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Abstract: Damage detection of laminated composite structures is crucial because damage may
significantly compromise their structural integrity and lead to catastrophic failures. Traditional
non-destructive testing (NDT) methods often prove inadequate for detecting subtle damage,
such as delamination or matrix cracking, which can initiate and propagate within the composite
material. Therefore, advanced damage detection techniques are essential to ensure the safety
and reliability of these structures in various engineering applications. The wavelet transform
is a popular non-destructive testing method for processing structural signals in laminated
composites. According to the literature review, the effect of changes in laminated composite
parameters on damage detection by wavelet transform is an open question. This research
aims to investigate the effect of changing the parameters of laminated composite plates on the
accuracy of damage detection by two-dimensional discrete wavelet transform (2D-DWT). In
this paper, damaged rectangular laminated composite plates (RLCPs) are modeled to introduce
damage detection by 2D-DWT and evaluate the effect of changes in RLCPs parameters. The
considered parameters are the number of layers, composite material, strengths, size, and
thickness of laminate composite layups. Various scenarios are tested, and findings show that
among these parameters, the most influential parameter on damage detection of RLCPs by the
two-dimensional discrete wavelet transform is the changes in material properties of RLCPs.

Keywords: damage detection; composite plates; wavelet transforms; laminated
composite plates; stacking-up

1. Introduction

Composite structures are one of the ideal options for many engineering
applications due to their characteristics such as high strength, low density, high
modulus, excellent resistance to fatigue, etc. [1–3]. Due to their lightweight,
composite structures are used in many high-speed applications, such as the body of
racing cars and high-speed rail vehicles [4–6]. These applications cause them to be
exposed to severe impacts and consequently to serve damages. For this reason, damage
detection of composite structures is a necessity. Therefore, different researches have
been conducted to detect and identify the damage on these structures [7].

Damage detection methods are usually non-destructive tests. The primary group
of these methods is vibration-based damage detection methods because they use
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vibration data to detect or identify damages in structures [8]. There are several
major classes of vibration-based damage detection methods, such as Mode shape-based
methods, optimization-based methods, Natural frequency-based methods, machine
learning-based methods, wavelet-based methods, curvature/strain mode shape-based
methods, and other methods based on modal parameters. Among these methods,
wavelet-based methods are very suitable since they depend only on vibrational signals
for detecting damages [9,10].

Most of the research has been conducted on wavelet transform to detect various
isotropic structures; however, few studies have been performed on damage detection of
rectangular laminated composite structures [11]. Saadatmorad et al. [12] investigated
damage detection in marine laminated composite structures. They pointed out that the
classical wavelet technique is less accurate in detecting low-level damage, and the noise
in its results is problematic. This study presented a new method based on wavelet
transform WT-RBFNs for accurate damage detection in marine fiberglass multilayer
composite plates. In this research, a finite element model and a two-dimensional
discrete wavelet transform were used to analyze vibration signals. Numerical and
experimental results showed that the proposed method performed better than classical
methods even for very low damage. Rucka and Wilde [13] used continuous wavelet
transforms to detect damage in beams and plates. The material of the studied
structures was isotropic. Katunin [14] developed a damage detection method for
polymer composite plates using two-dimensional B-spline wavelets. His approach,
validated through numerical results, employed finite element analysis to model the
composite plate and a discrete wavelet transform algorithm with a sixth-order B-spline
wavelet to analyze vibrational modes. Damage was detected based on the detail
coefficient singular points, demonstrating the method’s effectiveness for structural
health monitoring. Chang and Chen [15] studied damage detection in rectangular steel
plates using the spatial wavelet method. Katunin [16] studied tone impact damage
identification in composite plates using modal data and quincunx wavelet analysis.
This paper develops general-order two-dimensional B-spline wavelets and presents
a discrete a wavelet transform algorithm. The vibration modes of a fixed laminated
composite plate were modeled and analyzed. A damage identification method, based
on wavelet detail coefficients, was then applied. Numerical results, experimentally
verified, demonstrated the method’s effectiveness in identifying damage. Azuara et
al. [17] used a two-dimensional convolutional neural network and wavelet transform
to localize damages in thermoplastic composite plates. This paper presented a
convolutional neural network (CNN) that predicted distance-to-damage by analyzing
transducer signals. The CNN used a 2D time-frequency image, generated from
experimental signals via the Wavelet transform, as input. These distance predictions
were then incorporated into a damage location algorithm, yielding a 2D surface
image estimating damage location with 15 mm accuracy. Yan and Yam [18]
investigated delamination detection in rectangular laminated composite plates based
on modal strain energy. This paper investigated the detection of small, localized
delamination in laminated composite plates using embedded piezoelectric patches.
The method employed wavelet packet analysis to decompose structural dynamic
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responses into various frequency bands, analyzing the energy distribution of structural
vibration sub-signals. This in-situ approach, utilizing a limited number of embedded
piezoelectric patch sensors and actuators, demonstrated higher sensitivity compared to
existing methods. Results indicated the ability to detect delamination areas as small
as 0.13% of the total composite plate area, with good agreement between numerical
simulation and experimental results. Yang and Oyadiji [19] applied 2D-wavelet
transforms for detecting damages in composite plates. This paper introduced a damage
detection method using the modal frequency surface (MFS). The MFS was generated
by attaching a point mass at varying locations. Delamination-induced local stiffness
reduction caused discontinuities in the MFS. Finite element analysis showed that
frequency deviations decreased quasi-exponentially with delamination depth. The
magnitude of the MFS wavelet coefficient was then analyzed across various noise
levels. Results demonstrated that the MFS wavelet coefficient effectively identifies
the location and shape of both near-surface and far-surface delaminations in laminated
composite plates. Sohn et al. [20] proposed a wavelet-based signal processing
method for detecting delamination. This paper presented a wavelet-based signal
processing technique for near-real-time delamination detection in composite structures.
The technique integrated an active sensing system using piezoelectric patches to
generate wavelet-form input signals and measure corresponding response signals.
Wavelet transform analysis of the response signals extracted damage-sensitive features.
Experimental results on a composite plate under varying temperature and boundary
conditions demonstrated the method’s effectiveness in identifying delamination. Cao
and Qiao [21] proposed a new technique named “integrated wavelet transforms
(IWTs)” for identifying damages in laminated composite beams. The technique mixed
continuous wavelet transform (CWT), and stationary wavelet transform (SWT). Some
other recent investigations on new versions and application is Wang et al., Jiang et al.,
He et al., and Saadatmorad et al. [22–26].

Based on the literature review, the effect of changes in laminated composite
parameters on damage detection by wavelet transform is an open question, and this
is a research gap. In this paper, damaged rectangular laminated composite plates
are modeled to introduce damage detection by two-dimensional discrete wavelet
transforms and evaluate the effect of changes in rectangular laminated composite
parameters.

2. Materials and methods

Figure 1 shows the single-damaged RLCP considered in this study. The first-order
shear deformation theory (FSDT) is used to introduce displacement fields of the
considered RLCP. This RLCP has length a, thickness h, and width b, as shown in
Figure 1.
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Figure 1. Model of the studied single-damaged RLCP.

Displacement fields of the considered RLCP based on the FSDT are formulated
as follows [27]:

u(x, y, z, t) = u0(x, y, t) + z ψx(x, y, t)

v(x, y, z, t) = v0(x, y, t) + z ψy(x, y, t)

w(x, y, z, t) = w0(x, y, t)

(1)

Where u, v and w are displacement functions in x-, y- and z-directions,
respectively. Additionally, u0, v0 and w0 ar the displacements at the mid-plane of
the RLCP in the directions of x-, y- and z-, respectively. In addition, ψx and ψy show
rotations about y- and x-directions, respectively.

Based on Equation (1) and by differentiation, the strain components can be
obtained as:

ε0x = u0,x, ε0y = v0,y, γ0xy = u0,y + v0,x

κx = ψx,x, κy = ψy,y, κxy = ψx,y + ψy,x
(2)

In the above relations and the following equations, the symbol comma (,),
symbolizes differentiation, concerning the variable after that. Based on the FSDT, the
constitutive equations related to the RLCP are formulated as follows [28]:

Nx

Ny

Nxy

Mx

My

Mxy


=



A11 A12 A16 B11 B12 B16

A12 A22 A26 B12 B22 B26

A16 A26 A66 B16 B26 B66

B11 B12 B16 D11 D12 D16

B12 B22 B26 D12 D22 D26

B16 B26 B66 D16 D26 D66





ε0x
ε0y
γ0xy
κx

κy

κxy


(4)

Where Nx, Ny, and Nxy are the resultant forces at the in-plane, Mx and My

represent the bendingmoments,Mxy shows the twistingmoment,Qyz andQxz indicate
the resultant shear forces. Also,Aij ,Bij , andDij(i, j = 1, 2, . . . , 6) are the extension,
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bending–extension coupling, and bending stiffness, respectively, Aij (i, j = 4, 5) are
the transverse shear stiffness. The above-mentioned quantities can be expressed as [29]:

Aij =
∑N

k=1

(
Qij

)
k
(zk − zk−1) i, j = 1, 2, 6 (5)

Bij =
1

2

∑N

k=1

(
Qij

)
k
(z2k − z2k−1) i, j = 1, 2, 6 (6)

Dij =
1

3

∑N

k=1

(
Qij

)
k
(z3k − z3k−1) i, j = 1, 2, 6 (7)

Aij = kij
∑N

k=1

(
Qij

)
k
(zk − zk−1) i, j = 45 (8)

Where N is the number of layers of the RLCP,
(
Qij

)
k
is the transformed stiffness

coefficients in the kth layer, zk and zk−1 are distances from the top and bottom surfaces
to the kth layer from the plate’s mid-plane, respectively, and kij are the shear correction
factors.

The potential energy of the RLCP can be expressed as:

UP =
1

2

∫ a

0

∫ b

0

(
Nxε

0
x +Nyε

0
y +Nxyγ

0
xy +Mxκx +Myκy +Mxyκxy +Qyzγyz +Qxzγxz

)
dy dx (9)

By inserting Equations (2)–(4) into Equation (9), the potential energy can be
obtained as:

UP = 1
2

∫ a
0

∫ b
0 [A11u

2
0,x +A22v

2
0,y +A66

(
u20,y + v20,x + 2u0,yv0,x

)
+D11ψ

2
x,x +D22ψ

2
y,y

+D66

(
ψ2
x,y + ψ2

y,x + 2ψx,yψy,x
)
+A44

(
ψ2
y + w2

0,y + 2ψyw0,y

)
+A55

(
ψ2
x + w2

0,x + 2ψxw0,x

)
+2A12u0,xv0,y + 2A16 (u0,y + v0,x)u0,x + 2B11ψx,xu0,x + 2B12ψy,yu0,x + 2B16 (ψx,y + ψy,x)u0,x

+2A26 (u0,y + v0,x) v0,y + 2B12ψx,xv0,y + 2B22ψy,yv0,y + 2B26 (ψx,y + ψy,x) v0,y + 2B16ψx,x (u0,y + v0,x)

+2B26ψy,y (u0,y + v0,x) + 2B66 (ψx,y + ψy,x) (u0,y + v0,x) + 2D12ψy,yψx,x + 2D16 (ψx,y + ψy,x)∅,x

+2D26 (ψx,y + ψy,x)ψy,y + 2A45(ψx + w0,x)(ψy + w0,y)]dydx

(10)

The kinetic energy formulation for the considered RLCP is obtained as follows:

T =
1

2

∫ a

0

∫ b

0

[
I0

(
u2,t + v2,t + w2

,t

)
+ 2I1u,tψx,t + v,tψy,t + I2ψ

2
x,t + ψ2

y,t)
]
dy dx (11)

Where (I0, I1, I2) show the mass moment of inertia obtained based on the bellow
expression:

(I0, I1, I2) =

∫ h/2

−h/2
ρ(z)

(
1, z, z2

)
dz (12)

3. Governing equations of motion

The global matrix of stiffness [K] and the global matrix of mass [M ] can be
obtained through assembling the local matrix of stiffness and the local matrix of
mass, respectively. In order to implement the elastic boundary conditions, the elastic
coefficients can be entered into the corresponding principal diagonal arrays within the
global stiffness matrix. Next, the relations of motion related to the whole free vibrating
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system can be formulated as [29]:

[M ]
{
∆̈
}
+ [K] {∆} = {0} (13)

Where {∆} encompasses the degrees of freedom for the total number of nodes of
the presented FE model. In addition, by considering {∆} = {∆0} eiωt and λ = ω2, the
relation (13) is rewritten as:

([K]−λ[M ]) {∆0} = 0 (14)

Where {∆0} contains the mode shapes vectors of the studied RLCP andω shows
the corresponding natural frequencies. The non-zero solution of Equation (14) can be
obtained through solving det([K] − λ[M ]) = 0. This procedure leads to the mode shapes
and their corresponding natural frequencies. The mentioned procedure is programmed
and implemented employing MATLAB software.

Entering single-damage into the FE model
In this investigation, the single damages are applied to the FE model before

assembling them in the global stiffness matrix via multiplying a given number called α
as a damage index by local stiffness matrix ([Ke]) in FEMMatlab code for every single
damage scenario [30]:

[Ke]d = α[Ke] (15)

Where [Ke]d denotes the local stiffness matrix of a typical damaged element of
the RLCP.

By employing the one-dimensional discrete wavelet transformation (1D-DWT), it
is possible to decompose a given 1D-signal f(x) into an approximation signal plus detail
signals as [31]:

f(x) = Aj(x) +
∑

j<J
Dj(x) (16)

Where j is the level related to the wavelet decomposition.
The approximation signals related to the level j are expressed as:

Aj(x) =
∑+∞

k=−∞
cAj,kϕj,k(x) (17)

Where cAj,k It shows coefficients related to the approximation signal at the level
j. In addition, ϕj,k(x) denote the scaling function at the level j.

The detail sub-signals related to the level j are expressed as:

Dj(x) =
∑

kϵZ
cDj,kψj,k(x) (18)

Where cDj,k are coefficients of detail signal at the level j. Besides, ψj,k(x) is
called wavelet function.

In wavelet transformations, the vanishing moment is the most significant
determinant affecting the identification of damages or faults in signals. When a
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wavelet transform has n vanishing moments, the following equation has to be satisfied:∫ +∞

−∞
xiψ(x)dx = 0, i = 1, 2, . . . , n− 1b) (19)

The one-dimensional scaling and wavelet functions can be extended as
two-dimensional scaling and wavelet functions because the 2D-wavelet transformation
may be presented in the form of tensor products concerning the 1D-wavelet
transformation as [32]:

ϕ(x, y) = ϕ(x)ϕ(y)

ψH(x, y) = ϕ(x)ψ(y)

ψV (x, y) = ψ(x)ϕ(y)

ψD(x, y) = ψ(x)ψ(y)

(20)

where ϕ(x, y) is the scaling function. ψH(x, y), ψV (x, y), and ψD(x, y) are the
wavelet transformation functions applied in horizontal, vertical, and diagonal directions,
respectively [32].

Therefore, the 2D-signal f(x,y) or the image may be decomposed into four various
quarter-sized images (i.e., Wϕ as an approximation sub-image, and WH

ψ , W V
ψ , WD

ψ

as detail sub-images in horizontal, vertical, and diagonal directions, respectively) at
level j.

In this paper, single-level 2D-DWTs decompose the 2D vibration amplitude
signals related to the studied damaged RLCP. Also, the diagonal detail signal is used
as the damage index because, according to the literature, the diagonal detail signal is
considered themost effective for identifying point damages (damages that do not extend
in horizontal or vertical directions).

Assuming the size of I(i, q) is n × m, the following relation is related to the
diagonal detail signal obtained from the two-dimensional discrete wavelet transform:

DD
j,m,n(i, q) =

1

2

m−1∑
i=0

n−1∑
q=0

I(i, q)2
−j
2 ψD(2−ji−m, 2−jq − n) (21)

where I(i, q) is the original two-dimensional signal (i.e., mode shape), DD
j,m,n(i, q)

denotes the diagonal detail signal.

4. Results

In general, the effects of changes in the parameters of the laminated composite
can be investigated from two aspects: the effect of parameters on the vibration signals,
and the effect of parameters on outputs of wavelet transforms. Here, both aspects
are investigated. Note that the sensitivity of wavelet-based approaches to damage is
generally higher in higher-order modes. Thus, in this study, we used the fourth mode
shape. Also, the wavelet transform is inherently weak in detecting damage at the edges
of the structure; therefore, in the damage scenarios, no damage at the boundary of the
structure is considered.
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4.1. Effects of lay-ups and number of layers
In this section, numerical investigations on the effects of lay-ups and the number

of layers on damage detection of RLCP are presented. First, a general finite element
program is developed to cover the vibration analysis of RLCPs with the different
numbers of layers and stacking-ups and generate the corresponding vibration amplitude
signals. A nine-node rectangular element in each node with five degrees of freedom
is used to mesh the RLCPs. As seen in Figure 2 and Table 1, the studied RLCPs are
divided into 15 × 15 finite elements. It is assumed that actual single damage exists at
location (i, j) = (5,5), and damage severity is 50%.

(a) (b)

Figure 2. (a) 3D view of RLCPs divided as 15 × 15 finite elements; (b) Top view of RLCPs
divided as 15 × 15 finite elements with damage location studied in the current research (with
the level of 50%).

Table 1. Damage scenarios in the current numerical investigation.

Scenario
Damage location Damage severity

Number of layers
i j 50%

S1 5 5 50% 2
S2 5 5 50% 3
S3 5 5 50% 4
S4 5 5 50% 6

After trial-and-error simulations, it is found that the Symlet wavelet function
with vanishing moments 4 is the best mother wavelet function for this numerical
investigation. Note that while different wavelet functions can yield varying responses,
we maintained a constant wavelet function to isolate the effects of geometric,
dimensional, and material parameters on damage detection in our parametric study.
Also, wavelet transforms are applied at level 1 in all scenarios.

Figure 3 shows laminated composites’ parameters for scenarios 1 and 2. Figure 4
indicates laminated composites’ parameters for scenarios 3 and 4.
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Case 1: Lay-up 1: [0◦/45◦]
Case 2: Lay-up 2: [90◦/0◦]

(a) Scenario 1 (S1).

Case 1: Lay-up 1: [0◦/90◦/0◦]
Case 2: Lay-up 2: [90◦/0◦/90◦]

(b) Scenario 2 (S2).

Figure 3. Laminated composites’ parameters for scenarios 1 and 2.

Case 1: Lay-up 1: [0◦/90◦/90◦/0◦]
Case 2: Lay-up 2: [0◦/30◦/60◦/0◦]

(a) Scenario 1 (S1).

Case 1: Lay-up 1: [−45◦/45◦/−45◦/45◦/−45◦/45◦]
Case 2: Lay-up 2: [45◦/−45◦/45◦/−45◦/45◦/−45◦]

(b) Scenario 4 (S4).

Figure 4. Laminated composites’ parameters for scenarios 3 and 4.

Table 2 shows characteristics of the studied finite element model of the RLCPs
for evaluating the effects of lay-ups and the number of layers.

Table 2. Characteristics of the studied finite element model of the RLCPs.

Description or valueParameter

a 0.2 m
b 0.2 m
h 0.1a

15Dividing elements × 15
Shear Factor ks = 5/6

Young’s modulus E22 = 9.65 GPa, E11 = 25× E22

Shear modulus G12 = G13 = 0.5, E22G13 = 0.2E22

Poisson’s ratios ν12 = 0.25, ν21 = E22
E11

ν12
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Scenario 1
In scenario 1, damage detection is performed for two different two-layer RLCPs.

The first is related to an RLCP with lay-up [0◦/45◦] and then with the lay-up [90◦/0◦].
Scenario 2
In scenario 2, damage detection is done for two different two-layer RLCPs. The

first is related to an RLCPwith lay-up [0◦/90◦/0◦] and then with the lay-up [90◦/0◦/90◦].
Figure 5: (a) Contour plot of damaged signal of scenario 2 for Lay-up 1, (b)

contour plot of damaged signal of scenario 2 for Lay-up 2, (c) plot of wavelet coefficient
of scenario 2 for Lay-up 1 at level 1, (d) plot of wavelet coefficient of scenario 2 for
Lay-up 2 at level 1.

Scenario 1, case 1. Scenario 1, case 2.

Scenario 2, case 1. Scenario 2, case 2.

Scenario 3, case 1. Scenario 3, case 2.

Figure 5. Cont.
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Scenario 4, case 1. Scenario 4, case 2.

Figure 5. Signals obtained from the developed FE model for intact rectangular laminated
plates are described in four scenarios.

Scenario 3
In scenario 3, damage detection is done for two different two-layer RLCPs. The

first is related to an RLCP with lay-up [0◦/90◦/90◦/0◦] and then with the lay-up
[0◦/30◦/60◦/0◦].

Figure 5: (a) Contour plot of damaged signal of scenario 3 for Lay-up 1, (b)
contour plot of damaged signal of scenario 3 for Lay-up 2, (c) plot of wavelet coefficient
of scenario 3 for Lay-up 1 at level 1, (d) plot of wavelet coefficient of scenario 3 for
Lay-up 2 at level 1.

Scenario 4
In scenario 4, damage detection is done for two different two-layer RLCPs. The

first is related to an RLCP with lay-up [−45°/45°/−45°/45°/−45°/45°] and then with the
lay-up [45°/−45°/45°/−45°/45°/−45°].

Figure 6 demonstrates signals obtained from the developed FE model for intact
rectangular laminated intact plates described in four scenarios. Figure 7 demonstrates
signals obtained from the developed FEmodel for damaged rectangular laminated intact
plates described in four scenarios.

Scenario 1, case 1. Scenario 1, case 2.

Figure 6. Cont.
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Scenario 2, case 1. Scenario 2, case 2.

Scenario 3, case 1. Scenario 3, case 2.

Scenario 4, case 1. Scenario 4, case 2.

Figure 6. Signals obtained from the developed FE model for damaged rectangular laminated
intact plates described two scenarios in Figure 5.

As seen in Figure 6, when the rectangular laminated composite plates are intact,
the geometry of their form signals is entirely symmetric in all scenarios and cases. Also,
Figure 6 shows that when the rectangular laminated composite plates are damaged,
there are no symmetric signals in all scenarios and cases. In other words, asymmetry
in the geometric shape of the signal indicates the structure is damaged.
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Scenario 1, case 1. Scenario 1, case 2.

Scenario 2, case 1. Scenario 2, case 2.

Scenario 3, case 1. Scenario 3, case 2.

Scenario 4, case 1. Scenario 4, case 2.

Figure 7. Results of damage detection by 2D-DWT for four damage scenarios.
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According to Figure 7, it is found that a change in lay-ups in a given number
of layers in RLCPs sometimes changes the detected location of damage, but very
slightly, partially, and not significantly. In scenario 4, for the six-layer RLCP with
lay-ups [−45°/45°/−45°/45°/−45°/45°] and [45°/−45°/45°/−45°/45°/−45°], damaged
signals and wavelet coefficients are the same. According to Figures 6 and 7, as the
number of layers of RLCPs increases or changes, the damaged signals change; as a
result, wavelet coefficients change. Also, an increase in the number of layers of RLCPs
has no negative or positive effect on the accuracy of damage detection.

4.2. Effects of changes in material properties
In this section, numerical investigations on the effects of changes in material

properties on damage detection of RLCP are presented. It is assumed that the single
damage is located at the position (i, j) = (5, 5), and the level of damage is 70%. Figure
8 shows the laminated composites’ parameters in two scenarios for investigating the
effects of changes in material properties on damage detection of RLCPs.

Scenario 1: [0◦/45◦]
Description or valueParameter

a 0.2
b 0.2
h 0.2a

15Dividing elements × 15
Shear Factor ks = 5/6

Young’s modulus E22 = 8 GPa E11 = 30× E22

Shear modulus G12 = G13 = 0.6E22, G23 = 0.3E22

Poisson’s ratios ν12 = 0.24, ν21 = E22

E11
ν12

(a) Scenario 1 (S1).

Scenario 2: [0◦/45◦]
Description or valueParameter

a 0.2
0.2b

h 0.2a
15Dividing elements × 15

Shear Factor ks = 5/6

Young’s modulus E22 = 7.20 GPa, E11 = 20× E22

Shear modulus G12 = G13 = 0.5E22, G23 = 0.2E22

Poisson’s ratios ν12 = 0.23, ν21 = E22

E11
ν12

(b) Scenario 2 (S1).

Figure 8. Laminated composites’ parameters in two scenarios for investigating the effects of
changes in material properties on damage detection of RLCPs.

Figure 9 indicates signals obtained from the developed FE model for damaged
rectangular laminated intact plates described two scenarios in Figure 8.
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Scenario 1: Intact case. Scenario 1: Damaged case.

Scenario 2: Intact case. Scenario 2: Damaged case.

Figure 9. Signals obtained from the developed FE model for damaged rectangular laminated
intact plates described two scenarios in Figure 8.

As seen in Figure 9, when the rectangular laminated composite plates are intact,
the geometry of their form signals is entirely symmetric in all scenarios and cases. Also,
Figure 9 shows that when the rectangular laminated composite plates are damaged,
there are no symmetric signals in all scenarios and cases. As mentioned, asymmetry in
the geometric shape of the signal indicates the structure is damaged.

According to Figure 10, it is found that changes in material properties in RLCPs
changes detected the location of damage significantly.

Scenario 1 Scenario 2

Figure 10. Results of damage detection by 2D-DWT for two damage scenarios for
investigating the effects of changes in material properties on damage detection of RLCPs.
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4.3. Effect size and thickness
In this section, numerical investigations on the effects of size and thickness on

damage detection of RLCP are presented. It is assumed that the single damage is
located at the position (i, j) = (10, 8), and the level of damage is 70%. Figure 11 shows
the laminated composites’ parameters in two scenarios for investigating the effects of
changes in size and thickness on damage detection of RLCPs.

Scenario 1: Lay-up: [0◦/45◦]
Description or valueParameter

a 0.9
b 0.9
h 0.2a

15Dividing elements × 15
Shear Factor ks = 5/6

Young’s modulus E22 = 800× 107, E11 = 30× E22

Shear modulus G12 = G13 = 0.6E22, G23 = 0.3E22

Poisson’s ratios ν12 = 0.24, ν21 = E22

E11
ν12

Scenario 2: Lay-up: [0◦/45◦]
Description or valueParameter

a 0.2
b 0.2
h 0.1a

15Dividing elements × 15
Shear Factor ks = 5/6

Young’s modulus E22 = 800× 107, E11 = 30× E22

Shear modulus G12 = G13 = 0.6E22, G23 = 0.3E22

Poisson’s ratios ν12 = 0.24, ν21 = E22

E11
ν12

Figure 11. Laminated composites’ parameters in two scenarios for investigating the effects of
changes in size and thickness on damage detection of RLCPs.

Figure 12 shows damaged signals and damage locations detected by 2D-WT for
investigating the effects of size and thickness on damage detection of RLCPs.

Damage location detected.Damaged Signal.
Scenario 1

Figure 12. Cont.
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Damaged Signal. Damage location detected.
Scenario 2

Figure 12. Damaged signals and damage locations detected by 2D-WT for investigating the
effects of size and thickness on damage detection of RLCPs.

As seen in Figure 12, change in size and thickness in RLCPs varies detected
location of damage but very slightly, partially, and not significantly.

5. Conclusion

Damage detection using the wavelet transform method is proposed as one of the
efficient methods. Several researches have been conducted to identify damage using
the wavelet transform method in the laminated composite plate. On the other hand,
different properties and parameters of composite laminate sheets significantly affect
their performance and behavior. Among these studies, no research has investigated
the effects of changes in the various properties of the laminate composite plate on the
accuracy of damage detection. The purpose of this study is to fill this research gap. Note
that noise can significantly affect the wavelet coefficients and the damage localization
results. However, we needed an equal condition to examine the effect of the parameters.
Due to the random nature of noise, the presence of random noise could have had a side
effect in tracking the magnitude of the effects of different parameters.

Based on the findings of the forthcoming research, the following conclusions are
presented:

• When the rectangular laminated composite plates are intact, the geometry of their
form signals is entirely symmetric in all scenarios and cases.

• Asymmetry in the geometric shape of the signal indicates the structure is damaged.
• It is found that change in lay-ups in a given number of layers in RLCPs sometimes

changes the detected location of damage, but very small and partial and not
significantly.

• As the number of layers of RLCPs increases or changes, the damaged signals
change; as a result, wavelet coefficients change.

• An increase in the number of layers of RLCPs has no negative or positive effect on
the accuracy of damage detection.

• It is found that changes in material properties in RLCPs changes detected the
location of damage significantly.
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• Change in size and thickness in RLCPs varies with the detected location of damage,
but very slightly, partially, and not significantly.

This research was limited by its examination of single damage scenarios and the
lack of noise consideration, which future studies should address.
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