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A large part of the railway track geometry maintenance burden concerns local maintenance activates conducted to 
rectify isolated defects. Isolated defects are short irregularities in the track geometry that can dramatically increase 
the dynamic forces between the wheel and rail, which in turn will accelerate the growth or occurrence of internal 
rail defects. The dynamic force between the wheel and rail is dependent on the shape of the isolated geometry 
defects. However, the severity of isolated defects is mainly defined only by their amplitude. Therefore, in addition 
to amplitude, other characteristics of geometry defects must be considered to analyze severity of defects and to 
prioritize local maintenance actions. This study aims to use the first- and second-order derivatives of the 
longitudinal level defects to plan local maintenance activities. The derivatives of geometry defects provide useful 
information about the shape of defects. The information is used to categorize the isolated defects based on their 
severities and prioritize maintenance actions. In this regard, K-means clustering technique is applied. The results 
of this study will support the decision-making process regarding the planning of local maintenance activities. The 
foot-by-foot track geometry data collected from Main Western Line in Sweden is used to implement and test the 
model.  
 
Keywords: Railway, track geometry, K-means clustering, isolated defect, maintenance planning, second-order 
derivative. 
 
 

1. Introduction 
Railway track degrades with age and usage and 
deviates from the designed vertical and 
horizontal alignments due to different factors, 
e.g., repetitive dynamic track loads and 
environmental conditions. Maintenance actions 
are used to control or prevent the process of 
degradation and to keep the track in a safe and 
functional state. Tamping is the main 
maintenance activity, which is used to remedy a 
degraded track geometry. The defects and 
irregularities in the track geometry are mostly 
used to characterize the quality of the track and 
to plan track maintenance activities (Khajehei et 
al. 2019). There are five track geometry 

parameters, namely, the cant, alignment, 
longitudinal level, twist, and gauge. There are 
three indicators to represent the track geometry 
condition, i.e., the standard deviation of 
geometry parameters over a certain length of 
track, the mean value, and the extreme value of 
isolated defects (EN 13848-5 2008).  
Generally, in practice, the standard deviation of 
the geometry measurements is used to plan 
preventive maintenance activities, and isolated 
defects are used for identifying the needs for 
corrective maintenance actions (Khajehei et al. 
2019). Standard deviation aggregates the track 
geometry measurements to represent the overall 
condition of a track section. Hence, it may not 
provide a complete information about the severe 

Proceedings of the 30th European Safety and Reliability Conference and
the 15th Probabilistic Safety Assessment and Management Conference
Edited by Piero Baraldi, Francesco Di Maio and Enrico Zio
Copyright c© ESREL2020-PSAM15 Organizers.Published by Research Publishing, Singapore.
ISBN/DOI: TBA



Proceedings of the 30th European Safety and Reliability Conference and
the 15th Probabilistic Safety Assessment and Management Conference

isolated defects in the track sections 
(Soleimanmeigouni et al. 2019). Isolated defects 
are short irregularities in the track geometry that 
can dramatically increase the dynamic forces 
between the wheel and rail, which in turn will 
accelerate the growth or occurrence of internal 
rail defects. The dynamic force between the 
wheel and rail is dependent on the shape of the 
isolated geometry defects. However, the current 
standards mainly consider the amplitude of 
isolated defects to define the severity of isolated 
defects. 
There are limited numbers of papers in the 
literature that have been attempted to analyze 
isolated defects. Hamid and Yang (1981) tried to 
analyze various types of track geometry isolated 
defects for different track geometry parameters. 
The authors identified seven different shapes for 
isolated defects and presented the mathematical 
formulation and possible location of the 
occurrence for all defects. Li et al. (2012) 
explored the use of second-order derivatives to 
assess track geometry longitudinal level. The 
results of their analysis show that dynamic 
vertical track forces have more correlation to the 
second-order derivatives of longitudinal level 
than to their longitudinal level amplitude. They 
pointed out that the second-order derivatives of 
longitudinal level provide useful information 
related to vehicle-track dynamic interaction and 
can be used to improve the assessment of track 
geometry quality. He et al. (2015) proposed a 
degradation model to capture the changes in the 
amplitude of track geometry defects and to 
predict the probability that a yellow tag would 
turn into a red tag defect over a given time. 
“Yellow tag” defects are those isolated defects 
that are as yet below the Federal Rail 
Administration (FRA) limits but will finally turn 
into “red tag” defects. “Red tag” defects are 
those isolated defects that exceed the FRA limit 
(Alemazkoor et al. 2018). Cárdenas-Gallo et al. 
(2017) proposed an ensemble classifier for 
predicting when a “yellow tag” defect would 
turn into a “red tag” defect. They studied the 
problem with regard to three different aspects, 
i.e., deterioration, regression, and clustering. 
Concerning deterioration, they applied a gamma 
process to model the evolution of the amplitude 
of “yellow tag” defects over time. They applied a 
logistic regression model to identify the 
relationship between the explanatory variables 
and the future state of defects. In addition, the 
authors used support vector machines to predict 
the probability of the occurrence of a “red tag” 
defect. More recently, Soleimanmeigouni et al. 
(2019) used a linear regression function to model 
the evolution of the amplitude of the track 
geometry longitudinal level defects within a 
maintenance cycle. The effect of the shock 

events (an abrupt change in the degradation 
pattern) was also considered in their degradation 
model. They also applied a binary logistic 
regression model to predict the probability of the 
occurrence of isolated defect in a track section 
by considering kurtosis of the longitudinal level 
as an explanatory variable. 
As can be seen in the literature of track geometry 
isolated defects, very few researchers have put 
their attention toward analyzing the shape of 
track geometry isolated defects, and they mostly 
concentrated on the amplitude of the defects. To 
this end, the present study has been dedicated to 
analyze the shapes of track geometry isolated 
defects. The derivatives of longitudinal level 
waveform provide information about the shape 
of the defects. Therefore, we use the first- and 
second-order derivatives of the longitudinal level 
to provide information about the shape of the 
defect. Later on, the obtained information is used 
for clustering the isolated defects and for 
prioritizing the maintenance actions.  
The rest of the paper is organized as follows. 
Section 2 provides information regarding track 
geometry isolated defects and introduces 
different shapes of isolated defects. Section 3 
deals with the application of first- and second-
order derivatives of the defects to extract more 
productive information concerning the shape of 
the isolated defects. Section 4 performs a case 
study and analysis shapes of isolated defects 
observed in the database. Section 5 is dedicated 
to the classification of track geometry isolated 
defects. Finally, Section 6 provides the 
conclusions.  

2. Track geometry isolated defects 
Wide variety of factors such as traffic load and 
structural and environmental factors affect 
railway track and make irregularities along the 
track line.  

It is highly important to rectify the isolated 
defects whenever they exceed a certain limit. 
Trafikverket (the Swedish Transport 
Administration) has defined four main limits, 
namely, the planning limit, the UH1 limit (lower 
bound of corrective maintenance limit), the UH2 
limit (upper bound of corrective maintenance 
limit), and the critical limit. Based on the defined 
limits, geometry defects can be classified into 
three groups according to their severity, i.e., 
UH1, UH2, and critical defects, which occur 
when track irregularities exceed the UH1, UH2, 
and critical limits, respectively. All the defined 
limits by standards are based on the defect 
amplitude, and the standards do not take into 
account the shape of defects. Li et al. (2012) 
proves that defects with the same amplitude, but 
different shapes, 
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Fig. 1. Theoretical isolated defects in the left panel, first-order derivative of the defects in the mid-panel, and second-order 

derivative of the defects in the right panel

generate quite different dynamic wheel-rail 
forces. It means it is highly important to consider 
the shape of defects along with the amplitude in 
planning maintenance activities.  

Hamid and Yang (1981) identified seven types 
of shapes of isolated defects in their 
investigation. Table 1 presents the name of the 
defects and the possible location of the 
occurrence. The mathematical formulation of the 
defects can be seen in Hamid and Yang (1981). 
The shapes of the defects are presented in the left 
panel of Fig. 1. In the next section, the severity 

of seven isolated defects identified by Hamid 
and Yang (1981) is explored based on the first- 
and second-order derivatives.  

Table 1. Different types of isolated defect shapes 
along with typical locations they might occur 
(Hamid and Yang 1981)  

Defect 
name 

Location of occurrence 

Cusp Joints, turnouts, interlockings, sun kinks, 
buffer rail, insulated joints in 
continuously welded rail (CWR), piers 
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bar joint in CWR, piers at bridge 
Bump Soft spots, washouts, mud spots, fouled 

ballast, joints, spirals, grade crossings, 
bridges, over passes, loose bolts, 
turnouts, interlockings  

Jogs Spirals, bridges, crossings, interlockings, 
fill-cut transitions 

Plateau Bridges, grade crossings, areas of spot 
maintenance 

Trough Soft spots, soft and unstable subgrades, 
spirals 

Sinusoid Spirals, soft spots, bridges 
Damped 
sinusoid 

Spirals, turnouts, localized soft soil 

3. Application of first- and second-order 
derivatives to analyze isolated defects 

To distinguish between the severity and types of 
isolated defects, we take advantage of the first- 
and second-order derivatives of the original 
defects. The first-order derivative of the defect 
gives information about the slope (rate) of a 
defect, while the second-order derivative 
provides information regarding the curvature of 
it. In this section, to check the usefulness of the 
first- and second-order derivatives in capturing 
information about the shape of defects and 
severity of the defects, the first- and second-
order derivatives of the seven defects in Section 
2 are determined. The mid-panel and the right 
panel of Fig. 1 demonstrate the first- and second-
order derivatives of the seven mentioned defects, 
respectively. The maximum value of the original 

defect, first order, and second order can be seen 
in the figure. As can be seen in this figure, as 
expected, for all defects with the same amplitude 
but different shapes, we have quite different 
maximum values of the first- and second-order 
derivatives. Based on the first- and second-order 
derivatives on the seven defects, it can be 
pointed out that bump and sinusoid defects are 
less dangerous, and damped sinusoid and cusp 
defects are the most dangerous defects among 
others. In the next section, a case study has been 
conducted on the real data to assess the shape of 
various defects.  

4. Case study 
Foot-by-foot track geometry data from line 
section 414 between Järna and Katrineholm 
Central Station was used for the purpose of case 
study. The line is a part of Main Western Line 
(Västra Stambanan) in Sweden. It is a double-
track, electrified, and remotely blocked line, 
used by both passenger and freight trains. The 
maximum speed of trains on the Main Western 
Line is around 200 km/h, and the line consists of 
UIC 60 and SJ 50 rails, M1 ballast material, 
Pandrol e-clip fasteners, and concrete sleepers. 
The length of the selected line section is about 
82 km, and it is divided into 440 track sections 
with different lengths, mostly from 100 m to 300 
m. For the purpose of this case study, the 
longitudinal level measurements from 2015 to 
2018 were collected.  

 

 

 

 

 

  

  

 

 

 

 

Fig. 2. Examples of three types of isolated defects observed in the dataset 
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Fig. 3. Comparison of two different defects with the same amplitude and same defect length  

In this case study, 115 longitudinal level defects 
that exceeded planning limit were selected for 
further investigation. By analyzing the isolated 
defects in the recorded dataset, we observed that 
bump defect is the most frequent defect that 
occurred among others.  

Most of the bump defects with large amplitudes 
were observed in switch and crossing. In 
addition, plateau defect was observed in the 
transition curve. Three types of defects, i.e., 
bump defect, cusp defect, and damped sinusoid 
defect, observed in the case study are presented 
in the left panel of Fig. 2. The mid- and right 
panels of this figure are the first- and second-
order derivatives of the original defects, 
respectively. As can be seen in the figure, defects 
with sharper slopes and curvatures have higher 
amplitude in the first- and second-order 
derivatives. 

To analyze whether the shapes of the defects are 
important to be taken into consideration in the 
maintenance analysis, two different types of 
defects (bump and cusp defects) with roughly the 
same maximum amplitude (7.0mm) and the 
same length (4.0m) were extracted from the 
dataset and compared together (see Fig. 3). As 
can be seen in Fig. 3, it is difficult to distinguish 
the severity of the defects by only having 
information regarding the amplitude and the 
length of the two defects. However, the first- and 
second-order derivatives of the defects clearly 
indicate that the cusp defect has a higher second-
order derivative and as a result causes a larger 
dynamic force between wheel and rail than bump 
defect and should be prioritized in local 
maintenance activities.  

5. Classification of track sections based on the 
shape of isolated defects 

As it was observed in Sections 3 and 4, track 
geometry defects, with the same amplitude but 
different shapes, have different first- and second-
order derivatives. In this section, K-means 
clustering technique has been used to cluster 
track sections by considering three features, 
namely, longitudinal level amplitude, maximum 
value of the first-order derivative, and maximum 
value of the second-order derivative. The 
optimal cluster is determined by the C-index (Eq. 
(1)) defined by Hubert and Levin (1976) and 
recently applied by Gerum, Altay, and Baykal-
Gürsoy (2019): 

 

where S is the sum of pairwise distances among 
all data points in each cluster, Smin is the sum of 
n smallest pairwise distances among all data 
points, and Smax is the sum of n largest pairwise 
distances among all data points (Gerum, Altay, 
and Baykal-Gürsoy 2019). The smaller the C-
index, the better clustering we would have. 

Due to random initial cluster centers in K-means 
algorithm, we executed the algorithm 20 times 
for clusters and computed the average C-index 
(Khan and Ahmad 2004; Gerum, Altay, and 
Baykal-Gürsoy 2019). According to Gerum, 
Altay, and Baykal-Gürsoy (2019), to make sure 
that the clusters are balanced, a threshold for 
misclassification rate is selected as 10% and a 
limit of 60% of sections in each cluster is 
considered in clustering (Gerum, Altay, and 
Baykal-Gürsoy 2019). Figure 4 shows the C-
index value with respect to the number of 
clusters. As can be seen in this figure, three 
clusters have the minimum C-index and can be 
considered as optimum cluster. Figure 5 presents 
the results of applying K-means clustering 
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algorithm. Fig. 5 clearly indicate that considering 
only amplitude of defects may not provide full 
information for representing the severity of 
isolated defects. The clustering results can be 
used for the purpose of prioritization of local 
maintenance activities. The defects in the third 
cluster should be prioritized for conduction of 
local maintenance activities. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. C-index for different number of clusters 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

Fig. 5. Clustering of track geometry defects using K-means 
clustering algorithm 

5. Conclusions 
This study aims to analyze the applicability of 
first- and second-order derivatives of track 
geometry isolated defects to distinguish between 
various types of isolated defects. Seven types of 
isolated defects were considered, and the 
severity of each defect was explored by means of 
first- and second-order derivatives. From the 
theoretical point of view, it was observed that 
bump and sinusoid defects are less dangerous 
defects. Performing a case study with real data 
showed that bump defect is the most frequent 
isolated defect among others in the studied track 
line. In addition, the results of the clustering 
show that defects with the same amplitude and 
the same length may belong to different clusters. 
This is due to the fact that shapes of defects play 

an important role in the proposed clustering 
approach. Therefore, it is recommended to 
consider the shape of the defects in planning 
maintenance activities.  
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