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FRACTURE MECHANICAL FATIGUE ANALYSIS
OF RAILWAY WHEELS WITH ROLLING DEFECTS

K.-O. Edel and G. Boudnitski
Fachhochschule Brandenburg
D-14770 Brandenburg an der Havel, Germany

ABSTRACT

Reusable solid railway wheels manufactured of the old wheel steel BV 1 (nearly equivalent to the solid
or monobloc wheel steel R1 according to the new nomenclature) show in some cases rolling defects on
the surface of the wheel disc. The fatigue behaviour of such defects is analysed by means of the linear-
elastic fracture mechanics and Monte Carlo simulation and assessed to be able to derive the allowable
defect size for the non-destructive testing.
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NOMENCLATURE

radial coordinate
normal distributed random number with the mean 0 and the standard deviation 1

norm

s,  standard deviation of the braking stresses in radial direction

s,  standard deviation of the residual stresses in radial direction

t,.,  thickness of the rim of the solid wheel

a inclination angle between the crack area and the surface of the wheel disc
O 4. braking stress in radial direction

o, residual stress in radial direction

INTRODUCTION

The rolling stock of the railways usually has a limited service life of some decades. At the end of their
life the waggons will be scrapped. But not all parts of the railway structures will be unusable at this
time. In many cases the wheels show only a very small wear on the tread so that the wheel sets are
reusable.
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At the reconditioning of the reusable wheel sets the wheels will be tested non destructively. Circumfe-
rentially and radially directed surface defects on the wheel disc were found in some cases. According to
metallographic micro slices these defects are rolling defects with a finite or infinitely small tip radius.

Fig. 1. The different kinds of rolling defects on the surface of the wheel disc.
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Fig. 2. Micro slice transverse to the defect [1].

For the following investigations the rolling defects are assumed as cracklike defects with an infinitely
small crack tip radius. Under this realistic assumption it is possible to use the linear elastic fracture
mechanics to analyse and to assess the behaviour of these defects.



Fatigue of Rolling Defects 127
GEOMETRY OF DEFECTS

The tangentially directed defects which are of special interest show a length L of up to 600 mm. The
inclined crack size a under the surface of the wheel disc has a size of up to about 10 mm. The correlati-
on between the defect length L on the surface and the crack size a under the surface is given in Fig. 3.
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Fig. 3. Correlations between the inclined crack size a and the defect length L on the surface of the
wheel disc.

The inclination of the crack area against the surface of the wheel disc lies between 0° and 90° with a

< tha aanation

mean value of about 25°. The probability of the inclination angle is approximated by the equation

o 11
P(a) =1 —exp[—(—al—_g%f—) } )

STRESSES AND STRESS INTENSITY FACTORS

Stresses in the Wheel Disc [2]

Ry

The wheel force components which act on the rim of the wheel depend on the track and rail geometry.
The vertical wheel force component F,, acts on the tread. It has a size of up to 170 kN for a load ca-
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pacity of the wheel set of 20 tons. The horizontal wheel force component F, acts either on the flange
(F;> 0) or on the inner side of the rim ( F, <0). It is scattered in the range of -23 up to 55 kN for the
same load capacity.

The stresses in the wheel disc are measured under static conditions for predetermined wheel force
components. The positioning of the strain gauges -in the 0°-position - were between the wheel set axle
and the contact point with the rail. The stresses are given for the calculations by the equations

O, =Co Fy+e, Fy and C,i500 = —Cy - Fy. ).
Residual stresses in the disc of some solid wheels have been measured by means of strain gauges. De-

pending on the radius 7 of the position of the strain gauge, the residual stresses are approximated by the
equation

Gres=0'm(r=0)+d—?ﬂ~r+s r 3)

o " norm
ar

with the regression coefficients given in Table 1. The radius r is limited to values between 171 mm and
317 mm corresponding to the extreme positions of the strain gauges.

Table 1. Coefficients for describing the residual stresses in solid wheels.

surface o,,(r=0) do,, /dr s,
outher -218.45 MPa 0.7375 MPa/mm 80 MPa
inner +249.59 MPa  -1.2484 MPa/mm 80 MPa

Thermal stresses in the disc of tread braked solid wheels have been calculated for a differently shaped
wheel under usual stop brakings [3]. The thermal stresses are strongly influenced by the thickness of
the rim of the wheel. For the calculation of the braking stresses in the disc the following rough
approximation is used

(¢, =0)+—re
rim
dr

with the coefficients given in Table 2 and the thicknesses of the rim between 16 and 93 mm.

+

T =T i~ S, F
brake Y brake rim ob " norm.

Table 2. Coefficients for describing the braking stresses in radial direction.

o-lyrake (trlm = O) do_hrukl: /dtrim sah

229.74 MPa -1.2338 MPa/mm 22.4 MPa

Stress Intensity Factors

Solutions for the plane problem of straight inclined edge cracks loaded by constant tension (membrane
stresses) and bending stresses are given in the handbook published by MURAKAMI [4]. The most
complete solution of the mixed mode problem is given by BOWIE [5] for membrane stresses. The so-
lutions to the equivalent bending problem show a reduction of the calibration factors of up to 50 per
cent for the same nominal stresses.
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Fig. 4. Fracture mechanical idealization of the rolling defects as straight inclined edge cracks under the
action of membrane and bending stresses.

To calculate the stress intensity factors the thickness W of the wheel disc must be known. With » und W
in mm the thickness is approximated by

W =382-0447.r. )
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Fig. 5 Fracture mechanical idealization of the rolling defects to investigate the influence of the defect
curvature.

Test calculations using the crack model given in Fig. 5 show for crack tip angles 8 < 45° a reduction
of the equivalent stress intensity factor compared with the straight crack and for crack tip angles
B> 45° an increase of up to about 3 per cent over that value of straight cracks. For crack tip directions
which tends towards parallel to the surface the model of the straight inclined crack is conservative. For
crack tip directions which tends towards transverse to the surface the model of the siraight inclined

crack is a little bit unsafe.

THRESHOLD VALUES AKX, OF WHEEL STEEL R1

Only a few published threshold ranges AK,, of the stress intensity factor for solid wheel steel are
known [6]. Most investigations are related to the steels R7 and R9 which are used for wheels with
quenched rims [7]. Because of the different carbon content and the heat treatment of the steels investi-
gated before and the old not heat treated steel R1 it is necessary to determine the threshold values AK,,
of the steel R1. The results AK,, of about 60 tests are given in Fig. 6 against the stress ratio R.
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Fig. 6. Mean value and standard deviation of the threshold range AK,, of the stress intensity factor of
the solid wheel steel BV 1 {or R1).

Table 3. Chemical composition of wheel steeis [8, 9].

steel chemical composition in weight per cent
C Si Mn P S
BV1 [8] --- 0.50 1.20 0.05 0.05
R1 [9] 0.48 0.50 0.90 0.035 0.035
R7 [9] 0.52 0.40 0.80 0.035 0.035
R9 [9] 0.60 0.40 0.80 0.035 0.035

MONTE CARLO SIMULATION OF FATIGUE

To compare the material loading with the fracture mechanical properties the stress intensity factors of
the mode I and II can be summed up to an equivalent value of the stress intensity factors. Fracture tests
[10] and crack growth tests show a good result using the equation

1’8 K2 L 6. K

r  — 1/;{ \ .
‘XI,V - /2 \l\l 7‘V1\[ e FAN
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It can be assumed that the above mentioned equation is also suited for the case of not growing cracks.
The fatigue strength condition is then

=
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AK,, = AK, . 0]

The fracture mechanical calculations of the crack size a at which the cyclic growth begins are perfor-
med with random values of the essential properties, parameters, and dimensions. The calculations are
repeated 5000 times for the same assumptions to get the probability distribution. As it is unknown how
large the membrane stress part and the bending stress part are in the disc the simulation is performed
for two extreme assumptions: on the one hand for pure membrane stresses and on the other hand for
pure bending stresses (with the same stress values but a calibration factor in the equations for the stress

intensity factors which is reduzed to 50 per cent compared with that of the membrane stresses).

The Monte Carlo simulation gives three different results:

o For stresses in the pressure range it can be assumed that the cracklike defects cannot grow. (The
effect of the small K, will be neglected.) This case won’t diminish the safety of the wheels under
practical conditions.

e For low stresses in the tension range the threshold crack size can exceed the thickness of the wheel
disc. This case likewise won't diminish the safety of the wheels under practical conditions.

e For relatively high stresses in the tension range there exists a threshold crack size between non-
growing and growing.

All possible cases are considered appropriate to their probability to get the survival probability of the
wheels (Fig. 7). To get a representative value of the non-growing defect size that defect size is selected
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Fig. 7. Probability distribution of the size of non growing defects under service conditions.
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from the simulated probability distribution which has a survival probability of 90 per cent. To be inde-
pendent of the assumptions related to the stress distribution the results of the membrane stress and
bending stress calculations are averaged. But this assumption ist conservative. More realistic is the
assumption of a state of bending stresses. Consequently, on the inner surface of the wheel disc follows

a(P, = 90%) = ®)

J7,0 mm for the mean of membrane and bending stresses

(0,4 mm for DCH(llIlg siresses

ASSESSMENT OF THE SIMULATION RESULTS

Safety factors to guarantee the durability of cyclic loaded structures which are usually related to the
stresses are given in Table 4. For the use in fracture mechanical calculations and assessments, the
safety factors must be modified according to the reiation

S, =82 Q)

to get safety factors which are related to the crack size.

Table 4. Safety factors S, for cyclic loaded structures manufactured of rolled steel [11].

consequences of failure large small
large welded structures with not considered residual stresses:

not periodical NDT - 1.9 1.6
periodical NDT 1.7 1.5
other cases of structures:

not periodical NDT 1.5 1.3
periodical NDT 1.35 1.2

g2 109
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1ne necessary salr€ty 1actor to assess ine roimg aciecCts nas d s1ze o1 1,50 = 1,6Z4. 10€ us€ OI tn€ o€io-
re mentioned safety factor to the representative minimum value of the not growing defects leads to the
allowable crack size

a(P, = 90%) !3.8 mm for the mean of membrane and bending stresses
a(l = el = A = o 1 1 .
! S (4.5 mm for bending stresses.

a

(11)

CONCLUSIONS

The allowable value of the crack size a, which was calculated by means of the LEFM, is not very s sui-

ciacs aifuiaict U5 ICalls O UiC LT VL, 5 100

table for the non-destructive testing of the surface of the wheel disc. The length L of the defect on the
surface is essentially better suited for the NDT than the inclined crack size a. Starting from the above
derived allowable crack size a the allowable value of the crack length L is derived by means of the
border line in Fig. 3 to about 40 mm but not smaller than 30 mm. The assessment of rolling defects by
means of this allowable defect length does not requires the determination of the defect size below the
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surface of the wheel disc. The explained method to derive the allowable defect size can likewise be
applied to other cyclic loaded structures.
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