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Abstract

The aim of this paper is to find whether there are significant differences in the running
performance of different train series when running along the same high-speed line
under the same circumstances. Axlebox accelerations have proven to be a useful
indicator to monitor train-track dynamic interaction, thus serving as the basis of track
maintenance. Nevertheless, there are still some doubts around possible remarkable
differences in the running behaviour of different high-speed train series. In order to
delve into this issue, three different train series currently operating in the Spanish
high-speed network were monitored, and both lateral and vertical axlebox acceleration
were gathered. Data from each train series were compared using different statistical
significance tests. The 66.7% of tests show a noticeable difference in the running
performance among the three train series. Hence, this factor may become relevant in
some situations such as choosing the type of train series for track maintenance
condition monitoring; or when choosing the type of train for providing commercial
service.

Keywords: axlebox accelerations, high-speed rail, train-track interaction, track
surveying, nonparametric tests, nonparametric statistics.

1 Introduction

Track quality assessment is a major issue in order to ensure a safe performance of
railway tracks. Among other methods, this is carried out by means of dynamic track
monitoring. This consists on recording accelerations at different train spots while
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running along the tracks. The higher the maximum running speed allowed is, the more
relevant dynamic assessments are. Indeed, railway administrations in charge of a high-
speed rail network usually perform these track inspections monthly. For this purpose,
they usually rely on high-speed trains conveniently equipped with a set of
accelerometers and other motion monitoring devices, together with a data acquisition
system [1]. Furthermore, high-speed trains must provide a safe and comfortable ride
when they operate under commercial services.

Focusing on the surveying part of the overall track maintenance process, there are
different approaches with their respective advantages and drawbacks [2]. Within these
approaches, those based on axlebox accelerations, i.e. accelerations measured at both
ends of the wheelsets do not introduce filtering effects, as it happens with chord-based
approaches [3].

Axlebox accelerations provide some information on the vehicle-track dynamic
interaction in the low frequency range [4], [5] as well as in the high frequency one
[6], [7]. They also provide some information about the track geometry under load
conditions [8], [9]. This is especially relevant since this track geometry is the actual
one the trains pass over.

From the point of view of track maintenance, several authors have based their
research on axlebox accelerations. They allow detecting and identifying diverse short
wavelength track defects [10] [11]. Other works also applied axlebox accelerations
for the detection and analysis of rail corrugation or for more general track surveying
purposes, taking into account track defects of several wavelength ranges [12], [13].
Furthermore, accelerometers were used to monitor the working conditions of turnouts.
In this case, the accelerometers were not only placed at the wheelsets and the bogie
frame [14], [15], but also at the nose of the turnout frog [16].

In spite of the extensive research about axlebox accelerations and dynamic train-
track interaction carried on up to these days, very little information can be found about
comparing the behaviour of different train types running under similar conditions.
Some works delve into that issue by modelling the respective train-track interaction
[17], but no studies involving real measurements have been found. Particularly scarce
are the studies involving lateral axlebox accelerations. These mainly deal with the
relationship with track horizontal alignment [18] and train hunting detection [19].

Based on this literature review, the following question arises: does the type of train
series utilised for dynamic track recordings provide non-biased results? In other
words: if the monitored train belongs to a different train models, would the track tests
vary significantly? This may be of relevance particularly for those lines in which
passenger services are offered by high-speed trains models different from that used
for monitoring. In order to shed light on this issue, the following experiment was set
up: three different high-speed trains of different train series were purposely monitored
and run along the same high-speed line to check whether there were any significant
differences between the recorded data. In the following sections, first the background
and the detailed experiment setup is described, as well as the analysis procedure.
Afterwards, the obtained results are discussed in detail and the main conclusions of
our research are shown.



2  Experiment background & setup
2.1. Network description

High Speed Rail in Spain has a network of 2,618.5 km with standard track gauge (i.e.
1,435 mm) [20]. Since the first line from Madrid o Seville was opened in 1992, new
segments have been added up to its actual extent. This network is currently operated
at a maximum speed of 300 km/h, with foresight to be raised up to 350 km/h in the
midterm.

The High Speed Rail fleet used by Renfe Operadora, the main railway operator in
Spain, accounts for three different train series, capable of circulating at its maximum
speed:

- Series 100, manufactured by Alstom between 1991 and 1995. Its composition consist
of two traction power locomotives at both ends of the train unit, plus eight passenger
cars. Passenger cars are articulated, so the ends of adjacent cars turn around the centre
pin of the same bogie.

- Series 103, manufactured by Siemens between 2005 and 2006. The train
composition consists of eight cars, with distributed power along the train unit. Half of
the carriages are motorised and each car lies on its own two bogies.

- Series 112, manufactured by Talgo between 2004 and 2010. Its composition also
consist of two traction power locomotives at both ends of the train unit, plus 12
passenger cars. Passenger cars are articulated as well. Unlike series 100, the ends of
adjacent cars rest on a single wheelset, which is guided by means of a special coupling
between both cars and the wheelset.

As all train series are purposely designed for speeds over 300 km/h, all suspension
systems and their components (springs, dampers and inertial masses distribution) are
assumed to be equivalent. Therefore, a direct comparison of running behaviour among
the train series is reasonable.
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Figure 1. Train composition and wheel arrangement for each train series operating in
the Spanish High Speed network. Only half of each train unit is depicted.




I—:-i_gure. 2. From left to right: train series 100 (Alstom), 103 (Siemens) and 112 (Talgo)
2.2. Line description

The tested line links Madrid Puerta de Atocha with Valencia Joaquin Sorolla stations.
It is managed by the Spanish Railway Administrator, Adif. This line is 396 km long
and was put into service in December 2010. From Madrid, the line shares the first 29
km with the Madrid-Seville line, and then it turns Eastbound. The line mainly consist
of ballasted track with monolithic concrete sleepers. Only tunnels longer than 2 km
switch to slab track. It is electrified at 25 kV AC and equipped with Automatic Control
Block System. Commercial services are offered in this line by train series 100 and
112. Figure 3 shows the line scheme.
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Figure 3. Scheme of the Madrid-Valencia High-Speed Line with kilometric distances.
2.3. Railway track surveying

The process followed by Adif for assessing the maintenance condition of railway
tracks by means of train accelerations is as follows: Raw data is gathered at a sampling
frequency of 400 Hz with a cut-off frequency of 100 Hz. Lateral and vertical
accelerations are further low-pass filtered at frequencies of 10 Hz and 20 Hz,
respectively, and subsampled at 100 Hz. After this, a peak analysis in the time domain
is carried out. For this, accelerations are classified into three categories according to
their absolute value. These categories are: Alert Limit (AL), Intervention Limit (IL),
and Immediate Action Limit (IAL). Thresholds for each direction and category are
shown in Table 1. Such values are proposed based upon previous research [21].



Category | Lateral (m/s?) | Vertical
(m/s?)

AL 15 30

IL 25 50

IAL 35 70

Table 1. Threshold values of axlebox accelerations for lateral and vertical directions

2.4. Setup

From this line, three 10 km long track stretches have been analysed. These are located
between Kilometric Posts (KPs) 250-260, 320-330 and 360-370, respectively. In these
stretches, ballasted track was set up and all train series were running at speeds between
295 and 300 km/h, i.e. the maximum authorised speed. Therefore, some variabilities
such as the train speed and the track system are avoided, which would blur the lines
when comparing each train performance.

Tests took place during a short timespan so the track maintenance conditions did not
present significant variations. During the tests, lateral and vertical axlebox
accelerations were recorded with a frequency of 1000 Hz. In all train series, the
monitored wheelset was the closest to the train centre. According to the procedure
utilised by Adif, data were low-pass filtered by 10 Hz for lateral accelerations and 20
Hz for vertical accelerations. After this, data were down-sampled to 100 Hz. This
downsampling procedure only uses 1 out of each 10 data, which means that the
remaining 9 items are not used. In order to take advantage of all registered data,
systematic downsamplig is carried out. In this way, 10 different independent samples
sampled at 100 Hz from the same track stretch are obtained by choosing the 1%, 2",
3" and so on from the original data recorded at 1000 Hz. In other words, the j-th sub-
sample takes the j-th datum out of each 10. Figure 4 shows this procedure.
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Figure 4. Systematic downsampling for obtaining 10 subsamples equal-spaced 10
ms from a single sample equal-spaced 1 ms.

3 Analysis procedure

The purpose of the analysis is to find whether the train performance along the tracks
is similar for all train series, or there are one or more train series that behave
significantly differently. Data analysis is based on different statistical confidence tests
that prove whether the accelerations recorded by each train series may have the same
probability distribution, i.e. come from the same population.



Each sample is around 12,000 items. Such large amount of data would cause the least
significant difference (LSD) intervals to be very small in ANOVA-type tests, thus
leading to erroneous evidence of dissimilarity. In order to overcome this handicap,
only outliers are considered. For this study, acceleration values exceeding their
respective IL have been considered as outliers. This yields a more reasonable number
of data to which statistical analyses can be applied.

3.1. Preliminary data appearance

Prior to choosing the statistical tests to be applied, Figure 5 shows the box plots of the
acceleration outliers for the three track stretches, the three train series and both
directions (i.e. lateral and vertical). For each stretch, the first subsample out of 10 is
selected as representative of the whole stretch. In all cases, a simple visual analysis of
data shows a strong non-normal distribution. This is also valid for the remaining 9
subsamples and was an expected result due to the nature of outliers. Therefore, only
a non-parametric analysis is performed. Something worth noting is that train series
112 does not yield lateral acceleration values greater than 25 m/s?. For this reason,
only lateral accelerations for series 100 and 103 are shown.
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Figure 5. Box plots for lateral and vertical accelerations outliers of different train
series at the three tested stretches

A preliminary look at this data lets us see some different behaviours among train series
and track stretches. In KPs 320-330, vertical accelerations from series 100 are twice
as high as the other two train series in the same stretch, and also twice as high as the
same train series in the other two track stretches. In contrast, for lateral accelerations,
although series 100 presents higher values than series 103, maximum values among
the stretches for both train series are consistent.

Other important remarkable findings are the absence of outliers in the box plots,
marked as isolated crosses, for lateral accelerations of series 103 and vertical



accelerations of series 112, both in the stretch between KPs 360-370. In addition, no
values above the IAL are found for lateral accelerations of train series 103 in KPs 320-
330 and KPs 360-370, nor for vertical accelerations of train series in KPs 360-370.
These findings are important to keep in mind when discussing the results given by the
different statistical tests.

In the following subsection, a set of statistical tests are selected for comparing samples
from different train series. Each test makes the comparison from a different approach,
thus strengthening the evidences and the validity of results.

3.2. Analysis with all train series together

The first set of tests considers all train series at once, so that they provide a holistic
point of view. Let i denote the track stretch, j the data subsample from track stretch i,
k the direction of axlebox accelerations, and | the train series. Each variable {i, j, k, I}
has the following range:

“i=1,...,3
-j=1,...,10
~k=1,2
-1=1,...,3

In order to give a stronger evidence in the similarity/dissimilarity of results among the
train series, three different well-known statistical tests are considered. For each track
stretch i and each direction k, each subsample j from train series | is compared against
the rest of subsamples from the remaining two train series. This yields a total number
of 1000 comparisons for each direction, track stretch and type of test. This allows
having not an “all-nothing” decision about the similarity/dissimilarity of trains
behaviour, but a degree of validity expressed as the percentage of comparisons among
samples that are significantly different.

The first kind are contingency tables [22]. This test classifies data from each sample
into two or more categories. Then, it compares the proportion of data in each class
among all samples. For this test, the following classes are defined:

- For lateral accelerations (k = 1): [25, 35[, [35, o[

- For vertical accelerations (k = 2): [50, 70[, [70, oo

These classes purposely coincide with the IL and IAL. Indeed, this test allows
comparing samples taking into account the outliers distribution into the limits set up
for track maintenance.

The statistic is given by Eq. (1)

1)
where
ni is the number of outliers for train series |
Cnm is the number of outliers in each class m (i.e. IL or IAL)
O is the number of outliers for each train series | and class m



For this test to work properly, it is recommended that each Oim > 5.

The second test is the Kruskal-Wallis test [23]. It is the non-parametric analogue
ANOVA test for more than two samples. In this test, data from all samples are ranked
in ascending order, and the sum of ranks of each sample is compared with the total set
of data. Hence, this test compares the different samples according to the rank of each
element inside their own sample with the rank in the overall set of data.

The statistic is given by Eq. (2)

T = ——n Zg:R’Z 3(N +1)
TONN+ D Ly

where R; = 2’;;1 R(le) is the sum of the ranks assigned to the I-th sample.

The third test is the Bell-Doksum test [24]. This test measures correlation among
samples, i.e. difference among subsamples is determined in terms of whether they are
weakly correlated. For this, the test uses order statistics from normally distributed
random samples instead of ranks as the Kruskal-Wallis test does.

The test statistic is given by Eqg. (3)

3
Tgp = an(zz - Z_)Z

=1

()

(3)

where
1 n . . . .
Z, = n—lZPLIZ[R(le)] is the average of the outliers for each train series

Z[R(X,;)] is the r-th smallest random normal deviate, assigned to Xip
Z = %Zyﬂ Z(r) is the average Z value

3.3. Analysis of paired samples

In order to have more specific information, samples from each train series are
compared 2 by 2. This yields a number of comparisons given by (3) = 3. Again, for

each direction k, each subsample j from train series | is compared with the rest of
subsamples from the other train series. This yields a total number of 100 comparisons
of each type of test per direction, track stretch and paired train series. For this
comparison, two well-known nonparametric statistical tests, Mann-Whitney and
Cramer-von Mises, are chosen as well.
The Mann-Whitney test [25] is the nonparametric analogue ANOVA test for two
samples. Like Kruskal-Wallis test, data from both samples are ranked in ascending
order, and the sum of ranks of each sample is compared with the total set of data.
The statistic test is given by Eq. (4)
nn+1)
Tyw =S ——————
2
(4)
where
n is the size of sample 1 (provided n > 0)

S = Y51 R(X,) is the sum of the ranks assigned to the observations from sample 1.
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The Cramer-von Mises test [26], [27] belongs to the group of statistics of the
Kolmogorov-Smirnov type [28]. The statistic value computes the sum of the
differences between the empirical distributions of both samples, rather than
comparing data ranks as it does the Mann-Whitney test, thus providing a different
insight. It is given by Eq. (5).

Ny . m 2
L Z R(Xx®) M + n, Z R(YU)) ny + n,
coM 2 ny Nyny Nyny

(nx + ny) i=1 =1
(5)

where X and Y are the tested samples of length ny and ny, respectively. R(X®) and
R(Y"Y)) are the ranks, in the combined ordered sample, of the ith smallest of the X’s
denoted by X, and the jth smallest of the Y’s denoted by Y, respectively.

4  Results and discussion

Tables 2 and 3 show the percentage of tests in each track stretch in which the null
hypothesis Ho is rejected in favour of the alternative hypothesis Hy for lateral and
vertical accelerations, respectively. The results compare each j-th subsample for all
train series. Tests results with p-values lower than 0.05 indicate that Ho is rejected in
favour of Hi. This means that, in these cases, there are significant differences among
the train series in their running behaviour.

lateral accelerations
S.100 - S.103 S.100 - S.112 S.103 - S.112 S.100 - S.103-S.112
KPs M-W | C-vM | M-W C-vM M-W C-vM | Cnt. Thl. K-wW B-D
250-260 | 100% | 100% 100% 100% 100% 100% 2,0% | 100,0% | 100,0%
320-330 | 100% | 100% 100% 100% 100% 100% 0,0% | 100,0% | 88,7%
360-370 1% 0% 100% 100% 100% 100% 100,0% 1,0% 9,9%
Average 67% | 67% 100% 100% 100% 100% 34,0% | 67,0% | 66,2%

Table 2. Percentage of tests in which Ho is rejected in favour of H; for lateral

accelerations

vertical accelerations
S.100 - S.103 S.100 - S.112 S.103 - S.112 S.100-S.103-S.112
KPs M-W | C-vM | M-W C-vM M-W C-vM | CntThl. K-wW B-D
250-260 68% | 70% 74% 76% 0% 0% 347% | 66,0% | 59,6%
320-330 | 100% | 100% 53% 70% 61% 57% 100,0% | 100,0% | 100,0%
360-370 16% 8% 38% 48% 24% 28% 235% | 38,6% | 40,3%
Average 61% | 59% 55% 65% 28% 28% 52,7% | 68,2% | 66,6%

Table 3. Percentage of tests in which Ho is rejected in favour of Hy for vertical
accelerations




The most evident result, already shown in Figure 5 is the total absence of lateral
accelerations outliers for train series 112. This means that all accelerations values in
this direction remain under the IL, thus making a significant difference with the other
train series. Therefore, for lateral accelerations, tests comparing samples from all train
series at once are actually comparing series 100 and series 103 only. For the same
reason, Mann-Whitney and Cramer-von Mises tests comparing series 100 and 103
with series 112 have their p-values set to zero and, hence, Ho is rejected in all cases.
In overall terms, there is consistency in the results yielded by different tests. The only
exception are contingency tables. For lateral accelerations, while the other statistical
tests yield significant differences among train series in KPs 250-260 and PKs 320-
330, contingency tables do not reject the null hypothesis. In contrast, in KPs 360-370,
the opposite occurs. The reasons for this apparently paradoxical result are the
following: Firstly, some of the Oim in some contingency tables equal 0 as shown in
section 3.1, and this alters the test. In the second place, from Figure 5, a different
distribution of lateral accelerations among the three track stretches is seen. In KPs
250-260 and KPs 320-330, where both samples present extreme values in their
respective box plots, the test tends to be rather conservative, not yielding significant
differences. However, in PKs 360-370, series 103 does not present extreme values, so
the test interprets this as a significant difference, despite acceleration values for series
103 being higher in PKs 360-370 than in PKs 320-330.

In spite of this fact, results mostly show significant differences among train series. In
stretches between KPs 250-260 and 320-330, only vertical accelerations in KPs 250-
260 for train series 103 and 112 are not conclusive. In contrast, KPs 360-370 show
less significant results. For lateral accelerations, only 1% of Mann-Whitney tests and
none of Cramer-von Mises tests show conclusive differences between series 100 and
103. For vertical accelerations, there are no significant differences between series 100
and 103. Indeed, only the Mann-Whitney test shows in Table A2 a p-value lower than
0.05 in subsample #9 from KPs 360-370, but this value is 0.047, very close to the
significance threshold. The rest of the comparisons show significance among train
series only in the 20%-50% of the tested subsamples. This fact may be explained by
the small number of acceleration values registered in this stretch for train series 112
compared to the other train series. Indeed, whereas series 100 and 103 have more than
280 and 80 items per sample, respectively, series 112 only accounts for 6 items at
most. Therefore, conclusions are weaker than in the other track stretches, where a
more homogeneous number of items per train series is available.

As a main conclusion, recorded values shown in Figure 5 together with results from
Tables 2 and 3 show dissimilarity in the running performance among the analysed
train series. The p-values given by different statistical tests, in most cases under 0.05,
support this finding. Those cases where p-values are higher than 0.05 are mainly due
to a low number of available items per sample rather than a true similarity. Hence,
this remarkable difference in the number of items of each sample in some of the track
stretches for some train series also support the aforementioned conclusion.
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5 Conclusions

The running performance of different high-speed train series along a railway line has
been analysed and compared. For this purpose, axlebox accelerations were gathered
in lateral and vertical directions. Three different train series, with different wheel
arrangements, which usually serve high-speed commercial services in Spain, were
monitored. The analysis was carried out over the acceleration outliers exceeding the
IL levels previously defined. From the whole line, three 10 km long track stretches
where all train series were running at maximum speed were chosen.

A preliminary representation of these outliers by means of box plots confirmed their
non-normal statistical distribution. Under this circumstance, a set of non-parametric
tests were selected for the analysis. All statistical tests were consistent in showing
significant differences in the running performance among the train series for both
lateral and vertical directions. Those cases in which tests have not yielded concluding
results are mainly due to a lack of data from certain train series in some track stretches.
Therefore, dynamic behaviour of lab trains, in charge of monitoring the ride comfort
and track quality, may substantially differ from the trains actually utilised for
commercial services.
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