
Railway wheels are used to support the wagon
mass and guide the wagon along the tracks
(Park, 1974). The wheels and rails must be
able to tolerate the applied tangential forces in
order to effect wagon dynamic performance
and reduce material deformation (Ghidini et
al., 1994; RSE_TE_SPC_0045, 2011; AAR
M107/M 208 Specification, 2011. Over the
past ten years, the South African coal wagon
maintenance depot has experienced excessive
hollow wheel wear rates on the heavy haul line
wheels. The maximum load of Jumbo wagons
on the coal line is 104 t, or 26 t per axle.
Although the maintenance intervention cycle
for wheelsets was two years, between
February 2011 and August 2012 some wheels
experienced excessive hollow wear. Hollow
wear is regarded as wear exceeding 2 mm on
the central portion of the wheel tread
(RSE_TE_SPC_0045, 2011). This happened
despite the fact that these wheels were
manufactured and certified according to the

requirements of AAR M107/208 standard for
carbon steel wheels (AAR M107/M 208
Specification,. 2011) and the local wheel
RS/ME/SP 021 standard specification (RS / ME
/ SP / 021 REV 5 (2013). The AAR standard
only specifies a minimum hardness as a
required mechanical property and the local
standard specifies hardness and minimum
tensile strength only. In general, an increase in
hardness will improve the rolling/sliding wear
resistance of steel. This relationship of
hardness and wear resistance was found to be
true only in a situation where solid and similar
alloys are in contact (Singh, Khatirkar and
Sapate, 2015). The sliding wear resistance of a
material is usually estimated using Archard’s
equation (Liu and Li, 2001). This wear
mechanism may manifest by crack initiation at
the surface and propagation until macroscopic
wheel material detachment occurs (Johnson,
1989). Fatigue crack initiation occurs as a
result of local plastic deformation (Johnson,
1989; Ekberg, 2001). This plastic deformation
and fatigue crack-related detachment forms
hollow wear within the wheel/rail interface
and progresses over many rolling contact
cycles. Lewis and Olofsson (2009) stated that
‘severe wear results in a rough, deep torn
surface – much rougher than the original
metallic wear debris, typical of up to 10 m’. It
was further indicated that there is a
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relationship between crack truncation and wear rate; if the
wear rate is high, cracks will probably be worn away before
progressing beyond stage A in Figure 1, otherwise the crack
becomes unsafe when it reaches point C. 

Heat treatment is the most important process for
improving wheel rim hardness and subsequently wear
resistance (Ekberg, 2001). Residual compressive stresses are
introduced in the wheel rim by a rim quenching process
during heat treatment that refines the grain structure and as
a result improves the wear resistance as well as the resistance
to crack initiation (Johnson, 1989). Excessive hollow wear
can affect the dynamic behaviour of the railway vehicle and
will lead to the increased likelihood of derailments (Lewis et
al., 2003). Although the main focus of this paper is on
excessive wear rates, wheel-rail interaction is also important.
When the contact area between the wheel and rail is small,
there is a corresponding high contact stress. Typical contact is
made over a quasi-elliptical area with an average diameter of
approximately 13 mm (Harris et al., 2001).

This research study was initiated to deepen the
understanding of the wear mechanism experienced on the
coal line. This will aid efforts to identify and abate the wear
rates, as well as in determining combative measures to
reduce the wear of the wheels. In order to investigate this, an
enhanced understanding of the current operating conditions,
wheel mechanical properties, metallographic properties, wear
mechanisms and wear regimes is essential.

Initially, two batches of wheels that showed high wear rates
in-service were declared unroadworthy and were removed
from service. Three wheelsets from the two batches were
selected for further analysis. The chemistry and tensile
properties of these batches were provided by the supplier.
Both batches were manufactured by Supplier A (wheel A).
The degree of wear was measured using the miniprof wheel
rim measurement technique. In addition, microstructural
analysis around the excessively worn area on the wheel tread
was conducted using optical and scanning electron
microscopy (SEM). The hardness results related to the
excessively worn wheel test batch were not available. In
addition, no further comparative hardness testing could be
carried out on the worn wheels due to their condition and
profile. However, according to Zang, Li and Zhang, (2011)
and Dieter (1988) the  hardness of materials often obeys the
three times empirical strength relationship of work-hardening

metals, therefore an extrapolation of material hardness was
carried out using the material yield strength.

In an effort to further understand the wear mechanism,
thirty-two brand-new wheelsets were ring-fenced for trials
and monitored for a period of two years on the coal Jumbo
wagons. These new wheelsets were supplied by two different
companies. The wheels were profiled to the nominal diameter
and put in service for wear monitoring. The operating
conditions were similar to the conditions that existed in
2011. Sixteen of the 32 wheelsets were manufactured by
‘Supplier A’ (wheel A) and the other 16 were manufactured
by ‘Supplier B’ (wheel B). Each bogie of the wagon was
paired with wheelsets made up of a combination of both
wheels A and B. Unfortunately, four wagons were removed
due to operational demand and therefore could not complete
the trial; and as a result they were excluded from the study.
The remaining 16 wheelsets that completed the trial were
measured bi-annually.

In additional, a wheel from each supplier was tested to
determine the chemistry, microstructural analysis and
mechanical properties. 

The wear rate of the tread surface depends on loading
conditions, therefore the loading conditions were analysed
according to compliance criteria from UIC Code 510-5 (2007)
and EN 13103 standards. The applied forces were calculated
and the main goal of the two-body contact interface analysis
was to determine the magnitude of stresses and
deformations. 

The three wheelsets that were removed from service were
identified as 8JS6699/024, 8US6855/003 and 8SU6085/046.
Wheelset 8JS6699/024 was in service for 9 months while
8US6855/003 and 8SU6085/046 were in service for 18
months. 

The chemical composition of the excessively (abnormal) worn
wheels from supplier A is shown in Table I. The chemical
composition and mechanical properties were found to be in
accordance with the requirements of AAR M107/M 208 and
RS/ME/SP 021 specifications, respectively.

The tensile tests results of the quality test batch related to the
excessively worn wheels are shown in Table II. These results
were found to be satisfactory and compliant with the local
specification. The material hardnesses that were extrapolated
were found to be approximately 310 HV and 329 HV, (290
HB and 309 HB when converted to Brinell hardness) respec-
tively (Dieter, 1988).

The rim profile was measured and evaluated according to the
requirements of RSE/TE/SPC/0045 (2013). The total average
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wear rate was found to be 0.33 mm/month according to the
rim profile measurements in Table III. The wear rates were
found to be excessive considering that the wheels were in
service for a period of 9–18 months.  

Figure 2 shows the excessive hollow wear on the wheel
rim profiles.

The treads of the wheels that experienced excessive wear
were examined with a stereoscope and optical microscope.
The treads revealed fine microscopic cracks, as shown in
Figure 3 and Figure 4. The cracking mechanism is similar to
that discussed by Lewis and Olofsson (2009); where the
wheel surface experiences deformations as a result of cyclic
loading, leading to crack initiation which ultimately results in
the loss of particles from the surface. Lewis et al. (2003)
described this phenomenon as ‘ratcheting’.

The general microstructure of the wheel was pearlitic with
ferrite embedded on the grain boundaries. The microstructure
observed during metallographic examination showed wheel
tread plastic deformation of approximately 75 m (see Figure
5). The wheel tread surface shows a breakage classified as
severe wear. 
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Table I

Wheel A1 0.68 0.78 0.39 0.01 0.01 0.02 0.13 0.13 0.04 0.16 0.01 0.04 0.01 0.03

Wheel A2 0.69 0.79 0.35 0.01 0.01 0.03 0.11 0.12 0.03 0.20 0.01 0.04 0.01 0.03

AAR M107/208 0.67–0.77 0.6–0.9 0.15–1.00 0.005–0.040 0.03* 0.06* 0.25* 0.25* 0.10* 0.35* 0.06* 0.05*
Grade C Standard

Table II

Ultimate tensile strength (MPa) 1054 1119 1050 minimum
0.2% yield strength (MPa) 642 660 Not specified
YS:UTS 0.61 0.59 Not specified
% Elongation 15 17 8 minimum
Strain 0.158 0.171 Not applicable
% Reduction area 31 39 Not specified

Table III

63655292 T/003 side A 02/2011 34.46 22.74 5.36 7.41 12.53
63655292 T/003 side B 02/2011 32.81 25.57 3.20 7.81 24.22
63655292 U/046 side A 02/2011 32.91 25.54 3.69 7.88 23.79
63655292 U/046 side B 02/2011 32.08 25.27 3.69 8.33 12.88
63655497 G/024 side A 11/2011 35.71 26.33 4.88 8.75 28.28
63655497 G/024 side B 11/2011 34.90 25.12 4.77 7.90 19.27

*Maximum
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Figure 6 shows a SEM micrograph detailing the fatigue
micro-cracks on the excessively worn wheel.

The metallurgical and mechanical testing results of the two
wheels sampled from supplier A and B are presented below.

Chemical compositions of the trial wheels examined are given
in Table IV. The chemical compositions of both wheels
conformed to the AAR M107/208 specification. The carbon
content of wheel A was 5.5% lower than that of wheel B; this
difference is significant given the importance of carbon as an
element that influences hardenability. 

The tensile test results are shown in Table V. Results of both
wheels complied with the requirements of RS/ME/SP021. The
ultimate tensile strength and yield strength of the trial wheels
were significantly better than the values for the wheels that
experienced excessive wear.

Transverse sections of the two wheels sampled from the ring-
fenced wheels were prepared for metallographic examination.
The general microstructure of the two wheels was pearlitic
with ferrite embedded on the grain boundaries (Figure 7). 

A microslice from the rim on the wheels identified for
destructive testing was sectioned and prepared for Brinell
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Table IV

Wheel A 0.69 0.78 0.33 0.01 0.01 0.02 0.15 0.18 0.04 0.09 0.01 0.04 0.01 0.03

Wheel B 0.73 0.78 0.26 0.01 0.01 0.02 0.10 0.24 0.03 0.21 0.01 0.04 0.01 0.03

AAR M107/208 0.67–0.77 0.6–0.9 0.15–1.00 0.005–0.040 0.03* 0.06* 0.25* 0.25* 0.10* 0.35* 0.06* 0.05*
Grade C Standard

Table V

Ultimate tensile 1223 1185 1050 minimum
strength (MPa)

0.2% yield 924 910 Not specified
strength (MPa)

YS:UTS 0.76 0.77 Not specified

% Elongation 17 16 8 minimum

% Reduction area 35 33 Not applicable

*Maximum



hardness testing. The wheel rim hardness tests were
conducted at the positions indicated in Figure 8 and the
results are presented in Table VI. All wheels complied with
the minimum and maximum hardness requirements of
specification RS/ME/SP021 grade C alloy. The hardness
measurements were comparable and did not show the effect
of the 5.5% carbon variation.

Only 16 of the 32 ring-fenced wheelsets were analysed, as
mentioned, and the results are discussed below. All the
wheels used in the test were manufactured through a forging
proces.

The results listed in Table VII are the rim profile
measurements for the last cycle measurements over a 24-
month period. 

Of the 16 wheelsets shown in Table VII, 14 of the left-
hand side wheels on the wagons were worn more than those
on the right-hand side. Only two of the right-hand wheels
showed pronounced wear. The hollow wear on trial wheels
was satisfactory considering that the average wear rate was
0.06 mm/month and the maximum variation was 0.42 mm
per wheelset. Figures 9–12 show the wheel rim profiles per
wagon. Thee wear rates of the trial wheels are significantly
lower than the wear rates in Table III. 

The asymmetrical hollow wear that was observed on the
excessively worn wheels, as originally detected in 2011 and
2012, was indicative of a batch with inferior mechanical
properties. The asymmetrical wear on the trial wheels was
not as pronounced and as such was deemed normal and
acceptable. The high wear rates of the excessively worn
wheels also indicate that there is a possibility that the wheel
material was of inferior mechanical properties with reference
to the trial (ring-fenced) wheels. In general, excessive wear
was predominant on wheels identified as wheel type A in
2011 and 2012.

The tread of the trial wheel shown in Figure 13 was smooth,
without signs of the cracks observed on the excessively worn
wheels seen in Figure 3. Furthermore, microscopic
examination of the wheel tread did not reveal any operation-
related defects, except for random micro-spalling seen in
Figure 13 and 14. The wear mode was characterized as mild
wear. The wheel with high wear rates in Figure 6 showed
larger spall marks than the trial wheels in Figure 14 at the
same magnification.     

This section focuses on wheel load and compliance criteria
from UIC Code 510-5 (2007) and BS EN 13103 (2009)
standards. The applied forces were calculated on the basis of
the value of load Qg. Load Qg is defined in the EN 13103
standard as half the vertical force per wheelset on the rail (BS
EN 13103, 2009). The main goal of the two-body contact
interface analysis was to calculate the magnitude of stresses
and deformations. UIC Code 510-5 recommends that for
design purposes, three load cases must be considered,
namely Load case 1: straight track, Load case 2: curve and
Load case 3: negotiation of points and crossings. However,
for the purpose of investigating hollow wear only Load case 1
is applicable.

This load case is for a centred wheelset on a straight track as
represented by 1 (highlighted) in Figure 15. Equation [1]
was used to calculate the loads tabulated in Table VIII.

Effect of yield strength on wear rates of railway wheels
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Table VI

1 341 344
2 347 351
3 351 341 321–363
4 333 329
5 341 336
6 338 321
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Table VII

63634325 Wheel B 1 30.447 11.105 25.947 1.338 0.00 Left
2 30.879 11.385 25.831 1.639 0.30 Right

Wheel A 3 30.148 10.815 26.153 1.274 0.00 Left
4 30.166 10.881 26.008 1.282 0.01 Right

Wheel B 5 30.244 11.288 25.897 1.222 0.00 Left
6 30.599 11.408 25.883 1.559 0.34 Right

Wheel A 7 30.546 11.254 25.832 1.331 0.00 Left
8 30.346 10.907 25.713 1.565 0.23 Right

63634317 Wheel B 1 30.246 11.403 25.688 1.535 0.00 Left
2 30.263 11.299 25.680 1.583 0.05 Right

Wheel A 3 29.705 10.075 25.794 1.087 0.00 Left
4 30.569 11.169 25.877 1.390 0.30 Right

Wheel B 5 30.585 11.528 26.031 1.537 0.00 Left
6 30.765 11.427 26.041 1.576 0.04 Right

Wheel A 7 29.934 10.557 26.040 1.168 0.00 Left
8 31.335 12.092 25.611 1.585 0.42 Right

63634309 Wheel B 1 30.474 11.148 26.025 1.188 0.00 Left
2 30.455 11.464 26.017 1.452 0.26 Right

Wheel A 3 30.418 11.198 25.777 1.251 0.00 Left
4 30.069 11.119 26.180 1.357 0.11 Right

Wheel B 5 30.116 11.135 25.901 1.119 0.00 Left
6 30.245 10.673 25.775 1.111 -0.01 Right

Wheel A 7 30.629 11.449 25.756 1.484 0.00 Left
8 30.104 11.018 25.983 1.184 -0.30 Right

63634295 Wheel B 1 30.761 11.555 25.961 1.363 0.00 Left
2 30.458 11.071 25.946 1.588 0.22 Right

Wheel A 3 30.318 11.145 26.189 1.269 0.00 Left
4 30.008 11.183 26.092 1.369 0.10 Right

Wheel B 5 30.302 11.378 25.802 1.255 0.00 Left
6 30.457 10.989 25.823 1.375 0.12 Right

Wheel A 7 30.604 11.359 25.981 1.293 0.00 Left
8 30.366 11.146 25.869 1.557 0.26 Right



[1]
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Table VIII

Q (per axle) 26 t
Q (per wheel) 13 t
g 9.81 m/s2

Fz1 159 413 N



Effect of yield strength on wear rates of railway wheels

Hertz (Johnson, 1985) developed a theory to calculate the
contact area and pressure between two surfaces and predicted
the resulting compression and stress induced on the objects.
The principal stresses acting along the x, y, z axes at or
below the contact area are x, y and z. The shear stresses
acting along the axes at or below the contact area are zero.
The current manufacturing specification does not specify the
minimum yield strength; however, according to the distortion
energy theory; the yield strength is an important property.
Harris et al. (2001) found that the wheel/rail interaction
contact is made over a quasi-elliptical contact patch the size
of a small coin of about 13 mm (½ inch) diameter. A
minimum diameter of 13 mm was used to calculate the
yielding criterion strength for a 26 t per axle load wagon (see
Table IX). The results for the excessively worn wheels
presented in Table IX show that the yielding criterion
exceeded the uniaxial yield strength of wheel A at a contact
patch of 13 mm diameter. The elasto-plastic response shown
in Figure 16 was extensively analysed by Johnson (1989).
The load factor of the excessively worn wheels and the ring-
fenced wheels at a maximum contact stress of 1812 MPa are
summarized in Table X. Given the interpretation of elasto-
plastic behaviour of the wheels at approximately 0.3
coefficient of friction, it is expected that excessively worn
wheel A will distort and be more susceptible to both surface
fatigue and development of hollow wear in service than the
ring-fenced wheels A and B, which showed high yield
strength values compared to the values determined by the
Von Mises and Tresca criteria.

Shear flow on the excessively worn wheels and fatigue micro-
cracks suggest a great amount of shear deformation of
material on the tread surface. Olofsson et al. (2013) found
that cyclic loading that leads to wheel surface deformation
results in crack nucleation and subsequently removal of
material. The excessively worn wheels revealed plastic
deformation on the tread that resulted in the initiation of
cracks. The wear on the wheels most likely occurred by a
form of material detachment at the intersection of cracks. The
wear observed in this research occurred by rolling contact
fatigue that progressed by the shedding of small particles.
The ring-fenced wheels did not exhibit any unusual wear-
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Table IX

9 63 2537 3806 3806 2284 2284 1522
11 94 1691 2537 2537 1523 1522 1015
13 132 1208 1812 1812 1088 1088 725
15 176 906 1359 1359 816 816 543
17 226 705 1057 1057 634 634 423
19 283 564 846 846 508 508 338
21 346 461 692 692 415 415 277
23 415 384 577 577 346 346 230
25 490 325 488 488 293 293 195
27 572 279 418 418 251 251 167
29 660 242 362 362 218 218 145
31 754 211 317 317 190 190 127

Table X

Wheel A1 1812 660 381 4.8
Wheel A2 1812 642 371 4.9
Wheel A 1812 924 534 3.4
Wheel B 1812 910 525 3.5



related defects and since the only difference between the
wheels is strength, it is therefore concluded that the wear
mechanism is related to the material strength. The
tension/shear forces are complicit in the formation of fatigue
cracks and material shear deformation.

The test certificate of the wheels showing initial excessive
wear revealed a significantly lower yield strength compared
to the ring-fenced wheels, although only the ring-fenced
wheels satisfied the minimum AAR and local specifications.
However, it is worth noting that the yield strength is not a
requirement for both specifications. Hardness testing of the
excessively worn wheels could not be carried out due to
deformations and high wear rates; however, Dieter (1988)
reported that empirically the yield strength is three time the
hardness of work-hardening materials, therefore the
hardnesses of the wheels were extrapolated using the
empirical relationship. The converted hardness results did not
conform to the minimum requirement of AAR M107/208 and
local specification requirements. On the other hand, the
Archard wear equation shows that the material surface
hardness is inversely proportional to wear resistance and
therefore, the likelihood of wear increases with lower
hardness (Liu and Li, 2001; Barwell, 1974).

Based on Hertz’s theory, the calculated contact area and
pressure between wheel and rail predicts plastic deformation
on the wheels that ultimately resulted in excessive wheel
wear (Barwell, 1974). Stress calculations suggest that the
excessively worn wheelsets were exposed to heavy loading,
i.e. high normal and tangential forces. The ring-fenced
wheels’ yield strength exceeded the calculated Von Mises and
Tresca stresses. The high stress in this instance was
determined using a contact patch with an average 13 mm
(long diagonal) elliptical diameter.

The ring-fenced wheels showed endurance performance
by exhibiting lower wear rates compared to the excessively
worn wheels. The lasting performance in the ring-fenced
wheels is largely related to the higher yield strength in
comparison to the excessively worn wheels. 

The high wear rates observed on the excessively worn wheels
from supplier A were as a result of low yield strength relative
to the load per axle. The typical wear mechanism found here
is a combination of rolling contact fatigue and abrasive brake
wear. It is recommended that local and AAR specifications
should consider minimum yield strength to determine axle
load. Furthermore, the development of an optimized heat
treatment process aimed at increasing the hardness and yield
strength of AAR class C wheel rims will result in a consid-
erable increased wheel life.

The wheel profiles used in this report were measured by
Georg Hettasch and Victor Ngobeni, who are gratefully
acknowledged by the authors.
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