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SUMMARY 

In this paper, the wheel-sets’ running surface wear data based on re-profiling measurement from 16 bogies 
of heavy haul locomotives at Malmbanan (Sweden) are studied. The case study undertakes: reliability and 
degradation analysis, wear rate analysis and their comparison (including total wear rate, natural wear rate, 
re-profiling wear rate, the ratio of re-profiling and natural wear). The results show that: 1) for the studied 
group, a linear degradation path is more suitable; 2) following the linear degradation, the best life distribution 
is a 3-parameter Weibull distribution; 3) comparing the wearing data of the wheel-sets’ running surfaces is 
an effective way to optimize maintenance strategies; 4) more natural wear occurs for the wheels installed in 
axle 1 and axle 3, supportive evidence for other related studies at Malmbanan. 

INTRODUCTION 

The service life of the train wheel-sets can be 
significantly reduced due to failure or damage, 
leading to excessive cost and accelerated 
deterioration, a point which has received 
considerable attention in recent literature. In order 
to monitor the performance of wheel-sets and 
make replacements in a timely fashion, the railway 
industry uses both preventive and predictive 
maintenance [1-4].  

One common preventive maintenance strategy 
(used in the case study) is re-profiling wheel-sets 
after they run a certain distance. Re-profiling 
affects the wheel’s diameter; once the diameter is 
reduced to a pre-specified size, the wheel-set is 
replaced by a new one.  

Seeking to optimise this maintenance strategy, 
researchers have examined wheel-sets running 
surface wear to determine wheel-sets reliability 
and failure distribution. However, in previous 
studies, some researchers have noticed that the 
wheel-sets’ different installed positions could 
influence the results. To avoid the potential 
influence of wheel-sets location, Freitas et al. [5, 6] 
only consider those wheels on the left side of a 
specified axle and on certain specified cars, 
arguing that “the degradation of a given wheel 
might be associated with its position on a given 
car”. Yang and Letourneau [7] suggest that certain 

attributes, including a wheel’s installed position 
(right or left), might influence its wear rate, but they 
do not provide case studies. Palo [8] conclude that 
“different wheel positions in a bogie show 
significantly different force signatures”.  Recently, 
to solve the combined problem of small data 
samples and incomplete datasets while 
simultaneously considering the influence of several 
covariates, Lin et al. [2] have explored the 
influence of locomotive wheels’ positioning on 
reliability with Bayesian approaches. Their results 
indicate that the particular bogie in which the 
wheel is mounted has more influence on its 
lifetime than does the axle or which side it is on. 

In this paper, to explore the impact of a wheel-set’s 
position on its service lifetime and to predict its 
other reliability characteristics, the wheel-sets 
running surface wear based on re-profiling 
measurement are studied. The data come from the 
heavy haul cargo trains’ locomotives and were 
collected by LKAB (Malmbanan, Sweden) from 
January 2010 to May 2013. Results are used to 
illustrate how the wheel-sets’ running surface wear 
data can be modelled and analysed. Following Lin 
et al. [9], we select 16 bogies as a group and use 
the bogie as a main influence factor.  

The remainder of the paper is organised as 
follows. Section II gives background information on 
the Iron Ore Line (Malmbanan). It also introduces 
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the locomotive wheel-sets’ running surface wear 
data from re-profiling measurement and the re-
profiling parameters for the wheel-sets being 
studied. Section III presents the reliability and 
degradation analysis, wear rate analysis and their 
comparison (including total wear rate, natural wear 
rate, re-profiling wear rate, the ratio of re-profiling 
and natural wear) based on those running surface 
wear data. Corresponding results are illustrated 
and discussed. Finally, Section IV offers 
conclusions and comments. 

STUDY BACKGROUND 

1. Iron Ore Line (Malmbanan) 

The Iron Ore Line (Malmbanan) is the only existing 
heavy haul line in Europe; it stretches 473 
kilometres and has been in operation since 1903. 
As Figure.1 shows, it is mainly used to transport 
iron ore and pellets from the mines in Kiruna (also 
Malmberget, close to Kiruna,  in Sweden) to Narvik 
Harbour (Norway) in the northwest and Luleå 
Harbour (Sweden) in the southeast. Each freight 
train consists of two IORE locomotives 
accompanied by 68 wagons with a maximum 
length of 750 metres and a total train weight of 
8500 metric tonnes. Because carrying iron ore 
results in high axle loads (max. 30 metric tonnes) 
and there is a high demand for a constant flow of 
ore/pellets, the track and wagons must be 
monitored and maintained on a regular basis. The 
condition of the locomotive wheel profile is one of 
the most important aspects to consider. 

Figure 1: Geographical location of Iron Ore 
Line (Malmbanan) 

2. Data from Re-profiling Measurement  

Figure 2: Wheel-set positions specified 

For each locomotive, see Figure.2, there are two 
bogies (incl., Bogie I, Bogie II); and each bogie 
contains three wheel sets. The installed position of 
a wheel on a particular locomotive is specified by 
the bogie number (I, II-number of bogies on the 
locomotive), an axle number (1, 2, 3-number of 
axles for each bogie) and the position of the axle 
(right or left) where each wheel is mounted. 

The diameter of a new locomotive wheel in this 
study is around 1250 mm. Following the current 
maintenance strategy, a wheel’s diameter is 
measured after it runs a certain distance. If it is 
reduced to 1150 mm, the wheel-set is replaced by 
a new one. Otherwise, it is re-profiled. Therefore, 
in this study, a threshold level for failure, denoted 
as 0l , is defined as 100 mm ( 0l = 1250 mm -1150 
mm). The wheel-set’s failure condition is assumed 
to be reached if the diameter reaches 0l . The 
dataset includes the diameters of all locomotive 
wheels at a given inspection time, the total running 
distances corresponding to their “mean time 
between re-profiling”, and the wheel-sets’ position 
record.  

The measurement tool is SIEMENS SINUMERIK 
(see Figure.3). During the re-profiling process, the 
re-profiling parameters include but are not limited 
to: 1) the diameters of the wheel-sets; 2) the flange 
thickness; 3) the radial run-out; 4) the lateral run-
out. As indicated by [2], the first parameter is the 
most important indicator for re-profiling decision 
making. Hence, the running surface wear data 
(recorded as diameters in the on-site re-profiling 
system) are the main parameters adopted for 
study.

Figure 3: Re-profiling equipment 
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DATA ANALYSIS  

1. Running Surface Wear Data reparation 

In this paper, we select a group of bogies 
numbered “195XXX” at Malmbanan. There are 16 
bogies in this group. Figure.4 gives one example 
of how the data are prepared in this study. It 
shows the wheel installed in bogie 195901, Axle 1 
and on the right side. For its lifetime, it is installed 
in locomotive 122.The “incomplete” lifetime means 
the record is not completed.  Collected data 
include the operating history for each re-profiling 
piecewise, and the diameters’ changes at each re-
profiling. Following the above descriptions, we 
calculate the following wear rate (Figure.4):  

 Absolute kilometres = the current reported 
kilometres – the previous reported kilometres; 

 Re-profiling Amount = Diameters (before) - 
Diameters (after); 

 Natural Wear =  previous Diameters (after) –  
current Diameters (before); 

 Total Wear = Re-profiling Amount + Natural Wear; 

 Re-profiling Amount % = Re-profiling Amount / Total 
Wear; 

 Natural Wear % = Natural Wear/ Total Wear; 

 Wear Rate_re-profiling = Re-profiling Amount / 
Absolute kilometres; 

 Wear Rate_Natural = Natural Wear / Absolute 
kilometres; 

 Wear Rate_Total = Total Wear / Absolute 
kilometres; 

 Average of the total wear rate = the average of 
Wear Rate_Total. 

Considering the first re-profiling is implemented 
before the wheel-sets are used, the statistics show 
the first natural wear as 0 mm. The final statistics 
are shown in the figure marked in green.  

Figure 4: Wear rate statistics (an example)

Figure 5: Degradation with Linear function
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However, the re-profiling statistics for bogie 
195902 are abnormal; they only include 3 re-
profilings during a whole lifetime; therefore, the 
data are not included. 

2. Reliability and Degradation Analysis 

From the above dataset, we can obtain 3 to 5 
measurements of the diameter of each wheel 
during its lifetime. By connecting these 
measurements, we can determine a degradation 
trend. The first step of the analysis is the selection 
of the degradation model. In their analyses of train 
wheels, most studies assume a linear degradation 
path [2-4]. In this study, we plot the degradation 
data for the locomotive wheels using Exponential 
degradation, Power degradation, Logaritmic 
degradation, and the linear degradation path in 
Weibull++. The Gompertz model needs a total of 
more than 5 points to converge; therefore, it was 
not considered here. The results show that the 
better choices are Linear degradation, Power 
degradation, and Exponential degradation. The 
selection should be based on physics of failure 
(wear or fatigue). In our study, we select the linear 
degradation model.  
Let the longitudinal axle represent the performance 
(here, the diameter of the wheels), and the 
horizontal axle represent time (here, the running 
distance of the wheels). Figure.5 shows the results 
of the analysis using a linear function, for a critical 
degradation level (threshold level 0l ) of 100mm. 

Figure 6: Lifetime distribution 

Following the above discussion, a wheel’s failure 
condition is assumed to be reached if the diameter 
reaches 0l . We adopt the linear degradation path 
for all wheels and set 0l = y . The lifetimes for 
these wheels are now easily determined and are 
shown in Figure. 6. The results show that the 
better choices are 3-parameter Weibull and Log-
normal distribution. The selection should be based 
on physics of failure (wear or fatigue). In our study, 
based on the type of physics of failures associated 
with wear and fatigue, we select the 3-parameter 
Weibull lifetime model. The corresponding 
parameters’ estimation appears in Figure. 7. 

The probability density function (pdf) 3-parameter 
Weibull distribution is shown in (1):  

)exp()(
1

tttf

where t is the failure time, 0 is the shape 
parameter, 0 is the scale parameter, and 

 is the location parameter or failure-
free life. The probability density function of the 
wheel-sets’ reliability in this holistic study is: 

)
8.85

96.223exp(
8.85

96.223
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47.1)(
47.1147.1 tttf

Other reliability related characteristics could be 
obtained following (2). 

Figure 7: Parameters for 3-parameter 
Weibull

3. Comparison studies 

In this section, we compare various methods of 
determining running surface wear, including: total 
wear rate statistics (Figure.8), re-profiling statistics 
(Figure.9), natural wear statistics (Figure.10), and 
the ratio statistics between natural and re-profiling 
wear rate (Figure.11).  

As mentioned before, the re-profiling statistics for 
bogie 195902 are abnormal; therefore, Table I 
shows statistics with bogie 195902 included and 
excluded. For instance, if we consider the data 
from bogie 195902, the total wear rate is 0.3542 
mm per thousand kilometres; we do not consider 
it, the wear rate is 0.3262 mm per thousand 
kilometres. In this research, we recommend 
excluding the data from bogie 195902. 

In Figs.8, 9, 10, and 11, the horizontal axle 
represents the different wheels installed in different 
bogies;. The longitudinal axle represents the 
values. For example, in Fig 3.6, the first six 
statistics belong to the six wheels installed in bogie 
195900. The longitudinal axle shows the total wear 
rate. It is obvious that the largest values come 
from the 13th to 18th points, which belong to the 
wheel-sets installed in bogie 195902 with the 
largest value 0.785 mm/1000 kilometres. 
Meanwhile, if they are not considered, the largest 
value is only 0.4 mm/1000 kilometres. 
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Similarly, in Figure.9, the largest values come from 
the 13th to 18th points, which also belong to the 
wheel-sets installed in bogie 195902, with the 
largest value 0.7 mm/1000 kilometres. Meanwhile, 
if they are not considered, the largest value is only 
0.3 mm/1000 kilometres. When we consider the 
two results, i.e., including or not including the data 
from bogie 195902, we find the latter more 
accurate. However, in Figure.10, showing natural 
wear rates, the difference between considering 
bogie 195902 and not considering it is less 
pronounced. The maximum value does not 
change. We conclude that the re-profiling 
frequency influences the re-profiling wear rate and 
the total wear rate of the wheel-sets, but its 
influence on natural wear rate is more limited. 

The ratio between natural and re-profiling wear 
rate is also clearly influenced. In Figure.11, the 
maximum value comes from the bogie 195902 and 
is 10.905; if it is not considered, the maximum 
value is 4.236. At the same time, the average 
value decreases from 2.4 to 2.1. 

If we consider the average statistics from the same 
point of view, we reach similar conclusions: the re-
profiling frequency will obviously influence the 
average re-profiling wear rate and the average 
total wear rate of the wheel-sets, as well the ratio 
between natural and re-profiling wear rate; 
however, its influence on average natural wear 
rate is more limited. 

Figure 8: Total wear rate statistics 

Figure 9: Re-profiling statistics 

Figure 10: Natural wear statistics 

Figure 11: Ratio between natural and re-
profiling wear rate 

As for the total wear rate, we recognize the wheel-
sets with maximum values with installed axles (I, II, 
III). For example, for the total wear rate, the 
maximum values appear in axle I 7 times, 43.75% 
of the total statistics. For the ratio between natural 
and re-profiling wear rate, the maximum values 
appear in axle II 13 times, and 81.25% of the total 
statistics. 

From Table II, we see more natural wear for axle 1 
and 3. It is an interesting finding because it is 
consistent with other conclusions reached at 
LKAB’s workshop 

The Headings for the main body of the technical 
paper are formatted in Arial 10 point Bold font.  
The Headings are formatted with 6 point spacing 
before and after the heading. 

The remaining text is formatted as Arial 10 point 
font using Full Justification.  The paragraph is 
formatted with 4 point spacing after the paragraph. 

4. Results and Discussions  

In this study, data analysis based on re-profiling 
measurement is carried out from the bogies’ 
perspective. We study the data for a group of 16 
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bogies. We derive results from both degradation 
analysis and wear rate analysis, including the 
following: first, for the group examined, a linear 
degradation path is more suitable; following linear 
degradation, the best life distribution is a 3-
parameter Weibull distribution, and the next best is 
lognormal; second, comparing the wear data of the 
wheel-sets’ running surfaces (including total wear 
rate, natural wear rate, re-profiling wear rate, the 
ratio of re-profiling and natural wear) is an effective 
way to optimise maintenance strategies; finally, 

more natural wear occurs for the wheels installed 
in axle 1 and axle 3, a finding that supports related 
studies at Malmbanan. The middle axle has a 
smaller stressful work then axle 1 and axle 3. An 
interested question is; would a more even load 
distribution among the wheels increase the life of 
the wheels? Furthermore, bogie 195902 shows 
abnormal re-profiling data and more investigations 
need to find out what will give this large wear rate 
due to re-profiling.  

Table I: Comparison Studies on Running Surfaces Wearing 

mm/1000 
kilometres

Average Max Min

1 2* 1 2 1 2

Total wear rate  0.3542 0.3262 0.785 0.4 0.236 0.236 

Re-profiling  0.2425 0.2133 0.70 0.3 0.12 0.12 

Natural wear  0.1117 0.1129 0.192 0.192 0.052 0.052 

Ratio  2.45 2.1 10.905 4.236 0.905 0.905 
*: 2 represents the results without considering bogie 195902 

Table II: Comparison of total wear rate considering the installed axle 
Axle I II III 

Total wear rate 
Numbers 7 6 3 

Percentage 43.75% 37.50% 18.75% 

Natural wear rate 
Numbers 7 1 8 

Percentage 43.75% 6.25% 50% 

Re-profiling wear rate 
Numbers 2 12 2 

Percentage 12.50% 75% 12.50% 

Ratio 
Numbers 2 13 1 

Percentage 12.50% 81.25% 6.25% 

CONCLUSION 

In this paper, wheel-sets’ running surface wear 
data from re-profiling measurement are studied. 
The results (section 3.4) are drawn from both 
degradation and wear rate analysis. The case 
studies’ results reveal that, the wheels’ lifetimes 
differ according to where they are installed on the 
locomotive. The differences could be influenced by 
such factors as the different behaviour for each 
wheel-sets in light of installed positions (e.g. 
installed axle), operating environment (e.g., 
climate, topography, track geometry), configuration 
of the suspension, status of the bogies and spring 
systems, operating speeds and applied loads, as 
well as human influences (drivers’ operations, 
maintenance policies, lathe operators etc.).  

The approach proposed in this paper can be 
applied to cargo train wheel-sets or to other 
technical problems (e.g. other industries, other 
components). 
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