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Abstract. Railhead roughness increases over time, leading to increased envi-
ronmental noise and vibration. The use of axle-box acceleration (ABA) meas-
urements on in-service railway vehicles to monitor rail roughness is potentially
more cost-effective than other techniques. The measured acceleration requires
signal processing to derive suitable metrics of railhead condition. A transfer
function may be calibrated with direct roughness and ABA measurements made
on a reference track, which may then be used to derive roughness spectra from
subsequent ABA measurements. However, this approach is affected by varia-
tions in track dynamic behaviour, as well as variations in wheel roughness,
which is inherently combined with rail roughness in the ABA measurement.
This paper proposes an improved approach that (i) extracts the track’s dynamic
stiffness parameters from the ABA measurements, enabling the derivation of
the roughness-ABA transfer function for each section of track, and (ii) separates
the wheel and rail roughness by synchronous averaging over several wheel rev-
olutions. By accounting for variations in track properties and removing the in-
fluence of wheel roughness, initial modelling indicates that reliable measure-
ments of rail roughness spectra can be obtained in practice.

Keywords: Axle-Box Acceleration, Rail Roughness, Corrugation, Wheel
Roughness, Track Stiffness.

1 Introduction

The potential of axle-box accelerometers, mounted on in-service railway vehicles, has
long been recognised as a cost-effective means of continuously monitoring the condi-
tion of railway track, without the need for dedicated measurement trains [1, 2]. An
accelerometer measures the vertical motion of the axle-box as excited by irregularities
on the running surfaces of the wheel and track. Axle-box acceleration (ABA) meas-
urements have previously been analyzed through a variety of techniques, ranging
from simple root-mean-square analyses [3] to time-frequency analyses [4], in order to
detect corrugation and short track defects [5], for example. However, ABA alone
cannot quantify rail roughness in absolute terms as it depends on vehicle speed and
the dynamic properties of the vehicle and track, as well as wheel roughness.
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This paper reports on progress towards deriving rail roughness spectra from ABA that
are independent of vehicle speed, track dynamics and wheel roughness. The deriva-
tion requires knowledge of the transfer function from the roughness excitation to the
axle-box response. This transfer function can be determined by comparing direct
roughness and ABA measurements made on a reference track, as done for the High-
Speed Rail Corrugation Analyzer (HSRCA) [6], Banverket’s ABA system [7] and by
Németh and Schleinzer [8], but the result is accurate only on track that is dynamically
similar to the reference track at the time of calibration. In practice, the track’s stiff-
ness can vary significantly with location and time due to variations in track construc-
tion, soil properties and environmental conditions: trial HSRCA measurements [6]
were affected by varying track properties at different locations, and ABA measure-
ments on the UK West Midlands Metro have been found to vary seasonally with envi-
ronmental conditions [9]. There is a clear need for improved methods.

2 Deriving roughness spectra from axle-box acceleration

By considering force equilibrium and compatibility of displacements at the wheel-rail
interface, and assuming stationary random signals of rail roughness and ABA, the
roughness power spectral density (PSD) Sss(y) in the wavenumber (y) domain may
be derived from the frequency (w)-domain PSD of ABA S,,(w) using random pro-
cess theory [9, 10]:
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where v is the vehicle speed and H(w) is the transfer function from roughness excita-
tion to ABA, which depends on the point receptances of the wheel H,, (w) and rail
H,(w), and the contact spring stiffness kp:
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An estimate of the rail roughness PSD may therefore be derived directly from the

ABA PSD, given the vehicle speed and estimates of the wheel and rail receptances.

2.1  PSD calculation and roughness derivation procedure

Here, PSDs are calculated using Welch’s method of averaging periodograms (square-
magnitude discrete Fourier transforms) of overlapping segments of the signal. The
length and number of segments are selected based on recommendations in EN 15610
[11] for plotting rail roughness spectra at wavelengths up to 1 m: 30 segments of
length 4 m are used to attain the required accuracy [9]. The time-histories acquired
over the respective segments are Hann-windowed and overlapped with each other by
50%, so the spectra are taken over 62 m of track.

The basic procedure for deriving the rail roughness PSD from an ABA signal rec-
orded on a section of track is as follows. The track is split into 30 overlapping seg-
ments and the time-domain ABA signal is aligned with the segment boundaries ac-



cording to vehicle position and speed. Hann-windowed periodograms S,,(w) of the
30 ABA signal portions between segment boundaries are calculated and then convert-
ed into wavelength-domain roughness periodograms Sss(4) using Equation (1), sub-
stituting A = 2m/y. These are then averaged together to give the final roughness PSD.
Applying Equation (1) to the individual periodograms, rather than their average, re-
duces the effect of any variation in vehicle speed in the frequency-to-wavelength
conversion [9]. This procedure can then be repeated on consecutive sections of track.

3 Simulator

A vehicle-track simulator has been developed to test the proposed algorithm. The
simulator models an idealized vehicle-track system to calculate the ABA signal that
would be measured as a wheel rolls along a given rail roughness profile. The ABA
signal is fed into the roughness derivation algorithm under test, and the derived
roughness spectrum is then compared to the actual roughness spectrum.

The simulator is based on the vehicle-track model illustrated in Fig. 1(a), which
represents the track as an Euler beam on a continuous viscoelastic foundation that is
discretized into finite elements [9] using the ‘moving element’ method developed by
Koh et al. [12].
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Fig. 1. (a) 2-DoF vehicle model on a moving-element beam on viscoelastic foundation with
moving roughness profile. (b) PSDs of actual and derived roughness, relative to the 1SO

3095:2013 limit spectrum, with exact model parameters and with £20% error in track founda-
tion stiffness kf.

3.1  Results for known vehicle-track parameters

The simulator is run along a random rail roughness profile with the vehicle and track
parameters given in Table 1, which represent directly-fastened underground track
[13]. The roughness profile is generated according to the roughness limit spectrum in
ISO 3095:2013 [14]. Roughness PSDs are taken over 30 segments of length 4 m,
overlapped by 50%, starting 5 m from the start of the simulation to avoid the initial
transient in the model response. The roughness-to-ABA transfer function (Equation



(2)) is calculated using analytical point-receptance functions of the wheel and the rail,
using the same vehicle and track parameters as the simulator (Table 1). The wheel
receptance H,, (w) corresponds to the mass-spring vehicle model of Fig. 1(a), and the
rail receptance H, (w) is the frequency-domain solution for an Euler beam on viscoe-
lastic foundation [9]. The actual roughness spectrum and three derived spectra (from
the procedure outlined in Section 2.1) are plotted relative to the ISO 3095:2013 limit
spectrum in Fig. 1(b); one of the derived spectra is obtained with the exact track pa-
rameters and two are obtained with £20% error introduced into the track foundation
stiffness k; used in the transfer function.

Table 1. Vehicle and track parameters used in the simulations [13].

Track parameter Value Vehicle parameter Value
Wheel-rail contact stiffness ky 1.35GNm?  Vehicle speed V 20.0ms*t
Rail mass per length m,. 56.0kgm?*  Wheel mass m,, 600 kg
Rail bending stiffness E1 4.86 MN'm2  Suspension stiffness k; 1.40 MN m™
Foundation stiffness per length k¢ 77.0 MN m2  Suspension damping ¢; 30.0 kN s m™
Foundation damping per length c} 32.8kNsm? Bogie mass m, 1000 kg

If the exact parameters are known, the derived spectrum is very close to the actual
spectrum. With the 20% deviation in the track stiffness, errors of up to 4 dB can be
seen in Fig. 1(b) at wavelengths from 70 to 400 mm. This error is amplified because
the P2 resonance frequency (near 62 Hz; wavelength of 0.32 m at 20 m/s) is shifted
by the parameter deviation; this amplification increases with lower damping. This
result indicates the importance of using an in-situ measurement of track stiffness
where possible: errors can be reduced by ensuring that the natural frequencies of the
transfer function match those of the actual vehicle-track dynamics.

4 Extracting foundation stiffness and damping

To improve the accuracy of the roughness derivation, it is clearly desirable to com-
pensate for variations in track stiffness. At least three techniques are reported in the
literature to extract track dynamic stiffness from vehicle acceleration measurements
with the purpose of monitoring track for stiffness-related defects. Cano et al. [15]
measured the frequency of the P2 resonance peak in the ABA spectrum and used a
single mass-spring model to derive the associated track stiffness, knowing the com-
bined mass of the unsprung vehicle components, rail and sleeper. Cano et al. report
results within 16% of direct track stiffness measurements. Quirke et al. [16] and Zhu
et al. [17] devised model-based optimization methods to identify track stiffness varia-
tions from bogie acceleration and ABA respectively. These methods fit the time-
domain vehicle acceleration calculated by a vehicle-track model to measurements by
setting the model’s foundation stiffness parameters. The accuracy of the results pre-
sented by Zhu et al. [17] is initially near-perfect but is affected by measurement noise
and the presence of a wheel flat. The stiffness identified by Quirke et al. [16] is within



6% of the actual stiffness in a simulated environment with 3% measurement noise but
without rail roughness.

The method proposed here uses the present vehicle-track model (Fig. 1(2)) to iden-
tify the track’s foundation stiffness and damping parameters from the P2 resonance,
knowing all other model parameters. Here, a least-squares optimization is used to
curve-fit the model’s transfer function H(w) (Equation (2)) to the square-root of the
ABA PSD in the vicinity of the P2 resonance by optimizing the function’s foundation
stiffness and damping parameters, as well as its scaling. This method (along with the
method of Cano et al. [15]) does not require the roughness to be known but assumes
that it does not have features that alter the shape of the resonance peak in the ABA
spectrum.

41 Results

The ABA spectrum resulting from the simulation in Section 3.1 is shown in Fig. 2(a).
Here, spectra are calculated with an increased segment length of 8 m (covering 122 m
of track) to improve the resolution of the resonance peak. The transfer function is
assigned with the vehicle and rail beam parameters in Table 1 and is then curve-fitted
to the ABA spectrum to identify the foundation stiffness k; and damping cs. The
resulting values are given in Table 2, along with deviations from the actual simulated
values. To examine the effect of errors in the wheel mass parameter m,,, the curve
fitting is repeated with the wheel mass increased by 20%, and the resulting foundation
parameters are given in Table 2 alongside the values with the actual wheel mass.

The result of deriving the roughness spectrum with the identified foundation pa-
rameters is plotted in Fig. 2(b), and is within 1 dB of the actual spectrum. The spec-
trum derived with the 20%-increased wheel mass is also plotted in Fig. 2(b), for both
the actual and identified foundation parameters. The use of the identified, rather than
actual, foundation parameters reduces the impact of the 20% error in wheel mass on
the spectrum at longer wavelengths because the former corrects the transfer function’s
resonance frequency to match that of the vehicle-track system.
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Fig. 2. PSDs of (a) axle-box acceleration and (b) actual and derived roughness relative to the
I1SO 3095:2013 limit spectrum, with identified track stiffness k; and damping c; parameters.

Note that the three curves in plot (a) effectively overlap.




Table 2. Identified track foundation stiffness and damping compared to actual values.

Parameter Actual Identified value Identified value
value  foractual m,,  for 20%-increased
mW
Foundation stiffness per length k,’c (MNm?) 770 76.5 96.6
Deviation in identified foundation stiffness -0.7% +25%
Foundation damping per length c; (kN's m?) 32.8 37.7 54.5
Deviation in identified foundation damping +15% +66%

5 Separating wheel and rail roughness

The excitations associated with wheel and rail roughness are inherently combined in
the response of the vehicle-track system. Unlike rail roughness, excitation by the
wheel roughness is periodic with the rotation of the wheel. This makes it possible to
separate the wheel- and rail-roughness components of an ABA signal by averaging
together portions of the signal associated with each of a number of wheel revolutions,
a process known as synchronous averaging [18].

The synchronous averaging technique was evaluated by Németh and Schleinzer [8]
to extract the wheel component of ABA measurements before applying a transfer
function to derive the wheel roughness spectrum, which agreed to within 1-5 dB of
direct measurements depending on wavelength. Here, we evaluate this technique in a
simulated environment with the aim of extracting rail roughness.

5.1 Method and results

To test the synchronous averaging technique, a wheel roughness profile is generated
according to roughness measurements presented by Johansson [19] for powered
wheelsets of the X2 locomotive. A rail roughness profile is generated according to the
limit spectrum in 1SO 3095:2013 [14] plus two sinusoidal corrugation components at
wavelengths of 40 mm and 200 mm. The (actual) PSDs of wheel, rail and combined
roughness are shown in Fig. 3. The simulator is run with the combined roughness
profile at a vehicle speed of 20 m/s and with the model parameters in Table 1. The
wheel component of the resulting ABA signal is extracted by averaging over 18 wheel
revolutions (62.3 m of track as the wheel diameter is 1.1 m). The rail component is
then derived by subtracting the wheel component from the combined ABA signal.
The combined signal and both separated components are processed by Equation (1)
and the procedure in Section 2.1 to derive the wheel, rail and combined roughness
PSDs. All PSDs are computed using Welch’s method over 62 m of track, split into 30
segments of length 4 m overlapped by 50%. This includes the wheel PSDs, which are
facilitated by repeat-extending the wheel profile/component to cover 62 m of track.
The derived wheel and rail roughness PSDs are also plotted in Fig. 3.

The derived rail roughness PSD (labelled “Derived rail (time domain sub.)”) is
close to the actual rail PSD at all wavelengths, including around the corrugation peaks



and where wheel roughness exceeds the rail roughness by up to 20 dB. The derived
wheel PSD tends to be less accurate where it is less than the rail PSD, with errors of
up to 5 dB.
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Fig. 3. Welch PSDs of derived wheel and rail roughness profiles compared to actual profiles.

An alternative rail roughness PSD is calculated by energy-subtracting the wheel
roughness PSD from the combined PSD (labelled “Derived rail (PSD subtraction)” in
Fig. 3). In contrast to subtracting in the time domain, the process of subtracting PSDs
is affected by their statistical accuracy. The variance of the derived rail PSD increases
as the wheel roughness PSD increases above the rail PSD. However, presenting the
spectra in third-octave bands (not shown) averages out the variance, especially at
shorter wavelengths where more PSD data points fall within a third-octave band, re-
sulting in derived spectra that are within 1.5 dB of the actual ones. In most practical
cases, wheel roughness does not exceed rail roughness at wavelengths longer than
300 mm, so energy subtraction may be sufficiently accurate for deriving the third-
octave spectrum of rail roughness. This means that the wheel spectrum can be derived
and updated on sections of track with conditions preferable for synchronous averaging
(e.g. straight, invariant track) and then energy-subtracted from subsequent ABA-
derived roughness spectra to obtain the rail roughness spectra.

6 Conclusions

By accounting for variations in track properties and removing the influence of wheel
roughness, idealized vehicle-track modelling has indicated that reliable measurements
of rail roughness spectra can be obtained from axle-box acceleration (ABA). Track
dynamic stiffness parameters are extracted by curve-fitting a transfer function to the
P2 resonance in the ABA spectrum. This method relies on sufficient spectral accuracy
and resolution, and assumes that the roughness spectrum does not contain features
near the P2 resonance that distort the ABA spectrum. Highly-damped resonances may
also reduce accuracy. The synchronous averaging method of separating wheel and rail
roughness assumes that the wheel excitation is perfectly periodic, which may not be
true if the variation in lateral contact position on the wheel tread is considered.

Further work will develop the vehicle-track model and techniques, as necessary, to
match the dynamics of real railway track. This will include considering discretely-



supported track and distributed mass and stiffness within the track slab/ballast, as well
as variations in the lateral contact position. The techniques will be tested using real
measurements of rail roughness and ABA, with the overall aim of developing an au-
tonomous ABA-based measurement system that continuously 'maps' railhead rough-
ness, enabling more efficient and proactive scheduling of rail maintenance.
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