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Abstract: The bogie frame is an important structure of railway vehicles, transmitting the traction,
braking force, lateral force, and vertical force during the traction operation. With the development
of high speeds and heavy loads, the appearance of fatigue cracks in the bogie frames is increasing,
which reduces the driving life of railway vehicles and even causes serious traffic accidents. Real-time
monitoring on the integrity of the bogie is an inevitable requirement for ensuring the safe operation
of railway vehicles. In this paper, ultrasonic guided wave-based active structural health monitoring
(SHM) was developed to identify the fatigue crack of the bogie frame. Experiments were conducted
on a welded T-shape specimen with a thickness of 12 mm. A total of 10 piezoelectric lead zirconate
titanate (PZT) disks were mounted around the weld zone of the specimen, five of which were used as
actuators, and the other five were used as sensors. Five-peak modulation narrow-band sine waves were
input into the actuators to excite the specimen. From the sensor signals, the advanced damage index
(DI) was calculated to identify the propagation of the crack. The experimental results demonstrate
that crack damage as small as 2 mm in the weld zone of the bogie frame can be successfully detected.
Some practical issues for implementing the SHM in real applications, such as crack quantification
and environmental compensation, were also discussed.
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1. Introduction

As one of the most advantageous tools in urban intercity public transportation, railway vehicles
have been highly valued in urban construction. With the rapid development of the modern economy,
railway vehicles are developing towards high-speed and heavy-duty in order to improve railway
transport capacity. Extensive attention has been paid to the safety of railway vehicles at this time, as
railway vehicles are more and more popular. However, during past decades, railway vehicles accidents
occurred frequently around the world, including different types of causes, such as collision, derailment,
circuit failure, and equipment failure [1–3].

The bogie frame is an important structure of railway vehicles, transmitting the traction, braking
force, lateral force, and vertical force during the traction operation [4]. As a full-welded structure, the
stress concentration, high residual stress distribution, and potential welding defects in the weld zone
can make its strength much lower than that of the metal base material. With the development of high
speeds and heavy loads, the appearance of fatigue cracks in the bogies is increasing, which reduces
the driving life of railway vehicles and even causes serious traffic accidents. Therefore, real-time
monitoring of the structural integrity and early detection of minor damage hidden in the structure are
needed to ensure the safe operation of railway vehicles, reduce sudden disastrous traffic accidents
caused by structural failure, reduce maintenance costs, and extend service life.

Numerous nondestructive methods of inspecting railway vehicles have been investigated in
the past. These methods range from simple visual inspection techniques to the most advanced
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non-destructive-testing (NDT) techniques. The NDT techniques include the ultrasonic technique,
eddy current, and X-Ray [5–9], all of which need the bogie to be disassembled in order to perform
the inspection. Structural health monitoring (SHM) is an important method to determine structural
integrity. It involves the use of multidisciplinary areas, including structure, sensors, signal processing
and interpretation, system integration, and computer science [10–12]. The objective of SHM technology
is not only to detect structural damage, but also to provide early signs of physical damage. Many
researchers have demonstrated that some active SHM methods can be used to effectively monitor
fatigue cracks, such as ultrasonic guided wave (GW), intelligent coating monitoring (ICM) sensors,
comparative vacuum monitoring (CVM) sensors, and flexible eddy current sensors [13–16]. Among
these active SHM methods, ultrasonic guided wave-based active SHM technology using a built-in
piezoelectric sensor network is being widely investigated and developed for detecting cracks in
various types of metallic structures. Much research has been conducted on monitoring fatigue crack
growth in metallic structures [17–37], including the physics-based damage index, relating sensor
measurements to crack growth size [17], the interaction of Lamb wave modes at varying frequencies
with a through-thickness crack of different lengths [20], Lamb wave mode decomposition using
concentric ring and circular piezoelectric transducers [21], a multi-feature integration method based on
a second-order multivariate regression analysis for the prediction of fatigue crack lengths using sensor
measurements [24], and a Gaussian mixture model for monitoring crack propagation mixed in the
time-varying influence [36].

In this paper, ultrasonic guided wave-based active SHM technology using a built-in piezoelectric
sensor network is developed to perform rapid non-destructive evaluations in real time and provide
long-term monitoring of the fatigue cracks in the weld zone of bogie frames. The active SHM
system combines a built-in sensor network, portable diagnostic hardware, and data analysis software.
Experiments are conducted on a welded T-shape specimen to verify the detectability of the developed
SHM system.

2. Description of System Principles

A schematic of an ultrasonic guided wave-based active SHM system for the monitoring of fatigue
cracks in the weld zone of bogie frames is shown in Figure 1. The SHM system consists of a sensor
network (sensor layers) permanently mounted around the weld zones being monitored, active diagnostic
hardware for generating actuation signals and collecting sensor signals, and intelligent software for
system control and signal processing. The sensor network of piezoelectric ceramic discs is often
supported on a thin flexible dielectric film. The sensor layer offers a simple and efficient way to integrate
the sensor network onto a structure. The piezoelectric ceramic discs on the layers can be used as either
actuators or sensors. Once mounted, the sensor network can be used to collect health monitoring data
throughout the service life of the structure. The diagnostic hardware consists of a signal generating unit,
data acquisition unit, signal switching unit, data transmission cable, and storage device.Sensors  2019,  19,  3372   3  of  13  
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structural  analysis  of  the  connection  between  the  bogie  cross  beam  and  the  side  beam,  the  T-‐‑shaped  
welded  plate  specimen  made  of  steel  Q235  was  selected  to  stand  for  the  typical  welding  structure  
between  the  cross  beam  and  the  side  beam.  The  geometries  of  the  T-‐‑shaped  specimen  are  shown  in  
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Figure  2.  Design  of  specimen.  (a)  Simplification  of  bogie  frame;  (b)  specimen  with  piezoelectric  lead  
zirconate  titanate  (PZT)  sensors  (unit:  mm).  

As  shown  in  Figure  2b,  two  steel  plates  with  dimensions  300  mm  ×  250  mm  ×  12  mm  (side  A)  
and  300  mm  ×  150  mm  ×  12  mm  (side  B)  were  welded  into  a  T-‐‑shaped  specimen  by  argon  arc  welding.  
Ten  piezoelectric  lead  zirconate  titanate  (PZT)  sensors,  each  with  a  diameter  of  8  mm  and  thickness  
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Figure 1. Schematic of an ultrasonic guided wave-based active structural health monitoring (SHM) system.
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Five-peak modulated sine waves generated by the diagnostic hardware drive the actuators on
the sensor layers to produce stress waves that propagate across the structure. The stress waves are
measured by the sensors on the sensor layers. The sensor signals change when a crack occurs in the
structure, since the propagating stress wave will be reflected or scattered by the crack. The diagnostic
principle is based on the difference between the current sensor signals and previously recorded baseline
sensor signals from the undamaged structure. The intelligent software uses the difference in these
signals to identify the location and extent of crack. By using different signal processing techniques
to process the diagnostic signals, information concerning the structure can be obtained for a variety
of purposes.

3. Experimental Procedure

3.1. Design of Specimen

According to the results of modal analysis and strength analysis, combined with the structure
and technological characteristics of bogie frame, the weak parts of the bogie frame which are prone to
fatigue damage during vehicle running mainly include four connection areas. They are the connection
area of the frame side beam and rotating arm positioning beam base, connection area of the side beam
and cross beam, connection area of the cross beam stop and brake hanger, and the connection area of
brake hanger and cross beam [29]. There are two typical types of connection between the side beam of
the welded box structure and cross beam of the seamless steel tube structure. One is the steel tube cross
beam inserted into a round hole directly machined on the box side beam and welded together, the
other is the box side beam and the cross beam connected by the transition seat. As shown in Figure 2a,
in view of the existing typical connection forms, in order to facilitate the structural analysis of the
connection between the bogie cross beam and the side beam, the T-shaped welded plate specimen
made of steel Q235 was selected to stand for the typical welding structure between the cross beam and
the side beam. The geometries of the T-shaped specimen are shown in Figure 2b.
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Figure 2. Design of specimen. (a) Simplification of bogie frame; (b) specimen with piezoelectric lead
zirconate titanate (PZT) sensors (unit: mm).

As shown in Figure 2b, two steel plates with dimensions 300 mm × 250 mm × 12 mm (side A) and
300 mm × 150 mm × 12 mm (side B) were welded into a T-shaped specimen by argon arc welding.
Ten piezoelectric lead zirconate titanate (PZT) sensors, each with a diameter of 8 mm and thickness
of 0.48 mm, were mounted on side A and side B of the specimen using Hysol EA 9394 adhesive.
The material parameters of PZT are listed in Table 1. Five PZTs, named s1, s2, . . . , s5, mounted on side
A were used as actuators, the other five PZTs, named s6, s7, . . . , s10, mounted on side B were used
as sensors. The distance between the actuators/sensors and center line of the weld zone was 50 mm.
The locations of all PZTs are listed in Table 2.
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Table 1. Material parameters of the PZT piezoelectric sensor.

Type Density
(kg\m3)

Curie Temp
(◦C)

Diameter
(mm)

Thickness
(mm)

Dielectric
Constant d31 d33

PZT-5A 7750 360 8 0.33 1700 -200 530

Note: d31, d33 are piezoelectric constants (×10−12 C/N).

Table 2. Locations of the PZT sensors (unit: mm).

s1 s2 s3 s4 s5 s6 s7 s8 s9 s10

x 30 45 60 75 90 30 45 60 75 90
y 50 50 50 50 50 0 0 0 0 0
z 0 0 0 0 0 50 50 50 50 50

3.2. Experimental Setup

The ScanGenie system from Acellent Technologies, Inc. (Sunnyvale, CA, USA) was used to generate
actuating signals and record sensing signals. Five-peak sine waves, modulated by a cosine with central
frequency at 90 kHz, 120 kHz, 150 kHz, 180 kHz, 210 kHz, 240 kHz, 270 kHz, 300 kHz, and 400 kHz,
and an amplitude of 60 V, were used as the actuation signal inputs to piezoelectric actuators to excite
the specimen. The neighboring sensors recorded the stress waves propagating through the specimen.

The experimental setup is shown in Figure 3. A notch, cut by an electrical discharge machining
(EDM) device (Kingred DK-7740 from Huai′an Kingred CNC Technology Co., Ltd. (Suzhou, China),
along the central line of the weld zone was used to simulate the fatigue crack. As shown in Figure 2,
starting with the initial notch (to minimize the effect of the specimen edge), an EDM notch of 74 mm
in length was introduced in the welding zone in 37 steps, increasing 2 mm with each step. Sensor
signals for the actuator–sensor paths, such as s1–s6 (path 1–6), s2–s7 (path 2–7), s3–s8 (path 3–8), s4–s9
(path 4–9), and s5–s10 (path 5–10), shown in Figure 4, at different EDM notch lengths were recorded.
It should be pointed out that the effect of the EDM notch on sensor signals was very similar to the
effect of fatigue cracks when it is open, i.e., the difference between the EDM notch and fatigue cracks
when opening does not affect the monitoring results. The effect of fatigue cracks when it is closed on
the sensor signals is a little smaller than that when it is open.
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found  that  the  sensor  signals  at  frequencies  below  200  kHz  were  very  weak,  and  the  change  in  sensor  
signals  due  to  a  small  crack  was  not  noticeable.  At  a  higher  frequency  of  300  kHz,  there  were  some  
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Figure 4. Actuator–sensor paths.

3.3. Experimental Results

From the sensor measurements with exciting signals at different central frequencies, it was found
that the sensor signals at frequencies below 200 kHz were very weak, and the change in sensor signals
due to a small crack was not noticeable. At a higher frequency of 300 kHz, there were some complicated
wave packets arriving at different times, which made the signal analysis very difficult. Therefore, the
exciting signals with a central frequency of 240 kHz were used to generate stress waves in the specimen
when the crack propagated.

Typical signals with a central frequency of 240 kHz for path 2–7 are shown in Figures 5 and 6.
Figure 5 shows the baseline signal of path 2–7, which was 29 mm away from the initial notch. Figure 6
shows the sensor signals of path 2–7 at different EDM notch lengths (d = 10 mm, 20 mm, 30 mm,
40 mm, 50 mm, 60 mm, 70 mm). Similar sensor signals for other paths were obtained.
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Figure 6. Comparisons of typical sensor signals of path 2–7 with different crack lengths (a) 10 mm
crack; (b) 20 mm crack; (c) 30 mm crack; (d) 40 mm crack; (e) 50 mm crack; (f) 60 mm crack; (g) 70 mm
crack; (h) schematic of specimen.

4. Analysis of Experimental Results

4.1. Monitoring Using Signals from a Single Actuator–Sensor Path

The TOF (time of flight), amplitude, and wave energy are three sorts of the most representative
ultrasonic guided waves features which can be extracted from the captured signals [30]. The amplitude
and wave energy are the most significant information characteristics in ultrasonic guided waves, which
have proven effectiveness in locating gross damage [31]. The damage index (DI), calculated by various
acoustic features of ultrasonic guided waves, is often used to characterize the length of crack. There
are various methods to calculate DI, based on its definition in the time domain, frequency domain,
and time–frequency domain [26]. In this paper, the following DIs calculated from the time domain
were used to characterize the crack propagation in the welded zone of the T-shaped steel plate, and a
comparative analysis was made among different DI definitions. The time windows used to calculate
the DIs were determined based on the first arrival wave package.

1) DI based on amplitude:

DI1 = |A1 −A2|/A1; (1)

2) DI based on root mean square deviation:

DI2 =

√∫
[ f2[t] − f1[t]]

2
dt/

∫
[ f1[t]]

2
dt; (2)

3) DI based on mean variance:

DI3 = (1/T)
∫ (

f (t) − f (t)
)2

dt; (3)

4) DI based on energy (Four Different Representations):

DI4 =

(∫ ∣∣∣ f1(t)∣∣∣2dt
)
/
(∫ ∣∣∣ f2(t)∣∣∣2dt

)
; (4)

DI5 = (

∫ ∣∣∣ f1(t) − f2(t)
∣∣∣2dt)/(

∫
| f1(t)|

2dt); (5)

DI6 =

∣∣∣∣∣∫ [ f2(t)]
2dt−

∫
[ f1(t)]

2dt
∣∣∣∣∣/(∫

[ f1(t)]
2dt

)
; (6)

DI7 =

(∫ ∣∣∣ f1(t)∣∣∣2dt−
∫ ∣∣∣ f2(t)∣∣∣2dt

)
/(

∫ ∣∣∣ f2(t)∣∣∣2dt); (7)

5) DI based on amplitude attenuation:
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DI8 = ln A2/A1; (8)

where f 1(t) is the baseline signal, f 2(t) is the current signal with crack, A1is the amplitude of the baseline
signal, and A2 is the amplitude of current signal with crack propagation.

Using the above different definitions, the DIs calculated from some typical paths are shown in
Figure 7. It is obvious from Figure 7f that the DI curves based on energy definition Equation (6) show
the clearest relationship with the lengths of cracks. The DI curves in Figure 7a,b,e,h from DI definition
Equations (1), (2), (5), and (8) also show good relationships with the lengths of cracks. The DI curves in
Figure 7c,d,g cannot be used to effectively identify the lengths of cracks. Therefore, the DI calculated
from Equation (6) was used to monitor the propagation of cracks in the following investigation.
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5）   DI  based  on  amplitude  attenuation:  
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where  f1(t)  is  the  baseline  signal,  f2(t)  is  the  current  signal  with  crack,  𝐴1is  the  amplitude  of  the  baseline  
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Figure 7. Damage index (DI) for typical paths calculated from different definitions (a) DI1 based on
amplitude; (b) DI2 based on root mean square deviation; (c) DI3 based on mean variance; (d) DI4 based
on energy; (e) DI5 based on energy; (f) DI6 based on energy; (g) DI7 based on energy; (h) DI8 based on
amplitude attenuation.

The DIs calculated for typical paths 1–6, 2–7, 3–8, 4–9, and 5–10 independently at different crack
lengths are shown in Figure 8. The dots in the figures denote the calculated DI value, and the solid
curves are the fitted curves. In this paper, only the first arrival wave package of signal was used to
calculate DI. Figure 8f only shows half of the DI curve for path 5–10 compared to other paths shown in
Figure 8b–e, because the experiment was stopped when the crack length reached 74 mm.

It is clear from Figure 8 that the DIs calculated from all five paths change in the same trend. When
the crack propagates toward the actuator–sensor path, the crack starts to affect the first arrival wave
package of the sensor signal after the distance between the crack and the actuator–sensor path is less
than 20 mm, as shown in Figure 9. When crack passes away 15 mm from the path, the amplitude of the
first arrival wave package almost gets to zero. It is obvious that the DI from each path can be used to
monitor the crack propagation in a bigger range when the second and more arrivals are used.
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The  DIs  calculated  for  typical  paths  1–6,  2–7,  3–8,  4–9,  and  5–10  independently  at  different  crack  
lengths  are  shown  in  Figure  8.  The  dots  in  the  figures  denote  the  calculated  DI  value,  and  the  solid  
curves  are  the  fitted  curves.  In  this  paper,  only  the  first  arrival  wave  package  of  signal  was  used  to  
calculate  DI.  Figure  8f  only  shows  half  of  the  DI  curve  for  path  5–10  compared  to  other  paths  shown  
in  Figure  8b–e,  because  the  experiment  was  stopped  when  the  crack  length  reached  74  mm.  
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Figure 8. Damage index from (a) all the paths; (b) path 1–6; (c) path 2–7; (d) path 3–8; (e) path 4–9;
(f) path 5–10.

Sensors  2019,  19,  3372   8  of  13  

The  DIs  calculated  for  typical  paths  1–6,  2–7,  3–8,  4–9,  and  5–10  independently  at  different  crack  
lengths  are  shown  in  Figure  8.  The  dots  in  the  figures  denote  the  calculated  DI  value,  and  the  solid  
curves  are  the  fitted  curves.  In  this  paper,  only  the  first  arrival  wave  package  of  signal  was  used  to  
calculate  DI.  Figure  8f  only  shows  half  of  the  DI  curve  for  path  5–10  compared  to  other  paths  shown  
in  Figure  8b–e,  because  the  experiment  was  stopped  when  the  crack  length  reached  74  mm.  

It   is  clear   from  Figure  8   that   the  DIs  calculated  from  all   five  paths  change   in   the  same  trend.  
When  the  crack  propagates  toward  the  actuator–sensor  path,  the  crack  starts  to  affect  the  first  arrival  
wave  package  of  the  sensor  signal  after  the  distance  between  the  crack  and  the  actuator–sensor  path  
is  less  than  20  mm,  as  shown  in  Figure  9.  When  crack  passes  away  15  mm  from  the  path,  the  amplitude  
of  the  first  arrival  wave  package  almost  gets  to  zero.  It  is  obvious  that  the  DI  from  each  path  can  be  
used  to  monitor  the  crack  propagation  in  a  bigger  range  when  the  second  and  more  arrivals  are  used.  

  
Figure  8.  Damage  index  from  (a)  all  the  paths;  (b)  path  1–6;  (c)  path  2–7;  (d)  path  3–8;  (e)  path  4–9;  (f)  
path  5–10.  

  
(a)                                                                                          (b)  

Figure  9.  Affected  area  of  the  crack  on  the  first  arrival  wave  package  of  the  signal.  (a)  Crack  initially  
20  mm  from  path  3–8  propagates  to  (b)  15  mm  passed  path  3–8.  

Length'of'crack(mm) Length'of'crack(mm)

10 15 20 25 30 35 40 45
0

0.2

0.4

0.6

0.8

1

1.2

D
I

'

'

Location'of'
Path'2–7

25 30 35 40 45 50 55 60
0

0.2

0.4

0.6

0.8

1

1.2

'

'

Location'of'
Path'3–8

(c) (d)

'

40 45 50 55 60 65 70 75
0

0.2

0.4

0.6

0.8

1

1.2

D
I

'

Location'of'
Path'4–9

55 60 65 70 75 80 85 90
0

0.2

0.4

0.6

0.8

1

1.2

'

'

Location'of'
Path'5–10

(e) (f)

0 20 40 60
0

0.2

0.4

0.6

0.8

1

1.2

D
I

'

'
Fitted'Curve
Calculated'Point
Location'of'A–S'Path

I5 0 5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1

1.2

'

'

Location'of'
Path'1–6

(a) (b)

Crack

Initial+
notch

Crack

Initial+
notch

Figure 9. Affected area of the crack on the first arrival wave package of the signal. (a) Crack initially
20 mm from path 3–8 propagates to (b) 15 mm passed path 3–8.

4.2. Monitoring Using Signal Fusion for All Actuator–Sensor Paths

It can be seen from Figure 8 that the DI from each path can be used to determine the propagation
of the cracks in a certain range (about 35 mm) by using the first arrival wave package.

Aiming to make full use of the actuator–sensor paths to monitor the crack in the global area, a
synthetic damage index related with fatigue crack was proposed to characterize the crack propagation
covered by all paths. The synthetic DI can be defined as the following equation:

DI =
1
5

5∑
i=1

DIi. (9)

When the crack in the weld zone of the specimen increases from the initial notch to 74 mm long,
the synthetic DI calculated from the signal fusion for all actuator–sensor paths and its relationship
with and length of crack is shown in Figure 10. It can be seen that as the crack propagates, the DI value
increases approximately linearly.
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Figure 10. DI using signal fusion for all actuator–sensor paths.

5. Discussion

5.1. Ultrasonic Guided Waves in Steel Q235 Plate

Figure 11 illustrates the dispersion curves of ultrasonic guided waves in a steel Q235 plate,
calculated using DISPERSER®. The group velocity is the disseminated speed of the all wave packets.
It can be seen that the A1 mode propagated at the fastest velocity among all available modes at the
excitation frequency of 240 kHz, thus it can be completely separated from the other modes, boundary
reflection, attenuation, and mode conversion signals.
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Figure 11. Dispersion curves of ultrasonic guided waves in a steel Q235 plate.

Taking the 24 mm crack as the baseline condition of the specimen, the comparisons of the baselines
and signals of 2 mm crack propagation along actuation–sensor paths 1–6, 2–7, 1–7, and 2–6 are shown in
Figure 12. It can be clearly seen that the signal changes are obvious due to the propagation of 2 mm
cracks along these paths. This proves the ability of sensing technology to detect 2 mm cracks in the bogie.
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Figure 12. Comparisons of baseline and signal after 2 mm crack growth, diagnostic paths perpendicular
or oblique intersection to the crack. (a) Schematic of actuator-sensor paths; (b) signals of path 2–7; (c)
scatter of path 2–7; (d) signals of path 3–8; (e) scatter of path 3–8; (f) signals of path 2–8; (g) scatter of
path 2–8; (h) signals of path 3–7; (i) scatter of path 3–7.

5.2. Calibration Procedure for Crack Quantification

The DIs calculated from the change in sensor signals can be used to identify the propagation of
the cracks. What was described above is the forward problem. According to the change in sensor
signals resulting from the crack growth, the DIs were determined and the relationship between the
DIs and crack length were obtained. However, in real applications, we need to solve the backward
problem of how to accurately identify the crack size according the DIs. This is still a challenging task,
even in a laboratory environment.

Based on the previous study [32], a semi-empirical method can be used to quantify fatigue crack
growth in real time, giving few initial data points. DI curves are generated based on the signal changes
from each path. To calibrate the DIs to the damage sizes, several measurements of real crack size
measured by conventional methods are utilized. For instance, a few measurements of crack size can
be made to determine the slope of the relationship curve between the DI and crack size, as shown in
Figure 10. It is obvious that the more measurements are used, the better the estimates of the crack size
will be.

In addition, the Lamb wave signal processing methods usually first extract the signal features,
such as time of flight, amplitude, energy, and correlation coefficient, comparing with the reference
signal to construct the DI. These methods assume that the environmental conditions stay unchanged.
However, the railway vehicles usually work in a time-varying environment, by which the above
features of the Lamb wave will be directly and significantly affected. It is difficult to obtain accurate



Sensors 2019, 19, 3372 11 of 13

damage information by using the damage detection methods without considering environmental
factors. Therefore, environmental compensation methods need to be further investigated to ensure the
implementation of developed active SHMs on monitoring the fatigue cracks of bogies in the real world.

6. Conclusions

Ultrasonic guided wave-based active SHM technology was investigated and developed for
monitoring crack growth in the weld zone of bogie frames. The active SHM system consisted of a
sensor network permanently mounted around the weld zone being monitored, diagnostic hardware for
generating actuation signals and collecting sensor signals, and intelligent software for system control
and signal processing. Experiments were conducted on a welded T-shape specimen with a thickness of
12 mm. The damage index was extracted from the Lamb wave signals to characterize the length of
the crack. From the experimental results, it is clear that a 2 mm crack can be effectively detected if it
is located in the range of about 20 mm toward the actuator–sensor path and 15 mm away the path
when the first arrival wave package is used. Making full use of multiple actuator–sensor paths, the
propagation of the crack in the weld zone of the specimen can be monitored in a big range, from the
baseline condition to 74 mm long.
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Nomenclature

d31, d33 piezoelectric constants
sn the number of sensors
DIn damage index
A1 the amplitude of baseline signal
A2 the amplitude of current signal
f1(t) the baseline signal
f2(t) the current signal
f (t) the average of signal
Sn(n = 0,1, . . . ) the nth symmetrical mode
An(n = 0,1, . . . ) the nth asymmetrical mode

References

1. Hong, M.; Wang, Q.; Su, Z.; Cheng, L. In situ health monitoring for bogie systems of CRH380 train on
Beijing–Shanghai high-speed railway. Mech. Syst. Signal Process. 2014, 45, 378–395. [CrossRef]

2. Miyajima, N.; Matsumoto, A.; Suda, Y.; Sato, Y.; Ohno, H.; Michitsuji, Y.; Komiyama, M.; Tanimoto, M.;
Kishimoto, Y.; Sato, Y.; et al. Multibody Dynamics Simulation and Bogie Structure Evaluation for Active-Bogie
Steering Truck. In Proceedings of the ASME 2007 International Mechanical Engineering Congress and
Exposition, American Society of Mechanical Engineers, San Antonio, TX, USA, 1 January 2007.
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6. Neslušan, M.; Minárik, P.; Grenčík, J.; Trojan, K.; Zgútová, K. Non-destructive evaluation of the railway
wheel surface damage after long-term operation via Barkhausen noise technique. Wear 2019, 420, 195–206.
[CrossRef]

http://dx.doi.org/10.1016/j.ymssp.2013.11.017
http://dx.doi.org/10.1051/matecconf/201815702051
http://dx.doi.org/10.1016/j.ress.2019.03.033
http://dx.doi.org/10.1016/j.wear.2018.10.016


Sensors 2019, 19, 3372 12 of 13

7. Adamus, K.; Adamus, J.; Lacki, J. Ultrasonic testing of thin walled components made of aluminum based
laminates. Compos. Struct. 2018, 202, 95–101. [CrossRef]

8. Turan, M.E.; Aydin, F.; Sun, Y.; Cetin, M. Residual stress measurement by strain gauge and X-ray diffraction
method in different shaped rails. Eng. Fail. Anal. 2019, 96, 525–529. [CrossRef]

9. Cavuto, A.; Martarelli, M.; Pandarese, G.; Revel, G.M.; Tomasini, E.P. Train wheel diagnostics by laser
ultrasonics. Measurement 2016, 80, 99–107. [CrossRef]

10. Qing, X.; Li, W.; Wang, Y.; Sun, H. Piezoelectric transducer-based structural health monitoring for aircraft
applications. Sensors 2019, 19, 545. [CrossRef]

11. Aliabadi, M.H.F.; Khodaei, Z.S. Structural Health Monitoring for Advanced Composite Structures; World Scientific
Publishing Europe Ltd.: London, UK, 2017.

12. Chang, F. Ultra reliable and super safe structures for the new century. In Proceedings of the First European
Workshop on Structural Health Monitoring, Paris, France, 10–12 July 2002; DEStech Publications: Lancaster, PA,
USA, 2002.

13. Yan, G.; Raetz, S.; Chigarev, N.; Gusev, V.E.; Tournat, V. Characterization of progressive fatigue damage in
solid plates by laser ultrasonic monitoring of zero-group-velocity Lamb modes. Phys. Rev. Appl. 2018, 9,
061001. [CrossRef]

14. Qing, X.P.; Chan, H.L.; Beard, S.J.; Kumar, A. An active diagnostic system for structural health monitoring of
rocket engines. J. Intell. Mater. Syst. Struct. 2006, 17, 619–628. [CrossRef]

15. Stehmeier, H.; Speckmann, H. Comparative vacuum monitoring (CVM). In Proceedings of the 2nd European
Workshop on Structural Health Monitoring, Munich, Germany, 7–9 July 2004.

16. Sun, H.; Wang, T.; Liu, Q.; Qing, X. A novel eddy current array sensing film for quantitatively monitoring
hole-edge crack growth in bolted joints. Smart Mater. Struct. 2018, 28, 015018. [CrossRef]

17. Ihn, J.B.; Chang, F.K. Detection and monitoring of hidden fatigue crack growth using a built-in piezoelectric
sensor/actuator network: I. Diagnostics. Smart Mater. Struct. 2004, 13, 609. [CrossRef]

18. Cho, H.; Lissenden, C.J. Structural health monitoring of fatigue crack growth in plate structures with
ultrasonic guided waves. Struct. Health Monit. 2012, 11, 393–404. [CrossRef]

19. Masserey, B.; Fromme, P. Fatigue crack growth monitoring using high-frequency guided waves.
Struct. Health Monit. 2013, 12, 484–493. [CrossRef]

20. Lu, Y.; Ye, L.; Su, Z.; Yang, C. Quantitative assessment of through-thickness crack size based on Lamb wave
scattering in aluminum plates. NDT E Int. 2008, 41, 59–68. [CrossRef]

21. Yeum, C.M.; Sohn, H.; Ihn, J.B. Lamb wave mode decomposition using concentric ring and circular
piezoelectric transducers. Wave Motion 2011, 48, 358–370. [CrossRef]

22. Ryles, M.; Ngau, F.H.; McDonald, I.; Staszewski, W.J. Comparative study of nonlinear acoustic and Lamb
wave techniques for fatigue crack detection in metallic structures. Fatigue Fract. Eng. Mater. Struct. 2008, 31,
674–683. [CrossRef]

23. Wang, K.; Fan, Z.; Su, Z. Orienting fatigue cracks using contact acoustic nonlinearity in scattered plate waves.
Smart Mater. Struct. 2018, 27, 09LT01. [CrossRef]

24. He, J.; Guan, X.; Peng, T.; Liu, Y.; Saxena, A.; Celaya, J.; Goebel, K. A multi-feature integration method for fatigue
crack detection and crack length estimation in riveted lap joints using Lamb waves. Smart Mater. Struct. 2013, 22,
105007. [CrossRef]

25. Banerjee, S.; Qing, X.P.; Beard, S.; Chang, F.K. Prediction of progressive damage state at the hot spots using
statistical estimation. J. Intell. Mater. Syst. Struct. 2010, 21, 595–605. [CrossRef]

26. Torkamani, S.; Roy, S.; Barkey, M.E.; Sazonov, E.; Burkett, S.; Kotru, S. A novel damage index for damage
identification using guided waves with application in laminated composites. Smart Mater. Struct. 2014, 23,
095015. [CrossRef]

27. Soman, R.; Kudela, P.; Balasubramaniam, K.; Singh, S.K.; Malinowski, P. A Study of Sensor Placement
Optimization Problem for Guided Wave-Based Damage Detection. Sensors 2019, 19, 1856. [CrossRef] [PubMed]

28. Abbas, M.; Shafiee, M. Structural health monitoring (SHM) and determination of surface defects in large
metallic structures using ultrasonic guided waves. Sensors 2018, 18, 3958. [CrossRef] [PubMed]

29. Yoon, S.C.; Jeon, C.S.; Kim, W.K.; Kim, J.G.; Chang, S.H. A Study on the Fatigue Test of Bogie Frame by Stress
Measurement. Key Eng. Mater. 2008, 385, 645–648. [CrossRef]

30. Zhou, C.; Su, Z.; Cheng, L. Probability-based diagnostic imaging using hybrid features extracted from
ultrasonic Lamb wave signals. Smart Mater. Struct. 2011, 20, 125005. [CrossRef]

http://dx.doi.org/10.1016/j.compstruct.2017.12.007
http://dx.doi.org/10.1016/j.engfailanal.2018.10.016
http://dx.doi.org/10.1016/j.measurement.2015.11.014
http://dx.doi.org/10.3390/s19030545
http://dx.doi.org/10.1103/PhysRevApplied.9.061001
http://dx.doi.org/10.1177/1045389X06059956
http://dx.doi.org/10.1088/1361-665X/aae54e
http://dx.doi.org/10.1088/0964-1726/13/3/020
http://dx.doi.org/10.1177/1475921711430439
http://dx.doi.org/10.1177/1475921713498532
http://dx.doi.org/10.1016/j.ndteint.2007.07.003
http://dx.doi.org/10.1016/j.wavemoti.2011.01.001
http://dx.doi.org/10.1111/j.1460-2695.2008.01253.x
http://dx.doi.org/10.1088/1361-665X/aad52f
http://dx.doi.org/10.1088/0964-1726/22/10/105007
http://dx.doi.org/10.1177/1045389X10361632
http://dx.doi.org/10.1088/0964-1726/23/9/095015
http://dx.doi.org/10.3390/s19081856
http://www.ncbi.nlm.nih.gov/pubmed/31003480
http://dx.doi.org/10.3390/s18113958
http://www.ncbi.nlm.nih.gov/pubmed/30445724
http://dx.doi.org/10.4028/www.scientific.net/KEM.385-387.645
http://dx.doi.org/10.1088/0964-1726/20/12/125005


Sensors 2019, 19, 3372 13 of 13

31. Hong, M.; Su, Z.; Lu, Y.; Sohn, H.; Qing, X. Locating fatigue damage using temporal signal features of
nonlinear Lamb waves. Mech. Syst. Signal Process. 2015, 60–61, 182–197. [CrossRef]

32. Qing, X.; Beard, S.; Kumar, A.; Hannum, R. A real-time active smart patch system for monitoring the integrity
of bonded repair on an aircraft structure. Smart Mater. Struct. 2006, 15, N66–N73. [CrossRef]

33. Ebrahimkhanlou, A.; Dubuc, B.; Salamone, S. Damage localifigzation in metallic plate structures using
edge-reflected lamb waves. Smart Mater. Struct. 2016, 25, 085035. [CrossRef]

34. Wang, Y.; Guan, R.; Lu, Y. Nonlinear Lamb waves for fatigue damage identification in FRP-reinforced steel
plates. Ultrasonics 2017, 80, 87–95. [CrossRef]

35. Sun, H.; Zhang, A.; Wang, Y.; Qing, X. Baseline-free damage imaging for metal and composite plate-type
structures based on similar paths. Int. J. Distrib. Sens. Netw. 2019, 15. [CrossRef]

36. Qiu, L.; Yuan, S.; Mei, H.; Fang, F. An improved Gaussian mixture model for damage propagation monitoring of
an aircraft wing spar under changing structural boundary conditions. Sensors 2016, 16, 291. [CrossRef] [PubMed]

37. Liu, Y.; Zhou, S.; Ning, H.; Yan, C.; Hu, N. An Inverse Approach of Damage Identification Using Lamb Wave
Tomography. Sensors 2019, 19, 2180. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ymssp.2015.01.020
http://dx.doi.org/10.1088/0964-1726/15/3/N03
http://dx.doi.org/10.1088/0964-1726/25/8/085035
http://dx.doi.org/10.1016/j.ultras.2017.05.004
http://dx.doi.org/10.1177/1550147719843054
http://dx.doi.org/10.3390/s16030291
http://www.ncbi.nlm.nih.gov/pubmed/26927115
http://dx.doi.org/10.3390/s19092180
http://www.ncbi.nlm.nih.gov/pubmed/31083470
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Description of System Principles 
	Experimental Procedure 
	Design of Specimen 
	Experimental Setup 
	Experimental Results 

	Analysis of Experimental Results 
	Monitoring Using Signals from a Single Actuator–Sensor Path 
	Monitoring Using Signal Fusion for All Actuator–Sensor Paths 

	Discussion 
	Ultrasonic Guided Waves in Steel Q235 Plate 
	Calibration Procedure for Crack Quantification 

	Conclusions 
	References

