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Abstract

This paper intends to propose a method for indirect evaluation of railway track
substructure using the response measurements of the vehicle. Wheel/rail forces and
accelerations are measured by instrumented wheelsets (IWS) and accelerometers,
respectively. The IWS system is mounted on a freight railcar and collected data over
a short line railroad over Canadian shield with large variation in track stiffness. The
relative stiffness of the track could be calculated by the ratio of the magnitude of cyclic
load and cyclic displacement. Cycle displacements can be interpreted through the
integration of the accelerometer data at the most contributing frequency within both
loads and accelerations. An algorithm is proposed to detect the most relevant
frequency between load and acceleration and calculate the load/displacement ratio
accordingly. To verify the proposed method a numerical simulation is developed in a
finite element (FEM) software. Using the validated proposed method, the stiffness
variation is estimated on a section consisting of an embankment with lateral supports
and the grade crossing. The results confirmed the developed methodology could
estimate the stiffness variations and detect track features such as the lateral support of
the embankment and the grade crossing as well as soft section that may attribute to
some poor subgrade conditions.
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1 Introduction

Instrumented cars are emerging as an important tool for measuring the wheel/load
contact forces and acceleration signals to provide reliable data for monitoring railroad
tracks. Compared to conventional methods, the instrumented cars could provide
continuous information from the track without disrupting railway operations [1].
Railway organisations need to detect the problematic sections of rail tracks to schedule
maintenance programs appropriately [2]. Regular condition monitoring is essential to
detect track defects at an early stage before they cause major problems [2].

Substructure problems could be identified by measuring track stiffness, but direct
measurements would be difficult due to limited equipment and regular railway traffic
[7]. The stiffness variation along the track could be estimated based on the measured
dynamic response of the train [3]. Abrupt stiffness variations along the track may
cause the structure to deteriorate, resulting in changing vehicle dynamics at low
frequencies [16].

In this research, continues measuring of dynamic wheel/rail forces performed using
instrumented wheelsets (IWS) through deployed strain gauges installed on wheels.
The hypothesis is that large dynamic loads are typically attributed to either large track
deflections caused by soft subgrade or track sections with varying stiffness. In sections
with low stiffness values, large displacements and large bending moments are
expected that cause long-term fatigue conditions, whereas sections with high stiffness
values experience small displacements and bending moments [5].

In this study, an instrumented wheelset (IWS) by National Research Council Canada
(NRC) Automotive and Surface Transportation (AST), mounted on a freight railcar to
measure wheel/rail forces and two side frame accelerometers collected the vertical
acceleration data over a short line railroad over Canadian Shield with large variation
in track stiffness. Signals provided by these sensors were used to estimate relative
stiffness variation along the track. This study proposes a method for calculating the
load/deflection ratio by detecting the most relevant frequency between the load and
acceleration signals. The application of this methodology was examined on a part of
field data to estimate the stiffness variation and detect track features along the section.
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2 Methods

A method is developed for evaluating stiffness variation using provided data, such as
wheel-rail forces, side frame acceleration measurements from the trucks, speed, and
GPS coordinates. The method is developed for calculating the load/deflection ratio.
The moving window technique is applied on the load and acceleration data to divide
them into smaller parts to consider different events more precisely along the
measurements. For each section, the windowed load and acceleration signals are
analysed in frequency domain to calculate the deflection and stiffness index
respectively. The magnitude of cyclic deflection interpreted from the double
integration of the accelerometer data at a common frequency which determined using
the singular value decomposition (SVD) method [17-18]. The rail deflection then
could be calculated by [19]:

d(Ocyciic = D cos(2nft — ¢) (D)

a(t)cyclic = _(an)zD cos(2rft — @) 2)
a(t)c clic

d(t)cyclic = _(2—7;}-;2 (3)
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In the equation, “D” represents the amplitude of the cyclic displacement in mm, “a

[IPPet]

is the acceleration in mm/SZ, “f” is the frequency of motion in Hz, and “¢” is the

phase shift in rad. Using the estimated deflection data and the load signal, track
stiffness could be calculated by [8]:

PmaX amp
K - —_— =
Amax _amp 4
Prnax _amp : Magnitude of vertical wheel load
Amax amp : Maximum rail deflection under the wheel
K : Stiffness

The following flowchart shows the steps to select common frequency and calculate
the relative stiffness for each window accordingly.
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Figure 2. Flowchart for selecting the frequency of vertical load and displacement
and calculate relative stiffness




Using the Winkler model, a finite element model of a continuous beam on a uniform
elastic foundation is simulated to evaluate the implementation methodology. So, the
simulation consists of a beam on an elastic foundation, and a sprung mass that moves
along the beam. According to the experiments, the loads and acceleration are collected
from the wheel and the sprung mass. A preliminary analysis is conducted over sections
with known track structures, including an embankment, to determine whether the
method can be used to estimate stiffness variation and detect structural features.

3 Results

The simulated beam on an elastic foundation is subjected to a moving sprung mass
and collects the data accordingly. To model a section with varying stiffness, four
springs with different stiffness are used under the beam. The proposed method is used
to evaluate beam deflection and stiffness variation. The following plots show the
vertical load at the contact point, acceleration of the sprung mass and the calculated
stiffness variation along the beam. The results, shows the variation agrees relatively
well with the simulation assumptions which represent that the stiffer part of the
foundation is associated with the peaks while the softer part has lower values of the
load/deflection plot.
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Figure 3- Stiffness Variation calculated from sprung mass acceleration (a) Vertical
Load (b) Sprung Mass Acceleration (c) Stiffness Variation

The simulation results verified the proposed methodology and confirmed it potentially
could be used to evaluate the stiffness variation of the beam’s foundation using the
load and acceleration measured on the wheel and sprung mass. To investigate the
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application of the developed method to evaluate stiffness variation using the IWS
measurements, a preliminary analysis is conducted over sections that are known to
have a large physical change, such as embankment with lateral supports. The load and
acceleration signals for a 0.5 mile of track consisting of the embankment were selected
to estimate stiffness variation. Figure 4(a) shows the exact coordinate and Milepost
information of embankment and lateral supports, and Figure 4(b) represent the
calculated stiffness variation along the selected section. GPS data consist of latitude
and longitude coordinates are used to estimate the location of the track features and is
used for aligning the results to evaluate the calculated stiffness and location of the
variations.
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Figure 4- (a) Selected embankment and detailed locations (b) Calculated Stiffness
Variation aligned with structural features

The results show the developed methodology could estimate the stiffness variations
and detect track features like the lateral support in embankment and the cross grading
along the section. The variations along the selected section are concurrently amplifies
around the sub-structural changes like the location of the supports or grade crossing.
Additionally, there is a part with the low value in the stiffness plot, which attribute to
the soft subgrade.



4 Conclusions and Contributions

Wheel-rail dynamic forces are of major importance of rail track responses, which can
be used to evaluate various factors of track performance such as the effect of different
track features, stiffness transitions and track structural defects on the dynamic loads.
Instrumented wheelsets mounted on an in-service freight rail car were used to measure
wheel/rail forces along the track. Vertical load measurements at the contact point, in
addition to acceleration and GPS data, are used to evaluate the condition of the railway
substructure. A method was developed in this research to calculate stiffness variation
using load and acceleration data as a key factor in railway track condition monitoring.
The main assumption is that any change in track stiffness will affect the measured
dynamic load. As the definition of stiffness, the developed methodology calculates
the load/deflection ratio, while the load is directly measured by the IWS system, and
the deflection by integrating the accelerometer's signals at the most contributing
frequency between the signals. The singular value decomposition (SVD) was used to
determine the dominant frequency in the calculation process. [18]. Using FEM
software, a numerical model was created to verify the proposed methodology for
calculating stiffness variations. To simulate the experiment, a beam on an elastic
foundation model with a diverse stiffness was modelled and a sprung mass moved
along the beam. The load and acceleration were collected at the contact point and
sprung mass, respectively. The simulation results showed that the calculated stiffness
variation was relatively consistent with the preliminary assumptions which has proved
the concept of the methodology.

The load and acceleration signals for a section including an embankment were used
to evaluate the subgrade condition based on the proposed methodology. Through the
calculation process, the plot for normalized stiffness indicated that the remarkable
variations coincide with the benchmark stiffness changes over the embankment. The
case study from the IWS field measurements provided the promising results showing
that the developed methodology can detect the major stiffness variations along the
track such as the lateral supports in embankments or the grade crossings. The proposed
methodology could be used to evaluate the stiffness variation over the long distances
of railway network to detect the potential problematic sections for further maintenance
decisions by railway operators. Nevertheless, there are some limitations, such as the
need for judgement and knowledge of the site to interpret the sharp changes in the
analysis.
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