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Abstract

This study presents a measuring framework for railway transition zones using a case study on the Swedish line between Boden
and Murjek. The final goal is to better understand the vertical dynamics of transition zones using hammer tests, falling weight
measurements, and axle box acceleration (ABA) measurements. Frequency response functions (FRFs) from hammer tests
indicate two track resonances, for which the FRF magnitudes on the plain track are at least 30% lower than those at the abut-
ment. The falling weight measurements indicate that the track on the bridge has a much higher deflection than the track on
the embankment. Two features from ABA signals, the dominant spatial frequency and the scale average wavelet power, show
variation along the transition zone. These variations indicate differences in track conditions per location. Finally, the ABA
features in the range of 1.05-2.86 m~! are found to be related to the track resonance in the range of 30-60 Hz. The findings
in this paper provide additional support for physically interpreting train-borne measurements for monitoring transition zones.

Keywords Railway transition zone - Railway track vertical dynamic - Axle box acceleration - Impact excitation - Railway

bridge

1 Introduction

Railway transition zones are one of the most critical track
segments in railway networks since they connect plain tracks
and rigid structures, such as bridges, culverts, and tunnels.
The differences in the track substructures at transition zones
lead to fast track degradation due to the unevenness in the
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track support conditions [1-8]. Therefore, transition zones
require more inspection and maintenance than plain tracks.
In the Netherlands, maintenance activities at transition zones
are reported to be at least twice as frequent as those con-
ducted on plain tracks [9]. Furthermore, maintenance activi-
ties are expensive in terms of budget and human resources.
In addition, track availability is reduced during maintenance
due to track closure or train speed restrictions. Thus, more
efficient maintenance methodologies, such as condition-
based maintenance, are needed, for which frequent updates
of crucial information on transition zone health conditions
are necessary.

According to the literature, several wayside measure-
ment techniques have been developed to evaluate the per-
formance and monitor transition zone dynamic behavior. In
[10], the performance of the transition zone measurement
was investigated based on the vertical acceleration of sleep-
ers under excitation when trains pass by. Transition zones
with track geometry problems have sleeper accelerations that
are approximately two times higher than those of a plain
track. In [11], a framework that assesses the performance
of a transition zone at a culvert was developed. The meas-
urements consist of the track dynamic flexibility based on
hammer tests and responses of track components to traffic
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loads. The results showed that the track on the culvert pro-
vided 60% less track dynamic flexibility and 45% lower track
displacement than plain tracks. In [12], the root cause of dif-
ferential displacements at transition zones was investigated.
Poor sleeper support conditions were found to be a direct
cause of the permanent deformation of the transition zones.
In [13], the settlement of multiple substructure layers at tran-
sition zones was monitored using multidepth deflectometers
(MDDs). The ballast layer exhibited the most accumulated
permanent and transient deformations in the case studied.
From the literature, wayside measurement techniques have
been able to provide different types of information on transi-
tion zones. However, track access, the availability of power
supplies, human resources, and budgets are significant limi-
tations in deploying wayside measurements.

Onboard sensing solutions have been proposed in the
literature for monitoring track geometry degradation in
transition zones. For example, the track quality and ride
comfort at transition zones have been analyzed using
acceleration measured by smartphones [14]. In [15], track
vertical displacement due to different loading conditions
in transition zones was measured using a mobile system
called the rail infrastructure alignment acquisition (RILA)
system. In our previous work [16], key performance indi-
cators (KPIs) for monitoring transition zones were pro-
posed from wavelet-based features of axle box accelera-
tion (ABA) signals. Nevertheless, further understanding
of train-track dynamics at transition zones is needed to
increase the interpretability of ABA responses and KPIs
for condition assessment. This paper contributes to filling
this research gap by proposing and applying a measure-
ment framework that combines trackside and train-borne

technologies for characterizing the vertical dynamic
behavior of a railway transition zone. First, two impact
excitation tests, namely hammer tests and falling weight
tests, are conducted trackside. Frequency response func-
tions (FRFs) regarding the impact force and track com-
ponent responses are obtained to characterize the track
deflection and track resonances (TRs). Variations in the
frequency and magnitude features of the FRFs per loca-
tion indicate the differences in track conditions. Then,
train-borne ABA measurements are conducted, and two
wavelet-based features at two spatial frequency ranges
(0.04-0.33 m~! and 1.05-2.86 m~'), dominant spatial
frequency and the scale average wavelet power (SAWP),
are extracted from the vertical ABA signals. Variations in
wavelet-based features are found along the transition zone,
indicating changes in track conditions. Further, the ABA
features are compared with the features from the impact
excitation tests. The ABA features in the spatial frequency
range of 1.05-2.86 m™~! align well with the FRF features at
the full track resonance (FT). Their relationship provides
experimental evidence on the train-track-embankment ver-
tical dynamic behavior and increases the interpretability
of the ABA responses in assessing track conditions. Fig-
ure 1 describes the flowchart of the proposed measuring
framework.

The remaining parts of this paper are organized as fol-
lows. First, a case study transition zone and the measure-
ment campaign for track vertical response identification are
described in Sect. 2. In Sect. 3, the analyses of the track
vertical responses from hammer tests and falling weight tests
are described. Then, an analysis of the ABA responses at the
transition zone is presented in Sect. 4. In Sect. 5, findings

Fig. 1 Flowchart of the pro-
posed framework of this study
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from the relationship between the impact excitation tests and
ABA signals are discussed. Finally, conclusions and sugges-
tions for further studies are presented in Sect. 6.

2 Measurements for track vertical dynamic
analysis at transition zones

2.1 Description of the case study

The railway transition zone analyzed in this paper is located
at a single-span bridge in the Iron Ore Line of Sweden
between Boden station and Murjek station. The railway line
is a single ballasted-track with passenger and freight traffic,
including iron ore trains with the heaviest axle load of more
than 30 tons. Figure 2 shows the bridge and its transition
zones.

This bridge is 8.15 m long and has one span, compris-
ing a 4.2 m bridge deck (Zone B), a 1.9 m north approach
slab (Zone A), and a 2.05 m south approach slab (Zone C).
It is noted that cracks are found on the bridge abutments,
which are evidence of the degradation of the bridge struc-
ture. Hence, this bridge was strengthened by installing two
steel beams spaced 2.6 m apart to support the bridge deck.

Fig.2 A case study track at a
short single span bridge: a a top
view satellite photo. (source: ‘ - .
Google Maps); b a front view \North approach slab)
photo; ¢ a side view photo 4

" -

South approach slab

: w
¥ Deck slab

2.2 Impact excitation tests

Impact excitation tests are a common nondestructive meas-
urement technique that is used to identify the dynamic
behaviors of a structure by investigating features of their fre-
quency response functions (FRFs). FRFs are transfer func-
tions of the responses of a structure (output) to an impact
excitation (input). According to the literature, dynamic char-
acteristic identification [17-19] and estimation of the track
component parameters [20, 21] can be made by investigat-
ing the features of the FRFs. In this study, we consider the
impact force, F(t), applied on the rail head as the input and
the acceleration, a(7), measured at either a rail or a sleeper
as the output. The impact force must be controlled to prevent
exceeding the measurement range of load cells and accel-
erometers. At the same time, excessive force that causes
damage to the impactor, the sensors, or the structure at the
impact location should also be avoided. In addition, follow-
ing standard practice, multiple impacts are performed, and
inadequate results are disregarded by the repeatability of
both input and output signals. This procedure reduces uncer-
tainties in FRF results from measurements.

Three types of FRFs are assessed: accelerance, mobil-
ity, and receptance, whose descriptions and relation-
ships are given in Table 1 [22]. In the table, S,p(f) is the
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Table 1 Frequency response functions and their relationship (modi-
fied from [22])

Types of FRFs Acceler- Mobility,H,(f) Receptance,H (f)

ance,H ,(f)
Definition Acceleration Velocity Displacement
Force Force Force
Formula — SuD _ H0) JR0)
H() =30 Hp=20 Hg=10

cross-spectrum of the force and the acceleration, Sgr(f) is the
autospectrum of the force, and f is the frequency.

By analyzing the peaks of the FRFs, it is possible to iden-
tify the track resonances (TRs) [18, 22]. By observing a spe-
cific TR, the deviation in both the frequency and magnitude
suggests differences in the dynamic characteristics of the
railway track system. Furthermore, different track compo-
nents have their respective characteristic frequency ranges.
For example, track substructure components generally cor-
respond to a frequency range below 150 Hz [23], while
track responses in a frequency range from 150 to 800 Hz are

mainly related to sleepers, fastening systems, and rails [24].
In this study, we conducted two types of impact excitations:
(1) hammer tests that are suitable to obtain reliable track
responses in the frequency range from 30 to 500 Hz and
(2) falling weight tests that reliably obtain track responses
in the frequency range from 10 to 100 Hz. More details can
be found in the following subsections. In this study, the ref-
erence position (0 m) was defined at the outer edge of the
north approach slab, and the position increases in the direc-
tion of Boden station. The average distance of the sleeper
interval is 0.65 m. Figure 3 shows the locations where ham-
mer tests were conducted on the rail head above sleepers sp;
to sp;, and the locations of accelerometers a, to ag for track
response measurement during the falling weight tests.

2.2.1 Hammer tests
Hammer tests were conducted at 10 locations corresponding

to the locations of consecutive sleepers, covering one transi-
tion zone (embankment and north abutment). Sleepers sp,
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1
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Fig. 3 Reference position, hammer test locations, and accelerometer positions
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to sps are located on the track segment on the embankment,
while sleepers spg to sp;, are located on the segment on the
bridge structure. We investigate ‘on-support’ track responses
by applying the impact excitation using a 5.5 kg hammer
(PCB 086D50, measurement range: 0-22.2 kN) with a plas-
tic, flat surface, 76 mm in diameter, as a hammer tip on the
left rail head directly above the sleeper as an input. The
output is a response of the track system in the vertical direc-
tion, measured using a unidirectional accelerometer (Briiel
& Kjaer 4514-004, measurement range: + 980 m/s), named
a,, attached to the rail head close to the impact location. The
force and acceleration signals were recorded using a data
acquisition system (MBBM PAK MKII) at a sampling rate
of 25.6 kHz. Several impact tests were conducted at the rail
head above a particular sleeper. Then, five impacts that pro-
vide good coherence were used to calculate an average FRF
for minimizing random errors. This setup is shown in Fig. 4.

2.2.2 Falling weight tests

Falling weight tests efficiently apply large impact energy
to the track system to obtain substructure component
responses. A special apparatus was designed to release the
stacked weight with a plastic, flat surface, 76 mm in diam-
eter, as a tip, similar to a hammer tip, in which the weight
and dropping height are adjustable. The impact force is
measured using a load cell (Omega LCWD-100 K, meas-
urement range: 0—444.4 kN). In this study, the impact loca-
tion is at the left rail head at the reference position (0 m)
between sps and sps. Weights of 60 kg, 80 kg, and 100 kg
were dropped from 27 cm, 37 cm, and 47 cm above the
rail head. Six unidirectional accelerometers (Bruel & Kjaer
4514-004, measurement range: +980 m/s?), a, to a, and a4 to

ag, and two three-directional accelerometers (PCB 356B21,
measurement range: +4905 m/s?), a, and as (closest sleep-
ers to the impact location), were attached to the sleepers
for measuring transition zone responses. Figure 5 shows the
measurement setup. The force and acceleration signals were
recorded and synchronized using a data acquisition system
(MBBM PAK MKII) at a sampling rate of 25.6 kHz. Finally,
the average FRF at a particular accelerometer location is
calculated using the input and output from 9 configurations
of impact (Fig. 6).

2.3 Axle box acceleration measurement system

An ABA measurement system was designed to measure
vehicle responses on axle boxes as the vehicle interacts with
the track. In this study, such a system was installed in a pas-
senger wagon. At each axle box, responses were measured
using unidirectional accelerometers. In addition, the train
position and speed were measured using a high-precision
GPS receiver module. All signals were synchronized and
recorded using a data acquisition system (NI compact RIO)
at a sampling rate of 25.6 kHz. More details of the ABA
measurement system can be found in [25, 26].

In this paper, we consider vertical ABA signals. The
acceleration at time instant ¢ for wheelset w and rail r is
defined as a,, (). Eight acceleration signals from four
wheelsets w € {1,2,3,4} and the left (L) and right (R) rails
r € {L, R} are considered. The location of wheelset w at time
instant ¢ is x,,(f). Then, after synchronizing the signals, the
acceleration signals can be evaluated as a function of the
track location x, a,, (x).

The wavelet power spectrum (WPS), which is the product
of the continuous wavelet transform (CWT), is considered for

Moving from sp; to sp,
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Fig.4 A schematic diagram of the hammer test
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analyzing the variation of ABA signals in the time—frequency
domain. The WPS can be calculated as follows [27]:

N-1 'S
5o (452)

n'=0

2

WPS,,,(x,5) = ()

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. N is the number of data points in a considered
time frame, n’ = 0, ...,N — 1, a,, (n’) is the ABA signal at an
instant x,,(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, and * refers to the complex conjugate. We used
the Morlet function as the mother wavelet for this study.

Then, two features can be extracted from the WPS, the
global wavelet power spectrum (GWPS) and the scale aver-
age wavelet power (SAWP), to investigate distributions of the
WPS in the frequency (scale) domain and the space domain,
respectively.

The GWPS can be calculated as follows [27]:

1

GWPS,, (s) =
’ n,—n

Z WPSWJ.(x(n), s), x(n;) < x(n) < x(n,)

1 j=n,

(@)
where GWPS,, (s) is the GWPS of the acceleration signal
from wheel w and rail r within the location from x(n,) to
x(n,) for wavelet scale s with s > 0, WPS, (x(n), s) is the
wavelet power spectrum at position x(n) and scale s, and
n, and n, are selected according to the preferred length of
track segment in the analysis. The track segment length can
be adjusted based on user preference. The longer consid-
ered track segment makes the dominant spatial frequency
more pronounced; however, the local characteristics will be
hindered. In addition, the number of data points per con-
sidered segment depends on measurement speed since the
ABA measurement system records signals with a fixed sam-
pling rate. The lower speed provides a higher number of
data points.

This study investigates the variation of track characteris-
tics on the sleeper interval basis. Therefore, we considered
the number of data points corresponding to the measurement
speed and the spacing between sleepers at 0.65 m for determin-
ing the dominant spatial frequency in Sect. 4.2.

The SAWP can be calculated as follows [27]:

86, & WPS,,(x,s;)
SAWP R AR W
() Cé Z " 3)
J=h J
where SAWP, (x) is the SAWP of the acceleration signal
from wheel w and rail r at location x within wavelet scale s

from 5; t0s;, WPSw’r(x, sj) is the wavelet power spectrum at
scale j, 6; is the scale step, 6, is the time step, and Cj is the
empirically derived constant of the wavelet function.

3 Characteristics of the transition zone
responses to impact excitation tests

3.1 Identification of the reliable frequency range

We identify the reliable frequency range of FRFs based on
two criteria [20]: 1) the variance of the FRFs for different
impact tests should be small, which means there is a narrow
envelope in the reliable frequency range, and 2) the coher-
ence should be close to 1 in the reliable frequency range. The
coherence is a statistical value in a function of frequency that
examines the relation between the input signal (the impact
force, F(t)) and the output signal (the acceleration, a(¢)),
ranging from O to 1. At a considered frequency, the coher-
ence close to 1 indicates a strong relationship between input
and output signals. Hence, the quality of the FRF can be
indicated by the coherence. The coherence can be calculated
as follows:

|SaF(f)|2
Saa(f)SFF(f)

where C,x(f) is the coherence, S,z(f) is the cross-spectrum
of the force and the acceleration, S,,(f) is the autospectrum
of the acceleration, Sgr(f) is the autospectrum of the force,
and f is the frequency.

We chose the FRFs for the hammer tests at the location of
sleeper sp, as an example. The average FRF, including the
envelope (maximum and minimum values) and the coher-
ence, are shown in Fig. 7. Based on the mentioned criteria,
while considering the FRFs at the ten different impact loca-
tions, it can be determined that the reliable frequency range
is between 30 and 500 Hz.

Then, the reliable frequency range of the falling
weight tests is determined. The responses of sleeper sps
are selected as an example since its distance from the
impact locations of the hammer tests is 0.15 m, which
can be considered minor. Based on the abovementioned
criteria for determining a reliable frequency range, the
results in Fig. 8c show that falling weight tests can be
considered reliable from 10 to 100 Hz. Then, in the same
figure, we compare the mobility functions between the
two types of impact tests. Note that an additional peak of
approximately 15 Hz is only observed from the mobility
function from falling weight tests. The following peaks
of approximately 50 Hz can be found from both falling
weight and hammer tests, even though impact forces and
accelerations from both impact tests are largely different,

Cor(f) = )
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Fig.8 Hammer test and falling weight test, responses measured at
sleeper sps: a an example of the impact force and the acceleration
due to a hammer impact; b an example of the impact force and the
acceleration from a 100 kg weight dropped from 47 cm above the
rail head; ¢ mobility and coherence of the track system from ham-

as shown in Fig. 8a and b. This finding suggests that the
FRFs calculated from a wide range of input and output
from different impact methods can identify track reso-
nances as long as track resonances are within the reliable
frequency range of those impact methods.
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mer test and falling weight test, O indicates peaks. The envelope and
the coherence of the hammer test are obtained for five impacts from
a similar procedure, while the envelope of the falling weight consid-
ers a wider range of tests, including tests with different heights and
weights

3.2 Vertical dynamic responses based on hammer
tests

Figure 9a shows the mobility functions of hammer tests at sp;
to sp;o, in which two noticeable peaks can be observed. The



Journal of Civil Structural Health Monitoring (2024) 14:979-996

987

Track on the embankment  Track on the bridge

|Zone A| |Zone B

500

400 .

frequency (Hz)

position (m)

10°® 10°

Mobility ((m/s)/N)

(@)

Mobility ((m/s)/N)
Damping ratio, ¢

position (m)

1 %107 | Zone A | |ZoneB|08

: - — 0.
z I 1 -
> 10f 1 =
£ 1 2
= g spk spy  spj0.6 o
> | o £
= | 5
g 9 | } -8 8
= . ‘ T s FT| 0.4

-2 -1 0 1 2 3
position (m)

(©)

Fig.9 Variation in FT and TR-1: a a surface plot of the FRFs, including the dropped 3 dB band; b mobility magnitude and damping ratio of
TR-1; ¢ mobility magnitude and damping ratio of FT. O indicates the positions of sleepers sp;-sp;, from left to right

Average FRF Rail

| Envelope FRF Rail

Envelope FRF Sleeper

z z z
0 2 2
£ £ £
> > =
o o . 6 [¢)
= = 10 s
107 8P SPs L, o7 SPe
50 100 300 500 50 100 300 500 50 100 300 500
Frequency (Hz) Frequency (Hz) Frequency (Hz)
(a) (b) ©

Fig. 10 FRFs of the track system with respect to responses at the rail head and the sleeper, O indicates FT: a—c tests at the locations of sp;, sps,

and spg, respectively

first peak is in the range of approximately 30-60 Hz, and the
second peak is in the range of approximately 270-320 Hz.
The first peak is likely full track (FT) resonance, in which
the rail and the sleeper vibrate together as a rigid body [22,
28]. The identification of the FT resonance can be explained
by observing the mobility functions of two outputs at the rail
head and underneath the sleeper with respect to the same
input. Figure 10 compares the mobility functions of the rail

and the sleeper at 3 locations: spl (a, and as), sp5 (a, and
a,), and sp6 (a, and as). In each subplot, the peak frequency
values in the FT range are insignificantly different between
the rail and sleeper FRFs, indicating that both components
vibrate together at this resonance. The second peak is named
TR-1, which could be related to the responses of other track
components above a ballast layer. According to the literature,
three track resonances can be determined by hammer tests: (1)
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FT resonance, (2) rail resonance, in which the rail vibration is
relative to the sleeper, and (3) pin-pin resonance, in which the
track vibration wavelengths are equal to the sleeper spacing
[22, 28]. Since the pin-pin resonance mostly occurs between
400 and 1200 Hz, TR-1 should be the rail resonance. Further
experiments might be needed to prove this statement.
According to Fig. 9a, frequency shifting of FT and TR-1
can be observed from outside the bridge to inside the bridge.
Additionally, Fig. 9b and ¢ show variations in the magnitudes
and damping ratio of TR-1 and FT along the considered track
segment. The damping ratio () can be calculated as follows:

¢ = Afias )
2fo

where ( is the damping ratio, f; is the resonant frequency,
and Af;,p is the bandwidth of the dropped 3 dB band from
the resonant frequency. Given that the two considered loca-
tions provide similar resonant frequencies but differ in
dropped 3 dB bandwidth. A location with a broader band-
width represents a faster decay due to a higher damping
characteristic, resulting in a higher damping ratio.

Considering the track segment on the embankment, the
locations of sp,, sp,, and sp; show slightly higher FT fre-
quency values than sp, and sps, while the corresponding
mobility magnitudes are 40-55% lower. The damping ratio
values at sp;, sp,, and sp; are 60-87% higher than sp, and sps,
representing a faster acceleration decay due to higher damping.
The differences in the local conditions in terms of stiffness and
damping of the ballast layer should be key factors of the vari-
ations in the features of FT resonance [20, 22].

Regarding TR-1, the location of sp, shows a higher fre-
quency value, but its mobility magnitude and damping ratio
are approximately 30% lower and 50% higher than those at
sp,—sps, respectively. These findings indicate the different
dynamic behavior of the track components above a ballast
layer, and the influence of the nearby weld might have played
arole.

While considering the track segment on the bridge from
SPe—SP¢» variations in the FT and TR-1 frequency, correspond-
ing magnitudes, and damping ratio are minor compared to
those on the embankment. These variations in FRF features
from sp, to sp;, indicate how the vertical dynamic behavior
of the track system changes as a function of the position along
a transition zone.

3.3 Vertical dynamic responses based on falling
weight tests

Different impact test configurations influence the charac-
teristics of FRFs [17, 22]. For example, different FRFs

‘‘‘‘‘‘

are obtained when using different impact excitation forces
(different hammers, heights, and weights of the falling
weight device), different locations of interest of the out-
put (rail or sleeper), and different distances between the
input and output sensors. For example, the peak at 15 Hz
(lower than the FT resonance) can be clearly observed
from the FRFs of accelerometer a4, which is closest to the
impact location, as shown in Fig. 8. However, FRFs with
output sensors farther from the impact location of the fall-
ing weight do not obviously identify this peak. This peak
could be related to the resonance of the track components
underneath the ballast layer since the falling weight device
provides higher excitation energy so that lower track com-
ponents are more excited than when using the hammer.
In this section, we evaluate the deflection characteristics
of the transition zone with falling weight at the reference
location. We consider the sleeper responses for different
frequency ranges through operational deflection shapes
(ODSs). The ODS can be used to visualize the actual
motion of the structure at the considered frequency, which
can resemble mode shapes if the considered frequencies
are close to the resonance frequencies of the system. The
ODS of the instrumented track can be obtained by con-
sidering the imaginary parts of the FRFs, for which the
receptance function is considered as follows [29]:

ODS(f) = [Im(FRF, (f)), Im(FRF,_ (1)), ..., Im(FRE, (f))]

(6)
where ODS(f) is the ODS of the track at the considered fre-
quency f, and FRF, is the receptance function of acceler-
ometer a;.

The ODS plots corresponding to the reliable frequency
range of the falling weight tests from 10 to 100 Hz are
shown in Fig. 11. Figure 11a shows the ODSs correspond-
ing to the frequency range below the FT resonance, which
could be related to the responses of the track components
below the ballast layer. Except the responses of a, at
— 0.15 m, which provides the most deflection because it
is closest to the impact load, it can be considered that the
track segment on the embankment has less deflection than
the track segment on the bridge, reflecting the higher capa-
bility of the embankment to dissipate and transmit energy
compared to that of the track on the bridge. Looking at the
ODSs in Fig. 11b, which are in the same frequency range
as the FT resonance, the a4 responses at 3.75 m provide
the highest downward deflection. As seen in the ODSs in
Fig. 11c, this location shows the highest upward deflection
in the range between 60 and 100 Hz. The location of a4
is close to the middle span of the bridge deck slab (Zone
B); hence, this location can deflect more than Zone A and
Zone C, which are closer to the abutments.
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Fig. 11 Operational deflection
shapes of the track at different
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4 ABA responses at transition zones

4.1 ABA signals in the space domain
and the space-spatial frequency domain

The ABA measurement system was deployed on 25 and 27
August 2022. Each day, the instrumented wagon passed by
the case study transition zone two times in different direc-
tions. In total, the ABA signals from 4 measurements are
available for analysis. Following the findings from a previ-
ous study [16], we consider the average vertical ABA signals
from four axle boxes on the same side of the wagon and
signals within 30 m from the abutment. Hence, the ABA
responses from — 30.0 m to 38.15 m are considered in this
study. Additionally, since the ABA responses are dependent

position (m)
()

Table 2 The average speeds of the instrumented wagon while passing
the studied transition zone

Average speed while passing the  Direction
transition zone -

To Murjek To Boden
Day 1 31.7 m/s 26.8 m/s
Day 2 33.7 m/s 33.0 m/s

on the speed, we analyze the ABA responses in the space-
spatial frequency domain instead of the time—frequency
domain. The speed of the train during the different meas-
urements varies, as shown in Table 2.

Figure 12 shows an example of the ABA signals measured
toward Murjek station on day 1. Signals in the space domain
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and the space—spatial frequency domain reflect the properties
of the transition zone. Significant changes in ABA signals,
particularly in the space-spatial frequency domain, can be
observed. The high-energy area is noticed from Zone A to
Zone C, with the highest spatial frequency of approximately
0.20 m~! (equivalent to 5 m). This response relates to the inter-
action of the instrumented wagon with the bridge, and the
noticeable spatial frequency is closely related to the length
of the bridge deck, which is 4.20 m. Then, energy continu-
ously decreases in the locations further away from the bridge,
indicating a change due to the transition zones. Note that at
— 7.7 m, the spikes in the space domain signal and the high-
energy area of approximately 1.53 m™! (equivalent to 0.65 m)
and higher are related to welds on both rails. However, the
weld on the left rail at -0.3 m does not cause significant dif-
ferences in the ABA signals. These characteristics of ABA
signals regarding two welds could indicate differences in the
weld health conditions, which further investigation could pro-
vide more understanding.

The developed KPI®“ [16] can be used to evaluate the
difference in the degradation level between the transition
zones of a bridge. The KPI is based on the relative ABA
energy difference between the transition zones at the
entrance side and the exit side of the bridge with respect to
the travel direction of the measurement system. The KPI can
be calculated as follows:

X ——————exit X, ————entrance
(Zx=x3 SAWP'(x) - X2, SAWP (x))

KPIde = x 100

—————entrance
®)

(z2, SAWP w32, SAWP
2

N

Table 3 KPI*' to evaluate the relative degradation level between 2
transition zones

Direction KPIside Interpretation
Day 1 Day2  Average
To Murjek 44.06 43.30 43.68 The exit side transi-
tion zone (north
abutment) is more
degraded
To Boden -661 —-501 -—-5381 The entrance side tran-

sition zone (north
abutment) is more
degraded

location

where Ej”: . SAWP (x) is an average SAWP from four

wheelsets at a considered location from x,, to x,, x; and x,
are the boundary positions of the transition zone at the
entrance side, and x; and x, are the boundary positions of the
transition zone at the exit side. A positive KPI®“ indicates
that the transition zone at the exit site is more degraded.
Based on the four measurements, the north abutment transi-
tion zone is more degraded than the south abutment, as
shown in Table 3. The supporting reason is that the full
loaded iron ore trains travel in the direction to Boden. The
trains have the heaviest axle load that could accelerate the
degradation of the north abutment transition zone.
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4.2 Analysis of ABA features at transition zones

In this study, we consider investigating two extracted fea-
tures from ABA signals: (1) the SAWP, which can be calcu-
lated according to Egs. (3), and (2) the dominant frequency
of a particular piece of track at a particular spatial frequency
range, which can be defined as follows:

Fm(x) = arg max(GWPS(f)), X € [x), %]

8
felfihl ®

where f;‘)m(x) is the dominant frequency in the range
a= [fl , fz] within the track location from x; to x,, and Gwps(y)
is an average GWPS from four wheelsets. In this study, we
consider a moving window of 0.65 m with 95% overlap to
capture the changes in the dominant frequency.

For a particular extracted feature, we considered its vari-
ation within two spatial frequency ranges. The first spatial
frequency is between 0.04 m™~! and 0.33 m™!, corresponding
to wavelengths of 3 m to 25 m (D1 wavelength, according to
EN 13848-1 [30]). The second range is between 1.05 m™!
and 2.86 m~!, corresponding to wavelengths of 0.35 m to
0.95 m. This wavelength corresponds to the sleeper interval
of +£0.3 m. According to an investigation of the scalogram
of the wavelet power spectrum, those two spatial frequency
ranges provide the most noticeable ABA energy.

Figure 13 shows the variation in the ABA features
measured on day 1 in the direction toward Murjek station,
from -10 m to 10 m, covering the north transition zone and
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the bridge where impact tests are conducted. Besides the
influence of the welds at — 7.7 m which obviously provide
changes in ABA signals, in Fig. 13a and b, the dominant
spatial frequency variation in the range of 0.04-0.33 m~!
(the green lines) of both rails shows a similar trend at the
track segment on the bridge, where the dominant frequency
gradually decreases from Zone A to Zone C, from 0.20 to
0.17 m~!. In comparison, the track segment on the embank-
ment from — 7 to — 2.5 m shows unevenness between the
left and the right rails. Considering the dominant frequency
in the range of 1.05-2.86 m~! (the red lines), the dominant
frequency is at 1.53 m~! for most of the track locations on
the right rail, and a slight shift occurs at the location of Zone
C. In contrast, the dominant frequency on the left rail shows
a higher level of fluctuation with a noticeable change from
— 2 to 7 m. The highest shift is at 4.4 m in the middle of
Zone B. Then, the dominant frequency gradually decreases
to 1.53 m~! at approximately 7 m in the middle of Zone C.
Variations in the SAWP from the left and right rails
are shown in Fig. 13c and d. The SAWP in the range of
0.04-0.33 m™! (the blue lines) gradually increases when
approaching the bridge, with the highest value at about
2.0 m where is the connection between Zone A and Zone
B (from the north abutment to the deck slab). Considering
the SAWP in the range of 1.05-2.86 m~! (the orange lines),
the peaks due to the weld at — 7.7 m, which the right rail
shows the higher magnitude, can be observed from the both
rails. While the weld at — 0.3 m on the left rail does not
provide significant peak. Besides, fluctuations in the SAWP
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of both rails along the transition zones and the bridge can
be observed.

According to these observations, a conclusion can be
drawn that the considered ABA features are relevant to the
variation in vertical track dynamic behavior. Noticeable
changes are found at transition zones, in which the track
support conditions change drastically. Furthermore, notice-
able dissimilarities in ABA features between the left and
right rails are found at some parts of the track. This indicates
that there are differences in the local conditions between
the rails.

4.3 Repeatability of the ABA measurements

This section evaluates the repeatability of the considered
ABA features considering two measurement speeds and two
measurement directions. Please note that the influence of the
welds is not included in the analysis. Regarding the influence
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of the measurement speed, the ABA signals from the left rail
and measurements in the direction toward Murjek Station
on Day 1, with a running speed of 31.7 m/s, and on Day 2,
with a running speed of 33.7 m/s, are selected for evaluation.
Figure 14a shows the considered ABA features from the two
measurements. Both measurements show a similar pattern
of dominant frequency in the ranges of 0.04-0.33 m~! and
1.05-2.86 m~!. The SAWPs from the two measurements are
similar. However, the measurement with a higher measure-
ment speed yields a higher SAWP magnitude than that with
a slower measurement speed.

Next, the evaluation of the influence of the measure-
ment directions is considered. The ABA signals on the
left rail from the measurements in the direction toward
Murjek Station on Day 2 with a measurement speed of
33.7 m/s and toward Boden Station on Day 2 with a meas-
urement speed of 33.0 m/s are selected. Figure 14b shows
the variation in the considered ABA features between the
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two measurements. Although the different wheel moving
directions at the transition zones provide different wheel
force distribution characteristics [1], the variations in the
ABA features between the two measurements are similar.
There are minor differences in ABA features in the range
of 1.05-2.86 m™! (see the second and the forth rows of
Fig. 14b). The dominant frequencies show a slight dif-
ference in Zone B at approximately 4 m to 5 m from the
middle of the bridge deck (the second row of Fig. 14b).
Moreover, the SAWPs show different numbers of peaks
and peak locations between — 3 and 5 m (the forth row
of Fig. 14b).
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These findings suggest that ABA measurements with dif-
ferent measurement speeds and directions provide consid-
erable consistency ABA features. Making transition zone
conditions monitoring using in-service trains more reliable.

5 Relationship between the impact tests
and ABA measurement results

The results from the impact tests and ABA measurements
allow us to estimate the variations in the vertical dynamic
behavior at different locations in the transition zone. The
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proposed measurement framework can be used to assess the
health conditions of railway tracks and estimate their proper-
ties, such as track stiffness and damping from FRF-derived
features [17, 20, 22]. In this section, we analyze the possible
relationships between the impact tests and ABA measure-
ments to be able to interpret the condition monitoring results
from ABA measurements.

The ABA responses in the ranges of 1.05-2.86 m™! are
most likely related to ballast layer conditions. An investi-
gation shows that the changing trend of the dominant fre-
quency of the ABA signals is aligned with the FT resonance
obtained by the hammer tests, as shown in Fig. 15a and c.
Both features show a decreasing trend from approximately
— 2 m to the end of Zone A.

The SAWP from ABA signals follows a behavior similar
to the FT resonance magnitude estimated from the ham-
mer tests, as indicated by the arrows in Fig. 15b and d. An
increasing trend of both features can be observed from
approximately — 2-0 m. Then, both values fluctuate with
two peaks from the beginning of Zone A to the beginning
of Zone B.

These findings suggest that changes exist in the transition
zone vertical dynamic behavior due to sleeper support condi-
tions, in which conditions of a ballast layer are dominant.
This finding agrees with the current knowledge that sleepers
and rails vibrate together like a rigid body in terms of FT
resonance, in which the properties of the ballast layer play a
major role, as mentioned in Sect. 3.2.

In addition, the variation in the ABA features provides a
noticeable change at 3.0 m to 7.0 m, which covers Zone B
and Zone C, as shown in the dotted boxes in Fig. 15a and b.
This region corresponds to the high deflection at the position
of accelerometer a4, according to the ODSs obtained with
falling weight tests, as shown in Fig. 11. These high deflec-
tion factors could be a result of the ballast layer properties,
and the location could be a contributing factor. This location
is close to the middle span of the bridge deck, which tends
to deflect and vibrate more than other parts.

Looking at Fig. 15¢ and f for the range of 0.04-0.33 m™",
no clear relationship could be identified between the ABA
responses and features from the hammer tests. ABA fea-
tures in this range are not well aligned with the features
of FT (Fig. 15c and d) and TR-1 (Fig. 15g and h) obtained
by the hammer tests. The reason is that ABA responses in
this range are related to the substructure condition in this
spatial frequency range, while FT and TR-1 are related to
the condition of the ballast layer and the components above
it, respectively.

Even though the available measurement datasets from
the impact tests cannot fully understand ABA features in
the range of 0.04-0.33 m~!, it has been reported that ABA
responses in the spatial frequency range are related to the
substructure conditions. Therefore, ABA measurements

‘‘‘‘‘‘

still provide valuable insights into the conditions of the
substructure and the ballast layer, allowing estimation of
the health condition of the transition zone. Unlike a more
degraded transition zone, a transition zone with healthy
conditions should exhibit fewer fluctuations in its vertical
dynamic characteristics. Notably, the ABA features near
0 m (the north abutment transition zone) show more pro-
nounced changes compared to those near 8.15 m (the south
abutment transition zone); please see Fig. 15a, b, e, and f.
This observation suggests a higher degree of degradation in
both the ballast and substructure layers in the north abutment
transition zone, which aligns with the findings presented in
Table 3.

6 Conclusions and suggestions for further
works

This paper investigates the vertical dynamic behavior of
a railway bridge transition zone through an experimental
assessment with two measurement techniques: impact tests
and onboard measurements. Impact tests provide informa-
tion about some important track characteristics, including
track resonant frequencies and their corresponding mag-
nitudes, which can be observed from the FRFs from the
hammer and falling weight tests. Additionally, the track
deflection responses can be analyzed by means of the ODSs
derived from falling weight tests. Moreover, ABA signal
characteristics indicate that the variations in the train-track
interactions at transition zones are strongly related to the
track health condition. Since the two measurement tech-
niques are based on different principles, analyzing the rela-
tionship between the features from the two techniques could
provide more understanding of the ABA features. Further-
more, ABA measurements can be beneficial for health con-
dition monitoring of transition zones at the network scale.
According to the findings from the case study, the following
conclusions can be drawn:

1. Variations in the FT and TR-1 resonances from ham-
mer tests are observed at different transition zone loca-
tions. This indicates that different track vertical dynamic
behaviors exist with respect to the ballast layer and the
components above it. In comparison, an additional track
resonance factor that is lower than FT can be obtained
from the falling weight tests.

2. ODSs derived from the falling weight tests show differ-
ent deflection characteristics along the transition zone.
This indicates differences in vertical dynamic responses
between segments of the track on the embankment and
the track on the bridge.

3. The ABA features from different operational conditions,
which are the speeds and moving directions, show con-
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siderable consistency in the dominant frequencies and
SAWPs along the transition zone, particularly in the
two considered spatial frequency ranges, 0.04—0.33 m™!
and 1.05-2.86 m~'. This knowledge can be utilized to
minimize the influence of uncertainty in transition zone
condition monitoring with in-service trains.

4. The ABA features in the spatial frequency range of
1.05-2.86 m™~! are related to ballast layer conditions
since a similar pattern can be observed between the
ABA features and FT resonance features. The dominant
ABA frequency is related to the FT resonant frequency,
while the SAWP of the ABA is related to the magnitude
of the FT resonance.

5. The location that is highly deflected due to excitation
can be identified by both ABA measurement and fall-
ing weight tests, and the results from both measurement
techniques are well aligned.

In further works, additional extensive falling weight tests
should be conducted to link its corresponding FRF features,
which are expected to be related to substructure components,
with ABA features in the range of 0.04-0.33 m™'. The find-
ing could support a statement that track irregularities in
this frequency range are related to substructure component
conditions. Part of the further research will include analyz-
ing the relationship between the ABA responses and other
track inspection techniques, such as ground penetrating radar
(GPR) and track geometry measurements, which can provide
a better understanding of the ABA responses concerning
various aspects of the track characteristics.
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