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An Improved Multiple Damage Identification Method of Plate
Structure Using Discrete Wavelet Transform
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Abstract: In order to improve the identification accuracy of multiple damage of the plate structures, a method based on a
two-dimensional discrete wavelet transform is proposed. Firstly, the structural characteristic parameters of the
undamaged and damaged plate structures are obtained through the finite element modal analysis. The discrete wavelet
transform is used to decompose and evaluate the modal node displacement data of the rectangular thin plate, and the
high frequency information and singular values of the structural damage location are calculated. Secondly, the
quantitative analysis of damage is realized by the change rate of the maximum value of the wavelet coefficient. Finally,
according to the proposed algorithm, the anti-noise performance of the algorithm is verified through different ratios of
noise. The results are shown that the vibration-based damage identification method is effective to detect the location and
severity of the rectangular thin plate structures, which can be used to solve the damage identification problems of

complex structures.
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1. INTRODUCTION

Structural damage identification technology has
been widely used in the structural health monitoring
(SHM) of actual engineering objects, such as civil
engineering, aerospace and mechanical engineering
fields [1]. How to effectively carry out damage identi-
fication research to prevent economic losses caused by
structural failure has attracted much more attention [2].
Even a small local damage may cause a decrease in
the stiffness of the structure, an increase in damping,
and a decrease in natural frequency, the Damage
detection methods based on structural vibration can be
easily applied to identify the existence of damage [3].
Compared with other vibration-based damage identi-
fication methods, the wavelet transform method can
examine multi-scale signals in more details, and pro-
vide different levels of details and approximations, the
use of wavelet transform to identify damage from the
mode shape has gradually become the most extensive
damage identification method [4]-[6].

Many structural components of railway vehicles are
composed of basic elements such as beams and
plates. Vibration-based damage identification technol-
ogy can be applied to structural health monitoring of
structural components to improve the safety of
vehicles. Since minor structural damage is usually a
local phenomenon, it may not significantly affect the
overall vibration response parameters of the structure.
This requires a method for extracting the required
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detailed damage characteristic information from the
vibration response data of the typical damaged
structure. A common method is to use wavelet
transform (WT) method to identify structural damage
[7]. Since wavelet transform can be very sensitive to
signals that show singularity in the presence of some
tiny defects, signals decomposition using WT can
effectively detect and locate the degree of structural
damage. Currently, there are many types of wavelet
transforms and different wavelet functions, such as
Haar wavelet, Symlet, Mexican hat or Morlet, and other
wavelet methods that are constantly evolving. It can be
concluded from past experience that the most effective
appearance is the fourth-order Daubechies wavelet
with two vanishing moments. It can be achieved by
using, for example, Lipschitz index [7]. However,
sometimes when using continuous wavelet transform
(CWT) or discrete wavelet transform (DWT) to process
structural response signals in the process of plate
structure damage identification, it is found that different
wavelet functions may not be effective in identifying the
types of structural damage identification defects. This
requires people to propose improvements and
improvements to the wavelet method. Miao et al.
proposed an optimized damage identification method of
beam combined wavelet with neural network in an
attempt to improve the calculation iterative speed and
accuracy damage identification [8]. A neuro-wavelet
technique was proposed for damage identification of
cantilever structure [9].

Palechor [10] and Gholizad [11] et al. performed
structural identification using experimental modal
analysis and CWT. Hansang Kim et al. [12] introduced
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the application of CWT and DWT in the SHM, and
researched the damage identification problem of beam
structures and mechanical gears. Moavenian et al. [13]
studied the damage identification of 2D plate structures
with different damage position and severity based on
the finite method. Bagheri [14] and Amiri [15] et al.
researched damage identification of plate structures
using the discrete wavelet transform, and Bagheri
verified the de-noising method and damage identi-
fication results through experiments. Thuan et al. [16]
used the 2D wavelet transform method and the vibra-
tion modal data of the FGM plate to study the damage
location of the plate structure. Masoumi et al. [17]
researched the cases of different damage positions
and restrictions of plate structures through the method
of the 2D discrete wavelet transform. Masoumi and
Ashory et al. [18] dealt with irregular boundaries and
eliminated the noise of structural vibration modes by
stationary wavelet and transform. The singularity of the
vibration signal of the structural damage part can be
effectively identified by the CWT [19].

The wavelet analysis method has multi-resolution
characteristics that are used to identify damage by
many researchers. Zhao et al. [20] used wavelet
transform to transform the mode shape of reinforced
concrete beams, and used the maximum curve of
wavelet coefficient differences to conduct damage
identification research. The positioning accuracy and
guantization sensitivity are discussed. However, when
the wavelet transform is used to analyze the mode
shape data of the structure, the boundary effect due to
the discontinuity of the data at the boundary will cause
the damage identification result at the boundary to be
wrong. Therefore, eliminating the influence of disconti-
nuous boundary conditions is achieved through bound-
ary expansion. Sivasubramanian and Umesha et al.
[21] performed wavelet transformation on the static
deflection response of continuous beam structures, and
used the modulus maximum of wavelet coefficients to
identify the damage location. The quantitative analysis
of structural damage degree is realized by wavelet
coefficients. Expanding the data boundary is achieved
by the cubic spline extrapolation method, which can
reduce the influence of boundary effects. Mardasi et al.
[22] collected the profile data of aluminum beams with
and without damage through a high-resolution laser
profile sensor. Damage recognition is realized by
amplifying the singularity of the contour signal of the
damaged beam through wavelet transform analysis. In
addition, while optimizing the scale factor and the num-
ber of repetitions of the wavelet transform, a window

function is introduced to reduce the edge effect of the
wavelet transform, and better recognition results are
obtained through experiments.

In addition, the damage location of the structure is
determined by the singular point of a certain order of
the modal shape. Since the damage at the node
location may be hidden, the damage can be difficult to
identify. Janeliukstis et al. [23] used wavelet transform
technology to construct structural damage identification
indicators, and reduced false alarms due to uncertain
factors by a weighted average of multi-order modal
data, and compared them with damage identification
methods based on mode shape derivatives. Among
them, the author uses the Fourier transform technique
to simulate the undamaged structure by using a
polynomial constructed from the mode shape data of
the damaged structure, thereby avoiding the data
collection of the undamaged structure. Serra et al. [24]
used the cubic linear extrapolation method to expand
the mode shape of the structure to eliminate the signal
anomaly at the boundary. The continuous wavelet
analysis is used to analyze the multi-order modes on
the mode shape after stationary wavelet transforma-
tion. After the wavelet transform coefficients of the
mode shapes are weighted and superposed, they are
used for structural damage identification research. Yang
and Oyadiji [25] obtained structural modals through
modal testing, expanded the data by using double
harmonic spline interpolation, then carried out wavelet
transformation and extracted the detail coefficients of
each mode, and then used different weighting coeffi-
cients for each mode. The detail factor is superimposed
to amplify the cumulative effect of damage.

This paper makes use of the 2D discrete wavelet
transform method to decompose modal nodes
displacement data of the rectangular thin plate, and the
high frequency signal information of the damage
location is obtained, which is the wavelet coefficient of
three directions, revealing singular points of mode, so
the damage locations are determined. Meanwhile, the
guantization of the damage severity is conducted for
the different damage position and severity, which is
realized by the change of maximum value of wavelet
coefficients in many cases.

2. METHOD AND THEORETICAL BACKGROUND

The method proposed in this paper to identify the
linear damage of the rectangular thin plate by using the
two-dimensional discrete wavelet transform, which
mainly uses the wavelet multi-resolution analysis princi-



Discrete Wavelet Transform

Journal of Modern Mechanical Engineering and Technology, 2020, Vol. 7 37

ple to decompose the mode shape of the plate model.
The vibration mode of the damaged rectangular plate is
mainly derived and calculated by the finite element
modal analysis method. The damage is represented by
the assumed reduced thickness element, and then the
modal shape is analysed by two-dimensional discrete
wavelet transform.

2.1. Basic Concept of Wavelet Method

Wavelet transform is an effective time-frequency
signal processing method. Wavelet transform has
special analysis capabilities for non-stationary signals
and singular signals. It can be widely used in structural
damage identification by using the time-domain posi-
tioning characteristics of the detection of singular
points. Wavelet analysis is better than other time-
frequency analysis methods in characterizing high-
frequency components of the signal, and it has great
advantages in the detection of abrupt signals. The
wavelet function can be expressed by Vanishing mo-
ments, where, N represented the number of vanishing
moments of the wavelet [26]. The larger the vanishing
moment, the longer the support length, and the flatter
the response filter, but the wavelet function will become
more oscillating. The basic function of wavelet analysis
is defined by two parameters: scale and displacement.
Wavelet analysis uses wavelet basic function (i.e. the
mother wavelet) to carry out. For the Nth wavelet, the
basic function can be expressed as:

W(n)=§(-1)jcj (2n+j-N+1)
. (1)

where, C, is the wavelet coefficients. The basic function

iN

must satisfied two conditions: (1) The integral of basis
function is zero, i.e. .[Wq//(x)dx:O. (2) The energy

value of the integral of the square of the basic function
is limited, i.e. [ |y (x)["dx < 0.

The first condition indicates that the basic function
oscillates. The second condition shows that most of the
energy of basic function is limited in finite continuous
time. The “Orthogonally” and “Bi-orthogonally” are the
important features of basic function. These character-
istics make the wavelet coefficient calculation is very
valid. Using continuous wavelet transform (CWT) can
detect the amplitude mutation point of the vibration
signal, so as to realize the diagnosis of local defects.
The definition of CWT is described as follows [27].

C(s,u) :%J‘j f (x)y/*(%}dx = J‘j: f (X, (x)dx
)

where, s(s>0) is the scale of wavelet, which reflects the
width of specific basic function; u is the translation
parameter, which indicates the position along the x-
axis. w" is the complex transpose of y . The concept
of wavelet vanishing moments is related to the
singularities of the wavelet functions. Wavelet y(X)

with n vanishing moments has expressions as
J'Mxky/(x)dx:o,where k=1~n.

2.2. Discrete Wavelet Transform (DWT)

Due to the continuous change of the scale and time
of the sample, the continuous wavelet transform (CWT)
requires a lot of calculation. In order to reduce the
amount of calculation without losing the information of
the original signal, the scale and translation factors are
appropriately discretized, which can reduce the
calculation amount of wavelet transform. This is also
the advantage of discrete wavelet transform. The ideas
and views on the DWT and CWT are consistent. The
CWT need to find a wavelet coefficient at each scale
parameter, in order to reduce the amount of calculation,
while the DWT use discrete scale and translation
parameters to reduce the amount of calculation. DWT
analysis was carried out by multi-resolution analysis,
which had been applied in many practical structural
health monitoring problems [28].

2.2.1. 1D Discrete Wavelet Transform
For the 1D discrete wavelet, if the scale and
translation parameters were defined to s=2' and

u=k2' respectively, the definition of discrete wavelet
transform can be described as :

Cix= 2"'LD f (X" (27 x—k)dx :LO f (X, (X)dx
®3)
The information of high frequency signal is analyzed
through the high frequency filter, and the information of
low frequency signal is analyzed through the low

frequency filter. A signal in the discrete wavelet trans-
form is represented by approximations and details:

F0=A 09+ D, ()
= (4)

The detail at level j is defined:



38 Journal of Modern Mechanical Engineering and Technology, 2020, Vol. 7 Miao et al.
D=8 (X) Vi =V, oW, )
kez . (5) '
o where, “® ” represent the sum of two orthogonal vector
where, k represents the set of positive integers. . 0 s
spaces. So, wavelet orthogonal basis in space L°(R?)
The approximation at level j is defined: can be defined by using scaling function and wavelet
function. Three wavelet function can be defined:
A =)D
’ % : (6) v’ (X, y) = (X (y) ] (10)
In the discrete wavelet transform, scaling function H(x V) = (X
#(x) must meet three conditions : (1) The integration Ve y) =y (ely) (11)
of ¢(x) is equal to 1 and [ g(x)dx=1. (2) The unit \VD(X.y)=V/(X)V/(Y)_ 12

+0 2
energy value I_ |#(x)] dx=1. (3) ¢(x) and its positive
integer translation are orthogonal and meet
(¢(x).¢(x-n))=5(n). The scaling function is also
represented by:

N-1
#(n)=2.C;(2n- 1))
. (7)
. N71 .
1 (x)=2"2> " ¢(2' x—k)
: ®)
It should be noted that not all of the wavelet function

has its scaling function, and only orthogonal wavelet
function has its scaling function.

2.2.2. 2D Discrete Wavelet Transform

2D DWT scaling function can be defined as ¢(x,y)

1D  scaling #(x)
corresponding to 1D multi-resolution approximation
{Vj}j , - Similarly, 2D multi-resolution approximation is

Vil

denotes the tensor product. If sz represents detail

similar to function which

which is defined by ij =V, ®V,. Where “®"

space, it will be the orthogonal element of ij in its
V-Z

lower resolution approximation space Vj:, i, can be

expressed:

100

600

Figure 1. Damaged plate models.

2D DWT is the sum of three types of wavelet
coefficients component matrix (i.e. vertical, horizontal

and diagonal wavelet coefficients). y" (x,y), w"(x,y)

and y°(X,y) denote the signals of the directions of

vertical, horizontal and diagonal, respectively. The
basic decomposition steps have also been established.
Symlet4 wavelet having 4 vanishing moments was
selected as a tool to complete a 2D discrete wavelet
transform in this paper. Symlet4 wavelet has the
characteristics of bi-orthogonal, tight-support, symm-
etry and its support width is 2N-1, which can perform
discrete wavelet transform. The Symlet4 wavelet is
chosen to implement related research. Through com-
bined with the finite element model, the proposed
method can be used to calculate the node displace-
ment of the model and all the wavelet coefficients.

3. NUMERICAL EXAMPLE ANALYSES

The size of the rectangular thin plate model used in
the calculation is 600 mm in length, 400mm in width
and 4mm in thickness. Finite element modeling and
mode analysis are performed through ANSYS software.
The plate structure finite element type is Shell 181. The
damage locations are described by the different posi-
tions of the single and multiple models which are shown
in Fig. (1).Three types of damage are symmetrically set
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in the center of the plate structure. The local damaged
areas whose damaged degree is 50% are described by
these damages, respectively. The main material
parameters are shown in Table 1.

Table 1: Main Material Parameters
Main Material Parameters Unit Value
Elastic module GPa 70
Poisson -- 0.3
Density kg/m? 2700

The mode nodes’ displacements of the undamaged
plate structure are shown in Fig. (2a). The 2D discrete
wavelet transform method can be introduced to
decompose the node displacement information and
conducted identification. By using the 2D discrete
wavelet transform, the four types of discrete signals
can be calculated. cA is the wavelet coefficient of the
profile component. cH is the horizontal wavelet coeffi-
cient, which is sensitive to the damage in the x-axis,

Node Displacement

-100 » ‘\\‘:;

Width/mm -200

Length/mm

(a) Node displacements

Wavelct Cofficicnt cH

Width/em

Lengthiem

(c) Wavelet coefficients cH

Wavelcet Cofficient ¢V

and the amplitude reflects the damage physical
dimension. cV is the vertical wavelet coefficient, which
is sensitive to the damage in the y-axis. cD is the
diagonal wavelet coefficient, which is sensitive to the
damage in the x or y-axis, and only being useful for the
diagonal damage in the coordinate system.

The wavelet coefficients components (include cV,
cH, cD) of the undamaged plate structure which are
shown in Fig. (2b-d), respectively. It can be only found
that these wavelet coefficients are slightly changed.

3.1. Different Damage Cases

3.1.1. Single Damage Case

This paper mainly considers two types of damage of
thin rectangular plate structure: single damage and
multiple damages, which are shown in Fig. (3). For the
case of the single damage, the damage area is in the
center of the plate, and the damage depth is 2mm and
50% damage. It is relatively difficult to observe the
location, size and other information of the single damage
only from the node displacement change which is seen

-
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Figure 2: Undamaged plate node displacements and wavelet coefficients.
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Figure 3: Single damaged plate node displacements and wavelet coefficients.

in Fig. (3a). But when a 2D discrete wavelet transform
is performed to decompose the node displacement,
obvious change in the damage area appeared, espe-
cially in the diagonal wavelet coefficient. So the pro-
posed method is effective to identify single damage in
the thin plate structure.

3.1.2. Multiple Damage Case

For the case of the multiple damages, damage
areas are in the center of the plate and in the side of
the 1/4 distance plate length, respectively, and the
damage depth is 2mm and 50% damage. The node
displacements and wavelet coefficients can be shown
in Fig. (4).

Similarly, it can be seen that the location, size and
other information of the multiple damages are relatively
difficult only from the node displacement change which
is shown in Fig. (4a). But when 2D discrete wavelet
transform is performed to decompose the node
displacement, obvious change in the damaged area
appeared, especially in the diagonal wavelet coefficient
and the center damage. So the proposed method is

effective to identify multiple damages in the thin plate
structure.

From the above single damage and multiple
damage identification, it can be concluded that the 2D
discrete method can identify the plate structures’ local
damage effectively, including single damage and
multiple damages. Although the location of the damage
can be identified by a 2D discrete wavelet transform,
the identification result of the diagonal wavelet coeffi-
cients cD is better, which has a certain guiding signifi-
cance in future engineering.

3.2. Different Degree of Damage

The damage recognition result of the rectangular
thin plate with a damage degree of 50% was discussed
above, but the defect effect of the 2D discrete wavelet
transform cannot be explained only by a single degree
of damage. The thin rectangular plate structure with
different damage levels (40%, 30%, 20%, 10%, 5% and
3%) are selected to discuss the recognition effect of 2D
discrete wavelets. The calculation results are shown in
Figs. (5-12).
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Figure (5): Wavelet coefficient cH and cV at 40% damage.
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Figure (6): Wavelet coefficient cH and cV at 30% damage.
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Figure (8): Wavelet coefficient cH and cV at 10% damage.
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Figure (10): The Wavelet coefficient cH and cV at 3% damage.
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By comparing Figs. (5 to 10), it can be found that
the wavelet coefficient value decreases as the damage
degree decreases. For small damage, the recognition
effect of cH and cV is relatively poor, but the cD
wavelet coefficient has a better recognition effect for
different damage degrees, and the recognition effect is
still very good even when the damage is 3% in Fig.
(12).

By performing 2D discrete wavelet transform on
rectangular plates with different degrees of damage, it
can be found that as the degree of damage decreases,
the value of wavelet coefficients is also decreasing,
and the cD wavelet coefficient has the best effect on
the identification of damage, especially small damage
in Fig. (12).

3.3. The Effect of Noise

In actual measurement, it will inevitably be affected
by noise. In order to verify the feasibility of 2D discrete
wavelet transform in engineering applications, its noise
immunity must be studied. In order to simulate the
effect of noise, a series of noises need to be added to
the modal data. In this study, a series of random noise
is applied to the extracted node displacement. The
expression of the new modal node displacement is:

*_ g% * _1\*
' =z*(1+(2*rand -1)* p) a3)
where, rand is a random number between 0-1, p is

the noise ratio, z is the displacement of node, z' is
the displacement of node after adding noise,

Taking a single damage degree of 50% as an
example, different proportions of noise such as 5%-
50% are selected for noise immunity research. Since
the recognition effect of cD wavelet coefficient is the
best, only the recognition effect of cd wavelet is listed
which are shown in Fig. (13), respectively.

From the analysis of the simulation results, the
proposed damage recognition algorithm based on the
two-dimensional discrete wavelet method is relatively
accurate for the damage detection results of thin plates
with different noise ratios, and has good noise
resistance. These results also show that the diagonal
component of 2D-Discrete wavelet method is larger
and the detection accuracy is better. It has a certain
reference value for the future engineering application of
the plate structure recognition method.

4. CONCLUSIONS

In summary, in order to solve the problem of the
detection accuracy and efficiency of the small damage
of the damaged structure due to the changes of the
modal displacement of the thin plate structure, a two-
dimensional discrete wavelet damage identification
method for the thin plate structure is proposed. The
single and multiple damage detection effects of the
plate structure under different noise levels are analyzed
in detail. The innovation of this method is mainly to
combine the discrete wavelet transform with the dis-
placement mode parameters of the mode shape, and
consider the identification effect of different wavelet
coefficient components. The study found that different
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Figure 13: Recognition results of different noise ratio.

wavelet coefficient components can effectively identify
the singular value change of the modal node
displacement signal of the thin plate structure caused
by the small damage feature in certain extent. Through
comparison, it is also found that the use of diagonal
component wavelet coefficients in the two-dimensional
discrete wavelet transform can better identify the
damage of the plate structure than other wavelet
coefficient components. This is because the diagonal
component wavelet coefficients can better avoid the
influence of the boundary conditions than the vertical
wavelet coefficients and the lateral wavelet coefficients.
For the identification results of multiple damages of the
structure, it is not particularly sensitive to the influence
of the boundary conditions.

At the same time, this method can not only use the
modal parameters to effectively identify the location
and severity of the damage during the damage process
of the thin plate structure, but also has better noise
resistance. However, this study still has some short-
comings and needs to be improved in subsequent
studies. For example, some wavelet coefficient compo-
nents of this method are not ideal for identifying the
types of multiple damages around the plate structure,
which are more affected by boundary conditions. Obvi-
ously, the proposed algorithm needs further optimiza-
tion and improvement. This method will combine neural
network to improve the algorithm, and carry out

(e) The noise ratio is 40%

(f) The noise ratio is 50%

simulation and experimental verification on the wavelet
damage identification algorithm of plate structure. In
the future, this method will be combined with different
vibration modes (such as modal curvature and modal
strain energy, etc.) and optimization algorithms to
explore better methods for thin plate structure damage
identification.
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