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Squats are associated with high frequency vibrations of the wheel–rail system and can be registered
using axle box acceleration (ABA) measurements. In this paper a three-dimensional finite-element (FE)
model is proposed to capture the dynamic features of the ABA related to squats in the high frequency
range. The FE model is validated relying on a set of real-life ABA measurements at two characteristic rail
surface defects (light and severe squats), located in a section of the railway network in Assen. The
Netherlands. The FE model managed to properly capture the dynamic features in the range of frequencies
up to 2000 Hz.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Squats are rolling contact fatigue defects in rails, generally
considered as surface-initiated short track defects [1,2,3]. One of
the characteristics of mature squats is localized depression of the
contact surface of the rail head that can have a shape of two lungs
(Fig. 1b and c). Other of their characteristics are the widening of
the running band and corrugation-like wave pattern following the
squat, as a result of plastic deformation or wear caused by the
impact of the dynamic wheel–rail interaction. As a way to system-
atize the visual inspections of squats, in Smulders [3] it is proposed
to subdivide squats into three classes: class A for light squats, class
B for moderate squats, and class C for severe type of squats. In
Fig. 1, some reference photographs used to identify the three
classes of squats are shown.

Squats may initiate at a small indentation [3,4,5]. Squats are
also associated with corrugation and welds [5]. A detailed analysis
of the process of development of a typical squat starting from an
indentation was presented in [6] and validated by field measure-
ments in [1]. Cracks of V, U, Y or circular shape usually form at
mature squats [1,2,6], propagate inside the rail head at a shallow
angle to the surface, and grow till about 3–6 mm deep in the sub-
surface, before they branch downward transversely [7]. It is
believed that the dynamic force at a local geometrical irregularity
on the rail surface (for example, at an indentation) is the cause of
the initiation and development of the cracks [1,5,6]. Since the
indentations usually do not have cracks at the beginning, the light
squats may also have no cracks. Fig. 1a shows a pre-crack state of a
light squat.

Currently the detection of squats still relies heavily on human
inspection. In The Netherlands, these inspections are undertaken
twice-yearly by maintenance contractors, and aim to determine
the precise location and severity of the squats. The main problems
of human inspection for the detection of squats are not just that it
is very labour intensive and expensive, but also that in most of the
cases it is just not feasible by manually inspections to detect early
anomalies. Nowadays, the treatments to solve these defects are
very often at a severe stage of degradation, leading sometimes to
the rail replacement because the cracks may grow in the subsur-
face and cause rail break. For that reason, it is very important to
detect the early stage squats when the resulting degradation is still
light because they can be well controlled and treated by for exam-
ple grinding away a thin layer from the rail surface. Therefore,
methods for early detection of squats are relevant not only for a
cost effective maintenance policy, but also because the prevention
of disruptions and derailment is of paramount importance for rail-
way infrastructure managers in order to guarantee a safe and
robust performance of the railway network.

There are different types of sensors to perform a track
inspection for squats detection, each with its own advantages
and disadvantages. For example, recently, Peng and Jones [8]
proposed the use of an infrared camera for detecting squats in
track using measurement of the thermal wave variation in phase
or amplitude. To evaluate the method, they proposed the use of a
3D finite element modelling to simulate the lock-in thermography

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruc.2014.05.005&domain=pdf
http://dx.doi.org/10.1016/j.compstruc.2014.05.005
mailto:z.li@tudelft.nl
http://dx.doi.org/10.1016/j.compstruc.2014.05.005
http://www.sciencedirect.com/science/journal/00457949
http://www.elsevier.com/locate/compstruc


M. Molodova et al. / Computers and Structures 141 (2014) 84–93 85
process. In the current paper, the focus is on the use of axle box
acceleration (ABA) measurements, which can indicate not only
short track defects like squats, but also corrugation, welds and
insulated joints with poor quality, among other rail health
conditions.

Regarding the use of ABA, Bocciolone et al. [9], Massel [10] and
Caprioli et al. [11] discussed a track diagnostic tool using ABA mea-
surements for detection of short pitch corrugation. Remennikov
and Kaewunruen [12] discussed the application of ABA for the
detection of vertical impact force at corrugation, and relation
between ABA and wheel flats. However, corrugation and a wheel
flat are much easier to detect than a squat, because the first one
is distributed over a long length of rail, and the second one cause
periodic responses in ABA signals, while a squat often appears as
an isolated rail defect. In Molodova et al. [13] and Li et al. [14] it
was shown that ABA measurements can be applied for the detec-
tion of isolated short wave rail surface defects. The effectiveness
to detect squats by using the magnitude of the ABA measurement
as identification feature was assessed in terms of hit rate, which is
the ratio of detected irregularities over the total number of irregu-
larities. The hit rate of detection of severe squats by high values of
magnitude in the ABA measurement was 100%, while the hit rates
of moderate and light squats were 60% and 57% respectively, which
is yet too low for a trustable preventive method to be integrated
into a real-life decision support system. As the temporal analysis
of the measurements was not sufficient, in this paper the high fre-
quency content of ABA measurements at squats is investigated.
Since it is difficult to acquire from real-life tests all the necessary
data under well-defined conditions for feature extraction, the pur-
pose of the current paper is to propose the use of a dynamic model,
which is capable to reproduce the temporal and frequency charac-
teristics of axle box acceleration (ABA) measurements at squats.

In the literature different approaches have been used to model
the train-track interactions [15,16,17,18,19,20]. In this paper the
use of a three-dimensional finite element (FE) model is proposed
for numerical reproduction of axle box acceleration (ABA) at squats
capable to properly simulate the real-life temporal and frequency
characteristics. The detailed modelling of the wheel–rail contact
guarantees that the high-frequency contact interaction at a geo-
metrical irregularity, representing a squat, is accurately consid-
ered. In [6] it was found that the wavelengths of the contact
force at squats are mainly between 20 mm and 40 mm, which cor-
respond to 1000–2000 Hz for a rolling speed of 40 m/s, the typical
speed of Dutch passenger trains. Since ABA is a measure of vibra-
tion of the coupled vehicle-track system, it is expected that the
same frequencies can be observed in ABA signals of squats. Then,
by comparing the respective frequency characteristics in the nor-
mal state with the ones with squats, the location and the severity
of the squats can be assessed. In Molodova et al. [13], the ABA
responses at squats were simulated with the FE model and vali-
dated by the measurements only in the frequency range up to
1 kHz, because the available ABA measurements were filtered with
low-pass filter with cut-off frequency of 1 kHz. In this paper all the
proper cautions were taken to ensure that high frequency ABA
responses were measured and the validation of the FE model is
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Fig. 1. Classes of squats (a) class A or light squat, (b) cla
focused on the frequency range up to 2 kHz. This feature makes
the proposed model a flexible tool to study relationships between
ABA and squats, and the influence of other track parameters. Then,
the design of robust monitoring system and early squats detection
methods can be addressed relying on this FE model, and further
developments can be implemented and validated by track
inspection.
2. Finite element (FE) model

A scheme of the developed FE model for simulations of dynamic
interaction at squats is shown in Fig. 2. To simplify it and reduce
the calculation time, the model included only a half of the wheelset
with sprung masses of the car body and the bogie, and a half of the
track, taking advantages of the system of straight track and the
shortwave characteristics of the high frequency vibration. The half
wheelset, the rail and sleepers were modelled with three-
dimensional brick solid elements, representing their real geometry
and material properties. The wheel flange was ignored, as the con-
tact is between the wheel tread and the rail crown. The primary
suspension, rail pads and ballast were modelled as springs and
dampers. The length of the model is 10 m. The rail profile was
54E1 with 1:40 inclination. The wheel was considered with nomi-
nal wheel radius of 0.46 m and wheel thread conicity of 1:40. Since
squats usually occur on the rail top, some irrelevant details of the
wheel geometry were ignored, such as the wheel flange. The
parameters of the model listed in Table 1 are the nominal param-
eters of the Dutch railway track. Note that the value of K2 corre-
sponds to a very stiff pad. This stiffness value is in agreement
with measurements and studies performed in Dutch railway
tracks, as can be seen in [21,22]. In this model the effects of sub
ballast and foundation layers are not considered, as their influ-
ences are not in the range of interested frequencies for detection
of squats [23], which is higher than 200 Hz. The material model
for the wheel and rail was linear elastic with Young’s modulus
210 GPa and Poisson’s ratio 0.3, while for the surface layer of the
rail, to take into account of the plastic deformation at squats, the
material was bi-linear elastic–plastic with yield stress 0.8 GPa
including material hardening and tangent modulus 21 GPa. Ray-
leigh stiffness-proportional damping coefficient of 0.1 was used
for materials of wheel, rail and sleepers.

A squat was modelled as a vertical deviation of the rail surface.
The model of the squat was applied to the nominal rail surface by
vertically shifting the surface nodes of the rail. The deepest point of
the squat was located at a distance L relative to the sleeper, given
by the position of the simulated squat in the track (see Fig. 2a). For
the 3D solid elements modelling, the wheel and rail were densely
meshed at the contact surfaces (Fig. 2b). The detailed modelling of
the vehicle-track system around the contact will guarantee that
the rolling contact between the wheel and rail as continua are
accurately treated, and to be able to capture the related interaction
between the wheel and the track as structure. The smallest
element size on the wheel and rail contact surfaces was about
1.3 mm. The mesh of the rail in the longitudinal direction was fine
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Fig. 2. The FE model. (a) The scheme of the model. The parameters Ki, Ci and M are listed in Table 1; v is the speed of the wheel. The location of a rail surface defect is shown
with an arrow. (b) The FE model visualized in 3D.

Table 1
Parameters of the model.

Component Parameter Symbol Value

Track parameters
Rail pad Stiffness K2 1300 MN/m

Damping C2 45 KNs/m
Sleeper Mass 244 kg

Sleeper distance 0.6 m
Ballast Stiffness K3 45 MN/m

Damping C3 32 KNs/m

Vehicle parameters
Sprung mass Mass M 8000 kg
First suspension Stiffness K1 1.15 MN/m

Damping C1 2500 Ns/m

Wheel and rail
Material Young’s modulus 210 GPa

Poisson’s ratio 0.3
Mass density 7800 kg/m3

Yield stress 0.8 GPa
Tangent modulus 21 GPa
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(1.3 mm) around the starting position of the wheel and around the
defect. Between the starting point and the defect the largest longi-
tudinal element size was 5 mm, with intermediate transitional ele-
ment sizes between the smallest and the largest sizes. The part of
the rail which is considerably far away from the defect was meshed
with an element size of up to 7.5 cm. When those elements were
reduced from 7.5 cm to 3.75 cm, only very small effects on the
magnitude and the wavelength of ABA at squats were observed.
The number of elements in the model is 344,816 and the number
of nodes is 395,525.

The dynamic response of the model is obtained with a combina-
tion of an implicit integration part for calculation of the static equi-
librium of the wheel–track system, and an explicit integration part
for dynamic simulations of the wheel rolling over the rail. The first
step of the solution procedure is the static analysis. An implicit
integration method was used to close the gap between wheel
and rail, to find their equilibrium position and calculate the initial
deformation of the wheel–track system. The second step is the
dynamic analysis, when the wheel ran over the rail towards the
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Fig. 3. Light defect under controlled contact conditions. (a) Photo of the defect. (b) The vertical–longitudinal profiles of the artificial defect.
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squat. The displacements obtained from the implicit analysis
define the initial state of the explicit analysis when stress initiali-
zation is performed. An initial speed of 30 m/s (the same speed
as the measurement train) was applied to the wheel and the
lumped mass that represents the mass of the bogie and the car
body, which are above the primary suspension. To define the roll-
ing speed of the wheel, an angular velocity of 65.2 rad/s was con-
sidered. To control the creepage, a torque of 12,450.49 Nm about
the rolling axis was applied to the wheel. The first part of the
dynamic analysis, with a distance of 1 m travelled by the wheel
before reaching the defect (relaxation distance), was used to damp
out the initial vibration excited by imperfect static equilibrium
obtained by the static analysis. This dynamic relaxation is neces-
sary because of the high contact stiffness of the wheel–rail contact;
small error in the calculated displacement will cause large imbal-
anced stress, causing initial vibration. The central difference inte-
gration scheme was used for explicit integration. The time step
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Fig. 4. Calculated and measured ABA. (a) Measu
of 0.02295 ms was determined by the Courant criterion [24]. The
contact between wheel and rail was modelled using surface-to-
surface algorithm [25]. The penalty method was used for solution
of the contact problem. The Coulomb friction law was employed
with a friction coefficient of 0.3.

In the next sections, to validate the proposed model two defects
were simulated. The first one is a rail head cut in the transverse
direction. This artificial defect with a uniform lateral geometry
and the length of a typical light squat was produced in the in-ser-
vice track to simulate ABA under controlled contact conditions. The
second simulated defect is a severe squat with more complicated
contact conditions. The analysis includes the comparison of the
simulated ABA with the ABA measurements in both the temporal
and the frequency domains, with a focus on high frequency
responses. For both, Sections 3 and 4, the parameters of the explicit
integration and contact algorithms are the same as described
before.
-2 0 2 4 6
-150

-100

-50

0

50

100

150

Time, ms

Ac
ce

le
ra

tio
n,

 m
/s

2

Measurement
Simulation

(b)

red ABA. (b) Calculated and measured ABA.



88 M. Molodova et al. / Computers and Structures 141 (2014) 84–93
3. A light defect under controlled contact conditions

3.1. Geometry of the defect

In [13] it was shown that the wheel–rail interaction at a rail
defect is influenced by the lateral geometry of the defect. For a
number of ABA measurements the measuring wheel may run
across the defect at different positions of it because of the lateral
displacement of the wheelset relative to the rail due to, e.g. hunt-
ing. This factor becomes even more influential when the size of the
defect is smaller than the width of the rolling band, because in such
a case not every wheel passage will run over it.

To ensure that the contact conditions are the same in each run
of the measuring train, an artificial defect, which was uniform in
the lateral direction in terms of width and depth, was made on
the rail in Assen, The Netherlands. The length of the artificial defect
was 20 mm, which is typical of light squats. The purpose of the
simulations of this section is to validate the ABA calculated with
the FE model, provided that the lateral geometry of the defect does
not influence the calculated and measured results.

Fig. 3a shows a photo of the artificial defect, taken three month
after it was made. The traffic direction was from left to right. It can
be clearly seen that the wave pattern caused by the fluctuation of
the contact force has already appeared to the right side of the
defect. It has the wavelength of 20–40 cm, which is typical of
squats. This range for the length of the wave pattern has been
extensively verified through numerical work and later verified
with field observations in [1]. On the right side of the artificial
defect the widening of running band is seen, which is also typical
of the corrugation-like pattern following squats. Therefore, this
defect is similar to squats in terms of dynamic interaction.

The vertical–longitudinal profile of the rail around the artificial
defect was measured with the RAILPROF device. RAILPROF mea-
sures rail profiles within 1 m on the centre line of the rail. Fig. 3b
shows the rail vertical–longitudinal profile measured at the artifi-
cial defect. The size of the artificial defect is about 50 mm. This
equals approximately to the length of the cut together with the
first wave in Fig. 3a. The next wave in Fig. 3b is about 40 mm which
corresponds to the second wave on the rail surface in Fig. 3a. The
discrepancies between the wavelengths of Fig. 3a and b can be
owing to two factors. The first is that the wave pattern has some-
how a different vertical–longitudinal profile when it is measured at
different lateral position of the rail. The second factor is that the
longitudinal resolution of the profile measurements was only
5 mm.

3.2. Validation of ABA magnitude at the light defect

The ABA signals were measured with accelerometers mounted
on the four axle boxes of a bogie of the train. The sampling fre-
quency of ABA measurements was 25 kHz. In the post-processing,
the ABA measurements were low-pass filtered with the cut-off fre-
quency of 2 kHz, since it was observed from the ABA measure-
ments that this frequency range is related to squats. The ABA
measurements were repeated several times on the same track
(see Fig. 4a). The dispersion of the ABA measurements in the mag-
nitudes of the first peak caused by the rail defect was about 28%.
The dispersion is probably caused by hunting oscillations. The
wavelength of the first two peaks in ABA signals agreed well in
all the measurements. Since the wavelength is related to the major
frequencies components of ABA, and it does not deviate much in
the measurements, the frequency content of ABA could be the
better characteristic for detections of squats, rather than the ABA
magnitude. Repeated measurements were important due to the
following reasons. First of all, to examine the repeatability of the
ABA measurements at the short track irregularities because they
should have similar response for every measurement within one
day. The second reason to repeat the measurements is to increase
the probability to detect light squats. The wheel–rail interaction at
a squat is influenced by the lateral geometry of the squat. However,
during the several measurement runs a wheel might have travelled
along different trajectory on the rail because of the hunting oscil-
lation. ABA measurements at the investigated artificial defect were
obtained about one month before the profile of Fig. 3b was mea-
sured. The speed of the measuring train varied between 27 and
30 m/s at different runs at that location. Since the rolling speed
was not exactly the same, that can cause the difference in the
wavelengths of the signals. To eliminate such differences, the mea-
sured signals were compared in time domain.

Fig. 4a shows four ABA measurements at the artificial defect,
made on the same day. These measurements coincide very well
by magnitude in the first peak and wavelength, except for the sec-
ond peak after the excitation around 1.4–2 ms, the fourth peak
around 3.5 ms and the sixth around 5 ms. Since the measurements
are very well repeated, only one measurement (Measurement 1)
will be considered for comparison with calculated results.

A comparison between measurement 1 and the calculated ABA
by simulation is shown in Fig. 4.b. The maximum measured ABA is
100 m/s2. The maximum calculated ABA is 115 m/s2. Hence, the
maximum calculated ABA is coherent with the measurement. The
calculated and the measurement are generally similar in wave-
length, while there are some differences in magnitude. The differ-
ence in magnitudes may have been influenced by the geometry of
the defect, or by some random factors of the wheel–track system.
Note that there was also some difference in the measured ABA at
these points (see Fig. 4a). It is noticed that the difference at the sec-
ond peak and the sixth peaks are related to vibration components
of shorter wavelength. It is also noticed that these shorter
wavelength components appear in measurement 2 at both the
second and the sixth waves, while they are observed only in
the second wave in measurement 1 and in the fifth wave in the
simulation.

The ABA response to the defects is a combination of forced and
free vibrations of the system. The cut in the rail of 20 mm long
(Fig. 3a) produced the forced vibration part of ABA. The length of
the next wave on the rail surface is 27 mm. This wave was pro-
duces partly by forced and partly by free vibrations of the system.
The wavelength of the following wave pattern is 36–37 mm, which
were formed by free vibrations.

The average wavelength of the calculated ABA after the impact
is, however, only about 29 mm (Fig. 4b). This is because the speed
of the measuring train and simulations was about 30 m/s, which is
lower than the speed of the normal traffic, 40 m/s, which is respon-
sible for the formation of the wave pattern on the rail surface.
When the corresponding frequencies are looked at, they are
1034 Hz for 29 mm at 30 m/s and 1081 Hz for 37 mm at 40 m/s.
The difference between these two frequencies is less than 5%.

3.3. Methods for the frequency analysis

There are different techniques available for the investigation of
frequency characteristics of a signal. One to investigate local fre-
quency characteristics is the Short-Time Fourier Transform (STFT),
which is a good method for the analysis of ABA measurements at
squats. In this technique the observed function is multiplied by a
moving window function, and then Fourier Transform (FT) is calcu-
lated. Since multiplication by a relatively short window gives an
indication of the frequency content of the signal in the neighbour-
hood of the analysis point and effectively suppresses the signal
outside this area, the STFT represents a local spectrum of the signal



Fig. 5. Wavelet power spectrum of measured (a) and calculated (b) ABA.
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around the analysis time [26]. However, this method has a draw-
back. The time–frequency representation by this method depends
on the window size. When the window is narrow it can provide
a good time resolution with poor frequency resolution; while when
the window is wide it can provide good frequency resolution and
poor time resolution.

Another technique, the wavelet analysis, has the advantage that
the time–frequency representation is not dependent on the win-
dow size. Continuous wavelet transform (CWT) is a time–fre-
quency analysis tool, where the observed function is multiplied
by a group of shifted and scaled wavelet functions. CWT can be
defined as follows [27]:

Wxðs; sÞ ¼
1ffiffi

s
p
Z 1

�1
xðtÞw� t � s

s

� �
dt; ð1Þ

where x(t) is the analysed signal, w(t) is a locally defined function
called mother wavelet (the Morlet function is used), the term
1ffiffi
s
p w t�s

s

� �
is a family of wavelets deduced from the mother wavelet

by different translations s and scaling s, � indicates a complex con-
jugate, s > 0 is the wavelet scale, s is the translation, and Wx(s, s)
represents the wavelet coefficients for the signal.

The main advantage of CWT compared to STFT is a very good
level of time and frequency resolution. Therefore, wavelet analysis
is appropriate for investigation of non-stationary phenomena with
local changes in the frequency components, such as structural
damage detection and crack identifications [28,29,30,31]. The
power spectrum of a wavelet transform is defined as the sum of
the square of wavelet coefficients. The plot of wavelet power spec-
trum (WPS) is called a scalogram. A vertical slice of a wavelet plot
is a measure of the local spectrum.
3.4. Validation of frequency characteristics of ABA at the light defect

Considering the forced vibrations caused by the defect with the
length of 20 mm, frequencies up to 1500 Hz are expected in ABA
signals with the measuring and simulation speed of 30 m/s. For
the normal traffic speed (about 40 m/s) the frequency at the impact
should be up to 2000 Hz (and even higher for smaller defects).

The major features in the wavelet power spectrum of the mea-
sured and the calculated ABA are in agreement, as can be seen in
the Fig. 5. The red colour around zero position represents high
energy of the signal caused by an impact at the defect. At the
moment of the impact (around zero position) frequencies up to
1700 Hz can be observed in the measured signal and up to
2500 Hz in the calculated one. The high frequency response of very
short duration corresponds to the forced vibration of the system. It
is assumed that the strong responses of the longer duration around
frequencies of 300 Hz and 1000 Hz, indicated with the horizontal
rectangular boxes, correspond to free vibrations of the system.
The nature of these vibrations will be further investigated in future
work.

Power spectral density (PSD) describes the distribution of the
power of a signal along the frequencies. PSD of the measured and
calculated signals are shown in Fig. 6. Power density of the simu-
lated ABA is higher than the measured ones in the two most impor-
tant peaks. The first major frequency is at about 300 Hz and it is
similar to the one found in both the measurements and the simu-
lation. The second major frequency at about 1000 Hz is somehow
higher than those of the measurements. This difference can be
caused by local deviation of the track parameters from the nominal
ones which were used in simulations. The other two frequencies at
about 500 and 700 Hz do not appear in each measurement, while
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one of them was reproduced in the simulation; this indicates the
randomness aspect of the measurement, and the difficulty for sim-
ulation to match all the details of measurements. There are also a
number of peaks in the PSD between 1200 and 2000 Hz, which
might be related to short wave characteristics of the defect.

From the simulation of the artificial defect with uniform lateral
profile can be concluded that the results of the FE simulations are
coherent in most of the characteristics (location of the most impor-
tant frequencies) with respect to the measurements in both the
time and the frequency domains.
Fig. 7. A class C squat. (a) A photo of a class C squat. (b) Measurements of vertical–
longitudinal profile of the class C squat.
4. Class C squat

4.1. Geometry of a squat

To investigate the ABA response at a defect with non-uniform
lateral geometry, a class C squat (Fig. 7a) was simulated with the
FE model described above. The measured vertical–longitudinal
profile of the simulated squat is shown in Fig. 7b. The measure-
ments of lateral profile were not available for this squat; therefore
it was modelled as uniform in the lateral direction, by moving the
vertical–longitudinal profile across the rail top. Although the lat-
eral profile of squats is non-uniform, in [13] it was shown that
the wavelength of ABA at a defect with uniform lateral profile is
the same as the one of parabolic lateral profile. However, the mag-
nitude of ABA is influenced by the lateral profile, and by variations
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in the vertical–longitudinal profile; therefore the modelling of the
squat as uniform in lateral direction may cause some discrepancies
between the measured and simulated ABA magnitude.

The characteristics of mature squats can be seen in Fig. 7a: a
two-lung appearance with V-shaped surface crack, rusty dark areas
and widened running band [1,5,6]. The corresponding typical W-
shape in the vertical–longitudinal profile can, however, only be
observed weakly at the bottom of the profile in Fig. 7b. This is
because in severe squats the middle part of the W is partly wiped
out by the impact-rolling contact. Since the squat was offset to the
gage side the typical W-shape was then almost missed completely
in the vertical–longitudinal profile measurements, which were
performed along the centre of the rail. Taking the W-shape into
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Fig. 9. Vertical–longitudinal profile of the class C squat: measurement and its
modification.
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account, the average wavelength of the squat and the following
wave is 28 mm.
4.2. Comparison of the measured and the calculated ABA

The two measured ABA signals at the class C squat were very
well repeated; therefore, only one signal with the simulated ABA
will be compared. The sampling frequency of ABA measurements
is 25 kHz, and the low-pass filter applied to the raw signal had a
cut-off frequency of 2 kHz. The comparison between the measured
ABA and the simulated ABA is shown in Fig. 8a. The amplitude of
the calculated ABA is lower than the measured one between
�30 mm and 100 mm; while after 100 mm the calculated ampli-
tude agrees with the measurements. The maximum magnitude of
the calculated ABA is about 60% of the one of the measured ABA.

The PSD of the measured and calculated ABA are shown Fig. 8b.
The ABA response to the squat is characterized by two main
frequencies: about 130–320 Hz, which corresponds to the wave-
length of 90–310 mm for the travelling speed of 30–40 m/s, and
about 1030–1130 Hz, which corresponds to the wavelength of
26–39 mm. These two frequencies can be used for detection of
squats.

There are some discrepancies in the PSD: the power spectrum
of the measured ABA is much higher than the one of measured
ABA around 130–320 Hz; the measured ABA contains also the
frequency at about 130 Hz.
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Fig. 10. ABA measurements and simulation at squat cla
The difference between measurements and simulations may
have several reasons. For example, the profile of the squat was
not measured accurately. The cracks in the subsurface cause that
the measured depth of the squat is smaller than that a passing
wheel will actually experience; the modelled lateral geometry
was uniform while in reality is not; the track parameters used in
simulations were nominal, while in reality the track may had
degraded; other factors which were not modelled, including, for
example, cracks in the subsurface of the squat.

If the differences between the measurements and simulations
were caused by deviation of the measured rail profile from the real
one, better agreement can be achieved by adjusting the vertical–
longitudinal profile in the model. The adjustments of the profile
of the squat are discussed in the next section.
4.3. Adjustment of the vertical–longitudinal profile of the squat

It is possible that the difference in magnitudes of the measured
and calculated ABA in Fig. 8 was caused by large deviation of the
measured vertical–longitudinal profile of the squat from the real
one. Apart from the effect of the cracks, it may also be because
the measurements were made on the centre line of the rail, while
the squat lied with an offset on the side of the rail. Therefore, the
deepest part of the squat was not on the centre line. The length
of the dark spot at the squat in Fig. 7a is 57 mm, which is in agree-
ment with the length of the measured profile in Fig. 7b. However,
the wear of the rail surface is longer than the measured profile; see
the wave of 27 mm in Fig. 7a. Thus, the real profile of the squat
might be deeper and longer than the measured profile.

To reduce the difference between the real profile of the squat
and the modelled one, some geometry modifications were intro-
duced. With the modifications the profile was made deeper and
longer than the measured one (see Modification in Fig. 9).

The difference between the maximum magnitude of the calcu-
lated ABA and the measured ABA is still about 60% in Fig. 10a. This
is because the ABA is also influenced by the factors discussed
above, such as lateral profile of the squat, track parameters, cracks,
which were not taken into account.

The ABA in the frequency domain is shown in Fig. 10b. The
power spectrum of the calculated ABA around 300 Hz is in a good
agreement with the measurements now. It is observed that with
the increase of the severity of a squat, the frequency content
around 300 Hz become more pronounced. The power of this fre-
quency may therefore be used for assessment of severity of squats.
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Fig. 11. Wavelet power spectrum of measured (a) and calculated (b) ABA at squat class C.
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There are some discrepancies in the PSD: the power spectrum of
the calculated ABA is lower than the one of measured ABA around
1030–1130 Hz. It means that with the increase of the severity of a
squat the frequency content around 1030–1130 Hz become less
pronounced.

The measured ABA contains also the frequency at about 130 Hz
which was not observed in the simulations. This discrepancy may
be attributed to the difference in track parameters used for the
simulation and those in the reality: used are nominal values while
in track the parameters can be very probably changed due to dam-
ages caused by the impact at the squat.

WPS of the measured and calculated ABA are shown in Fig. 11.
At the moment of the impact at the defect (around zero position)
frequency up to 1500 can be observed. The two main frequencies
discussed above can clearly be seen. Compared with Fig. 5, the
length of the lower frequency part is much extended in Fig. 11. This
is because the defect in Fig. 11 is much larger than the artificial
defect so that more lower frequency vibration is excited, and
because under the large impact of the wheel passages the local
track system was much disturbed and degraded. Such degradation
extends in both directions of the track at the squat. Therefore the
major energy is below 550 Hz (see the red area of the plots), and
the high frequency part is less pronounced. Nevertheless, there is
high frequency part around 1000 Hz which should be associated
with a natural frequency of the track. This frequency is responsible
for formation of the corrugation-like wave pattern that usually fol-
lows squats.

5. Conclusions

A FE model was developed and applied for simulations of ABA at
two short track defects, a light artificial defect with uniform lateral
geometry and a severe squat. The calculated ABA was compared
with measured ones in the frequency range up to 2 kHz because
the expected frequencies related to rail top defects are in this fre-
quency range.

The FE model was validated by ABA measurements: it can
reproduce the major characteristics of the wheel–track interaction
at short track defects and can therefore be used for further inves-
tigation of the relation between ABA and short track defects.

In summary, the employed model is suitable for obtaining the
relationship between squats and ABA in both temporal and fre-
quency domains. In further work, by simulation of a number of
light and moderate squats, the peaks of ABA and its local frequency
characteristics may be quantitatively related to the length of the
defect. ABA measurements may be employed not only for detec-
tion, but also for assessment of severity of squats. Detection of
squats, and design of key performance indicators for condition
monitoring of rail with squats can be designed with the assistance
of the model under controlled simulation based scenarios.
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