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A Novel Method for Railway Crossing
Monitoring Based on Ambient Vibration

Caused by Train-Track Interaction

Chen Shen(&), Zili Li, and Rolf Dollovoet

Delft University of Technology, Delft, The Netherlands
c.shen-2@tudelft.nl

Abstract. Railway crossings are critical components in the rail network. They
usually degrade faster than the other components. It is therefore vital to monitor
their conditions using appropriate methods. This paper proposes to use the
ambient vibration caused by the train-track interaction from a distance to
monitor the condition of railway crossings. Both impact tests and pass-by
measurements were performed on an instrumented crossing. The eigenfre-
quencies and mode shapes in the frequency range of 10–2000 Hz are first
identified by impact tests using three different devices, i.e. a falling weight
device, a big hammer and a small hammer. For the pass-by measurement, the
dynamic features of both the wheel-crossing impact and ambient vibration are
analyzed using time-frequency representations. It is shown that the ambient
vibration signals are stationary and contain several characteristic frequencies.
Then a method based on the frequency domain decomposition is applied to the
ambient vibration signals to further identify the frequency components. It is
found that the frequencies identified from the pass-by measurement agree well
with the eigenfrequencies identified from the impact test. The proposed method
can be further developed to continuously monitor the condition of railway
crossings without interrupting train operations.

Keywords: Railway crossing � Condition monitoring � Pass-by measurement �
Ambient vibrations

1 Introduction

Railway crossings are subjected to large repetitive impact load, which would quickly
deteriorate their conditions. Such deterioration should be monitored appropriately so
that maintenance actions can be taken before it jeopardizes running safety and pas-
senger comfort. Vibrational-based condition monitoring can be used for this purpose.
There are two steps involved in this process. The first step is to identify the dynamic
characteristics of the crossing, e.g. the eigenfrequencies. The second step is to correlate
the dynamic characteristics to the condition of the crossing, e.g. the ballast/railpad
stiffness and the crossing geometry. This paper focuses on the first step.

The dynamic behavior of the train-track interaction at railway crossings has been
investigated using both numerical simulations [1–3] and field measurements [4–6].
Impact tests [3, 5] and pass-by (or trackside) measurements [2, 6] are two primary ways
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to identify the dynamic characteristics of a railway crossing. The impact test method is
broadly accepted as a standard method for the identification of railway track dynamics.
The main advantage of the impact test is that the input excitation (usually with a
hammer) can be measured so that the frequency response function (FRF) can be
directly derived. However, previous studies [2–6] focus more on the dynamics of the
crossing nose while ignoring its coupling with the substructures, e.g. the sleeper and
ballast. Besides, as railway crossings have larger inertia than plain tracks, considerable
input energy is needed to excite the low-frequency vibrations [7]. Another disadvan-
tage of the impact test is that it requires direct access to the track, and thus an out-of-
service period has to be arranged.

In contrast, the pass-by measurement does not interrupt train operations and once
the sensors are installed, they can be used to monitor the crossing condition continu-
ously. Operational modal analysis methods [8–10] can be used to identify the crossing
dynamics in this case. The pass-by measurement usually focuses on the vibrations
caused by wheel-crossing impact [4, 6]. However, as the impact process is highly
transient, it is more difficult to characterize than a stationary process. Moreover, there is
still a lack of understanding of the correlation between the pass-by measurement and
the standard as well as more commonly used impact test method.

This paper reports a comprehensive field test campaign on a railway crossing using
both the impact test and pass-by measurement. The impact test is used to identify the
eigenfrequencies and mode shapes of the crossing in the frequency range of 10–
2000 Hz. For the pass-by measurement, a new method is proposed based on the
ambient vibration caused by the train-track interaction from a distance for the identi-
fication of the eigenfrequencies. The capability of the method is demonstrated by
comparing the results to the impact test.

2 Method

2.1 Field Test Setup

The field test was conducted on a 1:9 cast crossing. We have installed nine three-
dimensional accelerometers (labeled as R1–R9) on the crossing nose and eight one-
dimensional (vertical) accelerometers (labeled as S1–S8) on the sleeper, see Fig. 1(a).
These accelerometers were used for both the impact test and pass-by measurement. In
this paper, only the vertical accelerations are analyzed.

2.2 Test Procedures

Impact Test. To properly excite the crossing vibrations in the frequency range of 10–
2000 Hz, three impact methods were used, i.e., with a falling weight (FW) device, a big
hammer (BH) and a small hammer (SH), respectively.

The impact location for all the FW tests was on the crossing nose above the
instrumented sleeper. The test scheme combined different falling weights (40–80 kg)
and heights (20–40 cm). Such combinations can provide enough impact energy to
excite the vibrations of the crossing nose and the underneath sleepers at the same time.
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Unlike the FW, the BH and SH may not be able to generate the amount of energy
required to excite both the sleeper and crossing nose at the same time. Therefore, a
multi-reference single-input-multiple-output (SIMO) test scheme was used. The
scheme includes multiple impact locations on both the crossing nose and the sleeper
(indicated with the green triangle in Fig. 1(a)). At each impact location, the hammer
test was repeated five times.

Pass-By Measurement. A measurement train ran over the instrumented crossing with
multiple speeds, ranging from 20 km/h to 220 km/h (see Table 1). Except for the
measurement from the ground, the axle box accelerations (ABA) were also measured,
though the results are not presented in this paper.

2.3 Data Analysis

Data Preparation. For each impact test, the frequency response functions (FRF) were
calculated with the impact force as the input and 17 acceleration signals as the outputs.
There were in total 9 loading conditions for the FW test and 15 impact locations for the
BH/SH test (Fig. 1(a)). Therefore, we formulated a three-dimensional FRF matrix of
the size 9 by 17 by N for the FW test and two FRF matrices of the size 15 by 17 by
N for the BH and SH test, where N is the number of frequency points in the FRF. Each
entry (i, j, k) represents the FRF between the force at impact location i and the
acceleration measured from accelerometer j at the frequency point k.

Fig. 1. Field test setup. (a) Sensor arrangement and impact locations. (b) Hammer test.

Table 1. Recorded pass-by measurements in different velocities

Velocities(km/h) 20 30 40 50 60 100 120 140 160 180 200 220

Repetitions 1 1 5 1 5 5 3 2 5 4 4 2
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For each pass-by measurement, there were 17 output accelerations available. We
formulated a cross power spectrum density (CPSD) matrix of the size 17 by 17 by N for
each pass-by measurement. Each entry (i, j, k) stores the CPSD between accelerometer
i and j at the frequency point k.

Post-Processing. First, we can subtract a sub-matrix from the FRF matrix with the size
of p by q by N, where p is the number of impact locations or loading conditions and q is
the number of output accelerometers. For example, we can take all 7 impact locations
on the crossing nose as p and 9 outputs from R1–R9 as q. This submatrix can then be
used to evaluate the dynamic behavior of the crossing nose while ignoring the
responses from the sleeper. The same applies to the CPSD matrix.

At each frequency point k, the singular value decomposition (SVD) of each sub-
FRF matrix is calculated. The singular values at different frequencies are called the
Complex Mode Indicator Function (CMIF) [10] and can be used to identify the
eigenfrequencies of the crossing.

For the CPSD matrix, an output-only identification method called the frequency
domain decomposition (FDD) [8, 9] is adopted. The first singular values obtained by
the SVD of the CPSD matrix are used to indicate the characteristic frequencies.

3 Characterizing the Dynamic Behavior of Railway
Crossings

3.1 Impact Test

The three impact test methods, i.e. the SH, BH and FW, target different frequency
ranges. A direct indication of the valid frequency range of each impact test is the
coherence between the input (force) and outputs (accelerations). Figure 2 compares the
coherence of the three methods. The valid frequency ranges are approximately 10–
200 Hz, 30–800 Hz and 500–8000 Hz for the FW, BH and SH respectively.
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Fig. 2. The valid frequency range of different impact methods based on coherence.
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Figure 3 shows the CMIFs for the crossing nose and sleeper separately. Eigen-
frequencies are indicated with the arrows. Below 100 Hz, the CMIFs of both the
crossing nose and sleeper show two modes and similar magnitudes. This indicates the
two parts are equally excited by the FW tests. The two modes are the rigid and 1st order
bending mode of the sleeper, see Fig. 4.

Between 100 Hz and 500 Hz, the sleeper vibrations dominate the response of the
whole structures. Two pieces of evidence can support this: (1) the CMIF of the sleeper
has a larger magnitude; and (2) Mode No. 3 and 4, which are the 2nd and 3rd order
bending mode of the sleeper (Fig. 4), are also reflected in the crossing vibrations (see
the two peaks in the blue curve at Mode 3 and 4 in Fig. 3(a)).

Between 500 Hz and 800 Hz, the CMIFs of the crossing nose and sleeper are at the
same level of magnitude. In this frequency range, the sleeper and crossing nose are
decoupled and vibrate separately: Mode 5 can only be found in the crossing nose while
Mode 6 and 7 are only with the sleeper. The reason is that the modal displacements at
the interface between the crossing nose and sleeper are almost zero for Mode 5, 6 and 7
(see the triangles in Fig. 4). Thus there is minimum energy transfer between the sleeper
and the crossing nose.

Above 800 Hz, the vibration of the crossing nose becomes dominant. The sleeper
vibration is much lower than the crossing nose. Because it is hard for the small hammer
to excite the sleeper vibrations, the measurement becomes noisy (see the red curve in
Fig. 3(b)). The modes become more closely spaced. In fact, as the crossing is infinitely
extended, there could be waves at every wavelength (i.e. modes at every frequency). It
is challenging to identify the shapes of these high-order modes because the current test
setup only covers a part of the crossing nose. A more complicated setup, such as the
one in [5], or a numerical model, would help to clarify these modes.

Fig. 3. Eigenfrequencies identified by impact tests based on CMIFs. The CMIF of the crossing
nose is calculated using the 7 impact locations and 9 responses on the crossing nose. The CMIF
of the sleeper is calculated using the 8 impact locations and 8 responses on the crossing nose.
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3.2 Pass-By Measurement

As mentioned earlier, the impact test requires an out-of-service period of the track,
whereas the pass-by measurement directly uses the train-track interaction as the
excitation source and therefore does not interrupt train operations. This section explores
the possibility of reproducing the eigenfrequencies identified in Sect. 3.1 using the
pass-by measurement.

Figure 5 shows a set of typical results from the pass-by measurement. The mea-
surement train consists of one locomotive with three wheelsets in each bogie and a
passenger wagon with two wheelsets in each bogie. The eight peaks in Fig. 5(a)
correspond to the eight wheels impacting on the crossing nose.

The measured signals can be divided into two parts. When the measurement train
was approaching the instrumented crossing, the accelerometers can already get signals
due to the excitation of the train-track interaction from a distance. We refer these
signals as the ambient signals, e.g. the part indicated by the rectangular in Fig. 5(a).
Several distinct frequency bands are visible in the spectrogram of the ambient signal, as
indicated by the arrows in Fig. 5(c). It is also noted that ambient signals are stationary
as the distribution of the frequency components does not change over time. The
ambient signals should reflect the eigen-characteristics of the crossing in its unloaded
condition. This provides the opportunity to reproduce the eigenfrequencies based on
the ambient signals, which will be elaborated later in this paper.

On the other hand, when the wheel ran over the crossing nose, a large wheel-rail
impact occurred, inducing a distinct peak in the time domain signals (Fig. 5(c)). As this
process is transient, we use the synchrosqueezed wavelet transform to obtain the time-
frequency representation (Fig. 5(d)). It can be seen that the frequency bands are dif-
ferent from the ambient signals. This is because the impact signals reflect the dynamics
of the train-crossing system instead of only the crossing. Moreover, the frequency
components shown in Fig. 5(d) change over time, indicating the impact process may be
non-linear or time-variant.
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Fig. 4. Complex mode shapes at identified eigenfrequencies. A complete vibration period is
divided into nine phases and each line represents a phase. Mode 5 shows the shape of the
crossing nose. The blue triangle indicates the position of the instrumented sleeper. The other
modes show the shapes of the sleeper. The red triangle in the middle indicates the position of the
crossing nose and the other two at the sides indicate the two rails.
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The wheel-crossing impact signals may carry valuable information about the
crossing condition that cannot be traced by the ambient signals, e.g. the degradation in
the crossing geometry and hanging sleepers. However, transient signals are in general
more difficult to characterize and interpret than stationary signals. Besides, substantial
effort is needed in postprocessing to isolate the influence of train dynamics, which is
much more complicated at crossings than in plain tracks. These problems will be
tackled in future studies.

To get a clearer view of the frequency content shown in Fig. 5(c), we took the
ambient signals between −52 m and −42 m indicated by the rectangular in Fig. 5(a).
The FDD algorithm (see 2.3) was then applied to the ambient signals with a Hamming
window of 1 m long and a 50% overlap between adjacent windows.

As with the CMIFs in Fig. 3, the first singular values were calculated separately for
the crossing nose and sleeper, as shown in Fig. 6(a) and (b), respectively. Figure 6 also
shows the results with different vehicle speeds. The magnitude of the singular values
increases with vehicle speed, while the characteristic frequencies (indicated with the
arrows) are not sensitive to vehicle speed. However, some of the modes are not excited
when the vehicle speed is low, see for example Mode 11 in Fig. 6(a).

Figure 7 makes a direct comparison between the impact test and pass-by mea-
surement. The characteristic frequencies identified by the ambient signals agree well
with the eigenfrequencies identified by the hammer test. Only some of the closely
spaced modes are not distinguishable, such as Mode 8–11. This is because more
excitation energy is induced by the train-track interaction than the small hammer and
therefore there is more damping caused by railpad and ballast.

Fig. 5. Pass-by measurement results of accelerometer S3 with the vehicle speed of 100 km/h.
(a) Accelerations from five repeated measurements mapped to the space domain. Wheel impacts
are labeled as W1–W8. The horizontal axis indicates the distance between the last wheelset (i.e.
W8) and the crossing nose. (b) Zoomed-in view at the wheel impact W8. (c) Spectrogram of the
signal in (a) using the Short-time Fourier transform. (d) Wavelet power spectrum at W8 using the
synchrosqueezed wavelet transform.
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4 Outlook

The next step is base on the characteristic frequencies (Fig. 6) to estimate the track
parameters of the railway crossing (e.g. the stiffness and damping of ballast and rail-
pads). For this purpose, a numerical model is required.

The dynamic features of the wheel-crossing impact shown in Fig. 5(d) needs to be
further investigated. They may be useful to monitor local defects on the crossing nose
or the nonlinear behavior of railpads or ballast. For this purpose, the ambient signals
can still be useful to establish a baseline state of the crossing.

Once the dynamic features of the pass-by measurement are fully understood, it can
facilitate the understanding of the ABA measurement and a train-borne condition
monitoring method can be further developed.

Fig. 6. Characteristic frequencies identified by pass-by measurements. (a) Crossing nose.
(b) Sleeper. Each line represents a single measurement. The numbers above the arrows
correspond to the mode number in Fig. 3.

Fig. 7. Comparison between the impact test and pass-by measurement using ambient vibrations.
(a) Crossing nose. (b) Sleeper. The green lines are the same as in Fig. 6. The grey lines are the
CMIFs from the impact test as shown in Fig. 3.
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5 Conclusions

This paper identifies the eigenfrequencies and mode shapes of a railway crossing in the
frequency range of 10–2000 Hz using the FW, BH and SH impact methods. The modes
below 800 Hz are mostly the sleeper bending modes while those above 800 Hz are the
modes/waves of the crossing nose.

The signals measured from the pass-by measurement are divided into the wheel-rail
impact part and ambient vibration part. The ambient signals are shown to be stationary
while the wheel-rail impact signals are transient and time-variant. They also show
different frequency components.

A method is proposed by applying the FDD to the ambient vibration signals to
identify the eigenfrequencies of the crossing. It is verified that the frequency identified
by the proposed method agrees well with the impact test results.
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