located in the rail profile wear evolution pro-
ject. The same folder contains files with wear simulation results and evolution project settings.
The file with input data *.rld includes in the title the name of the rail profile file and its identifi-
cation — left "I" or right "r".

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

—the Young’s modulus and Poisson's ratio of material of the rail;

— the number of the points of the rail profile and their coordinates;

— the tonnage, number of numerical experiments, statistical weight of the experiment, mass
passing through the calculated section;
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— the number of loading cycles;
— the data about contact for each loading cycle — the 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 hard disk. Each *.rld file can be up to
several gigabytes depending on the evolution project settings.

Figure 1.59 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

Figure 1.59. Reference system for 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 with a sufficient precision of solution. The
profiles of the rolling surfaces of the wheel and rail from the input data file are specified by the
coordinates of points located along the contours with step of 0.1 mm. For analysis of the stress
state in the contact region it turned out to be appropriate to apply the meshes with the size of the
element of 1 mm for three-dimensional (3D) FE models. Nevertheless, when using the fragments
that include regions adjacent to the contact surfaces of such sizes at which the stresses are small
on the surfaces of extraction of the fragment, the FE model contains a big number of the degrees
of freedom. In 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 of a rail fragment starts with the creation of a two-dimensional
(2D) flat mesh composed of the quadrangular finite elements. It is created on the base of nodes
placed on the rail profile with step of 1 mm (Figure 1.60). 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 the rail. Then 3D FE model is generated. 2D mesh is dragged along the
longitudinal axis of the rail (Figure 1.61).Dimension of the FE model at the longitudinal direc-
tion is 50 mm. This dimension is chosen with taking into consideration that contact patch length
does not exceed 50 mm in any case.
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Figure 1.60. 2D mesh for construction of 3D FE model of rail fragment

The thickness of the fragment of 10 mm ensures sufficient accuracy of the solution when us-
ing an elastic foundation. The most probable dimension of the semiaxis a of the contact patch
does not exceed 10 mm 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 stresses at the selected size of the fragment.
Nevertheless, the resulting scheme is characterized by a large number of degrees of freedom. For
example, the FE model presented in Figure 1.61 contains 48 807 nodes and has 146 421 degrees
of freedom. Therefore, in order to decrease the computation time a fragment of this FE model
will be used in calculations (see Sect. 1.5.3).
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Figure 1.61. 3D FE model of rail fragment

The stiffness matrix of the obtained 3D FE model of the rail consisting of eight-node finite
elements is formed. At 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 the UM Loco module the model of contact forces of
W. Kik and I. Piotrowski [29] and the Kalker CONTACT model [30] are used (Chapter 8,
Sect. 8.4.2.5.2. "Parameters of inertial rail contact™). The UM Loco/Multi-point Contact Model
tool is required for the W. Kik and I. Piotrovski model and the UM Loco/CONTACT add-on
interface tool for applying the CONTACT program.

Normal and tangential traction are calculated at the nodes of the 2D mesh located on the con-
tact surface. The mesh is created as follows: the contact patch is divided into strips of the same
width oriented along the rolling direction, and then each strip is divided into the same number of
elements having the same dimensions within the strip (Chapter 8, Sect.8.3.1.2.2.3.
"FASTSIM™). The contact pressure and the forces acting on the plane of each element are deter-
mined. The calculated forces are attributed to the center of gravity of the element. The number of
the strips and elements is set by the user. Since during the rolling of the wheel along the rail the
contact patches change their shape and size, the 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 rail fragment it is neces-
sary to apply the forces obtained as a result of solving the contact problem to the nodes located
on the contact surface. However, the nodes of the mesh created during the solution of the prob-
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 mesh located on the contact surface are calculat-
ed using a linear interpolation. At that the position of the meshes relative to each other is unique-
ly determined by the coordinates of the rail profile points, on the basis of which these meshes are
created.

The procedure for determining the stresses at the nodes of the FE model of the rail for each
loading cycle begins with the separating a fragment (Figure 1.62a) from the initial FE model (see
Sect. 1.5.2). The dimensions of the mesh of the fragment adjacent to the contact surface are cho-
sen so that they are 3 mm bigger than the contact patch in each direction. Separated fragment has
a thickness as the initial 3D FE model.

The application of the FE fragment on the elastic foundation [31] as the design scheme al-
lows to determine the stresses and the strains in 3D region adjacent to the contact surface without
any type of simplified assumptions like these: a contact patch has shape of circle or ellipse, to
selection of the critical plane, to assumption that it is in a state of plane deformation. Use of such
fragment allows decreasing the computation time essentially [31], [32], [33], [34].

During construction of the initial FE model the components of its matrix of stiffness are cal-
culated. To the nodes located on all surfaces of the separated fragment except the contact surface
the elastic constraints are applied (Figure 1.62b). The stiffness of the constraints is assumed to be
10" N/m in accordance with the recommendations given in work [34].

Components of the stiffness matrix of the finite 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 nodes locat-
ed on the edges they are divided into four.


08_um_loco.pdf
08_um_loco.pdf

Universal Mechanism 10 1-78 Chapter 25. Rolling Contact Fatigue

D
. ““
CREINE
St
RO S SOTS IS
SRt
‘:‘3:‘3\“:\‘ SRR
s

SaNNR
St
SRR )
S
o
:‘38333“::“‘« TR
3 4
St
e \\“‘:““‘.““o stk
T
(el
O
atiasiaty
Sty

AT
Basiuety

Figure 1.62. 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 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 separated
fragment (Figure 1.62c). 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. The
number of nodes of the fragment in the rolling direction is considered as the path of the i-th node
of the cross-section of the rail fragment (Figure 1.5). Then each node from this chain is the j-th
position occupied by the i-th 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 plane
of symmetry of the FE model of the rail fragment. During simulation of the process of accumula-
tion of RCF damage they are compared with damaging values from given RCF curve.

The areas of equal values of the combined criterion ogr In the color and the isolines of the
values of the criterion are shown in Figure 1.63. The biggest oz = 257 MPa is obtained for the
node located at the depth of 4 mm below the contact surface.
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Figure 1.63. Areas of equal values of the combined criterion gz in the cross-sectionof the rail
contained in the plane of symmetry of contact:
1-6 are numbers of isolines ogcF, the value of isoline is 36.71 MPa

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 wear diagram is multiplied by a scale factor. A similar approach
is applied to the process of modelling the accumulation of RCF damage in the rail material. De-
pendence (1.2) for calculating the RCF damage Q accumulated in the n-th node is transformed to

the form
Nit Nexp N;

B0 el

where N;; is the number of iterations of rall profile wear simulation;

Neyp is the number of numerical experiments;

N; is the number of loading cycles for the i-th numerical experiment;

M;; is the tonnage assigned to one wear iteration;

M., 1S the mass passing through the calculated section;

; s the weight of the i-th numerical experiment;

N, (j) is the number of cycles until the appearance of fatigue failure, when the criterion value
is equal to gz

The listed above parameters are set in the evolution project. For details, see Chapter 16 of the
user manual.

The number of cycles until arising fatigue defects for the nodes located in the plane of sym-
metry of the FE fragment is calculated using the Eq. (1.1). Then the accumulated damage in
these nodes is determined by summing the damage in accordance with dependence (1.39).

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

1) Select the "Tonnage™ option, i.e. the damages will accumulate without limits until calcula-
tions will be performed for all wear iterations specified in the evolution project.



16_um_predicting_railway_profile_wear.pdf

Universal Mechanism 10 1-80 Chapter 25. Rolling Contact Fatigue

2) Set the limiting value of the accumulated damage Q.

User can also set the minimum value of the damaging stress in accordance with the selected
RCF criterion. During simulation of the accumulation of RCF damage the cycle is considered as
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 already been noted in Sect. 1.2.4 that during testing the specimens of the wheel steel
under rolling contact fatigue without presence of a lubricant in the contact the damage is not ob-
served even at very high pressures. This 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 give the un-
derstated number of cycles until 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 surfaces. Such con-
ditions are harder than the real service conditions of the wheels. Railway transport is widely used
for the transportation of passengers and goods on mainline railways, tram lines and metro lines,
in industrial zones, and in the mining industry. In outdoor conditions rainwater and condensate
are the natural lubricants in the wheel-rail contact. Obviously, depending on weather conditions
such lubricant is not always present in the contact. Therefore, statistics show that the RCF dura-
bility of the rails is higher than that of the laboratory specimens.

In order to obtain the results that are closer to the statistical operational data, the so-called
"lubrication coefficient” K;,;, is introduced in the UM RCF Rail module. This coefficient is set
by the user. It is dimensionless and ranges from 0 to 1. The coefficient is calculated for the spe-
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 rainy
days per year, typical for this region, to the number of all days 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 accumulation of RCF

damage, a modified form of the dependence (1.39) is used in the calculations
Nit Nexp N;

Q= Klubz ) z T (140

=1 i=1 j=
The default lubrication factor K;,,; is 0.33.

1.5.6. Consideration of rail profile wear

Since the processes of wear and accumulation of RCF damage are inextricably linked, the da-
ta needed for modelling of the accumulation of RCF damage in the UM RCF Rail module is
created using the UM Loco / Rail Profile Wear Evolution tool (Chapter 16).

Let us introduce the concept of rail wear iteration. Within the framework of this section, the
rail wear iteration is a series of calculations within which the profile of the rolling surface of the
rail does not change.

For accumulation of RCF damage in the UM RCF Rail module the FE model of the rail
fragment is used (Sect. 1.5.2). At the each rail wear iteration this model is reconstructed. A new
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FE mesh is created based on the worn rail profile. The damages calculated by means interpola-
tion of the damages accumulated in the nodes of the mesh at the previous rail wear iteration are
assigned to the obtained nodes of the new mesh. Then the procedure of accumulation of RCF
damage in the nodes of the new FE mesh of the rail is repeated.

The Figure 1.64 shows the distribution of accumulated damage in the control section of the
rail R65 [38] on the tangent track section after the passed tonnage of 10 and 50 million tons.

Figure 1.64. Isochromatic lines of accumulated damage in the control section of the rail with
R65 profile [38] after the passed tonnage: a — 10 Mt; b — 50 Mt

The number of rail wear iterations, total tonnage and tonnage at one rail wear iteration are
determined by a set of parameters set in the rail profile evolution project.

The required parameter group is located on the Rail profile wear | Wear parameters tab in
the scan project window (Figure 1.58).

e Number of iterations = 100;

e Tonnage per iteration = 1E06.

For example, for the given values in accordance with the formula (16.19) in Sect. 16.2.1.
"Rail profile wear simulation™ of Chapter 16 the total tonnage is

Mo = NieM; = 100 - 1E06 = 100 Mt
The number of contact problems N that must be solved at one rail wear iteration when mod-

elling the process of accumulation of RCF damage is determined by the dependence
Nexp

N = Z Nsect Ny,
i=1

where N, is the number of numerical experiments;


16_um_predicting_railway_profile_wear.pdf

Universal Mechanism 10 1-82 Chapter 25. Rolling Contact Fatigue

N 1S the number of cross-sections of the rail in which the contact forces from each wheel
of the passing vehicle are calculated;

N,, is the number of wheelsets of vehicles included in the numerical experiment.

The number of calculated sections N, is set by the Number of section parameter on the
Rail profile wear | Wear parameters tab in the scan project window. An increase in the value
of this parameter makes the set of statistical data on wheel-rail contacts obtained as a result of
modelling the movement of vehicles more representative, but increases the computation time
spent on modelling the process of accumulation of RCF damage.

The required number of rail wear iterations and the passed tonnage per iteration are deter-
mined by testing a specific model. A big value of the Tonnage per iteration parameter can lead
to a violation of the smoothness of the rail profile on the local section (Figure 1.65) or to the de-
generation of the profile (see Sect. 16.1.1.3. "The wear simulation parameters. The profile-
updating procedure™” of Chapter 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 iteration. As indicative value of the
Tonnage per iteration parameter 1 million tons can be recommended.

——

|

Figure 1.65. 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 data file for modelling of the accumulation of RCF damage in the rail is created in
UM Loco (Chapter 8) module with help UM Loco/Rail Profile Wear Evolution tool (Chapter
16), see Sect. 1.5.1.

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

Another way to run the module is using the Start button and then All programs | Universal
Mechanism 10 | Tools | UM Rolling Contact Fatigue of Rail menu item. After running
UM RCF Rail module user needs to open the *.rld file with help File | Open menu item or

|E| button on the Standard toolbar.
1.6.2. Interface of module

Interface of the UM RCF Rail module is presented in Figure 1.66.

f =N
|#] UM Ralling Contact Fatigue of Rail - r63new_l.rd =RneN X~ |
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=1 | @ .
e 1] =] 0
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Figure 1.66. Interface of UM RCF Rail module
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In the top of the window the title bar, menu bar, Standard toolbar and Design 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, the Information Panel is attached to the left side of the window and is al-
ways visible whenever the module is run.

The user can show or hide the toolbars and Information Panel and change its settings by the
View | Toolbars and Docking Windows menu or using the context menu by clicking the right
mouse button. The user can also change the interface of the module window using the View |
Application Look menu.

The workspace of window is intended for the graphical displaying of design scheme and re-
sults of calculations. If the data for calculation is loaded, in the center of the workspace always is
displayed the rail profile and FE mesh. All display modes can be switched on or off, for exam-
ple, using the buttons on the Design Scheme toolbar. If during calculations the coloring modes
are switched on, the equivalent stresses in the plane of symmetry of FE fragment of the rail are
shown in the center of the workspace. The cumulative RCF damage in the same plane is shown
on top. The color scale for estimate of the level of accumulated 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 loaded. In
Figure 1.67 the dialog box is shown, which appears on the screen with help the Design Scheme |

: 7
Parameters... menu item or button .

The appeared dialog box has four tabs: Calculation, Material, Residual stresses and Visu-
alization. The Reset to default button allows returning to the initial values of the parameters at
the selected tab. The changed parameters are saved only after clicking OK. Otherwise, the
changes will not be saved.

1.6.3.1. The «Calculation» tab

The Calculation tab is shown in Figure 1.67.

Modelling of the process of accumulation of RCF damage in the UM RCF Rail module pro-
vides two variants of the finish of calculation:

1) passing through the control section of the rail of all vehicle configurations specified for
the simulation of the dynamics of movement in the UM Loco module (passed tonnage);

2) reaching of limit of the accumulated damage sum in the rail point.

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

In the second case user has to set the limit value of accumulated damage sum. The accumula-
tion of RCF damage at the point of rail is calculated by using the Eq. (1.40), the accumulation of
RCF damage in the nodes of FE scheme is reviewed in Sect. 1.5.4. After reaching of limit of the
cumulative damage sum the calculation will be continued until the finish of the current rail wear
iteration (see Sect. 1.5.6).

By default, the first option is selected — the Tonnage item.
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Figure 1.67. The Parameters dialog box, the Calculation tab

The Simulate damage in the side of the rail item (Figure 1.67).

The UM RCF Rail module makes it possible not to simulate the process of accumulation of
RCF damage in the side of the rail. By default, the Simulate damage in the side of the rail item
is enabled. If the user deactivates this option, he needs to specify the section of the rail profile
that will be considered side. The Coordinate x of the side start (mm) parameter is used for this
purpose, see Figure 1.67. The default value of this parameter is 28 mm. The coordinate is set in
the reference system shown in Figure 1.59. 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 the
side part, is considered the side part of the rail.

The purpose of the Lubrication factor parameter (Figure 1.67) is described in detail in
Sect. 1.5.5.

The value in the Number of threads cell determines the number of threads to perform calcu-
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 or-
der to keep the performance of the operating system during calculations.
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If the calculation parameters on the Calculation tab have been changed (except for the num-
ber of threads), then after clicking the OK button, a dialog box appears, see Figure 1.68.

rUMRCFR,aiI l r

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

b

Figure 1.68. Dialog box — request to remove the results of the calculation

The No button means that the parameter changes will not be saved.
The Yes button means that the 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 «Material» tab

The Material tab is shown in Figure 1.69.

Young’s modulus E (2-10™ Pa is the value by default), Poisson's ratio x (0.3 is the value by
default) and yield strength (8-10° Pa is the value by default) can be assigned at the tab.

Damage accumulation is calculated on the assumption that the rail material works under con-
ditions of elastic shakedown. But 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 condi-
tion of elastic shakedown, leads to unrealistic high values of the strain intensities and stress in-
tensities. 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 function (1.1), see Sect. 1.2.4. The values of the mate-
rial constants C and m in this expression are assigned depending on the chosen RCF criterion. A
criterion can be chosen in the RCF criteria group box. The criteria are described in the follow-
ing sections:

1) The criterion of the amplitude of maximum shear stress — see Sect. 1.2.5.1.

2) The Dang Van criterion — see Sect. 1.2.5.2.

3) The combined criterion — see Sect. 1.2.5.3.

The RCF curves for steels with different chemical composition and values of the material
constants C and m for these criteria are given in Sect. 1.2.8.

The user can also set the minimum value of the damaging stress according to the selected
RCF criterion. During modelling of the process of accumulation of the RCF damage the cycle is
considered as damaging if the value of the criterion exceeds this limit. This minimum value is
equal to zero by default.
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Figure 1.69. The Parameters dialog box, the Material tab

If any of the parameters at the Material tab was changed, then after clicking the OK button
the dialog box appears as shown in Figure 1.68.
The No 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.

1.6.3.3. The «Residual stresses» tab

The Residual stresses tab is shown in Figure 1.70.

With help of this tab the user can include in the calculation two types of residual stresses: re-
sidual technological stresses in the rail after manufacture and any other type of residual stresses,
for example, arising in the rail during operation. Residual stresses data is stored in the text files.

The approaches to modelling of the process of accumulation of RCF damage accounting the
residual stresses for the wheel and the rail 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

Figure 1.70. The Parameters dialog box, the Residual stresses tab

1.6.3.4. The «Visualization» tab

The Visualization tab is shown in Figure 1.71.

The design scheme can be moved in the window in any direction in the plane of the screen
using the arrow keys on keyboard (or the left mouse button), it can be scaled using the «Gray +»
and «Gray -» buttons on keyboard (or the mouse wheel). All these operations are performed dis-
cretely with a determined step. The step values can be changed at the Visualization tab. The
steps are set in conventional units.

Also the background color of the workspace of window, the color and width of the lines for
displaying the rail profile, FE mesh and isolines can be assigned on the tab.
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[ Parameters ﬁ"

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 ]

Figure 1.71. The Parameters dialog box, the Visualization tab

1.6.4. Imaging modes

The several types of the imaging modes of design scheme and calculation results, which can
be switched on or off in the various combinations with each other, are implemented in the mod-
ule.

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

— choose the Design Scheme | Starting position menu item;

— click the button |@| at the Design Scheme toolbar;

— click the Home key on the keyboard;

— right-click in the workspace of window, choose the Starting position item in the appeared
shortcut menu.
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1.6.4.1. The «kMesh» mode

The Mesh imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Mesh menu item;

— click the button DD at the Design Scheme toolbar;

— click the 1 key on the keyboard.

The mesh consisting of quadrangular elements, which is located at the plane of symmetry of
the FE fragment of rail, is displayed in the center of workspace of the window (Figure 1.60). If
with the enabled Mesh mode the Color visualization of damage mode is enabled, then the simi-
lar mesh is displayed in the top of window at the median plane of rail fragment, where the pro-
cess of accumulation of RCF damage is illustrated.

The mode is automatically activated when the data is loaded.

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

The Rail profile imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Rail profile menu item;

— click the button LA at the Design Scheme toolbar;

— click the 2 key on the keyboard.

The rail profile is displayed in the center of workspace of the window (Figure 1.66). If with
the enabled Rail profile mode the Color visualization of damage mode is enabled, then the
similar rail profile is displayed in the top of window, where the process of accumulation of RCF
damage is illustrated.

The mode is automatically activated when the data is loaded.

Note. The Rail profile mode is always available if the data for calculation is loaded.
1.6.4.3. The «Color visualization of damage» mode

The Color visualization of damage imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Color visualization of damage menu item;

0

— click the button W’J at the Design Scheme toolbar;

— click the 3 key on the keyboard.

In the top of window the cross-section of the rail is displayed, in which the distribution of the
accumulated RCF damage with help coloring is shown (Figure 1.66). The coloring is performed
for each quadrangular element of the flat mesh. The color of the node is chosen depending on the
value of the accumulated RCF damage according to an estimation scale. Then the resulting col-
ors from the four vertices are mixed in the 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 level of accumulated
RCF damage is displayed.
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Note. The Color visualization of damage mode is available if the data for calculation
is loaded and the calculation has been done.

1.6.4.4. The «Color visualization of stresses» mode

The Color visualization of stresses imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Color visualization of stresses menu item;

5

— click the button W’J at the Design Scheme toolbar;

— click the 4 key on the keyboard.

In the center of the workspace of window the cross-section of the rail is displayed, in which
the distribution of the equivalent stresses with help coloring is shown (Figure 1.66). The coloring
is performed for each quadrangular element of the flat mesh. The color of the node is chosen de-
pending on the value of the equivalent stresses according to an estimation scale. Then the result-
ing colors from the four vertices are mixed in the plane of the element according to a linear law.
In the right side of the workspace of window the color scale for estimation of the level of equiva-
lent stresses is displayed.

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

1.6.4.5. The «Isolines» mode

The Isolines imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Isolines menu item;

— click the button ﬁa at the Design Scheme toolbar;

— click the 5 key on the keyboard.

The mode is intended for displaying the lines of equal values of the component — isoparamet-
ric lines. The mode supports six isolines, that is, the component is divided into seven levels. If
the Color visualization of stresses mode is enabled, then in the center of the workspace of win-
dow the cross-section of the rail is displayed, in which the isolines of equivalent stresses are
shown (Figure 1.66). If the Color visualization of damage mode is enabled, then in the top of
the workspace of window the cross-section of the rail is displayed, in which the isolines of ac-
cumulated RCF damage are shown (Figure 1.66).

Note. The Isolines mode is available if the data for calculation is loaded, the calculation
has been done and the Color visualization of damage mode or Color visualiza-
tion of stresses mode is enabled.

1.6.4.6. The «Maximum damage» mode

The Maximum damage imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Maximum damage menu item;

— click the button EID at the Design Scheme toolbar;
— click the 6 key on the keyboard.
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In the top of the workspace of window the cross-section of the rail is displayed, in which the
node with the biggest accumulated RCF damage is marked by the white circle (Figure 1.66). The
value of the biggest damage can be viewed at the Information Panel in the Calculation parame-
ters group box (Figure 1.73).

Note. The Maximum damage mode is available if the data for calculation is loaded,
the calculation has been done, the Color visualization of damage mode is ena-
bled and the biggest accumulated damage more than zero.

1.6.4.7. The «<Accumulated damage» mode

The Accumulated damage imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Accumulated damage menu item;

L]

— click the button "J at the Design Scheme toolbar;

— click the 7 key on the keyboard.

If the Color visualization of damage mode is enabled, then in the top of the workspace of
window the cross-section of the rail 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 is
shown. If the Color visualization of stresses mode is enabled, then in the center of the work-
space of window the cross-section of the rail is displayed, in which the nodes of FE mesh are
marked by the points, beside each node the numerical value of equivalent stress in this node is
shown.

Note. The Accumulated damage mode is available if the data for calculation is loaded,
the calculation has been done and the Color visualization of damage mode or
Color visualization of stresses mode is enabled.

1.6.4.8. The «Numbers of the nodes» mode

The Numbers of the nodes imaging mode can be enabled or disabled in three ways:
— choose the Design Scheme | Numbers of the nodes menu item;

— click the button at the Design Scheme toolbar;

— click the 8 key on the keyboard.

In the center of the workspace of window the cross-section of the rail is displayed, in which
the nodes of FE mesh are marked by the points, beside each node its number is shown. If the
Color visualization of damage mode is enabled, then the numbers are shown beside the nodes
of the cross-section of the rail in the top of the workspace of window, where the process of ac-
cumulation of RCF damage is illustrated.

Note. The Numbers of the nodes mode is always available if the data for calculation is
loaded.

1.6.4.9. The «Residual stresses» mode

The Residual stresses imaging mode can be enabled or disabled in two ways:
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— choose the Design Scheme | Residual stresses menu item;

]

— click the button u;"J at the Design Scheme toolbar.

In the center of the workspace of window the cross-section of the rail is displayed, in which
the distribution of one of the components of residual stresses with help coloring is shown. The
coloring is performed for each quadrangular element of the flat mesh. The color of the node is
chosen depending on the value of the stress component according to an estimation scale. Then
the resulting colors from the four vertices are mixed in the plane of the element according to a
linear law. In the right side of the workspace of window the color scale for estimation of the lev-
el of selected stress component is displayed.

The component of residual stresses for displaying can be chosen at the Residual stresses dia-
log box (Figure 1.72). To open the dialog box select the Design Scheme | Choice of component

menu item or click the button E'j at the Design Scheme toolbar.

Note. The Residual stresses mode is available if the residual stresses data is loaded
(see Sect. 1.6.3.3).
[ Residual stresses I,ﬁ,r

Transwverse siresses ox

Vertical stresses ay

@ Longitudinal stresses oz
Shear stresses Tuy
Shear stresses Tyz

Shear stresses Tz

[ QK ] | Cancel |

A

Figure 1.72. Selection of residual stresses components for displaying

1.6.5. Performing calculation

The calculation can be started in the following ways:
— choose the Design Scheme | Run menu item;

— click the button b at the Design Scheme toolbar;

— click the F9 key on the keyboard,;

—right-click in the workspace of window, choose the Run item in the appeared shortcut
menu.

The calculation is performed sequentially for each of the rail wear iteration in accordance
with the initial data in the rld file.
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If the condition for the end of the calculation is the achievement of the limit value of the ac-
cumulated damage at the point of the rail, and it is reached before the calculations were per-
formed at all the rail wear iterations, then the procedure ends, and the calculation for the remain-
ing rail wear iterations is not performed. If the condition for the end of the calculation is the
passed tonnage, then the calculation is performed at all rail wear iterations.

The Information Panel allows monitoring the status of the calculation (Figure 1.73).

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

Figure 1.73. The Information Panel

After completion of the calculation the program displays a corresponding message in the dia-
log box on the screen.

The calculation can be stopped in the following ways:

— choose the Design Scheme | Stop menu item;

— click the button = at the Design Scheme toolbar;
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— click the Esc key on the keyboard;
—right-click in the workspace of window, choose the Stop item in the appeared shortcut
menu.

1.6.6. Saving the results of calculation

|

The simulation results can be saved by means the File | Save menu item or the button
on the Standard toolbar. This option is not available during the calculation running.

Note. The autosave of results after the completion of calculation for each rail wear it-
eration is supported.

The calculation results are saved in two files. Both files have the same name as the rld file
and are located in the source data folder.

The first file is binary and it has the *.rcfresults extension. The data from this file are used to
display the calculation results in the UM RCF Rail module and are loaded by the program au-
tomatically when opening the file with input data rid.

The second file is a text file with the extension *.csv. This file allows the user to open the
calculation results in Excel tables.

In addition, during the calculation process, a protocol file is created in the source data folder
in text format, which contains information about the calculation progress.

1.6.7. Deleting the results of calculation

The calculation results can be deleted in the following ways:
— choose the Design Scheme | Delete results menu item;

— click the button = at the Design Scheme toolbar;
— click the Delete key 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 first rail wear iteration the options are available
allowing to navigate through the list of rail wear iterations in two directions: from the first to the
last and back.

These options can be used in the following ways:

— choose the Design Scheme | Previous profile or Design Scheme | Next profile menu
items;

4 | DD

— click the button or at the Design Scheme toolbar;

— click the PgDn or PgUp key on the keyboard.

At that the calculation results for selected rail wear iteration are displayed at the Infor-
mation Panel and the workspace of window.
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At the Status group box of the Information Panel the general information is displayed: the
rail — left or right, the number of the profile — the number of rail wear iteration, the total number
and number of solved contact problems for the current rail wear iteration, the percentage of
overall progress of the calculation (Figure 1.73).

First of all, when analyzing the calculation results, the value of the biggest accumulated dam-
age at the point of the rail and the passed tonnage are of interest. These parameters can be seen at
the Calculation group box of the Information Panel (Figure 1.73). If the calculation was car-
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 tons gross could still be passed
through the control section of rail with the reached level of accumulated damage. The predicted
tonnage is determined by dividing the tonnage by the biggest accumulated damage.

The point of the rail with the biggest accumulated damage can be marked on the design
scheme at the workspace of window with help the Maximum damage imaging mode (see
Sect. 1.6.4.6). The depth at which this point is located under the rolling surface of the rail can be
determined using the Mesh imaging mode, starting from the fact that the side size of the finite
element of the mesh is 1 mm (see Sect. 1.6.4.1). The Color visualization of damage mode (see
Sect. 1.4.4.3) and Isolines mode (see Sect. 1.4.4.5) allow representing the distribution of accu-
mulated RCF damage in the cross-section of the rail.

File with *.csv extension (see Sect. 1.6.6) allows the user to open the calculation results in
Excel tables and create graphs for preparing a report.

Using the results from the first data block, it is possible to plot the dependence of the accu-
mulated damage at the dangerous point of the rail material on the tonnage. An example of such a
graph is shown in Figure 1.74.
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Figure 1.74. Dependence of accumulated damage at the dangerous point
of the rail material on the tonnage

The data of the second block allows constructing a diagram of the accumulated RCF damage
in the dangerous section of the rail. By the dangerous section we will mean the longitudinal sec-
tion of the rail containing the dangerous point, i.e. the point with the biggest accumulated RCF
damage. To construct the diagram the values of the accumulated damage at the nodes of the FE
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mesh of the cross-section of the rail fragment belonging to the dangerous section are used. The
example of such sequence of the nodes is shown in Figure 1.75a. The abscissa axis is the x axis
in the coordinate system shown in Figure 1.59. The graph of the dependence of the accumulated
damage in the nodes of the dangerous section of the rail on their coordinate x is shown in
Figure 1.75b.
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Figure 1.75. Diagram of accumulated RCF damage in the dangerous section of the rail

The second block also contains the data allowing to construct the surface of accumulated
damage in the cross-section of the rail fragment. The x coordinate of the node is plotted along the
abscissa in accordance with the frame of reference shown in Figure 1.59. The ordinate is the
depth at which the node is located below the rolling surface. The value of the accumulated dam-
age in the nodes of the FE mesh of the cross-section of the rail fragment is plotted along the ap-
plicate. The example of such surface is shown in Figure 1.76.
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Figure 1.76. Accumulated damage surface in the cross-section of the rail fragment
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1.6.9. Sample of simulation of accumulation of damage in the rail

Let us consider an example of modelling of the process of accumulation of RCF damage in
the rail.

To prepare the initial data, let us simulate the wear process of the P65 rail [38] in a tangent
section of the track when a loaded freight car passes along it on three-piece bogies of model 18-
100 at speeds of 40, 60 and 80 km/h. The track irregularities correspond to the track of a bad
quality according to the UIC standard. The car model is supplied with the UM software and it is
available in the library {UM Data}\samples\Rail_Vehicles\simple_18 100.

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

Make sure that the unit of measure for speed is m/s (meters per second) in the program. Set
the m/s value on the Speed unit toolbar.

Speed unit
Jkmfh @ mfs

In the scanning project window open the Alternatives tab and add a new family of alterna-
tives using the = button. In the opened window select the model of the freight car sim-
ple_18 100. The selected model appears in the Family of alternatives list.

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

Open the Rail vehicle | Wheel/Rail | Wheels | Profiles tab. Clear the list of Set of wheel

profiles by deleting the default profiles using the button i} Add the newwagnw.wpf profile to
the list Set of wheel profiles from the {UM Data}\rw\prf directory using the = button and as-
sign it to all wheels.
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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

Open the Rail vehicle | Speed tab and select the mode of longitudinal motion v = const. In
the Body item of the Speed control parameters section select the simple_18 100.Car body
from the drop-down 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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Open the Integration | Simulation process parameters tab. Set the value 1E-7 in the Error
tolerance item. Enable the check boxes Computation of Jacobian and Jacobian for wheel/rail

forces.

s

i Sample for UM Manual - scanning

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

Stop simulation on wheel derailment

Open the Hierarchy of parameters tab. Add a new group of parameters using =3 button
and name it Speed. Click the vO parameter in the hierarchical list List of parameters. In the
opened window Changing parameter values set the values 11.111, 16.667 and 22.222 (m/s)
and the weights 0.3, 0.5 and 0.2 accordingly for these values, as shown in figure.

=h|HEH ==
General | Alternatives |F‘.ail profile wear | Fun | F‘.esultsl
-+ ﬁ Hierarchy of parameters | Tree of alternatives I Identifiers | R.ail vehide
. ) Initial conditions | Variables | Integration | Tools I External libraries
Family of alternatives
Simulati te )
Caption imulation process parameters | Solver options |
simple_18_100 5_D|UEF Type of solution
(7 BOF _
“I ABM (7 Mull space method (NSM)
i@ Park
- Gear 2 (@ Range space method (RSM)
() Park Parallel
Step size for animation and data storage (0,005
Error tolerance

-

|#] 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 the Changing parameter values window and return to the scanning project window.
After the performed actions the hierarchy of parameters for the family of alternatives sim-
ple_18 100 will 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 4.5peed b [ w0=20 (Speed
2oyl [11.111; 16.667; 22.227]; -Total 3 | § i D cz=3.13071EE

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

Open the Rail profile wear | Wear parameters tab and set the following values for the wear
parameters:

e Number of iterations = 10;

e Tonnage per iteration = 10°;

e Width of wear accumulation interval (mm) = 1;

e Interrupt of simulation on degeneration of profile = yes;

e Start of wear section = 50;

e End of wear section = 850;

e Save list of variables every = 1 iteration;

e Wear model = Fleischer;

e Wear coefficient (m*/J) = 1.6-10*;

e Save dataset for rolling contact fatigue prediction = yes;

o Rail = left;

e Number of section = 100.
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s =

i£if 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)

=rval of wear averaaging alona track 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 the Rail profile wear | Track | Model and parameters tab and set the following val-
ues for the parameters:
e 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::sgpan::nmvatr}-I I Irregulariﬁes|

Track model
Massless track @ Moving rigid body track Flexible track

Parameters

Open the Rail profile wear | Track | Macrogeometry tab and set the Track 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|

(") 5-Curve ) From file
Switch

.

Open the Rail profile wear | Track | Irregularities tab, set the Track type to Uneven and
Type of irregularities to From file. Set the group of irregularities uic_bad_1000m.tig for the

rails from {UM Data}\rw directory using the = Load group of irregularities from file button.

-

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 Macrogeometry | Irregularities |

Open the Rail profile wear | Profiles tab and set the r65new.prf profile from the {UM Da-
ta}\rw\prf directory for the both rails. For more information on the assignment of rail profiles,
see Chapter 8, Sect. "Assignment of rail profiles". Set the Gauge measuring interval (mm)

Track type
(71 Even

Type of irregularities
(@) From file Identifiers

(7 Deterministic (7 File +deterministic

Files | 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

to 14. Set the following values for the parameters:

Rail inclination (rad) = 0.05;
SCR-SCW distance (mm) = 5.15;
Gauge measuring interval (mm) = 14,
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i£if Sample for UM Manual - scanning = ([ B[]
| General | Alternatives | Rail profile wear |F'.ur1 | F'.esultsl
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Open the Rail profile wear | Wheel-rail contact tab. Select the Kik-Piotrowski contact

model and set the following values for the contact parameters:

e Young's modulus =2.1-10";
e Poisson's ratio = 0.27;

e Shear yield stress = 3-10%;

e Width of strip (mm) = 10;

e Minimum number of strips = 20;
e Number of elements = 20;

e Interpenetration factor = 0.55;
e Damping ratio = 0.01.

g

i Sample for UM Manual - scanning

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

Contact model

@) Kik-Piotrowski
Contact parameters
Young's modulus
Poisson's ratio

Shear yield stress
Width of strip {mm})
Minimum number of strips
Mumber of elements
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Damping ratio

Use contact points lookup table
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Wear project is ready. Open the Run tab. With the event log window make sure that scan-
ning project contains no errors. Set the required number of processes based on the capabilities of

your computer. Start the simulation by clicking the Run button.
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As a result of the simulation, data were obtained for ten rail wear iterations of the left rail in
the tangent section of the track; the total tonnage is 10 million tons, the tonnage passed at each
iteration is 1 million tons.

Open the RCF project in UM RCF Rail module in any of the ways specified in Sect. 1.6.1.
Change the project settings at the Calculation and Material tabs as shown in Figure 1.77 and
Figure 1.78. Keep the parameters at the Residual stresses tab unchanged. Save the project set-
tings by click OK button at the Parameters dialog box. Run the simulation by the Run button
(see Sect. 1.6.5).

Various possibilities of representation of the calculation results are described in Sect. 1.6.8.
In Figure 1.79, Figure 1.80 and Figure 1.81 the results of simulation of the process of accumula-
tion of the RCF damage in the control section of the rail on the tangent track section are shown.

© -
Parameters @

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 ]

Figure 1.77. RCF project settings on the Calculation tab
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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 ]

Figure 1.78. RCF project settings on the Material tab

0.25
& /
@
£ 0.20 /
)
=]
G 0.15
o
E /
% 0.10
=S
E /
3 0.05
o
T
0.00

0 2 4 6 8 10 12
Tonnage, million tons

Figure 1.79. Accumulated RCF damage at the danger point of the rail material
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Figure 1.80. Diagram of accumulated RCF damage in the dangerous section of the rail
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Figure 1.81. Results of simulation of the process of accumulation of RCF damage

in the material of the rail
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