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Abstract:  The changes in crystallization characteristics of four polyesters were investigated during multiple
processing. Two of these were petroleum-based materials: poly (ethylene terephthalate) (PET) and
poly (butylene terephthalate) (PBT), and two were bio-based materials: poly (lactic acid) (PLA) and
poly (butylene succinate) (PBS). We found that during non-isothermal crystallization the different
type of polyesters shown different behaviour: the PET and PLA materials were more sensitive to the
cooling rate than the PBT and PBS. Interestingly, at low cooling rates, the number of reprocessing
steps had no significant effect on the crystallinity of PBT and PBS, but reduced it for PET, but

increased it for PBT.
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I. INTRODUCTION

Modern industries need materials that have
properties which are not found among the traditional
materials used, so the manufacture of materials with
special specifications has raised the interest of
researchers in recent years [1,2,3,4]. Different types
of polyester materials have started to be widely used,
since these polymers are commonly used in most
applications due to their low cost, adaptability and
high mechanical properties such as strength and
moisture resistance. They are used as the main
component in different industries and daily products
such as textiles, clothes, backpacks, home furniture,
pillows, napkins, air and water filters, packaging
materials, computers and recording tapes, building
and construction materials and electrical insulation
as well as in the medical field. Also, biodegradable
polyester materials are used in environmentally
friendly products like compostable bags and food
containers [1,2,3,5,6].

Polyester can be classified into two main types
depending on the raw materials used in their
production. One of them is bio polyester, which is
extracted from renewable resources such as
microorganisms and plants like sugarcane and corn,
the most important of which are polylactic acid
(PLA) and polybutylene succinate (PBS) [7,8]. The
other type is called petroleum-based polyesters,

which can be obtained from petrochemical raw
materials, including polyethylene terephthalate
(PET) and polybutylene terephthalate (PBT) [9,10].
In addition, bio-based polyesters are considered
more environmentally friendly than their petroleum-
based counterparts because they reduce dependence
on fossil fuels [7,8,9,10]. However, both types of
polyesters have their advantages and disadvantages,
and the selection of the most suitable option depends
on the specific needs of a particular application
[7,8,9,10].

Polyester recycling has received great attention in
recent years because it helps reduce the amount of
waste, energy consuming and environmental impacts
and conserve resources [7,9,11]. Also, the recycling
process can have an effect on the structure of the
polymer, including its crystallinity, thus affect the
mechanical properties of polymer [11,12].

The present work was undertaken to study the
effect of reprocessing on the non-isothermal
crystallization behaviour of PET, PBT, PLA and
PBS. This work is intended to provide a better
insight into the crystallization kinetics of petroleum-
based and bio-based polyesters.
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Table 1. Tested polyesters

Name Origin Type (Producer) MFI parameters i‘ZIiIe
PBT P eg;’izgm' Pocan B1305 (Lanxess) 250°C/2.16kg 47 cm’/ 10 min
PLA Bio-based  Ingeo 3100HP (Natureworks) 210°C/2.16 kg 24 g/ 10 min
) BioPBS FZ91PM o i
PBS Bio-based (PTT MCC Biochem) 190°C /2 16ke og/10min

II. MATERIALS AND METHODS

1. Materials

The type and main properties of the two
petroleum-based and two bio-based polyesters tested
are presented in Table 1.

For reprocessing the materials Labtech 26-44
(Labtech Engineering, Thailand) twin screw
extruder with a screw diameter of 26 mm and an L/D
ratio of 48 was used. The main parameters of
extrusion processing are summarized in Table 2.
This step was repeated twice for the reprocessed
samples.

Table 2. Processing parameters

Name Drying Temperature  Screw

zones speed
PET 162 ;C ! 270-280°C  341pm
pRT %) © ! 250-260°C  65pm
PLA 9050}(1:/ 195-205°C 52 rpm
PBS 8050}?/ 160-170°C 85 rpm

2. Methods

Intrinsic viscosity (IV) measurements were done
by RPV-1 (PSL Rheotek, USA) automatic solution
viscometer according to ASTM D4603 standard.
The IV values were measured at 30 °C in a 60/40
weight mixture of phenol/tetrachloroethane solvent
with a concentration of 0.5 g/dl.

Crystallization characteristics were investigated
using a non-isothermal DSC program using a
DSC131 EVO (Setaram, France) device. The
measurements were performed in nitrogen
atmosphere with a flow rate of 50 ml/min. Samples
were heated from room temperature to melting
temperature (Tm)+30 °C at a rate of 20 °C/min, held
for 4 min to erase thermal history, and then cooled

back to 0 °C temperature at different rates (40, 20,
10, 5, and 2.5 °C/min). From the exothermic
crystallization peak shown on the cooling curve the
peak crystallization temperature was determined.
Crystallinity (X¢) was calculated by Eq. (1) from the
DSC heating scans at a heating rate of 20 °C/min,
after specimens crystallized from a molten state to
room temperature with different cooling rates. The
area of each peak has been considered as the
crystallization and melting enthalpy, AHc. and AH p,
respectively.

AHp—AHec

X. =
¢ AH,

1)

The term AH, is a reference value corresponding
to the heat of melting of a 100% crystalline polymer,
the value of which is 140 J/g for PET [13]; 145 J/g
for PBT [14]; 195 J/g for PBS [15] and 93 J/g for
PLA [16].

IT1. RESULTS AND DISCUSSION

The degradation of the polyesters during
reprocessing was characterised by [V measurements.
It was found that reprocessing had no remarkable
effect on IV of PBS and PBT, while it led to a de-
crease in the viscosity of the rest of the types of poly-
esters used, especially PET as shown in Table 3.

Table 3. Effect of reprocessing on the intrinsic
viscosity of PET, PBS, PBT and PLA

Name Ox Ix 2x
PET 0.79+0.01 0.69+0.01 0.67=+0.01
PBT 1.49+0.01 1.49+0.01 1.48+0.01
PLA 0.84+0.01 0.83+0.02 0.82+0.01
PBS 126+0.02 120+0.01 1.17+0.02

Non-isothermal crystallization was wused to
investigate how the crystallization of different
polyesters changes during multiple processing.
Typical DSC curves are shown in Fig. 1. It can be
seen that as the cooling rate increases, the degree of
undercooling increases and the crystallization peak
shifts to a lower temperature.
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Figure 1. DSC cooling curves with crystallization
exotherm (Once-processed PET sample)

The evaluations of the measurements are
summarised in Fig. 2 and 3. The change in
crystallinity as a function of the natural logarithm of
the cooling rate is shown in Figure 2. For all samples,
a logarithmic relationship between the crystallinity
formed and the cooling rate is observed. It can be
seen that the cooling rate has a marginal effect on
crystallinity in PBS and PBT polymers. For the
original PET, as well as for the original and recycled
PLA materials, a significant change in crystallinity
is observed for different cooling rates: faster cooling
reduces the proportion of crystalline phase. The
resulting crystallinity is generally in the range of 20-
30%, except for original PET, where crystallinity is
lower at high cooling rates; for once and twice-
processed PLA, where the crystallinity is higher than
this range at low cooling rates and for all PLA
material lower at high cooling rates.

In the case of PLA, the crystallinity increases with
the number of processing steps as expected because
a decrease in molecular weight results in less
restricted chain mobility [17]. However, in the case
of PET the reprocessed sample has lower
crystallinity than the once-processed sample in the
whole cooling rate range. This can be explained by
the fact that in PET, the smaller the molecular weight
of the fraction, the shorter the chain, which makes it
more difficult to fold the chains, the activation
energy increases and therefore the crystallization
rate is lower [18].
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Figure 2. Effect of cooling rate on the
crystallinity (a: PET; b: PBT; c: PLA; d: PBS; 0x:
original material; 1x: once-processed materials; 2x:

twice-processed (reprocessed) materials).

Non-isothermal crystallization data can be
analyzed in terms of the degree of undercooling
(AT.) defined as the temperature difference between
the equilibrium melting temperature (Tmo) and the
peak temperature of crystallization (Tcp) in the
cooling scan [19]. The equilibrium melting
temperatures used for calculation of the level of
undercooling were: 280°C for PET [19], 245°C for
PBT [20], 130°C for PBS [21] and 184°C for PLA
[22]. It can be established that the degree of
undercooling is in each case linearly related to the
natural logarithm of the cooling rate (Fig. 3). It can
be observed that for PET and PBS the original
material crystallizes at significantly higher level of
undercooling than the once and twice reprocessed
variants, while no such big differences are seen for
PBT and PLA.
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Figure 3. Effect of cooling rate on the degree of
undercooling (a: PET; b: PBT; c: PLA; d: PBS; 0Ox:
original material; 1x: once-processed materials; 2x:

twice-processed (reprocessed) materials)
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Based on Nadkarni et al. [23] the ATc with cooling
rate can be fitted to a linear equation, however in the
polyesters tested in our case these functions show
logarithmic trends. Based on the function parameters
on Fig. 2 and 3 we defined the AT, as the degree of
undercooling required in the 1 °C/min cooling rate
which is related to the thermodynamic driving force
for nucleation, and AXm,1 indicating crystallinity at
a cooling rate of 1 °C/min. Fig. 4 shows the change
of AT and AXy,; after the processing steps in the
case of the different polyester materials. It can be
observed that reprocessing typically reduces the
value of AT, but the value of AXn, can vary in
several ways during recycling, depending on the type
of polyester.
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Figure 4. The change of the degree of
undercooling (a) and the crystallinity (b) after the
processing steps at a cooling rate of 1 °C/min; 0x:

original material; 1x: once-processed materials; 2x:
twice-processed (reprocessed) materials)

IV. CONCLUSIONS

Experiments were carried out to investigate the
crystallization of different types of bio-based and
petroleum-based polyesters at different cooling
rates. Based on the measurement results the degree
of undercooling and the crystalline fraction formed
were determinate and compared between different
polyester types and processing steps.

Our experimental results reveal that the both
overcooling and crystallinity are logarithmically
related to the cooling rate. By extrapolating the fitted
functions, we determined the AT.; and AXp; value
corresponding to a cooling rate of 1 °C/min. AT is
related to the thermodynamic driving force for
nucleation and its value depends mainly on the type
of polyester: the highest for PET and the lowest for
PBT. AXp, is primarily influenced by the crystal
growth rate, which is connected to the that mobility
or diffusion of molecular chains. For PET and PLA.
for which reprocessing has caused significant
degradation, this value varies greatly during the
recycling steps: While in the case of PET,
degradation during reprocessing reduces the
crystallinity formed, PLA, on the contrary, increases
the crystalline fraction. For PBS and PBT, no
significant change in crystallinity is observed at low
cooling rates.
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This study concerns track quality assessment of standard-gauge railways in the context of the Hungar-
ian railway system. Data gathered by multipurpose track recording vehicles matched the EN 13,848
requirements. Track Quality Index (TQI) measurement systems (The Federal Railroad Administration
(FRA), the Netherlands’, and the Chinese TQI) are considered where three types of predetermined
segment techniques: separate, moving, and Zero-crossings segmentation are employed. The impor-
tance of track segmentation in quality assessment, which affects maintenance planning, is shown by
key findings. For heterogeneous data, the TQIs might be deceptive, highlighting the need for alterna-
tives. The robustness of the Zero-crossings method makes it possible to analyze deterioration factors in
great detail and in some efficient way. Longer analytical segments and smoothing of the data improved
precision. Based on empirical data, we advise considering a Zero-crossings strategy for precise and
efficient track-quality evaluations. With the help of this study, track quality can be better evaluated for
train systems.

Track Quality Indices, Track geometry, Signal processing, Zero-crossing, Empirical Mode Decompo-

sition, FRA Geometry TQI, Netherlands TQI, Chinese TQI

I. INTRODUCTION

In the era of high-speed railway systems, the rail-
way track is considered a main pillar for safety
and train punctuality. Using total quality manage-
ment in railway maintenance has led practitioners
to find better ways to manage railway assets more
efficiently and cost-effectively [4, 6, 20]. Predict-
ing degradation plays a pivotal role in formulating
inspection and maintenance strategies. Monitoring
the condition of railway tracks is essential to uphold
the efficiency of infrastructure assets [22]. When
a geometric track indicator approaches the estab-
lished legal limit, it signifies the necessity for main-
tenance intervention. These actions are undertaken
to minimize or prevent potential failures, ensuring
the restoration of any malfunctioning railway com-
ponents to an operational condition.

Railway track geometry includes 4 main param-
eters: 1) Longitudinal level: the concept refers to
how much the running table level differs from a
smoothed vertical position (reference line) within
specific wavelength ranges. 2) Alignment: the con-
cept pertains to how much the rail deviates later-
ally from a smoothed reference line within specific

wavelength ranges. 3) Track gauge: the closest dis-
tance between the inner edges of the rail heads,
measured slightly below the rail surface within a
range of 0—14 mm. 4) Cross level: difference in the
height of the adjacent running tables. For more de-
tails, the reader refers to [2, 6, 10]. In addition sen-
sitive wavelengths of the track, irregularities have
been considered by [7].

The track is divided into segments to evaluate
railway track conditions based on track geometry,
and the quality is assessed for each segment. Track
Quality Indices summarize this assessment (TQI),
which are preferred methods for comprehensively
evaluating railway track conditions. TQIs are valu-
able for assessing track performance, planning in-
terventions, and comparing track performance be-
fore and after modifications. Two decades ago, [11]
identified that the segmentation approach used for
TQI calculations is characterized as linear track ge-
ometry measurements with consistent attributes re-
lated to factors influencing track geometry degrada-
tion.

Paper [13] used simulated results to show that
various TQIs are specified for track segments of
varying lengths, typically categorized as 3—-25 me-
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ters, 25-70 meters, and 70-200 meters in length.
The 200-meter long segment is the most commonly
employed, although in certain instances, a specific
track or even the entire network is assessed us-
ing just a single TQI value [23]. Recently, two
approaches have been proposed to define the rail-
way track segments, where both approaches have
generated variable segment lengths along the rail-
way track. The first approach relied on the specific
type of track construction in use [12] and the sec-
ond was based on the horizontal elements of track
alignment (straight, curve, and curve with transition
curve segments) [28]. Additionally, more recent re-
search highlights the importance of considering not
only technical factors but also economic and op-
erational aspects when deciding on track segment
lengths for maintenance purposes [21]. Although
emerging technical factors and economic and op-
erational aspects become crucial when deciding on
track segment lengths, the statistical properties of
the collected measurements should be treated care-
fully. The need to evaluate railway track quality
to plan repairs is emphasized in [26], with a focus
on the objective of preserving stable track geome-
try. The paper looked at the efficiency of remedial
maintenance and the rates of track deterioration on
a regional railroad. Also, to identify critical ele-
ments for sustainable development, [5] investigated
actual measurement data of six geometric parame-
ters of continuously welded rail (CWR). According
to their results, vertical irregularities are important
in the vertical plane (V-plane), but the track gauge
gradient and horizontal irregularities are crucial in
the horizontal plane (H-plane). These factors be-
come more intense, particularly in curved sections,
necessitating more frequent maintenance. In light
of the increasing importance of rail as a sustainable
mass transit alternative, the study findings offer a
foundation for efficiently regulating the life cycle
of CWR to advance sustainability.

Zero-crossings is a powerful tool for analyzing
time series data, it can be used to characterize os-
cillatory patterns, extract useful information about
the signal, and develop signal processing applica-
tions [3, 15]. Besides that, it can be used for non-
Gaussian mixtures and products of Gaussian pro-
cesses as well. Based on the information gathered
by the authors, it can be deduced that there exists no
substantial contribution aimed at improving railway
track segmentation based on Zero-crossings.

This research aims to propose the Zero-crossings
methodology as a possible way of railway track seg-
mentation, evaluating the overall quality of individ-
ual track segments, and establishing management
criteria based on the proposed approach. Time se-
ries and signal processing techniques will be ap-

plied since the measurements are very similar in na-
ture to observations in time. The rest of the article
is organized as follows. The materials and methods
are introduced in Section II, and the results of the
Hungarian State Railway are summarized in Sec-
tion III, a track section of 5,900 meters serves as an
example for illustration of our work, without keep
mentioning it. Then, in Section IV, the results have
been discussed thoroughly. Finally, Section V gives
the main conclusions.

II. METHODOLOGY

Various countries have made efforts to customize
their version of the TQI. For instance, in China, the
TQI is based on the standard deviations of 7 types of
track measurements. In the United States, the ratio
of traced space curve length to track segment length
is used. Polish J-synthetic coefficient based on stan-
dard deviation is used to assess the Polish Railways.
India has its track geometry index formula, which
focuses on standard deviations of geometry param-
eters over 200-meter segments. A detailed discus-
sion of some approaches is shown in the following
subsections.

1. FRA Geometry TQI

Federal Railroad Administration developed a
length-based method to calculate the TQIr of a
given segment of the data for gauge, alignment, and
longitudinal level, say [6]. Let x; denote the sam-
pling points and y; the measurements. The formula
of T QIF is the following

TOIr = 10° (ZS)— 1), (1)

where ¢ denotes the theoretical length (in mm),
in particular ¢y = ZZOZIAxk, and /¢ is the traced
length of the space curve of a track segment includ-
ing np measurements, i.e. f; =Y, /Ay +Ax;.
Here Ay and Ax are the differences between two
consecutive measurements in the sample space, re-
spectively. We consider equidistant measurements
where Ax; = h therefore

roir =10 Ly’ (Ay"> +1-1

nok

Some other railway administrations use TQI
which combines two or more geometrical param-
eters into a single measure of ride quality.

2. Netherlands Track Quality Index

The Netherlands Q index proposes a more univer-
sal form of quality index across different classes of
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railway tracks [16], [23]. This index considers the
standard deviation of a particular quality parame-
ter for a specific track segment. It compares it to
the 80% quantile of the standard deviations of that
parameter across all track segments. The Q index
spans from O to 10. A higher Q index indicates im-
proved track quality for a 200-meter track segment

TQOly = 10%0.675%/ %0 )

Where o} is the standard deviation for the quality
parameter, and Ogp. represents 80" percentile of
standard deviations of all segments in the mainte-
nance section ranging from 5 to 10 km.

3. Chinese Track Quality Index

Chinese national railroads use the sum of standard
deviations oy of seven quality parameters to assess
the overall track quality of a track segment [8]. It is
calculated by

7
TQlc =Y o;. (©)
k=1

Two possible lengths of the overall track quality as-
sessment are 200 m and 500 m. The first is applied
to conventional railway lines and the second is usu-
ally applied to high-speed railroads. The segment is
considered worse in the overall track quality as the
T Q¢ value increases.

4. European Standard EN 13848-5

European Standard is also monitoring the railway
track geometry. Longitudinal level, alignment, and
gauge are the key track geometry parameters that
one evaluates. The mean value determines gauge
irregularities over a 100-meter segment while lon-
gitudinal level and alignment are assessed by ana-
lyzing the standard deviation of irregularities in a
200-meter segment. European Standard provides
the permissible thresholds for geometry parameters
[1, 4, 10]. The permissible thresholds are given in
Table 1.

5. Zero-crossings approach

In the literature, the most straightforward procedure
of track segmentation is to divide the whole railway
track into equally-length segments. The length is
usually chosen according to the train’s speed, ei-
ther 200 m or 500 m [23, 27]. However, although
the fixed segment length is easier to construct and
measure the railway efficiency sometimes it might
be misleading where the measurements in the same
segment might be heterogeneous. Recently, [18]
investigated the impact of changing the segment
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length to assess railway track quality. They evalu-
ated analytical segments of various lengths, includ-
ing 200 meters, 100 meters, 50 meters, and 25 me-
ters. The comparative assessment of the calcula-
tions for TQIs revealed that decreasing the segment
length led to an enhancement in the resolution of
the track quality analysis. [21] used the linear re-
gression function and demonstrated its aptness in
characterizing track quality between two tamping
tasks and exhibited superior accuracy in forecasting
future track quality.

Our approach is based on the idea that two con-
secutive zero observations define the most impor-
tant changes in the railway track. Since the distor-
tion is restarting from zero at each time. The Zero-
crossings in a series of measurements are the points
where the signal changes from positive to negative
or vice versa. Fig. 1 illustrates the idea of Zero-
crossings as the blue dots show the point where the
sign has been changed. The signal crosses the zero
line (red) at the blue points. Zero-crossings are a

Zero crossing segments, trend

: ﬂ fmf\f\ [\ [’f\
iy

Gauge.2018

6200 6300 6400 6500
x

Figure 1. Example for zero-crossings of the
denoised (by EMD) Gauge 2019 (mm) in terms of
measurement numbers.

powerful tool for analyzing a series of data, they
can be used to characterize oscillatory patterns in
time series data in particular providing a robust ap-
proach to the detection of periodic autocorrelation,
[19]. It gives useful information about the signal
and base for signal processing applications [15, 24].
It is worth noting that the lengths of zero-crossing
segments are not fixed and the data included in dif-
ferent segments can be considered independent.

Zero-crossings method

Consider that we have data sampled over time
or space, let X;,(s = 1,2,...,N) denote the cor-
responding stochastic series. We define zero-
crossings for observations in equidistant distances.
Let the associated (to X;) clipped binary series Y
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Table 1. Difference limit between the specified gauge and mean gauge over 100 m segment (in mm)

Mean Gauge threshold Standard deviation threshold
Speed (km/h)  Safety limits Intervention limits  Alert limit || Longitudinal level = Alignment
80-120 [-7, +27] [-6, +25] [-5, +22] 1.8-2.7 1.2-1.5
120-160 [-5, +20] [-4, +18] [-3, +16] 1.4-2.4 1.0-1.3
160-220 [-5, +20] [-4, +18] [-3, +16] 1.2-1.9 0.8-1.1
220-300 [-5, +20] [-4, +18] [-3, +16] 1.0-1.5 0.7-1.0
defined by are satisfying the following conditions: (i) In the
whole dataset, the number of extrema and the num-
Y, = { l, X =0, s=1,2,...,N, ber of zero crossings must either equal or differ by
0, X;<0, at most one; (ii) at any point, the mean value of the

and let d, be the indicator function at distance s
dy=(Y,—Y,_1)", 522

Now, d; is 0 or 1. When d; = 1 we say that a zero-
crossing occurs at distance s. The number of zero-
crossings in Xi,X>,... Xy is denoted by Dy and is
defined by the sum

The expected number of zero-crossings Dy per unit
distance can be calculated for a Gaussian stationary
series by the formula

N
EDx =

arccos P, (@]
where p; is the autocorrelation of X; at lag 1, see
[14]. It will be clear later that the assumption of
zero mean and Gaussian stationarity does not fulfill
our data nevertheless the formula (4) provides some
basic information.

Table 2 shows that although the formula (4) is
not applicable precisely there is some clear connec-
tion between the observed number of zero crossings
nZC and the theoretical values nZCth of it. The
column nZC/nZCth points out the dependence on
the mean U, since the zero mean is assumed for the
formula (4). After we have centered the series col-
umn nZCO* became really close to theoretical val-
ues, see column %nZC0/nZCth. Nevertheless, we
are interested in the zero-crossing segments of the
non-centered data and use the formula (4) for the
orientation of the investigation.

6. EMD and trend

We consider the Empirical Mode Decomposition
(EMD) as a possible tool for preliminary trans-
formations for non-stationary, non-Gaussian data,
moreover which is not smooth enough. EMD is
a data-driven auto-adaptive method, which decom-
poses signals into components referred to as Intrin-
sic Mode Functions (IMF) and a residual. IMFs
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envelope defined by the local maxima and the enve-
lope defined by the local minima is zero, [9]. The
construction of IMFs is not unique. In our calcula-
tions, we apply the R package Rlibeemd using the
so-called sifting process method, see [9], [17]. One
of the advantages of EMD is that the modes (IMFs)
are orthogonal. The sum of all modes and the re-
maining residual resemble the original signal. The
IMFs fluctuated around zero. The only non-zero
mean component is the remaining residual. An IMF
represents a simple oscillatory mode. It has been
noticed [25] that the frequency bandwidths tend to
reduce as the number of IMFs increases.

We are interested in the decomposition of a sig-
nal into a possible continuous deterministic trend
and an additive noise since the result of the changes
of the railway track should be a smooth signal i.e.
there are no sudden changes except the noise of
the measurement. The trend can serve as the non-
linear smooth signal and the additive noise as the
stationary Gaussian process. The separation of the
signal to the trend and noise has been considered
by [29]. The methodology is the following: con-
sider the correlations of the marginal Hilbert spec-
trum for two consecutive IMFs then starting from
the first IMF u (¢), check step by step if the mod-
ulus of correlation is smaller than an € (typically
€ = 0.2). The separation before and after that stop-
ping order pg say, provides the decomposition of
the signal into noise which is the sum of IMFs:
W (t) = Yy<n, ux (t) and the trend X (1) — W (¢). In
our case, we have pg = 2 for Gauge 2019. One ob-
serves that the outliers are included in the noise but
the residual, which is considered a nonlinear trend.

Fig. 3 shows an example where the observa-
tion Xj3710 has neighbors with significantly differ-
ent values. Therefore it should be considered to be
an outlier. The trend (EMD residual) smooths the
observations.

III. RESULTS

A formal analysis has been conducted to compare
the effectiveness of segmentation by Zero-crossings
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Table 2. Number of zero crossing segments for data Gauge 2019, in mm.

Type  Year nZC* nZCth* % nZC/nZCth u  nZCO* % nZCO/nZCth
2017 1245 1892 66 -1.13 1794 95
2018 1553 1930 80 -0.76 1812 94
Gauge
2019 1528 1893 81 -0.73 1782 94
2020 1387 1805 77 -0.96 1748 97
2017 1398 1619 86 -0.45 1598 99
Left 2018 1506 1568 96 0.43 1634 104
2019 1369 1523 90 -0.50 1565 103
2020 1515 1529 99 -0.42 1575 103
2017 1604 1634 98 -0.30 1686 103
Right 2018 1327 1578 84 0.57 1575 100
2019 1517 1528 99 -032 1531 100
2020 1471 1531 96 -0.33 1561 102

*We have denoted the number of zero crossings segments of the data: nZC, estimated by the formula (4): nZCth,
percentage: nZC/nZCth, mean: [, in mm, number of zero crossing segments for centered data: nZC0*,
percentage: %nZC0/nZCth.

Empirical Mode Decomposition

IMF 1

B i

IMF 2

Residual

T T T T T
0 5000 10000 15000 20000

Indices

Figure 2. EMD, data Gauge 2019, in mm.

and fixed-length segmentation. MAV CRTI Ltd.
(Hungarian State Railways Central Track Inspec-
tion Ltd., Budapest, Hungary) provided a local
gauge narrowing fault dataset obtained from their
measurements by a versatile Track Recording Vehi-
cle (TRV). The TRV operated at an average speed
of 160 km/h, and track irregularity data was metic-
ulously sampled at 0.25-meter intervals along the
railway track. We have considered the dataset com-
prised four years, from 2017 to 2020, and was
sourced from diverse segments of railway lines in
Hungary. We consider a specific choice of a track
section spanning measurements including a chain
5,900 m. The primary focus of the inquiry is
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OQutlier, data and trend
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13500 13600 13700 13800 13900

Figure 3. Data Gauge 2019, in mm,(black) and
trend, i.e. denoised data generated by EMD
(green). Outlier: X13710 = —7.43 in between

Xi13700 = —0.97, and X13711 = —0.65, (indices

denote the measurement numbers).

on specific track geometry parameters, including
measurements of the track gauge (mm) and align-
ment (mm) of both the right and left rails. The
surveyed railway maintains straight-line geometry
within each year.

1. Basic statistics

The primary objective of our statistical methodol-
ogy is to examine and elucidate the location and
variability characteristics of our railway dataset and
to assess and describe the skewness and kurtosis pa-
rameters.

Table 3 provides a summary of the statistical data
related to track gauge measurements and left and
right rail alignments, and categorizes the defined
railway sections by years. The results of the Hun-
garian railway measurements meet or exceed the es-
tablished EU benchmarks, as stated in [2], which
are consistent with EU standards. The statistical
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Table 3. Summary statistics of the railway geometrical parameters, including gauge (mm), left, and right
alignments (mm), were measured over a period of four years.

Type Year Mean Var Corr. matrix Min Max Skewness Kurtosis
2017 2018 2019 2020
2017 -1.13 1.58 1.00 046 0.52 0.58 -6.70 4.86 -0.04 0.87
Gauge 2018 -0.76 1.60 0.46 1.00 0.51 0.51 -6.06 5.02  0.05 0.59
2019 -0.73 1.68 0.52 0.51 1.00 0.63 -6.03 5.18 0.05 0.65
2020 -0.96 1.81 0.58 0.51 0.63 1.00 -6.79 491  0.01 0.76
2017 -0.45 1.61 1.00 0.02 -0.05 -0.02 -592 4.74  -0.05 0.59
Left 2018 043 1.72 0.02 1.00 -0.16 0.07 -5.05 5.57 -0.03 0.58
2019 -0.50 1.96 -0.05 -0.16 1.00 -0.12 -6.42 521 -0.07 0.69
2020 -0.42 1.88 -0.02 0.07 -0.12 1.00 -6.95 7.51 -0.04 1.41
2017 -0.30 1.32 1.00 -0.00 0.02 0.04 -7.63 4.48 -0.08 0.90
Right 2018 0.57 1.45 -0.00 1.00 -0.19 0.03 -6.86 557 -0.09 0.77
2019 -0.32 1.66 0.02 -0.19 1.00 -0.14 -7.72 6.01 -0.09 0.85
2020 -0.33 1.61 0.04 0.03 -0.14 1.00 -6.78 7.90  0.01 1.37

properties of the gauge look different from those
of alignments. The correlation matrix shows that
the dependence during the years does not change
too much. The skewness of every variable is small
it refers to the symmetry of the distributions. All
kurtosis suggests the non-normality of the vari-
ables. Fig. 4 illustrates in agreement with Table

Density of the right ali

Density of the track gauge Density of the left alignment

000 005 010 015 020 025 030
000 005 040 015 020 025 030

Figure 4. The distribution of the Hungarian
railway track geometry measurements over the
different years.

3 (non-zero positive kurtosis values) that the distri-
butions of data exhibit a greater degree of peaked-
ness than a normal distribution should. We note that
all the above statistical statements should be tested,
here we spare some room not to do so. The auto-
correlation function (ACF) analysis revealed non-
stationarity within the data, see Fig. 5.

gauge(2017)

0 10 2 0 w0
Lag

gauge(2018)

0 " 2 S “
Lag

gauge(2019) gauge(2020)

0 0 2 0 “ 0 0 2 E w0

Figure 5. ACF plots for the gauge measurements.
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As it has been shown trimming necessarily fol-
lows from the smoothness of the rail track but it
should not affect the mean, say. The EMD method
provides the trend (nonlinear) which can be used
for smoothing the data. Another simpler method
is the moving average of consecutive values. Fig.
6 implies that although the trend is smoother nev-
ertheless the moving averages of three consecutive
values (MA3) do the job as well. Therefore from
now on we shall use MA3 smoothed data for our
analysis.

Smoothing; data, trend and MA3

0.0

ol

Gauge 2018

13800 13850 13700 13750 13800

Figure 6. Data Gauge 2019, in mm: data (blue
dots), EMD trend (black), and smoothed data by
MAZ3 (green), by observation numbers.

We note an additional property of the measure-
ments arising from the railway track which is the
reversibility i.e. the signal is invariant under revers-
ing the starting and ending point of the process. It
also reserves some methodologies for the future.

2. TQI for quality assessment

This study aims to evaluate the effectiveness of the
TQI techniques when applied to the data from the
Hungarian railway system by considering various
segment-length strategies. Now we are given the
array of railway track quality assessment method-
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ologies introduced in Section II. To this end, two
distinct segment lengths, 100 and 200 meters, are
employed by the guidelines provided by the Fed-
eral Railroad Administration for calculating 7 QIF.
Moreover, both the discrete segmentation approach
(i.e., split the entire length of the railroad track into
equal Ly distances) and the continuous moving seg-
mentation approach (i.e., use a moving window of
size Ly, recursively selecting segments of length Ly
from the whole railway track) were utilized to select
the segment measurements.

The adoption of these two lengths ensures the
availability of at least one zero-crossing segment
for comparative analysis. The resulting calcula-
tions are presented in Tables 4, 5 and 6, which
provide the top five maximum 7 QIrs values us-
ing discrete segmentation (Ly = 400 and 800) and
discrete-moving segmentation approaches, respec-
tively. From now on Ly denotes the number of mea-
surements included in segments.

Table 4 presents an array of distinct railway track
segments, accompanied by their respective T QIr
values spanning 2017, 2018, 2019, and 2020. The
table evaluates three critical railway track geome-
try parameters: Gauge, Left alignment, and Right
alignment. Within the table, the "Segment" col-
umn specifies the particular section of the railway
track under scrutiny, with the numbers in paren-
theses designating the commencement observation
points for these segments.

It is essential to note that lower T QIr values in-
dicate improved track conditions, whereas elevated
values may suggest potential issues or track degra-
dation, as established by [6]. Examining the re-
sults, a discernible trend emerged, wherein the track
gauge consistently exhibited the highest 7 QI val-
ues, particularly in 2019, followed by 2017 and
2020. In contrast, the TQIps for the left and
right alignments consistently registered lower val-
ues when compared to the gauge. Consequently,
it is apparent that the gauge parameter exhibits
heightened sensitivity to railway degradation, ne-
cessitating periodic decision-making in the context
of track maintenance and management. A graph-
ical summary of the calculated 7QIrs employing
the distinct segmentation approach is shown in Fig.
7. One can read from Fig. 7 the yearly change in
the quality of T QIF .

Using a formal tone, the authors report that
their findings in Table 6 support the conclusions
drawn from their earlier analysis using the distinct
segmentation approach. The track gauge consis-
tently exhibited the highest TQI values, with no-
table prominence in 2019. To further elucidate the
factors contributing to the elevated T QIrs observed
in 2019, the authors conducted a deeper investiga-
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Figure 7. Summary plot of T QIr values per
segment of the track geometry parameters.
(Lo =400)

tion and found that certain measurements deviated
significantly from the expected pattern. For exam-
ple, measurement number 13710 registered a value
of -7.43, Fig. 3. Given the continuous nature of
the observations, outliers in 7 QI values can poten-
tially introduce misleading interpretations without
smoothing the data. Segment no. 17 with Lo = 800
(200m) and measurements X;3¢01:14400 includes 32
zero-crossing segments and one of them has a larger
length than 25 m with T QIr value 0.0632. At the
same time, the T QI value of this segment is 1.5305
and the T QIr value for the same segment of the
trend is 0.1693, Fig. 6.

TQl values per segment, MA3, Gauge, 2019

0 5000 10000 15000 20000
indices

Figure 8. T QI Variations for the Track Gauge
with change point detection (red), MA3, by 200 m
in the Year 2019, indices refer to the measurement

numbers.

IV. DISCUSSION

The aforementioned section highlights the signif-
icance of theoretical segment length on the com-
puted TQI, resulting from diverse TQI methodolo-
gies. The following subsections will discuss the
findings in detail.

1. Federal Railroad Administration, 7 QIr

To evaluate the efficacy of the FRA TQI under
various segmentation approaches, Tables 4 through
7, along with Fig. 7, provide insights into its
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Table 4. Maximum TQls for the associated segments for the railway geometrical parameters with length 100 m,

Ly = 400.

2017

2018

2019

2020

Segment

TOIr

Segment

TOIr

Segment

TOIr

Segment

TOIr

Gauge

47 (18401)
55 (21601)
46 (18001)
38 (14801)
49 (19201)

0.74
0.73
0.52
0.52
0.52

55 (21601)
46 (18001)
57 (22401)
47 (18401)
44 (17201)

0.69
0.66
0.64
0.54
0.53

55 (21601)
47 (18401)
49 (19201)
57 (22401)
54 (21201)

0.82
0.76
0.61
0.59
0.56

55 (21601)
47 (18401)
57 (22401)
49 (19201)
56 (22001)

0.84
0.84
0.66
0.60
0.60

Left

39 (15201)
19 (7201)
20 (7601)
11 (4001)
56 (22001)

0.75
0.70
0.70
0.64
0.63

11 (4001)
19 (7201)
38 (14801)
44 (17201)
7 (2401)

0.64
0.64
0.63
0.62
0.58

39 (15201)
20 (7601)
31 (12001)
44 (17201)
19 (7201)

0.74
0.68
0.67
0.65
0.63

39 (15201)
31 (12001)
20 (7601)
19 (7201)
37 (14401)

0.80
0.73
0.72
0.67
0.65

Right

AL, OUAWLWN—LVRWD~—

5

56 (22001)
39 (15201)
54 (21201)
47 (18401)
52 (20401)

0.75
0.72
0.65
0.65
0.62

39 (15201)
55 (21601)
52 (20401)
56 (22001)
54 (21201)

0.83
0.61
0.61
0.58
0.57

39 (15201)
47 (18401)
54 (21201)
56 (22001)
52 (20401)

0.82
0.69
0.69
0.64
0.63

39 (15201)
30 (11601)
47 (18401)
54 (21201)
31 (12001)

0.83
0.62
0.60
0.57
0.54

*The term "Segment" refers to the section of the railroad track with length Lo that contains the measurements in

Table 5. Maximum TQlIs for the associated segments for the railway geometrical parameters with length 200 m,

the order beginning with the measurement in the bracket.

Ly = 800.

2017

2018

2019

2020

Segment

TOIr

Segment

TOIr

Segment

TOIr

Segment

TOIr

Gauge

28 (21601)
24 (18401)
23 (17601)
19 (14401)
20 (15201)

0.61
0.55
0.51
0.47
0.46

28 (21601)
29 (22401)
23 (17601)
24 (18401)
19 (14401)

0.60
0.58
0.54
0.50
0.47

28 (21601)
24 (18401)
29 (22401)
19 (14401)
23 (17601)

0.67
0.61
0.51
0.49
0.49

28 (21601)
24 (18401)
29 (22401)
23 (17601)
19 (14401)

0.72
0.65
0.54
0.51
0.51

Left

10 (7201)
20 (15201)
6 (4001)
19 (14401)
28 (21601)

0.70
0.62
0.61
0.57
0.54

10 (7201)
19 (14401)
5(3201)
28 (21601)
6 (4001)

0.61
0.58
0.56
0.53
0.53

10 (7201)
20 (15201)
6 (4001)
5(3201)
19 (14401)

0.65
0.63
0.59
0.58
0.57

10 (7201)
20 (15201)
19 (14401)
6 (4001)
16 (12001)

0.70
0.66
0.61
0.59
0.54

Right
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28 (21601)
20 (15201)
27 (20801)
24 (18401)
26 (20001)

0.64
0.61
0.57
0.55
0.48

28 (21601)
20 (15201)
27 (20801)
24 (18401)
23 (17601)

0.60
0.54
0.53
0.51
0.49

28 (21601)
20 (15201)
24 (18401)
27 (20801)
26 (20001)

0.64
0.62
0.59
0.58
0.50

20 (15201)
28 (21601)
24 (18401)
15 (11201)
27 (20801)

0.66
0.48
0.47
0.47
0.46

*The term "Segment" refers to the section of the railroad track with length Lo that contains the measurements in
the order beginning with the measurement in the bracket.

performance. These findings underscore the
effectiveness and reliability of the approach across
diverse segmentation scenarios.

Tables 4, 5 and 6 provide valuable insights
into the vulnerability of the Federal Railroad Ad-
ministration approach when applied in conjunction
with the distinct and moving segmentation meth-
ods. These findings underscore its susceptibility to
influence by outliers, consequently yielding poten-
tially misleading Track Quality Index (TQI) values.
A notable illustration of this susceptibility was ob-
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served in the context of track gauge measurements
in 2019, where the presence of a few outliers had
a considerable impact. This is evident when com-
paring the moving 7 QIr values for the gauge mea-
surements in 2019 with their trimmed counterparts
(the trimmed counterpart is derived from the orig-
inal measurements after applying the moving aver-
age, MA3, method).

Furthermore, Table 6 highlights the maximum
T QIF values obtained using the moving segmenta-
tion approach under the different lengths (Ly = 400
and 800). Notably, these segments exhibit a con-
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Table 6. Maximum moving TQls for the associated segments for the railway geometrical parameters with lengths

100 m and 200 m.
Lo = 400 L = 800
Year segment* max segment max
2017 18281 0.79 22797 0.65
Gauge 2018 23170 0.86 22692 0.67
2019 21497 0.86 21501 0.71
2020 18252 0.88 21521 0.75
2017 7380 0.83 7182 0.71
Left 2018 7264 0.80 7022 0.68
2019 7346 0.86 7120 0.71
2020 7363 0.90 7158 0.74
2017 15302 0.87 15030 0.69
Right 2018 15182 0.85 14910 0.68
2019 15243 0.91 14979 0.74
2020 15250 0.96 15007 0.77

*Segment represents the part of the railway track that contains the sequence of measurements starting with the
given observation of length L.

Table 7. T QIr values under Zero-crossings segmentation with number of measurements exceeding the lengths of

25 m and 50 m.
Lo =100 Ly =200
Parameter Year Segment Start at TOIr Segment Start at TQI
2017 87 7622 0.59 313 15318 0.46
Gauge 2018 578 17593 0.79 3 411 0.36
2019 504 16415 0.71 642 18082 0.39
2020 373 14468 0.52 413 15287 0.51
2017 324 5583 0.11
Left 2018 1205 22253 0.36
2019 421 7939 0.30
2020 1185 22167 0.47
2017 1306 22187 0.23
Right 2018 1073 22254 0.28
2019 1213 22128 0.28
2020 734 14425 0.26

TQl values per segment, trend, Gauge, 2019
032-

D

10000
indices

Figure 9. T QI Variations for the Trend of Track

Gauge with change point detection (red) by 200 m

in the Year 2019, indices refer to the measurement
numbers.

0 5000 15000 20000

secutive pattern, with the difference between them
typically amounting to a single measurement. Con-
sequently, it is apparent that the distinct segmenta-
tion approach represents a special case within the
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Federal TQlI for Z-segments, Gauge 2019

TNMA N

10000 15000 20000

indices
Figure 10. T QIr Variations for Z-segments with
lengths greater than 25 m of Track Gauge (mm) in
the Year 2019, and change point detection (red),
indices refer to the measurement numbers.

framework of the moving segmentation approach,
wherein the maximum 7 QIr value achieved under
the distinct segmentation approach does not surpass
the T QI values obtained through the moving seg-
mentation approach.



A. B. A. Dawod and G. Terdik— Acta Technica Jaurinensis, Vol. 17, No. 1, pp. 8-21, 2024
Table 8. Minimum Netherlands Q indices with lengths 100 m and 200 m.

Lo = 400

Ly =800

Gauge

Left

Right

Gauge

Left

Right

Year Segm. TQlIy

Segm. TQly

Segm. TQly

Segm.

TOIy

Segm.

TOly

Segm. TQly

128 (10801) 5.45
250 (19601) 5.86
2017 3 32 (12401) 5.93
4 20 (7601) 5.94
540 (15601) 6.06

56 (22001)
37 (14401)
39 (15201)
32 (12401)
31 (12001)

5.75
5.89
6.31
6.39
6.45

56 (22001) 5.11
54 (21201) 6.11
39 (15201) 6.30
52 (20401) 6.31
53 (20801) 6.40

20 (15201) 6.06
14 (10401) 6.30
10 (7201) 6.37
19 (14401) 6.47
25 (19201) 6.66

28 (21601)
19 (14401)
16 (12001)
20 (15201)
6 (4001)

6.28
6.31
6.32
6.53
6.70

28 (21601) 5.65
27 (20801) 6.21
20 (15201) 6.47
26 (20001) 6.54
24 (18401) 6.54

127 (10401) 5.95
249 (19201) 5.95
2018 3 32 (12401) 6.14
4 20 (7601) 6.20
5 9(3201) 6.24

56 (22001)
34 (13201)
36 (14001)
27 (10401)
49 (19201)

5.69
6.17
6.28
6.32
6.42

56 (22001) 5.29
34 (13201) 6.12
55 (21601) 6.22
53 (20801) 6.33
52 (20401) 6.42

20 (15201) 5.52
10 (7201) 6.18
14 (10401) 6.29
16 (12001) 6.40
19 (14401) 6.44

28 (21601)
14 (10401)
16 (12001)
18 (13601)
17 (12801)

6.09
6.29
6.48
6.60
6.61

28 (21601) 5.66
27 (20801) 6.42
26 (20001) 6.58
14 (10401) 6.64
17 (12801) 6.68

127 (10401) 5.88
249 (19201) 6.03
2019 3 32 (12401) 6.08
4 20 (7601) 6.18
528 (10801) 6.28

56 (22001)
34 (13201)
27 (10401)
37 (14401)
31 (12001)

5.61
5.85
6.04
6.14
6.34

56 (22001) 5.26
34 (13201) 5.87
54 (21201) 6.18
27 (10401) 6.36
55 (21601) 6.54

20 (15201) 5.89
14 (10401) 6.27
10 (7201) 6.42
19 (14401) 6.53
16 (12001) 6.60

28 (21601)
14 (10401)
16 (12001)
17 (12801)
19 (14401)

6.12
6.19
6.43
6.45
6.65

28 (21601) 5.73
27 (20801) 6.36
14 (10401) 6.47
17 (12801) 6.49
26 (20001) 6.54

132 (12401) 6.00
227 (10401) 6.08
2020 3 20 (7601) 6.17
428 (10801) 6.23
546 (18001) 6.27

34 (13201)
27 (10401)
37 (14401) 6.22
31 (12001) 6.26
20 (7601) 6.27

5.17
5.84

34 (13201) 5.05
56 (22001) 6.03
27 (10401) 6.08
25(9601) 6.23
20 (7601) 6.38

20 (15201) 5.88
14 (10401) 6.38
10 (7201) 6.51
19 (14401) 6.68
23 (17601) 6.68

17 (12801)
14 (10401)
16 (12001)
10 (7201)
18 (13601)

5.98
6.15
6.35
6.58
6.66

17 (12801) 5.94
14 (10401) 6.33
28 (21601) 6.58
10 (7201) 6.59
16 (12001) 6.67

*The term ”Segm.” refers to the section of the railroad track with length Ly that contains the measurements in the
order beginning with the measurement in the bracket.

Table 9. Netherlands Q indices under Zero-crossings segmentation

with length more than 25 m | with length more than 50 m

Parameter Segment startat 7T QIy | Segment startat T Qly
2017 183 10762  5.30 183 10762  5.51
Gauge 2018 712 19429  5.63 145 7653 5.61
2019 728 19495  5.76 159 7727 6.04
2020 25 3336 5.83 25 3336 6.09
2017 324 5583 6.75
2018 1205 22253 641
Left
2019 421 7939 6.50
2020 1185 22167  6.09
2017 1306 22187  6.75
Right 2018 1073 22254  5.30
2019 1213 22128  6.39
2020 1165 22177  6.53

In contrast, the Zero-crossings segmentation ap-
proach exploits the intrinsic structure of railway
track measurements by modeling them as a sig-
nal process. Acknowledging its theoretical ad-
vantages, the amalgamation of the FRA approach
within a Zero-crossings segmentation framework
highlights augmented resilience, as presented in Ta-
ble 7. Additionally, it is evident that the sensitivity
of the FRA approach, when applied across the three
segmentation methodologies, is significantly influ-
enced by the choice of length (Lp) and the num-
ber of measurements utilized in the distinct, mov-
ing, and Zero-crossings segmentation approaches,
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respectively. Formula (1) shows that FRA TQI for a
segment can be separated by the zero-crossings seg-
mentation inside the formula (1), hence the T QIr
calculated by the zero-crossings provides finer re-
sults for further actions. One can compare the 7 QIr
values considering the plots: Fig. 8 and Fig. 9 and
Fig. 10 . We have identified the segments in the
x-axis by the indices of their ending points. Notice
that Z-segments show up not equidistantly, the rea-
son is that not all segments are considered and the
segment lengths are different. We have analyzed
the quality of the segments using change points in
the mean detection as well. In this way, not only
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Table 10. Maximum Chinese T Ql¢ with lengths Ly = 400 and 800.

Lo =400 Ly =800
Year Segment TQIc | Segment TQlI¢
1 47(18401) 1.95 | 28(21601) 1.80
2 39(15201) 1.94 | 20(15201) 1.69
2017 3 56(22001) 1.87 | 24(18401) 1.61
4 55(21601) 1.72 | 27(20801) 1.44
5  54(21201) 1.56 10(7201) 1.43
6  55(21601) 1.85 | 28(21601) 1.73
7 39(15201) 1.83 | 24(18401) 1.50
2018 8  46(18001) 1.63 | 22(16801) 1.45
9 56(22001) 1.62 | 19(14401) 1.44
10 7(2401) 1.59 | 20(15201) 1.43
11 47(18401) 2.08 | 28(21601) 1.87
12 39(15201) 2.00 | 24(18401) 1.76
2019 13 55(21601) 1.97 | 20(15201) 1.72
14 56(22001) 1.76 | 27(20801) 1.56
15 54(21201) 1.76 | 22(16801) 1.45
16 39(15201) 2.11 | 20(15201) 1.82
17 47(18401) 1.98 | 28(21601) 1.65
2020 18 55(21601) 1.79 | 24(18401) 1.58
19  31(12001) 1.57 | 19(14401) 1.53
20 49(19201) 1.54 10(7201) 1.50

*The term ”Segment” refers to the section of the railroad track with length Lo that contains the measurements in
the order beginning with the measurement in the bracket. .

the places of the maximum values but the signifi-
cant changes in the mean can be recognized. All
three methods provide the same results, in particu-
lar, Fig. 8 and 10 are very similar.

2. Netherlands Q index

Nevertheless, it is important to note that the
Netherlands Q index was originally formulated for
assessing the quality of 200-meter segments within
maintenance sections spanning distances of 5 km
to 10 km. To evaluate the quality of Hungarian
railway track geometry, lengths of 100 m and
200 m were adopted for the application of the
Netherlands Q index.

The numerical findings presented in Table 8
indicate a notably high level of quality within the
Hungarian railway system, with an average score
of 80% relative to the maximum achievable quality.
Furthermore, these results highlight the resilience
of the Netherlands Q indices across multiple years
as the methodology effectively mitigated the influ-
ence of outliers. Interestingly, the minimum 7 Qly
values were obtained from disparate and distinct
segments; however, the method exhibited relatively
low variation among these segments. Additionally,
the outcomes underscore the minimal impact of
theoretical length on Netherlands Q indices.
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Conversely, the approach exhibited a marginally
increased track gauge quality level when utiliz-
ing a Zero-crossings segmentation approach with a
theoretical length of 200 m as the benchmark for
segment consideration. Nevertheless, the method-
ology demonstrated consistent quality levels over
the years and exhibited greater resilience to the
influence of outliers. Additionally, it should be
noted that the quality of the left and right align-
ments was comparatively same as the results ob-
tained through the distinct/moving segmentation
approach, as shown in Table 9.

3. Chinese TQI

The primary objective of the Chinese Track Quality
Index (T Ql¢) approach within the context of high-
speed railways is to evaluate the overall quality of
track segments. Table 10 presents the computed
T QIc values for the Hungarian railway. We used
three instead of seven quality parameters because
only the gauge and left and right alignments were
available in our datasets. Notably, the method
exhibited increased variability between segments
as the theoretical length decreased. Conversely,
greater theoretical lengths resulted in reduced TQI
variability among the segments. Furthermore, the
adoption of higher theoretical lengths yielded more
stable TQI values throughout this study.
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Although both the FRA and Netherlands Q in-
dex approaches yielded exceptional TQI values
when applied within the Zero-crossings segmenta-
tion framework, it is essential to note that the adop-
tion of the Zero-crossings segmentation approach
is not feasible for the Chinese TQIc. This limita-
tion arises from the fact that, for the same sequence
of measurements, distinct Zero-crossings segments
are obtained for various railway geometric param-
eters, rendering it impractical for uniform applica-
tion.

V. CONCLUSION

The current TQI methodologies are predominantly
designed to assess the quality of track geometry in
the context of standard-gauge railways, encompass-
ing both high-speed and broadband rail networks.
These methodologies hinge on track geometry
data collected under loaded track conditions by
employing a versatile multifunctional TRV. The
track geometry parameters extracted from the TRV
measurements on the Hungarian railway align with
the criteria stipulated in the EN 13,848 series.

The evaluation of track geometry quality entails
the computation of the TQI within a predetermined
segment characterized by specified dimensions.
In the context of assessing the Hungarian railway
system, a range of metrics, including the FRA’s
TQI, Netherlands’ Q index, and Chinese TQI, have
been utilized. Diverse segmentation techniques en-
compassing Distinct, Moving, and Zero-crossings
approaches have been investigated.

The primary objective of this study was to ad-
dress these questions by conducting a comprehen-
sive track quality assessment of the Hungarian rail-
way system employing three fundamentally distinct
TQI measures. Based on the acquired results and
ensuing discussion, the following conclusions can
be drawn.

» Track segmentation plays a pivotal role in the
assessment of railway track quality by facili-
tating the analysis of deviations and irregular-
ities in track geometry. In addition, it has sig-
nificant implications for strategic planning re-
lated to maintenance and reconstruction efforts
on railway tracks.

e The FRA’s TQI may occasionally yield mis-
leading quality assessments when applied to
heterogeneous railway measurements.

e The utilization of the Zero-crossings segmen-
tation approach demonstrates enhanced sta-
bility and robustness compared to distinct or
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moving length segmentation methods. It is
evident that a thorough analysis of the fac-
tors contributing to the heterogeneity of rail-
way track geometry degradation cannot be ad-
equately accomplished through an examina-
tion of fixed-length track segments.

* Increasing the length of the analytical segment
enhances the precision of the analysis concern-
ing railway track geometry quality.

* The Netherlands Q index and Chinese TQI ex-
hibit greater resilience to outliers and consis-
tently provide more stable results over the four
years.

In conclusion, based on the theoretical advan-
tages of the Zero-crossings segmentation method
and the empirical results obtained from the Hun-
garian railway track, it is recommended that profes-
sionals give due consideration to implementing the
Zero-crossings approach over more conventional
methods.

VI. LIMITATIONS OF THE STUDY

This study undertook some evaluations of three
TQI methods for measuring track quality, despite
the existence of over ten other techniques within
the broader domain of track quality evaluation. The
selection of these specific methods was intentional
and based on the observation that many of the
reviewed techniques required access to a more
sophisticated track-geometry dataset, which can be
challenging to obtain due to its complex nature.
This often requires specialized track geometry
measurement vehicles or dedicated equipment for
data collection.

NOMENCLATURE
p The autocorrelation, unitless.
Ly The number of measurements by segments.
TQIc Chinese Track Quality Index, mm.
TQIr Federal Railroad Administration Track
Quality Index, unitless.
TQIy Netherlands Track Quality Index, unitless.
ACF  The autocorrelation function.
CWR Continuously welded rail.
E Expected value of a random variable, in
unite of a random variable.
EMD Empirical Mode Decomposition.
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IMF  Intrinsic Mode Functions.

MA3  Moving averages of three consecutive val-
ues.

TQI  Track Quality Index, unitless.

Var Variance of a random variable, in square

unit of a random variable.
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Abstract: In this paper the development of a stitch-based strain sensor for lashing straps is discussed. A variety
of Three different commercial woven narrow fabric straps were embroidered with conductive yarns
in two designed patterns to enable belt tension measurement and monitoring. The applications were
tested in a cyclic elongation test and a creep elongation procedure to investigate the strain sensitivity
and the influences of the narrow fabric’s properties, the stitch design, and the conductive yarn
properties. It was found that the developed applications provided a good strain sensing ability but lack

in cyclic recovery abilities.

Keywords:

I. INTRODUCTION

Woven narrow fabric straps are an essential tool
for modern road freight transportation. They play a
pivotal role in ensuring a proper load security by
lashing down cargo or fixating it in the transport
carrier vehicle. During road transportation the
transport  vehicle accelerating, braking, and
manoeuvring is conducting dynamic acceleration
forces onto the transported freight. If not properly
secured those dynamic acceleration forces will move
and shift the transported goods inside of the vehicle
and will eventually lead to severe transport damages
occurring in the freight or even cause fatal road
traffic accidents.

A proper securing procedure requires a precise
load securing belt tensioning, which amount of
required tension must be calculated precisely in
regard of the cargos mass, size and shape. Complex
loads may require securing with multiple straps with
each belt tension individually adjusted and
monitored during the whole transport. [1 - 5] In
recent years various research and development
projects have successfully implemented stitch-based
textile resistive strain sensors for a textile substrates
strain and elongation measurement. Especially in
medicine and healthcare applications as well as in
soft robotics or lightweight construction materials,
stitched sensor applications with the ability to sense
even tiny amounts of substrate elongation have
proven to be promising to solve specific technical
problems. [6, 7]
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However, research focusing on stitch-based strain
sensors for belt tension measurement of woven
lashing straps is relatively rare and the particular use
of stitch-based strain sensors for load security
monitoring have not been widely explored until this
point. CNC-embroidery machines allow smart
textile developers to freely design and embroider
textile circuitry and conductive pathways onto a
broad variety of textile substrates in various
dimensional shapes and stages of manufacturing. [8,
9] This paper presents a case study about
embroidering narrow fabric straps feasible for object
securing and fixation with a stitch-based resistive
strain sensor. The aim of this study is to investigate
if stitch-based strain sensors are a feasible attempt to
measure the applied belt tension while fixating an
object and to monitor it during a transport time.

II. STITCH-BASED STRAIN SENSORS

Stitching techniques like sewing and embroidery are
some of the oldest textile manufacturing processes
known. A stitch is generally formed by a needle
penetrating a fabric while guiding a yarn thru it. The
Yarn loop with itself or with another present yarn on
the fabrics reverse side, locking it form-fitting and
by friction force. A stitch can generally be classified
by the pattern of its loop formation and its
geometrical properties like its stitch length, width,
and depth. Stich types are commonly categorized by
established standards like ISO 4915:1991. [10, 11]
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A Stitch made from a single or multiple conductive
yarns conducts electrical current thru a textile fabric
acting as a textile conducting element in a circuit.
Like every conventional conductor, like for example
metal wires, the stitched conductive yarn has a
specific electrical resistivity in relaxed condition,
which changes when deformation occurs. [12, 13]

The change of the stitch’s resistivity can be used as
a computable electrical signal to calculate its
physical elongation and therefore the stitched fabrics
elongation itself. With the general deformation
behaviour of the textile substrate known, the
working strain can be calculated from the measured
resistivity change using the sensors gauge factor.
[14] The gauge factor is a proportional factor
describing resistivities change in comparison to the
sensor’s elongation. It is commonly used as an
indicator for a strain sensors general level of
sensitivity. Other important sensor characteristics
are its linearity, describing the proportion in
resistance change in relation to the change in
working strain., as well as the sensors recovery
property. A sensors recovery property describes the
ability to maintain its sensing quality after multiple
cycles of use without permanent resistance drift or
occurring damages decreasing its sensitivity. [15-17]

Conductive fibers spun to conductive yarns and
being stitched onto fabric in a certain pattern are far
from being ideal conductors. So most conventional
models depicting the strain resistive behaviour of
metal wires or printed metal films are not suitable to
describe or predict a stitch-based strain sensors
sensing mechanism or general conductive behaviour.
[18] The conductivity and resistivity of a single
conductive fiber depends on various factors like for
example it’s length, width, and square geometry as
well as the used functionalization method. Spun
yarns may contain several thousands of single
conductive fibers entangled with one another. A
conductive yarn with a certain length can therefore
be depicted as a conductive network of an
infinitesimal high number of single conductors short
circuiting with one another due to their physical
entanglement. In generally a yarns resistivity was
found to be positively correlated with its length,
meaning that a piece of yarns measured resistivity is
higher, the longer it is. [19-22]

When a certain Pattern is stitched onto a fabric a
certain amount of total yarns length is integrated into
the substrate, depending on the stitch’s properties
like its density, width, and depth. Considering the
found positive correlation between a piece of yarns
length and its resistivity, stitches with a high stitch
density, width, and length, like for example a
lockstitch in ZigZag-Pattern, tend to have a higher
absolute stitch resistivity than straight lockstitches in
comparison. The base resistivity of a stitched sensor
application per lengths unit on a fabric’s surface
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therefore depends highly on the stitch’s pattern and
its properties. [23-26]

When multiple conductive yarns are used to form a
stitch, looping, or physically contacting one another
due to several loops or conductive yarn sections
overlapping causes short circuits leading an overall
stitched patterns resistivity to drop. A stitch can be
described as a conductive network with its overall
resistivity depending mostly on the stitched patterns
properties and the presence and concentration of the
conductive yarn short circuiting overlapping or cross
sectioning loops and entanglement points. (Fig. 1
and Fig. 2) When the fabric is stretched its
deformation causes the stitch’s width, depths as well
as the stitch’s density to change as well. When the
stitch’s properties change and the stitch’s geometry
seen on the fabrics surface as well deforms,
overlapping loops of the conductive yarn separate
from one another and cross sectioning areas may
shift in contact size and location. These causing
former yarn to yarn contact induced short circuits to
eventually open and the patterns overall resistivity to
change. (Fig. 3)

=

Figure 2. Cross sectioning conductive yarn loops

The fabrics and stitch’s deformation induces
mechanical stress to the conductive yarn. The yarn
gets stretched due to the stitch’s properties changing.
Also, the deformation of the fabric may cause lateral
compressive forces to increase locally around the
stitch’s loop entanglement points. The fabrics
deformation will therefore shift the stitch’s
conductive network as well as the yarns resistive
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properties itself due to the working mechanical
stress.

A stitches overall measured change in resistivity
under deformation therefore results both from the
combined conductive network changes of yarn and
stitched pattern. [27, 28] The fabrics general
deformation properties affecting the degree to which
its strain induced elongation is conducted to an
applied stitch. In reverse the stitch-based application
of a yarn onto a fabric and its physical entanglement
with it may also affect the fabrics deformation
behaviour to some degree. This interaction between
the stitch’s mechanical deformation characteristics
and the fabrics mechanical properties have been the

I Overlapping conductive loops contact and short circuit |

focus of research in the past. A strain sensors
functional aspects like its sensitivity, linearity and
especially its recovery properties (like its hysteresis
error and baseline resistivity drift) have been found
to be largely dependent on the stitch’s deformation
behaviour matching the fabric’s. [29] A stitch-based
sensors strain sensing behaviour can therefore be
described as depending on three main aspects. That
being the used conductive yarns resistance changing
behaviour under applied strain, the stitch’s
mechanism of its conductive networking shifting
when a fabrics deformation is conducted and at last
the stitches and the fabrics deformation behaviour
under applied strain interacting with one another.

I Short circuits resolve due to the loop’s spatial separation I

Stitch deformation due to tensile fabric elongation €

>

Figure 3. Schematic representation of the mechanism of increasing resistance by dissolving the yarn contacting

II1. PROBE PREPARATION

Three commercial narrow fabric straps differing in
their belt thickness, width, and weight as well as in
their maximum tensile strength and stiffness were
chosen to be functionalized with a stitch-based strain
sensor. All narrow fabric were bought from Rolf
Schwarzbach — Fachhandel (Wipperfiirth, GER) All
straps were plain woven from synthetic filament
yarns. (Fig. 4-6) (Table 1-2) In this paper the
different narrow fabrics are coded by their product
number, given by the supplier. The narrow fabrics
were embroidered with two versions of a 304-
ZigZag lockstitch using a ZSK JCZA computer-
controlled embroidery machine (ZSK
Stickmaschinen GmbH, Krefeld (GER)). Both
applications dimensions are illustrated in Fig. 7.

Table 1. Narrow fabric properties

Narrow Fiber Width | Thickness

Jfabric material [mm] [mm]
2.23.100.0105 | 100% PP 40 1
2.23.200.1600 | 100% PES 45 1.5
2.23.100.0115| 100% PP 50 2.3
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Table 2. Narrow fabric mechanical deformation

properties
Maximum
tensile Elongation at
Narrow strength Fn | maximum tensile
fabric [daN] strength ¢ [%]
2.23.100.0105 404 28.4
2.23.200.1600 1140 234
2.23.100.0115 1100 31.2

Both versions varied in their stitch properties to
examine their influence on the strain sensing
behaviour in comparison. (Table 3)

The stitch ZigZag_V2_Axial (Fig. 8-9) was designed
with a particular high stitch density and width.
Therefore, a generally high absolute length of
conductive yarn was used for this stitch. The second
stitch  ZigZag Double_V2 (Fig. 10-11) was
composed of two 304-ZigZag lockstitches cross
sectioning one another. All probes were embroidered
with loose ends for contacting to a multimeter. The
individual Probe’s consistency is attached in the
Appendix (Table 5)
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Table 3. Stitch properties

Stitch Stitch Stitch

Stitch Version | density | width depth
ZigZag V2_Axial 11 Stitches

Smm 0.9mm
/10mm

ZigZag Double_V2 | 8 Stitches 0.8mm 1.2mm
/10mm

Figure 5. Narrow fabric surface image
2.23.200.1600”

Figure 4 Narrow fabric surface image
22.23.100.0105

Figure 6. Narrow fabric surface image
22.23.100.0115

ZigZag V2 Axial

25mm

170mm
ZigZag Double V2

15mm I<

170mm

Figure 7. Stitch dimensions

5mm

Figure 8. Stitch properties ZigZag V2 _Axial

Figure 9. Microscope image ZigZag V2_Axial

25
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1.2mm

Figure 10. Stitch properties ZigZag_Double_V2

Figure 11. Microscope Image ZigZag _Double_V2

The chosen silver-plated yarns Amann Silver-
tech+100 and Amann Silver-tech+150
(Amann&Séhne GmbH & Co.KG, Bonningheim
(GER)) came with a different titer and electrical
resistivity per meter yarn length. For the stitch
version called ZigZag V2_Axial the non-conductive
yarn Amann ISA Tex 80 was used as a lower yarn.
For ZigZag_Double_V2 the conductive yarns were
used as both upper and lower yarns. (Table 4)

Table 4. Yarn properties

Fiber Titer Y.'ar'n'
Yarn material [dtex] resistivity
[Yim]
Sllver-
Tech+100 100% PA 330 <200
Sllver-
Tech+150 100% PA 220 <300
ISA 150 100% PES 180 -

IV. TESTING METHOD

The manufactured probes were tensile tested using
a Zwick 1455 20kN (ZwickRoell GmbH & Co. KG,
Ulm (GER)) tensile testing machine (Fig. 12) with
an attached Elabo R-Meter /SRM 05 (ELABO GmbH,
Crailsheim (GER)) multimeter (Fig. 13). For tensile
testing Zwick Pneum. Probenhalter Typ 8487 —
Fmax.20kN specimen clamps were installed in the
tensile testing machine. For pneumatic probe
fixation air pressure of 4 bar was used. The clamps
were equipped with ribbed clamping jaws for a better
grip in probe fixation. The tensile testing machine
was controlled with the testing software TestXpert3
(ZwickRoell GmbH & Co. KG, Ulm (GER)). The
software allowed the simultaneous measurement of
the probe deformation data as well as their electrical

resistivity change. The stitches electrical resistivity
was measured by connecting the used multimeter to
the stitched loose ends using crocodile clamps. (Fig.
14)

NG P

Figure 12. Zwick 1455 20kN tensile testing
machine

Figure 14. Loose stitch ends contacted with
crocodile clamps
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To investigate the probes strain sensing behaviour
two tensile testing procedures were set up in
orientation to DIN EN ISO 13934-1. For each test
three probes of each combination type were
manufactured and tested.

The first testing procedure consisted of the probes
controlled cyclic elongation from £=0% to &=7%.
(Fig. 15) The aim of this procedure was to simulate
multiple object fixation and release procedures. A
maximum elongation of &=7% was chosen in
orientation to DIN EN 12195-2. The probes change
in electrical resistivity was plotted alongside the
elongation. During this procedure the different
probes strain sensitivity and linearity was
determined by calculating the probes gauge factor K,
using the following formulas (1 — 3).

AR
— RO
K = Al (1
l
AR_kAl_k
ro =R ke @
Al oR
g=—=RO 3)
l k

where K = gauge factor; RO = Resistivity [Q]; 1 =
length [mm]; € = elongation [%] .

For each deformation cycle the probes strain gauge
factors were calculated in intervals of 0.5%
elongation. All interval related gauge factors from
one cycle were averaged arithmetically and
compared in relation to the number of cycles to
examine the cyclic wear on the strain sensors. The
probes single cycles average gauge factors were then
again averaged to compare the different probes
sensitivity in general. The sensing linearity was
examined by calculating the gauge factors standard
deviation for each cycle. A high standard deviation

was interpreted as the gauge factor changing volatile
in relation to the applied rate of strain. Therefore, a
high gauge factor standard deviation was seen as an
indicator for a low linearity. The cycles standard
deviations were arithmetically averaged to compare
the single probes. The second procedure was a creep
elongation test where the probes were stretched to an
amount of 2000N Force. The probes were locked in
their state of elongation after reaching 2000N over 5
Minutes. (Fig. 16) This procedure was designed to
simulate an object fixation procedure and fixation
over a certain amount of transportation time. The
harvested data was used to examine if the built belt
tension would lose over time due to the fabrics
relaxation and if this loosening could be monitored
by measuring the stitches resistivity change. The
probes absolute resistivity change was plotted
alongside the machines applied strain tension Force
and the procedures time. Every procedure was tested
with stitched probes as well as with unstitched
narrow fabric probes and the single conductive yarns
for reference. Every narrow fabric probe was cut to
a length of 250mm for testing. The single yarn
probes were cut to a length of 350mm. Before the
testing all probes were exposed to climatization
20°C/65% rel. humidity for 24 hours. All tests were
done in a climatized environment with 20°C/65%
rel. humidity. The probes narrow fabric length as
well as the stitched applications length were
measured before every procedure. After the test
procedures the tested probes were then again
exposed to climatization 20°C/65% rel. humidity for
24 hours and the lengths were again measured for
comparison. The stitches resistivity in relaxed state
were also measured before and after the testing
procedures together with the probe’s length. For
length measurements a steel ruler was used. For
measuring the probes initial resistivity, a DMM6500
6 2 multimeter (Keithley Instruments Inc.,
Cleveland (USA)) was used

Cyclic elongation test procedure

Elongation € [%]

Time [s]

——  Elongation probe 1

Figure 15. Cyclic elongation test routine
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Elongation € [%)]

Creep elongation test procedure

Time [s]

—— Emegesen prote |

Figure 16. Creep elongation test routine

V. RESULTS AND DISCUSSION

In this section the experiments result will be
presented. The probes strain sensitivity and linearity
differ in relation to the composition of narrow fabric,
conductive yarn, and stitch type. In Fig. 17 the
probes averaged sensitivity (green) and linearity
(blue) is shown. The single probes overall calculated
sensitivity is the result of the three composition

parameters behaviour under applied strain,
interacting with one another.

Probes based on the stitch type
ZigZag_Double_V2 tend to provide a higher
averaged strain sensitivity than the
ZigZag_V2_Axial equivalents. The
ZigZag_Double_V2 tend to show a higher

sensitivity when Amann Silver-tech+100 is used as
conductive  yarn. The probes based on
ZigZag_V?2_Axial show none such tendency. The
ZigZag_Double_V2 probes linearity increase when
Amann Silver-tech+150 is used, while Amann
Silver-tech+150 tends to show a higher linearity with
ZigZag_V?2_Axial. The probes linearity seems to be
mainly dependent on the used yarn, while the
sensitivity is particularly influenced by the stitched
pattern. The exercised cyclic elongation causes a
drift in the sensor applications resistivity and
sensitivity, increasing over the number of cycles.
The probes measured resistivity at e=0% to e=7%
elongation increases successively while the working
amount of strain Force oppositely decreases. (Fig.
18-19) This behaviour can be explained with by the
cyclic tensile stress causing wear to the probes. The
unstitched reference narrow fabric probes show the
same cyclic decrease of loaded tensile force at e=7%
elongation. The comparison of the single probes
measured narrow fabrics length and stitch length
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showed a permanent elongation of both after the
experiment. The resistivity drift at e=0% to €=7%
therefore is likely to be caused by the strain induced
permanent deformation, where short circuiting
overlapping conductive yarn loops become
physically separated from one another and the
stitches conductive network permanently alters with
every passing elongation cycle. The level of the
resistivity increasing and tensile force decreasing at
€e=7% elongation alters with individual probe
composition. The ZigZag_Double_V2 based probes
tend to show a higher resistivity drift caused by
cyclic wear then the equivalents based on
ZigZag _V?2_Axial in comparison. The decreasing
amount of the applied tensile force is lower on the
probes based on ZigZag_Double_V2 in comparison
with ZigZag_V2_Axial. The two stitches different
properties therefore influence the probes tensile
stiffness. Probes stitched with Amann Silver-
tech+150 tend to show a higher relative resistivity
drift compared with Amann-Silver-tech+100. The
reference tests executed on the single conductive
yarns also show that Amann Silver-tech+150
resistivity increases more significantly than Amann
Silver-tech+100. The probes resistivity drifting
behaviour can therefore be described as mainly
caused by the chosen conductive yarn behaviour and
the stitches properties as well as by their influence
on the fabric tensile stiffness. (Fig. 20)

The Fig. 21 illustrates the probes cyclic strain
sensitivity drift for each cycles averaged gauge
factor. The red and yellow line illustrate the spread
between the first cycle and all cycles gauge factor
averaged. The probes based on ZigZag V2_Axial
show a higher resistivity drift with Amann Silver-
tech+150, as the increasing spread between the first
cycles averaged gauge factor and all cycles averaged
gauge factors indicates. With ZigZag_Double_V2
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this is the opposite with Amann Silver-tech+100
showing a higher spread. Both illustrations show that
the probes individual sensitivity drifting behaviour is
highly dependent on the chosen yarn and the narrow
fabrics individual cyclic wear behaviour. The probes
based on ZigZag_Double_V2 overall show a higher
level of cyclic sensitivity drift then
ZigZag V2_Axial. The ZigZag Double_V2 based
probes level of sensitivity drift is closer to the
individual conductive yarns calculated drifting
behaviour.

Due to the stitch ZigZag_Double_V?2 reduced stitch
width and increased stitch length, the single stitched
loops are aligned in steeper angle to the direction of
the working tensile force during probe elongation.

The higher loops orientation in the tensile force
direction is likely to result in a higher direct tensile
stress and stretch working on the yarn in comparison
to ZigZag_V2_Axial. (Fig. 22) The increased tensile
stress causes the yarns conductive network to alter
and therefore the resistivity and sensitivity to
permanently drift. The stitches sensitivity drifting
behaviour approaching the single yarns behaviour at
a higher loop orientation indicates that the sensitivity
drift of a stitch under cyclic elongation is mainly
dependent on the used conductive yarns behaviour
and the stitched loops orientation to the direction of
force.

Probe sensitivity and linearity

-
=)

O = N W A OO N O
Gauge Factor

AZ_ 03 AZ 04 BZO03 BZO04 CZ03

Cz_04

AZ_13

AZ_ 14 BZ_ 13 BZ 14 CZ13 CZ_ 14

= Averaged gauge factors for elongation cycles € = 0% to € =7%

® Gauge factor standard deviation for elongation cycles &€ =0% to £ =7%

Figure 17. Probe averaged gauge factors (blue) and gauge factor linear deviation (green)

Elongation € [%]
8

Tensile Force F [N]

2000

1750

R
6 \

— i — i . Elongation
Elongation probe 1 Elongation probe 2
igation pre ngation prof Brones

300

1500

1250

1000

o

-250
400 500 600

Time [s]

: P e— —

Figure 18. Probe C_Z0_3 strain force drifting over multiple elongation cycles
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Elongation € [%] Resistivity [Q]
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Figure 19. Probe C_Z0_3 resistivity drift over multiple cycles

Relative cyclic stitch resistivity [Q] and Applied Force [N] offset drift compared to first cycle at
elongation £ = 7%

A “II 759 5 = ““II ==

Relative probe resistivity [Q] offset [%] at £ =7% (cycle 2) Relative probe resistivity [Q] offset [%] at e =7% (cycle 3)
= Relative probe resistivity [(}] offset [%] at €= 7% (cycle 4) ® Relative probe resistivity [Q] offset [%] at £€=7% (cycle 5)
Relative applied force [N] offset [%] at £ = 7% (cycle 2) Relative applied force [N] offset [%] at £ =7% (cycle 3)
= Relative applied force [N] offset [%] at £= 7% (cycle 4) = Relative applied force [N] offset [%] at £=7% (cycle 5)

Figure 20. Probe relative cyclic resistivity drift and relative strain force drift

50 Cyclic gauge factor drift
45
Averaged gauge factor (1 cycle)
40 Averaged gauge factor (cycle 2)
35 Averaged gauge factor (cycle 3)

== Averaged gauge factor (cycle 4)
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Figure 21. Probe cyclic strain gauge factor drift
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uondalp 310 paiddy

Figure 22. ZigZag _V2_Axial (left) and
ZigZag_Double_V2 (right) loop orientation in
applied force direction.

The conducted creep tests show a regressive
decrease of the tensile force working on the stitched
and unstitched narrow fabric probes over 275
seconds after first reaching 2000N. This belt tension
loosening is expected to be caused by the fabrics
woven surface rearranging and the narrow fabrics
creep-elongating overtime to reduce the amount of
tensile tension. Those fabrics relaxation mechanisms
cause the stitches resistivity to alter. In the Fig. 23
and 24, the probes decrease in working tensile force
and resistivity is exemplary plotted. The fabrics
relaxation is conducted to the stitch, causing its
conductive network to shift also back into a more
relaxed state. To compare the single probes
behaviour the stitches range of absolute resistivity
change [€Q] is plotted and compared to the relative
range of working force [%] decreasing over the creep

Elongation € [%]

test time of 275 seconds. (Fig. 25) The relative range
of working force is interpreted to be mostly
dependent on the narrow fabric’s physical properties
and relaxation behaviour. Though no correlation
between the relative range of working force and
electrical resistivity is clearly identifiable, the
stitched probes resistivity creep alters with the
narrow fabric and the yarn. The creep behaviour of
ZigZag V?2_Axial is more volatile and likely to be
dependent more on the specific narrow fabrics
mechanical creep characteristics than ZigZag-
Double_V2. ZigZag_V2_Axial behaviour can be
explained due to the stitch properties. The fabric
surface loosening led to formerly physically
separated overlapping loops to reconnect, so the
formerly increased stitch resistivity drops back. With
the ZigZag_Double_V2 probes this is not the case.
The investigation of the occurred permanent
elongation and base resistivity drift of all probes
shows that the permanent elongation of the fabrics
and stitches is higher due to cyclic elongation than to
a single long-term exposure to working strain. (Fig.
26) The amount of resistivity drift is therefore most
likely dependent to the fabrics and stitches grade of
permanent elongation. ZigZag_Double_V2 showed
a higher resistivity drift which can be explained due
to the yarn being damaged because of the sharp angle
to the force direction. The amount of elongation is
dependent on the fabric’s mechanical deformation
properties and the recovery ability. So, the occurring
drift and therefore wear recovery abilities of the
stitched sensors depend highly on the narrow fabric
itself.

Tensile Force F [N]
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Figure 23. Probe C_Z0_3 regressive strain force creep
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Figure 24. Probe C_Z0_3 resistivity creep compared with strain force creep
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Figure 25. Probe resistivity and strain force creep behaviour
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Figure 26. Probe permanent elongation and resistivity creep 24 hours after testing procedure
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VI. CONCLUSION

The variety of stitch-based sensor applications
investigated and examined in this work enabled the
elongation measurement and tension monitoring on
every chosen narrow fabric strap by measurable
resistivity change. The individual probes level of
strain sensitivity and linearity heavily depend on the
combination of the conductive yarn, the stitch
pattern and properties, and the narrow fabrics
mechanical deformation characteristics themselves.
For this work the strain sensing performance can be
therefore described as the result of those three probe
parameters interacting during probe deformation.
Especially the stitch properties caused yarn loop
orientation in tensile force direction highly
influences the probes strain sensitivity and linearity.
The probes gauge factor increases with a higher
orientation, while the linearity decreases. This
behaviour is likely to be caused from a higher
exposure of the stitched yarn to mechanical stress.
All probes show weak recovery properties with
resistivity and sensitivity drifts occurring after
multiple elongation cycles. This is likely to be
caused mainly by the narrow fabrics themselves
permanently elongating successively due to cyclic
tensile wear, altering the applied stitches conductive
network. A higher loop orientation in tensile force
direction increases the drifting behaviour and
reduces the probes sensor recoverability. The
conducted creep elongation experiment’s results
shows that the narrow fabrics belt tension loosening
is monitorable by the sensor applications resistivity
altering with the substrates relaxation. The stitches
resistivity and the working strain force decrease

overtime in a similar regressive plotted curve
progression. Although no correlation or regression
pattern emerges from the gathered data, the
feasibility to monitor the fabrics belt tension depends
on the applied stitches properties. The stitch
properties influencing the yarns geometrical
orientation on the fabric’s surface are especially
found to significantly influencing the probes strain
sensitivity and linearity during the chosen narrow
fabric straps tensioning and monitoring. Modern
computer-based embroidery provides developers
with a broad freedom of stitch pattern design. With
further investigation on the single stitch parameters,
like stitch width, -length and -density, the use
centred development of a stitch-based strain sensor
could be a promising attempt for securing belt strain
sensing functionalization in the future.
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APPENDIX
Table 5. Manufactured probe combinations
Number of tested
Probe Name Stitch Yarn Narrow fabric Probes
A 703 ZigZag_V2_Axial Amann Silver-tech+100 2.23.100.0105 3
A_70 4 ZigZag V2_Axial  Amann Silver-tech+150 2.23.100.0105 3
B_70 3 ZigZag_ V?2_Axial Amann Silver-tech+100 2.23.200.1600 3
B_70 4 ZigZag V2_Axial  Amann Silver-tech+150 2.23.200.1600 3
C_ 703 ZigZag V2_Axial  Amann Silver-tech+100 2.23.100.0115 3
C 70 4 ZigZag_V2_Axial = Amann Silver-tech+150 2.23.100.0115 3
A 703 ZigZag_Double_V2 Amann Silver-tech+100 2.23.100.0105 3
A_70 4 ZigZag_Double_V2 Amann Silver-tech+150 2.23.100.0105 3
B 70 3 ZigZag_Double_V2 Amann Silver-tech+100 2.23.200.1600 3
B 70 4 ZigZag_Double_V2 Amann Silver-tech+150 2.23.200.1600 3
C 703 ZigZag_Double_V2 Amann Silver-tech+100 2.23.100.0115 3
C 70 4 ZigZag_Double_V2 Amann Silver-tech+150 2.23.100.0115 3

*In each of both testing procedures 3 probes were tested
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The Los Angeles abrasion value (LAAV) of rocks is a critical mechanical aggregate property for
designing road infrastructures and concrete quality. However, the determination of this critical
aggregate property is labour-intensive and time-consuming and thus, in the literature, there are many
predictive models to estimate the LAAV for different rock types. However, most of them are based
on classical regression analyses, limiting their broader usage. In this study, several soft computing
analyses are performed to develop robust predictive models for the evaluation of LAAYV of rocks in
the Ilica region (Kiitahya — Turkey). The main motivation for implementing soft computing analyses
is that precise predictive models might be useful when exploring suitable rock types that are
manufactured in crushing—screening plants. For this purpose, a comprehensive laboratory schedule
was established to obtain some inputs for the evaluation of LAAV. As a result of the soft computing
analyses, four robust predictive models are developed based on artificial neural networks (ANN),
multiple adaptive regression spline (MARS), adaptive neuro-fuzzy inference system (ANFIS) and
gene expression programming (GEP) methodologies. The performance of the proposed models is
investigated by some statistical indicators such as R? and RMSE values and scatter plots. As a result,
the ANFIS-based predictive model turns out to be the best alternative to estimate the LAAV of the
investigated rocks.

Los Angeles abrasion value (LAAV), rock aggregate properties, predictive model, soft computing.

when stacked, compressed, and

surcharge loads. [8].

subjected to
1. INTRODUCTION

The construction and building sector, which are
driving forces in expanding economies, creates a
substantial demand for goods and services, including
many subsectors [1, 2]. One of the subsectors that
plays a crucial role in geoengineering projects is the
rock aggregate industry. The demand for
construction aggregates, in this regard, can be
evaluated based on three different groups regarding
their origin (i.e., igneous, metamorphic, and
sedimentary rocks). For example, rock aggregates
with specific size fractions are obtained from
igneous rocks such as andesite, basalt, syenite,
gabbro and granite [3, 4]. Rock aggregates suitable
for technical requirements are used in some
infrastructures, such as water storage filtration and
distribution systems and waste collection-treatment
plants, and in some superstructures, such as
buildings, bridges, railways, highways, etc [5—7].

To overcome stability issues in aggregate-related
engineering structures, rock aggregates should
withstand crushing, fragmentation, and deterioration
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For this reason, the suitability of rock aggregates
for use in the construction industry has been
investigated through several testing methods such as
aggregate impact value (AIV), aggregate crushing
value (ACV), Los Angeles abrasion value (LAAV),
Micro-Deval abrasion value (MDAV) [9-12].

Of the above-mentioned testing methods, LAAV
and MDAL are well-accepted rock aggregate
properties for evaluating rock aggregate suitability
[7, 13—15]. However, these tests are hard to perform
and necessitate unique graded samples. It was also
reported that the LAAV test is labour-intensive and
time-consuming. Therefore, numerous theories have
been postulated to estimate the LAAV for different
rock types [10, 14, 16-22]. However, most of these
studies are based on classical regression analyses,
limiting their broader use.

Nevertheless, it should be mentioned that artificial
intelligence methods such as Adaptive Neuro-Fuzzy
Inference Systems (ANFIS), Artificial Neural
Networks (ANN), Multivariate Adaptive Regression
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Splines (MARS), Support Vector Machine (SVR),
and Gene Expression Programming (GEP) are more
sensitive to large datasets. Thus, they can provide
better results compared to classical regression
analyses [23, 24].

Based on the above comments, the present study
aims to establish several predictive models to
estimate the LAAV of rock aggregates in Ilica region
(Kiitahya—Turkey). For this purpose, detailed
laboratory studies are carried out to create a
comprehensive database for soft computing
analyses. Based on the ANFIS, ANN, MARS and
GEP methodologies, four different predictive
models are introduced in this study. The
performance of these models is compared based on
different statistical indicators.

The details and critical notes on how to implement
these methodologies used to estimate the LAAV of
the investigated rocks can be found in this research

paper.

II. MATERIALS AND METHODS

The investigated rock types are exposed in the
northeast part of Kiitahya, Turkey (Fig. 1). These
rock types are identified in the Miocene aged
Tavsanli volcanites, and they are mainly andesites,
basalts, and basaltic andesites in lithology [25].

The investigated rocks have been considered as
dimension stones and rock aggregate resources in the
region. For laboratory studies, representative rock
blocks are obtained from several locations around
the Ilica region.

During field observations, only unweathered rock
blocks were obtained to mitigate the effects of
weathering on rock engineering properties. While
doing this, the qualitative approach suggested by the
International Society of Rock Mechanics [26] was
adopted to determine the weathering degree of rocks.

Black sea

o
Trabzon

OErzurum

Yazhica
village

(o]
[ ]

Kocakir ® @ (58
Tepe (1226 m) = {

)
Aglikburun
Tepe (1061 m

(0]

Tavsan

Tepe (940 m)
Akpmar village

Kayrak

Tepe (1079 m) | EXplanations

:] Porsuk Dam
III Lookout point
Settlement
Formation
boundary

Sampling
location
Alluvial
deposit

Geological Age
Quarternary

Karacabren

i Pliocene
volcanites

Tavsanh
volcanites

Bescam
- ophiolitic

melange

Miocene
Olgek Cretaceous

C———
0 1 2 km

Figure 1. Sampling locations and geological settings of the study area

A total of 29 representative rock blocks were
obtained for laboratory studies. For each rock block,
physical and mechanical rock aggregate properties
were determined. The laboratory studies were
performed under oven-dried conditions. Each test
was repeated at least three times, and average values
were presented in this study.

III. LABORATORY STUDIES

The physical properties of rock aggregate consist
of dry density (ps) and water absorption by weight

37

(wa). These tests were performed by considering TS
EN 1936 [27]. The mechanical rock aggregate
properties considered in this study were AIV and
LAAV.

These tests were also performed according to BS
812-112 [28] and TS EN 1097-2 [29], respectively.
Laboratory test results are listed in Table 1.
Accordingly, pg, wWa, AIV and LAAV values were
found to be between 2.59-2.74 g/cm?, 1.19-3.80%,
12.01-24.43% and 12.27-25.46%, respectively.
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Based on the database given in Table 1, soft
computing analyses were performed.

Table 1. Laboratory test results

Litholosy (B0 ) ()
272 169 17.67  18.58
267 191 1640  21.14
271 148 1646  13.46
272 171 1310 1525
269 180 1756  18.48
267 246 17.10  23.72
273 165 1627  20.08

Basalt 269 270 2396  25.46
270 187 1321  13.49
271 160 1574  16.78
274 157 1547  13.10
273 145 1502 17.97
274 143 1201  15.16
274 159 1428 1227
270 196 17.01  18.90
271 215 1233 1546
270 162 1348  14.67
271 196 2077 2345
273 152 1412 1713
fnajzliz 267 253 1751 2031

274 119 1545 1651
269 228 1411  17.12
272 135 1857  16.88
268 205 2131  23.90
259  3.80 2443 2522
261 193 1858  18.76

Andesite 269 183 1998  21.13
262 190 2125 2039
262 247 1898 2435

Explanations: pq: dry density, w,: water absorption
by weight, AIV: aggregate impact value, LAAV: Los
Angeles abrasion value

IV. SOFT COMPUTING ANALYSES

In this section, different soft computing methods,
such as ANN, MARS, ANFIS, and GEP
methodologies, were introduced.

For all methodologies, the input parameters are pq,
w, and AIV with several combinations. Brief
explanations of the adopted methodologies are given
in the following subtitles.
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1. Artificial neural networks (ANN)

Artificial Neural Networks (ANN) have gained
popularity for their ability to predict dependent
variables based on complex datasets.

Neural networks are commonly used in various
engineering applications. In practice, they are trained
through a feedforward backpropagation algorithm
[30]. In this study, the neural network toolbox
(nntool) was used to reveal a robust predictive model
in the MATLAB environment. For this purpose, the
dataset (Table 1) was randomly divided into training
(70/100) and testing (30/100) datasets.

Various ANN architectures have been attempted
to obtain the best predictive model. Before
performing the analyses, the dataset was normalized
between —1 and 1 to overcome overfitting problems.
This normalization process is performed using Eq 1.
X —-X
V=20 ——2"1

n

in _1 (1)
X —-X_
max min
Where V, is the normalized data, x; is the data to
be normalized, Xmin 1S the minimum value in the
dataset, and Xmax 1S the maximum value in the
dataset.

After the normalization process, the dataset was
loaded into the MATLAB environment to perform
the neural network analyses. The analyses remained
until the minimum error was obtained. Herein, root
means square error (RMSE) was adopted as an error
metric. Based on the analysis results, the most
feasible ANN model was formulated by using the
weights and biases extracted from the ANN outputs.

2. Multiple Adaptive Regression Spline
(MARS)

MARS was first proposed by Friedman [31] as a
nonparametric regression model. There are two
important components in typical MARS models. The
first one is the forward pass, and the other one is the
backward pass. In the forward pass, the analyses are
initiated with constant terms called basis functions
(BFs). In the second part, BFs are connected to each
other by employing linear regression models. It is a
simple but powerful methodology to deal with
datasets with a number of independent variables.
MARS analyses were performed using software R,
and details on the MARS-based predictive model are
introduced in the following section.

3. Adaptive neuro-fuzzy inference system
(ANFIS)

ANFIS is a hybrid approach that combines the
fuzzy logic inference system (FIS) and ANN to
establish a more efficient and accurate system.

In most ANFIS models, the Sugeno fuzzy
reasoning algorithm is adopted based on numerous
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membership functions [32, 33]. Similar to the ANN
analyses, ANFIS models were run using MATLAB
R2021b. Input parameters are represented by several
Gaussian membership functions. Based on several
if-then rules, a novel ANFIS-based predictive model
is proposed in this study.

4. Gene expression programming (GEP)

GEDP is another soft computing algorithm that uses
evolutionary techniques to develop a mathematical
formula which represents the relationship between
the dependent and independent variables.

The GEP was developed by Ferreira [34] and has
gained popularity in most geoengineering
publications [35-37]. The GEP analyses were
performed using GeneXproTools. Several numbers
of chromosomes, head sizes and gene sizes were
attempted to obtain the most feasible GEP model.

V. RESULTS AND DISCUSSION

1. ANN analysis results

Based on several ANN analyses, the best ANN
architecture was found to be 3—4—1. It means that
there were three inputs (p4, w. and AIV), four hidden
layers and one output (LAAV) (Fig. 2).

4
LAAV = 6.595tanh[ZAi —0.2747] +18.865

i=1
A4 =1.2173tanh(2.8187" p, +0.85004"w, +3.6887" AIV —0.5154)
4, =-1.2866tanh(~0.15365" p, ~2.9709"w, —0.06788" AIV ~1.1679)
A, =2.1584tanh(~1.891" p, ~1.507"w, ~2.1233" AIV ~0.90154)

4, =1.9491tanh(3.5233" p, +0.42358"w, +5.3114" AIV +2.5011)

Normalization functions:

" p, =13.333p, ~35.533 ®)
"w =0.7663w,—1.9119 )
" AIV =0.161A1V —2.934 (10)

2. MARS analyses results

Based on four BFs, the LAAV can also be
investigated considering the MARS methodology.
Accordingly, the LAAV can also be estimated by the
following equations. The BFs listed in Eqs 12 — 15
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Hidden Layer Qutput Layer

Figure 2. ANN architecture adopted in this
study.

The mathematical formulations of the proposed
ANN model were revealed by considering the
deterministic approach provided by Das [38], which
is given by Eq 2.

Y=r, {bo +i{w}. xf [bh]. +iwij X0, ﬂ} 2)

j=1 i=1

where Y is the output variable (LAAV), by is the bias
in the output layer, n is the number of neurons in the
hidden layer (n=4 in this study), j denotes a specific
neuron in the hidden layer, w; is the weight of the
connection between the j™ hidden layer and the
single output neuron, by is the bias in the j' neuron
of the hidden layer, wj; is the weight of the
connection between the i input parameter and the j"
hidden layer, 6; is the normalized input parameter,
fiig is the nonlinear transfer function (tanh).

Based on the above deterministic approach, the
LAAV can be estimated by the equations (Eqs 3 —
10). To estimate the LAAV of the investigated rocks,
these equations can be easily implemented by coding
them into any computational language.

3

“
&)
(6)

(N

are based on the global maxima (max function) in
terms of different input parameters.

LAAV =15.19+0.89BF1—-121.55BF6—-133.58 BF9

(1)

BF1=max(0;AIV —12.01) (12)
BF6=max(0; p, —2.73)x BF1 (13)
BF7=max(0;2.73~ p, ) x BF1 (14)
BF9=max(0;1.87 -w, ) x BF7 (15)
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3. ANFIS analyses results The ANFIS analyses were performed until the
minimum RMSE values were obtained (Fig. 3b).
According to the ANFIS model structure (Fig. 3c),
each input parameter was represented by five novel
Gaussian membership functions. Consequently, five
if-then rules activated the ANFIS model (Fig. 3d).

In the context of the ANFIS analyses, three input
parameters were considered (Fig. 3a). During the
training process, RMSE was adopted as an error
metric.

a) b)
4] Fuzzy Logic Designer; LAAY - o x (& Meuro-Fuzzy Designer, LARY - o b3
File Edit View File Edit View

Figure 3. ANFIS outputs a) Input parameters b) Training process c) ANFIS model structure d) Rule viewer

4. GEP analyses results the proposed predictive models is also investigated
based on several statistical indicators, which are

Based on GEP analyses, the last predictive model given in the following section.

was proposed. The sub-expression trees (Sub-ETs)
are given in Fig. 4. The mathematical expressions of
these Sub-ETs are also listed in Eqs 16 — 19.

3
LAAV =0.9872> 4, +0.1719 (16)

=1

A =max((min(2.46,wa ))2,2-53j (17)

w_ +AIV
—— + AV

2—+min(wa,2.4-7) (18)

2

(w,?x-0.499)+(-0.133+ 41V
2

19

,43:

By implementing the above equations, LAAV
values can be easily estimated. The performance of

40
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Sub-ET 1

Sub-ET 2

Figure 4. Sub-ETs of the proposed GEP model
(do: pa, d1: w, d2: ALV, gico: 2.469, gic3: 2.527,
gicd: 2.528, gaco: 2.469, gscqs: —0.133,
gscs: —0.499).

5. Performance Evaluation

The performance of the proposed predictive
models is investigated based on several statistical
indicators, such as correlation of determination (R?)
and RMSE values. The statistical indicators are
calculated by the following equations:

ny xy-> x>y
JnEx ~(Sx) {nXy (S )

R*=

(20)

21
RMSE = @b

Where x is the predicted variable, y is the
measured variable, and n is the number of datasets.

Focusing on the training (70/100) and testing
(30/100) datasets, the R? and RMSE values are listed
in Table 2.

Table 2. Performance indicators of the proposed
predictive models

Training dataset Testing dataset

Methodology R? RMSE R? RMSE
(%) (%)
ANN 0.81 1.624 0.98 0.296
MARS 0.86 1.523 0.72 2.096
ANFIS 0.92 1.042 0.98 0.468
GEP 0.72 1.965 0.86 1.295

Accordingly, for training and testing datasets, the
R? and RMSE values were found to be between
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0.72-0.98 and 0.296-2.096%, respectively (Table
2). Based on the calculated performance indices, the
ANFIS-based predictive model provides the best
prediction performance when considering the whole
dataset. On the other hand, the ANN-based
predictive model, with its explicit mathematical
formulations, can also be regarded as a concise
model to estimate the LAAV of the investigated
rocks. The scatter plots of the models are also given
in Fig. 5. In Fig. 5, the performance of the predictive
models is illustrated by focusing on the whole
dataset (n=29).
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Figure 5. Scatter plots of the proposed
predictive models a) ANN b) MARS c¢) ANFIS
d) GEP

Similar to what has been stated earlier, the scatter
plots also suggest that the ANFIS-based predictive
model provides concise LAAYV values and, thus, this
methodology can be regarded as a robust
methodology for the evaluation of LAAV. However,
this methodology can have some difficulties in that
it is a black-box model, and there are no definite
mathematical expressions as an output in the ANFIS
analyses. It should be herein mentioned that the
outputs were extracted from the ANFIS model based
on some computational commands (e.g., evalfis) in
the MATLAB environment.

When explicit mathematical formulations are
desired to estimate the LAAYV of rocks, the ANN-
based predictive model (Eqs. 3—10) can also be a
coherent choice.

On the other hand, the GEP and MARS models
should be improved by enhancing the number of
datasets. These models often provide more accurate
results by considering larger datasets.

6. Conclusions

In this study, robust predictive models are
introduced to estimate the LAAV of the rocks in the
Ilica region (Kiitahya—Turkey). For this purpose, a
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comprehensive laboratory schedule was established
to obtain some inputs for the evaluation of LAAV.
Consequently, a database composed of 29 datasets
was generated (Table 1). As a result of the soft
computing analyses, four robust predictive models
are developed. The performance of the proposed
models is investigated by some statistical indicators
such as R? and RMSE values and scatter plots. As a
result, the ANFIS-based predictive model turns out
to be the best alternative to estimate the LAAV of
the investigated rocks. Nevertheless, in this study,
some explicit mathematical formulations are also
provided based on the ANN methodology. This
model can also be considered and coded into any
computation  language  for  its  possible
implementations. Last but not least, the MARS and
GEP models should be improved by enhancing the
database and adding some input parameters such as
mineralogical ~ features  and/or  quantitative
knowledge on rock weathering.

It is highly recommended to investigate the
weathering degree of the rocks exposed in the Ilica
region. In this way, the physical and mechanical
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The article deals with the study of the influence of train operating modes on the uphill and downhill
sections with radii less than 450 m, as well as the influence of railway superstructure design in curved
sections on the wear rate of rolling stock wheel flanges and rails. The aim of the research is to reduce
the wear that occurs between the wheel flanges of the rolling stock and the rails. Rail joints have been
found to be the main shock source in the dynamic interaction between the railway and the rolling
stock. There is unstable motion within the transition curves and at the joints of the curved rail on the
curved track sections. This is accompanied by abrupt lateral rail wear in the joint area between the
trailing and facing rails in the direction of train movement. It has been found that reducing the weight
of the trains leads to a reduction in intensive lateral rail wear on curved track sections and can reach
the following percentages: in curves with a radius of up to 300 m: up to 33% uphill, up to 55%
downhill; in curves with a radius of 300 m to 450 m: up to 32.9% uphill, up to 26.3% downhill; in
curves with a radius of 450 m: up to 3.2% uphill, up to 17.6% downhill. On the uphill and downhill
sections, reducing the height and adjusting to the speed limit in percentage gives a positive result from
4.7% to 53.59%. The results of the research can be used in rail transport industry to extend the life of

rolling stock wheel sets and rails, and to improve transport safety.

Keywords:

I. INTRODUCTION

The interaction between the wheels of rolling
stock and the railway superstructure is characterised
by the occurrence of transverse, longitudinal and
vertical forces, which cause mutual wear of wheel
and rail, disturbances in the railway superstructure
and in the mechanical part of the wheels of rolling
stock.

The most intense interaction occurs on the curved
track sections where increased longitudinal and
lateral forces are generated due to the wheels of the
rolling stock fitting into the curve and also due to the
accelerated movement in the curve. The forces
generated by the movement on the curved track
sections lead to displacement and buckling of the
track, wear of the wheel flanges of the locomotives
and cars, wear of the outer rail of the curve.

The interaction of rolling stock and track, the
factors influencing the lateral wear and the dynamic
indicators when the rolling stock moves on the
curved track sections have been studied by many
researchers in recent years. The study focused on the
influencing factors, namely the change of track
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rail wear; wheel set wear; rail joint irregularities

gauge in curves for low and high traffic railway lines
in Hungary (i.e. secondary and main lines) [1].

Also, the influence of the length of the transition
curve when organising high-speed traffic and the
increase of the length of the transition curve with
increasing speed [2]. The evaluation and prediction
of the rolling surface damage of the point frog has
been studied, which can also be applied to the rail
surface to ensure proper design and maintenance of
both point frogs and rails [3]. The study [4] analyses
the accumulation of deviations in the geometric
parameters of a tramway track as a function of the
axial load, with a hard surface, which is also
applicable to railway tracks when the vertical and
horizontal irregularities of the track increase with the
tonnage transported. The article

[5] analyses the vertical and lateral rail wear and
the influence of the outer rail height, the type of
traction and the longitudinal profile of the track. In
order to automate railway straightening systems in
the horizontal and vertical planes [6], a mathematical
model has been created that allows the rational
determination of curve parameters during the
operation of railway machines. The influence of
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speed parameters and wheel damage during the
transfer of vertical loads, the occurrence of
vibrations during the transfer of vertical force to the
subgrade and the consequences that can be caused by
the influence of these factors have been studied in
the work [7].

In this study, the authors considered the
results of several papers addressing environmental
[8] and technological issues in the field of railway
transport. This includes the processes involved in
fitting rolling stock into curved sections of the track,
considering both vertical and horizontal deviations,
and the impact of these parameters on the life cycle
of infrastructure elements. The latter is directly
dependent on the geometric parameters of the rail
track [9]. The publication also covers the repair of
rail defects with a focus on determining hardness
parameters in the contact zone [10]. Additionally, it
delves into the control of hardness in the zone of the
joint welded by the thermite method and examines
the effect of hardness when welding rails of different
categories [11]. The restoration of rail lash integrity
through the use of glue-bolt rail joints on Continuous
Welded Rail (CWR) tracks is also discussed [12].

The purpose of this research is to continue research
in this area, taking into account changes in the
amount of lateral rail wear, the dependence of
changes in lateral rail wear along the length of the
rail in jointed and jointless tracks, and the effect of
joint irregularities in the vertical and horizontal
planes on lateral rail wear.

II. RESEARCH METHODOLOGY

The research has studied the amount of lateral rail
wear along the length of the transition, circular and
second transition curves. This was done by
measuring the amount of lateral wear every metre on
the first transition curve, the circular curve and the
second transition curve. Lateral wear was measured
every 0.2 m in the joint area. This was done at a
distance of 1 metre from the trailing and facing ends.
Analysis of the lateral wear of the rails on a jointed
track has revealed a characteristic pattern which has
been confirmed by long-term studies of the extent,
shape and nature of lateral wear along the entire
curve when trains are 'properly driven'. The tapes on
the gauge car have been included in the research. To
decipher the tapes, special software was used to
analyse the values for level, track deviation, track
gauge and subsidence in 0.2m increments. It has
been found that the main factor influencing the
lateral wear of the rails is the radius of the curve. It
has been found that in curves with a radius of 600 m,
the wear is 4 times less than in curves with a radius
of 300 m [8]. In addition, more than 30 factors have
an influence on the wear of the wheels of the rolling
stock and the lateral wear of the rails on the curved
track sections [9]. This article describes and analyses
the following factors:

46

* The design of the railway superstructure (type of
sleepers and fasteners, outer rail height, jointed
and jointless track);

* The weight of trains;

* The operating modes of the train (traction mode,
running with current; deceleration mode, running
without current; braking mode);

» The curve design and profile (downhill and uphill
sections with gradients greater than 10%o and R
1450 m).

» The problem of the intensive lateral wear of the
rails occurs on the curved track sections with a
radius of less than 450 m. The curved track
sections with a radius of R 450 m of the
Ukrzaliznytsia, JSC railway can be equipped as
follows:

» Jointed track in curves with a radius of up to 300
m;

» Jointless track in curves with a radius of between
300 and 350 m, provided that there is a technical
and economic report which is approved by the
head of the railway track service;

* Jointless track in curves with a radius of 350 m
or more [10].

The detailed description of each option is given
below.

III. JOINTED TRACK

A jointed track with curves with a radius of less
than 300 m. In curves with small radii, almost every
joint has local irregularities in the horizontal and
vertical planes. Rail joints are the main source of
dynamic interaction between the track and rolling
stock, resulting in the occurrence of additional track
disturbances, track design and profile violations
[11].

The processes of dynamic interaction between the
rolling stock and the rail track are particularly
intense in curves with small radii, accompanied by
track disturbances. These processes are complicated
by the heavy weight of freight trains and the
gradients of the longitudinal profile.

When travelling uphill or downhill, regenerative
braking generates longitudinal compressive forces in
the rolling stock, with the lateral component of these
forces directed outwards. The joint makes the
movement of the train unstable on the curved track
sections, resulting in abrupt lateral wear.

The formation of lateral rail wear accumulations
on jointed and jointless tracks at transitions and in
circular curves is described below. Note the
accumulation of lateral rail wear that occurs on a
jointed track. Fig. 1 shows the amount of lateral wear
on the first transition curve of the jointed track in the
direction of train movement.

The transition curve is formed by three 25 m long
rails. The transition curve shows a gradual increase
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in the amount of lateral rail wear from 2 mm to 10
mm.

The maximum value of lateral rail wear is at the
end of the transition curve. Uneven rail wear is
observed at the joints.Note the amount of lateral rail
wear at the joint.

Fig. 2 shows the actual values of lateral rail wear
within the joint over a length of 1 m in both
directions from the joint axis. The size of the joint
gaps corresponds to the standards applied in Ukraine
[12].

The maximum value of lateral rail wear is
observed at a distance of 0.4 m - 0.6 m from the
facing rail in the direction of train movement. The
difference between the minimum and maximum
wear values of the facing rail and the trailing rail is
3mm: 88 mm—-02m; 11.8 mm—0.4m; 11.8 mm

—0.6 m.

Amount of lateral rail we

The values of lateral wear in the circular curves of
the jointed track and the locations of the largest
deviations observed in the circular curves are
examined in more detail below (Fig. 3).

At the ends of the rails, i.e. the trailing ends within
1 m of each other, the maximum lateral rail wear
occurs in the circular curve. Note the values of lateral
wear in Fig. 4 at joint 8 (Fig. 3): at the point of 24.8
m the value is 10.8 mm on the trailing rail and at the
points of 0.8 m and 1 m the value is 15.8 mm on the
facing rail. The difference in rail wear within one
metre is up to 5 mm.

Rail wear at the joints is characterized by less wear
on the trailing rail and more wear on the leading rail
in the circular curve of a jointed track.

Here is an analysis of the indicators of lateral rail
wear in the 2nd transition curve in the direction of
train movement (Fig. 5§ and 6)

joint 3

joint 4

’

24 25,0 1

6 11 16 2124404 3

8

13 18 2324808 5 10 15 2024,20,2

Length of the transition curve [m]
—— |ateral rail wear

Figure 1. The first transition curve in the direction of train movement on the jointed track
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Figure 2. Diagram of lateral wear in joint No. 4 (according to Fig. 1) of the transition curve
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In the second transition curve in the direction of
train movement, the lateral rail wear gradually
decreases from the circular curve with increasing
radius at the exit of the curve section. There is also
increased rail wear on the facing rail at a distance of
1 m and 2 m from the end of the rail.

IV. JOINTLESS TRACK

The characteristics of jointless track operation in
curves with a small radius of the track are described
below. Jointless track on Ukrainian railways is
mainly used in curves of R [ 350 m and on straight
sections, and only in some cases in curves of
300 m [! R [ 350 m. The main reason for this is that
the stability of the jointless track decreases as the
radius of the curve decreases. The loss of stability
occurs at high temperatures due to the heating of the
rails and the action of the compressive forces in
them, which produce equal forces on each
elementary section of the curve, directed outwards
from the curve, i.e. in the direction of a possible
ejection. The steeper the curve, the more difficult for
the rolling stock into fit it, and the greater the lateral,
steering and frame forces. Centrifugal force is an
important factor and also increases as the radius of
the curve decreases [13].

The second reason for limiting the use of jointless
track in small radius curves is that the dynamic
impact of rolling stock on the track increases as the
radius decreases. Due to the significant dynamic
stresses in the rails, their strength may not be
sufficient to withstand the additional temperature
stresses, which can exceed 100 MPa [14].

The third reason is the increased lateral wear of the
rails in steep curves, which makes it necessary to
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remove the jointless rail from the track before the
cost of installing the jointless track has been
recouped.

For comparison, the characteristic formation and
accumulation of lateral wear in the transition and
circular curves of a jointless track is analysed (Fig. 7
to 9).

The value of the lateral rail wear in the transition
curve of a jointless track is shown in Fig.7. The
lateral wear does not show any sharp deviations at
the adjacent points. Note the gradual increase in
lateral rail wear and the maximum value within the
transition curve to a circular curve, as observed in the
transition curve of the jointed track.

In the first transition curve in the direction of train
movement, the wear value at adjacent points does not
exceed 2.0 mm. The variations in the lateral wear
observed in the transition curve occur every 15 m to
20 m. This can be explained by the fit of the wheel
sets of the rolling stock.

The largest deviations in the adjacent lateral wear
points occur at the end of the first transition curve as
the trains move forward. The indicators of the lateral
rail wear in a circular curve of a jointless track are
described in Fig. 8.

The indicators of lateral rail wear in the second
transition curve of a jointless track in the direction of
movement are shown in Fig. 9.

The lateral wear appears to be smoother, but it
should be noted that the jump in lateral wear occurs
at the end of the transition curve, as was also
observed in the transition curve of the jointed track.
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The lateral wear appears to be smoother. However,
it should be noted that the jump in lateral wear occurs
at the end of the transition curve, as was also
observed in the transition curve of the jointed track.
The maximum values of lateral wear are observed on
the facing rail along the first metre, then 2 m, 3 m at
the joint.

On a jointless track, the lateral wear has a smooth
line. The difference between the values of the two
critical points does not exceed 3.2 mm. The value
between the two critical points in the circular curve
on the jointed track at the joints reaches 13.5 mm.

Therefore, the fewer joints there are in the curved
track sections, the smoother the train movement and
the lower the level of abrupt rail wear.

V. TRACK DESIGN FEATURES IN
CURVES WITH RADIUS OF R <450 M

Under-rail sleepers are made of wood and
reinforced concrete. Rails of standard lengths:

25.00 m and shortened 24.92 m, 24.84 m, as well
as half-length rails: 12.50 m and shortened 12.46 m,
12.42 m, 12.38 m [15] are mostly used in Ukraine.

On the main lines of Ukrzaliznytsia, JSC, DO, D2,
KPPD-2, SKD65-D, SKD65-Dm fasteners for
wooden sleepers are used. The following types of

fasteners are used on reinforced concrete sleepers:
KB-65, KPP-5, SKD65-B, KPP-5-K.

It is not possible to adjust the gauge with DO, D2,
KPPD-2, KB-65, KPP-5 fasteners unless the

fasteners are removed when the track is reassembled
on wooden sleepers using a template.

When KB-65 and KPP-5 fasteners are installed on
reinforced concrete sleepers that cannot be adjusted
to the track gauge, the track gauge at the start of
service is 1520 mm, which makes it difficult to fit
rolling stock on the curved track sections with small
radii.

The SKD65-D, SKD65-Dm, SKD65-B and KPP-
5-K rail fasteners allow track gauge adjustment up to
1535 mm, the Schwihag AG SBS W SL-1-900- R65
fastener, the Vossloh System W-30 fastener allows
track gauge adjustment up to 1530 mm and the Skl
21 fastener allows track gauge adjustment up to 1535
mm.

The SKD65-B fastener ensures smooth track
gauge expansion diversion by means of adjusting
plates and pad turning. The total gauge deviation of
the SKD65-D and SKD65-Dm fasteners is 7 mm for
one line and 14 mm for two lines; the SKD65-B
fasteners are 14 mm for one line and 28 mm for two
lines. The SKD65-B fastener allows the rails to be
used up to their maximum wear limit of 26 mm.

The KPP-5-K is designed to provide smooth
extension from 1522 mm to 1534 mm in 2 mm
increments. To ensure a free fit, it is necessary to
make a smooth expansion in the transition curve and
a stable gauge in the circular curve according to the
radius [16].

According to field observations, the dependence of
the intensity of lateral rail wear on different track
superstructures is as follows (Table 1)

Table 1. Intensity of lateral rail wear as a function of track section characteristics
(UH — uphill; DH - downhill)
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The analysis of Table 1 shows that the intensity of
lateral rail wear on wooden sleepers with DO and
SKD65-D fasteners is lower than with SKD65-B and
KPP-5-K fasteners on reinforced concrete sleepers.

Lateral rail wear intensity increases as the radius
decreases [17]. On average, wear increases 1.2 times
as the gradient increases. This is also due to the way
the train operates on the uphill and downhill
sections.

To prevent and eliminate wheel slip in electric
locomotive traction on uphill gradients, locomotive
drivers feed sand under the wheels, which effects
wheel and rail adhesion and increases wear. The
traction of the wheels and rails depends on the
weight of the trains.

VI. TRAIN WEIGHT STANDARDS

The characteristics of jointless track operation in
curves with a small radius of the track are described
below. Jointless track on Ukrainian railways is
mainly used in curves of R [ 350 m and on straight
sections, and only in some cases in curves of 300 m

A critical weight limit for freight trains of up to

4.200 tonnes has been set on the experimental
section of the Lviv Regional Railway. Prior to the
experimental study, the weight standard was set at
4.600 tonnes. On this section, freight trains were
hauled uphill by VL10 and VLI1 locomotives,
which consisted of 4 locomotives positioned - three
at the head of the freight train and one at the rear end.
In traction mode, the average speed of freight trains
before weight reduction was between 25 and 30
km/h.

As the train passes through curves, the inertia of
the wheel set flanges presses against the side surface
of the outer rail head, causing friction between them.
When passing a curve with a small radius, the end
wheel sets of four-axle wagons are pressed against
the outer rail.

The average weight of freight trains from the start
of the trial on the odd-numbered line was reduced to
4.051 tonnes and the average speed of freight trains
was increased to 41.1 km/h.

After the weight limit was reduced to 4.200 tonnes,
the intensity of lateral rail wear gradually decreased,
especially on the uphill sections where the gradient
was greater than 10%o

On the curved track sections with a radius of up to
300 m, the intensity of lateral rail wear before train
weight reduction averaged 0.427 mm/mln t of freight
on the uphill section and 0.447 mm/mln t of freight
on the downhill section. After reducing the weight of
the trains, it was 0.398 mm/mln t of freight on the
uphill section and 0.384 mm/mln t of freight on the
downhill section. In curves with radii between 300
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m and 450 m, before the train weight was reduced,
the intensity of lateral rail wear was 0.276 mm/mln t
of freight on the uphill section and 0.232 mm/mln t
of freight on the downbhill section. After reducing the
weight of the trains, the rail wear was 0.253 mm/mln
t of freight on the uphill section and 0.184 mm/mln t
of freight on the downhill section. In curves with
radii of 450 m and more, the wear before weight
reduction was 0.092 mm/mln t of freight on the
uphill section and 0.119 mm/mln t of freight on the
downbhill section; after weight reduction it was 0.098
mm/million tonnes of freight on the uphill section
and 0.122 mm/mln t of freight on the downhill
section. In percentage terms, the intensity of lateral
rail wear decreased by 6.8% on the uphill gradient
and by 14% on the downhill gradient on the curved
track sections with a radius of up to 300 m; in curves
with a radius of between 300 m and 450 m, the
reduction in rail wear was 8.3% on the uphill
gradient and 20.6% on the downhill gradient; in
curves with a radius of 450 m and more, the wear
decreased: the intensity of rail wear increased by
6.1% on the uphill gradient and by 2.5% on the
downhill gradient.

After weight reduction, the average lateral rail
wear rate in curves with radii up to 300 m was 0.286
mm/mln t of freight on the uphill section and 0.201
mm/mln t of freight on the downhill section. In
curves with radii between 300 m and 450 m, the
average intensity was 0.185 mm/mln t of freight on
the uphill section and 0.171 mm/mln t of freight on
the downhill section. In curves with radii of 450 m
and more, the wear was 0.089 mm/mln t of freight
on the uphill section and 0.098 mm/mln t of freight
on the downhill section. As a percentage of the year,
the intensity of lateral rail wear decreased by 28.1%
on the uphill sections of the track with a radius of up
to 300 m and by 47.6% on the downhill sections;
respectively, in curves with a radius between 300 m
and 450 m, the reduction in rail wear was 26.8% on
the uphill sections and 7.1% on the downhill
sections; in curves with a radius of 450 m and more,
the wear decreased by 9.2% on the uphill sections
and by 19.6% on the downhill sections.

In comparison with the results at the time of the
test, after the reduction in train weight, the intensity
of the lateral rail wear in percentage terms decreased
on the curved track sections with a radius of up to
300 m, on the uphill gradient to 33% and on the
downhill gradient to 55%; respectively, on the
curves with a radius between 300 m and 450 m, the
reduction in the rail wear was: up to 32.9% on the
uphill section and 26.3% on the downhill section; on
the curves with a radius of 450 m and more, the
reduction in wear was 3.2% on the uphill section and
17.6% on the downhill section.
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On the downhill section of the test line, freight
trains were operated by two locomotives due to the
twice lower load (running with empty cars), so that
the intensity of the lateral rail wear is lower than on
the uphill section. Increased wear of the rolling stock
wheel sets and of the rails on the downhill section
occurs during regenerative braking when the
movement is performed by two locomotives,
especially on the S-curves and on the curves with
small radii, uncontrolled movement of freight
wagons occurs, which affects the condition of the
track, namely: increased rail wear, displacement of
the rail in the direction of movement, skewing of the
sleepers, contamination of the road-metal with sand
during braking.

Electric regenerative braking concentrates the
braking force within the wheelbase of one or more
locomotives, which can lead to asynchronous
interaction between coupled locomotives when the
head locomotive brakes and the rear locomotive rolls
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onto the rolling stock, ejecting empty cars and
possibly loaded cars from the train.

Here is an example of the effect of braking on the
intensity of lateral rail wear on a section with a
gradient of 28.3 %o, with a curve radius of 255 m, the
intensity of lateral rail wear is 0.538 mm/mln t of
freight. At the same time, the regenerative braking
modes are only controlled by changing the moving
speed. In other words, they are not really controlled.

Multi-section locomotives at the head of the train,
the use of rheostat or regenerative braking,
emergency and full service braking and locomotive
brakes all increase the quasi-static longitudinal
compressive forces in the train. When freight trains
use pneumatic braking, the brakes in the cars are
applied gradually, starting at the head of the train,
with additional kinetic energy generated in the last
third of the train as the unbraked rear end of the train
rolls onto the braking end. If loaded cars are rolled
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onto the cars of a train that has already stopped,
empty cars can be ejected out of the train.

VII. TRACTION MODE, SPEED MODE,

OUTER RAIL HEIGHT

If the outer rail height of the curve corresponds to
the speed mode, the load on both rails is equal, so
less energy is used in the traction mode to overcome
the uphill sections. The effect of outer rail height on
lateral wear intensity under different traction
conditions is discussed below.

In order to determine the influence of changes in
the outer rail height on the wear of the wheel-rail
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pair, the track sections where only the outer rail
height was changed over a different period of time
under the same operating conditions (R—m, type of
fastening, uphill and downhill gradients, traction and
braking modes) were selected.

The following indicators have been analysed:

hep max is the average value of the maximum outer
rail height on the curved track section;

hep min is the average value of the minimum outer
rail height in on the curved track section;

icp max 18 the average value of the intensity of the
lateral rail wear indicators corresponding to the
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maximum values of the outer rail height on the
curved track section;

icp min 1S the average value of the lateral wear
intensity indicators corresponding to the
minimum values of the outer rail height on the
curved track section.

hrecom 1S the recommended outer rail height on the
curved track section in accordance with the
actual speed of the movement;

V. is the average actual speed, in km/h;

traction and braking modes (see Table 2).

When analysing the data on the change in outer rail
height on the curved track section on mountain
passes, the percentage reduction in height gives a
positive result from 4.70% to 53.6%. This analysis
shows that, on the above-mentioned sections, the
maximum height value is calculated for speeds that
are not actually reached by either passenger or
freight trains. Therefore, when the outer rail height
is reduced, the intensity of lateral wear is
significantly reduced in areas with a gradient of 10%o
to 20 %o (from 18.46 % to 53.6 %), and in areas with
a gradient of 20 %o (from 4.7 % to 51.68 %).

Thus, at a gradient of 10 %o to 20 %o, both uphill
and downhill, an excessive increase in the outer rail

Table 2. The data of analysed indicators

Slope
of the
site

icp max
mm/mln t
of freight

hcp min
mm

hcp max
mm

Site characteristics

mm/min t

icp min

relatively

Average
actual
speed,
km/h

Mode of
movement on
the site

icp min

icp max,

%

of freight

hrexom,
mm

From
10%eo to
20%o0

Ascent 11.2 %o, KPP-
5-K,
R-275m

95.92 68.36 0.528

0.283 53.59 30 Traction mode

40

Ascent 15.6 %o,
SKD65-B,
R-270m

67.87 39.72 0.408

0.271 33.57 21 Overclocking

20

Descent 13.6 %o,
KPP-5-K,
R-304 m

90.06 62.02 0.260

0.212 18.46 24 Overclocking

25

>20%o0

Ascent 21.9 %o,
SKD65-B,
R-300m

66.33 46.36 0.278

0.238 14.14 24 Overclocking

25

Descent 22.5 %o,
KPP-5-K,
R-240m

70.46 66.0 0.390

0.354 9.23 32 Braking

53

Descent 27.9 %o,
KPP-5-K,
R-315m

82.8 68.42 0.237

0.114 51.68 37 Braking

54

Descent 22.8 %o,
KPP-5-K,
R -300 m

89.3 61.6 0.282

0.196 30.49 40 Braking

67

Ascent 24.5 %o,
SKD65-B,
R-300m

85.3 62.42 0.293

0.203 30.93 29 Traction mode

35

Descent 24.2 %o,
KPP-5-K,
R-316m

91.78 75.37 0.256

0.174 32.03 41 Braking

66

Ascent 23.1 %o,
SKD65-B,
R-265m

90.2 73.93 0.480

0.263 4520 28 Traction mode

37

Descent 22.8 %o,

KPP-5-K, 84.5 66.86 0.150

R-342m

0.135 9.6 22 Braking

17

hep max is the average value of the maximum outer rail height on the curved track section.

hep minis the average value of the minimum outer rail height in on the curved track section.
icp max iS the average value of the intensity of the lateral rail wear indicators corresponding to the maximum values of the outer rail height
on the curved track section.

icp min is the average value of the lateral wear intensity indicators corresponding to the minimum values of the outer rail height on the

curved track section.
hrecom i the recommended outer rail height on the curved track section in accordance with the actual speed of the movement.
Link track with rails 25 m long.
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on the curved track section causes an increase in the
lateral wear rate of the rail head. A similar result is
observed in areas with a gradient of 20 %o or more.

For the uphill sections where the traction mode is
used, higher values of lateral wear intensity are
observed (average value of 0.361 mm/mln t of
freight) compared to the downhill sections where the
braking is used (average value of 0.262 mm/mln t of
freight). The higher values of lateral wear in the
uphill sections can be explained by the use of sand to
improve the adhesion coefficient between wheel and
rail, and by the presence of excessive outer rail
height in all the above-mentioned curves in the uphill
sections. This is also explained by the fact that the
average weight of a freight train going uphill is 4.051
tonnes and requires 4 locomotives, while going
downhill with empty cars it requires only 2
locomotives. The only exception is when
regenerative braking is used on gradients of more
than 20 %eo.

Taking into account the results obtained, it is
recommended to adjust the outer rail height
according to the actual train speed on the curved
track sections with gradients between 10 %o and 20
%o and above 20 %o. This will reduce the intensity of
lateral rail wear in curves and also reduce traction
resistance.

VIII. CONCLUSIONS

1. In the case of jointed track, the joint is the
main cause of track disturbances, subsidence,
distortion, and angles in the design (vertical and
horizontal deviations from the design line), sleeper
breaks, swelling and abrupt rail wear.

2. When analysing the lateral wear of rails on
a jointed track, a characteristic pattern of lateral wear
along the entire curve is formed during the 'proper
driving' of trains, during which abrupt rail wear
occurs.

3. Abrupt rail wear in the joint area at a
distance of 1 m from the end of the trailing and
leading rails in the direction of train movement
shows a difference in wear values of up to 6 mm.

4. On a jointless track, the rail wear has a
smooth line and there is no deviation in the lateral
rail wear of more than 2 mm at adjacent points. The
difference between the two critical wear points of the
rail is no more than 3.2 mm, and reaches 13.5 mm in
a circular curve of a jointed rail.
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5. Weight reduction results in a percentage
reduction in wear of contacting surfaces on the
curved track sections with a radius of up to 300 m,
up to 33% on the uphill section and up to 55% on the
downhill section; respectively, in curves with a
radius between 300 m and 450 m, the reduction in
rail wear is: up to 32.9% on the uphill section and
26.3% on the downhill section; in curves with a
radius of 450 m and more, the reduction in rail wear
is: up to 3.2% in the uphill section and 17.6% in the
downhill section.

6. In order to reduce the resistance to
movement on the uphill section, it is necessary to
reduce the height of the outer curve rail and adjust it
to the speed mode when driving in traction mode.

7. On uphill and downhill sections, reducing
the outer rail height and adjusting it to the speed
mode, in both traction and braking modes, reduces
wear on the wheel-rail contact surfaces, except in the
case of regenerative braking on sections with
gradients greater than 20 %o.

8. To reduce wear in the wheel-rail pair, the
number of joints should be reduced.

9. Wear in a wheel-rail pair is least significant
when the speed limit is close to the outer curve rail
height.
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