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Abstract

This paper investigates the relationship between train
speed and acceleration amplitude measured through
axle-box acceleration (ABA) at insulated rail joints
(IRJs) on the Norwegian railway network, using the
track-recording vehicle Roger 1000. A total of 56
passages (from two IRJs) recorded with a tri-axial
piezoelectric accelerometer mounted near the axle box
on the leading wheelset were analyzed. For each pas-
sage, a £2.5s window around the IRJ was extracted
to identify the exact peak where the train is assumed
to have passed the IRJ, and a RMS-value of the ab-
solute amplitudes was computed in a +1ms gliding
window to show the local vibration energy. Second-
order regression models were fitted for both vertical
and longitudinal directions that show a near-linear
increase in amplitude with speed, with the vertical di-
rection exhibiting the highest sensitivity. Further, nor-
malized RMS values with speed based on the second
order regressions help reveal outliers from a perfect
amplitude-speed-relationship, indicating additional in-
fluences. The longitudinal (X) direction exhibits larger
relative variability than the vertical response after
speed normalization, and the changes following docu-
mented rail-grinding events were more pronounced in
X-direction, suggesting that longitudinal accelerations
are more sensitive to subtle changes in track condition.

Keywords: railway monitoring, axle-box acceleration
(ABA), insulated rail joints (IRJs), track condition

1. Introduction

Track maintenance is essential for safe and reliable
railway operations, as effective maintenance practices
are crucial for improving passenger safety and comfort
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[1]. Traditional maintenance through manual inspec-
tions has made it difficult to detect early-stage defects
before they affect train operations [2].

Real-time continuous railway monitoring with smart
sensors represents a major improvement over tradi-
tional inspections, enabling earlier detection of track
defects [3]. Train-mounted accelerometers are among
the most promising tools for condition monitoring [4].

1.1. Literature review

Mounting sensors on regular trains has gained increas-
ing attention, as this enables continuous measure-
ments during normal operations and supports both
vehicle and track monitoring [1]. Axle-box accelera-
tions (ABA) are particularly useful for detecting track
defects, as the sensors capture a broad frequency range
[4]. Higher speeds and shorter wavelengths generate
higher excitation frequencies, and different compo-
nents of the vehicle-track system respond in distinct
frequency ranges [5]. Low-frequency signals (> 2 m
wavelength) indicate large-scale geometric deviations,
while high-frequency content indicates local defects
such as squats or irregularities at joints [4].

Several studies have applied advanced data analysis
to ABA measurements. ABA has detected squats and
switch defects using wavelet-based approaches and un-
supervised learning by exploiting localized frequency
responses [6, 7]. Yang et al. showed that joints and
other defects can be detected from raw acceleration
signals using deep learning [8]. A study analyzing
ABA on high-speed trains (~300 km/h) found that
longitudinal ABA produced stronger responses (~1.4
times higher) than vertical ABA for the same rail de-
fect and was more effective for detecting local squats.
Longitudinal ABA does not include vibrations from
fasteners and sleepers, in contrast to vertical ABA,
and therefore captures the vibration response from
the rail impact more effectively [6].

IRJs are critical components due to their electrical and
structural functions. Molodova et al. demonstrated
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that ABA measurements at wheelsets can detect TRJ
defects, achieving 84% detection rate [9].

Optimal sensor placement and proper signal process-
ing remain essential. Sensors mounted near the lead-
ing bogie or first wheelset provide the strongest re-
sponses [1]. At the same time, ABA amplitudes are
strongly affected by train speed, complicating direct
interpretation of raw measurements [10]. Filtering,
time-frequency transforms and wavelet analysis are
therefore necessary to extract reliable indicators of de-
fect presence [11]. Overall, the literature highlights the
potential of ABA measurements for condition-based
maintenance, while highlighting several challenges.

1.2. Scope and contribution of this work

This paper investigates the speed-response relation-
ship at two IRJs on the Norwegian network where
Roger 1000 has passed at different times at different
speeds. The objective is to quantify the relationship
between speed and ABA amplitude and evaluate the
variability across multiple passages. IRJs represent a
clear vertical discontinuity, and require proper main-
tenance to withstand operational loads. Because this
discontinuity produces a distinct impulsive response in
ABA measurements [12], they were selected as suitable
features for this study.

This paper addresses three research questions:

1. How sensitive is the vibration response at differ-
ent speeds?

2. How does speed affect the amplitude when pass-
ing isolated rail joints?

3. How do variations in the condition of the track
affect the relationship between speed and accel-
eration amplitude?

This paper contributes by presenting a structured
methodology for ABA processing centered on IRJ
passages, analyzing amplitude vs speed, quantifying
variability and identifying outlier behavior to this
relation, and discussing implications for ABA-based
monitoring and recommendations for further research.

2. Methodology

2.1. Data description

ABA data were obtained from the Norwegian track
recording vehicle Roger 1000, equipped with four piezo-
electric tri-axial accelerometers Model 138.02 with dy-
namic range of 200g mounted on the axle-boxes of the
bogies. Data were sampled at 20 kHz and extracted
from the accelerometer installed near the axle-box of
the leading wheelset on the left side, as sensors near
leading wheelsets typically provide the strongest sig-
nals[1]. Data were collected from two positions with
IRJs on a single-track section between Lillestrgm and
Eidsvoll, eliminating inconsistencies that can occur
on double-track lines. Both IRJs are located in an
area with straight horizontal alignment. Position 1
has a vertical gradient of +3.5%o, and position 2 has
a gradient of -10%.

A total of 56 passages over two different IRJs (29
and 27 per IRJ), recorded between 2023 and 2025
(largely collected on the same days for both positions)
at varying operating speeds were extracted and ana-
lyzed in vertical (Z) and longitudinal (X) direction.
GNSS-based NMEA files provided speed, positional
information and local time, which were synchronized
with raw acceleration data containing amplitude sig-
nals. Figure 1 shows the configuration of the ABA
measurement system used on Roger 1000, including
sensor placement near the axle-box, GNSS on the
roof, and signal transmission to the onboard data
acquisition unit.

Figure 1: Illustration of the ABA measurement system.
(T. Ursin, personal communication, May 7, 2025).

2.2. Data analysis

The analysis aimed to quantify the relationship be-
tween train speed and ABA response at IRJs and
address the research questions on sensitivity, speed
effect, and track variability.

IRJ positions were identified using GNSS coordi-
nates with an accepted tolerance of approximately
£0.00004°latitude and 40.00002°longitude, which cor-
responds to approximately 4.45 meters and 1.11 me-
ters, respectively, to compensate for GNSS measure-
ment deviations and ensure correct passage selection.
For each passage, a £2.5s gliding window around the
IRJ was extracted to capture the impact transient,
as the distance between the GNSS antenna and the
accelerometer introduces a positional offset of several
meters along the track that needs to be accounted
for. Within each window, the absolute peak accel-
eration was identified, as illustrated for one passage
at the second of the two IRJs in the time histories
shown in Figures 2 and 3. These examples display
the signal on the y-axis for a +1s interval around
the estimated IRJ location, highlighting the distinct
impact transient. The vertical dashed line in the time-
history plots marks the estimated IRJ position based
on coordinates before capturing the peak acceleration.
To characterize impact energy, a RMS-value of the
absolute amplitudes was computed in a +1 ms window
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Passage 17 - Vertical direction
14-02-2024, 23:47:19 (speed=107.9 km/h)
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Figure 2: Ex. vertical acceleration signal at IRJ.

Passage 17 - Longitudinal direction
14-02-2024, 23:47:19 (speed=107.9 km/h)
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Figure 3: Ex. longitudinal acceleration signal at IRJ.

around the peak, as this isolates the high-frequency
impulse typical of IRJ crossings which is too brief to
be reliably represented by maximum absolute values
alone. Both vertical (Z) and longitudinal (X) direc-
tions were analyzed, with X evaluated in a subwindow
around the Z-peak to ensure co-located events. For
each IRJ and direction, RMS values were plotted
against speed and fitted with a second-order polyno-
mial f(v) where v is train speed. This model describes
the expected speed-vibration response trend. Finally,
regression models from the figures from these two IRJs
were combined using a weighted approach based on
passage counts to produce overall sensitivity estimates
for Z and X directions. These combined models de-
scribe how speed influences amplitude when passing
IRJs and allow calculation of sensitivity trends across
the observed speed range.

To assess variability and potential condition effects,
normalized RMS-values were calculated with Eq. (1).

RMSmeasured
f()

Values above 1 indicate stronger than expected dy-
namic behavior, while values below 1 suggest weaker
responses than expected from the passage speed. To
contextualize potential deviations for these plots, a
nationwide maintenance log from Bane NOR was ex-
amined, and relevant maintenance activities within
the corresponding time period and track sections were
extracted and included in the analysis.

RM Spomm = (1)

This post-processing approach enables comparison
between speed and acceleration amplitude across pas-
sages and supports the identification of outliers, ad-
dressing the third research question regarding the
influence of conditions.

3. Axle-box Acceleration Analysis

3.1. RMS amplitude versus speed

Figures 4-7 illustrate the RMS responses as a function
of speed for the two IRJs in vertical (Z) and longitu-
dinal (X) directions. Both directions show increasing
trends with speed. Vertical signals generally exhibit
higher amplitudes than longitudinal signals. For both
directions, the regression models indicate a near-linear
increase across the observed speed range, although
some curvature is present. Outliers are visible in both
directions, with longitudinal responses showing greater
variance from the fitted trend. This is reflected in the
coefficient of determination R?, which explains how
well the regression model fits the relationship between
speed and amplitude. Position 1 has R? = 0.397 for
Z-direction and R? = 0.275 for X-direction while Posi-
tion 2 has R? = 0.501 for Z-direction and R? = 0.329
for X-direction.

Vertical direction - Amplitude vs speed with regression model
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Figure 4: RMS acceleration versus speed - vertical direc-
tion for Position 1.

Longitudinal direction - Amplitude vs speed with regression model
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Figure 5: RMS acceleration versus speed - longitudinal
direction for Position 1.

To provide an overall description of the speed-response
relationship, regression models from the two IRJs were
combined using a weighted approach based on passage
counts. The resulting second-order polynomials for
vertical (Z) and longitudinal (X) directions are shown
in Eq. (2) and Eq. (3).

7z(v) = 0.00000654 v + 0.00135v + 0.00567  (2)

7x (v) = 0.00000796 v2 + 0.0000713 v + 0.04027 (3)

Both directions show a predominantly linear increasing
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Vertical direction - Amplitude vs speed with regression model
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Figure 6: RMS acceleration versus speed - vertical direc-
tion for Position 2.

Longitudinal direction - Amplitude vs speed with regression model
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Figure 7: RMS acceleration versus speed - longitudinal
direction for Position 2.

trend in amplitude with higher speed, although a slight
curvature is present.

The sensitivity of RMS amplitude to speed was derived
by differentiating the functions, shown in Eq. (4) and

Eq. (5).

dii
% = 0.0000131 v + 0.00135 (4)

dg—;{ = 0.0000159 v 4 0.0000713 (5)
These derivatives quantify how RMS amplitude
changes per unit increase in speed. Table 1 sum-
marizes the estimated sensitivities for selected speeds.
Both directions are more sensitive at higher speeds.
Vertical acceleration shows roughly twice the sensi-
tivity of longitudinal acceleration at moderate speeds
(60-100 km/h), confirming its stronger correlation
with speed. The difference between directions de-
creases with increasing speed, but Z remains more
sensitive across the investigated speed range.

3.2. Normalized RMS evaluation

Figures 8-11 show the normalized RMS values for both
IRJs and directions, sorted chronologically. Vertical
dashed lines mark documented maintenance periods
(rail grinding). The normalization removes the domi-
nant speed influence and highlights passages with un-
usually high or low responses relative to the expected
trends from the regression models in Figures 4-7.

v [km/h]

Z [g/(km/h)]

X [g/(km/h)]

35
60
80
100
130

0.00181
0.00210
0.00240
0.00270
0.00305

0.00063
0.00100
0.00135
0.00170
0.00214

Table 1: Estimated RMS sensitivity in vertical (Z) and
longitudinal (X) directions.

The plots reveal substantial scatter, particularly in the
longitudinal direction, and highlight several outliers
exceeding the expected range. The vertical direction
exhibits more consistent behavior, though isolated
points deviate from the expected range. This is con-
sisted with higher R?-values for the vertical direction
in both positions in Figures 4-7. Some reduction in nor-
malized RMS-values after maintenance periods can be
observed, especially in X-direction, and the regression
models for the normalized Figures 9 and 11 support
this trend, though R?-values for these models are not
very high due to many outliers and big variation from
the correlation between speed and amplitude.
Overall, the normalized RMS evaluation supports iden-
tification of passages with atypical behavior and po-
tential condition changes over time, addressing the
third research question on track variability.

Vertical direction - Normalized RMS-values with speed in chronological order
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Figure 8: RMS vertical acceleration normalized with
speed, including second-order regression in Position 1.

Longitudinal direction - Normalized RMS-values with speed in chronological order
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Figure 9: RMS longitudinal acceleration normalized with
speed, including second-order regression in Position 1.

3.3. Visual inspection of the IRJs
In addition to these plots available images of the joints
from 17 June 2025 were visually inspected. While the
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)

o

-~ = 2. order regression line (R?=0.009)
° = Maintenance performed

H
©

H
o

-
IS

0] @9 | P L —

-

8! * e L

°

Noralized RMS values from 2. order regression
-
L3

Figure 10: RMS vertical acceleration normalized with
speed, including second-order regression in Position 2.

Longitudinal direction - Normalized RMS-values with speed in chronological order
.

~
&

—---- = 2. order regression line (R?=0.241)
- = Maintenance performed

P oeoN
N by o
5 & 5 8
-
[

H
°
8

L]

L]
.

Noralized RMS values from 2. order regression
[ 2
L]

Figure 11: RMS longitudinal acceleration normalized
with speed, including second-order regression in Position 2

images provide only limited diagnostic value, both
joints appear generally intact, with no obvious surface
defects visible at the resolution provided. Unfortu-
nately, no other images of the IRJs were found.

4. Discussion

4.1. Discussion of the Results

The analysis confirms a clear and predominantly posi-
tive linear relationship between train speed and ABA
amplitude at insulated rail joints, although some cur-
vature is present in the regression models. Both IRJs
show increasing RMS levels with speed, with vertical
acceleration (Z) exhibiting higher amplitudes and a
stronger correlation with speed than the longitudinal
direction (X). This is consistent with the IRJ acting as
a vertical stiffness discontinuity. The weighted regres-
sion models further quantify this behavior, showing
that the sensitivity of the acceleration amplitudes in
both directions increases with speed. The vertical
direction (Z) is roughly twice as sensitive as the lon-
gitudinal direction (X) at moderate speeds (60-100
km/h), although the difference in sensitivity between
the two directions decreases as speed increases.

Despite the overall trend, the relationship between
speed and amplitude is not perfectly linear and ex-
hibits significant scatter, reflected in the relatively
low and varying R? values of the fitted regression
models in Figs. 4-7. The scatter further indicates
that ABA measurements are influenced by additional
factors such as local track variation, wheel-rail interac-

tion, or environmental conditions that differ between
the two positions and time. As almost all passages
at the two IRJs were from the same dates, the ob-
served differences between positions are likely due
to local track and geometry variations (+3.5%ovs -
10%ogradient), and not operational differences. These
observations align with previous studies showing that
ABA responses, while clearly speed-dependent, are
also sensitive to local conditions and can therefore
contribute to detecting track irregularities.

Normalized RMS plots in Figs. 8-11 provide further in-
sight by suppressing the dominant speed effect. They
reveal periods with unusually high or low responses rel-
ative to the regression-based expectation, especially in
the longitudinal direction. Some reduction in normal-
ized values after documented rail grinding suggests a
possible maintenance effect, especially in X-direction,
where the normalized regression lines show a trend of
decreasing amplitudes following grinding. In position
2 the model shows amplitudes rising again later when
maintenance has not been performed for some time.
However, the statistical fit remains weak due to high
variability in responses when compensating for speed
(R%? = 0.110 and 0.241 for X-direction). This supports
X-responses possibly being more sensitive to subtle
variations in local track condition. Vertical responses
show somewhat more stable behavior over time be-
tween speed and amplitude, in line with higher R?
values in the amplitude-speed regressions (Figs. 4-7).

Although IRJs are nominally symmetric components,
asymmetric wear or nearby track features may in-
troduce train running direction-dependent responses,
which were not investigated in this study. The in-
fluence of train running direction can therefore be a
relevant topic for future work.

The observed differences between vertical and longi-
tudinal responses, particularly the larger variability
in the X-direction, suggest that directional sensitiv-
ity may contain additional diagnostic information. A
more detailed study of direction-dependent mecha-
nisms could therefore be valuable in future work.

4.2. Challenges

Several challenges influence the robustness of the re-
sults. GNSS uncertainty requires relatively wide win-
dows in time or distance to locate the true impact
event. Some sensors occasionally exhibit noise or
anomalies. The study is limited to speeds up to
only ~ 130 km/h. The influence of the train run-
ning direction is unknown, and the modest number
of passages increases the influence of outliers. To-
gether, these factors reduce the statistical strength
of the regression models and emphasize the need for
larger datasets with a broader range of speeds and
supplementary condition parameters (e.g., geometry
measurements and train running direction) to better
separate speed-related effects from true infrastructure
changes. A significant restriction is the absence of
systematic information about the IRJs’ condition over
time, making it difficult to determine whether vari-
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ations in ABA response reflect true changes in joint
condition or other operational factors, suggesting that
more consistent condition documentation would be
beneficial in future studies. It may also be advan-
tageous to examine track defects with more defined
condition states, such as squats, where the underlying
damage mechanism is better understood, making it
easier to quantify the effect of track condition on the
correlation between speed and amplitude.

5. Conclusions and further research
This study analyzed the relationship between train
speed and ABA response at two IRJs. The results con-
firm that speed is one of the primary factors affecting
the vibration response. The main findings were:

e Acceleration increases nearly linearly with speed
(35-130 km/h) in Z and X directions, with the
largest signals observed in Z-direction for IRJs.

o Vertical acceleration shows the strongest corre-
lation with speed and is &= 2x as sensitive as
longitudinal acceleration at moderate speeds (60-
100 km/h). Although this difference decreases
at higher speeds, Z remains the most sensitive
direction across the speed interval 35-130 km/h.

« Since nearly all passages at both IRJs were from
the same dates, differences in the amplitude-
speed relationship in the two IRJs, which are
reflected in the R2-values (0.501 for Z and 0.329
for X vs 0.397 for Z and 0.275 for X), are likely
due to local track and geometry variations rather
than operational factors.

o Longitudinal accelerations displaying higher vari-
ability in the speed-amplitude relationship sug-
gest that the X-direction is more sensitive to sub-
tle changes in track condition than vertical direc-
tion. Normalized RMS trends and maintenance
records further support that the X-direction is
more sensitive to local condition changes.

ABA monitoring represents a promising tool for assess-
ing IRJ condition. Future work should include more
track geometry data (e.g. from Roger 1000), expanded
datasets, a broader range of speeds, and examine more
possible influencing factors as e.g. train direction, with
increased focus on direction-dependent mechanisms
between the X- and Z-directions in the analysis, to
strengthen statistical confidence and better distinguish
speed effects from true condition changes.
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