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ABSTRACT

To ensure railway operations safe, track geometry parameters, e.g., track gauge, are usually inspected using track
geometry cars. The measurement frequency of track geometry cars is low (twice per year) due to high operational
costs and track possession. An innovative way to perform track inspection at high frequency and affordable cost
is using mobile track inspection systems, which can be easily mounted on passenger or freight trains. Besides
track geometry, it also creates a digital copy of railway corridors providing asset managers with the ability to
make fully informed decisions on track assets. Differently, the collectors of mobile systems are further away from
the axle than track geometry cars, which are regarded as unloaded and loaded measurement respectively. This
difference may lead to a discrepancy in measurement results. This paper studies the difference between loaded
and unloaded measurements, using experimental and numerical methods. In the experimental research, a section
of track was measured using both systems. The track longitudinal level measured using unloaded and loaded
methods were compared, and the discrepancy reported. It was found that although the measuring distance can
cause discrepancies, the unloaded measurement method still meets the measurement requirement. The largest
discrepancies are in track transition zones, which is explained using the numerical method. After that, a case
study using the unloaded measurement method is presented, wherein a section of track has been measured every
month. The results show the advantages of frequent measurements in track inspections and the potential ap-

plications of unloaded track inspections.

1. Introduction

Railway tracks are regularly inspected to assess the track quality and
ensure their safe operation [1-3]. The track quality is described by track
geometry parameters normally including track gauge, alignment, lon-
gitudinal level (also referred to as surface or profile [4], as shown in
Fig. 1), cross level, and twist [5-7]. Track geometry tends to drift away
from the design geometry as the number of passed tonnage growing [8].
After collection, track geometry parameters are used for the detection of
defects depending on the amplitudes. Various thresholds, i.e., the alert
limit, intervention limit and immediate action limit, are considered to
determine the maintenance actions [9,10,6]. A common way to measure
track geometry is to use track geometry cars with dedicated measuring
systems [11,12]. Operating costs are high as these cars require track
possession, usually locomotive power, a track geometry car crew, rail-
road engineering staff, a train crew, frequent maintenance, locomotive
fuel, and generator fuel; potentially limiting the inspection frequency.
Indeed, in most countries, the railway is only inspected two or three
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times per year. Moreover, for some privately-owned railways, the track
geometry cars are unaffordable due to capital and operating expenditure
costs (CAPEX and OPEX). As a result, the track quality cannot be
(routinely) timely updated, which leads to less accurate evaluation and
consequently less effectively maintenance plan.

An alternative, innovative way to perform track inspection is using
mobile track inspection systems that can be easily mounted on passenger
or freight trains and operate autonomously. Mobile systems require no
track procession or extra locomotives so the inspection cost can be
significantly reduced and the inspection frequency increased. For
instance, the track between Amsterdam and Eindhoven in the
Netherlands has been measured every month using this method. While
measuring track geometry, the system also creates a digital copy of
railway corridors providing asset managers with the ability to make
fully informed decisions on all track assets. Fig. 2a shows examples of
the track geometry car (a typical Class 1 track geometry train complete
with locomotive(s), power car, and the geometry car) and Fig. 2b shows
a mobile track inspection system (Rail Infrastructure alLignment
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Track gauge

Fig. 1. Explanation of track gauge, alignement and longitudinal level.

Acquisition system, referred to as RILA [13]) mounted on the back of a
passenger train respectively.

Both of the measurement systems use laser systems that generate
laser lines across the railhead with cross-sectional profiles recorded by
high definition cameras [3,4]. The major difference between the two
systems is the location of track geometry collectors. In the track geom-
etry car, the collector is positioned between axles of a bogie, relatively
close to axles (regarded as loaded measurement, or dynamic measure-
ment). However, the collectors in the mobile track inspection system are
mounted to the back of the train body, resulting in a larger distance to
axles (regarded as unloaded measurement, or static measurement). The
difference in the distance between the collector and axles may lead to a
discrepancy in the track geometry measurement results due to the
different location at the deflection bowl, especially for the track (sur-
face) longitudinal level as illustrated in Fig. 3.

To use the mobile track inspection system, we need to understand if
the measuring distance affects the measurement results, namely, the
difference between loaded and unloaded measurements. The goal of this
paper is to study the difference between loaded and unloaded mea-
surements in track surveys. The paper is structured as follows. Section 2
describes the measurement device, the sensors and the measuring
principle. Section 3 presents the field measurement results of comparing
unloaded and loaded methods for a section of the track. In Section 4, a
theoretical explanation is provided of the difference between the loaded
and unloaded measurements using the Finite Element Method. With a
better understanding of the unloaded measurement, a case study is
presented in Section 5, wherein the track parameter measured using the
unloaded measurement is analysed. Finally, the conclusions are pro-
vided in Section 6.

2. Measurement device

The mobile track inspection system comprises a GNSS (Global
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Navigation Satellite System) antenna, an IMU (Inertial Measurement
Unit), a LiDAR (Light Detection And Ranging) scanner, three video
cameras, and two laser vision systems (rail scanners) as shown in Fig. 4.
All sensors are fixed to the carbon fibre housing unit and the carbon fibre
mast - where the GNSS antenna attaches to - is foldable for easy trans-
portation. The detailed sensor parameters are shown in Table 1.

As shown in Table 1, the GNSS position is recorded at 8.89 m in-
tervals along the track at an operating speed of 160 km/h. To improve
the accuracy of the GNSS data, the train-collected data is post-processed
in conjunction with the data from an active GNSS reference network
supplemented with Virtual Reference Stations calculated at 10 km in-
tervals along the track [14] (a network RTK solution). The IMU mea-
sures the acceleration and orientation of the system, which is used for
post-processing GNSS data. In post-processing step, IMU and GNSS
data get integrated, which enables post-processed calculation of inter-
mediate points between primary GNSS positions at 0.148 m intervals. As
a result, a high accuracy trajectory solution can be obtained for geore-
ferencing the track data. To further improve the accuracy of the track
position, an integrated solution involving the point clouds collected by
the LiDAR scanner and the laser vision systems are used. In this step, the
track distances between adjacent track lines calculated from the point
clouds of the LiDAR scanner are measured accurately and they are used
to adjust the position of track data. Also, each survey has been repeated a
total of four times to increase the measurement certainty and decrease
the effect of stochastic errors, i.e. GNSS related errors. Therefore, a high
degree of the absolute accuracy of the track position can be determined
without the need for ground control (manual measurements). The
standard deviation of the longitudinal and lateral direction of the track
(X and Y direction) is less than 8 mm, and that of the vertical direction
(Z-direction) is less than 12 mm.

After absolute track geometry data (e.g., track position) is acquired,
the track chainage can be calculated and adjusted to the asset database.
During the measurement, the relative track geometry is measured by the
laser vision systems. The laser vision system projects a laser beam over
each rail and, as it passes over, the integrated camera captures high-
resolution images of the rail profile. A blue colour laser beam is used
to avoid interference of the sunlight, as shown in Fig. 5.

The laser vision system measures the coordinates of more than 1400
laser points per railhead at 500 times per second. Rail profiles are
recorded at 9 cm intervals at an operational speed of 160 km/h (100
mph). For each captured laser image of the rail head and rail foot, the
wear of the rail can be calculated by comparing it with the reference rail
profile. The relative track geometry parameters, for example, gauge and
cant, can be calculated by combining the laser images of two rails. An
example of a single rail profile is shown in Fig. 6a, where the green line is
the reference rail profile, the black dots are the rail profile captured by
the laser vision system, and the wear is indicated by the red arrows. The
measurement results of a switch (turnout) combined by multiple rail

Fig. 2. Typical Class 1 track geometry train complete with locomotive(s), power car, and the track geometry car (a); Mobile track inspection system-RILA mounted

on the back of a passenger train (b).
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Fig. 3. Schematic diagram of the difference caused by the distance between collector and axle.

GNSS Antenna

Foldable carbon fiber mast

Light weight Carbon-unit

360° LiDAR scanner
3 x Video Cameras 165°

IMU

2 x Railscanners

Fig. 4. Mobile track inspection system (Rail Infrastructure aLignment Acqui-
sition system, referred to as RILA).

Table 1
Parameters of sensors.

Sampling Amount  Sampling interval along the track
frequency (Hz) (m)
at 100 km/h at 160 km/h
(62 mph) (100 mph)
GNSS 5 1 5.56 8.89
antenna
IMU 300 1 0.09 0.15
LiDAR 250 x 4000’ 1 0.11 0.18
scanner
Laser vision 500 x 2352* 2 0.06 0.09
system
Video camera 15 3 1.85 2.96

1 250 rounds per second and 4000 points per round.
2 500 rail profiles per second and 2352 points per profile.

profiles are shown in Fig. 6b.

One of the advantages of the mobile track inspection system is that it
can be easily attached to any passenger or freight train. It is commonly
installed on the automatic couplers on the rear of a train via a custom-
built adaptor. The installation can be conducted in one or two minutes
during a regular train stop. Throughout the installation process, two
operatives need to step in the track, with the permission received from
the train operating company or railway company. After installation, the
two operatives travel on the train in the rear driver’s cabin. The
installation process is shown in Fig. 7. It is remarkable to note that the
measurement results are less affected by the weather during operation
because the device is normally mounted to the rear of trains.

3. Experimental analysis

To study whether the measuring distance affects the measurement
results, a field measurement was performed on the track between Den
Haag and Zoetermeer, in the Netherlands as shown in Fig. 8a (the
measured track is indicated by the green line). The track is a standard
ballast track with double tracks consisting of 30 cm-depth ballast bed,
concrete sleepers (ties) and UIC54 rails. More information regarding the
measurement is provided in [15] Because the track longitudinal level
measures the deviation in the vertical direction of the running surface on
rails from the smoothed vertical position, which indicates the vertical
smoothness of a track, it is most sensitive to the distance issue, as
illustrated in Fig. 3. It is analysed with a relatively short wavelength
(between 3 m and 25 m, D1 band in [5]) in this section. It should be
noted the track longitudinal level is a relative result calculated from the
absolute result - track elevation. During the calculation, a bandpass filter
and a 4th order Butterworth filter is used, according to [5].

During the measurement, the mobile track inspection system was
installed on a locomotive at a close location (1.1 m), and a far location
(3.1 m) separately, as the schematic diagram shown in Fig. 8b. The
wheel load of the locomotive is 8.5 ton. The close and far location are
regarded as loaded and unloaded respectively according to EU standards
[5D.

The track longitudinal level was measured using the system in both
the close and far position. In total 6 runs were performed. The detailed
parameters of runs are shown in Table 2.

The measurements were performed under similar conditions on a 3
km long section of track and conducted on the same day. By comparing
the measurement results with the same measuring distance, e.g., Run
land Run 3, the stability of the device can be analysed, which is referred
to as repeatability [12]. On the other hand, by comparing the results
measured with different measuring distance, e.g., Run 1 and Run 5, the
effect of measuring distance can be analysed, which is referred to as
reproducibility. Therefore, the four tests can be arranged as shown in
Table 3.

The results of the tests are shown in Fig. 9a-h. In the figure, we first
compared the measurement results and then calculated the discrep-
ancies (absolute value). According to [12], the 95 percentile of the
discrepancies is used as an indicator evaluate the repeatability and
reproducibility of the device, the limits of which are 0.5 mm and 0.8
mm, respectively. The histograms of the tests are shown in Fig. 10.

As shown in Fig. 9a and c, the results from those runs with the same
conditions are very close indicating that the repeatability of the mea-
surement is good. The discrepancies between the two measurements
(see Fig. 9b and d) are also very low. On the contrary, the discrepancies
between the loaded and unloaded measurements are relatively larger as
shown by Test 3 and Test 4 (Fig. 9e-h). The statistical analysis of tests is
shown in Table 4. Although the measuring distance increases the dis-
crepancies, the 95 percentile of the discrepancies are still smaller than
the limit — 0.8 mm, meaning the difference between the loaded and
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Fig. 6. Measurement results of laser vision system: Rail cross-section [mm] (a); Switch profile (b).

unloaded measurements are small.

The repeatability of measurement (measurement error) can be esti-
mated using the 95 percentile of Test 1 and Test 2 in Table 4, which is
0.07-0.15 mm. Taking into consideration that the discrepancies in Test
3 and 4 contain both the measuring distance effect and measurement
error, the result of measuring distance can be approximated as
0.12-0.27 mm. Comparing to the limit of reproducibility 0.8 mm, the
discrepancies between the loaded and unloaded measurements are
small, which are 0.27-0.34 mm. We can therefore conclude that
although the unloaded measurements cause minor discrepancies they
produce satisfactory results.

Another finding from the results is that the discrepancies between
the loaded and unloaded measurements are significantly unevenly
distributed; the majority are small values but some are considerable. For

instance, 95 percentile of the discrepancies of Test 4 is less than 0.27
mm, while the maximal discrepancy reaches 1.13 mm (unloaded mea-
surement is less than loaded measurement). This may mean the effect of
measuring distance becomes more significant in some specific locations
than others. To validate the assumption, the corresponding location of
the maximal discrepancy of Test 3 and Test 4 (18.431 km and 18.408
km, respectively), as indicated by P1 in Fig. 9f and P2 in Fig. 9g, are
marked on the map as shown in Fig. 11.

As shown in Fig. 11, the main discrepancy in both Test 3 and Test 4
appears in the same bridge transition zone at the bridge-embankment
transition (when the train leaves the bridge) indicating that measuring
distance has an effect on the track geometry measurement in track
transition zones. The reason for this may be related to the severe track
geometry irregularity often observed in transition zones [16-20], e.g.,
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Fig. 7. Installation of mobile track inspection system:
antenna (c); Leave track (d).

Fig. 8. Location of field measurement

3.1m (unloaded)

(a); Measurement locomotive (b).

Table 2 Table 3
Run parameters. Test setup.
Run No. Distance Moving direct Test Runs Representation Name
1 No. included
1 Close -
2 Close -2 1 1,3 Measurement error Repeatability
3 Close — 2 4,6
4 Far - 3 1,5 Distance effect + Measurement Reproducibility
5 Far - 4 2,4 error
6 Far —

!« means the train moves from Zoetermeer (East) to Den Haag (West).
2 _, means the train moves from Den Haag (West) to Zoetemeer (East).

hanging sleepers (the sleepers poorly supported by ballast but hanging
to rails). This phenomenon is studied in detail under Section 4 using
numerical simulation.

4. Numerical analysis

To analyse the effect of the measuring distance in track transition
zones, a theoretical study was performed using the Finite Element (FE)
method. The dynamic model used is shown in Fig. 12a. The model
consists of three main parts, namely two ballast tracks on the
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Fig. 9. Comparison of the track longitudinal level measured in Run 1 and Run 3, Test 1 (a); Discrepancy between Run 1 and Run 3, Test 1 (b); Comparison of the
track longitudinal level measured in Run 4 and Run 6, Test 2 (c); Discrepancy between Run 4 and Run 6, Test 2 (d); Comparison of the track longitudinal level
measured in Run 1 and Run 5, Test 3 (e); Discrepancy between Run 1 and Run 5, Test 3 (f); Comparison of the track longitudinal level measured in Run 2 and Run 4,
Test 4 (g); Discrepancy between Run 2 and Run 4, Test 4 (h).
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Table 4
Statistics analysis of tests.
Test Representation Average 95 percentile Maximum
No. (mm) (mm) (mm)
1 Measurement error 0.05 0.15 0.31
2 0.02 0.07 0.22
3 Distance effect + 0.13 0.34 1.15
4 Measurement error 0.10 0.27 1.13

Measurement 169 (2021) 108556

embankment and a slab track on a bridge. The ballast tracks are both 48
m long, and the bridge section is 24 m long. The total length of the model
is 120 m. The vehicle model is 23 m long, moving from the one end of the
track to the other end at the velocity 140 km/h. The components of
ballast tracks are rails, fasteners, sleepers, and ballast. The rails are
modelled by Hughes-Liu beam elements with 2*2 Gauss quadrature
integration [21]. The cross-sectional and mass properties of the UIC54
rails are used and the element length of rail is 75 mm. Spring-damper
elements between rails and sleepers are used to simulate fasteners.
Sleepers and ballast are modelled by three-dimensional elastic bodies
which are composed of the selective reduced integrated hexahedral solid

Fig. 11. Track section corresponding to maximal discrepancies, P1 from and P2 from Fig. 9.

Embankment

Embankment

b

/

EEsssEEEEEEREEEREE
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Train

"

Embankment-Bridge boundary

RILA

Track geometry with irregularity

_eveveveiaTavataRaRRRteRRsRRRrRtRiRRaRRg,

Fig. 12. FE model of train and track (a); Track geometry with irregularity in transition zone model (b); Track geometry with irregularity, enlarged by 30 times (c).
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elements. The vehicle model is idealised as a multibody system con-
sisting of one carbody, two bogies and four wheelsets. The primary and
secondary suspensions are modelled by spring-damper elements.

The contact between wheel and rail is modelled using the Hertzian
spring and the connection between sleepers and ballast is modelled by
nonlinear contact elements, which enables the separation between
sleepers and ballast so that the spatial movement of hanging sleepers can
be modelled more accurately. The non-reflecting boundary conditions
are applied on both ends of the model to reduce the wave reflection
effect [22]. The bottoms of the ballast and the bridge are fixed. The
detailed parameters of the model are shown in Table 5 and the model
has been validated [23].

To model the track geometry irregularity in the transition zone, a
downwards differential settlement is added to the embankment, while
the track on the bridge remains unchanged, as shown in Fig. 12b. The
differential settlement used here is 8 mm, which is often found in field
measurements e.g., in [24]. After adding the differential settlement, the
track geometry is indicated in Fig. 12c (enlarged 30 times). Some
sleepers next to the bridge are hanging due to the differential settlement
and the constraint of the track on bridge.

The mobile track inspection system is modelled by a rigid body
element with lightweight. It has the same velocity as the vehicle but is
disconnected from the vehicle to ensure it isn’t affected by train vibra-
tion. During the simulation, the vertical coordinate of the collecting
point of the inspection system is recorded, regarded as the track longi-
tudinal level measured by the inspection system model. The model of the
inspection system is placed at the close location (1.1 m) and the far
location (3.1 m) respectively as per the field measurements (Section 3).
The calculated track longitudinal level (D1) are compared at two loca-
tions in Fig. 13.

As shown in Fig. 13, the results are very similar in the track sections
on the embankment (before 45 m and after 85 m) as well as in the
section on the bridge (from 56 m to 74 m). Considering the track sections
on the embankment having a lowing track stiffness and that on the
bridge high, it shows that the loaded and unloaded measurements pro-
ducing the same results as long as the track stiffness is constant.

On the contrary, relatively large discrepancies have been found on
the track section with stiffness variation, i.e., the transition zone from
embankment (from 45 m to 55 m) the bridge and from the bridge to the
embankment (from 75 m to 85 m). Especially, the results of the unloa-
ded measurement account for 83.6% of the loaded results, which means
more than 15% value lost. The bottom values of the loaded and unloa-
ded case are —4.23 mm and —5.06 mm respectively. The numerical
results correlate strongly with those in the field as shown by the com-
parison of discrepancies in Fig. 14.

As shown in Fig. 14, discrepancies can be found both before and after
the bridge in the transition zone, wherein the one in the bridge-
embankment transition (train moving off the bridge) is larger. It can

Table 5

Parameters of the transition zone model.
Parameter Value
Axle load (kN) 186.3
Distance between wheels (m) 2.5
Distance between bogie centres (m) 20.0
Length of carbody (m) 23.0
Primary suspension stiffness (N/m) 4.25 x 1010
Primary suspension damping (Ns/m) 1.8 x 10"10
Secondary suspension stiffness (N/m) 4.68 x 1010
Secondary suspension damping (Ns/m) 3.5 x 10710
Secondary suspension bending stiffness (Nm/rad) 1.05 x 10"10
Elastic Modulus of sleeper (Pa) 3.65 x 10"10
Poisson ratio of sleeper 0.167
Elastic Modulus of ballast (Pa) 1.20 x 10°10
Poisson ratio of ballast 0.25
Elastic Modulus of concrete slab (Pa) 3.50 x 1010
Poisson ratio of concrete slab 0.167

Measurement 169 (2021) 108556
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Fig. 13. Simulation results of the track longitudinal level collected at the close
and far points.

also be seen that the discrepancy curve of the measurements taken in the
field fluctuates more compared to that of the simulation. This proves
that the loaded and unloaded measurements have very similar results
when the track has even stiffness, while having discrepancies only when
the track has stiffness variation.

The reason for large discrepancies appearing in transition zones can
be explained by the ‘hidden’ track irregularity (or dynamic track ir-
regularity) which only appears under loading, e.g., hanging sleepers in
transition zones. Given that the track stiffness is even, the measurement
results using loaded or unloaded measurement should be the same.
When the track stiffness becomes low on short sections, for example, due
to a hanging sleeper, the unloaded measurement captures a smaller
value than the loaded measurement because the collector has a longer
distance to the bottom of the deflection bowl. It should be noted that the
discrepancy is minor; 16.7% according to the simulation results. Also,
since the wheel-rail contact point represents the bottom of the deflection
bowl, even the loaded measurement is a distance from it and therefore
also has a certain reduction compared to the true value. As a result,
when comparing the unloaded measurement with loaded measurement,
we are not comparing a ‘reduced’ value with a ‘true’ value, but a
‘relatively more reduced’ value with a ‘relatively less reduced’ value. In
addition, the difference between them only appears when the track has a
local stiffness variation. Also, the maximum reduction is less than 20%
(16.7%), which is insignificant.

Considering the findings that the largest reduction is insignificant,
and that the results of the unloaded measurement meet the required
measurement standards (see Section 3), it is recommended to use the
unloaded measurement method as it has many advantages in terms of
cost reduction and increasing the measurement frequency.

5. Case study

With a better understanding of the unloaded measurement method, a
case study of using it to measure the track geometry has been conducted.
A section of the passenger railway line between Amsterdam and Eind-
hoven has been measured monthly using the mobile track inspection
system. The whole track has been measured five times, including August
2018, September 2018, October 2018, November 2018, and January
2019. December 2018 is unfortunately not measured due to practical
reason. The track longitudinal level (D1) in a representative location is
analysed in Fig. 15a.

As seen in Fig. 15a, the longitudinal levels of the 5 runs are similar to
each other before 20.5 km and after 23 km but between these values is a
relatively large variation. The largest change appears at 21.85 km,
which can be seen in Fig. 15b; the amplitudes increase from September
2018 reaching the maximum level in November 2018, while reduces in
January 2019. The standard deviation of the longitudinal level is
calculated using a 25 m sliding window (100 samples) following the
method used in [25], as shown in Fig. 16a.

Similar to Fig. 15a, Fig. 16a shows that the standard deviation is
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higher at 20.7 km, 21.8 km and 24.2 km than at other locations. Fig. 16b
shows the detailed change of the standard deviation overtime at 21.8
km, revealing the local degradation process of the track quality. The
standard deviation is reduced in January 2019, indicating that mainte-
nance was performed between November 2018 and January 2019. After
consulting with the railway owner (ProRail), it was confirmed that a
track maintenance was performed in December 2018. It should be noted
that the quality of the track for those locations with a high standard
deviation is poor and remains poor even after maintenance, confirming
the ‘memory effect’ of track [26,3,27]. The reason for the fast degra-
dation is due to poor subgrade confirmed by the maintenance staff.

Fig. 17 shows the average standard deviation of the longitudinal
level D1 over the entire track section. The increase rate can be calculated
(indicated by the red solid line), reflecting the rate of track degradation.
Moreover, the effect of maintenance can be seen by the vertical dotted
line. This information can provide a deeper understanding for the
maintenance staff to evaluate the track quality and the maintenance
performance, which cannot be captured when the track is measured at
the conventional frequency (twice per year).

6. Conclusions

This paper presents an innovative approach to perform track in-
spection. The method uses a mobile track inspection system (RILA)
which can significantly reduce the inspection cost and increased the
inspection frequency. Since the system is mounted to the end of pas-
senger or freight trains, its collector has a longer distance to the bottom
of the track deflection bowl (wheel-rail contact point) comparing to
track geometry cars. Thus, it is regarded as an unloaded measurement.
The paper studied the effect of the measuring distance on track geometry
measurement, in both experimental and numerical ways.

The field measurement shows that the device has good repeatability
and reproducibility. Although the measuring distance can cause rela-
tively small discrepancies, the unloaded measurement method still
meets the requirement of measurement standard. Another finding from
the field measurement is that the discrepancies between the loaded and
unloaded measurements are significantly unevenly distributed. The
largest discrepancies are found in transition zones (the bridge-
embankment transition), where the larger stiffness variation and
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differential settlement appears.

The results numerical simulation shows that the measurement results
using loaded or unloaded measurement should be very similar, given
that the track stiffness is even. When the track stiffness varies at short
section, e.g., due to a hanging sleeper, the unloaded measurement
captures a smaller value than the loaded measurement. The largest
discrepancy is also found in the bridge-embankment transition, where
the unloaded measurement captures 80% of the amount of the loaded
measurement.

Because the effect of the measuring distance is small, it is recom-
mended to use the method to increase the measurement frequency, e.g.,
from once per 6 months to once per month. The frequent measurement
results show a very detailed track degradation process and the effec-
tiveness of the track maintenance.
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