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 This study examines the free vibration behavior of composite laminated plates featuring 

various delaminated regions and stacking sequences. Utilizing the first-order shear 

deformation theory (FSDT) in combination with the finite element method, the natural 

frequencies of these plates are analyzed. Specifically, the investigation considers laminated 

plates with different numbers, sizes, and geometric arrangements of delaminated regions 

across several stacking sequences. The numerical results reveal notable trends in how natural 

frequencies vary and how delamination size affects them, highlighting a strong dependence 

on the stacking sequence of the layers. Furthermore, the findings demonstrate that the impact 

of multiple delaminated regions on the natural frequencies is less significant than the 

cumulative effect of these delaminations concentrated in a single location, with this 

discrepancy influenced by the frequency order and stacking configurations. 
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1. Introduction 

Among the structural elements, continuous 
fiber-reinforced laminates are the most widely 
used in several engineering fields including 
aerospace engineering, automotive industry, 
sports equipment, military weapons, etc. Thus, 
evaluation of the defect/ imperfection effects on 
the mechanical properties of composite 
laminated plates is essential for the application 
and structural health monitoring (SHM) of the 
structures containing these structural elements. 
The delamination of the laminates that can occur 
during the manufacturing process or service life 
may cause a catastrophic failure in the structures. 
According to the structural specification of the 
laminates, a difference in mechanical behavior 
between adjacent layers results in severe stress 
concentrations near the delaminated region. 

Also, the existence of any effective delamination 
causes the stiffness reduction of the structures 
which affects their dynamic characteristic. 

There are many theories and approaches have 
been developed for modeling and analyzing the 
delamination in composite structures during the 
past few decades [1-4]. In this regard, many 
studies have been done on the free-vibration 
behavior of composite laminated beams and 
plates [5-8]. However, many studies have focused 
on the improvement of prior theories or 
presented new theories. Among these numerous 
studies, Reddy et al. [9-10] extended the layer-
wise laminate theory to analyze the multiple 
delamination effect. They modeled the 
delamination by jump discontinuity conditions at 
the interfaces. Also, the strain energy release rate 
distribution along the boundary of delaminations 
was computed by a different algorithm in their 
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work.  Ju et al. [11] suggested a finite element 
formulation for the modal analysis of the 
laminated plates with multiple delaminations. 
Their method analyses the effect of transverse 
shear deformations and the bending-extension 
coupling caused by the presence of delaminations 
and can be easily used to compute the natural 
frequencies and mode shapes of delaminated 
plates with any boundary conditions. A 
generalized layerwise finite element model was 
developed to analyze the delaminated region in 
the presented study by Kim et al [12]. They 
investigated the effect of multiple delaminations 
on the natural frequencies of laminated plates 
with symmetric stacking sequences in terms of 
number, placement, and mode shapes. The 
variation of curvature of vibration mode caused 
by delamination has been studied in detail in the 
work of Hu et al. [13]. Yam et al. [14] analyzed 
natural frequency, modal displacement, and 
modal strain for laminated plates with different 
dimensions of delamination. They found that 
delamination-induced change of deformation is 
more sensitive than that of frequency, and 
changes of both displacement and strain are 
mode-dependent. Kou [15] investigated the effect 
of delamination on natural frequencies of simply 
supported rectangular cross-ply and angle-ply 
laminates using the finite strip method. 
Hammami et al. [16] investigated the effect of 
increasing delamination length on the linear and 
nonlinear behavior of glass fiber-reinforced 
plastics. They presented that the natural 
frequencies decrease with the debonding length 
according to the linear vibration analysis. Also, 
they indicated the resonance frequency shift with 
increasing excitation amplitude based on 
nonlinear vibration analysis. In the experimental 
work of Khazaee et al. [17] a comprehensive 
investigation has been stated for the analysis of 
delamination effects on modal parameters of 
carbon fiber reinforced polymers (CFRP). They 
tried to justify their results using damping 
mechanisms of composite materials. They also 
claimed that their approach was able to detect 
damage in carbon composite laminates as small 
as 5% of delamination area. He et al. [18] 
investigate the effect of contact properties of 
delamination regions on the modal parameters of 
the composite laminated plate. Also, they 
analyzed the contact damping using a viscoelastic 
Coulomb friction model. The free vibration and 
impact response of laminated plates with 
interfacial delamination were considered by 
Yang et al. [19]. Their results indicate that 
delamination reduces the natural frequencies 
and the middle plane delamination possesses the 
largest damage effect. In the work of Kumar et al. 
[20] the modal analysis of delaminated 
composite shell structures with double curvature 

geometry was considered. They observed that 
the effect of delamination on shell structure is 
more predominant in comparison with respect to 
the plate structures. Day et al. [21] used a finite 
element method to determine the effects of 
location of delamination on free vibration 
characteristics of graphite-epoxy cross-ply 
composite pre-twisted shallow conical shells. 
Menezes et al. [22] worked on a new numerical-
experimental methodology to indicate the effect 
of design parameter variations on the dynamic 
response of filament wound cylinders. 

A considerable amount of analytical models 
and numerical analyses have been stated for the 
localization of delamination. In fact, one of the 
main results of the SHM is indicating the 
delamination size, location, and configuration in 
the structures. As one of the latest researchers, 
He et al. [23] carried out the detection of 
delamination properties in two steps. The first 
step was based on the global damage index, 
which is the changes in multiple modes of 
frequencies. In the second step, the changes have 
been considered based on the wavelength of 
multiple fiber Bragg grating sensors as the local 
damage index. Joy et al. [24] analyzed the 
absolute errors of different surrogate modeling 
techniques. They also used the standard 
deviation of predictions made by the surrogate 
model to quantify the areas of uncertainty in the 
design space. The study of Lim et al. [25] presents 
an alternative strategy for the simultaneous 
predictions of location parameters of 
delamination in laminated plates grounded on 
the combination of random forests (RF) and 
natural frequency-shift damage assessment 
methods. Tong et al. [26] believe that most 
studies have received scarce attention to the 
prediction of delamination interface. They built 
individual surrogate models to indicate this 
parameter. Maurya et al. [27] used an artificial 
neural network (ANN) to determine 
delamination defects in carbon fiber-reinforced 
polymer composite. They claimed that the ANN 
can predict the delamination length and location 
in the composite laminated plate.  Zhang et al. 
[28] proposed a new surrogate-assisted 
optimization (SAO) method for predicting the 
location and size of delaminations in laminated 
plates using natural frequency shifts.  In the study 
of Sha et al. [29] delamination-induced relative 
natural frequency change curves in laminated 
composite beams have been analyzed. A novel 
delamination indicator was developed based on 
mode shape and the results of their analysis. 
Genetic algorithms are another approach that is 
considered by researchers for delamination 
detection in laminates [30-32]. Nag et al. [33] 
derived a genetic algorithm for damage 
identification. The combination of their algorithm 
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and finite element model led to accepted results 
in the prediction of delamination using frequency 
changes. Krawczuk et al. [34] analyzed genetic 
algorithms in the delamination identification 
process by setting nature frequencies as damage 
indicators. The optimization goal was to 
maximize the value of the assurance criterion of 
damage location in their work.  

Recent studies have delved into the 
vibrational analysis of delaminated composite 
laminated plates, focusing on how delamination 
affects their natural frequencies. Xia et al. [35] 
employed a finite element model incorporating a 
cohesive zone to simulate delamination, finding 
that increased delamination size and proximity to 
the plate's center significantly decrease natural 
frequencies, with mode shapes showing notable 
changes in delaminated regions. Krawczuk, 
Ostachowicz, and Żak [36] developed a finite 
element model for delaminated composite 
beams, demonstrating that both the length and 
position of delamination substantially alter 
natural frequencies, emphasizing the importance 
of accurate delamination modeling in predicting 
vibrational behavior.  

This manuscript attempts to find criteria for 
the assessment of the laminated plates 
containing internal delaminated regions using a 
comparison of their vibration behavior based on 
structural parameters and delamination 
geometry. In general, there is a lack of both 
numerical and experimental investigations on 
delaminated regions with different numbers and 
arrangements in laminated composites with 
different stacking sequences. This study has 
attempted to understand how multiple 
delaminated regions, compared to a single 
delaminated region with an equivalent total area, 
influence the vibrational properties of the plate. 
The results can help to produce a criterion for 
non-destructive inspection (NDI) of laminated 
structures. 

2. FEM Implementation (Theory) 

As shown in Fig. 1 a delaminated composite 
plate is considered where the delaminated region 
is located at the mid-plane of the plate. The 
numerical analyses are performed using ABAQUS 
software. According to the laminated plate 
specification, a full 3-D geometry is modeled 
using the continuum shell element known as 
SC8R. Also, in this model, all edges of the plate 
have simply supported conditions. 

The SC8R element in ABAQUS software is a 
reduced-integration shell element specifically 
designed for modeling multilayered structures 
and shell configurations. It is particularly suitable 
for analyzing composite materials and 
multilayered plates. SC8R is an eight-node 
quadrilateral shell element where each node has 

six degrees of freedom (three translational and 
three rotational). This element is commonly used 
in structural analyses such as composite layup 
studies, dynamic and static evaluations, and 
stability or buckling assessments. 

SC8R uses reduced integration to lower 
computational costs and prevent shear locking, a 
common issue in thin-shell modeling. This 
technique employs a single integration point at 
the center of the element, enhancing 
computational efficiency. The element supports 
the modeling of laminated plates with different 
layer properties, such as thickness, fiber 
orientation, and material characteristics. It is 
particularly effective for accurately determining 
the stress and strain distributions across the 
layers of a composite structure. The element 
relies on classical laminated plate theory (CLPT) 
and first-order shear deformation theory (FSDT) 
to account for the mechanical behavior of 
laminated shells, including shear deformation 
effects. 

The SC8R element assumes a linear variation 
of strain through the thickness and incorporates 
shear deformation for more accurate results in 
moderately thick shells. It uses reduced-
integration techniques to minimize locking 
effects, such as shear locking or volumetric 
locking. Materials can be defined as isotropic or 
anisotropic, making the element versatile for 
composite modeling where fiber angles and ply 
orientations significantly affect the structural 
response. 

The mathematical formulation includes 
strain-displacement relationships derived from 
shear deformation theory, equilibrium equations, 
and stiffness matrices. The stiffness matrix is 
typically expressed in terms of the ABD matrix, 
which combines in-plane and bending stiffness 
contributions for multilayered laminates. For a 
laminate with multiple layers, the total thickness 
is computed as the sum of individual layer 
thicknesses, and the ABD matrix incorporates the 
material properties and fiber orientations of all 
layers. This ensures an accurate representation 
of the composite’s mechanical behavior under 
various loading conditions. 

The First-Order Shear Deformation Theory 
(FSDT), also known as the Mindlin-Reissner plate 
theory, is a widely used approach for analyzing 
the behavior of laminated composite plates, 
particularly when transverse shear deformation 
effects are significant. It is especially suitable for 
thick plates, where classical plate theory (CPT) 
may be inaccurate due to its neglect of shear 
deformation. FSDT assumes that a straight line 
normal to the mid-surface before deformation 
remains straight but not necessarily normal after 
deformation, accounting for shear deformation. 
This leads to a displacement field expressed as: 
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where 0u , 0v , 0w  are Mid-surface displacements. 
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Fig. 1. Schematic view of considered laminated plate with 
delamination 

Generally, the definition of the interaction 
behavior of adjacent layers in the delamination 
region is the effective parameter that determines 
the dynamic characterization of the plate. The 
actual status of delamination is simulated using 
extremely thin empty space to avoid modeling 
complexities. This empty space is inserted 
between the upper and lower sub-laminates 
within the delaminated region. The thickness of 

empty space is specified as 5 µm in this study. The 
considered thickness avoids the contact 
interaction of the elements in the delaminated 
regions. Based on the mesh study of the model, 
3600 elements (60×60) were used to discretize 
the models. Also, only one element was utilized 
through the thickness according to the layering 
phenomena and integration point of the specified 
element. As shown in Fig.3, the number of 
elements was distributed along the sides of the 
model in such a way that the number of elements 
in the delaminated zone is a function of its area. 
This method allows for comparing the results of 
different models. 

Calculating the stiffness matrix is the most 
important step in the finite element analysis of a 
laminated plate containing delamination zones. 
The presence of delamination can cause a 
significant reduction in stiffness and strength of 
the laminates. Obviously, to investigate the effect 
of delamination in natural frequencies, finite 
element modeling should be done in such a way 
that the separation of layers in the delaminated 
region has an effect on the final stiffness matrix of 
the structure. Based on the modal analysis, inter-
layer failure behavior will not be considered. So, 
by avoiding methods such as cohesive zone 
modeling, the delamination is modeled as an 
empty space between the layers as stated earlier. 

 
Fig. 2. Meshing of the laminated plate with 20%  

delaminated region 

As shown in Fig. 2, the modeled empty space 
can be assumed as an inter-layer element with 
null mechanical properties. Thus, the definition 
of the element stiffness matrix for the 
delaminated area can be presented as follows: 
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(5) 

 

in this equation, B is the matrix of shape function 
derivatives for the M1 and M2 layers and 
interface space. Also, D represents the stiffness 
matrix of the layers. The superscripts of Int 
denote the interface space. The presented 

element matrix is a typical laminate containing 
two layers connecting with a specified interface 
space (see Fig. 3). Based on the mentioned above, 
an empty space can be assumed as an inter-layer 
element with null mechanical properties. So, DInt 
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relates to the interface properties of the layers 
which are assumed null for elements located in 
the delamination region.  

 
Fig. 3. Implementing of interface space between layers 

3. Result and Discussion 

In this study, the considered laminated plate 
is a square four-layer plate with various stacking 
sequences of layers. A T300 carbon-epoxy 
composite plate, with dimensions 300×300 mm2 
and 2 mm (4×0.5 mm) thickness is considered. 
The results based on the ABAQUS solution are 
stated here for simply supported boundary 
conditions. In the following, the effect of the 
stacking sequence of the layers, delaminated 
area, the size, number, and different 
arrangements of delaminated regions are 
analyzed on the natural frequency of the 
composite laminated plates. Before the 
presentation of the numerical results, verification 
of the presented finite element models is needed. 

3.1.  Validation  

The proposed model herein proposed needs 
to be validated. To this aim, the vibrating 
behavior of a laminated plate with a specified 
delaminated region is considered according to 
the literature [10]. The results are successfully 
compared to predictions from the literature. In 
this validation, the laminated plate is made of 
composite material with the properties 
presented in Table 1. According to the mentioned 
literature, the delaminated region is placed in the 
middle of the laminate at the interface of mid-
layers and its area is 0.125 × 0.125 m2.  

Table 1. Material properties considered for validation 

E1  E2  G12  

12 13 =  23  

    

GPa Kg/m3 

132 5.3 2.79 0.291 0.3 1446.20 

 
Fig. 4. Comparison of the natural frequencies of the 
literature [10] and obtained from the present model 

Figure 4 compares the natural frequencies of 
the designed model with the results from the 
literature. As expected, there is some difference 
between the present results and those given 
mentioned reference. This could be due to the 
difference between the element properties and 
the theories used in the present study and the 
mentioned literature.  

3.2.  Stacking Sequence Effect 

Natural frequencies of the laminated plates 
with different sizes of delaminations and 
different stacking sequences are presented in this 
section. In this study, the variation of the natural 
frequencies as a function of the delaminated area 

ratio, dA  , for the seven first modes is analyzed. 

where 

 
100

 
d

delamination area
A

plate area
=  (6) 

The material properties and stacking 
sequences of the considered samples are 
presented in Table 2. In this study, the plates are 
composed of four layers made of unidirectional 
fabric fibers. Four layers represent the minimum 
number of layers for a multilayered plate, 
allowing for the investigation of various layup 
configurations. Increasing the number of layers 
will undoubtedly reduce the influence of the 
layup arrangement and fiber angles on the 
results. 

In these samples, the delaminated region is 
placed in the middle of the plate and interface of 
layers 2 and 3 of the laminate. Also, the 
delaminated area ratio, dA  is considered 

between 10 to 60% for each laminate.  

According to the plots shown in Figs. 5 to 7, 
the variation trend of natural frequencies of the 
considered models are function of the stacking 
sequences of the layers for each size of 
delaminated area.  
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As shown in Fig. 5, the numerical results of the 
symmetric laminate indicate that the variation 
trends of natural frequencies are different for 
each delaminated area ratio and vibration mode. 
According to the results, the increase in 
delaminated area ratio has a reducer effect on 
natural frequency for all mode shapes. This 
phenomenon can help to evaluate the size of the 
delaminated region accurately using specified 
mode shape and natural frequency for the 
symmetric laminates. 

 
Fig. 5. Natural frequencies of the symmetric laminates 

according to the delaminated area ratio (Ad) 

Based on Fig. 6, the results of the 

antisymmetric laminate showed that the reducer 

effect of delamination size is not the same for 

each mode shape.  In fact, there is no specific 

trend based on the delaminated area ratio before 

the sixth mode. Therefore, it can be concluded 

that the higher mode shapes (here sixth and 

seventh modes) can be used to predict 

delamination characteristics for antisymmetric 

laminates. 

 
Fig. 6. Natural frequencies of the antisymmetric laminates 

according to the delaminated area ratio (Ad) 

As presented in Fig. 7, the trends of the results 
are similar to the antisymmetric laminate for 
cross-ply laminate. The numerical results stated 
that the reducer effect of delamination size was 
achieved only for mode seven in the first seven 
vibration modes. In general, the numerical 
results of the symmetric and anti-symmetric 
laminate indicated that decreasing the natural 
frequency is not necessarily a function of 
increasing the delamination area in lower mode 
shapes. The numerical results indicate that from 
mode 6 onwards, the outcomes reach a certain 
regularity. 

 
Fig. 7. Natural frequencies of the cross-ply laminates 

according to the delaminated area ratio (Ad) 

Table 2. The characteristics of the constituent material of the considered laminated plates 

Laminated plate Symmetric Antisymmetric Cross ply 

  30 / 60
s

  30 / 60 / 60 / 30− −   
2

0 / 90  

E1= E2 (Pa) E3 (Pa) G12 (Pa) 12 13 =  23  ( )3
  /Kg m  

70 10 10 0.1 0.2 1800 
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3.3. Effect of Delaminated Region 
Arrangements  

Generally, specification of the region 
containing several defects and analysis of the 
effective parameters of this region is an 
important topic in health monitoring of the 
laminated plates and shells. So, the effect of the 
number and arrangement of delaminated regions 
are the other parameters that are investigated in 
this study. The ratio of the area containing all 
delaminated regions (called high-risk zone) to 
the total area of the laminated plate is the 
parameter that is used to analyze the number and 
arrangement of the delaminated regions. As 

shown in Fig. 8, the high-risk zone ratio, 
dA  , is 

defined as follows: 

  
100

  

 
d

area of high risk zone
A

plate area
 =  (7) 

Briefly, the obtained natural frequencies of 
the many considered models indicated that the 
effect of several delaminated regions is different 
from their sum in one location. In this study, the 
effect of some delaminated regions in different 
locations is analyzed on the natural frequencies 
of the laminated plates. The comparison of the 
achieved results with the natural frequencies of 
the intact laminated plate and the main 
delaminated plate (a laminate that contains a 
delaminated region with the same size as the sum 
of all delaminated regions) is the aim of the 
following sections.  

3.3.1.  Two Delaminated Regions 

According to Fig. 8, a delaminated region with 

a 20% delaminated area ratio, is divided into two 

equal delaminated regions in the modeling of the 

plate. The delaminated regions are located in four 

positions at different distances from each other.  

The analysis of these models with specifications 

presented in Table 2 showed different results 

based on the stacking sequences.  

As shown in Fig. 9, the numerical results of the 
symmetric laminate with two delaminated 
regions stated that the natural frequencies of all 
modes are between the frequency of the intact 
laminate and the main delaminated plate. 
Therefore, if the natural frequency of the 
delaminated plate (in comparison with the intact 
plate) is considered as a criterion to determine its 
health level, it can be concluded that the 
destructive effect of two delaminated regions 
with different distances is less than one 
delaminated region with an area equal to the sum 
of those areas. 

 
Fig. 8. The view of the four locations of the two  

delaminated regions 

In this study, the percentage of the frequency 
shift of the samples is defined as  

sdr mdp

sdr

-
  (%) 100

f f
frequency shift

f
=   (8) 

where fsdr is the natural frequency of the 
laminated plate with several delaminated regions 
and fmdp is the natural frequency of the main 
delaminated plate. The achieved frequency shifts 
of all samples with two delaminated regions (see 
Fig. 8) and the main delaminated plate are 
presented in Fig. 10 for the symmetric stacking 
sequence. As shown in this figure, the maximum 
frequency shift is obtained at 26.37% for the 
main delaminated plate in mode 5. However, the 
highest frequency shifts are obtained in modes 3 
for samples (c) and (d) and 6 for samples (a) and 
(b). So according to the results, the third, fifth, 
and sixth modes play the most important role in 
investigating the delamination effect. 

 
Fig. 9. Variation of natural frequencies of the symmetric 

laminates (2 delaminated regions) 

Also, the resulting natural frequencies 
indicated that the variation trends of the samples 
with two delaminated regions according to the 
distance of these regions are not the same for all 
mode shapes in symmetric laminated plates.   
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a) 

 
b) 

Fig. 10. The frequency shift of the symmetric samples  
(2 delaminated regions) 

According to Fig. 11, the obtained results of 
the anti-symmetric laminates show some 
disorders. According to the results, there are only 
modes 3, 4, and 6 their frequencies are between 
the intact plate and the main delaminated plate. 
Moreover, the results of the anti-symmetric 
laminated plate revealed that the maximum 
frequency shift is obtained at 19.37% for the 
main delaminated plate in mode 4. Also, the 
maximum frequency shifts are achieved in modes 
3 and 6 for all samples with two delaminated 
regions. So, these modes are important for anti-
symmetric laminates to specify delamination 
properties. 

The results of the cross-ply laminate which 
are shown in Fig. 13, indicated some disorders 
similar to anti-symmetric laminate. There are not 
any modes that its all frequencies between the 
intact plate and the main delaminated plate.  

Also based on Fig. 14, there are ascending 
trends in natural frequencies according to the 
size of the high-risk zone for modes 1 and 3. As 
indicated in Fig. 14, the maximum frequency shift 
is achieved by 14.45% for the main delaminated 
plate in mode 6. In addition, modes 3 and 5 have 
the maximum frequency shift for all samples with 
two delaminated regions. These mode numbers 
are useful for analyzing the delamination effects 
in cross-ply laminated plates. 

 

Fig. 11. Variation of natural frequencies of the anti-
symmetric laminates (2 delaminated regions) 

 

a) 

 

b) 

Fig. 12. The frequency shift of the anti-symmetric samples  
(2 delaminated regions) 

Based on Fig. 8, The mode shapes of the 
considered samples, with maximum frequency 
shift, are shown for two high-risk zone ratios. 

23.2%dA =  and 37%dA =  in Fig. 15. It can be 

seen that the mode shapes are affected by the 
location of delaminations. This phenomenon can 
be useful in tracking the delamination regions 
and their number and arrangement. 

For symmetric laminated plates that contain 
two delaminated regions, the maximum 
frequency shift is obtained at 14.89 % in mode 6, 
and for the case where the high-risk zone ratio is  
27.2%. This parameter is obtained at 5.69% in 
mode 7 and with a high-risk zone ratio of 27.2% 
for anti-symmetric laminated plate 7.11% in 
mode 5 and 27.5% high-risk zone ratio for cross-
ply laminated plate. 
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Fig. 15. The mode shapes of the main delaminated plates and the plates with two delaminated regions 

 which have the maximum frequency shift 

 
Fig. 13. Variation of natural frequencies of the cross-ply 

laminate according to the mode number  
(2 delaminated regions) 

 

a) 

 
b) 

Fig. 14. The frequency shift of the anti-symmetric samples 
with two delaminated regions according to the mode 

number (2 delaminated regions) 

3.3.2.  Four delaminated regions 

The analysis of the high-risk zones containing 
four delaminated regions is another topic that is 
investigated here (see Fig. 16). Symmetric, anti-
symmetric, and cross-ply are the stacking 
sequences that were considered before. The 
numerical results are shown in Figs. 17-19.  

The obtained results of symmetric laminates 
indicate that the natural frequencies of all modes 
are between the frequency of the intact laminate 
and the main delaminated plate for all considered 
high-risk zone ratios.  
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However, the results of anti-symmetric and 
cross-ply laminates do not show this 
phenomenon. However, the resulting natural 
frequencies of all samples with four delaminated 
regions are close to the intact laminate 
frequencies. It could be due to the smallness of 
the delamination regions and the ineffectiveness 
of them. Therefore, it can be concluded that the 
effect of the size of the delamination regions on 
the dynamic characterization of the laminated 
plate is much greater than their number.  

 
Fig. 16. The view of the four locations of the four 

delaminated regions 

 
Fig. 17. Variation of natural frequencies of the symmetric 

laminate according to the mode number  
(4 delaminated regions) 

 
Fig. 18. Variation of natural frequencies of the 

antisymmetric laminate according to the mode number 
 (4 delaminated regions) 

 
Fig. 19. Variation of natural frequencies of the cross-ply 

laminate according to the mode number 
 (4 delaminated regions) 

Frequency shifts of all samples with four 
delaminated regions (see Fig. 16) are presented 
in Figs. 20-22 for the symmetric, anti-symmetric, 
and cross-ply stacking sequences. As shown in 
Fig. 20, the maximum frequency shifts are 
obtained in modes 4 for samples (c) and (d) and 
6 for samples (a) and (b). So, considering the 
results of the samples with four delaminated 
regions, the fourth and sixth frequencies of the 
symmetric laminated plate show the maximum 
effect of the arrangement of delaminated regions.  

According to Fig. 21, for anti-symmetric 
laminates, the maximum frequency shifts are 
gained in modes 4 and 6. Here too, the results 
indicate that mode 6 is the effective vibration 
mode number.  

For cross-ply laminates, the value of 
maximum frequency shifts resulted in modes 5 
and 6 (see Fig. 22). This mode number has an 
important role in detecting delamination similar 
to the samples with two delaminated regions.  
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Fig. 20. The frequency shift of the symmetric samples with 

four delaminated regions according to the mode number  
(4 delaminated regions) 

 
Fig. 21. The frequency shift of the anti-symmetric samples 

with four delaminated regions according to the mode 
number (4 delaminated regions) 

Generally, the achieved natural frequencies of 
the samples indicate that the vibrational modes 4 
to 6 are the effective modes for the laminated 
plate with one delaminated region. However, the 
vibrational modes 5 to 7 are the effective modes 

for the assessment of the delamination effect of 
the laminates with several delamination regions. 

 

Fig. 22. The frequency shift of the cross-ply samples with 
two delaminated regions according to the mode number  

(4 delaminated regions) 

According to Fig. 23, the mode shapes of the 
laminated plate with four delaminated regions 
are different from their main delaminated plate. 
However, the change in distance of the 
delaminated regions from each other does not 
affect the mode shapes of the laminated plates. It 
seems that the smallness of the delaminated 
regions (in these samples) leads to the lack of 
effect of their arrangements on the mode shapes.  

Finally, the numerical results indicate that for 
laminated plates which contain four delaminated 
regions, the maximum frequency shift is obtained 
at 4.68 % in mode 6 and 37% high-risk zone ratio 
for symmetric stacking sequence, 2.12 % in mode 
6 and 37% high-risk zone ratio for anti-
symmetric stacking sequence and finally2.16 % 
in mode 3 and 46% high-risk zone ratio for cross-
ply stacking sequence. 

 
Fig. 23. The mode shapes of the main delaminated plates and the plates with four delaminated regions 

 which have the maximum frequency shift 
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4. Conclusions 

Modal analysis has been conducted on the 
four-layer square laminated plate with several 
delaminated regions with different numbers and 
arrangements. Extended parametric results were 
presented to investigate the influence intensity of 
the geometric parameters of the delaminated 
regions such as size, distances of the regions, and 
arrangements on the vibration response of the 
considered laminated plates. In this study, an 
attempt has been made to analyze all common 
cases of layer stacking sequences. Additionally, 
efforts were made to quantitatively investigate 
and compare the effect of the distribution of 
delaminated points. 

• Accordingly, the analysis was implemented 
based on the FSDT in the framework of the 
FEM using ABAQUS solver. The main 
numerical results are expressed in a few 
words: 

• The mode numbers that present maximum 
frequency shift are the same for the samples 
with two and four delaminated regions. This 
phenomenon was not seen in the frequency 
shifts of the samples compared to the intact 
laminates.  

• Increasing of delamination size has a reducer 
effect on the natural frequency for all mode 
shapes in symmetric laminated plates. But in 
return, increasing of delamination size 
causes to increase in the natural frequency in 
some mode shapes for anti-symmetric and 
cross-ply laminated plates. 

• Based on modal analysis of geometrical 
parameters of the delaminated regions, the 
size of these areas is more effective than their 
numbers and arrangements. 

• According to the achieved results, high 
vibrational modes (modes 4 and up) can be 
useful for the assessment of the health of a 
laminated plate. 

• According to the mentioned results, by 
detecting multiple delaminated regions in a 
structure, a decision can be made based on 
the destructive effect of a delaminated region 
with the total area of these zones. This 
method is a conservative solution. 
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