symmetry

Article

Guided Wave-Based Damage Detection of Square Steel Tubes
Utilizing Structure Symmetry

Tingting Yang >3, Wensong Zhou

check for
updates

Citation: Yang, T.; Zhou, W.; Yu, L.
Guided Wave-Based Damage
Detection of Square Steel Tubes
Utilizing Structure Symmetry.
Symmetry 2023, 15, 805. https://
doi.org/10.3390/sym15040805

Academic Editors: Raffaele Barretta

and Theodore E. Simos

Received: 7 February 2023
Revised: 12 March 2023
Accepted: 24 March 2023
Published: 26 March 2023

Copyright: © 2023 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 (https://
creativecommons.org/licenses /by /
4.0/).

1,2,3,#( and Lei Yu 123

Key Lab of Smart Prevention and Mitigation of Civil Engineering Disasters of the Ministry of Industry and
Information Technology, Harbin Institute of Technology, Harbin 150090, China

Key Lab of Structures Dynamic Behavior and Control of the Ministry of Education, Harbin Institute of
Technology, Harbin 150090, China

School of Civil Engineering, Harbin Institute of Technology, Harbin 150090, China

Correspondence: zhouwensong@hit.edu.cn

Abstract: Square steel tube, which is widely used in civil engineering, can suffer from a wide variety
of damages and aging defects, thus its nondestructive testing (NDT) has attracted wide attention.
This work proposes an ultrasonic guided wave (UGW)-based damage detection method for square
steel tubes using structure symmetry. Firstly, the dispersion characteristics of square steel tubes are
obtained using the semi-analytical finite element (SAFE) method, after which the optimal guided
wave modes for damage located on the long and short edges of the steel tube are selected by modal
analysis. Then, using the symmetry of the square steel tube’s section, the symmetric layout scheme of
the transmitters and the receivers is designed; on this basis, a signal processing strategy for damage
detection is proposed by subtracting the receiving signals obtained from symmetric positions. Finally,
the effectiveness of the proposed damage detection method is verified by numerical simulations and
laboratory experiments. The results show that the proposed method has good inspection accuracy for
crack and hole damages on both the long and short edges of square steel tube because the dispersion
effect and clutters can be reduced utilizing structure symmetry. It is worth mentioning that the
inspection effect for corner holes can be enhanced by modifying the position of the receivers.

Keywords: ultrasonic guided waves; structural symmetry; nondestructive testing; semi-analytical
finite element; frequency dispersion; square steel tube

1. Introduction

Square steel tube is a kind of hollow steel member with superior bearing capacity [1].
It has been widely used in buildings and machines in civil engineering, such as in the steel
square column shown in Figure 1. However, in practical engineering, as a kind of steel
structure, cracks, corrosion, holes, and other damages will inevitably occur in square steel
tube. Furthermore, these structural members are often used in hidden areas, and thus
the damage is hard to notice via visual or traditional inspection methods. Therefore, it is
of great significance to inspect square steel tube regularly using an appropriate damage
detection method to ensure the safety performance of a structure.

Ultrasonic guided wave (UGW) is a kind of ultrasonic wave that can propagate in
structural members with finite boundaries, such as thin plates [2-9], tubes [10-16], bars [17],
other member types [18-20]. When encountering small defects or damages in structures,
wave scattering and reflection will occur. Therefore, analyzing the characteristics of the
received waves can identify the minor defects or damages present in the structure. In
the early research stage, Rose et al. [21,22] deeply investigated the propagation of guided
waves in plates, round rods, tubes, composite materials and multi-layer media, which laid
a solid theoretical foundation for the application of UGW in NDT. In recent years, scholars
have made many advances in the field of damage detection based on UGW, especially for
structures with complex geometry. Geetha et al. [23] conducted an experimental study
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on the interaction of UGWs with delamination in the web—-flange interface of a co-cured,
co-bonded composite T-joint. Serey et al. [24] developed a methodology for the selective
generation of modes in the harmonic regime for rectangular bars. Zhang et al. [25] presented
the excitation and propagation of guided waves in arbitrary cross-section structures by
coupling the normal mode expansion (NME) method with the SAFE method, and then the
well-established method was used to develop a double mode inspection strategy for multi-
damage identification. Tu et al. [26] investigated the feasibility and effectiveness of the
guided wave-based technique for the damage assessment of a welded I-beam under various
environments using the PCA and ICA methods. With regard to the damage detection of
square steel tubes using UGWs, Wan [1] investigated frequency dispersion characteristics
and selected the appropriate guided wave mode to inspect through-hole and slot damages.

Figure 1. Typical square steel tube structure in civil engineering.

Although guided wave detection technology can detect at a wider range and longer
distance than traditional methods, there are still some limitations in actual engineering
applications due to the influence of structural shapes and boundaries. For example, when
the guided wave propagates in the structure of angle steel, I-beam steel, square steel
tube and other irregular cross-sections, the propagation paths become more complex
when coupled with the multi-mode property of the guided wave, which produces a lot
of clutter in the received signals. This leads to a reduction in the accuracy of structural
defect identification and location. At present, to achieve optimal excitation and a recep-
tion effect of guided waves, researchers mainly adopt a circumferential full-distribution
layout of piezoelectric transducers [1,27] or design active transducer networks, but this
is hard to apply in actual engineering due to the requirement for a large number of
piezoelectric transducers.

In some cases, the utilization of structural symmetry can help solve many potential
problems in damage identification [28-30]. Similarly, in order to reduce the influence
of dispersion, this paper proposes a guided wave-based damage detection method of
square steel tubes using structure symmetry. When a unilateral part of the square steel
tube is damaged, the symmetric position can be considered as a reference. By means of
subtraction calculation or correlation analysis between the receiving signals from a sensor in
a symmetrical position, the influence of clutter in the signal can be reduced, and the damage
location and degree can be obtained more easily. Its advantages are mainly reflected in the
following aspects, which is of great significance for the development of damage detection
in steel components: (1) The method is applied to the component with a symmetrical
cross-section, which has less influence on the boundary conditions; (2) Symmetry detection
may require fewer sensors, because the inspection process can be achieved by arranging
an exciter and a receiver, respectively, in the region to be detected and its symmetrical
position. (3) The detection efficiency of the method is improved, because it does not need
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the undamaged signal as a reference, and each detection area only needs to be operated
once. (4) The damage location calculation process is relatively simple and does not require
complex data processing, which reduces the calculation cost.

The framework of this paper is as follows: in Section 2, the process of the damage
identification method using structural symmetry is proposed; then, the feasibility of the
proposed method is verified by numerical simulation and experiments in Sections 3 and 4;
finally, conclusions are drawn in Section 5.

2. Propagation Characteristics and Symmetry Analysis of Guided Waves in Square
Steel Tube

2.1. Dispersion Characteristics Analysis Based on SAFE Method

For structures with a regular cross-section, such as flat plates, circular rods, and circular
tubes, dispersion curves are usually obtained by solving the frequency characteristic equa-
tion. However, it is very difficult to establish an analytical dispersion equation for complex
waveguide sections. With regard to this problem, the SAFE method was employed [31-33]
to calculate the guided wave characteristics of the complex waveguide section by section
discretization and simulating waveguide vibration using simple harmonics. In this paper,
the SAFE method is used to derive the dispersion curves of the square steel tube.

According to the Hamiltonian principle, system energy can be expressed by a discrete
finite element, and then the general homogeneous wave equation of a square steel tube
section can be obtained:

[Kl +ifKs + 7Kg — M| U=0 1)

where Kj, K; and K3 are the different stiffness matrices, M is the mass matrix, the subscript
N is the number of degrees of freedom, and U is the nodal displacement vector. In the
above equation, there are two unknown variables: wave number ¢ and circular frequency
w. With a given circular frequency, the real solution ¢g. of finite wave numbers can be
obtained by solving the eigenvalues of the equation. Equation (1) can be rewritten as:

[A—¢B],yQ=0 ()

where,

_ 0 Ki—?M] , [Ki—«®™ 0 (U
A= K; — w™ K> }’B_{ 0 -K; Q= ¢u ®)

Then, the phase velocity and group velocity of the my, mode can be further obtained
by using the following equations:

w
Cp = — 4
i (:Re ( )
o w0 U.T(K; +22K3) U )
J a{f 2wULTMUR

In this paper, a square steel tube with a cross-section of 50 mm in length, 100 mm in
width and 4 mm in wall thickness is utilized to demonstrate the proposed method. The
density, elastic modulus, and Poisson’s ratio are 7850 kg /m?, 205 GPa, and 0.28, respectively.
The cross-section of the square steel tube is discretized into 426 triangular elements and
324 nodes, as shown in Figure 2.
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(a) (b)

Figure 2. Cross-section and mesh generation of square steel tube: (a) cross-section (unit: mm);

(b) mesh generation.

Based on the above SAFE method, the dispersion curves of the guided wave prop-
agating in the square steel tube at a frequency ranging from 0 to 100 kHz are obtained,
as shown in Figure 3. It can be seen that dense multi modes exist at the same frequency,
and as a consequence, different modes of guided waves will overlap and interfere with
each other in the process of propagating along the structure. In the following damage
detection procedure, the lower order mode would be selected preferentially to ensure that
the following requirements are satisfied: (1) sufficient energy is concentrated in the damage
detection area; (2) the group velocity changes slowly; (3) the guided waves can spread
stably in the square steel tube.

40 60 80 100
f(kHz)

(a)

Figure 3. Dispersion curves of square steel tube: (a) phase velocity; (b) group velocity.

Taking the frequency of 60 kHz as an example, the wave structures of the 1st, 2nd,
5th and 6th modes obtained from 38 corresponding modes are shown in Figure 4. For the
square steel tube, the damages occur mainly on two surfaces, which consist of the long
edge and short edge, respectively. It can be seen from Figure 4 that for the 1st and 2nd
modes, the modal vibration is mainly distributed on the long edge, whereas for the 5th and
6th modes, the modal vibration is concentrated on the short edge. Therefore, these four
modes are selected as the expected modes for inspecting the damages in long and short
edges, respectively.
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T 0.06

(0) (d)

Figure 4. Wave structure for various points of the section: (a) the first mode; (b) the second mode;
(c) the fifth mode; (d) the sixth mode.

According to the existing research [26,34], the generation of guided wave mode is
related to excitation in that the desired mode can be excited effectively if the position and
direction of excitation signals are the same as the direction of desired mode. Therefore,
the midpoint of the long edge and the midpart of the short edge are selected as the best
excitation points to conduct guided wave excitation in the vertical direction perpendicular
to the detected area.

2.2. Symmetry Analysis for Guided Waves in Square Steel Tube

Assuming waves propagate in x-direction and the cross-section of a square tube is
y-z plane, the NME method [22,25] is adopted. The main advantage of the NME method
is that the parameters, which affect the amplitudes of the excitation of certain modes, can
be solved directly and expressed in terms of the physical properties of the modes and the
sources that produce them. In this way, the structural surface stress field can be written as:

T="T(x,y,z1) Z“" )T (y, z)el“! (6)

where T and T, (y, z) denote the actual stress field and the stress field of the nth mode,
and «;,(x) is the combination coefficient for the nth mode which depends on the specific
excitation situation.

Accordingly, if only unilateral excitation is carried out, as shown in Figure 5, the
received signals can be expressed in the following forms:

S1A — SlA(x, y,z,t) = Zaﬁ(x)sn(yl,zl)ej“” 7)
n

SZA(x y,z,t) = sz Sn(yz,zz)ej“’t (8)

where S denotes the received guided wave signal, and the superscript 1, 2 refer to the
receiving piezoelectric wafers on A, B side, and 1A, 2A represent that the excitation position
is on the surface A and the receiving sensors are 1, 2, respectively.
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(a) (b)

Figure 5. The propagation path of UGWSs under unilateral excitation: (a) without damage;
(b) with damage.

If a defect occurs on surface A, then the received signals on each side can be obtained:

ghtota =y~ [ac{?(x) + aﬁd(x)} Sn(y1,z1)el! )

n

gHotA =y~ [a,’?(x) + oc{;\d(x)} Sn(ya, z0)el (10)

n

where the superscript Ad denotes the defect that occurs on surface A.
By subtracting the above two equations, we can obtain the different signal:

AR = Y |ab (x) + ap (x) | [8n (y1,21) = Su(y2, 22) )" (1)

n

It can be obviously seen from Equations (9)—(11) that the received signals under a
unilateral excitation condition contain the initial signal and the defect reflected signal;
therefore, the damage features might be covered and difficult to extract due to the influence
of the dispersion phenomenon and boundary reflections. Thus, a symmetric excitation
scheme is designed, as shown in Figure 6, and then the symmetric received signals can
be obtained:

Sls = g2 — glA 4 g24 — sz X)[Sn(y1,21) + Sulya, 22)]e/“* (12)

where the superscript s denotes symmetric excitation.
Similarly, if a defect occurs on surface A, then the received signals on each side under
symmetric excitation can be obtained as follows:

Sltots _ Sls + SlAd Sls =+ Z{XAd Sn (yl Zl)e]wt (13)

S2t0ts _ SZS + S2Ad SZS + ZaAd Sn (er Zz)ejwt (14)
By subtracting the above two equations, we can obtain the different signal:

AS' = Z“Ad Su(y1,21) — Su(y2, 22)]/*" (15)
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Figure 6. The propagation path of UGWs under symmetric excitation: (a) without damage;
(b) with damage.

Compared with Equation (11), we found that the latter strategy helped eliminate the
influence of the initial signals and retained the damage features only. In this manner, the
frequency dispersion and boundary limit can be reduced to a low level, thus the symmetric
excitation scheme and the following signal processing operation are appropriate for the
damage detection of the square steel tube, and also for structures with symmetric sections.

2.3. The Procedure of the Damage Detection Method

The main principle of the proposed damage detection method is differing the response
wave signal received at the symmetric position to reduce the impact of clutter, so as to
extract the damage information in the signal more directly and accurately. The main steps
can be described as follows:

Step 1: Analyze the dispersion characteristics of square steel tube members based on
the SAFE method and select the ideal mode according to the analysis results.

Step 2: Design the symmetrical excitation and reception layout according to the tested
section so that the UGW signal propagation paths in the component are symmetrical about
the central axis of the section.

Step 3: Judge whether the signals received on the two symmetric UGW signal propa-
gation paths are the same. If so, it is proved that there is no damage on the propagation
path of the UGW signal; if not, it means that there is damage on one of the propagation
paths of the UGW signal. For further judging of the propagation path containing damage,
the second symmetric path needs to be considered.

Step 4: If damage is found, calculate the difference between the signals received on the
two paths, and then analyze the correlation between the difference signal and the initial
signal. The propagation path of the initial signal with high correlation with the difference
signal can be judged as damaged.

Step 5: According to the difference signal, the distance from the end to the damage
position can be calculated from the group velocity and the estimated time of arrival (ToA)
of waves as

1
d= EC?(TE —Tp) (16)

where d refers to the distance between the defect and the receiving sensor, Cg' is the
group velocity of mth mode, T is ToA of the initial wave, and Tg is ToA of the damage
reflected wave.
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3. Numerical Simulation
3.1. Propagation Characteristic of Guided Waves in Square Steel Tube

To verify the above analysis and the designed transducers layout scheme, UGW
propagation in a square steel tube was simulated by ANSYS. SOLID185 was selected to
simulate the square steel tube, and SOLID5 was selected as the piezoelectric wafer, which
were applied for excitation and reception. The tube length was 2 m, and the mesh size was
set as 2 mm, which was determined according to the wavelength. The finite element model
is shown in Figure 7.

(a)

Figure 7. Finite element model of square steel tube: (a) square steel tube model; (b) cross-
section meshing.

According to the section symmetry of square steel tubes and the proposed damage
detection method in the previous section, two long strips of excitation sensors with the size
of 40 mm x 5 mm x 1 mm were arranged symmetrically in the middle of two long edges,
at the leftmost end of the square steel tube. In another simulation case, similarly, two long
strips of excitation sensors with the size of 20 mm X 5 mm x 1 mm were symmetrically
arranged in the middle of two short edges, at the leftmost end of the square steel tube.
The receiving sensor with a size of 2 mm x 2 mm x 1 mm was arranged 2 mm after each
excitation sensor along the longitudinal direction, as shown in Figure 8.

\Excitation sensor

e e

S|

Excitation sensor —
(b)

Figure 8. Sensor layout diagram: (a) the long edge; (b) the short edge.
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In this study, a five-cycle sinusoidal signal with a Hanning window was used for
excitation, which is shown in Figure 9, and its expression is:

u(t) = A(l - cosbilfct)sin(%rfct) (17)

where A is the intensity factor; f. is the excitation frequency of the signal; and 7 is the period
number of the signal.

Amplitude(V)

Time(s) x107°
Figure 9. Typical five-cycle excitation signal.

Based on the above preparation, the excitation sensors are applied with the five-cycle
sinusoidal signal of 60 kHz frequency. A fixed boundary condition was applied to the
cross-section of both ends to simulate the actual operating status. Taking the long edge as
an example, the excitation sensors on both long edges were excited. The wave field can be
obtained, as shown in Figure 10.

(c) (d)
Figure 10. Displacement field of guided wave in long edge: (a) 60 us; (b) 200 ps; (c) 400 us; (d) 600 ps.

The figure shows that, due to the limitation of the corner boundary, the guided wave
energy is almost concentrated on the surface where the excitation actuator locates and
propagates along the longitudinal direction of the square steel tube. The signal time history
is further shown in Figure 11. When the excitation sensors on both sides are excited at the
same time, it can be found that the signals collected by the receiving sensors on symmetric
position are basically the same. Furthermore, two-dimensional fast Fourier transform
(2D-FFT) was employed to identify the wave number. A group of data acquisition arrays
with 200 data acquisition nodes were arranged at a distance of 0.5-1.5 m from the excitation
sensor in order to collect the data for 2D-FFT. The simulation results are compared with
the frequency wave number dispersion curve calculated by the SAFE method, as shown
in Figure 12. Figure 12a,b show the 2D-FFT results of received signals in the long and
short edge areas, respectively. It can be seen that the identified wave number results are
consistent with the dispersion curve, and the first, second, fifth and sixth modes are mainly
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excited, which is consistent with the designed excitation scheme, although some high-order
modes are also mildly excited.

S 0.02f] ' < 002 : d ? ]
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z £
< -0.02 ) ) . < -0.02 ) . ) 1
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Time(ms) Time(ms)
(a) (b)

Figure 11. Signal received from the symmetrically arranged receiving sensor under symmetric
excitation: (a) received signal on one side; (b) received signal of the symmetrical position.

400 400

. 300 . 300
g 3}
2 8
5 E
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Figure 12. 2D-FFT identification result: (a) long edge; (b) short edge.

The above figure shows that, due to the limitation of the corner boundary, the guided
wave energy is almost concentrated on the surface where the excitation actuator locates
and propagates along the longitudinal direction of the square steel tube. The signal time
history is further shown in Figure 11.

3.2. Damage Detection

Due to the existence of the rounded corner of the square steel tube, the guided wave
will constantly reflect, refract and disperse at the rounded corner. In addition, because of
the multi modes of the guided wave, there will be a lot of clutter in the received signals,
which makes the extraction of damage features more difficult. According to the proposed
method, most of the clutter can be removed by differentiating the received signal. In order
to verify the effectiveness of the damage identification method based on cross-section
symmetry, FE simulation was carried out in this section. Crack damage was simulated
in the middle of the square steel tube model by element deletion, as shown in Figure 13.
Using the excitation signal in Figure 9, the propagation of guided waves in the steel tube
with the damage hole is shown in Figure 14.

Figure 13. Hole damage in square steel tube model.
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Amplitude(V)

0.02

-0.02

T s A e

Figure 14. Guided wave propagation in damaged square steel tube: (a) 240 ms; (b) 440 ms;
(c) 600 ms.

It can be seen that echoes were generated when the guided wave interacted with the
damage hole. In other words, the defects on the square steel tube will affect the propagation
and the energy distribution of the guided wave. The guided wave signals of the receiving
sensors received at the symmetrical position were further collected with 2 cm, 3 cm and
4 cm cracks in length (each crack is 2 mm deep and 2 mm wide) and the difference signals
were generated as shown in Figure 15. This indicates that the difference signal can clearly
identify the damage wave packet while the clutters in initial signals are eliminated, and the
damage wave packet will grow as the crack length increases.

0.5

1
Time(ms)

(a)

< 0.02 < 0.02
3 3
P 2 0 i 2
5 5
< -0.02 <
15 2 0 0.5 1 1.5 2
Time(ms) Time(ms)
(b) ()

Figure 15. Difference signals in the simulation: (a) 2 cm crack; (b) 3 cm crack; (c) 4 cm crack.

4. Experimental Investigations
4.1. Experimental Setup

A galvanized square steel tube with the same section size and the same position
of actuators and sensors as the simulation case in Section 3.1 was used for laboratory
experiments to verify the effectiveness of the proposed damage identification method.
The test system was mainly composed of a signal generator, amplifier, oscilloscope, and
computer, as shown in Figures 16 and 17.

At the start of the experiment, it is important to collect the signal from the undamaged
steel stube, which can be used as a reference for the following tests for damage cases. The
original and the difference signals from the short edge of a 2 m long steel tube were chosen
and are displayed in Figure 18, respectively. From the figure, we can verify that the signals
at symmetrical positions have similar trends, whereas the echo signal may have some
difference due to experimental and structural manufacturing errors. Consequently, the
signal may appear as a change in the middle part if a defect occurs.

In practical structures, the common damages in square steel tubes are cracks, corrosion,
and holes, etc. Therefore, rectangular cracks and round holes with different positions and
degrees were artificially created on the square steel tube. The crack damage cases were
designed as shown in Figure 19 and Table 1, and the hole damage cases were designed as
shown in Figure 20 and Table 2. There was only one instance of damage on one steel tube,
in other words, the damage setting in each case was independent.
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=

Power amplifier

Signal generator

Square steel tube

- AnAAR

Oscilloscope Computer

Figure 16. Experimental system diagram.

Oscilloscope

'__' Damage ; 'quare steel tube

Figure 17. Experimental setup.
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Figure 18. Undamaged signals from short edge: (a) signal at one path; (b) symmetrical position
signal; (c) difference signal.
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sensor sensor
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Figure 19. Schematic diagram of crack.
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Table 1. Damage cases (crack damage).

Case No. Crack Length (cm) Position Tube Length (m) Defect Location (m)
1 5 Long edge 2 1
2 Short edge 2 1
3 3 Long edge 2 1
4 Short edge 2 1
5 4 Long edge 2 1
6 Short edge 2 1
d/4
H
Middle hole/ /|T Offset hole Comer hole /‘
¥ d A A d A K d A
(@) (b) (c)

Figure 20. Schematic diagram of round hole position: (a) middle hole; (b) offset hole; (c) corner hole.

Table 2. Damage cases (hole damage).

Case No. Damage Location Position Tube Length (m) Defect Location (m)
Z Middle hole éﬁgﬁ 2322 g 1i5
10 Offse hole Shor edge : bl
12 Corner hole Shor edge : i

4.2. Inspection of Different Shape Damage

For the crack damage detection on one side of the long edge area, the five-cycle sinu-
soidal signal of 60 kHz was applied to the actuator in the long edge region symmetrically,
and the guided wave signals received from the upper and lower sensors were subtracted.
The difference signal with different crack lengths can be obtained as shown in Figure 21.

‘%MVWWM *k‘
0 0.5 1 1.5

2 0 0.5 1 1.5
Time (ms) Time (ms) Time (ms)

(a) (b) (©

—

1 1

.. - al

05 1 15 2

(=]

plitude (V)

Amplitude (V)
o
&
-
Amplitude (V)
(=}

Am
|

o
=)

Figure 21. Crack damage identification for long edge: (a) 2 cm; (b) 3 cm; (c) 4 cm.

Similarly, for the crack damage detection on one side of the short edge area, a five-
cycle sinusoidal signal of 60 kHz was applied to the actuator in the short edge region,
symmetrically. The difference signals of the guided wave received by the upper and lower
sensors with different crack lengths are shown in Figure 22.
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Figure 22. Crack damage identification for short edge: (a) 2 cm; (b) 3 cm; (c) 4 cm.

|38

It can be seen that the difference signal for the long edge and the short edge inspection
mainly consists of three parts: (1) the micro wave packet at the starting point caused by the
electromagnetic interference generated by the amplifier used in the test, which does not
affect the damage identification results; (2) the wave packet in the middle caused by the
crack, which can be used to verify the effectiveness of the proposed damage identification
method; (3) the remaining wave packet at the end point is generated on account of the
end echo, which will be reduced when damage occurs. It can be seen that the method can
identify cracks with different sizes on the long edge and short edge of square steel tubes.

Different from the difference signal with cracks on the long edge, the damage wave
packet induced by the 4 cm crack on the short edge also had a large clutter behind it. This
is mainly because this crack is close to the corner side, so interference clutter appears in the
differential signal due to the interference of the edge fillet.

At the same time, round hole damage at different positions can be identified. The
damage difference signals of sensors symmetrically arranged on the long edge and short
edge were obtained through tests, as shown in Figures 23 and 24.
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Figure 23. Hole damage identification on long edge: (a) middle hole; (b) offset hole; (c) corner hole.
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Figure 24. Hole damage identification on short edge: (a) middle hole; (b) offset hole; (c) corner hole.

The figures above indicate that the difference signal obtained from hole damage is
basically the same as the crack damage waveform except for a significant difference in
amplitude, whereas the wave packet in the middle is caused by damage. It further shows
that the middle hole and offset hole damage in the short edge area can be accurately
identified, and the amplitude of the damage wave packet is significantly higher than that
of the same damage in the long edge area. This is due to the better constraint effect at the
rounded corners of the short edge area, so that the energy of the guided wave is mainly
concentrated in the region where the actuator excitation point is located. Thus, compared
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with the long edge, the damage in the short edge area under the same conditions is easier
to identify.

Furthermore, for corner hole damage, there is no obvious wave packet at the damaged
location in the long edge region, and the amplitude of the damage wave packet in the
short edge difference signal is close to the clutter, so it is not as easy to identify corner hole
damage from this differential signal using the current test scheme.

4.3. Damage Localization

According to the dispersion curve given in Figure 3, the wave velocities of the first and
fifth modes at 60 kHz are 2488.1 m/s and 2384.5 m/s, respectively. According to Equation
(16) and the time interval between the damage wave packet and the end of the square steel
tube identified in Figures 21 and 22, the damage location can be calculated, as shown in
Table 3. These results indicate that the damage can be localized, and the localization errors
in the short edge area are less than those of the long edge area.

Table 3. Damage location results (crack damage).

Time Identified Defect Actual Defect Inspection
Case No. Difference (s) Tube Length (m) Location (m) Location (m) Error
1 868 2 1.09 1 8.98%
2 843 2 1.015 1 1.51%
3 869 2 1.091 1 9.11%
4 844 2 1.016 1 1.63%
5 868 2 1.09 1 8.98%
6 844 2 1.016 1 1.63%
Similarly, the hole location can be calculated according to the time interval between
the damage wave packet and the end of the square steel tube identified in Figures 23 and 24,
as shown in Table 4. Results indicate that the middle hole can be localized well, followed
by the offset hole, but the results for the corner hole are the worst.
Table 4. Damage location results (hole damage).
Time Identified Defect Actual Defect Inspection
Case No. Difference (s) Tube Length (m) Location (m) Location (m) Error
7 1232 3 1.543 1.5 2.84%
8 1642 3 1.968 2 1.62%
9 1258 2 1.575 1.5 5.00%
10 837 2 1.008 1 0.79%
11 1383 2 1.731 1.5 15.37%
12 974 2 1.171 1 17.13%

4.4. Further Discussion on Corner Damage and Multiple Damages

In order to improve the identification effect of the corner hole, the layout of sensors
was modified. To be more specific, the sensors were arranged near the corner to enhance
the receiving effect for the corner hole damage signal. The modified layout diagram of the
sensor is shown in Figure 25.
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Figure 25. Modified sensor layout diagram.

The length of the square steel tube used in the test was 2 m, and the corner hole with a
diameter of 6 mm was arranged at the long edge, 1.5 m away from the sensor. The signal
obtained by a symmetrical sensor was analyzed by subtraction, and the difference signal
is shown in Figure 26. It can be seen in Figure 26 that there is an obvious damage wave
packet in the difference signal, which proves that a modified sensor layout strategy can
improve the identification effect of the corner hole.
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Figure 26. Corner hole damage identification (in the long edge).

In order to further explore the inspection effect when multiple corner hole damages
exist at the same time, 6 mm and 8 mm corner hole damages were set at the positions 1 m
and 1.5 m longitudinally away from the sensor in the long edge area. The differential signal
of the symmetrical receiving sensor obtained from the modified sensor layout scheme is
shown in Figure 27. The result in the figure shows that this method can also identify corner
hole damage at multiple locations.
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Figure 27. Multiple corner holes damage identification (on the long edge).

5. Conclusions

In this paper, a damage detection method for square steel tubes using UGWs based on
structure symmetry was proposed, and its effectiveness was verified through numerical
simulation and laboratory experiments. The main conclusions that were drawn are as
follows:

1.  The SAFE method was used to solve the dispersion characteristics of the square
steel tube, and the first, second, fifth and sixth order modes were selected as the
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desired modes for inspecting the damage status of long and short edges. Through
finite element simulation and NME analysis, it was verified that by using structure
symmetry, the influence of the dispersion effect and boundary limit can be reduced
effectively, and thus clutter can be eliminated.

2. The method to identify the damage of square steel tube based on section symmetry
was proposed and verified by numerical simulation and laboratory experiments. The
test results show that for cracks of different sizes and middle and offset hole damage
in long and short edges, the symmetrical damage difference signals will appear as
obvious damage wave packets at the damage locations.

3. Damage location can be determined by the group wave velocity of desired modes
and the appearance time of the damage wave packet. The calculation results show
that the identification errors of crack, middle hole and offset hole damage are no more
than 9.11%, indicating high positioning accuracy.

4. For corner hole damage, the initial scheme had a poor identification effect, but it can
be improved by changing the position of the receiving piezoelectric plate. However,
for multi damages, the proposed method still has a good identification effect.
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