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ABSTRACT With the recent development of high performance photography devices, vibration
measurements using digital image processing can be utilized for the condition monitoring and the analysis
of generation mechanisms. High-quality image recording provides very dense spatial information unlike
physical sensors with a limited number of point-oriented measurements and output channels such as
accelerometers. Moreover, image acquisition is a non-contact technique and ensures that the installed sensors
do not affect the mass or stiffness. In this study, the vibration mode of rails is investigated using the phase-
based video magnification method. An extensive amount of information that cannot be detected by human
eyes, can be obtained with this imaging motion magnification technique by amplifying and visualising the
minute vibrational movements. Flexural vibration modes in rails generate rolling noise, especially at high
frequencies where the displacement amplitudes are small. The motion magnification method is applied using
a high-speed camera to measure the rail mode shapes. The measured mode shapes are compared to the
numerical results obtained from the waveguide finite element method. This method helps in understanding
the vibration generation and the transfer mechanisms in the waveguide structures with a uniform cross-
section in the lengthwise direction such as a railway track.

INDEX TERMS Phase-based motion magnification, railway track, waveguide finite element method.

I. INTRODUCTION
The modal analysis of structures is performed using the
data obtained from the sensors attached discretely to vibrat-
ing structures. Contact accelerometers are commonly used
for modal analysis and provide precise information about
the vibrational mechanisms. During vibration tests, sensors
such as accelerometers, strain gauges, or linear variable dif-
ferential transformers must be applied to the mechanical
structures without minimal mass and stiffness loading. The
local variations sometimes produce a considerable influence
that can be confused with the system characteristics [1].
When accelerometers are used for vibration measurements,
the mechanical impedance must be analyzed for modal esti-
mations [2], [3]. Non-contact measurement methods are
advantageous in the case of minimal structural loading on

The associate editor coordinating the review of this manuscript and

approving it for publication was Zahid Akhtar .

systems under tests. The vibration characteristics provide
detailed information about the vibration generation, transmis-
sion, and structural integrity, when identified using images.

The use of images obtained from digital video cameras
can be considered as a non-contact approach in structural
measurements [4]–[7]. Optical measurement methods such
as digital image correlation (DIC) and point tracking (PT)
have been utilized to perform modal analysis on large-scale
industrial structures [8]–[11]. The DIC and PT methods pro-
vide smooth mode shapes with high accuracy. These methods
utilize speckle patterns or markers painted on the surface of
the structure.

The motion magnification method [12]–[18] has recently
gained attention in structural motion estimation and system
dynamics identification. These methods do not require sur-
face perpetrations or reduction in the size data. There are
two methods of revealing minute motions invisible to the
naked eye, which differ based a metaphor in fluid dynamics.
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In the Lagrangian perspective, the movement of fluid parti-
cles is tracked over time. The points in the scene are tracked
and the pixel colours are added throughout the frame corre-
sponding to the magnified motion vectors [12]. Conversely,
the Eulerian perspective considers a fixed reference frame
and exhibits fluid properties over time at each fixed
location [13], [14].

Wu et al. [13] followed the approach of linear Eulerian
video magnification (EVM) by considering the time series of
intensity values at each pixel independently, and amplifying
the temporal variations in a frequency band of interest to
produce a motion magnified video. Remarkably, this simple
method of considering only the colour changes at each pixel
was used to manipulate small motions. The colour changes
were linked through a first-order Taylor series expansion.
This method was fast and robust, eliminating the need for
expensive flow computation. Because linear EVM [13] relies
on a first-order Taylor expansion, it supports small magnifica-
tion factors. When the magnification factor is large, the noise
is amplified as well.

An improved video magnification method was introduced
by Wadhwa et al. [14]. The small motion in the video is
magnified by multiplying a magnification factor to the phase
difference of the images between the frames in the phase-
based magnification (PBM) method [14]. Unlike the noise of
the video being equally amplified after applying the EVM
method, the use of the PBM method exhibits less sensitivity
to noise during the magnification of the video owing to which
the PBM method has been used in engineering applications.
To identify the natural mode shape of the structure, the the-
oretical or the numerical analysis of the vibration behavior
based on the geometric and dynamic parameters is required.
This method provides a solution for the mode shapes of the
structures. Wadhwa et al. [14] proposed applications of the
PBM method in engineering fields. Chen et al. measured
the mode shapes of beams [19], [20] and pipes [20] using
the PBMmethod. The deformation shapes of the blades have
also been observed by Sarrafi et al. [21]. Civera et al. [19]
used the PBM method to assess the health of a beam by
monitoring the cracks. Therefore, this method can be useful
in measuring the dynamic behavior of the cross-section of
complex structures such as rails.

The 3D finite element (FE) model can be used to ana-
lyze the dynamic characteristics of a railway track [22]–[24],
but since the FE method involves high computational costs,
the use of either the semi-analytical finite element or the
waveguide finite element (WFE) method has been proposed
for wave analysis [25]–[27]. These methods use the 2D cross-
sectional model of the waveguide structure to analyze the
3D behavior. The WFE method, also known as the 2.5D FE
method has been widely used in the vibration analysis of
waveguide structures such as car tyres [28], rails [29]–[32],
and plates [33]–[38]. Nilsson et al. [29] presented the wave
types of rails to identify the particular wave which generates
the sound radiation. Ryue et al. studied the propagation of
the waves along the rail track [30] and evaluated the decay

rate [31]. The vertical bending wave radiates most of the rail
noise above 5 kHz [32]. The lateral bending wave along with
the torsional first and second web bending waves contribute
to the noise below 5 kHz. The wave types were analyzed
numerically and confirmed from the resonance of the vibra-
tion and the sound radiation. Therefore, the validation of the
mode shapes of the rail using actual measurements is still
required.

This study applies phase-based motion magnification
method to measure the vibration modes of complex-shaped
structures such as rails. In previous studies, simple rectangu-
lar (beam) and circle (pipe) shapes were used for verifica-
tions, and the frequency band for the magnification required
in the PBM method was selected priori. In the case of the
rail used in this study, the vibration modes appear from
simultaneous wave propagations in complex-shaped cross-
section. Typically, a dispersion diagram is used to find the
resonance frequencies and the mode shapes of the rail. The
frequency bands for the rail used in the experiment were
selected with the help of a dispersion diagram based on the
wave propagation characteristics of the infinite-length rail
identified by the WFE method. The mode shape of the rail
was derived by applying the PBM method in the selected
frequency bands for the recorded video. The measurements
of the mode shape of the rail were validated by comparing
the results of the PBM and the WFE methods.

II. WAVEGUIDE FINITE ELEMENT METHOD
The WFE method was used in this study to predict the vibra-
tion modes of the rail. This section briefly describes the WFE
method, which is known to be particularly useful for waveg-
uide structures which have a uniform cross-section along the
lengthwise direction, such as rails [29]–[32], plates [33]–[38],
pipes, and ducts. Themethod was applied to predict the vibra-
tion and sound radiation of waveguide structures [28], [29].
In this study, the wavenumber domain analysis [39] was used
to predict the vibration behavior of the rail.

FIGURE 1. Coordinates and scheme of a railway track.

In the wavenumber domain analysis method, only a
two-dimensional cross-section of the structure is meshed,
assuming harmonic dependence on time and on the third
direction in space, as indicated in Fig. 1. The governing
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equation of the WFEs for a waveguide structure analyzed
with plate elements is given by[

Ks (κ)− ω
2Ms

]
8̃ = F̃s (1)

where 8̃ is the nodal displacement vector in the wavenumber
domain, ω is the angular frequency, and κ is the structural
wavenumber along the x direction. The stiffness matrix was
derived as follows:

Ks (κ) =
(
Ks4(−iκ)4 +Ks2(−iκ)2 +Ks1(−iκ)+Ks0

)
× (1+ iηs) , (2)

in which Ks4, Ks2, Ks1, and Ks0 are related to the stiffness
of the structure and ηs is the damping loss factor (which may
be frequency-dependent).Ms is the mass matrix, and F̃s rep-
resents the excitation forces at the nodes. For free vibration
analysis, i.e., F̃s = 0 and ηs = 0, equation (2) was solved for
ω at the given real wavenumbers. This eigenvalue problem
provides the dispersion relations of waves propagating along
the lengthwise direction of the structure.

A. MODELLING THE RAILWAY TRACK
To estimate the wave propagations, a standard UIC60 rail
was examined by the WFE analysis. Only the rail for the free
boundary condition was considered to neglect the effects of
the sleeper, ballast, and railpad. The cross-sectional model
of the rail structure is illustrated in Fig. 2. The model was
composed of eight-noded solid elements with a quadrilateral
shape function. For the tested rail, the mass per unit length
was 60.3 kg/m, Young’s modulus was 210 GPa, and Pois-
son’s ratio was 0.3. The model consists of 341 nodes and
86 elements.

FIGURE 2. Numerical elements in cross-section used in WFE analysis.

B. DISPERSION RELATION FOR THE INFINITE-LENGTH
RAILWAY TRACK
The dispersion diagram obtained from WFE models of the
rails, as illustrated in Fig. 3 and Fig. 4, helps in under-
standing the wave propagation characteristics along the rail.

FIGURE 3. Dispersion diagrams of the infinite length railway track.

FIGURE 4. Dispersion diagrams of the infinite length railway track
magnified between 0 and 500 Hz.

The wavenumbers from 0 to 40 rad/m with the corre-
sponding frequencies were identified from the eigenvalue
analysis of (1).

Fig. 3 shows four waves at low frequency (below 1 kHz).
The magnified diagram of Fig. 3 is plotted in Fig. 4. At a
fixed frequency of 200 Hz, the cross-sectional deformations
of the four waves marked in Fig. 4 are shown in Fig. 5. The
vibration originates from the lateral bending waves of the
rail at 3.19 rad/m (marked with ‘+’). Conversely, the vertical
bending waves of the rail appear at 2.03 rad/m (marked
with ‘©’). The deformation shape of the wave marked with
‘∗’ shows the torsion wave mode. The longitudinal waves
are observed at a lower wavenumber of 0.24 rad/m (marked
with ‘×’).

At high frequencies, between 1 and 7 kHz, four waves start
to appear (0 rad/m). These waves correspond to the localized
waves, and their cross-sectional deformations (marked with
‘+’ at 1330 Hz, ‘©’ at 4141 Hz, ‘∗’ at 5095 Hz and ‘×’ at
5280 Hz in Fig. 3) are shown in Fig. 6. These wave modes are
the first web bending wave (Fig. 6(a)), second web bending
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FIGURE 5. Deformation shapes of the wave chosen in Fig. 4. (a) ‘+’ at
3.19 rad/m, (b) ‘©’ at 2.03 rad/m, (c) ‘∗’ at 1.53 rad/m and (d) ‘×’ at
0.24 rad/m, at fixed 200 Hz.

FIGURE 6. Deformation shapes of the wave chosen in Fig. 3. (a) ‘+’ at
1330 Hz, (b) ‘©’ at 4141 Hz, (c) ‘∗’ at 5095 Hz and (d) ‘×’ at 5280 Hz,
at fixed 0 rad/m.

wave (Fig. 6(b)), second longitudinal wave (Fig. 6(c)) and
flapping wave modes of the rail foot (Fig. 6(d)).

These vibration modes have been analyzed numerically in
previous studies using FEM [24] or WFEM [32]. However,
only predictions based on numerical analysis have been
reported, and no actual instrumentation of these mode fea-
tures has been performed in those studies. Although the
responses of the rail, such as the point receptance or the
mobility, can be calculated and compared to the measured

results, there is a limit to the vibration modes that can be
inferred from the point responses. The vibration mode must
be initially verified since the effects on the vibration and
the noise characteristics of the rail vary depending on the
characteristics of the modes.

III. PHASE-BASED MAGNIFICATION METHOD
This section presents the PBMmethod. This method has been
applied in engineering fields to visualize small motions of
structures, which are almost undetectable by human eyes.
These applications include analysis of small vibrations of
beams [19], pipes [18], [20] and blades [21], [40]. Only
a brief overview of this method is provided here since a
detailed explanation of this method can be found in the
literature [14], [17].

A. BASIC CONCEPT OF THE PHASE-BASED
MAGNIFICATION METHOD
The basic concept of the PBM method involves the transla-
tion of motion over time with the phase shift of the image
profile using the Fourier series decomposition. When one-
dimensional image intensity at time t , is defined by I (x, t),
the intensity of the image with a small translation of δ (t) is
expressed as I (x + δ (t)) using a sum of the sinusoids as

I (x + δ (t)) =
∞∑

ω=−∞

Aωeiω(x+δ(t)) (3)

At time t0, δ (t0) = 0, and the intensity of the reference
frame, I0 (x), is expressed as follows:

I0 (x) =
∞∑

ω=−∞

Aωeiφ(x) (4)

where φ (x) = ωx. Magnifying this phase difference by
a factor, α and using it to shift the Fourier coefficients of
I (x + δ (t)) yields a new image sequence in which the trans-
lations have been exactly magnified, which can be repre-
sented as follows:

I (x + (1+ α) δ (t)) =
∞∑

ω=−∞

Aωeiφ(x)eiω(1+α)δ(t) (5)

Motions to be magnified in a video are generally local.
The details of the complex steerable pyramid are stated in
Sec. 3.2 and the entire process of the PBM is shown in Fig. 7.
The images in a video are decomposed using the complex
steerable pyramid to amplify the local motion in the images
[41], [42]. In this process, the images of the amplitudes and
phases corresponding to the local motion are separated, and
the images of the phases are extracted using a frequency
band-passed filter. The band-passed phase is amplified by the
magnification factor, and the video is reconstructed.

B. MAGNIFICATION OF LOCAL TRANSLATION USING
COMPLEX STEERABLE PYRAMID
The complex steerable pyramid [41], [42], which is a type of
the image filter, is a complex, overcomplete, linear transform.
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FIGURE 7. Phase-based magnification process.

Instead of a single Laplacian or a Gaussian filter, it uses a
bank of filters that are steerable at each level of the pyra-
mid. It decomposes a single channel image, I (x, y), into a
set of coefficients corresponding to basis functions that are
simultaneously localized in the position (x, y), the spatial
scale (r), and the orientation (θ). The image is reconstructed
by multiplying the coefficients by the basis functions and the
summation.

Through this filter, a Gaussian window multiplied by a
complex sinusoid, was used as a basis function to extract
the phase component for the image intensity. The Gabor
wavelet, which is the Gaussian envelope of the trigonometric
functions with real and imaginary parts, can be expressed as
follows:

ψr (x) = e−
x2

2σ2 e−iωx , (6)

In the complex steerable pyramid, the basis functions are
self-similar. The ratio between σ and ω, which is determined
by the scale, r (the orientation, θ , is not considered in 1D),
has a fixed value. For the image decomposition, the frames of
the one-dimensional image are convoluted with the complex
Gabor filter, ψ (x) as follows:

Lr (x) = I (x) ∗ ψr (x) , (7)

where Lr refers to the image intensity after convolution by
the Gabor filter. The new image intensity at t and t0 is

expressed by

Lr (x, t0) =
∫
∞

−∞

I
(
x ′ − x

)
e−

x′
2

2σ2 e−iωx
′

dx ′, (8)

Lr (x, t) =

(∫
∞

−∞

I
(
x ′ + δ (t)− x

)
e−
(x′+δ(t))

2

2σ2 e−iωx
′

dx ′
)

·

(
e−iωδ(t)

)
(9)

In (8) and (9), the phases of the frame at t and t0 are
defined by

φ
(
x ′, t0

)
= arg [Lr (x, t0)] , (10)

φ
(
x ′, t

)
= arg [Lr (x, t)] , (11)

The phase difference between the frames at t and t0 is
calculated as follows:

1φ = φ
(
x ′, t

)
− φ

(
x ′, t0

)
= ωδ (t) , (12)

In (12), the phase difference is proportional to the trans-
lation, and αωδ (t) is the magnified phase difference for
magnifying themotion. Themagnified image intensity is then
expressed as

Lm,r (x, t)=

(∫
∞

−∞

I
(
x ′+(1+ α) δ (t)− x

)
× e−

(x′+(1+α)δ(t))
2

2σ2 e−iωx
′

dx ′
)
·

(
e−iω(1+α)δ(t)

)
,

(13)
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The magnification factor α is satisfied as follows

αδ (t) < σ, (14)

in the octave-bandwidth steerable pyramid.
When expanding the Gabor wavelet in two dimensions,

equation (6) is expressed by ψr,θ (x, y), thereby introducing
the orientation, θ . It corresponds to the spatial scale, (r), and
orientation, (θ), and is known as the complex steerable filter.
The image intensity in two dimensions, using the complex
steerable pyramid, is expressed by

Lr,θ (x, y) = I (x, y) ∗ ψr,θ (x, y) , (15)

To reconstruct the image after magnification by obtaining
the phase difference and calculating the argument difference
between complex values, the basis functions are convolved
with Lr,θ (x, y) and summated for each of the scales and the
orientations as follows:

IR (x, y)=
∑
r,θ

Lr,θ ∗ ψr,θ = I (x, y) ∗

∑
r,θ

ψr,θ ∗ ψr,θ

 ,
(16)

C. FREQUENCY BAND FOR THE MAGNIFICATION
To magnify the motion in the video using the PBM method,
the frequency band where the motion appears dominantly
should be determined. The measurements of time and fre-
quency responses are useful for the identification of reso-
nance frequencies so that they help decide frequency band.
In this study, however, it is focused on the decision of
the frequency band without contact accelerometers. If the
wavenumber of the rail is determined, the frequency is
obtained from the dispersion diagram. The rail used in the
measurement has a length of 1.4m, and its allowedwavenum-
bers are calculated from κn = nπ/l. If there are several
waves in a frequency band requiring motion magnification,
the modes overlap. Therefore, it is necessary to include only
a single wave in the frequency band. However, the wave
with the lowest wavenumber (the longest wavelength) at
κ1 = 2.24 rad/m is considered because the largest motions of
each mode shape appear at the first mode in the lengthwise
direction, and the higher wave modes have much smaller
effects.

The dispersion diagrams derived for the infinite and the
finite length rails are shown in Fig. 8 and the magnified ones
are shown in Fig. 9. The center frequencies corresponding to
each wave mode shown in Figs 8 and 9 are listed in Table 1.
The frequency bands for magnification were set as 10Hzwith
respect to the center frequencies.

IV. VISUALIZED VIBRATION MODES OF THE RAIL
A. EXPERIMENTAL SETUP
Fig. 10 illustrates the experimental setup to measure the
vibration modes of the rail. The rail is 1.4 m long and hangs
freely on both edges with elastic ropes. For the measurement
of the vertical and the lateral transverse waves, a high-speed

FIGURE 8. Dispersion diagrams of the infinite and finite
(κ1 = 2.24 rad/m) length railway tracks.

FIGURE 9. Dispersion diagrams of the infinite and finite
(κ1 = 2.24 rad/m) length railway tracks magnified between 0 and 500 Hz.

TABLE 1. Center frequency for the band-passed filter used in the
magnification.

camera (MEMRECAM GX-8F) is used to record the cross-
section of the rail, as shown in Fig. 10(a). In addition, the
camera records the side of the rail to measure the longitudinal
deformations, as shown in Fig. 10(b). The rail cross-section
is recorded with a frame rate of 30000 FPS at a resolution
of 240 × 288 to examine vibration mechanism in the high
frequency range, up to 7 kHz.
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FIGURE 10. Experimental setup for measuring (a) the vertical and lateral
bending waves and (b) longitudinal waves of the railway track.

FIGURE 11. Position of impact force excitation on the rail specimen.

Fig. 11 shows the excitation location on the rail using
an impact hammer. The rail heads in the z-direction (F1),
side (F2), right rail foot (F3), and center of the rail head
cross-section (F4) were excited, respectively. The excitation
force locations were varied to induce deformation of the cor-
responding modes without influence from the other modes.

B. MODE SHAPES OF THE RAIL USING THE
PHASE-BASED MOTION MAGNIFICATION
The mode shapes of the rail were identified by applying
the PBM method, described in Sec. 3. The frequency band-
pass filters listed in Table 1 in Sec. 3.3 are applied for the
magnification. The octave steerable pyramid filter, which
consists of 4 orientations, octave bandwidth, 18 filters, is used
in this study because it takes less computational costs than
other type of filters.

The vertical bending wave and the flapping mode wave of
the rail foot are generated by the vertical excitation. Since
both waves shows symmetric deformations, the excitation
with the hammer perpendicular to the center of the rail
head (F1) is used to measure these modes. The deformation
identified by the vertical bending wave is shown in Video 1
and that of the flapping mode wave is shown in Video 2
(included in the supplements). Videos 1 and 2 were recorded
at a play rate of 60 and 5 FPS, respectively. The magnifi-
cation factors are 500 for Video 1 and 8000 for Video 2.
Fig. 12 shows the frames where the largest deformations
appear. The vertical bending and the flapping modes are
observed clearly. Although the input images are identical,
different mode shapes are observed because only the motions
of the different frequency bands are magnified.

To measure the lateral bending and the torsion waves,
a point force with the hammer is applied on the rail head in
the lateral direction (F2). The measured result of the lateral
bending wave is shown in Video 3 and that of the torsional
wave is shown in Video 4. Videos 3 and 4 were recorded at a
rate of 120 and 60 FPS, respectively. The magnification fac-
tors are 100 for Video 3 and 2000 for Video 4. Fig. 13 shows
the frames with the largest deformations. The lateral bend-
ing wave and the torsion wave have been clearly identified,
which was not possible with the conventional methods of
vibration measurement. The force from the operating trains
is applied to the rail in oblique directions due to the inclined
contact positions between the rail and the wheels. The lateral
modes are generated from this oblique excitation, which con-
tributes significantly to the generation of rolling noise [29].
In addition to the predicted behavior, the measurements of the
vibration shapes presented in these figures provide important
information required for the reduction of the rolling noise.

A force is applied on the rail foot (F3) to measure the
first and the second web bending waves because the rail
foot deforms largely in these modes, as shown in Fig. 6.
The measured results for these two modes are shown in
Videos 5 and 6 with recorded play rates of 20 and 5 FPS. The
magnification factors are 5000 for Video 5 and 10000 for
Video 6. Fig. 14 shows the frames with the largest defor-
mations and the first and the second web bending waves are
observed. Both modes are observed with smaller magnitude
deformations when compared to those of the vertical and the
lateral wave motions. Although the vibration magnitudes are
small, the vibration mechanism induces large deviations in
the cross-sectional shape and causes the large strain energy
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FIGURE 12. Measured results of (a) the vertical bending and (b) flapping wave modes of the rail derived from the PBM.

FIGURE 13. Identified cross sectional deformation of the vibration modes by (a) the lateral bending and (b) torsion waves
from the PBM.

transfer along the rails. The large strain energy generation
on the rail induces dynamic fatigue failure when exposed to
excessive vibrations.

When a force is applied in the longitudinal direction (F4),
the vibrations in the corresponding mechanism are generated
dominantly. Videos 7 and 8 shows the measured results for
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FIGURE 14. (a) First and (b) second web bending vibration modes identified from the PBM.

FIGURE 15. (a) First and (b) second longitudinal wave identified from the PBM.

these two modes. The recorded play rates are 20 and 5 FPS,
respectively. The magnification factors are 2000 for Video 7
and 15000 for Video 8. Fig. 15 shows the frames with the
largest deformations. The first and the second longitudinal
waves are observed in these figures. The transverse motion
of the rail appears along with the second longitudinal wave.

These longitudinal motions should be analyzed when consid-
ering the wheel-rail or the rail-clamp vibration interactions.

Since there are a wide variety of rails depending on their
applications, the rail parameters should be optimised based on
their geometric properties including the head height, the bot-
tom dimensions, and the web dimensions. The material used
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for the rail shows wide variation depending on manufacturing
parameters. The performance of the rail must be evaluated
based on the vibration tests. Modal tests are widely used for
the vibration tests of finite dimension structures. Although
predicted using the waveguide method, the measurement of
the vibration characteristics for the evaluation of the vibration
transfermechanism is difficult due to the insufficient resonant
responses in the beam specimens. The proposed method can
help provide significant information regarding the noise gen-
eration and the fatigue damage evaluations for specific rail
samples.

V. CONCLUSION
In this study, the vibration modes of the rail were measured
using the PBM method and compared to their predictions
to verify the feasibility. To investigate the vibration gener-
ation mechanisms, the wave propagation characteristics of
infinite-length rails were predicted using the WFE method.
At a low frequency below 1 kHz, the vertical, the lateral
the bending wave, the torsional wave, and the longitudinal
wave were observed for the rail used in this study. The first
and the second order web bending waves, the flapping wave
mode and the second order longitudinal wave were observed
at high frequencies, between 1 and 7 kHz. To identify the
vibration modes using the PBM method, the cross-section
and the side of the rail were recorded with a high-speed
camera. The video was used to observe the motion at a high
frequency, up to 7 kHz. To magnify the rail motion, a certain
frequency range was determined, where the vibrations appear
dominantly. The dispersion diagram of the rail was utilized in
the measurement. The motion was magnified by applying a
frequency band-pass filter. When a point force was applied
at the center of the rail head in the vertical direction, the
vertical bending wave and the flapping wave mode of the
rail foot were observed. The lateral bending and the torsion
waves were measured when a point force is applied on the
rail head in the lateral direction. The local motion, which
includes the first and second order web bending waves, was
observed when a point force was applied on the rail foot in
the vertical direction. The first and the second order longitu-
dinal wave modes were observed from the excitation in the
axial direction. Different mode shapes were measured using
different frequency band-pass filters even if the excitations
were identical. In this study, it was confirmed that the PBM
method provides important information about the wave prop-
agation mechanism and the vibration transfer mechanism on
waveguide structures. The proposed method can be used to
resolve the issues in the analysis of vibration transfer and
noise generation especially for complex-shaped waveguides.
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