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This paper presents a methodology for monitoring transition zones using responses of multiple-axle box accel-
eration (multi-ABA) measurements. The time—frequency characteristics of the vertical ABA signals from four
wheelsets are analyzed. The major contributions are as follows. (1) We propose four key performance indicators
(KPIs) to quantify local multi-ABA energy differences at different abutments, tracks, entrance and exit sides, and
inner and outer rails. (2) The same dominant spatial frequencies are obtained with different measurement speeds,
so the proposed method is suitable for multi-ABA systems mounted on operational trains. Transition zones at
nine double-track railway bridges are selected as the case study. The KPIs indicate that (1) the energy differences
between abutments are above 80% in three bridges; (2) two abutments show that the energy differences between
tracks are higher than 100%; (3) three tracks have energy differences above 100% between the entrance and exit
sides; and (4) the energy differences between rails are above 80% on three sides. Finally, using measurement
with 7 years of difference, the KPIs and track quality index are discussed. These findings suggest that multi-ABA
measurement can be used as a health condition monitoring method for railway transition zones to support
condition-based maintenance.

1. Introduction

Railway transition zones are the segments between the conventional
track and rigid structures, such as bridges, tunnels, and culverts. The
degradation of track geometries at transition zones usually occurs much
faster than at other locations [1-8]. For example, in the Netherlands, it
has been reported that the maintenance frequency at transition zones
can be 2-8 times that for typical tracks [9]. This frequent maintenance is
very costly and largely reduces track availability.

The fast degradation of transition zones has attracted extensive
worldwide attention from the railway community. The literature on
railway transition zones covers various approaches for understanding
the corresponding behavior, such as modeling [10-17] and monitoring
[18-24]. The fast degradation at railway transition zones is mainly
attributed to the variation in track support [2,19,25-29].

In addition to differential track support, degradation can occur from
secondary causes, such as a poor ballast layer, an insufficient lateral rail
constraint, an embankment foundation that is too soft, train speeds
higher than the design speed, and an excessively heavy train axle load
[2,25]. Therefore, a particular transition zone needs customized solu-
tions because of its specific designs, structures, bearing capacity, soil

* Corresponding author.

conditions, etc. Each country has regulations for designing and con-
structing railway transition zones [25]. The maintenance solutions for
transition zones have varied from ballast tamping or stone blowing [30]
to the use of under sleeper pads [31], ballast glue with polymers [32],
auxiliary rails [33], and adjustable fasteners [34].

These different solutions combined with the functional service con-
ditions of the transition zones make the corresponding health moni-
toring task complex. Researchers in the railway field aim extract
valuable and practical information from transition zones from various
measurements. At present, many measurement techniques have been
developed to monitor the health conditions of railway transition zones,
including trackside and onboard measurement techniques [35]. Track-
side measurements can monitor responses from instrumented transition
zones at specific locations and subsequently interpret them into health
condition indicators. Every train passage generates the excitation
required to acquire health condition information. In the case of onboard
measurements, every train passage acquires information from all the
transition zones it visits. In particular, sensors mounted on the vehicle
capture the responses related to the train-track interaction. These
measurements contain the whole track system response. Identifying
which parts of the responses are related to each track component can be
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challenging, especially in terms of low and middle frequency ranges
[36-39]. Track monitoring benefits from both trackside and onboard
measurements. In this paper, we focus on onboard sensing, considering
that nowadays, most rolling stock manufacturers are already instru-
menting all their rolling stocks, while campaigns for the instrumentation
of each and every transition zone still have open challenges when
thinking of massive instrumentations in large-scale networks. In [18], a
1-year monitoring campaign of a transition zone at a culvert with con-
crete approach slabs was conducted considering the vertical displace-
ment and settlement using geophones, accelerometers, and pore water
pressure sensors. The results showed that poor performance in the ver-
tical displacement was due to the settlement and rotation of one
approach slab. In [19], six months of field monitoring indicated that
hanging sleepers or sleepers in poor support conditions were a direct
cause of permanent vertical deformation in transition zones. Poor
sleeper support increases the applied stress from the sleeper to the
ballast. In [20], a monitoring framework was developed to assess the
performance of transition zones at culverts. The framework included
measurements based on the track dynamic flexibility using hammer
tests, vertical acceleration, and displacement responses of the track
components (rails, sleepers) using linear variable differential trans-
formers (LVDTs) and a laser-based position-sensitive detector. In [40], a
measurement campaign was described for assessing the performance of
the novel solution of the transition zone. The responses of track com-
ponents, including vertical acceleration of sleepers, vertical displace-
ment of sleepers, rails shear stress, and vertical displacement of rails,
were selected for the assessment. In [41], three transition zones with
different structural details were instrumented with accelerometers at
sleepers at the bridge, transition zone, and open track to assess their
performance. The results showed that sleeper acceleration of the well-
performed transition zone was less than 5 g, which was similar to the
responses of a sleeper on the open track. In contrast, transition zones
with track geometry problems were found to provide sleeper accelera-
tion higher than 10 g. In [42], so-called multidepth deflectometers
(MDDs) were introduced to the research framework to investigate dif-
ferential movement in railway transitions. Then, in [43], MDDs were
used to monitor track substructure settlement at different layers. The
measurement consisted of permanent deformation monitoring and
transient deformation corresponding to the train load. The findings
showed that the ballast layer was the most deformed for both accumu-
lated permanent and transient deformations. In addition, digital image
correlation (DIC) [44,45], satellite synthetic aperture radar (InSAR)
[46], smartphones [47], and geometry measurements [48] have been
used to monitor the differential settlement, settlement rate, and other
characteristics in transition zones. The methods discussed above have
general drawbacks, such as complex measurement procedures with high
costs, low data acquisition and transmission efficiency; or a limitation to
the geometry state instead of structural conditions. The latest sensing
techniques and Internet of Things (IoT) developments are expected to
enable full instrumentation of railway bridge transition zones and
automatic processing of frequent measurements [49-51].

The present study considers a multiple-axle box acceleration (multi-
ABA) monitoring technique that relies on onboard measurements and
has been implemented on operational trains, enabling frequent condi-
tion monitoring of transition zones and other railway track components.
The axle box acceleration (ABA) measurement method was developed
for railway track defect detection [52-54]. With this method, the local
dynamic response deviation can be evaluated and compared to the
measurements obtained under healthy conditions. In previous studies,
ABA measurements were used to detect squats in rail surfaces, perform
condition assessments of insulated rail joints, welds, crossing noses, and
measure joint bolt tightness [55-59]. The high-frequency range of ABA
is fundamental for detecting the abovementioned shortwave irregular-
ities. The present study is intended to characterize the ABA responses at
railway bridge transition zones as case studies to allow further de-
velopments of condition-based assessments of railway transition zones
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and maintenance solutions, especially substructures that consist of
layers of ballast, subballast, and subgrade [60]. Note that in some re-
ports, the subballast and ballast were considered part of the
superstructure.

The present paper focuses on the spatial frequency range from 0.04
m! to 0.33 m™}, corresponding to the D1 wavelength range of track
longitudinal irregularities from 3 m to 25 m [61]. This longitudinal
wavelength range has been reported to be dominated by substructure
variations [62,63], is used as one of the criteria for measuring tamping
activity [64], and is used for the analysis of track settlement modeling
[65]. Multi-ABA measurements include acceleration signals in the ver-
tical direction on multiple wheelsets; such signals are considered the
primary input to define the responses of railway transition zones. Then,
multi-ABA signal responses at different transition zone locations are
analyzed. It has been reported that more severe track conditions cause
higher dynamic wheel loads [64]. Thus, a method is proposed here to
compare the degradation level of transition zones at a particular bridge
based on ABA energy, as larger ABA energies should be observed for
tracks with more degradation. We propose four key performance in-
dicators (KPIs) based on multi-ABA measurements to evaluate the dif-
ferences in energy levels between different abutments, tracks, sides, and
rails at each bridge.

This paper is organized as follows. The proposed methodology for
monitoring railway transition zones using multi-ABA is presented in
Section 2. Section 3 describes an analysis of multi-ABA signals from
different wheelsets and different measurement speeds. Next, the re-
sponses of multi-ABA signals at various transition zone study areas are
analyzed in Section 4. Section 5 presents results from the degradation
level evaluation of transition zones using KPIs based on multi-ABA
measurements. Finally, the conclusion of this study and suggestions
for further research are presented in Section 6.

2. Multi-ABA measurement method at transition zones

The methodology of this study is shown in Fig. 1. The first step is data
collection. Next, wavelets are used to extract multi-ABA signal charac-
teristics, and the multi-ABA responses are analyzed at various locations
of a particular railway bridge. Finally, the condition of railway transi-
tion zones is evaluated using the ABA energy as the basis of four KPIs
that quantify differences between abutments, tracks, sides, and rails.

2.1. Data collection at railway transition zones

The ABA measurement system [66] consists of three major compo-
nents. First, 1-directional accelerometers with linear characteristics up
to 10 kHz are attached and aligned with the center of each axle box in
the vertical and longitudinal directions, with respect to the train travel
direction. Second, a global positioning system (GPS) antenna and
tachometer are used to determine the position and running speed of the
measurement train. Third, an NI compact RIO data acquisition system
records signals with synchronized sampling between all channels. The
acceleration at time instant t for wheelset w and rail r is defined as
ayr(t). Eight acceleration signals from four wheelsets w € {wl, w2, w3,
w4} and the inner (I) and outer (O) rails r € {I, O} are considered. The
front wheelset at the front bogie is w1, the rear wheelset at the front
bogie is w2, the front wheelset at the rear bogie is w3, and the rear
wheelset at the rear bogie is w4. The location of the wheelset w at time
instant t is x,,(t). Then, after synchronizing the signals, the acceleration
signals can be evaluated as a function of the track location x, ay,(x).
According to the system configuration, the measurement system records
ABA signals with a sampling rate of 25.6 kHz. However, several studies
have reported that the track substructure vibration responses occur in a
frequency range below 100 Hz [67-69]. In this study, the considered
wavelength 1 of track irregularities is from 3 m to 25 m. These irregu-
larities are the excitation, and the corresponding passing frequency f at
speed V of the measurement train is:
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1

Fig. 1. Proposed methodology of this study. ABA signals with 100 Hz cutoff frequency are used in the figures of this paper (source of aerial photographs: BBMS,

ProRail, source of background map: Google Maps).

7=y €))

The maximum operating speed in the conventional Dutch railway
network is 140 km/h. Therefore, the corresponding frequencies of in-
terest are on the order of 12.96 Hz. A 4th-order Butterworth low-pass
filter with 100 Hz cut-off frequency is used to preprocess the
measured ABA signals to cover the considered dynamic responses.

In addition, supporting information is considered from the Dutch
railway infrastructure monitoring database, called the Branche Breed
Monitoring Systeem (BBMS, in Dutch), including aerial photographs and
track geometry measurements. The track geometry measurements
include six parameters: The longitudinal level of inner rail and outer rail
(deviation of the top of rail head in the vertical direction from the
reference line), alignment of inner rail and outer rail (deviation of the
side of rail head in the lateral direction from the reference line), track
gauge (perpendicular distance between the inner side of rail head), and
cant (different height between the top of rail heads). The data are all
positioned in the Dutch railway reference system.

2.2. Response extractions using the wavelet

ABA signals are nonstationary and capture the track characteristic
frequency responses at different locations. One of the well-known
methods for analyzing these local variations is wavelet analysis. The
continuous wavelet transform (CWT) converts the acceleration signals
into energy at a specific location and frequency based on a group of
shifted and scaled wavelet functions. The CWT is defined in [70] as
follows:

N-1 '
CWT () = 3 () (@) @
0 ‘

g
n =

where CWT,,.(x,s) is the wavelet coefficient of the acceleration signal
from wheel w and rail r at location x and wavelet scale s with s > 0, N is
the number of data points in a considered time frame, ' = 0,...,N—1,
a,,-(n') is the ABA signal at instant t =n', n is the time index variable for
the continuous translation, &, is the time interval between data points,
and y is the wavelet mother function. The function y* is a family of
wavelets derived from the mother wavelet by translations and scaling,
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and x refers to the complex conjugate. In this paper, the Morlet function
is used as the mother wavelet. Finally, the wavelet power spectrum
(WPS) is defined as the square of the absolute wavelet coefficients:

WP, (x,s) = |CWT,,(x,s) | )

where WPS,, - (x,s) is the WPS of the acceleration signal from wheel w
and rail r at location x and wavelet scale s with s > 0. The scalogram, a
plot representing a function of time and frequency, is used to visualize
the WPS. Instead of the time domain, the space domain, according to the
track position, is used at each instance. Moreover, the spatial frequency
(m 1), the inverse of the wavelength obtained by dividing the measured
frequency by the measured speed, is considered due to the speed dif-
ferences between different measurements. Therefore, the scalogram in
the space domain function and the spatial frequency domain are used
instead of the time and frequency domains. This modified scalogram can
reflect the primary track responses with various measurement speeds at
different locations.

Then, the global wavelet power spectrum (GWPS) is used to evaluate
an average of the WPS within a particular segment of positions, calcu-
lated as follows:

1

np —m

n
D WPS, (%y8), Xay < Xy < Xy, )

n=ny

GWPS,.(s) =

where GWPS,, ,(s) is the GWPS of the acceleration signal from wheel w
and rail r, within the location from x,, to xn,, for wavelet scale s with
s > 0, WPS,, »(xn, s) is the wavelet power spectrum at position x,, and n;
and ny are selected according to the preferred window length of the
analysis.

Finally, the scale average wavelet power (SAWP) is used to investi-
gate the WPS within a considered spatial frequency range and can be
defined as follows:

(%)

. J2 .
SAWP,, ,(x) = 55? ) w
]

J=h

where SAWP,, -(x) is the SAWP of the acceleration signal from wheel w
and rail r, at location x and within the wavelet scale s from s; to sj,,
WPS,,+(x,s;) is the wavelet power spectrum at scale j, &; is the scale step,
& is the time step, and Cs is the empirically derived constant of the
wavelet function.

2.3. Railway bridge transition zones

This study aims to provide solutions for monitoring substructure at
conventional railway lines, particularly due to the generally poor
bearing capacity of the Dutch soil. In this paper, we first consider the
challenges at bridge transition zones. At those locations, a sharp change
in track stiffness occurs, and the lower frequency responses of ABA show
a dramatic change, where ballast, subballast, and subgrade responses
dominate. This studied railway line is double-track with fixed travel
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directions; see Fig. 2. Track L is for trains traveling from Lage Zwaluwe to
Dordrecht, and Track II is for trains traveling from Dordrecht to Lage
Zwaluwe. The health condition of the transition zones is estimated by
analyzing the measurements at different locations. These locations
include the entrance and exit sides on each of the two tracks, abutments
(dashed red lines in Fig. 2), and the inner and outer rails (dashed yellow
lines in Fig. 2). A segment length of 30 m was reported to be sufficient
for investigating transition zones [2,17,71], in line with the maximum
wavelength of 25 m of interest. Thus, track sections are analyzed at both
ends of the bridge, from 30 m before the abutment on the entrance side
to 30 m from the abutment on the exit side. Analysis of the energy
content of the multi-ABA signals indicated that 53% of the energy is
concentrated in the first 10 m next to the bridge. Thus, we analyze six
areas that are 10 m in length at the entrance side (Areas A-I to C-I for
Track I and Areas A-II to C-II for Track II) and the exit side (Areas D-I to
F-I for Track I and Areas D-II to F-II for Track II). The partitioning of 10
m helps visualize the spatial characteristics of transition zones. The
farther the zone is from the bridge (zones A and F), the closer the
response is to the conventional track. Further, the estimation of SAWP
and wavelet responses from multi-ABA measurements do not require the
proposed partitioning for analysis.

2.4. Case studies of railway bridge transition zones

Transition zones at nine railway bridges between Dordrecht station
and Lage Zwaluwe station, denoted as Bridge 1 to Bridge 9, are selected

Fig. 3. Location of bridges between Dordrecht station and Lage Zwaluwe sta-
tion (source of the background map: Google Maps).

Fig. 2. Study areas of transition zones at the double-track railway bridge (source of aerial photographs: BBMS, ProRail).
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as the case studies. Fig. 3 presents a map of the bridge locations, which
are indicated with red dots. Bridges 1, 2, and 3 are bridges that cross
urban roads in the city of Dordrecht. Bridges 4 and 6 cross over small
waterways. Bridge 5 crosses over bicycle paths. Bridge 7 is the Moerdijk
bridge that crosses the river Hollands Diep. Bridge 8 crosses a rural road,
and Bridge 9 crosses a regional railway track.

Table 1 shows detailed information for each bridge, including aerial
photographs and side view photographs. The measurement campaign
was conducted at both tracks in April 2019. Two measurements are
available for Track I (between Lage Zwaluwe and Dordrecht), denoted as
Track I#1 and Track I#2. The two additional measurements for Track II
(between Dordrecht and Lage Zwaluwe) are called Track II#1 and Track
[1#2. Fig. 4 shows the speed profile of the measurements and the aver-
aged speed over 30 m when the train enters and exits the bridges.

Table 1
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3. Multi-ABA responses from different wheelsets and
measurement speeds

This section analyzes the ABA signals from different wheelsets and
different measurement speeds. To showcase the analysis of different
wheelsets, signals from the inner rail at the transition zones of Track I at
Bridge 6, measured at a speed of 24.9 m/s (Track I#1), are selected.
Bridge 6 is selected because it is relatively isolated from insulated joints
(the closest is 42.8 m away) and other bridges. Then, the analysis of
measurement speeds considers Bridge 3, as it has the largest speed
variations from the measurement campaign (15.7 m/s and 24.2 m/s).

3.1. Multi-ABA responses at different wheelsets

Fig. 5 shows that signals from all the wheelsets provide strong re-
sponses at positions close to both abutments. For Bridge 6, the responses

Railway bridge transition zones, aerial photographs, and side-view photographs (source of aerial photographs: BBMS, ProRail).

Transition Zone at Bridge # Position (km) Aerial Photo

Side-View Photos

1 28.416
28.433
2% 27.729
27.764
3 26.994
27.022
4 25.256
25.265
5 25.233
25.242
6 24.652
24.661
7* 17.835
18.940
8 17.423
17.430
9 17.270
17.297

Note: Bridges annotated with * contain ballastless track.
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Fig. 4. Speed profile and average speed of the ABA measurement system at each transition zone from the measurement campaigns.

Fig. 5. Responses of the ABA signals from 4 wheelsets measured at the inner rail of Track I at Bridge 6, ABA signals with 100 Hz cutoff frequency (source of aerial
photographs: BBMS, ProRail).

Fig. 6. GWPS of the ABA signals of the transition zones at the inner rail of Track I at Bridge 6. A-I to C-I are areas on the entrance side, and D-I to F-I are areas on the
exit side.
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near the South Abutment are stronger than the responses near the North
Abutment. No indication of a significant difference in the wavelengths
and amplitudes between the ABA signals measured from the four
wheelsets is observed. Similar dominant peaks at the entrance and exit
sides close to abutments are found from the four signals (see dashed
rectangles 1 and 2 in Fig. 5(a) and (b)). Consequently, the WPS of the
ABA signals from the four wheelsets follows similar patterns (see Fig. 5
(0, (d), (e), and ().

Fig. 6 shows that the GWPS responses from different wheelsets in
each study area contain the same number of dominant peaks with slight
amplitude differences. For Track I of Bridge 6, in the considered spatial
frequency range from 0.04 m ! to 0.33 m ™}, the closer the area is to the
bridge, the higher the total energy. Furthermore, the dominant peak at
each area varies in frequency and amplitude, as indicated by the blue
rectangles in Fig. 6. Note the common peak outside the region of interest
at 1.68 m !, which corresponds to a 0.60 m wavelength that is sleeper-
related. This peak might be of interest for sleeper monitoring.

Fig. 7 presents the SAWP in the spatial frequency range from 0.04
m~! to 0.33 m~! from the four wheelsets. Although similar SAWP pat-
terns are observed, differences are found in the peak locations and
amplitudes. For example, the peaks in Area C-I have amplitudes between
0.48 m2/s* and 0.67 m?/s*, and the positions of the peaks vary within a
range of approximately 1 m. In the case of Area D-I, the peaks have
amplitudes between 0.31 m?/s* and 0.47 m?/s* with less than 1 m
variation in the position of the peaks.

Finally, different wheelsets provide similar responses when
analyzing other transition zones. Thus, the average GWPS and SAWP can
be considered to account for the minor variabilities between wheelset
responses. Furthermore, we observed local changes in the spatial fre-
quency range between 0.04 m ™! and 0.33 m™! for different transition
zones. Thus, the total energy of the SAWP is a good candidate for
determining a general KPI for transition zones.

3.2. Influence of the measurement speed on multi-ABA responses

The influence of the measurement speed on multi-ABA responses is
analyzed since the measurement speeds at different transition zones can
vary due to different operational and track conditions. For Bridge 3, the
ABA signal responses of wheelset 1 are shown in Fig. 8. The peak loca-
tions of the ABA signals are similar, but the amplitude of each peak is
larger with a faster measurement speed (see Fig. 8(a) and (c)). Mea-
surements at different speeds show different WPS and GWPS responses
in terms of the energy level, but the locations of the corresponding
dominant spatial frequencies are similar, as shown in Fig. 8(b), (d) and
Fig. 9. We observe similar numbers of dominant peaks and notably
alignment of peaks in all the different study areas (see yellow regions of
Fig. 9). This shows good repeatability of the measurements. Further-
more, a comparison of the SAWP values of the ABA signals from the two
measurement speeds is presented in Fig. 10. The result shows that a
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signal from a particular wheelset provides similar peak positions even
though the measurement speeds are different. Moreover, the amplitude
is larger with a faster measurement, and the differences are more
prominent than with a slower measurement. Varying peak positions of
approximately 1 m for different wheelsets are observed between mea-
surements (as discussed in Section 3.1).

Finally, similar findings are obtained when analyzing other transi-
tion zones. That is, speed variations in the multi-ABA measurement have
a minor influence on the location of the dominant peaks. However, the
measurement speeds strongly influence the multi-ABA responses in
terms of energy. As expected, faster speeds lead to larger dynamic re-
sponses of the train-track interactions [64]. The multi-ABA data char-
acterize the responses of the whole track system under a very strong
input excitation given by the moving load (train). This excitation is
stronger than in conventional input excitation methods such as hammer
tests and falling weight devices. The literature reports that substructure
components dominate low frequencies, so a higher excitation of the
substructure components is expected and provides a better estimation of
their condition. For substructure condition assessment, a faster mea-
surement speed is preferable in the design of KPIs for transition zones
since it provides more noticeable responses due to the higher excitation
level than a slower speed, particularly in the low-frequency range. Still,
other track components are also more excited, necessitating further
studies for separating the responses from each track component, for
instance, from the subgrade, subballast, ballast, and sleepers.

4. Multi-ABA responses at different tracks and rails

The responses of multi-ABA signals measured at different tracks at
the same bridge and different rails of the same track are investigated in
this section. The multi-ABA signals measured at Bridge 6 are selected as
an example since this bridge has the largest distance from other track
components, such as insulated rail joints (see Fig. 11).

Additionally, signals with a minor difference in the measurement
speeds between the two tracks are considered to reduce the speed effect
on the analysis (as discussed in Section 3.2). Fig. 11 presents multi-ABA
signals from the inner rail (I) and outer rail (O) for Tracks I and II in the
space domain and their WPS values. The train moved with a speed of
24.9 m/s on Track I and 25.7 m/s on Track II. The responses from each
rail and track show different energy distributions over the frequency
range of interest. In the following subsections, we analyze these
differences.

4.1. Responses of multi-ABA signals from different tracks

The sum of the SAWP values measured from the inner rail and outer
rail for each of the four wheelsets is considered to study degradation at
the track level. Fig. 12(a) and (b) show for Tracks I and II the averaged
SAWP values from the four wheelsets and the interval defined by the

Fig. 7. SAWP of the ABA signals from 4 wheelsets at the inner rail of Track I at Bridge 6.
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Fig. 8. ABA responses (with 100 Hz cutoff frequency) at Bridge 3 in wheelset 1 on the inner rail of Track I: (a) and (b) ABA and its WPS, measured at 15.7 m/s; and
(c) and (d) ABA and its WPS, measured at 24.2 m/s (source of aerial photographs: BBMS, ProRail).

Fig. 9. GWPS of ABA signals from two different measurement speeds at Bridge 3 in wheelset 1 on the inner rail of Track I.

Fig. 10. SAWP of the ABA signals from two different measurement speeds at Bridge 3 for the inner rail of Track L.

maximum and minimum SAWP values, respectively. The results show
that Track I exhibits unsmooth energy changes, with dips at kilometer
24.630 in Area A-I, kilometer 24.644 in Area C-I, and kilometer 24.676
in Area E-I (see Fig. 12(a)). The energy for Track II changes smoothly
between consecutive study areas (see Fig. 12(b)), with no significant
dips in Area A-II, Area C-II, and Area E-II, as observed in Area A-I, Area
C-Iand Area E-I. We do not observe local changes in Track I at kilometer
positions of 24.630, 24.644, and 24.676. Additionally, there are no
visible track components in Track I that explain the differences with
Track Il based on observations from the aerial photograph (see Table 1).

Next, in Fig. 13, the sum of SAWP values is used to quantify the
amount of ABA energy in each study area. The results show that the sum
of SAWP is higher for Track I in Areas A, B, and F. The ABA energy on the
entrance side of Track I (Area C-I) is larger than that on the exit side
(Area D-I) by 24.6%. Track II shows a smaller energy difference than
Track I, for which the entrance side (Area C-II) energy is only 2.9%
larger than that on the exit side (Area D-II). Fig. 13(c) shows the per-
centage of energy change between two consecutive study areas. The
maximum percentage of change for Track I is 275.4% from Areas A-I to
Area B-I, while the maximum change for Track I is 571.9% from Area B-
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Fig. 11. Multi-ABA signals (with 100 Hz cutoff frequency) and WPS at Bridge 6: (a) signals for the inner rail of Track I, (b) signals for the outer rail of Track I, (c)
signals for the inner rail of Track II, and (d) signals for the outer rail of Track II.
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Fig. 12. SAWP of the two tracks at Bridge 6: (a) responses at Track I; (b) responses at Track II.

Fig. 13. Sum of SAWP values for different areas of Bridge 6:(a) study areas on Track I; (b) study areas on Track II; and (c) percentage of change between the
study areas.

II to Area C-II. This finding suggests that the track components whose Track II are dissimilar. Further studies are needed to understand better
response is reflected in the range 0.04 m™! to 0.33 m™! (dominant by the relation between the operational condition of the transition zones,
substructure [61-63]) in the studied transition zones for Track I and multi-ABA signals, track geometry differences, and malfunctions at the

Fig. 14. ABA responses (with 100 Hz cutoff frequency) of Track I at Bridge 6: (a), (b) responses of the inner rail in the space domain and WPS; and (c), (d) responses
of the outer rail in the space domain and WPS (source of aerial photographs: BBMS, ProRail).
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track structure.

To compare abutments, the ABA energies in Areas C-I and D-II are
summed to represent the conditions of the track segment near the South
Abutment, which gives a value of 16.11 m?/s*. The sum of the ABA
energy in Areas D-I and C-II represents the track segment near the North
Abutment and is approximately 14.95 m?/s*. This calculation suggests
that the South Abutment exhibits an approximately 7.8% higher energy
than the North Abutment. Additional onsite investigations can provide a
better understanding of these differences. For instance, a structural
settlement or damages could be the possible reason to explain larger
differences. Finally, when analyzing various bridges, the condition
variation of the substructure at transition zones on the abutment level
and track level is relatively local; for instance, the stronger degradation
process of transition zones is not always located at the entrance side.
This topic is discussed in Section 5.

4.2. Responses of multi-ABA signals from different rails

This section analyzes ABA signals from the inner rail (I) and outer rail
(O). We use measurements from wheelset 1 in Bridge 6 as an example.
Fig. 14(a) and (b) present the responses of the inner rail, while Fig. 14(c)
and (d) show the outer rail responses. The ABA signals from the inner
and outer rails yield similar peak positions (see blocks 1, 2, 3, and 4 in
Fig. 14). However, the inner rail signal shows a significantly larger
amplitude than the outer rail signal at a peak close to the South Abut-
ment. This suggests that at Track I, the South Abutment experiences a
stronger uneven degradation than the North Abutment. Consequently,
the WPS values of the inner rail close to the South Abutment are
significantly larger than those from the outer rail (see blocks 5 and 7).

Multi-ABA signals from both rails in terms of the GWPS values in
each study area are compared in Fig. 15. Signals from the inner and
outer rails show differences in the frequencies and amplitudes of the
dominant peaks in the study areas. Areas C-I and D-I show noticeable
response differences between the two rails in the spatial frequency range
below 0.33 m~! (see yellow regions). In addition, remarkable differ-
ences between the two rails are also found at spatial frequencies above
0.33m™! (see, for example, Area C-I). Even though the responses above
0.33 m~! are not within the scope of this study, this finding could be
indicative of transition zone health conditions related to the deteriora-
tion of sleepers, such as hanging sleepers. Hence, further studies are
needed for a better understanding.

Next, the SAWP values of the signals at both rails in Tracks I and II
and the corresponding track geometry parameters at the transition zones
are shown in Fig. 16. Fig. 16(a) shows noticeable differences in Areas B-
I, C-I, and D-I regarding the location and amplitude of the SAWP peak
responses between the inner and outer rails. The inner rail shows larger
energies than the outer rail in Area B-I, while the outer rail shows larger
energies in Areas C-I and D-I. The responses of Track II in Fig. 16(b)
show significantly different responses in Area C-II (outer rail with higher
energy) and Area D-II (inner rail with higher energy). These findings
suggest a sensitivity of the multi-ABA to estimate responses from signals
measured at different rails. While slight amplitude variations, and
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similar peaks and wave behavior can be observed. A possible reason to
explain this higher spatial resolution is that the multi-ABA measures
25,600 times in a second (or every 1.5 mm) when the measurement
speed is 140 km/h. In the case of conventional track geometry recording
car, the signals are reported every 25 cm.

Although the ABA measurement system can detect differences in
ABA energy between 2 rails, current substructure remedies in practice,
for instance, ballast tamping and subgrade strengthening, are mainly
conducted underneath two rails simultaneously. Nevertheless, this
detection capability might provide indications to support track sub-
structure maintenance solutions at specific spots with next-generation
technology. Furthermore, numerical simulations of the transition
zones can be developed and fine-tuned to reproduce this effect, and then
we can expect a better understanding of the track parameters. Further-
more, we found a considerable variation in track geometry parameters,
especially in Area C and Area D on both tracks, where the SAWPs also
vary significantly. This finding might relate to the reported relationship
between the longitudinal level and the track substructure conditions
[62,72-76]. Since in this paper we consider the various layers of the
substructure as a whole, a determination of the severity level of each
layer is required for a more detailed maintenance planning. Therefore,
further studies could support a better understanding of the relationship
between ABA signals and track geometry parameters, making track
substructure condition assessment more informative and insightful.

5. Key performance indicators based on the Multi-ABA for
transition zones

This section proposes a methodology for continuously monitoring
the degradation levels of transition zones using KPIs based on multi-ABA
measurements. Previous studies reported that more severe degradation
levels of track components provide larger ABA energies [57,58].
Assuming that an undegraded condition has the lowest percentage of
energy contents, a large difference between the energy contents of the
two transition zones indicates that the transition zone with high energy
content should have a more severe degradation. Therefore, the relative
percentage difference of the energy content is proposed as an indicator
of transition zone health conditions. Thus, ABA energy-based KPIs are
developed to evaluate differences between transition zones using SAWP.
At a particular bridge, four KPI types are proposed in this study to
represent an ABA energy comparison of transition zones at different
abutments (North and South), tracks (I and II), sides (entrance and exit),
and rails (inner and outer). A brief description of a particular KPI is
shown in Table 2. Since we discussed in the previous sections that the
ABA energy is highly location- and speed-dependent, measurements
with minor speed differences between Tracks I and II are selected.

5.1. KPI for abutments

As discussed in Section 4.1, the SAWP sum at Area C-I of Track I and
Area D-II of Track II can be used to represent the condition of track
segments associated with the South Abutment, while the SAWP sum at

Fig. 15. GWPS of the ABA signals measured at different rails for Track I at Bridge 6.
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Fig. 16. SAWP of the ABA signals and track geometries at Bridge 6: (a) measurement for Track I and (b) measurement for Track II.

transition zones associated with the North Abutment are more degraded.
Values of approximately 0% represent cases when the ABA energy
contents (as associated with degradation conditions) between the tran-

Table 2
Description of the proposed KPIs.

KPIs Description sition zones at the South and North Abutments are similar.
Kppgbument  Relative energy difference between the South and North Abutments at Fig. 17(a) shows the partition of the total ABA energy content be-
ot ;rildg_e b. i N s tracks that e with tween the South and North Abutments, and Fig. 17(b) shows KPzPutment,
KPIbr.aC elative energy dilterence etween 2 tracks that is associated wit] _ 0, 0, . .
a abutment a (either the South or the North Abutment) of bridge b. The KPI ranges f.rorn 79.7 % to 92.4% for the bridges in the case stufiy.
KPride Relative energy difference between the entrance and exit sides of track t In 4 out of 9 bridges (bridges 1, 3, 4, and 8), more severe degradation
(either Track I or Track II) of bridge b. occurs at the North Abutment. Furthermore, three bridges indicate a
Kpreail Relative energy difference between the inner and outer rails of side s

st considerable difference, approximately 80.0%: KPIZU™ment jg 79 404,

KPIgPument jg 92.4% and KPI ™™ is 78.0%. Finally, Fig. 17(a) and (b)
show that the degradation level of the track segments associated with
Areas D-I and C-II can be used to represent track segments that corre- two abutments can vary and that each bridge exhibits individual
spond to the North Abutment. Therefore, a KPI for evaluating differences degradation characteristics reflected by the KPI.

in degradation level between abutments is proposed as follows:

(either the entrance side or exit side) of track ¢t of bridge b.

X=x3 X=x3 X=X| X=x|

(z“ SAWP, ' (x) + Y1 SAWP,™* “(x)) - (z SAWP, ' (x) + S22, SAWP,™* “(x)) o ]
x4 —=——=Track I x4 Track 11 Xy =——=Track | x) Track 11 X ( )
ZFA}SAWP,] (XHZ\:\}SAW’% ) )+ ZV\:\‘SAWP,, (x)+2‘:\lsx\wph )
2

abutment __
KPrbutment —

SAWP,""" (x) is the ABA energy 5.2. KPI for tracks
at a considered location from kilometer x;, to x,, SAWPy(x) is an aver-
aged SAWP from 4 wheelsets, x; and x; are kilometer positions defining
the South Abutment (Areas C-I and D-II), and x3 and x4 define the North
Abutment (Areas C-II and D-I). According to (6), a negative KPIf:b“trﬂent
indicates that the transition zones associated with the South Abutment

where b is the bridge number, >

Xn
X=Xm

At a particular abutment, we define a KPI that estimates the differ-
ence in the ABA energy between different tracks. This KPI is defined as
follows:

are more degraded, and a positive KPIPU“Mnt jndicates that the
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Fig. 17. Degradation level evaluation at different locations of transition zones: (a), (c), (e) partition of total energy content between the two abutments, two tracks at
a particular abutment, two sides at a particular track; (b), (d), (), (g) KPI to evaluate substructure condition differences between abutments, tracks, sides, and rails.

Track 1T < i oo rack I

(S, SAWP™ () — o, SAWPLS ()
x 100

\Xn Track Il Xn Track |
e S )
2

KPI** = )
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where b is the bridge number, a is either S (South Abutment) or N (North

Location

Abutment), >"  SAWPy ,~ (x) is the ABA energy from kilometer x,

to x, at Abutment a, and SAWP;,(x) is an averaged SAWP from 4
wheelsets. According to (7), at any abutment, positive value of KPI{,‘;Ck
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indicates that Track II is degraded more, and negative KPI2

indicates
that Track I is degraded more. Values of approximately 0% suggest that
both tracks have a similar degradation condition at the abutment.

Fig. 17(c) shows the partition of total ABA energy content between
Tracks I and II for each abutment in the case study. These results show
that the ABA energy is distributed differently at each abutment. Fig. 17
(d) shows KPI}{ZCI‘ for all the abutments of the case study. The results
from 18 abutments show that positive KPI values are found in 11
abutments (in the ranges from 3.7% to 148.6%), and negative values in 7
abutments are found (from —17.9% to —111.3%). Moreover, 2 out of 18
abutments provide the highest differences between tracks (>100.0%).
The North Abutment of Bridge 3 exhibits a higher degradation of Track
I, and the North Abutment of Bridge 7 shows a higher degradation of
Track L.

5.3. KPI for the exit and entrance sides

A KPI is designed to quantify the degradation differences between
the entrance side at Area C and the exit side at Area D of a particular
track. This KPI for evaluating differences between the exit and entrance
sides of a track is:

OHDVXUHPHQW

T oReXit X2 oarpehtrance (
x)

(S, SAWP; (x) - X, SAWP;,

side __
KPIb'[ - Xy Gregexit Xy Gogentrance
Do SAWEL ()Y 32 SAWE M ()
2

x 100 (8)

where b is the bridge number, ¢ is either I or II referring to Track I or

location

sy SAWPy,
considered location from kilometer X, to x,, SAWP;(x) is an averaged
SAWP from 4 wheelsets, x; and x are the kilometer positions of the
entrance side (Area C), and x3 and x4 are the kilometer positions of the

indicates that the
side

entrance side is degraded more, and a positive KPI;;® indicates that the
exit side is degraded more. Values near 0% indicate similar degradation
conditions on both sides.

Fig. 17(e) shows the partition of total ABA energy between the

entrance and exit sides, and Fig. 17(f) shows KPIf,ffe for all the case study

Track II, respectively, (x) is the ABA energy at a

side

exit side (Area D). According to (8), a negative KPL ¢

locations. In 7 cases, the exit side is more degraded, with KPI values
ranging from 5.5% to 97.0%. In 11 cases, the entrance side is more
degraded, with KPI values from —2.9% to —115.3%. Finally, Track II of
Bridge 2 shows the highest positive value (97.0%), and Track II of Bridge
3 and Track II of Bridge 4 provide the most negative values (—115.3%
and —99.0%, respectively). Fig. 17(e) and (f) indicate that the degra-
dation severity is related to the local condition of the track.

Fig. 18. Photos of Bridge 3: (a) aerial photographs, where the red rectangle indicates the different appearances of ballast at the entrance site of Track II; (b) site visit
photographs taken at the entrance side of Track II (source of aerial photographs: BBMS, ProRail).
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Fig. 18 shows aerial photographs taken in 2019 and site-visit pho-
tographs taken in 2021 at Track II of Bridge 3, which has the highest
negative KPI value. The photographs show remarkable differences in the
ballast appearance at the entrance side of Track II, especially in Areas B-
II and C-II. The site-visit photograph shows that some new ballast has
been placed. The images suggest that the area has required various
maintenance interventions in the last few years. The KPI suggests that
the problem is substructure-related.

5.4. KPI for inner and outer rails

Following the discussion in Section 4.2, we propose quantifying the
local differences between the inner and outer rails at the transition zones
of each bridge, side, and track. This KPI is defined as follows:

inner

(Z':Lx,,, SAWP, b,us‘,exr (x) = Ej":x,,, SAWP, , ()

> x 100
xn ————-outer \Xn = inner
2

KPIrail —

bysit

9

where b is the bridge number, s is either C or D referring to Area C
(entrance area) or Area D (exit area), respectively, t is either I or II

n mSAWPlocaﬁ(m (x) is the

X=X, bsit
ABA energy at a considered location from kilometer x, to x, and

referring to Track I or Track II, respectively,

SAWP;M (x) is an averaged SAWP from 4 wheelsets, where r is either the

rail

inner or outer rail. According to (9), KPL,

is negative when the signals
suggest greater degradation of the inner rail, and KPIE’f‘;"t
greater degradation of the outer rail.

Fig. 17(g) shows KPI{,"_‘Si}t for the case study. In 21 out of 36 sides, a
positive KPI value from 2.8% to 90.2% is found, indicating that ABA
signals from the inner rail suggest a less severe degradation than in the
outer rail. In the remaining 15 tracks, negative KPI values from —4.0% to
—78.1% indicate a higher degradation from the inner rail signals.

is positive for
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Furthermore, most of the differences range from —40.0% to 40.0%, with
only three cases providing considerable differences of approximately
80.0% or higher. The entrance side at Track II of Bridge 4 and the exit
side at Track II of Bridge 7 show the most positive KPI values of 90.2%
and 78.8%, respectively. The exit side at Track I of Bridge 8 provides the
most negative KPI value at —78.1%.

The finding shows that the degradation differences between the two
rails are not detectable in most cases. Regarding the findings of this
section, the locations that show higher degradation levels could be
further investigated to identify the causes and effects on the perfor-
mance of the transition zones. Consequently, tailored maintenance
planning with suitable track remedies can be performed at those specific
locations.

6. Evolution of KPIs over time

This section analyzes the evolution of the KPIs over time at transition
zones. The datasets of ABA signals from measurement campaigns in
2016, 2019 (the dataset used in Section 5), and 2022 are used as primary
inputs for this analysis. Since track maintenance records are unavailable,
we use the track geometry parameters from 2016 to 2022 to calculate
the track quality index. In this study, we use combined standard devi-
ation (CoSD), according to EN 13848-6, which is proposed as follows:

CoSD = \/wizSD% + weSD}, + weSDg + wizSD%; 10
where SD; is the standard deviation of the individual geometry param-
eter i, w; is the weighting factor of the individual geometry parameter i
(set in this study at 0.25 for each parameter). AL is the average align-
ment of the inner and outer rails, G is the track gauge, C is the cant, and
LL is the average longitudinal level between 2 rails. Since the data over
time for Bridge 9 is unavailable, the analysis in this section considers
Bridges 1-8. Fig. 19 shows the variation of track quality in terms of CoSD
over time. The track quality of the transition zone at Bridge 3 on Track II

Fig. 19. Track quality at transition zones from 2016 to 2022.
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Fig. 20. Speed differences at a particular transition.

at the entrance side significantly dropped from 2020 to 2021. This
finding agrees with observations from track visits in 2021, indicating
that new ballast was placed, as shown in Fig. 18.

The ABA energy is speed-dependent, and there are differences in the
measurement speed between years at a particular transition zone, as
shown in Fig. 20. To examine the usefulness of the sum of SAWPs as a
KPI input, we selected transition zones at Bridge 4, Track I, since this
location was measured with the most similar speeds between years (with
differences ranging from 0.1 m/s to 1.3 m/s).

Fig. 21(a) shows the SAWP evolution over time. Then, the sum of
SAWPs at zones C and D are calculated and shown in Fig. 21(b) and (c),
respectively. The results show that the conditions of both transition
zones at the entrance and exit sides in 2016 were more degraded than in
2019 since a lower measurement speed provided higher ABA energy.
The measurement speed in 2019 is 3.91% higher than speed in 2016,
while ABA energy in 2019 of the entrance and exit sides is lower than in
2016 by 43.83% and 45.74%, respectively. This finding is consistent
with the change in track quality over time as shown in Fig. 19 since
indications of maintenance activities appeared in 2018. With the same
criteria, we can conclude that transition zone conditions in 2022 were
more degraded than in 2016 and 2019 because of a higher ABA energy.
Note that the speed in 2022 is slightly higher than in previous years. The
measurement speed in 2022 is 5.22% higher than in 2016 and 1.25%
higher than in 2019. For the entrance side, the ABA energy in 2022 is
168.50% higher than in 2016 and 378.04% higher than in 2019. For the
exit side, the ABA energy in 2022 is 24.09% higher than in 2016 and
128.69% higher than in 2019.

Fig. 21(d) shows the KPI for the entrance and exit side transition
zones at bridge 4 (KPIS%). In 2016, the transition zone on the exit side
was 69% more degraded than that of the entrance side. Then, this dif-
ference decreased to 66% in 2019, and finally, the entrance side tran-
sition zone was 5.4% more degraded than the exit side one in 2022. This
finding suggests that the proposed KPI can represent the degradation
evolution of transition zones.

Fig. 22 shows KPI% over time. The most dramatic change in the
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health condition, a 121.5% increase, occurred at transition zones at
Bridge 2, Track II. The exit side transition zone was more degraded than
the entrance side by 99.0% in 2019. Then, in 2022, the transition zone at
the entrance side was more degraded than the exit side by 22.5%. In
contrast, a minor change, 1.7%, occurred at the transition zones at
Bridge 4, Track I. Additional sources of measurement data and onsite
investigations are needed for a better understanding of the degradation
mechanism of transition zones and to relate KPIs with malfunction
causes.

Another KPI that can be evaluated for transition zones is by
considering the vibration acceleration level (VAL), defined as [77]:

VAL(f,) = 20log,, (“g))

an

where a(f;) is the root mean square of the acceleration at the 1/3 octave
band center frequency f;, ao is the reference acceleration, which is 107°
m/s%

In this study, when calculating the VAL at a specific section, the ABA
signals are considered on the track level, including two rails. The VAL at
the conventional track (30 m before the entrance transition zone) and at
the entrance side transition zone (30 m before the entrance abutment) of
Bridge 6 is shown as an example in Fig. 23. The results show that in the
considered spatial frequency range of 0.04 m~! to 0.33 m™! (substruc-
ture related), the VAL of the conventional track is about 100 dB or lower,
which is significantly lower than the level of the transition zone where
the VAL is in between 100 dB and 110 dB. According to the VAL, the
example transition zone provides a vibration 10 times higher than the
nearby conventional track. This finding agrees with the 1/3 octave band
spectra of the longitudinal level in Fig. 24. The transition zone provides
substructure-related geometry variance 10 times higher than the con-
ventional track. The VAL of the longitudinal level of the conventional
track is in the range of 100-110 dB, while that of the transition zone is in
the range of 110-120 dB.

The above-mentioned finding supports that the VAL (1/3 octave
band spectra) can also be adopted as a KPI. Fig. 24 shows the evolution
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Fig. 21. Evolution of transition zones degradation at Bridge 4, Track I: (a) SAWP curves and track geometry parameters over time; (b),(c) comparison of ABA energy
at entrance side and exit side transition zones; (d) KPI to evaluate condition differences between sides.

of VAL at the entrance transition zone of Bridge 4 (same bridge as in
Fig. 21). The finding shows that the condition in 2022 is more severe
than in 2016 and 2019 since the VAL amplitudes in the substructure-
related ranges are higher than in other years. The findings from VAL
shows good agreement with the analysis results from the SAWP quan-
tity, as shown in Fig. 21.

Fig. 25 shows that the 1/3 octave band, PSD, and GWPS provide
similar information on the distribution of ABA energy in the frequency
domain. Since ABA signals are non-stationary, the frequency domain
quantities have drawbacks that they cannot provide specific locations
with local changes or defects. Therefore, we use Wavelet transform and
calculate SAWP, then develop KPIs derived from SAWP for transition
zone condition assessment for this study. The use of the 1/3 octave band
is complementary and provides a good overview of the energy signals
that can be used to analyze responses at the whole network-level.
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7. Conclusion and future work

This paper proposes the design of KPIs for monitoring transition
zones using multi-ABA measurements. The case study considers transi-
tion zones at railway bridges; however, the proposed KPI methodology
can apply not only to the Dutch railway network where the soils are very
soft, but also to monitor other railway lines and other types of transition
zones between soil and rigid structures. Based on the analyses, the
following conclusions can be drawn:

(1) A multi-ABA measurement system is promising for transition
zone condition monitoring. Different transition zones show dif-
ferences in ABA responses. From the analysis of such responses,
the health condition of transition zones can potentially be eval-
uated using in-service trains with frequent and continuous
measurements.
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Fig. 22. KPI to evaluate substructure condition differences between sides from different measurement years.

Fig. 23. Comparison of ABA and the longitudinal level response at the location nearby Bridge 6 in the time domain and the VAL (1/3 octave band): (a) ABA signal at
the conventional track; (b) ABA signal at the entrance transition zone; (c) the longitudinal level at the conventional track; (d) the longitudinal level at the entrance
transition zone.
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Fig. 24. Evolution of the entrance transition zone from 2016, 2019, and 2022: (a) ABA signals in the time domain; (b) the VAL of ABA signals.

Fig. 25. ABA signal response in the frequency domain according to 3 different
quantities at the entrance transition zone, Bridge 6.

(2) The measurement speed influences multi-ABA responses. A
measurement at higher speed yields more prominent ABA re-
sponses at a particular location due to the higher excitation level
in the low-frequency range, which helps distinguish the responses
related to substructure conditions. Additionally, ABA responses
vary when collected from different trains or with the same trains
under different operational conditions. This factor must be
considered when deriving KPIs from operational trains with
different characteristics.
For the considered spatial frequency range from 0.04 m™* to 0.33
-1 the particular transition zones at each bridge exhibit

3)
m
different characteristics. These distributed characteristics pertain
to each part of the transition zones and their health condition
status.

(4) ABA energy-based KPIs allow the assessment of different degra-
dation levels of transition zones from the large-scale level to the
small-scale level, i.e., between different abutments of a particular
bridge, between different tracks of a particular abutment, be-
tween different sides of a particular track, and between rails of a
particular side.

(5) According to the case study, the locations with the highest
degradation do not always occur at a specific abutment (North or
South), track (Track I or II), side (entrance or exit), or rail (inner
or outer). Further investigations at those locations could provide
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a better understanding of the degradation mechanisms at tran-
sition zones.

The KPIs from different measurement years correlate with the
track geometry-based quality index. Still, we observed locations
where track geometry did not show important variations while
ABA indicated stronger responses. The higher resolution of ABA
might explain this (one measurement every 1.5 mm with 140 km/
h measurement speed) compared to the track geometry mea-
surement method (25 cm).

6

(=

A portion of the corresponding planned future research includes
further understanding of the effect of the measurement speed on multi-
ABA responses. Other topics for further research are the fusion of data
from the ABA measurement campaign with other inspection techniques.
For instance, track geometry parameters, ground penetrating radar
(GPR), and in-situ measurements are required to understand the
degradation mechanism and the cause of the malfunctions of transition
zones better. Thus, KPIs based on a sufficient understanding of the
causes of malfunctions can be included as part of the condition-based
maintenance criteria.
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