FATIGUE LIFE OF RAILWAY WHEELS UNDER THERMOMECHANICAL LOADS

A. Martin Meizoso, J. Gémez Jiménez, J.M. Rodriguez Ibabe
ind J. Gil Sevillano (*)

A computer program (TERMAL) has been developed to
study crack propagation on railroad wheel rims. Cu
rrent theories on fatigue crack propagation and
fracture together with experimental data of wheel
material properties have been used.

The program accounts for the effect of stati-
cal loads arising from residual stresses and of al
ternating loads imposed by contact. TERMAL starts
with an assumed preexistant small defect on the ro
lling contact surface and, basically, calculates
the LIFE OF THE WHEEL.

INTRODUCTION

A computer program (TERMAL) has been developed to study crack
propagation on railroad wheel rims. Current theories on fati-
pue crack propagation and fracture together with experimental
data of wheel material properties have been used.

The problem accounts for the effect of statical loads ari
sing from residual stresses generated after braking action (cal
culated through an elasto-plastic finite element program) and
of alternating loads imposed by the contact stresses developed
under the rail-wheel contact. TERMAL starts with an assumed pre
cxistant small defect on the rolling contact surface and, basi-
cally, calculates the LIFE OF THE WHEEL, conventionally taken
as the number of cycles -wheel revolutions- that the wheel will
withstand before the crack reaches the external side of the rim.

Related work has been previously published by Wetenkamp

¢t al. (1), Wetenkamp and Kipp (2), Carter and Caton (3), Car-
ter et al. (4), Kipp (5) and Nishioka et al. (6, 7).

RESTDUAL STRESSES

An independent elasto-plastic FEM program (8, 9) calculates the
stresses thermally induced by a braking action. The program ac-
counts for the temperature dependence of plastic flow curves in
the full temperature range reached in the wheel. Fig. 1 shows
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the discretization of the wheel and the locations of the heat
source (brake shoe) used in the following examples. Axysimetric
isoparametric elements of 6 and 8 nodes are used.

CONTACT STRESSES

For a given wheel diameter, radius of the rail, coefi

roa , icient of
ﬁr}gtégn and axle load, the ellipse of contact and pressure dis
ribution on contact area are computed accordi 7 ime
shenko and Goodier (12), Saada (13)). e e T e

In order to calculate the stress field insid

the contact load distribution is discretizised intg ;3§C¥E:?l’
loads: Stresses generated by each punctual load in a perfectly
elastic sem1-1gf1n1te solid are solved according to Boussinesq
(14) or Cerruti (Saada (13)) for the normal and tangential load
;gzgozzﬁt, ;esp§§t1¥ely. Superposition and Saint Venant princi

e possible to compute st i ar
D e Sonl 1oad spacing? resses at distances longer than

Shear stresses, promoting crack i

propagation modes II and
III, have been neglected because they are approximately one or
der of magnltude.smaller than normal stresses and usually ap-_
pear asociated with strong normal compressive stresses. ]

Fig. 2 represents the s(zz) stress c
C omponent for 120 MN
wheel loaq. As it can be_seen, s(zz) tensile stresses are qui-
Ee.s$§ll 1¥ com§arlson with compressive ones in the absence of
riction. Tensile stresses are consequently not consi i
to the following calculations. 4 Y stdered in-

With a conservative aim, the maxi i

: s Ximum stress range is assu
med to be gpplled at each depth, indepently of the actual con-_
tact location relative to the third dimension.

Furthgrmore, an approximate plastic correction has
made. The c1rcunferentia1 s(zz) stress is kept below the
stress in any point. To maintain equilibrium conditions con-
tact stresses are moved to a deeper position. (displaceé an
amount equal to the plastified depth). Fig. 3 shows maximum and
minimum s(zz) values as function of the depth, x.

been
yield

STATIC AND ALTERNATING STRESS FIELDS

By "static (*) field" we will understand the maximum tensile
field ?esultant.of superposition of residual and contact stres
ses. Since tensile contact stresses generated by contact were

neglected, the 'static field" coincides wit ¢
stress field. ith the residual

(*) In the sense that it decides static i
mode crack propagation
and arrest, as opposed to (dynamic) fatigue progaggtgon.

The effective alternating field, as only tensile stresses
ire assumed to induce fatigue crack growth, should coincide
with the static field up to a certain depth, beyond which it
should be identical to the contact one.

HYPOTHESIS AND METHODS OF CALCULATION

[hree-dimensional stress configurations whose stress intensity
factors are available apply only to circular or elliptical
¢racks. So, semicircular or semielliptical radial cracks ema-
nating from the rim surface will only be considered.

Even if the initial crack starts with such a shape, its
geometry is altered by the dissimilar growth of its front
points under the complex stress field. Accordingly, some crack
remodelling must be made after each growth step, as indicated
helow, to maintain a tractable geometry.

The maximum tensile residual stresses are developed into
the wheel rim after cooling to ambient temperature (Wetenkamp,
ot al. (1). van Swaay(15)). Those are the residual stresses
used for life calculations.

Stress intensity factors are calculated making use of the
superposition principle.

Fatigue propagation and checks for unstable failure and
irrest are calculated making use of both experimentally mea
sured room-temperature crack growth rate and toughness data of
wheel material.

5tress field components

In order to apply the superposition principle, it is necessary
to calculate the normal stress distribution in the uncracked
solid on the location of the crack plane. As it is well known,
the stress intensity factor is then calculated on the basis of
the stress distribution of oppossite sign acting on the surface
of the crack.

For the reference system described in Fig. 4, the coordi
nates of the crack front are,

X
y

a.cos y
c.sin ¢y

m

nou

The normal static and alternating stress fields on the
crack plane location in the uncracked body are calculated as re
{erred above. The bidimensional heterogeneous stress distribu-
tion obtained is replaced by a second degree polynomial,

s = s1+sZ.x+53.y+s4.x2+55.x.y+s6.y2 (2)
Jerived by a least-squares fitting made on the crack plane, co-
vering up, to the close neighbourhood beyond the crack front.
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The points used for the fitting are the nodes of the FEM pro-
gram developed for the thermo-elasto-plastic problem. A mini-
mum of ten nodes are considered even for the samllest crack.

Stress intensity factors, Free surface correction

Shah and Kobayashi €16) for elliptical cracks in an infinite so
1lid, with a'correction for free surface effects. These equa-
tions allow to calculate stress intensity factors for pressure
distribution on the crack faces,
3 : :
p(x,y) = z A(i,j).xl.yJ (3)
i,j=0

In our case, because of the approximation of the stress
distribution by a second order polynomial, only the stress in-
tensity factors corresponding to the terms of the development
up to a second degree have been retained.

sl=1, s2=x, s3=y, sd=x®, sS-x.y, s6-y? o

Those factors, K(s(i))/s(i) =mf(i) i=1,...,6, are hand-
led separately to allow for a different free surface effect co
rrection for each term.

The problem 6f the free surface correction in the semi-in
finite solid has been tackled by Newman and Raju (17) for a uni
form pressure distribution in a<c cracks. Thus, the K(s(1))tem
of Shah and Kobayashi has been replaced by that of Newman and

It represents the mid point between the value for internal
cracks (lower bound, 1) and the value for through the thickness
bidimensional cracks (upper bound, 1.12). Those two extreme va-

lues are also used for estimating fatigue life upper and lower
bounds.

Fatiguc

Once the stress intensity factor range for each point of the

crack front is ‘computed, the crack advances by displacing its
front points a distance computed from direct application of Pa
ris law (Paris and Erdogan (18)). Points with AK</iKth (fatigue —
thershold) remain unchanged. Displacements are assumed orthogo
nal to the crack front (Tian, Lu and Zhu (19)). -

Since fields and crack geometry will vary along the wheel
rim, it is convenient to use small crack advance increments in
the computation steps. In this particular case a step range from
1 to 2% of the mean size has been found to be most convenient
for life predictions.

+avk remodelling

tensity factors for the new crack

t4 he able to compute stress in Jrack

i itted t
‘sant, an ellipse centered on the free surface 1is fi
oW points.

B lower

For each step of «crack propagation, uPp%?gyiQi semia-
4 ds are computed assuming two more e111g5e§ o alenlated
;“t"plus or minus twice their standard divtgséoté S vene aibd
21¢7 . 3 ints relati
o on of the real poin s of
q‘”mktgiogiglaXiso 1.12 and 1.00 are taken as extreme value
CFac . s

. X pp g
ihe free surface effect factor in these calculatio

nd of life

| W e (o] 1 e C C are COIlSldered.
3] pOSSlble nd f 1f ircunstances
7w

i ber of cycles for
: e the estimated total num 0
" ?Eggéegtgble wear of the flange is achieved (5 107 cy

cles).
2. FRACTURE: Once the crack reaches the external side of
the rim. |
At this moment, geometric1b§poggizizr;g::,12ﬁ2
LR galcu}ztiggzebiﬁgmgrzgiar;aéhes the wheel side
;zmiégéggeiédemarginal for life predictions.

fiow charts

: the
‘igure 5 shows a general scheme of the prqgragnglggnggzgzed he
:1ﬁd1mental steps in computational pyoceduge e oo
;itiSns for changing from a propagation mode

¢YAMPLE OF RESULTS

bilities, the life prediction

t5 an example of the program capaSurface lrented. UIE BT grade

¢iar a new flat plate, 1250 mm @,
(:0) wheel is presented.

. A S

Four different braking application qondlt}oni 2relzt23;ry

or 15 minutes, 60, 55 and 50 Kw for 39 minutes. e

0 Kw for t and inéorrect brake shoe location are Stﬁ 1rim) L

ot Corrﬁc rolling surface and partly applied over ; e ) s
snr?d ondt.i fig.1. The wheel is later allowed to co6ol up

jig;zisiuré, in 6rder to compute residual stresses.

The cases considered are:

ASE O 90 Kw for 15 mn., centereg shges (corfect)
31 - -

i CASE ! 0 centere »

P CASE 1. - 60 Kw ! 3 € _ " b edrrest)
| CASE 2.- 60 Kw " 30 over the rim "

ASE 3.- 55 Kw " 30 centered



CASE 4.- 55 Kw for 30 mn., over the rim shoes (incorrect) T. & A.d. Report no. 428, 1978.
CASE 5.- 50 Xw " 30 centered "

CASE 6.- 50 Kw . 30 over the rim u 1 6. Nishioka, K., Nishimura, S., Hirakawa, K., Tokimasa,
K. and Suzuki, S., "Fracture Mechanics Approach to
Figures 6-11 correspond to CASE 0. Figures 12-13, to CA- the Strength of Wheelsets', 6th. Int. Wheelset Con-

SE 2. Figure 14 shows a limit curve (estimated) for bréking gress, Colorado Springs, 1, pp. 2.4.1.-15, 1978.

practice with this particular wheel. K
7. Nishioka, K., Hirakawa, K., Sakamoto, H., Toyama, K.,

Tables 1 and 2 show the maximum non-propagating defects Suzuki, S. an% Hamasaki, A., "Development of Impro-

and predicted life for every case studied. ved Railroad hheels",87th. Int. Wheelset Congress,
Viena, pp. 6.1-14, 1981.
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TABLE 1.- Maximum radius for non-propagating defects (mm).
CASE NO
NODE 0 1 2 3 4 5 6
16 2.00 5.15 0.75 - 0.70 - 3.04
17 0.66 1.44 0.68 9.64*1 0.69 = 2.59 Fig. 1: Discretization of a new, flat plate, 1250 mm §
18 0.45 0.78 0.64 4,22*] 0.66 - 2.47 railroad wheel.
19 0.42 0.67 0.62 2.67*| 0.72 - 3.:53
20 0.40 0.64 0.61 2.32%| 0.82 - 5.69
21 0.39 0.65 0.62 2.25*| 1.15 - 9.83
22 0.39 0.67 0.75 2..59% 2.52 - -
23 0.41 0.77 | 2.32 4.09*%| 7.59 - =
24 0.50 1.17 8.38 9.35* - - -
25 0.86 2..54 - - - = =
26 3.82 7.82 - - - - =
* arrest.
0
10
TABLE 2.- Life predictions. 20mm
inicial Life
CASE NO.| defect cycles Kms H : M
¢ wheel = 625mm Contact elipse semi - anis Gv,(_’b’ 2
2 4 ¥ $ ral - 356mm a = 8,612mm S~
Contact load = 120 MN b = 5,924mm
0 . 5X.5 2,500,000 10,000
1 s TXe'T 4,700,000 18,000
2 L7x. 7 2,800,000 11,000 )
3 L © o . .
4 ?i? 4,900,000 19,000 Fig. 2: s(zz) wheel-rail contact stress component inside
5 _ ) ' the wheel.
6 10x10 15,000,000 59,000 ’
: v
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