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An Analysis of Stress and Strain State in Freight
Car Wheels

A Sladkovsky, V.Yessaulov, N.Shmurygin, Y Taran & S.Gubenko
State Metallurgical Academy

Prospekt Gagarina, 4, Dnepropetrovsk, 320633, Ukraine

Email: dmeti@dmeti.dnepropeirovsk.ua

Abstract

A semianalytical finite element method was employed for analysis of railroad car
wheels. The accuracy of the computational model was estimated by comparing
the numerical results with analytical solutions for a simplified wheel model and
with tensometric data. Innovative wheel designs were developed and subjected
to full-scale tests The wheels were rolled following computer-assisted
engineering of the new designs. Their advantages over conventional wheels
were validated by operational tests

1 Introduction

Designing railroad car wheels necessarily involves analysis of the state of stress
and strain in appropriate models. Clearly, a wheel in service is subjected to a
great multitude of diverse external factors of mechanical and/or thermal nature
The problems thus arising are solved by numerical methods of mechanics of
deformable solids. Finite element method (FEM) is a most effective technique
for such tasks. For a check of their reliability, however, the numerical results
must be compared with analytical trial solutions and experimental data

A semianalytical FEM technique was mainly used for the numencal
analysis of the state of stress in wheels in this study Solutions obtained by
complex analysis of simplified wheel models were employed to estimate the
overall computation scheme and errors introduced by the finite element
quantization. The comparison also included distributions of strain and
temperature generated in laboratory tensometric tests on model wheels.

Full-scale tests under operational conditions involved both tensometric
measurements and microstructure characterization.
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2 Investigation of the state of stress in wheels

The problem statement for the state of stress in railroad car wheels was
presented previously [1]. Here, the focus is on the accuracy of solutions. This
issue is of considerable importance, although it has not received sufficient
attention in some applied research papers thus giving errors ranging from 20 to
150 %. Figure 1 depicts a finite element mesh for quantization of a radial
section of a railroad wheel. The utilization of Fourier series for all vectors
involved in the analysis of stress, namely mesh point displacements, strains, and
siresses, permits a three-dimensional presentation and thus enables
determination of stresses in any radial section. A side task is to determine the
desirable numbers of Fourier series terms.

Figure 2 shows a wheel model having a planar plate of constant thickness
This type of running wheel is used in traveling cranes. The rigidity of the plate is
much lower than that of the hub or the rim. For purposes of strain analysis, the
plate (confined between the thick lines in Fig. 2) can therefore be regarded to be
rigidly fixed along these contours; furthermore, the inner plate (hub) contour [,
1s considered to be stationary while the outer (rim) contour s is rotatable and
allows displacement.

The elastic version of problem statement adopted permitted superposition
of solutions for the problems of (1) plane deformation of the plate due to the
vertical force P, (2) flat torsion due to the force 7 opposing rolling, (3)
axisymmetric bend of the plate, and (4) torque-induced bend of the plate.
Problems 3 and 4 stem from the fact that for the region at hand the impact of a
lateral force (J applied to the flange can be represented by stresses applied to the
outer contour and described by a principal vector O and a principal torque M
equal to a product of O by the radial position R, of the force point.

Consider problem 1. Under the force P applied to it, the contour [
undergoes an unknown parallel displacement A (depression of the wheel)
Problem 2 for a circular ring is stated after Muskhelishvili [2], i.e. for the entire
boundary L=L L, the boundary conditions are given in terms of
displacements, and complex valued functions ¢ and w are sought which are
dependent on the complex valued variable z=x+iy=re'® and for which the
following condition is given at L:

29l2) - 29'(2) - w(2) = 2u(g, +ig;) (1)
Here, the parameters » and y for a generalized plane state of stress are defined
as

E _3—1' 2
5 0L+ vy &° I+w i_}

where £ is the modulus of elasticity and » the Poissons ratio of the wheel
material. The cross bars in Eq. (1) relate to conjugation For the problem at
hand, the functions g, are
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n=0 . g=0 atl (3)
Hh=0 ., gi=8 #tl, (4)

Due to double connectivity of the region under consideration, the solution is
sought in the form

el) =y, Inz+ Fa,zt (3)
plZ)myiinz + Ediz* {E‘}

Substituting Eqs. (5) and (6) to the boundary conditions (1), (3) and (4) and
equating the coefficients of ¢ and e'® to zero, one obtains the coefficients in
the series. The final expressions for ¢ and y are

wlz) = %[Ifﬁf . Hﬂ Inz+ zJJ (7)

wiz) = L:i{-g:{n,! +Ri)inz+ 277 (R} + R)In R, -

-

-2R} -i._l??i] (g)
e= R R - 2*(R} + RE)in gL 9)

Here R,, R; are the plate radii at the hub and the rim respectively. Substitution
of ¢ and » into the Muskhelishvili equations

g, +a, = Z{u'{u +w’{z}i (10)

@, 00 + 2,y = Y20"(D) + w D) (1)

gives the radial =, and the hoop o, .normal stresses as well as the tangential
stresses r, . at the plate side,

RIL R i pt 1 1
o, = ﬂ[]ﬂ E 2] +2r+ X t'Rl +R?:| —Ixﬂ,’ﬂ_f-!]-JcmE “2}
c r r r
R + By 2[R+ Ry :
h:%[*{ Jota PR szn.-nf,%Jm (13)
e _uA fo,ldrR,!] _. z![Ei-‘- Rﬂ

c r

2RI r—!_,‘lsmﬁ' (14)

The displacement a can be found from the equilibrium condition,

cof
e 2uafl + I}I{RF - R;‘J.Fr (12)

h being the plate thickness

A similar approach was used for problem 2. Let the force opposing rolling
or the tractive force generate a torque of M, = TR, R being the tread radius.

The outer contour will then be rotated with respect to the inner contour through
an angle ¢ (the angle of plate rotation). The functions g (z) for [, can then be
written in the form of Eq. (3) while
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g =-Rycsing g = Ryfcosp at L, (16)
Substituting (5) and (6) into the boundary conditions, one finds the functions
eand w.

2uRich
plg) = ——————0 17
(2 + )R] - &) )
2uRREG
(1) = - i 18
-~ RS (18)
where the angle ¢ is defined as
(&R
T TAmuRIREh (19)

Problems 3 and 4 were solved in a similar manner using relationships of Savin
and Fleishman [3]. Figure 3 provides examples of how the stresses «,, a,, .,

are distributed at the sides of vertical plate section. Actual service data were
taken for the wheel characteristics and load values, namely F* = 129 kN, () =
1.47 kN, T=4.7 kM, R =250 mm, R; = 122.5 mm, £ = 176.7 mm, Ro= 262.5
mm.

To estimate the error resulting from the finite element quantization,
various grids were used in the semianalytical FEM technique for the problem at
hand. It was found that the error is at its maximum when the plate is bent
Consider the zeroth harmonic for a bent plate whose inner and outer contours
are rigidly fixed while the outer contour allows an axial displacement under an
axial load, so that an axisymmetric flexure occurs in the plate Assume a
maximum deflection of the plate at 4, = 0.01 cm. The above solution procedure
yields the axial force O

B, )
P CETT T 125
In! ”: ﬂ,r _I

£n' R
Il{l—v:]1 % R
an exact value of ¢ = 19.307 kN. Table 1 lists values of O found by the FEM
technique and their relative errors for a variety of meshes. The number of mesh
points in the plate equals N =n, xn, , n, and n_ being the mesh point number
across the plate thickness and the plate radius respectively.

Clearly, the error is large at small numbers of mesh points across the plate
thickness. Optimum mesh should be found on a case-by-case basis to minimize
the calculation error. The limitations will be imposed by the available computer
working storage WS given in the right-hand column, and the processing time.
To allow for various computer speeds, the table lists TR, the ratio of
computation time for a given mesh to that for the 5x10 mesh. It was found that
with an optimum 10x80 mesh the calculation error for a freight car wheel is
within 5 %. The Fourier expansion then must have at least 11 terms.

where 0 = Substituting numerical values into Eq. (20) yields
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Table 1. Influence of mesh on the accuracy of FEM solution for the problem of
flexure of a plane wheel plate

Pt | kN | & .% | TR | WS, kbyte
5 10 56.15 190.8 1.0 128
5 20 20.87 54.71 2.0 128
5 40 23 81 23.34 4.24 256

5 8O 2234 15.73 B.84 384
10 10 54.12 180.1 284 256
101 20 27.68 43.39 6.8 384
10 | 40 21.56 11.72 | 11.08 704
10 [ 80 20.07 3.954 | 2096 1344
15 10 33 .87 1790 | 532 384
15 20 2741 4197 | 14.24 768
15 | 40 21.27 10.20 | 21.08 1472
15 B0 19.71 2.127 | 46.04 2816

3 Experimental

Laboratory experiments were carried out on 1:4 scale model wheels. The
models were made from wheel steel forgings using specially made outline
templates to check wheel shape. A pair of wheels was then press-mounted on an
axle having shoulders at its ends to transmit vertical loads.

A finished wheelset was tested in a special rig shown in Fig 3. The
equipment included a 0.5 MN hydraulic press 1. The top cross-rail carried a
beam 2 with vertical load cells 3 and axle boxes 4 that transferred vertical loads
to the axle necks. The bottom cross-rail § supported simulator rails 6, hydraulic
cylinders generating a lateral force, and lateral load cells 7. A hand-power press
and a manometer 8 for measuring the pressure in the lateral hydraulic cylinders
were mounted on a side support. To simulate thermal effects of braking, an
induction heater 9 was provided that included a thermally insulated heating
element encapsulated in a brass housing which surrounded the tread and was
brought in close contact with it via a spring clamp. The heating rates were
selected in a manner permitting simulation of temperature gradients developing
in a wheel at various braking modes

The vertical loads developed by the press 1 were monitored visually using
the control panel 10. The distribution of the vertical load between the two
wheels was checked by the use of the vertical load cells 3. The rim temperature
was measured with thermocouples fixed to the wheels. Radial and hoop strain
gages were bonded to the model wheel 11. The signals were processed by the
measuring and recording unit 12
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The experimental loads were selected based on operational data and the
similarity theory. For example, a vertical load of 31.2 kN in the laboratory tests
corresponded to an actual axle load of 500 kN. From the measured strain
distributions. stresses at the wheel sides were calculated. These were compared
with the estimated results. The experimental and the theoretical data agreed
fairly well, within 20 %.

Wheels of various designs were also subjected to full-scale tests under
service conditions. These tests were conducted on wheelsets provided with
strain gages and thermocouples. The car speed, the vertical load and the wheel
diameter were varied in the tests. In braking tests, braking modes also were set.
The state of stress and strain in wheel plates, the vertical and the lateral load,
and the temperature distribution were recorded. The static load was 0.24 MM
per axle. The running speed ranged from 20 to 80 km/h. The sensor signals
were taken via special mercury current collectors mounted at an axle end. The
tests yielded distributions of static and dynamic stresses alike. The theoretical
and experimental data made a basis for development of novel wheel designs
featuring reduced wear, improved reliability and extended service life

4 Wheel material characterization

Microstructural changes in the actual wheel material regions adjoining the tread
having a conventional or a curvilinear profile were investigated for comparison
with the data of mathematical simulation of wheel-rail contact interaction. In
service, the tread undergoes severe wear associated with mechanical stresses
developing in the contact areas as well as with thermal stresses caused by
braking. The stress values are functions of elastic constants of the rail and the
wheel materials, car running speed, tread surface geometry etc. The
microstructural changes near tread surface are mainly manifested by occurrence
of plastic shear regions with elongated grains, Fig. 4a, and white layers
composed of eryptocrystalline martensite, Fig. 4b. Note that in service the tread
changes its profile due to bulge formation as a result of metal flow from the
tread middle towards the rim outer side.

For various tread profiles, the grain relative elongation &, the plastic
shear depth / and the dislocation density p, were determined, see Table 2. The

conventional-tread-profile wheels displayed more rapid wear rate than those
having a curvilinear tread profile. This is associated with differences in contact
stresses o as shown in Table 2. Three wheel regions were characterized,
namely the transition to flange (A), the middle portion of tread (B), and the
bulged metal region (C).

It should be noted that the thermal stresses resulting from quenching and
tempering in an as-made wheel are supplemented by microstructural stresses
due to existence of grain boundaries, interfaces, and nonmetallic inclusions
responsible for long-range stress fields. Electron microscopy was used to study
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these stresses. Following bend twist tensors (dislocation densities) were
obtained that normally have one or two nonzero components:
- ferrite/cementite interface:

a 0 0
r=[110 0 710, rad/cm (21)
0 0 0
- nonmetallic {Al:Os) inclusion/ferrite matrix:
o 0
z=p48 0 0 radlem (22)
o 0

Table 2. Microstructural characteristics of used wheel steel near
the tread surface. 1, conventional tread profile; 2,
curvilinear tread profile; A, B, C: measurement regions

£% h, mm p11l;‘.m'2 o, MPa

A B 5 A B C A B C A B
1] 65-7T5 | 22-25 | 9O | 300 30 GO0 237100 17330 26 10" 1350 1250
2| 60-T0 10 20 | 180 | 2040 | 420 644 107 PP i 1150 S

The above example values are given for a distance of 1 pm from the interface of
the inclusion. The long-range stresses gradually decrease with increasing
distance, the range being 2 to 3 times the interface width and 4 to 5 times the
inclusion size. The wider the interface or the larger the inclusion, the greater the
maximum stress o, and the field range radius R,' . see Table 3.

The strain-induced stresses make the extinction contour patterns more
complex, giving rise to more nonzero tensor components. This means that the
lattice bend twist near an interface or an inclusion becomes more intricate due
to an excessive dislocation density, e.g.

20 240 ;
r=|0 8% 0| radcm (23)
0 0 42

The strain-induced stresses increase the values of «, and R, near interfaces

and inclusions. The long-range stresses make considerable contributions to flow
stresses in steel. They cannot be classified with substructure elements but
represent a specific hardening factor.

Thus a comprehensive study of freight car wheels was carried out using
numerical and experimental methods. The satisfactory agreement between the
theory and the experiment made a good basis for development of new wheel
designs.
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Table 3. Stress field characteristics near metallurgical defects

Defect type Defect size, um o, . MPa R, .pm
Ferrite/cementite 4 1020 79
interface 6 1110 12.8
5 1020 20.3
AlO: inclusion 12 1170 497
20 1290 813
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Figure 1. Finite element mesh for a radial section of a freight car wheel
Right: transition from the plate to the rim shown on a larger scale
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Figure 2. Loading conditions and stress distribution in a vertical section of a
constant-thickness plane plate wheel
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Figure 3. Experimental setup for strain gage measurements of the state of strain
and stress in wheels

Figure 4. Microstructure of wheel steel near tread surface. 100x
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