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a b s t r a c t

The utilization of ultrasonic guided wave technology for detecting cracks in railway tracks involves
analyzing echo signals produced by the interaction of cracks with guided wave modes to achieve
precise crack localization, which is extremely important in a real-time railway crack robotic detection
system. Addressing the challenge of selecting the optimal detection mode for cracks in various regions
of railway tracks, this paper presents a method for optimal crack detection mode selection. This method
is based on the sensitivity of guided wave modes to cracks. By examining the frequency dispersion
characteristics and mode shapes of guided wave modes, we establish indicators for crack zone energy
and crack reflection intensity. Our focus is on the railhead of the railway track, selecting guided
wave modes characterized by specific cracks for detection purposes. Experimental findings validate the
accuracy of our proposed mode selection method in detecting cracks in railway tracks. This research
not only enhances crack detection but also lays the groundwork for exploring advanced detection and
localization techniques for cracks in railway tracks.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of ShandongUniversity. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The emergence of fatigue cracks and other internal damages
n railway tracks can lead to rail fractures, presenting significant
afety risks to railway transportation. Therefore, timely detection
nd precise localization of rail cracks are crucial, which is ex-
remely important in a real-time railway crack robotic detection
ystem. Research indicates that when ultrasonic guided waves
ncounter cracks, they produce reflected echoes accompanied by
omplex mode conversion phenomena. By gathering and analyz-
ng the guided wave signals transmitted through transducers, it
ecomes possible to ascertain the presence of cracks and obtain
pecific information such as their location and size. Ultrasonic
uided waves can effectively cover the entire cross-section of the
ail, addressing the detection blind spots inherent in other non-
estructive testing methods. Furthermore, these waves propagate
ver long distances at high speeds, ensuring efficient crack de-
ection without disrupting train operations. Their suitability for
ong-distance rail crack detection is complemented by their abil-
ty to be installed on rails for continuous, all-weather monitoring,
hus offering promising applications and research prospects [1,2].

∗ Corresponding author.
E-mail address: jianli@sgu.edu.cn (J. Li).
ttps://doi.org/10.1016/j.birob.2024.100175
667-3797/© 2024 The Author(s). Published by Elsevier B.V. on behalf of Shandong U

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
However, ultrasonic guided waves possess multimodal and
dispersive characteristics. In order to extract modal informa-
tion from these complex signals, researchers worldwide have
investigated various identification methods. These include pri-
marily time-domain signal analysis [3], wavelet transform [4,5],
Wigner-Ville distribution [6–11], two-dimensional Fourier trans-
form [12–16], Hilbert–Huang transform [17–19], and excitation
response inverse transform [20–22].

The time-domain signal analysis method determines modal
velocity by calculating the arrival time of wave packets in the
time-domain signal, thus identifying the modal type. This ap-
proach is well-suited for analyzing signals with simple modal
components and is commonly used in research [23,24] to ascer-
tain the presence of target modes. However, it is not suitable for
analyzing complex signals with multiple modes. Amjad et al. [25]
conducted time–frequency analysis on guided wave signals prop-
agating in steel bars using the short-time Fourier transform
method to identify different guided wave modes. Prasad et al. [26]
applied the short-time Fourier transform method to process Lamb
wave signals in composite material structures. Based on Lamb
wave energy parameters, combined with iterative tomography
algorithms, they reconstructed structural defects. Zhou et al. [27]
analyzed the guided wave mode components inside aluminum
plates using the short-time Fourier transform method and veri-
fied the presence of mode conversion phenomena through tem-
poral changes. Feng [28] utilized the short-time Fourier transform
niversity. This is an open access article under the CC BY-NC-ND license
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ethod to analyze guided wave signals of A0 and S0 modes
n aluminum skin honeycomb panels under both well-bonded
nd deboned conditions and compared the mode components
nder the two scenarios. However, when the frequency compo-
ents of the signal are relatively complex, ensuring resolution
nd information integrity requires narrow time windows for
igh-frequency components and wide time windows for low-
requency components. Due to the fixed time window function
sed in the short-time Fourier transform, it is unable to simul-
aneously meet the time–frequency resolution requirements of
oth high and low-frequency components.
To address the shortcomings of the short-time Fourier trans-

orm method, researchers have introduced the wavelet transform
or time–frequency analysis of ultrasonic guided wave signals. In
ecent years, the wavelet transform has been widely applied to
odal analysis of guided wave signals in railway tracks [29–31].
artoli et al. [32] employed impact excitation on the railhead of
ailway tracks and utilized wavelet transform on the received
ignals to extract the vertical mode components of the guided
aves. They also analyzed the influence of wavelet central fre-
uency and shape on the modal analysis results. Lu et al. [33]
onducted experimental research on the propagation character-
stics of vertical vibration modes of ultrasonic guided waves in
hina’s U60 type rails using the Gabor wavelet transform method.
iu et al. [34] identified Lamb wave modes in plates using two-
imensional Fourier transform and discussed changes in mode
omponents of signals when Lamb waves are excited and re-
eived using straight and angled probes. Wang [35] analyzed the
uided wave modes propagating in railway tracks using the two-
imensional Fourier transform method and obtained the trans-
ormation relationship between mode phase velocity and stress,
emonstrating the limitations of phase velocity in railway stress
etection. Xing et al. [36] proposed a single extraction algorithm
or guided wave modes and applied it to crack detection in
ailway tracks, improving the accuracy of crack localization. This
ethod is suitable for cases requiring high demands on mode

dentification. However, due to the need to collect a large amount
f received signals during the detection process, the operation is
elatively complex, resulting in fewer current applications.

Incorporating these advanced algorithms into self-service
obot applications, the robots can be equipped to conduct real-
ime crack detection and maintenance on railway tracks. By
tilizing ultrasonic guided wave technology and the described
odal analysis methods, the robots can continuously monitor

he rail conditions, detect potential cracks, and provide precise
ocalization, thus enhancing the efficiency and safety of railway
perations. This integration offers a practical application of the
esearch, showcasing its potential in automated maintenance
ystems.
The aforementioned studies reveal that there are still nu-

erous challenges to be addressed in the rail crack detection
ethod based on ultrasonic guided waves. Due to the presence
f multiple modes when ultrasonic guided waves propagate in
ails, these modes exhibit certain differences, including variations
n frequency, vibration patterns, and energy distribution. Differ-
nt modes yield varying detection results for the same type of
rack, and the detection capabilities also differ significantly for
ifferent types of cracks even within the same mode. Hence, it is
rucial to analyze the mechanism of how rail cracks affect guided
ave modes and to select appropriate detection modes based on
ifferent types of cracks for effective rail crack detection research.
Based on this understanding, this paper proposes an optimal

etection mode selection method based on the sensitivity of
uided wave modes to crack detection. Focusing on railheads
s the research subject, indicators for crack zone energy and
rack reflection intensity are established based on the location
nd trend of crack formation. This facilitates the selection of the
ptimal detection mode for cracks in the railhead area.
 s

2

2. Evaluation method for crack sensitivity of guided wave
modes

The wavelength of guided waves can significantly impact the
accuracy of crack detection. Lower frequencies result in longer
wavelengths, which may decrease precision in crack detection.
Therefore, damage detection typically utilizes ultrasonic waves
with frequencies greater than 20 kHz. However, frequencies ex-
ceeding 60 kHz in railway tracks tend to favor surface waves,
making it challenging to detect internal cracks. To ensure the
evaluation method’s applicability across the entire cross-section
of railway tracks while considering both detection accuracy and
signal analysis complexity, this paper limits the frequency range
to between 20 kHz and 60 kHz.

The detection of cracks in railway tracks using ultrasonic
guided waves involves analyzing the echo signals generated by
the interaction of cracks with guided wave modes to achieve
crack localization. Since the same crack affects different modes
to varying degrees, this paper employs modal crack zone energy
and modal crack reflection intensity as evaluation indicators for
the sensitivity of guided wave modes to cracks. The crack sen-
sitivity, represented by Cs, reflects the material’s propensity for
crack initiation and growth under various conditions, as shown
in Eq. (1):

Cs = Gc + Qc (1)

where Gc represents the energy within the modal crack zone,
and Qc indicates the number of evaluation indicators for the
mechanism of modal crack reflection intensity.

2.1. Evaluation indicator for modal crack zone energy

Research indicates that ultrasonic guided waves applied for
detecting cracks in specific locations of railway tracks show
higher sensitivity to the crack when guided wave modes exhibit
more pronounced vibrations at the crack location. It is common
practice to select modes with larger amplitudes at the crack
location and smaller amplitudes at other locations for detection.
In this paper, we introduce the evaluation indicator Gc , which
signifies the energy of the modal crack zone, to describe the
vibrations of various modes near the crack site. The rail section is
segmented into 250 units and 170 nodes, as shown in Fig. 1(a):

Assuming the coordinates of the two endpoints of the crack
are denoted as PA(xA, yA) and PB(xB, yB), based on Eq. (2), deter-
mine the two nodes PA′ (xA′ , yA′ ) and PB′ (xB′ , yB′ ) on the cross-
section that are closest to the crack endpoints. In this context,
Ni signifies the total number of nodes on the rail section.

(xA′ , yA′ ) ∝ min
(√

(xNi − xA)2 + (yNi − yA)2
)

,Ni ∈ [1,N]

(xB′ , yB′ ) ∝ min
(√

(xNi − xB)2 + (yNi − yB)2
)

,Ni ∈ [1,N]

(2)

Using the midpoint between PA′ and PB′ as PC ′ (xC ′ , yC ′ ), form a
ircle with PC ′ as the center and r as the radius. As illustrated
n Fig. 1(b), the area of the rail section enclosed by the circle
epresents the designated crack zone, and the N nodes within this
ircle are selected to represent the energy magnitude of the crack
one. The node numbers are labeled as N1,N2, . . . ,N . Where

C ′ =
xA′ + xB′

2
, yC ′ =

yA′ + yB′

2
, r =

√
(xA′ − xB′ )2 + (yA′ − yB′ )2

(3)

According to the railway wave equation [23], calculate the
vibrational mode data for all nodes in each direction for each
mode, denoted as Vx(fi,Ni,mi), Vy(fi,Ni,mi) and Vz(fi,Ni,mi) re-
pectively. Here, f stands for the frequency, m is the mode index
i i
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orresponding to frequency fi, and Ni denotes the node index.
Then, for each mode, the average vibrational displacement of the
nodes near the crack and all nodes on the cross-section is given
by:

Vc(fi) =

∑Nc
N1

√
Vx(fi,Ni,mi)2+Vy(fi,Ni,mi)2+Vz (fi,Ni,mi)2

Nc

Va(fi) =

∑Na
N1

√
Vx(fi,Ni,mi)2+Vy(fi,Ni,mi)2+Vz (fi,Ni,mi)2

Na

(4)

where Ni = N1,N2, . . . ,N , and the corresponding modal zone
energy is represented by Eq. (5). This equation is used to charac-
terize the vibration and energy distribution states of each mode
near the crack zone.

Gc(fi) =
Vc(fi) − Va(fi)

Vc(fi)
(5)

When the average vibrational displacement of nodes in the
crack zone is significantly smaller than the average vibrational
displacement of all nodes on the rail section (i.e., Vc(fi) < Va(fi)),
c(fi) < 0. Conversely, when the average vibrational displace-

ment of nodes in the crack zone is much larger than the av-
erage vibrational displacement of all nodes on the rail section
(i.e., Vc(fi) ≫ Va(fi)), Gc(fi) approaches 1. Normalize the results
f Eq. (5) to obtain Gc(fi) ∈ [0, 1]. From Eq. (5), it can be observed
hat when the coefficient Gc(fi) of the modal crack zone energy
ndicator is larger, the vibration of the mode in the crack zone
s greater, indicating higher sensitivity to the crack. When Gc(fi)
pproaches 1, it signifies that the energy of the mode in the crack
one is significantly greater than the energy at other locations.

.2. Evaluation indicator for modal crack reflection intensity

In railway crack detection, the detection results can be influ-
nced by the collection equipment and on-site noise during the
ignal acquisition process. Low amplitude of the received crack
cho signal can lead to a risk of false negatives. Therefore, modes
ith higher reflection echo amplitudes are more sensitive to
racks. When the vibration direction of the guided wave mode is
rthogonal to the crack trend, the echo amplitude is greater than
or modes with the vibration direction parallel to the crack trend.
or modes where the vibration direction is neither orthogonal
or parallel to the crack trend, the amplitude falls between the
wo cases. Drawing on the vibration characteristics of the modes,
his paper introduces the evaluation indicator Qc to measure the
ntensity of modal crack reflection. At frequency f , the coefficient
i

3

for the crack reflection intensity of mode Qc(fi) is determined by
the following formula:

Qc(fi) = 1 − |Q · P| (6)

Here, Q denotes the mode vibration direction vector, and
P represents the crack trend direction vector. When the crack
direction is orthogonal to the mode vibration direction, |Q · P| =

and Qc(fi) = 1. When the crack direction is parallel to the
ode vibration direction, |Q · P| reaches its maximum, and Qc(fi)

eaches its minimum. Thus, as Qc(fi) approaches 1, the orthog-
nality between the two improves, making the reflection wave
rom the crack more pronounced. To prevent abrupt changes in
he calculation results, additional nodes must be incorporated
nto the vector. Using the finite element discretization method,
he vibrational mode V at any point within a discretized element
an be expressed using shape functions:

(e)(x, y, z, t) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

n∑
i=1

Ni(x, y)Vxi

n∑
i=1

Ni(x, y)Vyi

n∑
i=1

Ni(x, y)Vzi

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(e)

ej(ξz−ωt)
= N(x, y)q(e)ej(ξz−ωt)

(7)

In the equation, N(x, y) denotes the shape function matrix,
(e) represents the vibrational vector of the nodes, Ni denotes the
hape functions of the finite element unit.

(x, y) =

⎡⎢⎢⎣
N1 N2 · · · Nn

N1 N2 · · · Nn

N1 N2 · · · Nn

⎤⎥⎥⎦ (8)

q(e)
=

[
Vx1 Vy1 Vz1 Vx2 Vy2 Vz2 · · · Vxn Vyn Vzn

]T
(9)

At a frequency of fi, the vibrational mode mi at points
A′ (xA′ , yA′ ) and PB′ (xB′ , yB′ ) is represented as VA′ and VB′ respec-
ively. Divide the line segment between PA′ and PB′ into four equal
arts, labeling the three intermediate points as PA′

1
(xA′

1
, yA′

1
), PA′

2
xA′

2
, yA′

2
), PA′

3
(xA′

3
, yA′

3
). Using the vibrational data from the three

odes in the triangular element where these intermediate points
re located, Eqs. (7), (8), and (9) can be applied to determine the
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Fig. 2. Transverse Crack in Rail Head.

Fig. 3. Calculation Results of Modal Crack Zone Energy Indicator Gc .

Table 1
Evaluated values of crack reflection intensity Qc for transverse cracks in the rail
head.
Frequency (kHz) Modal number Qc

3 5 0.751
17 0.191

4 7 0.314
14 0.961

5 6 0.492

6 7 0.612
13 0.212

Table 2
Sensitivity parameters of modes.
Frequency (kHz) Modal number Gc Qc

4 7 1.000 0.313
5 1 0.000 1.000
6 7 1.000 0.611

vibrational data VA′
1
, VA′

2
, VA′

3
at these three intermediate points.

This, together with VA′ and VB′ , forms a new vibrational vector
denoted as Q :

Q =

[
VA′ , VA′

1
, VA′

2
, VA′

3
, VB′

]
(10)

Similarly, divide the line segment between the crack points
PA and PA into four equal parts, labeling the three intermedi-
ate points as PA1 (xA1 , yA1 ), PA2 (xA2 , yA2 )PA3 (xA3 , yA3 ). Together with
points PA and PB, this forms a coordinate vector denoted as P:

P = [A, A , A , A , B]T (11)
1 2 3

4

If the mode vibration direction is orthogonal to the crack
trend, |Q · P| = 0,Qc(fi) = 1, and if the mode vibration direction
is not orthogonal, |Q · P| > 0,Qc(fi) < 1. Normalize the results
of Eq. (6) to obtain Qc(fi) ∈ [0, 1]. Therefore, as the coefficient
of the modal crack reflection intensity evaluation indicator ap-
proaches 1, the greater the orthogonality between the mode and
the crack, the more pronounced the reflection when the mode
encounters the crack.

In summary, the extent to which a crack affects guided wave
modes correlates positively with the magnitude of the modal
crack zone energy evaluation indicator. When the energy within
the crack zone is relatively consistent, a higher crack reflec-
tion intensity results in greater echo amplitudes, indicating a
heightened sensitivity of the mode to the crack.

3. Simulation analysis and experimental validation

To validate the influence of the crack zone energy evaluation
indicator and the crack reflection intensity evaluation indicator
on guided wave modes, this study focuses on validating the algo-
rithm using transverse cracks in rail heads as the research subject.
Considering crack detection accuracy, guided wave coverage, and
detection complexity, the research frequency range is defined
within 20 kHz–60 kHz.

3.1. Simulation analysis

The positions of transverse cracks in the rail head are illus-
trated in Fig. 2.

In this study, we assume points PA and PB coincide with points
PA′ and PB′ , located at nodes 101 and 109 on the cross-section.
The longitudinal coordinates of the crack’s endpoints are set to
zero. Five frequency points are selected from the specified range:
20 kHz, 30 kHz, 40 kHz, 50 kHz, and 60 kHz. Using the wave equa-
tion for the rail, we calculate the vibrational data for all modes at
these frequencies, totaling 123 modes. Applying Equation (5), we
determine the crack zone energy evaluation indicator Gc for all
modes, as shown in Fig. 3.

Based on the calculated modal crack zone energy for trans-
verse cracks in the rail head, the modes corresponding to Gc are
selected. For each of these modes, the crack reflection intensity
evaluation indicator Qc is computed. The values are then sorted
in descending order, and the results are displayed in Table 1.

From Table 1, it is evident that the crack reflection inten-
sity evaluation indicator Qc varies across different modes, even
when the crack zone energy evaluation indicator Gc for transverse
cracks in the rail head is equal to 1. Notably, the reflection
intensity for mode 7 at 60 kHz is about twice that of mode 7 at
40 kHz. Among the 123 modes, transverse cracks in the rail head
significantly impact mode 14 at 40 kHz, mode 5 at 30 kHz, mode
7 between 40 kHz and 60 kHz, mode 13 at 60 kHz, and mode 17
at 30 kHz.

For mode 7 at 60 kHz, which exhibits the highest crack zone
energy indicator Gc , a comparison is made with mode 7 at 40 kHz,
where the crack reflection intensity Gc is equivalent but differs by
a factor of two. Similarly, to analyze the impact of the crack zone
energy indicator G on the mode selection results and the relative
influence of Gc and Qc , mode 1 at 50 kHz, which has a Gc value of
0 but the highest Qc value, is selected for comparison and valida-
tion. The crack zone energy evaluation indicators and reflection
intensity evaluation indicator coefficients for these three modes
are shown in Table 2.

According to the configuration specified by Lgrid ≤ λmin /10,
the grid width along the rail’s length is set to 3 mm, with the
crack positioned at 1.73 m. An excitation point is located at the
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Fig. 4. Excitation and Reception Node Locations.

Fig. 5. Simulation results for mode 7 at a frequency of 60 kHz.

ail’s end at 0 m, using a sinusoidal wave modulated by a 5-
ycle Hanning window as the excitation signal, with a central
requency of 60 kHz. A receiver is placed 60 mm away in the same
irection, at the same node as the excitation point. For the 60 kHz
requency, the mode 7 is excited vertically at nodes 73 and 81,
nd the signal is received at node 81. For the 40 kHz frequency,
he 7th mode is excited vertically at nodes 88 and 95, with the
ignal received at node 95. For the 50 kHz frequency, the mode
is both excited and received at node 9. The positions of these
odes are shown in Fig. 4.
The calculations were performed using the three-dimensional

inite element simulation software ANSYS. The simulation ran for
total duration of 3 ms, divided into 3600 calculation steps. The
esults of the simulation are shown in Fig. 5, which shows the
eceived and reflected waveforms (marked in the figure) of Mode
at a frequency of 60 kHz. The first waveform corresponds to

he direct wave received, the second waveform corresponds to
he reflection from the rail bottom crack, and the third waveform
orresponds to the reflection from the rail end face. The distance
etween the end face and the receiving position is d = 3.43
. The peak time of the direct wave packet, denoted as t0, is
.06089 ms. The peak time of the rail crack echo wave packet,
enoted as t1, is 1.1439 ms, with an amplitude of 0.00713 mm.
he peak time of the end face echo wave packet, denoted as t2, is
.2878 ms.
5

Fig. 6. Depicts the simulation results for mode 7 at a frequency of 40 kHz over
the time interval from 0 to 3 ms.

Fig. 7. Simulation results for mode 1 at a frequency of 50 kHz.

Fig. 6 displays the received and reflected waveforms (marked
in the figure) of Mode 7 at a frequency of 40 kHz. In the signal,
the first waveform corresponds to the direct wave received, the
second waveform corresponds to the reflection from the rail bot-
tom crack, and the third waveform corresponds to the reflection
from the rail end face. The distance between the end face and
the receiving position is d = 3.43 m. The peak time of the direct
wave packet, denoted as t0, is 0.04669 ms. The peak time of the
rail crack echo wave packet, denoted as t1, is 1.16306 ms, with
an amplitude of 0.00478 mm. The peak time of the end face echo
wave packet, denoted as t2, is 2.34253 ms.

Fig. 7 illustrates the received and reflected waveforms of Mode
1 at a frequency of 60 kHz. In the signal, the first waveform cor-
responds to the direct wave received, and there are no reflections
for Mode 1. The third waveform corresponds to the reflection
from the rail end face. The distance between the end face and
the receiving position is d = 3.45 m. The peak time of the direct
ave packet, denoted as t0, is 0.07047 ms. The peak time of the
nd face echo wave packet, denoted as t2, is 2.30832 ms.
Based on Eq. (12), the group velocity of Mode 7 at 60 kHz is

alculated as Vmg = 3138.6 m/s, which differs from the theoret-
cal group velocity of Vmg_t = 3154.2 m/s by only 15.6 m/s. This
ifference falls within an acceptable range of error. Therefore, the
xcited mode is confirmed to be Mode 7. Using the received crack
cho signal, Eq. (13) is utilized to calculate the crack position
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0, where Vmg_t represents the theoretical group velocity of the
ode.

mg =
2 × d
t2 − t0

(12)

d0 = 0.06 +
(t1 − t0) × Vmg_t

2
(13)

The simulation calculation results for the crack position in-
dicate a location of 1.72 m along the rail, with only a 0.02 m
deviation from the actual crack position of 1.75 m. Hence, it can
be concluded that Mode 7 can detect transverse cracks on the
rail head. Analysis of the data reveals the successful induction of
Mode 7 and Mode 1 through the excitation method. In Fig. 6, the
received signal of Mode 7 at 40 kHz frequency exhibits a crack
echo, facilitating the detection of transverse cracks on the rail
head with a deviation of only 0.1 m. However, the amplitude of
the crack echo is 36.74% lower compared to Mode 7 at 60 kHz
frequency. Conversely, the received signal of Mode 1 at 50 kHz
frequency in Fig. 7 does not demonstrate a crack echo, indicating
an inability to detect transverse cracks on the rail head.

Therefore, among the three modes, Mode 7 at 60 kHz fre-
quency is most sensitive to transverse cracks on the rail head,
showing superior crack detection performance. Following closely,
Mode 7 at 40 kHz frequency, with a higher crack zone energy
evaluation indicator, also displays good crack detection capability.
Conversely, Mode 1 at 50 kHz frequency exhibits minimal sen-
sitivity to transverse cracks, thereby failing to detect cracks on
the rail head, which aligns with the calculated results of crack
influence on guided wave modes.

3.2. Experimental validation

During the experiment, the side of the rail was deliberately
broken. With a length of 3.5 m, the crack is precisely located at
1.685 meters along the rail. To explore the influence of cracks
on guided wave modes, we have excited the rail with Mode 7
at a frequency of 60 kHz and Mode 1 at a frequency of 50 kHz.
To excite Mode 7, two transducers with a central frequency of
60 kHz are vertically affixed at nodes 81 and 89 of the rail head
at one end of the rail. They are oriented in the same direction
for excitation, with receiving transducers positioned 0.05 meters
from the end face. The excitation signal, generated by a signal
generator and amplified, is a sinusoidal wave modulated with a
Hanning window, spanning 5 cycles at a frequency of 60 kHz.

The crack detection experiment for Mode 7 was conducted
in a total of 10 sets. The received signals were collected using
an oscilloscope, and the results were averaged. The processed
results are depicted in Fig. 8. In Fig. 8, clear reflections of the crack
(marked as the second indicator) and signals from the rail head
end (marked as the third indicator) are evident. By computing the
time difference between the peak of the crack reflection signal
and the direct wave signal, and concurrently deriving the theoret-
ical group velocity of Mode 7, the distance between the crack and
the receiving transducer can be determined using Eq. (13). The
calculated distance is 1.708 m, with only a 0.023-meter deviation
from the actual distance of 1.685 m. Hence, this mode is capable
of detecting cracks on the rail head, aligning with the outcomes
of simulation analyses.

To excite Mode 1, transducers with a central frequency of
50 kHz were affixed at node 11 on one end of the rail, with re-
ceiving transducers positioned at node 11, 0.05 meters away. The
excitation signal, a sinusoidal wave modulated with a Hanning
window spanning 5 cycles at a frequency of 50 kHz, was gener-
ated by a signal generator and amplified before being applied to
the rail. Similarly, 10 sets of received signals were collected and
averaged. The results are shown in Fig. 9, which can be observed
 e

6

Fig. 8. Experimental Results of 7th Mode at 60 kHz.

Fig. 9. Experimental Results for the 1st Mode at 50 kHz.

hat only one end-face echo signal is present in the waveform
marked as the second indicator), with no crack reflection signal
etected. Consequently, the influence of cracks on Mode 1 is
inimal, indicating that Mode 1 cannot detect rail head cracks.
his result is consistent with the simulation findings. The com-
rehensive analysis of simulation and experimental validation
esults reveals that the modal crack zone energy evaluation index
redominantly influences the effect of cracks on modes, playing
decisive role, while the modal crack reflection intensity evalu-
tion index assumes a secondary position, serving as a screening
riterion. In practical applications, the evaluation index Sre is
nitially computed to select modes within Sre ∈ [0.95, 1], followed
y the calculation of their evaluation index Sri, and Selecting
odes with higher Sri values as the detection modes for the crack.
hrough simulation and experimental analyses, it is evident that
he proposed method for selecting the optimal detection mode
or rail cracks based on modal crack sensitivity of guided waves
s effective.

. Conclusion

In pursuit of selecting the most effective detection modes
or various types of cracks, the paper presents a methodology
rounded in guided wave mode crack sensitivity evaluation. By
stablishing metrics for crack area energy and reflection intensity,
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ontingent upon the location and directional trend of crack prop-
gation, the study delves into the mechanics of crack influence
n guided wave modes. This facilitates the identification of the
ptimal detection mode for rail head cracks. Segmenting the rail
ross-section into seven distinct regions, the paper then selects
etection modes tailored to prevalent crack types across the
ntire cross-sectional area. Simulation and experimental findings
alidate the accuracy of guided wave modes identified through
his approach, thereby establishing a foundational framework
or the exploration of crack detection and localization methods
panning the entirety of rail cross-sections. This method can pro-
ide important technical support for robotic real-time rail crack
etection.
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