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Abstract: Adequate railway track condition is a prerequisite for safe and reliable railway operation.
Many track quality indices (TQIs) have been developed with the aim of assessing the track condition
holistically. These indices combine measurement signals of some or all relevant geometry parameters
with different mathematical models. In this paper, a selection of important TQIs is evaluated.
Using measurement data of a five kilometer track section, the indices are calculated and their
properties are discussed. This study reveals that all indices exhibit drawbacks to varying degrees.
As a consequence, a new index has been developed—the track quality index of Graz University of
Technology (TUG_TQI). Its favorable characteristics are presented by means of the above-mentioned
test section. The TUG_TQI combines all relevant track geometry parameters, which are normalized
beforehand to eliminate over or underrepresentation of different parameters. Thus, the index reliably
describes the overall geometrical track quality.
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1. Introduction

High quality of railway tracks is a prerequisite for reliable railway operation [1-5]. The infrastructure
quality can be defined by functioning components [6-9] and smooth track geometry [10-12], which is
of particular interest as it determines operational safety to a large degree. The high loads of
trains, frequently combined with high velocities, inevitably cause a deterioration of the track
geometry [13,14]. The defining track geometry parameters—longitudinal level, alignment, gauge,
cross level, and twist—thus need to be regularly monitored and compared with threshold levels
to detect critical spots in the network. Deeper analyses of the individual parameters enable early
detections of critical states and planning of preventive maintenance [15-17]. In contrast, if the objective
is to describe the general track condition, a collective consideration of the above-mentioned parameters
is reasonable. For this purpose, many track quality indices (TQIs) have been developed [18,19].
These TQIs combine the recorded measurement signals in different ways, intended to assess the overall
track condition by a single value. Such a holistic view of the track quality is particularly useful to
chronologically evaluate the parts of or the entire network. Net-wide time series analyses of TQIs
demonstrate whether the general quality improves, remains in a steady state, or declines. Establishing
a reliable quality index is therefore a predestined step for achieving a network condition overview and
for supporting the strategic allocation of resources [20]. A TQI combining multiple signals cannot be
used for detailed maintenance planning, however, as the information on why the index indicates poor
track quality is lost during the process of aggregating the different input parameters.

The first part of this paper is devoted to a literature research of existing track quality indices,
describing the geometrical track condition. Total of 14 indices that are applied by railway infrastructure
managers in different countries are presented, including brief descriptions and the respective
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mathematical formulas. Subsequently, all the indices are calculated for a real five-kilometer test
section. The results are plotted together with the input signals of this section, which visualizes the
properties of the different indices.

In the second part of this paper a new index for track geometry—the track quality index
of Graz University of Technology (TUG_TQI)—is presented. This newly developed TQI has the
aim of eliminating the inherent weaknesses of existing indices, which the literature study reveals.
The TUG_TQI is an evolution of the track quality index of the Federal Railroad Administration (FRA
TQI) and incorporates aspects of other indices to form an optimized, universally applicable track
quality index. To validate and visualize its positive characteristics, the index is calculated and plotted
for the previously introduced test section.

2. Literature Study

Railway track condition can be evaluated in different ways, such as visual inspections or manual
measurements with portable tools, which is still the main method for turnout monitoring [16]. Open
tracks, however, are typically inspected today with monitoring cars, which facilitate periodic net-wide
condition evaluations [21,22]. These monitoring cars measure multiple parameters concerning track
geometry, the most relevant of which are presented in Table 1 [23].

Table 1. Overview of the main track geometry parameters [23].

Parameter Description

Deviation of the running table level from a smoothed vertical

Longitudinal level position (reference line) within defined wavelength ranges.

Lateral deviation of the rail from a smoothed lateral position

Alignment (reference line) within defined wavelength ranges.
Shortest distance of the inner flanks of the rail heads 0-14 mm below
Track gauge .
the rail surface.
Cross level Difference in height of the adjacent running tables.
Twist Difference between two cross levels divided by their distance apart.

Measurements of the above-mentioned parameters constitute the input for all analyzed track
quality indices, where either the raw signal or derivates of these signals are processed. Such derivates
of the individual signals are further referred to as individual track quality indices (individual TQIs).
An aggregation of several individual TQIs delivers the final TQI, which in this paper is designated
holistic track quality index.

Using the combined standard deviation CoSD [10] (Section 2.2.2) as an example, the two terms
individual TQI and holistic TQI can be clarified. First, the individual TQISs, i.e., the standard deviations
(SD, o) of longitudinal level, alignment, track gauge, and cross level, are calculated according to (1).

YN (i -%)°

SD = N-1

M

Combining these individual track quality indices (standard deviations) yields the combined
standard deviation, i.e., the holistic TQI (2).

2.1. Calculation Parameters

When calculating a track quality index (individual TQI and/or holistic TQI), two calculation
parameters strongly affect the outcome: the type of computation and the selected influence length [24].
The following two sub-sections describe these influencing factors.
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2.1.1. Computation Type

In the computation context, two methods can be distinguished: discrete and moving [10].
A discrete calculation divides the analyzed section into segments of equal length (influence length;
Section 2.1.2) and the TQI is calculated separately for each segment. A moving calculation calculates
one TQI-value for every cross section. Around the first cross section i, a segment is spanned, extending
half the influence length in both directions. All data points within the segment are used to calculate
the TQI, which is assigned to point i. Then the segment is shifted one point and the process is repeated
for cross section i + 1.

The differences between the two computation types are illustrated in Figure 1. The plot shows the
longitudinal level (left rail) of the test section as well as its standard deviation, calculated in a moving
and a discrete manner with an influence length of 100 m. The moving standard deviation depicts the
signal characteristics better while the discrete calculation shows directly which 100 m segments require
maintenance earlier than others.
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Figure 1. Comparison of discrete and moving calculation of track quality indices at the example of the
standard deviation.

2.1.2. Influence Length

The second important calculation parameter is the length of the considered segments [24].
The influence length determines how many measurement points are included in the calculation of
the TQI of one segment. Typical values for standard gauge railway lines are 100 m or 200 m [10].
High speed lines may be evaluated with longer segments while narrow gauge lines possibly benefit
from shorter influence lengths because of frequently changing track parameters (radii, superstructure
type, etc.,) [12].

Greater influence lengths blur short-track irregularities and show a broader picture of track quality.
Shorter influence lengths highlight isolated defects and follow the original signal more closely [24].
Figure 2 visualizes the moving standard deviation of the same signal as before (longitudinal level of
the test section, left rail), calculated once with a 50-m and once with a 200-m influence length.
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Figure 2. Moving calculation of track quality indices with different influence lengths at the example of
standard deviations.

Constant calculation parameters are the premise for calculating the track quality indices in a time
sequence-time series of individual TQIs for maintenance predictions, time series of a holistic TQI for



Appl. Sci. 2020, 10, 8490 40f16

network evaluations. Only if the computation type and the influence length are always identical and
the positioning of the input data is exact [24], can correct conclusions be drawn.

2.2. Existing Track Quality Indices

The urge to achieve a holistic assessment of railway infrastructure has given impetus to the creation
of many track quality indices [18,25]. Below, relevant TQIs that are frequently cited in the literature
are introduced, which include a verbal description of the index and the mathematical expression.
Subsequently, all the presented TQIs are calculated for the 5 km test section and plotted together with
the underlying measurement data (note: longitudinal level and alignment feature two colors—the
lighter color represents the right rail, the darker color the left rail). This graphical illustration presents
the characteristics of the TQIs and also highlights their differences. Potentially necessary threshold
values or weighting factors are provided in the index description (2.2.1-2.2.14). If available, these values
are adopted from the respective literature source; otherwise, intervention limits of the European norm
EN 13848-5 are applied. Table 2 presents these intervention limits for the wavelength range D1 (3-25 m)
at line speeds of up to 80 [kph] and 120 [kph] respectively, which are relevant for the test section [26].

Table 2. Intervention limits according to EN 13848-5 [26].

Geometry Parameter Intervention Limit
Longitudinal level (V < 80 [kph], V < 120 [kph]) +17 [mm], £13 [mm]
Alignment (V < 80 [kph], V <120 [kph]) +15 [mm], £11 [mm]
Gauge positive, Gauge negative (V < 120 kph) +30 [mm], =9 [mm]
Cross level (V <120 kph) +20 [mm]
Twist (V <120 kph) +5 [mm]

2.2.1. Isolated Defects

The European norm EN 13848-6 suggests using the number of isolated defects as a possibility
for rating track quality, particularly with regard to safety. Counting the number of defects along a
specified track length can be representative for the general quality of the track. [10]

2.2.2. Combined Standard Deviation

Another TQI proposed in the European norm EN 13848-6 is a weighted combination of the
parameters longitudinal level (LL), alignment (AL), track gauge (G), and cross level (CL), which are
expressed by their respective standard deviations. Their relative impacts on the CoSD are regulated by
weighting factors, specified by the infrastructure manager (test section: w; = 0.25) (2) [10].

CoSD = \/ w7SD7% + weSDG? + wer SDer? 4+ wipSD? )

2.2.3. MDZ-A Number

The MDZ-a number is used with the intention of describing the effects of track geometry
irregularities on passing trains. Thus, the formula combines deviations of the longitudinal level (Av’),
alignment (Ah), and cross level (Aii) and also considers the maximum line speed. The influence of the
velocity is reduced via the exponential number 0.65; this factor intents to represent the effects of vehicle
suspension. The factor c (test section: ¢ = 1) is a scaling coefficient, and the variable L represents the
length of the considered track segment (3) [27-29].

L

1 Ax
MDZ = C*Z*VO'65*Z \/(Av’)2+ (AR + Ail)? €)
i=1

1
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2.2.4. The Chinese Track Quality Index

The Chinese track quality index equals the sum of the standard deviations of all track geometry
parameters and is calculated over 200 m for conventional railway lines and 500 m for high speed

lines (4) [19].
7

TQI =) o; 4)

i=1
2.2.5. The CN Track Quality Index

The track quality index of Canadian National Railway Company (CN) uses longitudinal level
and alignment (both rails separately), gauge and cross level as input. Individual track quality indices
for these parameters are calculated according to (5), where C represents the line type (test section:
C =700). The overall TQI is obtained by averaging the individual results (6) [19].

TQI; = 1000 — C * 5;2 (5)

i1 TQL

TQI =
Q 6

(6)

2.2.6. ] Coefficient

The ] coefficient averages the standard deviations of longitudinal level (SD;), alignment (SD,), twist
(SDy), and track gauge (SD,). The influence of the track gauge is reduced by half, which has the aim of
mitigating the over-representation of the track gauge in transition elements (see Section 2.3) (7) [30].

SD; 4 SDy + SDy, + 0.5 % SD,
J= 35

@)

2.2.7. Q-Value

The Q-value (Sweden Q [18]) relies on the standard deviations and threshold levels [Table 3], which
depend on the track class and ought to guarantee riding comfort. The index considers the longitudinal
level (oy) and a combination of alignment and cross level, called interaction (og). The Q-value is
calculated per kilometer track (8). [31]

Q=150 100[G—H T 2‘7—5]/3 ®)
OHjj, O S i

Table 3. Limit values applied for the Q-value (Sweden Q) and K-value [32].

Vertical Cross Level Horizontal Interaction

Track Class Speed [kphl Geometry (sH) (oR) Geometry (oP) (oS)

KO 145- 1.1 0.9 1.1 1.6

K1 125-140 1.3 1.0 1.2 1.7

K2 105-120 15 1.2 1.3 1.9

K3 75-100 19 14 1.7 2.4

K4 40-70 2.4 1.8 2.0 3.1

K5 =35 2.9 2.2 2.4 3.6

2.2.8. K-Value

The K-value requires the same input parameters as the above Q-value plus the alignment and
cross level. Over a track section that should extend over at least one kilometer, the total length X/
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where all standard deviations undercut the defined thresholds (Table 3) is determined. This length
divided by the observed section L yields the K-value, which is expressed in percent (9) [31].

K= Tl*loo % )

2.2.9. Netherlands Q Index

For a geometry parameter i, the standard deviation of 200 m segments as well as the 80% quantile
of the standard deviation over a 5-10 km section are calculated. The 200 m segments are put in
dependence of the evaluated section according to (10) (N denotes the Q index for an individual
geometry parameter). As a result, the worst 20% of the section, which requires maintenance, can be
determined [19].

N = 10+ 0.675%/ " (10)

2.2.10. Track Geometry Index

The track geometry index TGI consists of individual indices for longitudinal level (unevenness
index Ul), alignment (Al), twist (TI), and track gauge (GI) (11). Besides the standard deviations of the
geometry parameters referred to (SDyes), the index also considers target values for track renewals (SD,,)
and maintenance measures (SD,;,;). These target values, which in case of maintenance depend on the
line speed, are presented in Table 4. The final TGI averages the individual indices, although longitudinal
level (UI) and alignment (AI) get emphasized to reflect their influence on riding quality (12) [12].

_( SDnies—=SDn )
ui, AI, TI, GI = 100 % e Pumaint=SDPn (11)
TGIZZ*UI+TI+GI+6*AI (12)

10
where SD,;;es = standard deviation of measurement data; SD,, = target value of the standard deviation
for track renewal; and SD,;,,; = target value of the standard deviation for track maintenance [12].

Table 4. Threshold levels for the track geometry index (SD in [mm)]). [12].

SD Maintenance SD Maintenance
Parameter SD New Track (Vmax > 105 [kph)) (Vimax < 105 [kphl)
Longitudinal level 2.5 6.2 7.2
Alignment 15 3.0 3.0
Gauge 1.0 3.6 3.6
Twist 1.75 3.8 4.2

2.2.11. Overall Track Geometry Index

The overall track geometry index OTGI considers standard deviations and mean values of the
track gauge signal, which is split into a positive and negative fraction because of differing tolerances,
the alignment, the longitudinal level (profile), and the twist (14)—(18). These individual indices are
aggregated using line-class-depending importance coefficients a, a’, b, ¢, d (13) (test section: a = 0.25,
a’=1.0,b=0.25¢c=0.13,d = 0.28). [18]

L+GIT + % +GI- +b* Al +c*Pl+d=*TI

OTGI = :
CL tb+ce+d

(13)

With:
Positive gauge index : GIT = |§Gauge +3x SDGWge| (14)

Negative gauge index : GI™ = |§Gm,ge — 3% SDGauge| (15)
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Alignment index: Al = (|}AlignmentLeft| +3+ SDAlignmentLeft + |EAlignmentRight| + 3% SDAlig‘rzmentRight)/2 (16)
Profile index : PI = ((fpm fiteLeft| + 3% SDprofitereft + [profiterignt| + 3 * SDpro fileRight)/ 2 (17)

Twist index : TI = |ETwist| ~+ 3% SDrywist (18)

2.2.12. Five-Parameter Track Defectiveness

The Ws-index sets the number of isolated defects k in proportion to the total number of recorded
measurement values c of the analyzed track section (19). This ratio is calculated separately for the
longitudinal level (W;; average of left and right rail), alignment (W,; average of left and right rail),
track gauge (W,), cross level (We), and twist (Wy,). Subsequently, the results are combined to the overall
index according to (20). [33]

k
W==- (19)
Ws =1 - (1= W,)(1-We)(1-Wy)(1-W,)(1-W,) (20)

2.2.13. Track Roughness Index

The track roughness index, developed by US railroad company Amtrak, divides the squares of
measurement deviations di by the number of measurement points # of the respective segment (21).
Considered parameters are longitudinal level, alignment, cross level, and gauge [18,34].

nodz2
R? === 21
: @D

2.2.14. FRA Track Quality Index

The Federal Railroad Administration (FRA) defines a track quality index via space curve lengths.
The length of the measurement signal L; is calculated for the longitudinal level, alignment, cross level,
and gauge over a defined track section (22). This length is put in dependence of the base length Ly
which constitutes the theoretical signal length without any track defects (23) [19,35].

n
L= Z \/(xi(f+1) - xif)z + (yH1 - yi)z -
i=1

TQI = (% - 1) +10° (23)

0

2.3. Analysis of the Evaluated Track Quality Indices

Many of the above introduced track quality indices share characteristics: (i) the basic concept,
(ii) whether or not all track geometry parameters (Table 1) are considered, and (iii) the necessity
of adjustment factors such as calibration or weighting coefficients (not considering constant factors
which solely scale the results). Three major groups can be distinguished in the basic concept of the
TQIs context: indices based on standard deviations (in Table 5: “sd”), indices converting the number
of threshold exceedances (“threshold”), and indices which use other approaches (“miscellaneous”).
According to this classification, the analyzed indices are listed in Table 5.
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Table 5. Classification of the analyzed track quality indices (TQIs) according to their basic principles.

(i) Basic Conceptof (i) TQI Includes all (iii) TQI Requires

the TQI Parameters Adjustment Factors
Isolated defects threshold n/a no
CoSD sd no yes
MDZ-a miscellaneous no yes
Chinese TQI sd yes no
CN’s TQI sd no yes
J coefficient sd no no
Q-value sd no no
K-value threshold (sd) no no
Netherlands Q sd n/a no
TGI sd no no
OTGI sd (+miscellaneous) no yes
wb threshold yes no
R? miscellaneous no no
FRA TQI miscellaneous no no

Three of the analyzed track quality indices—Isolated defects, K-value, wb—convert the number of
threshold exceedances into a TQI. Since indices of this kind merely count the number of defects while
disregarding the severity of them, the informative value of these quality figures is limited, regardless
of whether raw signals (Isolated defects, w5) or standard deviations (K-value) are evaluated.

With eight examples, the majority of analyzed track quality indices are based on standard
deviations: CoSD, Chinese TQI, CN’s TQI, J coefficient, Q-value, Netherlands Q, TGI, and OTGI share
this approach. As the standard deviation of a signal depends on the number of defects within the
considered segment as well as the amplitudes of the errors, these indices are better suited to rate
the overall track quality than indices counting threshold exceedances. A downside of the standard
deviation is that it may deliver disproportionately high values for gauge and twist in curves (Section 4,
Figure 8). Tight bends frequently exhibit an increased nominal track gauge for improved track
guidance [36], while transition elements between straight sections and curves typically feature a
rising outer rail to mitigate lateral accelerations, which by default creates a twist [37]. Consequently,
the standard deviation of gauge and twist inevitably yields higher (worse) values in these areas, even if
track quality is perfect. However, gauge widening and transition elements are technical necessities and
a TQI that is intended to rate the overall track condition should not equalize them with track defects.

The remaining indices—MDZ-a, R2, FRA TQI—neither rely on threshold exceedances nor on
standard deviations. Instead, they make use of different concepts.

Regarding the utilization of different track geometry parameters, two of the analyzed indices
aggregate all signals (Chinese TQI, w5) while others only include a selection of them or do not
define it. From a mathematical perspective, merging signals of various parameters (or derivates
such as standard deviations) is problematic, since they typically scatter in different amplitude ranges.
Thus, signals which permissibly exhibit comparably high absolute values (e.g., longitudinal level) are
overrepresented in the final TQIL

Some track quality indices depend on calibration or weighting factors, which are either fix values
(e.g., ] coefficient), depend on the line speed (e.g., K-value), the track type (e.g., OTGI), or can be set by
the infrastructure manager (e.g., CoSD). While for many TQIs reference values for their calibration
factors are provided, the exact meaning and determination of these coefficients is often unknown.
This hampers the application of the index in other networks.

To evaluate how the analyzed track quality indices perform on real data, each of them is calculated
for the 5-km test section and plotted (Figure 3). This ballast track section comprises a sequence of
curves and straight segments, which are indicated in the plot by the super elevation. If an index
does not specify the required geometry parameters, all signals are included. If an index only defines
individual TQIs (e.g., the track roughness index R?), the holistic TQI is assumed to be the average of the
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individual indices. All calculations are performed with a moving window over 100 m, independent of
possible guidelines of the TQIs (different computation settings would distort the results). Most indices
indicate good track quality by low values and vice versa. Indices behaving in a contrary manner are
multiplied by —1 so that all curves are lower in areas of better and higher in areas of worse track quality.
The results are then z-transformed (the mean value is set to 0, the standard deviation is set to 1) and
shifted along the y-axis until the lowest value (best quality) equals zero. This process ensures all indices
feature similar value ranges while keeping their characteristics, thus enabling qualitative comparisons.

80 super elevation [mm]
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position [m]

Figure 3. Measurement data and normalized track quality indices of the 5-km test section.

3. Methodology

The analysis of relevant track quality indices and their application on a test section (Section 2.3)
demonstrates that existing indices exhibit disadvantages to varying degrees. Consequently, a new TQI
is proposed, aiming to improve this situation. Thus, the following criteria are defined with which the
new TQI must comply:

e  The index must describe the overall geometrical quality of the track, which includes both peak
values and scattering of the individual signals.

e The index must rely on physical and objective principles while avoiding subjective
weighting factors.

e The index must enable the combination of all main track geometry parameters (Table 1).
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e The index must be universally applicable for different types of track, varying line speeds,
and different nominal track gauges.

e The index must not be negatively affected by gauge widening in curves and intended twist in
transition elements.

e The index must be easy to understand and should be simple to implement.

Among the analyzed track quality indices, the index of Federal Railroad Administration (FRA
TQI) already fulfils the above criteria to a substantial extent. This index thus forms the basis of the
track quality index of Graz University of Technology (TUG_TQI; TUG = Technische Universitit Graz).

The principle of the FRA TQ]I, and therefore of the TUG_TQ)], is calculating the space curve length
L; of a measurement signal. This length is put in relation to the base length Ly, which represents the
theoretical situation of a perfect track without any irregularities. The more irregularities occur on a
segment and the higher their amplitudes are, the longer the space curve length L; is. Consequently,
the resulting index will also be higher (Figure 4). [33,35]

L L=L,

No track irregularities TQl=0
. . " L> Ly |
Minor track irregularities - TQI >0
Severe track irregulariti L\ Lt TQl >> 0
evere track irregularities \/ >>

Figure 4. Principle of the TUG_TQI (adapted from [33]).

The TUG_TQI s calculated in seven subsequent steps, which are depicted in Figure 5. Measurement
signals of all main track geometry parameters are used as input data.

0 Rawsignals  Longitudinal_level_left, Longitudinal_level_right, Alignment_left, Alignment_right, Gauge,
Cross_level, Twist

1 Splitting the gauge signal Longitudinal_level_left, Longitudinal_level_right, Alignment_left, Alignment_right,
Gauge_positive, Gauge_negative, Cross_level, Twist

2 Normalizing all signals Longitudinal_level_left_normalized, Longitudinal_level_right_normalized,
Alignment_left_normalized, Alignment_right_normalized, Gauge_positive_normalized,
Gauge_negative_normalized, Cross_level_normalized, Twist_normalized

3 Combining the normalized Longitudinal_level_left_normalized, Longitudinal_level_right_normalized,
gauge signals Alignment_left_normalized, Alignment_right_normalized, Gauge_normalized,
Cross_level_normalized, Twist_normalized

4 Calculating the space Length_(Longitudinal_level_left_normalized), Length_(Longitudinal_level_right_normalized),
curve lengths Length_(Alignment_left_normalized), Length_(Alignment_right_normalized),
Length_(Gauge_normalized), Length_(Cross_level_normalized), Length_(Twist_normalized)

5 Calculating the individual TQl_Longitudinal_level_left, TQI_Longitudinal_level_right, TQI_Alignment_left,
track quality indices  TQI_Alignment_right, TQI_Gauge, TQl_Cross_level, TQI_Twist

6 Averaging left and right rail TQI_Longitudinal_level, TQI_Alignment, TQI_Gauge, TQI_Cross_level, TQI_Twist

7 Averaging all individual ~ TUG_TQI
track quality indices

Figure 5. Workflow depicting the compilation of the TUG_TQIL

In a first step, the gauge signal is dissected into a positive and a negative part along the zero
line. This is a necessary preparatory work for the subsequent normalization process, because of
the different threshold levels for positive and negative measurements (gauge narrowing and gauge
widening). Next, all measurement signals are normalized with respect to a predefined threshold level,
e.g., the intervention limits of EN 13848-5 [26] as in this paper. Only then can signals featuring different
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units and value ranges be combined to a holistic index without weighting factors. For example,
the longitudinal level [mm] has less strict tolerances in absolute terms than the twist [mm/m] and
therefore typically exhibits higher amplitudes. The affect a longitudinal level signal has on a combined
index would thus be stronger, while a certain twist value, even if lower in its absolute value, might be
significantly more critical for the overall track quality. In order to normalize the signals, the measurement
values are divided by their absolute threshold values. Different threshold levels (e.g., alert level versus
intermediate action level [26]) increase or decrease the TQI while its characteristics remain largely
constant. Because of the normalization process, the TUG_TQI is calculated with utilization levels
rather than signal amplitudes, and it implicitly considers the maximum line speed, which (co-) defines
the threshold values. Figure 6 illustrates the normalization process by means of the split gauge signal.

E |gauge =
E 30 3
_g K
520 2§
g
10 1=
3
nominal gauge := 0
0 AN AL, A AdAAAS s o] SaA g VYTV oo 0
-10 1
signal normalization levels positive utilization level negative utilization level
2800 3000 3200 3400 3600
position [m]

Figure 6. Splitting and normalizing the gauge signal.

After combining the positive and negative normalized gauge signals, fictive space curve lengths
L; for all the geometry parameters are calculated, using the normalized measurement values (24).
Subsequently, the individual TQIs for all signals are calculated according to (25). In principle,
this formula determines the elongation of the signal as a result of track irregularities. The factor 108
only scales the results into an easily interpretable value range. In the second-last step, which only
applies to longitudinal level and alignment, the individual TQISs of the left and right rail are averaged.
Thus, these two geometry parameters have the same impact on the combined TQI as all other. Finally,
the five individual indices—TQI_Longitudinal_level, TQI_Alignment, TQI_Gauge, TQI_Cross_level,
TQI_Twist—are combined, which constitute the track quality index of Graz University of Technology

(TUG_TQI) (26).
m—1
Li=). \/ (x7e1 = 57) + (vigrn) — vi1) (24)
=1

L.
TQI, = (L—; - 1) +108 (25)
" TQIL
TUG_TQI = % (26)

where i = track geometry parameter; j = measurement point index; m = number of considered
measurement points (depending on influence length and sample rate); n = number of included
geometry parameters; x = track position of measurement point j in mm; y;; = normalized measurement
value of parameter i at position j; Ly = theoretical base length (influence length) in mm; L; = space
curve length of parameter i; TQI; = individual track quality index of parameter i; and TUG_TQI =
track quality index of Graz University of Technology.

4. Results and Discussion

In this section, the track quality of Graz University of Technology (TUG_TQ]) is applied on the
introduced 5-km test section (Figure 7), thus providing a visual representation of the methodology.
By means of this graph, the qualities of the new index are then discussed. The plot includes
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measurement signals of the track section, the individual indices of the geometry parameters, and the
holistic TUG_TQI.

longitudinal level [mm)]
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-15
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-15

gauge [mm]
30 1.0
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0 nominal gauge := 0 ‘ R [00
cross level [mm]
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position [m]

Figure 7. Measurement signals (primary y-axis) with their respective indices (secondary y-axis) and
TUG_TQ]I, calculated for the 5-km test section.

The TUG_TQI is well-suited to describe the overall geometrical track quality, as it incorporates all
characteristics of the individual indices. The differences between better and worse track quality can be
observed in the example of the longitudinal level. The index delivers low values from km 1.150 to km
1.850, where the raw signal shows good track quality. By contrast, at around km 3.500, the input signal
scatters in a high amplitude range. Consequently, the TQI_Longitudinal_level features higher values
in this area, which represents worse quality. Similar characteristics can be observed in the alignment
index, which additionally reveals another aspect of the quality index. Not only does it accurately depict
alignment issues over longer track sections, but it also reacts to isolated defects, as the spike at km
0.100 proves. The severity of this defect is suspicious and potentially a result of a data measurement
error: the input signal exceeds even the intermediate action level (28 mm) by far and inexplicably no
other signal shows any abnormality at this position [38]. This example confirms that the methodology
also correctly represents isolated defects. The track gauge index underlines the necessity to consider
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positive and negative gauge values separately, as described in [18]. Although the absolute amplitudes
of the input signal reach considerably higher values in the positive range (e.g., between km 3.500 and
km 4.000), the corresponding index delivers relatively low values. In contrast, the index takes on
significantly higher values in case of track narrowing (e.g., around km 3.000) because of very different
threshold levels. The cross level index is continuously low since the input signal scatters in an uncritical
value range. In contrast, the twist index locally delivers much higher values. This is also reasonable
considering the strict threshold values for this parameter and the partially strong irregularities of the
signal. The overall TUG_TQI combines all effects—the isolated defect of the alignment signal at km
0.100, the good quality of all signals between km 1.150 and km 1.850 as well as the geometry issues
around km 3.500. For visualization reasons, the TQI is cut off at 1.0; otherwise, the isolated defect at
km 0.100 would distort the plot and make the remaining curve uninterpretable.

Arguably the most widely used indices to describe the geometrical track condition are standard
deviations (SD). The standard deviation is thus consulted as the benchmark for TUG_TQI. Using
track data from another European railway network, SD and TUG_TQI are calculated and directly
compared. Figure 8 visualizes the results of the longitudinal level, for which SD and TUG_TQI deliver
similar results, and the twist, where the two methodologies partly differ. The resulting curves are
z-transformed and shifted along the y-axis until their lowest values equal zero (see Section 2.3).

curvature [mm]

-30

longitudinal level [mm]

) Mﬁ%
o7 ‘ | : ‘ :

twist [mm/m]

131055 131160 131710 131916
130500 131000 131500 132000

position [m]

signal standard deviation individual TQI

Figure 8. Comparison of normalized standard deviations and individual TUG_TQIs of the longitudinal
level and twist signal.

The uppermost signal in Figure 8 represents the curvature in mm, which depicts the line
routing. The section consists of a straight track from the beginning to km 131.055, a curve between km
131.160-131.710 as well as transition curves in between. As for the longitudinal level, standard deviation
and individual TUG_TQI are almost equal (neglecting the absolute level). This can be interpreted
as validation of the TUG_TQ)], as the standard deviation is a well-established parameter. However,
disparities between the two methods are evident when applied on the twist signal. The standard
deviation of the twist overvalues transition curves (km 131.055-131.160, km 131.170-131.916),
even though the characteristics of the measurement signal are inconspicuous; it only scatters around
a different but uncritical level. In these areas, the TQI_twist represents the measurement data more
reasonably. Overall, the TUG_TQI is similar to the standard deviation if the measurement signals are
not affected by transition ramps and gauge widening in curves. However, the TUG_TQI is better suited
for discriminating between effects originating from either influences of this kind or poor track quality.
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5. Summary

The geometry of railway tracks is a key criterion for the comfort of passengers and the safety of
railway operation. Numerous track quality indices (TQIs) have been developed to assess the overall
track quality, using measurement signals of track geometry parameters. In this paper a selection of
relevant TQIs is discussed and applied on a five kilometer track section. Some indices count the isolated
defects, while neglecting the amplitude of these failures. As a result, the overall condition cannot be
completely depicted. Most indices rely on standard deviations of the measurement signals, which are
combined using different mathematical models. Standard deviations are better suited to assess the
general track condition, but can be affected by track elements such as gauge widening and transition
ramps. Additionally, combining standard deviations of geometry parameters, which occur in different
amplitude ranges (e.g., longitudinal level versus twist, where the respective threshold levels can differ
by more than 200% [EN 13848]) over-and underestimates the individual parameters. Some of the
analyzed track quality indices rely on adjustment factors which weigh different geometrical parameters
or adjust the results for changing line classes. These factors are frequently poorly documented in the
literature if they are taken into account at all, which hampers an application in other networks.

In an attempt to eliminate the above described issues, a new index has been developed, the track
quality index of Graz University of Technology (TUG_TQI). It calculates the elongation of a signal
triggered by track irregularities—more frequent and more severe track defects yield longer measurement
signals and consequently a higher TQI. All incorporated signals are normalized to their respective
threshold levels before being processed. This normalization allows combining different geometry
parameters without subjective weighting factors. The TUG_TQI offers the following advantages over
existing track quality indices:

e  The mathematical model is applicable for every measurement signal and nominal track gauge
and thus for any railway network.

e The TUG_TQI can incorporate any measurement signal for which a reliable threshold level
is defined.

e  The underlying methodology reacts to scattering and peak values of the signals.

e Intended gauge widening in curves and twists in transition elements do not distort the
respective indices.

e The gauge signal is split into a positive and a negative part because of differing threshold levels.

e By normalizing the signals, the line speed is implicitly considered.

The individual indices of the geometry signals enable conclusions to be made regarding the
specific maintenance demand. The highest aggregation level—the TUG_TQI—constitutes an optimized
assessment of the overall track quality, based on all relevant geometry parameters.
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