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25. Rolling Contact Fatigue

25.1. General information

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

Module UM Rolling Contact Fatigue (RCF) represents additional program tool integrated
in UM Simulation program. The indication of presence of the module in current configuration
of UM is sign «+» in the corresponding line of About window (command menu Help | About
program...), figure 25.1.
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Figure 25.1. List of modules in About program window

Module UM RCEF is developed for simulation of accumulation of contact fatigue damages in
railway wheels. The module may be used for implementing of multivariant comparative calcula-
tions, for example for solution of the problem of the wheel tread profile optimization according
to a contact fatigue criterion.

UM RCF allows the user:

e to define the velocity of accumulation of contact fatigue damages in wheels with the differ-
ent tread surfaces by using the data which are obtained by simulation of railway vehicle dy-
namics by means of the UM Loco;

e to take into account wheel profile wear-out effect on the rate of accumulation of contact fa-
tigue damages (module UM Wheel\Rail Wear);

e to represent processes of the stress modeling and the damage accumulation in the wheel
with the help of graphic interface including isolines and coloring.

For modeling processes of contact fatigue damages accumulation in UM RCF the following
assumptions are used.

e  The materials of the contacting bodies are uniform, isotropic and elastic.

e  Geometric forms of contact surfaces exert determinative influence on conditions in contact,
and these conditions depend from structural forms of wheels weakly.

e The temperature level arising in a wheel does not influence on a stress state and mechanical
properties of wheel material considerably.
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UM RCEF requires the UM Loco module. For taking into account the influence of wheel pro-
file wear on rate of contact fatigue damages accumulation, module UM Wheel\Rail Wear is al-
SO necessary.

This manual is compiled as follows. Practical issues are discussed in Sect. 25.5. The descrip-
tion of the algorithms involved in the program is considered in Sect. 25.4. More information
about contact fatigue and methods of solution of the contact problem can be obtained in
Sect. 25.2 and 25.3.
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25.2. Rolling contact fatigue

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

25.2.1. Contact fatigue damages of the railway wheels

Surface contact fatigue damages (figure 25.2a) become apparent as inclined parallel cracks
placed on the rolling circle and spalles from them. This type of defect is named thread checks
(word for word — bursting of the rolling surface). 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. Sec-
tion where such cracks are discovered may be situated at 25 — 40 mm from outside wheel face,
on the middle of tread, in the area adjoining to flange. Within process of increasing of run small
cracks begin to unite forming local spalles. Later local spalles may generate chain of entire
spalles which are objectionable defect and the wheel is liable to turning [2].

Subsurface contact fatigue damages (figure 25.2b) appear at depth 3 — 6 mm and more and
cracks commonly develop towards tread causing spalling in form of shells. However crack may
develop inside of wheel that, in case of many times turned rim, under action of impact load may
result in destruction of wheel [3].

a) b)

Figure 25.2. Contact fatigue damages of railway wheel: a) shallow; b) subsurface
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Spectrum of forces dependent from wheel load, position of wheel on rail, wheel and rail pro-
files, friction forces acts on the wheel tread. Unfavorable combination of worn wheel and rail
profiles at some positions of wheel on rail is the factor which contributes to arising normal and
tangential stresses and thus to arising rate of damages accumulation, as pointed out in [2].

One of features of appearing subsurface contact fatigue damages of wheel is that rim material
under action of normal and tangential forces is in complicated stress state when directions of
main stresses change during cycle and stress components reach maximum values at one time [4].

In case of rolling with sliding under relatively small friction coefficient the maximum tan-
gential stresses causing plastic flow of material is located at depth determined by dimension of
contact ellipse semiaxis. The power law [2] is used for the simulation of damages accumulation.
It is based on the condition that rate of fatigue damages accumulation is connected with ampli-
tude value of maximum tangential stress at the considered point. Parameters of the dependence
are obtained experimentally. It is supposed that linear hypothesis of damages accumulation is
applicable.

Mostly subsurface damages develop in the presence of inclusions (interstices, blowholes) as
well as of heterogeneities of structure. Modeling of plasto-elastic stress state using finite element
method shows [5] that local stresses increase in the area close to the defect and as a result the
plastic deformation has place. It causes residual stresses that may be tensile ones. It helps rising
the crack [2].

However contact fatigue damages may arise in absence of evident material defects [6] at
depth about 4 mm from tread where the reduced stresses reach maximum value exceeding the
fatigue range of material in at the considered point. Such damages arise under large stresses in
cases of unfavorable combination of worn wheel and rail profiles especially of channel-shaped
profile of wear [2], when normal stresses under wheel load 120 kN arise from 1100 to 2300 MPa
and more. Contact stresses arise also at decreasing wheel diameter after repeated wheel turning.

25.2.2. Reduced stress criterion

One of the models that is applied for analysis of fatigue in rolling contact (RCF) at railway
transport is so-called Shakedown Diagram Model. It is guided by shakedown theory of wheel
material [7]. Another approach is based on the Dang Van fatigue criterion based model. Both
approaches take into account the next demands. Firstly, to account the multi-axial stress field
induced in the material by the applied forces. Secondly, railway engineers need a rapid and suffi-
ciently accurate tool in what had been implemented regardless of the vehicle dynamic software
providing time-history of normal and tangential wheel/rail contact interaction P(t), Q(t). These
models are based on different assumptions and reduced stress criteria.

According to criterion based on the Dang Van’s criterion [8], damage occurs if the combina-
tion of the value z,(t) of tangential stress in the most dangerous shear plane and the value o,(t) of
the hydrostatic stress at the considered material point fulfils one or both of following two ine-
qualities during some time portion t;< t < t, of the full stress cycle

T = Ta (D) +apy 0y (1) > 7, @)
’ (25.1)
Teg = 7a(t) —apy 0, (1) <—7, (b)
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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 z,(t), called shear stress amplitude is cal-
culated as the difference between the current magnitude at time t of the rotating shear stress in
the specified plane and its mid magnitude during one cycle;

on(t) is the time-dependent value of the hydrostatic stress at the same material point, positive
when tensile;

7. 1S the material parameter usually taken equal to the fatigue limit of the material in pure
shear, positive;

apy Is a dimensionless material parameter representing the influence of the hydrostatic stress,
positive.

Criteria (figure 25.1a, b) are illustrated in figure 25.3. Since the critical shear plane is un-
known, the fulfillment of the criterion must be examined for all possible shear planes through
each considered point of material. In order to reduce the CPU efforts, instead of the shear stress
in a specified plane, the largest shear stress in a material point i.e. the Tresca shear stress may be
used

T1resca (t) = [01 (t) — 03 (t)]/ 2

where 61, 63 are algebraic largest and least main stress correspondingly.
Using the amplitude of the Tresca shear stress a simplified fatigue criterion is defined as

Tegs = Tatresca(t) T Aoy 0, (1) > 7, ' (25.2)

The damage calculated by criterion (25.2) is a scalar quantity. Only the largest damage in a
material point is identified and different shear planes are not considered.

Ta
Fatigue
A damage

No fatigue damage Ta= Te~0pvOh

Op_
/ o
-Te Tqg= 0pyOp-Te
/ Fatigue
damage

Figure 25.3. Dang Van diagram of cyclical fatigue for uniaxial fatigue damage
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25.2.3. Contact fatigue curve of wheel steel

The wheels of freight cars in the Russian Federation are produced of the Steel 2 (GOST
10791-89), with following chemical composition.

Element Carbon Manganese | Silicon Phosphorus | Sulfur
No more No more
i [0) | | |
Element mass fraction, % | 0,55-0,65 | 0,50-0,90 0,22-0,45 than 0.04 than 0,04

It is allowed content of nickel, chrome and copper no more than 0,25% of each. The wheel
steel has following mechanical properties:

Ultimate strength, MPa 911 -1107
Elongation, % No less 8
Reduction of area, % No less 14
Brinell hardness number at depth 30 mm No less 255
Impact resistance at temperature 20°C, Joule/centimeter2 ~ More 0,20

Yield stress and contact fatigue strength of the wheel steel are not specified in GOST.

One of the difficult problems is experimental definition of characteristics of contact fatigue
strength of the wheel steels. In work [2], an approximate estimation of limit of contact fatigue
endurance of the wheel steel is given. This estimation is indirect. It corresponds to the maximum
contact pressure after Hertz 1000 MPa. The interaction of wheel and rail is characterized by
forces arising maximum contact pressure exceeding this value. It is advisable that the method for
calculation of contact fatigue strength of wheel should create so as accumulation of fatigue dam-
ages would be registered in points of material of surface layer. For that it is convenient to use
meshes in nodes of which the damages would be calculated.

Using the finite element meshes ensures favorable conditions for the definition of stresses
and by means of stresses to calculate the damages in the nodes. Assumptions concerning the
form of the contact patch and distribution of forces on the contact surface fall away. A curve of
contact fatigue strength of wheel steel is necessary for realization of such approach. The curve
allows defining number of variable stress cycles until fracture depending on criterion character-
izing stress state in the contact area occurs. Maximum tangential stress is considered as such cri-
terion in many papers.

In papers [3] and [9] the results of testing the wheel steels on contact fatigue strength are pre-
sented. The testing carried out using simulation machine designed by VNIIZhT (All-Russian
Railway Research Institute) according to the scheme of rolling of cylindrical rollers with diame-
ter 40 mm produced of the wheel steel on the toroidal rollers produced of hard alloy VK8 of di-
ameter 42 mm with curvature radius of torus generatrix 12 mm. The maximum Hertz pressure
calculated on the assumption that deformations of material of specimens are elastic was accepted
as a parameter characterizing stress state in the contact area. Numbers of variable stress cycles
until fracture on five levels of loading and conditional maximum contact pressure corresponding
to them are presented below:
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Loading, N 119,3 226,4 495,1 749,4 988,6
Maximum contact pressure, MPa 1680 2080 2700 3100 3400
Durability, number of circles-10-5 8,0 5,17 2,98 2,34 1,89

The presented pressures are relative as under least of above loading the plastic deformations
are observed in the contact area. It changes the law of contact pressure distribution in compari-
son with the Hertz distribution and stress state in the contact area.

Using the results of this test in work [10] by means of numerical method, data for building
the curve of contact fatigue strength of wheel steel on the assumption of elastic adaptability of
specimen material were obtained. The first loading of the specimen with force of the specified
level is accompanied by elastic-plastic deformations while the material works at elastic defor-
mations under following loadings. The rolling contact problem with taking into account elastic-
plastic deformations of the specimen material of the wheel steel is solved by finite element
method under the same physical-mechanical properties and geometrical characteristics as in the
tests described above. The reduced stress based on Dang Van'’s criterion is accepted as parameter
characterizing the stress state in the area of contact (par. 25.2.2):

Toy = Tmax + 8py O (25.3)
a
where “mx js amplitude value of the maximum tangential stress in the point under consideration;
_0,t+0,+0;
’ 3 is middle value of the hydrostatic stress at point;

012 921 93 are main stresses at point.

The first item in equation (25.3) is the time-varying stresses causing damages of the speci-
men material on their certain level. Negative hydrostatic pressure, which characterizes for the
points situated in the contact area, exerts restrictive influence on the damages accumulation pro-
cess. Coefficient aDV is analogous with the material sensitivity index to asymmetry of variable
stress cycle. Its value is accepted 0.1 depending on breaking point of specimen material [11].

The values of the obtained reduced stress appearing in dangerous points under the prescribed
loadings are used for building the contact fatigue curve of wheel steel (figure 25.4). For the con-
venience of using of contact fatigue curve in calculations, it is approximated by the function
N =2,603-10"75° (25.4)

where N is number of cycles until fracture.
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Figure 25.4. Curve of contact fatigue of the wheel steel

25.2.4. Accumulation of contact fatigue damages

In work [2] the model of accumulation of contact fatigue damages is based on positive not
decreasing in time function Q(M,t). This function characterizes damage degree of the material in
a point M(x,y,z), depending on amplitude value of the stress in the point. Fracture occurs when
this function reaches the prescribed threshold value. For investigation of the damages accumula-
tion in wheel material the model of linear summing is used. It supposes that damage increment
does not depend on cumulative damage. For definition of rate of the fatigue damages accumula-
tion, next equation is used

8Q(Xéty,z,t) =c[Ar,(x,y,z,)]"

)

C{(X, Y, th) =

where ¢, m are constants defined experimentally;

Aty(x,y,z,t) is difference between maximum and minimum value of maximum tangential
stress in point with coordinates X, y, z during one cycle of loading.

Damages accumulated in point with coordinates X, y, z during N cycles is defined by expres-
sion

Q(x,¥,2) = [a(x, y,z,n)dn +Qy(x, ¥,2)

)

where Q(x.y.2) is distribution of the initial damage.
In the general case the condition of approaching of fracture is written as
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ICO‘m(X, y,z,n)dn+Q,(x,y,z) =1

)

where maximum tangential stress t; Or tension stress may be taken as o; L is the number of cy-
cles until fracture.
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25.3. Contact problem

Strength and wearing capacity of the details and assemblies of the machines are mainly de-
fined by the contact conditions. Conception “solving of the contact problem” may include the
definition of the following parameters: shape and size of a contact patch; normal and tangential
forces at contact; the law of the distribution of contact pressure on contact surfaces; the distribu-
tion of stress in the area of contact. The normal contact problem is usually considered as the def-
inition of distribution of contact forces between two solid bodies pressed along the common
normal to the initial point of contact.

Analytical methods of solutions of contact problem supplies minimal timetable for solving
the problems but their application is complicated if the contact surfaces have complex geometric
forms and the bodies could not be represented by half-spaces.

Numerical methods allow to model contact stress without constraints connected with geo-
metrical forms of body surfaces. However for obtaining the sufficient accuracy of solution it de-
mands usage of design schemes of large dimension what leads to considerable computation time.

Fast algorithms ensure small computer time for solving the contact problems but use vastly
simplified design scheme for the definition of shapes and sizes of contact patches and the laws of
contact pressure distribution.

25.3.1. Methods for decrease of computer time for solution of contact
problems

Contact surfaces of wheels and rails are worn out in service and obtain complicated geomet-
rical forms. Most often for solution of such problems finite element (FE) models are applied in
view of nonlinearity of such contact problems. The feature of the wheel and the rail contact is the
localization of stresses in small volumes in comparison with the contact body sizes. Therefore
fragments adjoining to the contact area are selected for the FE model of the wheel and the rail
(figure 25.5a).
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¥

a) b)

Figure 25.5. FE model of wheel and rail: a) selecting wheel and rail fragments for FE model; b)
\Y
reduced stress isolines “red in contact area

Selected fragments are divided into finite elements; rigid constrains are put on nodes of the

FE model that forbid linear displacements and rotation of bodies. Results of solution of the prob-

\Y
lem in the form of reduced stress isolines “red are sown in figure 25.5b.

However, including even relatively small fragments of bodies in FE model leads to large di-
mension, what demonstrates the example shown in figure 25.5. The presented FE model has the
following parameters: sizes of wheel and rail fragments are 30x30x30 mm, number of finite el-
ements is 54000, number of nodes is 59582, number of degrees of freedom is 178746. The prob-
lem demands the solution of system with big number of algebraic equations that results in signif-
icant computation time — even using a modern computer it is needed several minutes for solution
of such problem. For modeling of contact fatigue accumulation it is necessary to solve contact
problem many times — tens of thousand times, therefore one of important problem is decreasing
CPU time for its solution.

It is possible to decrease number of finite elements of model by applying rough meshes far
from a contact and mesh refinement close to it. In work [12] transition element obtained on the
basis of finite element with eight nodes is applied. Eight tetrahedrons, four elements with six
nodes and one element with eight nodes enter in its structure (figure 25.6). It allows the trans-
formation from one big element to nine small elements. Difficulties with its applying arise at
mesh refinement along three directions.
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Figure 25.6. The transition element used to grind a finite element mesh

To decrease the dimension of finite element scheme, a method of reducing of nodes is pro-
posed in work [13] and method of super cells is used in work [14]. As the number of dimension
of finite element scheme is decreased, the number of dimension of algebraic equations set is re-
duced but the equations become very cumbersome that may result in increasing of computation
time. Moreover the above methods of reducing the dimension of FE-mesh are not universal.

25.3.2. Finite element fragments on elastic foundation

The following approach for solving contact problem is proposed in [15]. Small three-
dimensional fragments of the wheel and the rail adjacent to contact area are chosen. The chosen
fragment is divided into eight node finite elements of serendipity finite element family [16] and
is put on elastic foundation. Node displacements, distribution of pressure and forces in contact
are defined using the method of node iterations [17]. The stiffness of the elastic foundation that
ensure correct solution of the contact problems with using the finite element fragments of small
thickness is defined by analytic and numerical methods.

The method was tested by contact problem for two steel cylinders of 0.2 m radii with skew
axes pressed together by the force of 100 kN (figure 25.7).
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Figure 25.7. Fragments of cylinders

The Hertz solution gives contact patch radius of 5.2 mm and maximum pressure po of
1766 MPa. The problem was solved by using the FE model of large dimension with 59582 nodes
and 54000 finite elements and also the fragments on the elastic foundation with 10, 5 and 1 lay-
ers of the finite elements. In all FE models the length of ribs of finite elements was taken equal 1
mm. Results of solution are presented in the form of the contact pressure distribution p in fig-
ure 25.8 and in table 25.1.

Applying the finite element fragments on the elastic foundation allows essentially decreasing
CPU expenses along with sufficient accuracy of definition of the contact patch dimensions and
maximum pressure. figure 25.8a, figure 25.8b give the isolines of equivalent von Mises stresses
in the plane xy. They are analogous for the large scheme and the fragment with 5 layers. In the
first case equivalent von Mises stress in the most strained node placed in depth of 2 mm runs up
to 1147 MPa and in the second one to 1155 MPa. The finite element scheme consisting of one
layer ensures sufficient exactness of the determination of maximum pressure in contact
(figure 25.8c).

Table 25.1

Results of solution of test using finite element fragments on the elastic foundation

Radius of Maximum
) Number of )
Design scheme - contact patch, pressure, Computer time, s
finite elements
mm (error) MPa (error)
Large finite element
g 54000 5,2 (0,38%) | 1758 (0,45%) 670
scheme
10 layers on elastic
yer 18000 5,17 (0,58%) | 1779 (0,74%) 102
foundation
5 layers on elastic
Y ) I 9000 5,16 (0,77%) 1745 (1,2%) 46
foundation
1 layer on elastic foun- 1800 5,51 (5,96%) 1603 (9,2%) 7
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dation

Figure 25.8. Distribution of the contact pressure p and isolines of the equivalent stresses ceqv'v in
the area of contact (MPa): a) large finite element scheme; b) five layers on the elastic foundation;
c) one layer on the elastic foundation.

25.3.3. Fast algorithm for solving contact problem

The most widely used algorithm for solving of normal contact problem was proposed by
W. Kik and J. Piotrowski [18]. Another one for solving of tangential contact rolling problem —

the FASTSIM algorithm — was proposed by J. Kalker proposed [19].

In the process of wearing of wheels and rails the profiles of their surfaces become similar in
shapes (so called conformal). The conformal or multipoint contact between them is possible, for
which a fast algorithms [18] not always may be applied. This is typical for curve track sections.
The conformal is named contact between two bodies that have the same surface profiles of con-
siderable length. In this case, the contact patch is a spatial surface, which is not a plane. Exam-
ples of conformal and multipoint contacts are shown in figure 25.9.

Contact

Wheel
patch

_ profile
Rail

profile

a)

Figure 25.9. The contact between wheel and rail: a) conformal; b) multipoint

Contac
patch

Rail
profile

b)

Wheel
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In the UM RCF module, a fast algorithm for solving the contact problem, which allows tak-
ing into account any type of contact including conformal and multipoint, is implemented. The
description of this algorithm is given below.

25.3.3.1. Algorithm for definition of the maximum pressure in the contact area

The opportunity to simplify the procedure of the definition of the maximum pressure and the
normal force in the contact may be discovered at examination of the solution of the contact prob-
lem for two spheres. For the spheres of radii R1 and R2 with Poisson's ratio of 0.3 the radius of
contact is defined using expression [20]

N RR,

a=1109;|
| E R +R,

(25.5)

and the interpenetration of the bodies is equal

N?2R +R
6=123_ "t "2
E? RR, (25.6)

Solving njointly the equations (25.5) and (25.6) we will have

o= 1,36l
Ea

With using the obtained equation and expression for the maximum pressure in the contact

o 3N
° 2m*
we will find
ES
Po =K, o (25.7)

where k, = 0,35.

The Hertzian solution supposes elliptical contact patch. The interpenetration of the bodies is
defined using the expression [21]

Po
o=—DbK(e
= (),

where b is small semiaxis of the contact ellipse;
K(e) is complete elliptic integral of argument e,

e=.1-5°. p=bla,

a is the bigger semiaxis of the contact ellipse.
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The shape and dimensions of the contact patch are defined by assigning the interpenetration

% =K;0 of the surface of one body into other one. It is assumed that the line of intersection of

the surfaces of the bodies is the patch contour. Then for the determination of the maximum pres-
sure in Hertzian contact instead of expression (25.7) it is convenient to use

p =k7pE50
° K, b

(25.8)

In the result of wear, the surfaces of the wheels and the rails obtain complicated geometric
shapes and the application of them in analytical calculations is difficult. For this reason, the finite
element calculation schemes are widely used for the solution of the contact problems. The suffi-
cient precision is ensured by refinement of the finite element mesh within the contact area.
Some rather small fragments of wheel and rail adjacent to the contact area can be taken for the
solution due to the localization of strains and stresses in comparatively small area (par. 25.3.2).
Such types of fragments are used for the determination of the coefficients k, and Kg.

The contact of two steel cylinders with orthogonal axes is considered. The radius R2 of one
of them is assumed to be 200 mm and the radius R; of another was varied in range from 200 to
2500 mm. The fragments of dimensions 40x30x50 mm along the axes Oy, Oy, O, corresponding-
ly are taken out from the cylinders (figure 25.7). Values of the elasticity constants for the materi-
als of the cylinders are assumed equal: Young’s modulus E = 2-10* Pa, Poisson's ratio x = 0.25.
The size of hexahedral finite element in the area of assumed contact is 0.5 mm. Displacements ¢
along the axis z were assigned for the nodes of the fragment 1 placed at the upper plane. The
displacement was selected so as the normal force N in the contact was equal to 100 kN. The re-
sults of solution by using finite element method are presented in table Ommoéxa! Mcrounuk
CCBIJIIKHM HE Haifl}lel—l..

Interpenetration % =Kg0 of the body 1 surface was assigned at the definition of the contact

area by using the fast algorithm. The value of the coefficient Kz was chosen so as the square of

the contact area would be equal to the square of the Hertzian contact b pecause the elliptical
contact patch obtained by using the fast algorithm is not similar to Hertzian contact patch. Coef-
ficient k, was determined using the dependence

p,b
k, = E—"é (25.9)

Values of the coefficients Kg and k, depending on the ratio £ of smaller semiaxis b to greater
semiaxis a are shown in table 25.2.
Table 25.2
Parameters of the contact of the two cylinders and value of the coefficients KB and kp
under N = 100 kN, R2 =200 mm

Radius R1, mm 200 300 400 600 1000 | 1400 1800 2500

Penetration 3, mm 0,125 {0,115 | 0,109 | 0,1 0,089 | 0,0824 | 0,0775 |0,0715

Maximum pressure 1776 | 1556 | 1429 | 1274 | 1116 | 1028 969 902
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p0, MPa

Length of a, mm [515 |6,26 [7,22 |9 11,09 |13 14,17 | 16,15
semiaxis b,mm | 515 |5 4,5 419 |4,02 |355 3,35 3,18

B 1 0,8 062 |047 |0,36 |0,27 0,24 0,2

KB 0,53 |0,556 |0,528 | 0,544 {0,556 |0,53 0,51 0,508
kp 0,366 | 0,338 | 0,295 | 0,267 |0,252 |0,221 |0,209 |0,2

The obtained results allows to accept the penetrate coefficient equal to 0.53 and recommend
to use the following approximate expression for determination of the coefficient k,

2
k, =0146+0,2945 -0,073p .

(25.10)

The coefficients Kg and kj, are equal to 0.508 and 0.2 correspondingly if one dimension of the
contact patch is noticeably greater than another one, that is typical for conformal contact or con-

tact patch that is strongly elongated in the rolling direction.

25.3.3.2. Algorithm for solution of the normal contact problem

For the solution of the contact problem for wheel and rail the following data, obtained at
modeling of dynamics of railway vehicle, are used: coordinates of the points of initial contact
placed on the wheel and rail profiles, angle of rotation of wheel around longitudinal axis of rail,
values of normal contact forces, longitudinal and lateral creep.

Let profiles of surfaces of wheel f,, and rail f, be close or coincide on some section. The con-
formal or multipoint contact is possible between them. Let us consider the common case when
opposite points a and b placed on the profiles of the wheel and rail surfaces do not coincide but
may enter in contact at pressure of the wheel to the rail (figure 25.10).

Figure 25.10. Definition of penetration of point

Let the penetration dy of profile of the wheel surface to the surface of the rail occur in the di-

rection of normal Mo = {XO; Yor 20}, passing through the point of the initial contact C. The normal
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directed along the line of action of resultant of normal forces may be taken for multipoint con-
tact.
The displacement of the point a to location a; is depictured by vector

The point a; has coordinates
=Xt Xs, Yi=VYatYs

where X, Y, are coordinates of the point a.
The position of the point a; relative to the point b of the rail profile is determined by vector

r=ha, ={X1—Xb; yl_yb}:{xl’; yr}

)

where Xy, yp, are coordinates of the point b.
Let us divide the contact patch into strips of width 4s along the wheel profile which are di-
rected by long side along direction of rolling (figure 25.11).

Figure 25.11. Definition of forces on conformal contact

Let us denote by letter i the point a placed on strip i on the wheel profile and introduce vector

M = {X"i;y”i;zni} of the normal passing through the point i of rail or wheel profile. The penetra-
tion of the point i under rail surface is equal to the projection of the vector I on the vector of

normal M , that is scalar product
5Oi =r- rT| = Xani + yryni .



Universal Mechanism 7.0 25-21 Chapter 25. Rolling Contact Fatigue

When Si >0 point i is penetrated under the rail surface.

The half of the length of the strip i is defined from condition
& +(E-R) =R (25.11)

R, =r/sing,

where is the principal radius of curvature of the wheel surface in the point i;

i is radius of the circle on which the point i is placed;
%i js angle of inclination of normal drawn through the point i.

Neglecting item &2 in equation (25.11) and supposing & =0y , X=X we will have

X, =[2R Sy (25.12)

Points placed on front and rear edges of the strips define the shape and dimensions of the
contact patch.
Let us assume that pressure along a strip i is distributed by elliptic law

Z2
=p. 1-°"_
p p0|\ XE (2513)

where maximum pressure at middle of the strip i is defined from equation (25.8)

: KB Xli

The coefficient k, may be calculated using equation (25.10). The half of length of the longest

strip Xii and half of the size of the contact along the rail profile ZASi /2 may be taken as semi-
axes of the contact patch. Coefficient £ is equal to the ratio of smaller and greater semiaxis.
Resultant of the pressure applied to strip i and its components are equal to

T
AN; =2 PaXidSi AP =AN;sin;  AQ, = AN, cosq, (25.14)

Let us consider the forces acting on rail. The obtained system of forces may be reduced to the

AN,

only resultant force N (figure 25.12a). When transfer the force = i to the origin of coordinates,

we obtain the force AN, that is applied to the origin of coordinates and adjoint moment AMi

(figure 25.12b). The system of forces is the concurrent one. Their sum gives resultant vector N
The vertical, lateral and normal contact forces are defined by simple summation

P:gAF’i inAQi N =.[PZ+Q? (25.15)

Summing the adjoint moments we obtain the resultant moment MO
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My = ;Apixi _;AQi Yi

)

where x;, y; are coordinates of the point placed on the rail profile on the middle of the strip i.

The resultant vector and the resultant moment are reduced to alone resultant force N acting
along the line equation of which is

y=kx+b (25.16)
where K=10% =P/Q.
b =-h(tge, sine, +cosa,).

h=Mg/N
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Figure 25.12. Definition of tangential stresses on contact surface

In order to define coordinates of the point C of application of the resultant N the rail profile
is approximated by the line segments. The lines connecting two adjacent points are considered
sequentially. The coordinates of the point of intersection of the line described by (25.16) and line
passing through points ¢ and d (figure 25.12c)
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y=kx+b,

where ki =(y° _yd)/(xc _Xd) : b, = Ye —kch.
If the coordinates of this point

Xc =(0-b)/(ki —=Kk). yc=kxy+b,

define the point placed within the segment cd, it is the point of application of the resultant N

In the case of multipoint contact, the considered procedure is applied for every patch. The di-
vision the contact patch into strips is not performed in the next cases: spatial curvilinear geome-
try of the patch appears not strongly and it may be replaced by equivalent Hertzian contact, the
patch is strongly elongated in the rolling direction. In these cases the maximum pressure is de-
fined by using the equation (25.8) and the normal force is equal to

2
N :gponab.

25.3.3.3. Algorithm for solution of tangential contact rolling problem

For solution of the tangential contact rolling problem (the definition of distribution of the
tangential forces on a contact surface) the algorithm FASTSIM [19] is applied.

For determination of the compliance coefficient L, algorithm FASTSIM uses the ratio of the
semiaxes of the elliptic contact patch

B=alb

where a is semiaxes of the ellipse taken along the rolling direction;

b is semiaxes of the ellipse oriented across the rolling direction.

The dimension of the longest strip is accepted as 2a and the dimension of the contact patch
along the rail profile is set as 2b.

The compliance parameter is defined by means of the equation

L = (&)L, + L, +cly|L) (&2 +7% +c?w?)? (25.17)

where & is longitudinal creep; # is lateral creep;
Cc= \/% .

coefficients L, Ly, L3 are defined with the help of the approximate expressions:
for b<a

L,G/a=-0.119-0.486/ +1.25./3 .
L,G/a=-0.142-0.3374 +1.207./5 .
L,G/a=-0.122-0.3834 +1.039./3

for b>a
L,G/a=0.818—-0.1963 +0.024./7 .
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L,G/a=1.112-0.5195 +0.1335°.
L, /a=0.527+0.4283—0.7195% +0.2983°

The angular velocity of wheelset rotation is equal to a):V/rk’ where V is railway vehicle
speed, ry is rolling radius of the wheel.

The wheel profile is assigned deterministically by using the coordinates of points. The con-
tact patch is divided into longitudinal strips oriented along the rolling direction chosen by the
lines passing through the given points as previously. The distribution of the tangential stresses is
defined sequentially for every strip.

Let us consider the strip i chosen by the lines passing through the two adjoining points
(figure 25.11). Its half length x;; was defined at the solution of the normal contact problem. The
strip is divided into surface sections with size As along the rail profile and prescribed size Az
along the strip length. The definition of the tangential stresses for every section j is carried out
sequentially beginning from the section adjacent to the front edge B. Pressure on front edge B is
supposed to be zero therefore the components of the tangential stresses are also equal to zero: q;
oriented along axis z passing in the rolling direction; gs tangential to the rail profile.

For the definition of the tangential stresses on the contact surface, algorithm FASTSIM uses
the rigid slips. Rigid slips represent the relative slip velocity (creeps and spin) of the point j of a
wheel relatively the corresponding point of a rail on the assumption that the contacting bodies
are absolutely rigid. One of components of the rigid slip along the rolling direction is equal to the
longitudinal creep & for all points. One of component of the rigid slip in the lateral direction tan-

gential to the rail profile equals to 7 =77/SN i (figure 25.12¢).

The rigid slips are defined based on assumption that the wheelset as a rigid body rolls on rig-
id rails. Instantaneous axis passes through the points of initial contact 1 and 2 (figure 25.12d).
The difference of the radii of rolling of wheels Ar is small in comparison with the distance S be-
tween wheels rolling circles therefore it may be assumed that angle 6 between instantaneous axis
and wheelset axis is small and vector @ is parallel to wheelset axis. In case of the multipoint con-
tact, such point is situated on rolling surface of the rail. In this case, the normal force on the roll-
ing surface is usually larger than in the flange contact. Friction coefficient in the rolling surface
contact is also larger as a result of the application of lubricators decreasing constant of friction in
the flange contact. Therefore it may be assumed that there is no sliding in point of initial contact
on the rolling surface. In case of conformal contact, instantaneous axis passes through the points
C that is the point of resultant force application.

Velocity of the point j of flange at rotation round instantaneous axis is equal to

Vv
Nk

)

2 2
=.yi +Z] . . . .
where © = Y5 T2 , coordinates y;, z; are counted from the instantaneous axis of rotation
(figure 25.12f).
Its z component gives the component of rigid sliding along z axis



Universal Mechanism 7.0 25-26 Chapter 25. Rolling Contact Fatigue
vy r r p I

and rigid sliding of the point j along z axis is equal to

y.
w, =§+7j
M

Projection of component Vi 5" %
nent of lateral rigid sliding

on tangent to the wheel profile in the point j gives compo-

1 . 1V Z; Z;
—V;singpcosa; = — p—C0S; =——COS
\ Vr p r

and lateral rigid sliding is equal

7.
S/ B W a,
sing, 1,

Ws

Components of the tangent stresses parallel to the axis z and tangential to the rail profile are
determined by the equations

0, =0, +W,AZ/L ; (25.18)
Qs; = s (j-1 +W,Az/ L1 (25.19)
where Y2.G-00 9 gre components of the tangent stresses on the surface section j-1.

Values of the longitudinal and lateral creep forces for a strip are determined as a sum of the
resultant stresses on its sections

F, = zqskASAZ sing, (25.20)
k=0 -

F, =) 0,AsAz (25.21)
k=0

where n; is the number of segments of the considered strip.

The creep forces appeared in the contact of wheel and rail are obtained by summation of the
forces on all strips.

The contact problem for a railway wheel with the DMeTI profile and the rail R65 with new
surface is considered as a test problem. The solution is obtained by means of the finite element
method by using model containing 321510 nodes. The distribution of the contact pressure at val-
ue of the normal contact force of 139 kN is shown in figure 25.13a. The same problem was
solved with the help of the fast algorithm at the prescribed parameters: penetration
0 =0.131 mm, penetration factor K = 0.53, pressure factor k, = 0.35. The normal contact force
obtained at the prescribed penetration is 127 kN. Error of its definition is equal to 8.6 %. The dis-
tribution of the contact pressure in section z = 0 obtained by using the fast algorithm is shown in
figure 25.13b.
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p, MPa

u}

o — finite element method o
o — fast algorithm 2000

a) b)

Figure 25.13. Distribution of contact pressure in contact of the wheel with profile DMeT]1 and the
rail R65 obtained using: a — finite element method; b — fast algorithm

For the car wheel with tread wear of 1 mm and the new rail R65, the multipoint contact is oc-
curred for one of relative positions (figure 25.9b). The distribution of the tangential forces is
shown in figure 25.14b at the following values of parameters: resultant normal force N = 90 kN,
longitudinal creep & = -0.00075, lateral creep » = 0.00017 and spin w =-0.2115.

The conformal contact has place for the wheel with linear wear of the tread of 1 mm and the
rail R65 with side wear of 5.5 mm (figure 25.9a). The distribution of the tangential forces is
shown in figure 25.14a at the following parameters: normal force N = 160 kN, longitudinal creep
& =-0.00045, lateral creep = 0.00036 and spin y = -0.9257.

a) b)

Figure 25.14. Distribution of the tangential forces on the surface of contact: a — conformal; b —
multipoint
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25.4. Modeling accumulation of contact fatigue damage in
UM RCF module

25.4.1. Input data

For simulation of accumulation of contact fatigue damages in UM RCF module it is required
two types of input data:

— information about the wheel and the rail profiles;

— simulation results of dynamics of wheel on rail.

Initial data about wheel and rail profiles includes the follows:

— wheel radius;

— coordinates x and y of wheel profile points;

— coordinates x and y of rail profile points;

— weight coefficient of alternative in the families of alternatives (User’s manual, Chapter 16,
Sect. 16.1).

The coordinates of profile points are assigned with step 0.1 mm along the profile line. Profile
points are assigned from the left to the right in the same coordinate system Oxy, wheel flange
should be at the right side. The point of the wheel profile placed on the rolling circle must be
common origin of coordinates for the wheel and the rail profiles. The maximum stress in any ra-
dial section of the wheel appears once for one revolution of the wheel since rolling generates pe-
riodical loading. Hence, in UM RCF module the accumulated fatigue damages are assigned to
one radial section of the wheel.

UM Loco handles one- or two-point contact (User’s manual, Chapter 8, Sect. 4). Therefore,
the information about two contact points is transmitted to the UM RCF module as input data.
Data for calculation in module UM RCF is prepared in the form of array which dimension is
equal to the number of revolutions of the wheel on a prescribed distance. Each element of this
array named hereinafter run step contains following information.

— Angle of rotation of the wheel relatively longitudinal axis of the rail.

— Friction coefficient for the first point of contact.

— Index of wheel tread contact point of the wheel profile.

— Index of rail contact point of the rail profile.

— Value of normal force Nj in the first contact point.

— Longitudinal creep in the first contact point.

— Lateral creep in the first contact point.

— Spin in the first contact point.

— Friction coefficient for the second point of contact.

— Index of wheel flange contact point.

— Index of rail contact point.

— Value of normal force N, in the second contact point.

— Longitudinal creep in the second contact point.

— Lateral creep in the second contact point.

— Spin in the second contact point.
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Besides data that necessary for execution of calculation listed above, files of source data con-
tain subsidiary information: time and rate of movement, radius of curvature of rail track, wear of
wheel on previous iterations, kilometrage, reduction coefficients and others.

25.4.2. Creation of finite element mesh of the wheel

Dimensions of used meshes for solution of wheel/rail contact problems are chosen so as to
provide minimum computer time and sufficient accuracy of results. The wheel and rail profiles
are assigned with coordinates of the points placed with step 0.1 mm. Preliminarily analysis
showed that reasonable balance between complexity of the FE-mesh and accuracy of solution is
provided by finite elements with dimensions about 1 mm. FE-mesh of wheel fragment contains
7-10 layers of finite elements adjacent to contact surface.

Creation of finite element mesh starts with building of flat mesh of quadrangular finite ele-
ments. It is built on the base of nodes placed on the wheel profile with 1 mm step (figure 25.15).
Dimension of the scheme along the wheel profile is equal to 105 mm. It covers the profile sec-
tion where contact has place at any possible locations wheel on rail. Then it is built three-
dimensional mesh. Flat mesh is dragged along circular arc by revolution around an axis of the
wheelset (figure 25.16). Dimension of mesh at circular direction is amount to 50 mm. This di-
mension is chosen with taking into consideration that contact patch length does not exceed
50 mm in any case.

The thickness of fragment of 10 mm ensures sufficient accuracy of solution by using elastic
foundation. The most probable dimension of semiaxis a of contact patch does not exceed 10 mm
and point with the most tangential stress is placed on depth about 0.5a. However such a small
wheel fragment includes zone with the most stresses. Nevertheless the obtained scheme has
many degrees of freedom. For example the scheme presented in figure 25.16 contains 59466
nodes and has 178398 degrees of freedom. Therefore in order to decrease simulation time, a
fragment of this scheme will be used in calculations (Sect. 25.3.2).

Figure 25.15. Plain mesh for building of FE model of wheel fragment



Universal Mechanism 7.0 25-30 Chapter 25. Rolling Contact Fatigue

RN A
e
MR

s
sy

IR
TR

Sy
Y
3

N
e
s

Figure 25.16. Three-dimensional FE model of wheel fragment

25.4.3. Definition of contact forces by using fast algorithm

The contact forces are defined by using the fast algorithm described in Sect. 25.3.3.

Wheel and rail profiles described by points with step 0.1 mm are used for solution of normal
contact problem. The form and dimensions of contact patch and contact pressure distribution are
defined in the following way.

From initial data on run step the following values are taken: normal force N, indices of initial
points of contact situated on wheel and rail profiles; angle ¢ of rotation of the wheel relatively
longitudinal axes of the rail. The rail profile is shifted in the lateral direction to the touch of the
points of initial contact of wheel and rail and turned on the angle ¢.

Then the penetration ¢ of wheel profile into rail profile, which provides obtaining necessary
normal force N value defining by using equations (25.15), is determined (Sect. 25.3.3.2).

In [22] it was established that dependence between force and penetration is close to linear in
the range of forces 50...150 kN. Taking into account this fact it is enough three iterations to cal-
culate the penetration 6. The value of normal force is defined for preset penetration values of
0.05 and 0.1 mm. It gives us a possibility to determine the linear dependence between force and
penetration as

0=kN+b

With applying of this dependence, the necessary penetration ¢ corresponding to the known
value of the force N is defined. Penetration coefficient Ky is accepted 0.53, coefficient k;, is de-
fined by using equation (25.10) (Sect. 25.3.3.1).

For determination of form and dimensions of contact patch the penetration 0 =Ko is used.

Coordinates of the points situated on front edge of the contact are defined with applying of the
dependence (25.12) (Sect. 25.3.3.2).
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Normal forces in nodes of finite element mesh are defined as
N, = p,AsAz

on the assumption that pressure p; is distributed in accord with the elliptical law and is defined
using dependence (25.13), Sect. 25.3.3.2.

Tangential forces in nodes of finite element mesh are defined using dependences (25.20) and
(25.21), Sect. 25.3.3.3.

In case of double-point contact (Sect. 25.4.1), the above procedure of selection of the pene-
tration is performed separately for each contact.

25.4.4. Definition of stresses in area of wheel and rail contact

In the section above the definition of form and dimensions of contact patch and values of
forces in nodes are obtained. After that a small fragment (figure 25.17a) is separated from initial
finite element mesh (Sect. 25.4.2). Dimensions of the mesh bordering upon contact surface are
assigned so that it exceed dimensions of contact patch at every direction on 3 mm. It has thick-
ness of the same dimension.

The application of the finite element fragment on elastic foundation as a design scheme al-
lows to define stress and strain in 3D region bordering to contact surface without any type of
simplified assumptions like a contact patch has form of circle or ellipse or a contact patch is
plane. Using such fragment allows to decrease computer time essentially (par. 25.3.2).

The components of stiffness matrix of that small fragment are calculated on the creation of
FE-mesh. Spring constrains are put on nodes situated on all surfaces of small fragment except
contact surface, (figure 25.17b). The stiffness of constrains is accepted to be 10’ N/m according
to recommendations from [22].
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Figure 25.17. Finite element fragment on elastic foundation: a) separation of small fragment
from initial finite element scheme; b) applying of elastic constrains on surfaces of separated
fragment; c) applying of forces to nodes of contact surface of separated fragment.

Components of the stiffness matrix of finite element ensemble adjacent to an internal node of
the fragment are taken from the stiffness matrix built for the initial calculation scheme. For
nodes situated on the fragment surface, the components are halved, for nodes situated on edges
are divided into four.

The contact forces are applied to nodes on the contact surface of the separated fragment
(figure 25.17c¢). Displacements of the nodes are defined with the method of node iterations [17].
This method ensures two advantages: the algorithm assigned for the solution of contact problems
is used; number of iterations may be limited when the sufficient accuracy of solution is obtained.
Twenty five iterations are normally enough.

Stresses are calculated for nodes of finite elements bordering upon lateral plane of symmetry
of the contact area from every side. Using its values for nodes situated in plane of symmetry,
Dang Van’s reduced stresses 7py are calculated. At modeling of fatigue damages accumulation
process, Dang Van’s reduced stresses are compared with damaging stresses. The areas of equal
stresses zpy in coloring and isolines of these stresses are shown in figure 25.18. The example of
calculation is presented below. The greatest stress zpy = 122 MPa is obtained for the node situat-
ed in depth of 4 mm under contact surface.

Hanpsxenus, Mla

122.08

114.45

7.63

0.00

Figure 25.18. Areas of equal zpy in lateral section of the wheel passing along symmetry plane of
contact; 1-6 — numbers of lines of equal 7py, value of isoline 17,44 MPa
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25.4.5. Damages accumulation in nodes of finite element mesh
Number of cycles until fracture for nodes situated in plane of symmetry is calculated with the

help of equation (25.4). Accumulated damage in a point of wheel is defined by summing of
damages (Sect. 25.2.4)

1
N(zpy)

QX y,z,t)=>" (25.22)
where N(zpv) is number of cycles until fracture of material under level zpy Of reduced stress.

In circular contact at maximum pressure po = 1000 MPa, the point with the greatest tangen-
tial stress max €qual to 0.32p, situates on the axis z directed from the center of contact patch in
depth of 0.5a, where a is the radius of the contact patch. Normal stress in this point is calculated
s follows:

o,=0,=-018p, o, =-08p,
Then for this point it is obtained

Toy =T + 85, 0 = 20,32 p, —0,1-0,387p, =012p, =120 o

Cycle is considered as damaging one if stress zpy exceeded 120 MPa at modeling of accumu-
lation of contact fatigue damages. Thus working section of the contact fatigue curve obtained by
means of extrapolation is from 8-10° to 16-10° cycles (Sect. 25.2.3). However, the desired mini-
mum damaging stress, which is equal to 120 MPa, can be changed by the user (Sect. 25.5.4.2).

25.4.6. Consideration of wear of the wheel profile

Procedure of accumulation of contact fatigue damages in nodes of finite element scheme of
wheel described above is executed along with wear iteration, at which wheel profile is not
changed (User’s manual, Chapter 16, Sect. 16.1). Many iterations can be considered in the case
of using of wheel wear evolution procedure provided by UM Wheel\Rail Wear. After execution
of wear iteration in the UM Wheel\Rail Wear module, the wear diagrams is defined and wheel
wear for each node is calculated by changing the coordinates of the nodes that lie on the surface
of the contact.

Thus the UM RCF module gets new initial data and the changed wheel profile. The coordi-
nates of all nodes of profile are recalculated. Nodes are moved along the normal to the contact
surface on the amount of wear. The initial FE-mesh is reconstructed. Now it is built on the basis
of a worn wheel profile. Damages assigned to the nodes of new mesh are calculated by interpola-
tion accumulated damages in nodes of previous mesh. Next, the procedure of accumulation of
contact fatigue damages in the nodes of the new FE model of wheel is repeated.
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25.5. Working with UM RCF module

25.5.1. Running UM RCF module

The On check box must be checked on the Evolution | Rolling contact fatigue tab of scan-
ning project window to perform the calculation by using the UM RCF module (figure 25.19).
The wheels, for which the calculation will be performed, should be checked at the same tab. In
this case input data files and *.rcf project file for the calculation of rolling contact fatigue will be
created after the finish scanning project. To run the module click Run button at the Results |
Railway profiles tab (figure 25.20). The correspondent *.rcf project, created as a result of the
scanning project, will be loaded. The Run button is not active, if the scanning of the project was
not carried out.

i it - scanning ?@

| General I Alternatives | Evolution |F‘.un I F‘.esults|

Options | Weights | Rolling contact fatigue |

On
Wheels
| Wsetl, Left wheel | Wset1, Right wheel
Fil Wset2, Left wheel FilWSet2, Right wheel

Close

Figure 25.19. Rolling contact fatigue in UM Simulation

UM RCF module can be run autonomously by using Start | All Programs | Universal
Mechanism 7 | Tools | Rolling Contact Fatigue menu. In this case user has to load a project file

*.rcf by using the File | Open menu or a button = on the Standard toolbar.

The *.rcf project file is a text file. It prescribes the file paths with the input data of the two
types (Sect. 25.4.1).

The dpf-files include information about wheel and rail profiles. DPF-files are of a text for-
mat.

The dnm-files include simulation results of modeling the dynamics of wheel at the rail. Files
of this type are of a binary format.
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The rcf-file contains the names of alternatives and values of kilometrage on each wear itera-
tion.

i it - scanning = @

| General I Alternatives I Evolution I Run | Results |

Railway profiles | Fatigue

M iterations 2

Klometrage, km 637 Variables
. - Profile 0 (0:... : -, |

ey . -Profile 1 {2... " ------------ 40 F __________E_ __________
All wheel profiles - . profie 2 (5. | I

Wheelset

@1 =) 2

Side

® Left ) Right

Skip a E

Rolling contact fatigue
Run contact roling

fatigue analysis
“4 Run

Close

Figure 25.20. Starting the UM RCF module from the UM Simulation

25.5.2. Interface of the module

Interface of the UM RCF module is presented in figure 25.21.

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 you start the module.

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 appearance of the module window using the View |
Application Look menu.

The workspace window is intended for graphical displaying of design scheme and results of
calculations. If the data to calculate was loaded, in the center of the work area always is dis-
played the wheel and rail profiles by green lines. Those lines cannot be hidden; all other display
modes can be switched on or off, for example, using the buttons on the Design Scheme toolbar.
During calculations the Coloring mode is activated automatically. Equivalent stresses in the
median plane of the finite element fragment are shown in the bottom. The cumulative fatigue
damages in the same plane are shown on top. The color scale for assessing the level of accumu-
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lated damages is on the left and the color scale for the assessment of equivalent stress is on the
right.

[ UM Roliing Contact Fatigue - data = T
File Design Scheme View Help

EHd @. 4 o (3 | E(S]Om) ] | B
2@

Information Panel

Damages Stresses, MPa
Status

The calculation for this alternative is complete 1.000 162.90
Alternative: AC4(1), v0=20
Number of the wheelset: 2 0.938 152.72

‘Wheel:right
Tteration number of wear: 2 = i
Step:94 of 94
Overall progress of the calculation
100%

L
Calculation parameters
Time left: 00:00:00
Kilometrage: 2748.949 km
Maximum damage: 0.6264715605
Estimated kilometrage: 4388 km

Step information
Path type: right curve =
Radius of curvature of the path: 3783m
Velodity: 20,000 m/s
Model time: 15.638 5

Friction factor: 0.250
Mormal force: 126 kN

Contact pressure: 1053 MPa

Angle of inclination of the wheel: -0.043 rad =3 50.91
Longitudinal creep: -0.000311

Lateral creep: -0.00100% 0.250 .73
Spin: 0.182736

0.188 30.54

0.125 20.36

0.063 1018

0.000 O

Ready CAP NUM SCRL

Figure 25.21. Interface of the UM RCF module

Creation of finite element fragment of the wheel is considered in details in Sect. 25.4.2, cal-
culation of equivalent stresses is considered in Sect. 25.4.4, accumulation of contact fatigue
damages is presented in Sect. 25.4.5.

25.5.3. Overview of the buttons on the "Design Scheme" toolbar

The Design Scheme toolbar, which is located by default at the top of the window, is shown
in figure 25.22. Below the brief description of each button on the panel is presented. Note that
the same options are duplicated in the Design Scheme menu and have the keyboard shortcuts.

B 00 €€ 9% (% | S Doww 22| | B

Figure 25.22. Design Scheme toolbar

P _Run (F9)
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— Stop (Esc)
%% _ previous alternative (PgDn)
?¥ _ Next alternative (PgUp)
L%

— Delete results of calculation (Del)

x _ Delete stiffness matrix (Ctrl+Del)

o Mesh (1)

> _ Coloring (2)

8 _ Isolines (3)

" _ Maximum damage (4)
%8 _ Numbers of nodes (5)
. Starting position (Home)
T

1 _ Parameters
The detailed description of each of these options is below.

25.5.4. Parameters

The "Parameters™ option becomes active when the data for calculation is loaded. After select-

ing it by using the Design Scheme | Parameters... menu or by the button L on the screen the
dialog box will be displayed, which is shown in figure 25.23.

Parameters @1

Calculation |I'~"Iateria| |'l.|'isua|iza1jun

-

Finish condition

@ Limited value of the cumulative damage sum 1

(7 Kilometrage

[] save stiffness matrix

[ Ok ] ’ Cancel

Figure 25.23. The "Parameters™ dialog box, the Calculation tab
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The dialog box has three tabs: Calculation, Material and Visualization. The Reset to de-
fault button allows back to the original values of the parameters at the selected tab. Saving the
changed parameters occurs only after clicking OK. Otherwise, the changes will not be saved.

25.5.4.1. The «Calculation» tab

The Calculation tab is shown in figure 25.23.

Modeling the accumulation of contact fatigue damages in the UM RCF module provides two
variants of the finish condition:

1) the reaching of limit of cumulative damage sum in the wheel;

2) the running of whole distance specified at the modeling of dynamics of the railway vehicle
(kilometrage).

In the first case the user has to set the limit value of cumulative damage sum. The accumula-
tion of damages at the point of wheel is calculated by using the dependence (25.22), the accumu-
lation of damages in the nodes of finite element scheme is reviewed in Sect. 25.4.5.

In the second case the calculation will be performed for all the files listed in the *.rcf project,
regardless of the accumulated damages in the wheel.

By default, the first variant is chosen (Limited value of the cumulative damage sum) and 1
IS set.

The calculation of each new wear iteration begins with the preparing the stiffness matrix of
finite element fragment of the wheel (par. 25.4.2, par. 25.4.6). This operation can take several
minutes, depending on your computer. In this connection, the total expenditures of the computer
time significantly increases, particularly if the calculation is performed for tens or hundreds of
wear iterations. In any case, it fails to avoid these expenditures at the first. But this possibility
appears if necessary to repeat the calculation for the same scheme with other conditions.

The checked option Save stiffness matrix means that the stiffness matrix for each new wear
iteration will be saved in the *.smx file. This file has a binary format and is located in the same
folder as the file with the initial data, its size is greater than 100 MB. So you need to have
enough free space in the partition of the hard drive where the files are stored. Now, during the
calculation the components of the stiffness matrix will be loaded from a file but not calculated,
that minimizes the computer time.

However, use of this option carefully. Stiffness matrix depends on the number of nodes of
the finite element mesh; the coordinates of nodes of the finite element mesh; Young’s modulus £
and Poisson’'s ratio u.

If the coordinates of points of the profile, the dimensions of finite element scheme, the
Young's modulus or Poisson's ratio were changed before the repeated calculation, the stiffness
matrix must be formed anew. Accordingly, the old matrix must be destroyed. The algorithm in-
corporated in the UM RCF module works as follows: first, an attempt is made to open a *.smx
file corresponding to the initial data files (matching is done by file name). If such a file exists,
the components of the matrix are loaded from file, if not, the components of the stiffness matrix
are calculated.
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Note. If initial data was changed then is necessary delete the old stiffness matrices be-
fore starting the new calculation. Otherwise it will lead either to incorrect results.

The module reacts on changes material parameters, but cannot react on all the possible ac-
tions of the user. For example, if changes to the files of initial data are made outside of the mod-
ule UM RCF or software package UM. For this reason, the Save stiffness matrix option is inac-
tive by default.

If there is no need to save CPU time, and there is no assurance that the files of old stiffness
matrices does not exist, before recalculation it is recommended to remove the files of old stiff-
ness matrices. This can be done by the Design Scheme | Delete stiffness matrix menu or by

* button.
The Save stiffness matrix option can be useful in two cases.

1. The calculation has been interrupted, the module is closed. After restarting the module and
resuming the calculation is necessary to form the stiffness matrix for current wear iteration.
If before that it was saved in the file, then the components of the matrix will be quickly
loaded from the file.

2. The calculation was carried out with the specific conditions at the Calculation tab. For ex-
ample, the finish condition of calculation — the limited value of the cumulative damage sum
is equal 1. User decides to repeat the same calculation by changing the limit value of accu-
mulated damages or by selecting Kilometrage option. In this case, you must delete the re-
sult files and return to the beginning of the calculation. The files of stiffness matrix will be
deleted and recalculation will run much faster.

If was changed the condition of ending calculation at the Calculation tab, then after clicking

the OK button, a dialog box appears, see figure 25.24.

rUMRCF l J1

- , New calculation is required after changing the parameters of
' caleulation and material.
Delete the previous calculation?

[ Yes ] | Mo |

Figure 25.24. Request to remove the results of the calculation

The No button means parameter changes will not be saved.

The Yes button means that parameter will be saved and files with the simulation results will
be deleted. The stiffness matrix files, if they had previously been created, will not be deleted.
After that one can run the calculation with the new parameters.
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25.5.4.2. The «Material» tab

The Material tab is shown in figure 25.25.

i it
Parameters I&
Calculation | Material | visualization

Wheel material

Elastic modulus E (Pa): |~ 200000000000]

Poisson's ratio p; 0.3

Contact fatigue curve

Multiplier C: 260300000000 Minimum damaging stress (MPa):

Degree m: -2.5 120

[ Ok ] ’ Catcel

Figure 25.25. The "Parameters"” dialog box, the Material tab

Young’s modulus E (2-10™ Pa by default) and Poisson's ratio (0.3 by default) can be as-
signed at the tab. The contact fatigue curve is approximated by the function of the following
form (Sect. 25.2.3)

N =Czj,
where N is number of cycles until fracture;

Pov s reduced stress based on Dang Van’s criterion.

The default values of multiplier C = 2.603-10' and degree m = -2.5 are obtained for wheel
steel (par. 25.2.3). The minimum level of damaging equivalent stress of 120 MPa is proven in
Sect. 25.4.5.

If any of the parameters at the Material tab was changed, then after clicking the OK button,
a dialog box appears as shown in figure 25.24.

The No button means exit without saving changed parameters.

The Yes button means exit with saving changed parameters. The result files and the stiffness
matrix files will be deleted. After that one can run the calculation with the new parameters.
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25.5.4.3. The «Visualization» tab

The Visualization tab is shown in figure 25.26.

i it
Parameters I&

Caloulation I Material | Visualization |

Display of objects in the window

Translation step: | 0.1

Zoom step: 1

[ Ok ] ’ Catcel

Figure 25.26. The "Parameters” dialog box, the Visualization tab

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

By default Translation step is 0.1, Zoom step is 1.

25.5.5. Imaging modes

As described above, if the data for the calculation is loaded, the wheel and rail profiles are
shown in the window. Besides that, the module supports imaging modes of the design scheme
and of the calculation results: Mesh, Coloring, Isolines, Maximum damage, Numbers of the
nodes. Modes can be turned on or off in various combinations with each other.

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;

— click the button i at the Design Scheme toolbar;
— click the Home key at the keyboard;
— right-click on the window, the shortcut menu, select the Starting position.
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25.5.5.1. Mesh

There are three ways enable or disable the Mesh imaging mode:
— choose the Design Scheme | Mesh menu;

— click the button ] at the Design Scheme toolbar;

— click the button 1 at the keyboard.

The mesh from quadrangular elements, which is located at the plane of symmetry of the fi-
nite element fragment of wheel, is displayed in the center of window (figure 25.15). If enable the
Mesh mode, when the Coloring mode is enabled, then a similar mesh is displayed in the top of
window at the median plane of wheel fragment, where is illustrated the process of accumulation
of contact fatigue damages.

The mode is automatically activated when the data is loaded.

Note. The Mesh mode is always available, if data for calculation is loaded.

25.5.5.2. Coloring

There are three ways enable or disable the Coloring imaging mode:
— choose the Design Scheme | Coloring menu;

— click the button > at the Design Scheme toolbar;

— click the button 2 at the keyboard.

The coloring median plane of the wheel fragment is shown in the center and top of window
(figure 25.21). For each quadrangular element of flat mesh the color filling is performed. The
color of the node is chosen depending on the value of the component and accordance with the
scale. Then the resulting colors from the four vertices are mixed in the plane of the element by a
linear law. As a component for the median plane of the wheel fragment the following two com-
ponents are used. The equivalent Dang Van's stresses is shown in the center of window and the
accumulated contact fatigue damages are shown in the top part of the window.

Note. The Coloring mode is available, if data for calculation is loaded and the calcula-
tion was run.

25.5.5.3. Isolines

There are three ways enable or disable the Isolines imaging mode:
— choose the Design Scheme | Isolines menu;

— click the button 2 at the Design Scheme toolbar;

— click the button 3 at the keyboard.

Black lines are lines of equal values of a component — isoparametric lines, is shown in the
center and top of window (figure 25.21). The mode supports six isolines. As in the Coloring
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mode, components are the equivalent Dang Van's stresses and accumulated contact fatigue dam-
ages.

Note. The Isolines mode is available, if data for calculation is loaded, the calculation
was run and the Coloring mode is enabled.

25.5.5.4. Maximum damage

There are three ways enable or disable the Maximum damage imaging mode:
— choose the Design Scheme | Maximum damage menu;

—click the button ™ at the Design Scheme toolbar;

— click the button 4 at the keyboard.

The node, that has the largest cumulative damage sum, is designated by the circle with a
thick white border in the top of window at the median plane of the wheel fragment
(figure 25.21). The value of maximum damage can be viewed at the Information Panel in the
Calculation parameters field (figure 25.27).

Note. The Maximum damage mode is available, if data for calculation were loaded,
the calculation was carried out, the largest accumulated damage is greater than
zero and the Coloring mode is enabled.

25.5.5.5. Numbers of nodes

There are three ways enable or disable the Numbers of nodes imaging mode:
— choose the Design Scheme | Numbers of nodes menu;

— click the button a5 at the Design Scheme toolbar;

— click the button 5 at the keyboard.

The nodes of finite element mesh are designated by the brown color in the center of window
at the median plane of the wheel fragment. The number of each node is displayed next to it. If
the Numbers of nodes mode and the Coloring mode are turned on, then node numbers are also
displayed in the top of window at the median plane of the wheel fragment, where the process of
accumulation of contact fatigue damages is illustrated.

Note. The Number of nodes mode is always available, when data for calculation is
loaded.

25.5.6. Performing calculation

The calculation can be run in the following ways:
— choose the Design Scheme | Run menu;
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— click the button B at the Design Scheme toolbar;

— click the button F9 at the keyboard;

— right-click on the window, the shortcut menu, select the Run.

For the UM RCF module, the *.rcf project is saved during running multivariate calculation
in the UM (User's manual, Chapter 6). RCF project file specifies the paths to the *.dpf files with
the input data, the name of alternative for each source file, kilometrage for each wear iteration.

The list of files for calculation is formed in the UM RCF module in the following sequence.
At first all files related to the first wheel are processed, and then to the second wheel, the third
and so on, depending of the number of wheels in the initial project of scanning. Thus, the calcu-
lation for the first wheel with respect to wear iterations is performed completely in the begin-
ning, and then for the second wheel, etc.

If the finish condition of calculation is reaching the limit of cumulative damage sum and this
finish condition is actuated before all wear iterations for this wheel have been processed, then
not processed wear iterations are skipped, and the calculation for the next wheel is performed. If
the finish condition of calculation is kilometrage, then calculation is performed for all wear it-
erations of the project.

The scheme is automatically set to the starting position and Coloring mode is enabled during
the calculation (Sect. 25.5.5.2). This mode can be disable only after stopping calculation. The
other imaging modes (Sect. 25.5.5) may be enabled or disabled in the course of calculation;
however, most of other options are blocked. Information Panel (figure 25.27) helps to trace the
calculation of the project.
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Status
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: -0.001009
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Figure 25.27. Information Panel

The wheel is set at the new position relative to the rail at each run step (at each turn). This
position is defined by lateral displacement and rotation around the longitudinal axis of the rail. In
fact, physically the wheel profile moves relative to the rail. However, in the module, to spend
less time for drawing graphic objects in the workspace, the wheel profile together with the finite
element mesh remain fixed, and rail profile is moved and rotated. Wheel and rail profiles are
shown so as rolling direction of the wheel towards away from the observer. The borders of the
contact patches that are defined by using a fast algorithm are displayed by the thick black line in
places the contact wheel and rail profiles (Sect. 25.3.3).
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The following parameters are displayed at the Step information field of the Information
Panel (figure 25.27): friction factor, the normal force in contact, the pressure, longitudinal and
lateral creep, spin, etc. If contact is two-point the details of wheel tread contact are displayed at
this field.

The module displays a message in a dialog box on the screen after the calculation is com-
plete.

The calculation can be stopped in the following ways:

— choose the Design Scheme | Stop menu;

— click the button m at the Design Scheme toolbar;

— click the button Esc at the keyboard;
— right-click on the window, the shortcut menu, select the Stop.

Note. The Stop option is not active, if the calculation is not performed.

25.5.7. Viewing the results of calculation

The Previous alternative and Next alternative options became available when the calcula-
tion is finished. Use Design Scheme | Previous alternative and Design Scheme | Next alterna-

tive menu commands, or by buttons 4 and ¥ at the Design Scheme toolbar, or by keys

PgDn and PgUp at the keyboard to view the results of calculation.

As described in Sect. 25.5.6, all files with input data are arranged in a list formed on the base
of numbers of the wheels and wear iterations. The Previous alternative and Next alternative
options allow moving through this list from file to file. The calculation results of selected file are
displayed at the Information Panel and workspace of window.

Help information about the file is displayed at the Status field of the Information Panel:
name of alternative, index of wheelset, wheel — left or right, number of wear iteration.

The value of maximum cumulative damage sum and kilometrage are of main interest when
the calculation results are analyzed. Both that values are shown at the Calculation parameters
field of Information Panel (figure 25.27). If calculation was carried out to achieve the limit of
accumulated contact fatigue damages and this limit has not been reached, the estimated kilo-
metrage shows how many kilometers the wheel could still run at a given level of accumulated
damages. The estimated kilometrage is determined by dividing the kilometrage to the greatest
cumulative damage sum.

The point of the wheel with the most accumulated damage sum can be marked on the design
scheme by using the Maximum damage mode (Sect. 25.5.5.4). The depth of this point under the
wheel rolling surface may be defined by using the Mesh mode (Sect. 25.5.5.1), on the basis that
side of the finite element is equal to 1 mm. It is convenient to present the distribution of accumu-
lated contact fatigue damages in a median plane of fragment of the wheel by means the Coloring
mode (Sect. 25.5.5.2) and Isolines mode (Sect. 25.5.5.3).
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25.5.8. Saving the results of calculation

=

The simulation results can be saved by means the File | Save menu or a button on the
Standard toolbar. This option is disabled during the calculation.
The calculation results are saved in *.rez files with the same names as the files with the input

data and located in the folder with the original data. The *.rez files have text format.

Note. The automatic storage of results after the completion of calculation for each file
of input data is supported.

25.5.9. Deleting the results of calculation

The calculation results can be deleted by using the Design Scheme | Delete results of calcu-

lation menu or a button ® on the Design Scheme toolbar. The option is available, if the cal-
culation was executed. All folders specified in the *.rcf project file will be checked, and all *.rez
files, found in these folders, will be deleted.

Note. The *.smx files with stored components of stiffness matrices will not be deleted!

If necessary to delete the files with stiffness matrix, one can use the Design Scheme | Delete

stiffness matrix menu command, or a button & ] , or a hot key Ctrl+Del (Sect. 25.5.4.1).
Also, all the calculation results, including the *.rcf project file, can be removed from the UM
in the scanning project along with the results of the multivariant calculation.

25.5.10. Samples

UM installation includes two sample projects that are devoted to the simulation of rolling
contact fatigue. Sample projects contain a model of two-wheelset railway vehicle. Two variants
of speed are given: 15 and 20 m/s. The path of total length of 2750 km is made up of two sec-
tions of straight lines and two sections of right curves. The wear of the wheels on the one itera-
tion is taken into account: the railcar movement is continued with the modified profiles of wheels
after passing 1488 km. Simulation is performed for the railway vehicle with the two types of
wheel profiles: a conical profile of unworn wheel and the curvilinear wheel profile.

These results can be used to demonstrate the operation of the UM RCF module.

The path to the files with the input data for a conical profile:

{UM Data}\ SAMPLES\Rolling Contact Fatigue\Conical profile of the wheel\it

The path to the files with the input data for a curvilinear profile:

{UM Data}\ SAMPLES\Rolling Contact Fatigue\Curvilinear profile of the wheel\it

The UM RCF module must be run by any method, referred to in Sect. 25.5.1, to perform a
test calculation.
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The data.rcf project file, placed at the above locations, must be opened, if the UM RCF
module is running autonomously.

Performing the calculation and analyzing the results are considered in Sect. 25.5.6 and 25.5.7
correspondingly.
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