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Abstract

It is becoming increasingly difficult for regional railways in Japan to carry out ad-
equate track management due to a lack of manpower and a deteriorating business
environment. In response to these problems, a system has been developed to monitor
track conditions by installing a sensing device on in-service trains and measuring car
body vibration. However, the acceleration measured on the car body is affected by
the condition of the track as well as the running speed, making it difficult to deter-
mine the threshold required for track management. This paper proposes a method for
automatically calculating threshold values for determining outliers by setting a sig-
nificance level using a chi-square distribution for the measured car body acceleration.
The proposed method is applied to actual measured acceleration on a regional railway
in Japan, and the results show that the proposed method is effective for practical use.

Keywords: railway, track, irregularity, condition monitoring, in-service vehicle, Chi-
square distribution.

1 Introduction

It is important to maintain railway tracks to mitigate deterioration caused by defor-
mation and damage. To achieve this, railway operators must monitor the condition



of the track regularly and undertake maintenance work based on manual inspections
by track maintenance staff and measurements by track inspection vehicles. However,
these methods are expensive in terms of personnel and equipment costs, making it
difficult for regional railways to conduct sufficient track management.

In response to these problems, a track management method was developed to mon-
itor track conditions. The method involves measuring the car body vibrations with a
sensing device on an in-service train, and using these vibrations to diagnose track de-
fects. Although this method enables the assessment of track degradation by the mag-
nitude of vibration acceleration, it requires a reference value for maintaining tracks
and is considered only a supplementary method.

When considering car body vibrations for track management, it is necessary to set
reference values for car body vibrations. However, because the condition of the track,
including its deterioration level, varies between locations and train speed, it is not
possible to set a uniform reference value.

This paper proposes a method for automatically calculating threshold values for
determining outliers by setting a significance level using a chi-square distribution for
the measured car body acceleration.

2 Track condition monitoring using in-service vehicle

2.1 Literature review on track condition monitoring using in-service
vehicle

2.1.1 Track condition monitoring using an in-service vehicle

Track maintenance and management is based on measured track displacement data.
However, track displacement measurements require expensive equipment, such as
track inspection vehicles and measuring devices. Therefore, a more economical man-
agement method is required, particularly for the regional railways.

In addition to displacement measurement, other track management methods also
exist, for example, train vibration inspection using in-service vehicle vibration mea-
surement [1].

2.1.2 Axle-box mounted sensors

The relationship between axle-box accelerations and railway track defects or irreg-
ularities has been analysed [2—4]. By applying an onboard detection technique to
commercial high-speed trains, the acceleration of the axle box of a high-speed train
was evaluated [5]. Chudzikiewicz et al. demonstrated the possibility of estimating the
track condition by using axle-boxes and car body motions described by acceleration
signals [6].



2.1.3 Bogie mounted sensors

Some track faults were detected by measuring the acceleration of the bogies. Weston
et al. demonstrated track irregularity monitoring by using bogie-mounted sensors [7].
Malekjafarian et al. investigated the use of drive-by-train measurements for railway
track monitoring [8].

2.1.4 Car body mounted sensors

Tsunashima et al. developed a system to identify track faults using accelerometers and
GNSS placed on the car body of in-service vehicles [9—13]. Bai et al. used low-cost
accelerometers placed on or attached to the floors of operating trains to analyse track
condition [14]. Track condition monitoring based on bogie and car body acceleration
measurements was presented and verified [15]. Balouchi presented a cab-based track-
monitoring system [16].

2.1.5 Signal processing

Several non-model-based and model-based techniques have been proposed to extract
signals on faulty tracks from measured vehicle vibrations. Tsunashima proposed a
non-model-based technique using time-frequency analysis [11].

A Kalman-filter-based method was proposed to estimate the track geometry of
Shinkansen tracks from car body motions [17]. The proposed method was modified
and applied to conventional railways [18]. Tsunashima proposed a classifier based on
machine-learning techniques to automatically identify track faults from the measured
car-body vibrations [10]. Another method that automatically classifies the type and
degradation level of track faults has also been proposed. In this method, a convolu-
tional neural network is used for imaging car body acceleration on a time-frequency
plane by applying CWT [12].

2.1.6 Smartphones based system

Chellaswamy et al. proposed a method for monitoring railway track irregularities by
updating the status of tracks in the cloud [19]. Rodriguez et al. proposed the use of
mobile applications to assess the quality and comfort of railway tracks [20]. Cong
et al. proposed using a smartphone as a sensing platform to obtain real-time data
on vehicle acceleration, velocity, and location [21]. Paix@o et al. proposed using
smartphones to perform constant acceleration measurements inside in-service trains,
which can complement the assessment of the structural performance and geometrical
degradation of the tracks [22]. A track condition monitoring system for use on a
smartphone was developed for regional railways in Japan [23].



2.2 Track condition monitoring system

Track inspection vehicles are used to measure track displacement. Track management,
which is based on track displacement measurements performed by major railway com-
panies, is crucial to control track irregularities such as longitudinal level, alignment,
gauge, cross level, and twist (depicted in Figure 1).
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Figure 1: Track structure and irregularities.

However, it 1s difficult for regional railway companies to introduce track inspection
vehicles owing to their high costs. Moreover, manual inspections by track mainte-
nance staff are inefficient and expensive.

Figure 2 shows the track condition monitoring system implemented on regional
railway lines in Japan [9]. Accelerometers and rate gyros in the onboard sensing
device measure the car body vibrations. A global navigation satellite system (GNSS)
receiver detects the train speed and location. The collected data are continuously
transmitted to the data server at the monitoring centre via a mobile phone network.
The diagnostic software analyses the collected data, and the results are fed back to
railway operators through online channels via tablet computers. The diagnostic results
obtained are used to facilitate maintenance work for railway operators.

The car body vibrations are correlated significantly with the track irregularity.
Therefore, the single-sided maximum amplitude of vibration in a 10-m-long section
is calculated based on the measured car body vibration acceleration and then utilised
in the evaluation. The single-sided maximum amplitude used as a feature value is
the absolute value of half the amplitude of the highest vibration acceleration in this
section.

We investigated the locations where the large car body vertical acceleration was
measured on a regional railway line inside an in-service train equipped with a sensing
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Figure 2: Track condition monitoring system.

device. The results are shown in Figure 3.

Figure 4 shows the change in acceleration at the points where large car body ver-
tical acceleration was observed between the EF section (8.35 km to 8.50 km) from
October 2016 to December 2023. The vertical axis represents the maximum value of
the vertical acceleration, and the horizontal axis represents the date of measurement.
To evaluate long-term changes in the track, one maximum value of the car body verti-
cal acceleration in a 10-m-long section was extracted and plotted for each run of data.
The figure shows that the vertical acceleration gradually increases with time, indicat-
ing that the track condition deteriorates. Owing to the general inspection of vehicles
and software updates of onboard sensing devices, almost no data were obtained during
some periods.

The sudden drop in vertical acceleration indicates the effect of track maintenance
on 28 August 2021. The long-term trend of track condition deterioration can be deter-
mined by continuously measuring the car body vertical acceleration. For track mainte-
nance using car body vertical acceleration, criteria are required to determine whether
the measured acceleration is normal. However, setting the threshold for acceleration is
very difficult because acceleration is significantly affected by running speed. We pro-
pose a method for determining when track maintenance should be performed, using
the data shown in the figure 4.
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Figure 4: Changes in maximum car body vertical acceleration between the EF section
(8.35 km and 8.50 km).



3 Method of evaluating track condition

3.1 Chi-square distribution

We propose a method for evaluating track conditions using the chi-square test. The
chi-square test is widely used for fault detection.

The chi-square variable is written in the general form as

k 2
xizZ(“a,“’) , (1)

=1

where n is the number of observations, x; is the observed variable, y; is the expected
value, o; is the standard deviation, and k£ is the number of degrees of freedom.

The chi-square distribution has a single parameter, the degrees of freedom (k),
which influences the shape and spread of the distribution, as shown in Figure 5.

oA ;X
W W N =

LI T | R T

—
S

Probability Density Function

Figure 5: Chi-square distribution.

3.2 Fault detection of track condition

To determine the outliers using the chi-square distribution, the following indices were
defined to evaluate the track condition based on the observed vertical acceleration:

ax;) = (xi_“)z, )

g
where x; is the measured acceleration, y is the expected value of dataset, o is the
standard deviation of the dataset.

If the significance level are 0.05, 0.01, 0.005 when the degree of freedom is unity,
the threshold of probability distribution are 3.84, 6.63, 7.88, respectively.



3.3 Application examples
3.3.1 Example 1

We examined the proposed method for measured car body acceleration between the
EF section (8.35 km to 8.50 km) from October 2016 to August 2023. In the training
dataset shown in Figure 6, the acceleration gradually increases over time, indicating
that the track conditions deteriorate. In particular, the acceleration dropped sharply
after 28 August 2021, indicating the effect of maintenance work. As the acceleration
was approximately 5 [m/s?], maintenance work was performed considering the possi-
ble risk of derailment. When conducting track management using the vehicle vertical
acceleration, it is necessary to use a training dataset to detect track faults and clarify
when maintenance work should be performed.
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Figure 6: Measured acceleration between EF stations (8.35 km to 8.50 km) from Oc-
tober 2016 to August 2023.

Figure 7 shows the histogram of a(z;) and the chi-square distribution with one
degree of freedom (solid red line) of the training data. The histogram shows that
a(x;) is concentrated at small values, indicating a low probability of occurrence of
large values. It can also be observed that the chi-square curve and histogram are in
good agreement. Because the chi-square distribution is used to determine outliers, a
threshold value of 3.84 is obtained when the significance level is set at 0.05.

Figure 8 shows the time variation of the index, a(z;), calculated from the measured
car body vertical acceleration; outliers exceeding the threshold value of 3.84 were
detected after 1 March 2020. Thereafter, the outliers increased rapidly, suggesting a
rapid deterioration of the track condition. Although track maintenance should have
been performed immediately, it was delayed until August 28, 2021. This resulted in a
period of nearly one year during which a large car body vertical acceleration occurred,
which was considered a safety problem.

Figure 9 shows the change in acceleration at the location where a large vehicle body
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Figure 7: Distribution of a(z;) on training dataset.
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vertical acceleration was observed in the training dataset. On 1 March 2020, a vertical
acceleration of 2.82 [m/s?] was measured. Therefore, a track management plan can
be developed for this section of the track, with the threshold value for maintenance
management set at 2.82 [m/s?].
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Figure 9: Determination of threshold value for maintenance.

3.3.2 Example 2

Figure 10 shows the change in acceleration at locations where a large vehicle body
vertical acceleration was observed between the NO section (26.3 km to 26.45 km)
from October 2016 to December 2023. In the training dataset, the vertical acceler-
ation increased over time, indicating deteriorating track condition. In particular, the
vertical acceleration dropped sharply after track maintenance on 3 March 2019, indi-
cating the effect of maintenance work. After track maintenance on 3 March 2019, the
vertical acceleration increased again, indicating that the track condition deteriorated.
Therefore, we used the training dataset to evaluate track conditions and determine
when maintenance work should be performed.

Figure 11 shows the histogram of a(z;) and the chi-square distribution with one
degree of freedom (solid red line) for the data after 3 March 2029. The means and
standard deviations were obtained from the training dataset. The figure shows that
the chi-squared curve and histogram are almost identical. As in Example 1, the sig-
nificance level for outlier determination was set to 0.05. Therefore, a threshold value
of 3.84, which was less than 5% of the probability distribution, was used to detect
outliers.

Figure 12 shows the trends in a(x;) over time; an outlier above the threshold value
was detected on 8 September 2021. Therefore, track maintenance should have been
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Figure 10: Measured acceleration between NO stations (26.3 km to 26.45 km) from
October 2016 to December 2023.
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Figure 11: Distribution of a(z;) for the acceleration data after 3 March 2029.
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carried out immediately; however, as of December 2023, no maintenance has been
carried out. Therefore, track maintenance must be performed immediately.

Figure 13 shows the change in the measured car body vertical acceleration. An
acceleration of 3.67[m/s?| was measured on 8 September 2021. This suggests that
a threshold of 3.67 [m/s?] is appropriate for track management in this section of the
track.
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Figure 12: Outlier detection for the acceleration data after 3 March 2029.

4 Conclusions

A track management method based on the car body vertical acceleration was pro-
posed for regional railways. By applying a chi-square distribution to the measured
vertical acceleration and defining the significance level, the reference values required
for track management can be automatically calculated. This helped determine when
track maintenance should be performed, thereby contributing to the safety of regional
railways. The proposed method should be implemented over a long duration to anal-
yse its effectiveness in performing track maintenance.
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