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Abstract 

Track geometry tends to deteriorate over time under the influence of traffic load. This means that the track tamping 

needs to be carried out when the track geometry exceeds defined limits. Better understanding of this process is 

essential basis for efficient maintenance and renewal ensured by periodical measurements of the railway network, 

subsequent data evaluation and life-cycle cost analysis. Evaluation of the quality of track geometry is based on 

certain variables calculated for short sections of the track. The aim of the paper is to present a way to accurately 

rank quality of the track geometry using mathematical statistics and furthermore to be able to predict the progress 

of the track quality via regression analysis. These methods could be also utilized to help understand processes 

occurring in the railway substructure and superstructure. 
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1 Introduction 

The aim of the paper is to present a way of the quality of track geometry ranking. The track geometry 

ranking is a basis for condition-based Maintenance & Renewal (M&R). It is based on periodical 

inspections of the railway infrastructure. After the evaluation of the quality of track geometry, the worst 

defects requiring immediate action are repaired and the quality of track geometry progress is predicted. 

Planning of M&R operations is executed using Life Cycle Cost (LCC) analysis. 

2 Track Deterioration 

Track condition changes during the course of time under the influence of traffic load. There are several 

factors causing the track geometry deterioration, which has an unfavourable effect on quality of the 

railway substructure and superstructure. Poor quality of the track influences technical condition of the 

railway vehicles and usability of the railway tracks. 

2.1 Causing factors 

Track deterioration starts to develop by small imperfections in materials of individual components of 

the railway superstructure and substructure. The deterioration process is accelerated by errors in design 
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and construction of track. Additional deviations are produced during maintenance operations because 

of measurement inaccuracies, maintenance machines tolerances and maintenance crew performance [5]. 

Another significant factor is composition of the railway transport, which is either passenger, freight or 

mixed. Individual types of the railway transport vary in traffic load (tonnage), axle load and maximum 

velocity. Dynamic load created by moving trains is the main cause of the track settlement [2,5,8]. 

Track stiffness depends on design and condition of the track bed, which consists of the ballast bed, 

trackbed layers and sub-soil. Track stiffness is changing in the transition zones between earthworks and 

bridges or tunnels. Rising track stiffness generally corresponds to strain of the superstructure 

components such as sleepers or rail fastenings [7]. 

2.2 Deterioration consequences 

Settlement of the track is the most frequent reason for the track maintenance. Uneven track settlement 

along the length of a track creates defects in its smoothness. Once these defects exceed defined limits, 

tamping of track needs to be carried out. However, tamping has also a loosening effect on the ballast 

bed. Thus, the track starts to settle quickly as parts of the ballast gravel are seeking a stable arrangement. 

Secondary settlement is slow and is associated with settlement of the substructure and sub-soil [4,6]. 

Negative influence of the initial settlement can be limited using dynamic track stabilizer which simulates 

activity of the traffic load therefore it controls the rate of settlement [2]. 

The railway traffic itself and maintenance activities on the track have significant impact on degradation 

of ballast bed. Gravel in the ballast is wearing out as individual particles are mutually abrading which 

creates fines. Larger amount of fines in ballast has several negative effects on its properties such as 

smaller elasticity, higher frost susceptibility and decrease in tamping efficiency. It is also causing 

changes in ballast elasticity during different seasons [7]. 

Uneven track settlement is the main reason for occurrence of the track twist which increases the risk of 

derailment. Errors in the track design with improper values of certain track geometry parameters 

contribute to the higher rate of deterioration and more frequent presence of traffic accidents or 

irregularities [8]. Technical condition of the railway tracks and the railway vehicles are influencing each 

other. 

3 The Quality of Track Geometry 

Evaluation of the quality of track geometry is based on Track Geometry Parameters (TGP) such as track 

gauge, cant, horizontal alignment, longitudinal level and twist. They indicate real condition of the track 

and allow us to compare the design. There are defined limits according to the permissible line speed for 

all of the parameters. Their purpose is to guarantee safety, reliability and comfort for users of the line. 

Two approaches to evaluation of the quality of track geometry are used throughout the industry. First of 

them is local ranking consisting of seeking local defects, where some of the parameters exceeded its 

limit. On the other hand, in the sectional ranking, the short sections of track are ranked based on certain 

variables. Length of these sections is usually 200 m [1,2,5]. Purpose of the section approach is to help 

plan Maintenance & Renewal operations for individual sections of track when they deteriorate too much. 

3.1 Measurement of TGP 

Track geometry parameters can be obtained by various measuring instruments, which are either hand-

held or mounted on a carriage. The simplest hand-held measuring device is gauge-checker, which 

measures gauge and cant. More complex but still hand-held measuring device is called KRAB. This cart 

is to be pushed along the track to measure gauge, cant, horizontal alignment, longitudinal level and twist. 
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It is used mainly for measuring Switches & Crossings, outside main lines and other tracks in railway 

stations. 

More complicated measuring instruments capable of moving on their own are track recording trolley 

and track recording car. The trolley is used for regional and local lines while the car runs backbone lines 

with high permissible speeds. Track recording car is the most advanced measuring device capable of 

operating at any speed and all of its systems are contactless which ensures higher reliability and better 

serviceability of individual measuring systems [8]. 

All three measuring devices KRAB, track recording trolley and track recording car are capable of 

continuous recording, which means that they are recording TGP every 25 mm of the track length. 

3.2 Track Geometry Parameters 

Gauge is a distance (clearance) between two running edges of rails that is measured 14 mm under the 

running surface (straight line from one top of rail to another). 

Cant (superelevation) is height difference in cross-level (between two rails) which is determined by the 

angle between running plane and horizontal plane. 

Horizontal alignment is measured as a horizontal versine on defined base. Versine indicates a radius 

of curve. On a straight line and in a circular curve the value of versine should be constant (zero on a 

straight line) while in a transition curve the value of versine should be either rising or decreasing. 

Longitudinal level is also measured as a versine on defined base but in a vertical direction. 

Twist is a difference in cross-level over a short distance. It has a constant value on a straight line (zero) 

and in a circular curve with designed cant while in a transition curve its value is either rising or 

decreasing. Twist is calculated for several bases and only the highest value is chosen for evaluation. 

This means that only values of twist measured on the same base should be compared. 

3.3 Statistics 

Smoothness of TGPs is crucial for safety, reliability and comfort of railway traffic. The most suitable 

statistic of smoothness is Sample Standard Deviation (SSD), which quantifies the amount of dispersion 

of a set of data values. SSD is used for sectional ranking of the quality of track geometry. The formula 

for SSD of a ranked track geometry parameter is [1]: 

 𝑠 =  √
1

𝑁−1
∑ 𝑥𝑖

2𝑁
𝑖=1  (1) 

where s is sample standard deviation of a track geometry parameter, 

N is the amount of values in the sample, 

xi is the deviation from the centreline of a track geometry parameter. 

3.4 Quality of the Track Geometry Progress 

Linear regression of SSD is often used to assess the rate of deterioration [2,5,6]. On a horizontal axis 

there can be either traffic load (tonnage) or time. In the first case, the deterioration rate is a function of 

traffic load (tonnage) in mm per MGT (millions of gross tons). In the second case, where the tonnage is 

constant over time, the deterioration rate is a function of time mm per year [2]. Linear regression 

function with the least squares approach takes the subsequent form: 

 𝑠 =  𝛽1 + 𝛽2 ∙ 𝑡  (2) 

where s is the sample standard deviation of a ranked track geometry parameter, 

𝛽1 is the first coefficient of the regression function, 
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𝛽2 is the second coefficient (slope or tangent) of the regression function and 

t is the time (tonnage). 

 

Linear regression equations are compiled for every track geometry parameter. Left part of the equation 

is used to create a column vector S while the right part is used to create design matrix T. All elements 

in the first column of the matrix are equal to 1 and in the second column there are values of time 

(tonnage). The formula for the estimated effect or regression coefficients is written in matrix form is: 

 �̂� = (𝑻𝑇 ∙ 𝑻)−1 ∙ 𝑻𝑇 ∙ 𝑺 (3) 

where �̂� is the column vector of the estimated effects. 

 

Using formula (3) we get the estimate of first regression coefficient which indicates the average rate of 

deterioration. 

4 Measurements evaluation 

The testing site Rohatec was established by the Czech Railway Infrastructure Administration in a 

cooperation with the Institute of Railway Structures and Constructions from Brno University of 

Technology. The aim of the study was to compare effects of two tamping technologies, one on each 

track of the double track line. Based on acquired data the results of the four-year study show no 

significant differences in usage one or the other tamping method. The author of this paper used this data 

for the statistical analysis of quality of the track geometry progress. 

4.1 The Testing Track Section 

The testing site was located on the double track line connecting Přerov and Břeclav in the proximity of 

the railway halt Rohatec. Length of the testing line section is 1000 m. Permissible line speed is 160 kph. 

Stationing of the line is rising from Břeclav to Přerov starting at km 108.5 and ending at km 109.5 (see 

Figure 1). Almost whole length of the testing line is straight except for the short circular curve with 

radius R = 95,000 m. The track center distance is 4 m. The gradient in the testing site is small [3]. 

The testing line was under reconstruction 1997 between 1998. The railway superstructure consists of 60 

E2 rails laid on concrete sleepers B91 S/1 with elastic fastening Vossloh W 14. Both tracks were 

continuously welded. The railway substructure could be described as heterogeneous. Roughly first half 

of the testing line lies on embankment and the other half lies in cutting. Drainage on both sides is 

composed of the unlined ditch, which changes to channel drain through at the start of cutting (km 108.9). 

From km 109.2 there are outside platforms on both sides with the length of 250 m [3]. 

There is mixed railway traffic and the tonnage is different for each track. The traffic load in Track no. 2 

is about one third above tonnage of Track no. 1 [3]. Considering that there is right-hand traffic, this 

indicates more load being transported from Břeclav to Přerov than the other way round which is probably 

related to foreign export from the south to the north. 
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Figure 1: Scheme of the testing site Rohatec 

4.2 Performed Measurements 

First measurement in the testing site was performed in 2014 using the accurate levelling, which was 

used to monitor the track settlement. First measurement of the track no. 2 was scheduled right before 

the tamping operation so the improvement in the longitudinal level is visible. The measurement intervals 

were optimized according to changing speed of the settlement (see Table 1). 

 

Year 2014 2015 2016 2017 Total 

amount  Date 21. 11. 4. 12. 12. 12. 7. 1. 6. 3. 25. 6. 7. 12. 13. 7. 29. 11. 28. 6. 1. 8. 

Levelling * * * * * * * * * * * 11 

KRAB         * * *   *   4 

Table 1: Measuring schedule 

 

Since 2015 measurements of TGP acquired by a measuring cart KRAB were added. Unfortunately, there 

are not much measurements available. The cart was used for measuring of TGP. 

4.3 Evaluation 

The testing line was divided into four 200 m long track sections, which were ranked according to the 

values of SSD. SSDs of the basic TGP (gauge, cant, horizontal alignment and longitudinal level) were 

calculated via equation (1). Linear regression functions of SSD and time (tonnage) were compiled for 

both tracks using formulas (2) and (3). Protocols from the accurate levelling were used to acquire heights 

of rail levels, which were then used to calculate the settlements of the both tracks. Eventually, a mutual 

comparison of the sectional ranking and the track settlements was made. 

4.4 Interpretation 

Considering the limitations for the length of this paper, only the examples involving the Track no. 2 are 

going to be shown and interpreted. The values of SSD of gauge are approximately constant, which 

means that the average rate of deterioration is close to zero, thus it probably does not bear relation to the 

tonnage. Similarly, the average deterioration rate of the horizontal alignment is quite low (0.15 to 0.16 

mm/year). This result could be expected, since the track layout is almost straight and no effects of the 

cross-sectional acceleration from moving vehicles are transferred into the rail grid. That is also the 

reason, why the sideways deflection tendency was not found. 
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Figure 2: The Charts of SSD and Linear Regressions of Cant and Level of the Track no. 2 

 

On the other hand, SSD of cant oscillates excessively between the individual measurements (see Figure 

2). This may be caused by randomly changing cant with a diverging orientation along the length of the 

track. The other explanation could be an unknown tamping operation in 2015, although the remaining 

TGP does not suggest this possibility. The average deterioration rate of cant is higher than that of other 

TGP and it is the highest in the last section (km 109.2 – 109.4). SSD of the longitudinal level dropped 

between the first and second measurement (by KRAB) and then started rising (see Figure 2). The values 

of SSD are low, hence the track is settling as a whole more than it is settling randomly. There is quite 

big difference in the average deterioration rate between the first and the second half of the testing line. 

 

Figure 3: The Chart of the Average Relative Track Settlement of the Track no. 2 
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In the Figure 3, there is Average relative track settlement, which was acquired by averaging the relative 

track settlements measured in the individual track cross-sections (each track section incorporates 2 to 4 

cross-sections). Settlement of the track confirms the theoretical assumption about the initial and residual 

settlement. The track settlement has approximately logarithmic progress, although progress of the 

residual settlement may as well be linear. If we look at Figure 4, we can see that the track is returning 

to its original position before the tamping (represented by the black line). 

 

 

Figure 4: The Chart of Relative Track Settlement of the Track no. 2 

5 Conclusion 

Performed evaluation and interpretation of the executed measurements suggest that the track no. 2 is in 

a good shape in terms of gauge, horizontal alignment and longitudinal level. However, the calculated 

SSD of cant exceeded the intervention limit for the specified speed, which indicates a demand for 

tamping. A tamping operation was carried out in autumn of 2017 shortly before the end of the study. 

Unfortunately, the available data does not allow us to calculate precisely moment of exceeding 

intervention limit. 

Analysis of the quality of track geometry progress has a great potential for usability. Firstly, it is the 

basic tool of effective condition-based maintenance. Secondly, it facilitates seeking the errors in the 

railway substructure and sub-soil, which manifests by short cycles between the maintenance operations. 

Furthermore, experience with the behaviour of various types of substructure and sub-soil could be 

utilized for choosing the best type of substructure. To sum up, the analysis can provide a groundwork 

for the evaluation of individual track machines and maintenance companies. 
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