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The effects of local damage on the natural frequencies and the corresponding vibration modes of compos-
ite pyramidal truss core sandwich structures are studied in the present paper. Hot press molding method
is used to fabricate intact and damaged pyramidal truss core sandwich structures, and modal testing is
carried out to obtain their natural frequencies. A FEM model is also constructed to investigate their
vibration characteristics numerically. It is found that the calculated natural frequencies are in relatively
good agreement with the measured results. By using the experimentally validated FEM model, a series of
numerical analyses are conducted to further explore the effects of damage extent, damage location,
damage form on the vibration characteristics of composite pyramidal truss core sandwich structures
as well as the influence of boundary conditions. The conclusion derived from this study is expected to
be useful for analyzing practical problems related to structural health monitoring of composite lattice
sandwich structures.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

A sandwich structure consists of two thin external layers of
high-strength material and a thick intermediate layer of light-
weight material. The former are usually called the face sheets
and the latter the core [1–5]. Composite sandwich structures have
many advantages over conventional structural materials, such as
high bending stiffness, low specific weight, and good thermal and
acoustical insulation [6–9]. Sandwich structures can be classified
as honeycomb, foam, and lattice truss core sandwich structures
[10–14]. Lattice truss core sandwich structures have not only the
advantages of super-light porous materials, but also such features
as simple processing and regular shape. Thus, it is a potential sub-
stitute for aluminum alloy, composite materials, and light metallic
foam which are widely applied in the fields of transportation,
machinery (such as high-speed train, aircraft, high-grade machine
tool) and so on [15–21]. Nevertheless, the current applications of
lattice truss core sandwich structures are mainly limited to sec-
ondary components. Such ‘‘exploitation with caution’’ is caused
by a proneness of lattice truss core sandwich structures to a variety
of defects and damages because of their own structural complexity
as well as the high influence of manufacturing process on the
product quality. It is, therefore, important to explore the effects
of local damage on their mechanical properties such as vibration
characteristics.

Hu and Hwu [22] developed a one-dimensional model consider-
ing transverse shear effect and rotary inertia of the core for free
vibration analysis of a honeycomb sandwich beam with an
across-the-width delamination located at the interface between
the top face and the core. With this model, the natural frequencies
and vibration modes of the delaminated composite sandwich beam
were obtained by solving the eigenvalues and eigenvectors of 12
simultaneous homogeneous algebraic equations. Based upon the
general solution, the effects of the faces, the core, and the delami-
nation of the beam on its free vibration behavior were studied
thoroughly. Kim and Hwang [23] conducted a vibration test on a
honeycomb sandwich beam composed of carbon/epoxy laminated
composite faces and Nomex-aramid honeycomb core to investigate
the effects of debonding on its natural frequencies and flexural
rigidity. Burlayenko and Sadowski [24] studied the dynamic behav-
ior of a sandwich plate with flexible core partially delaminated at
the face/core interface numerically. The influences of debonding
size, debonding location, and debonding type on the modal param-
eters of the damaged sandwich plate with various boundary condi-
tions were also investigated. Baba and Thoppul [25] investigated
the influence of face/core debonding on the vibration behavior of
a composite sandwich beam made up of carbon/epoxy laminated
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Fig. 2. Sketch of the unit cell of the pyramidal truss core.
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faces and polyurethane foam core experimentally, and found that
the face/core debonding causes reduction of the natural frequen-
cies, whereas the damping loss factor increases due to the presence
of debonding. Sokolinsky et al. [26] investigated the free vibration
behavior of sandwich beam with locally damaged transversely
flexible (soft) core. The results demonstrated that a local damage
of small length, which is located in the span of a soft-core sand-
wich beam, leads to a significant reduction in the natural
frequencies.

The above studies could provide foundation for the develop-
ment of vibration-based nondestructive evaluation techniques
and health monitoring approaches. However, up to now, the effects
of local damage on the natural frequencies and vibration modes of
composite lattice truss core sandwich structures have been rarely
studied. In the present paper, the effects of local damage, in the
form of missing part of the truss members, on the natural frequen-
cies and the corresponding vibration modes of composite pyrami-
dal truss core sandwich structures are studied both experimentally
and numerically. The paper is organized as follows. In Section 2,
the experimental specimens and the modal testing system are
briefly described. The experimental outcomes are compared with
the corresponding numerical results predicted by a FEM (finite
Fig. 1. Schematic diagram of the mold: (a) assembly drawin
element method) model in Section 3, and it is found that they
are in good agreement with each other. By using the experimen-
tally validated FEM model, a series of numerical analyses are car-
ried out in Section 4 to further investigate the effects of damage
extent, damage location, damage form on the natural frequencies
g of the mold; (b) schematic diagram of single unit cell.
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and vibration modes, as well as the influence of boundary condi-
tions. Finally, Section 5 collects some concluding remarks of the
present study.
2. Experiments

In this section, experiments are carried out to investigate the ef-
fects of local damage on the vibration characteristics of composite
pyramidal truss core sandwich structures. In what follows, the
experimental specimens and the testing system are briefly intro-
duced, respectively.
2.1. Material and specimens

Carbon fiber composite pyramidal truss core sandwich struc-
tures presented in this article are fabricated from unidirectional
carbon/epoxy prepregs using the mold shown in Fig. 1 by



Table 1
The material properties of unidirectional composite laminates.

E11 (GPa) E22 (GPa) E33 (GPa) m12 m13 m23 G12 (GPa) G13 (GPa) G23 (GPa)

132 10.3 10.3 0.25 0.25 0.38 6.5 6.5 3.91

Fig. 6. Finite element models of pyramidal truss core sandwich structures: (a) the intact lattice sandwich structure; (b) the damaged lattice sandwich structure missing one
unit cell.

Table 2
Convergence analysis for the intact composite pyramidal truss core sandwich
structure.

Grid size(m) Grid number f1 (Hz) f2 (Hz) f3 (Hz) f4 (Hz) f5 (Hz)

0.0050 2644 223.67 407.85 673.60 909.01 1048.5
0.0045 3320 218.71 392.68 656.53 870.78 1016.2
0.0040 4261 214.09 379.16 640.72 836.95 986.62
0.0035 5064 211.18 370.94 630.82 816.47 968.29
0.0030 7347 210.48 368.97 628.43 811.58 963.86
0.0025 10,134 210.33 368.58 627.95 810.61 962.99
0.0020 16,365 210.19 368.19 627.48 809.65 962.11

Table 3
Convergence analysis for the damaged composite pyramidal truss core sandwich
structure missing one unit cell.

Grid size(m) Grid number f1(Hz) f2(Hz) f3(Hz) f4(Hz) f5(Hz)

0.0050 2618 207.96 390.51 678.20 896.79 974.23
0.0045 3299 203.12 376.02 659.77 860.52 943.82
0.0040 4241 198.48 362.68 642.21 819.93 915.62
0.0035 5023 195.58 354.57 631.28 806.54 898.31
0.0030 7308 194.87 352.63 628.64 801.68 894.15
0.0025 10,080 194.73 352.24 628.11 800.71 893.32
0.0020 16,228 194.59 351.86 627.59 799.75 892.50
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hot-pressing process. The fabrication process of the pyramidal
truss core sandwich structures is given as follows. First of all, the
carbon/epoxy prepregs are cut into the required dimensions. Then,
they are made into composite struts as the truss members. In order
to make full use of the strength of fiber reinforced composites, all
the continuous fibers are aligned in the axial directions of the
struts. Next, the composite struts are inserted into the holes of
the mold with both ends embedding into the ten layers of the face
sheets. The top and bottom face sheets are made from 10 plies of
unidirectional carbon/epoxy prepregs with the stacking sequence
of [0/90/0/90/0]s. The face sheets and pyramidal truss core are
interconnected and co-cured in one step of manufacturing process.
Prior to forming the pyramidal truss core sandwich structure, a re-
lease agent is brushed on the mold surfaces in order to separate the
specimen from the mold easily after curing. Finally, the preformed
sandwich structure is cured at 125 �C for 1.5 h with a constant
pressure of 0.5 MPa. Removing the mold after curing, the compos-
ite pyramidal truss core sandwich structure is obtained. A similar
fabrication procedure has also been introduced by Wang et al. [27].

For ease of demolding, there exists a small spacing d between
the two closest truss members, as shown in Fig. 2. The geometric
dimension of the specimens is 290 � 100 � 17 mm3, with the spac-
ing d = 7 mm, the radius of the truss member rc = 1.25 mm, the
inclination angle of the truss member x = 45�, the thickness of
the core c = 15 mm, and the thickness of the face sheet t = 1 mm.
Eight groups of specimens, denoted by ‘I’ and ‘D1’–‘D7’, respec-
tively, are prepared, in which ‘I’ indicates the intact pyramidal
truss core sandwich structure, and ‘D1’–‘D7’ indicate the damaged
pyramidal truss core sandwich structures missing 1–7 unit cells,
respectively, as shown in Fig. 3. Each group includes three speci-
mens to ensure the correctness of the experimental results.
2.2. Experimental procedure

Modal testing is a type of vibration testing on an object where-
by the natural (modal) frequencies, modal masses, modal damping
ratios and mode shapes of the object under test can be determined.
There are several ways to do modal testing, among which impact
hammer testing and shaker (vibration exciter) testing are com-
monplace. The weight of the specimens presented in this paper is
so small that impact hammer testing is preferable.

The testing system used to obtain the vibration testing results is
shown in Fig. 4, which is composed of three parts: an impulse ham-
mer, an accelerometer vibration sensor, and a spectrum analyzer.
The tests are performed on cantilevered beam specimens. The im-
pulse hammer is used to excite the specimens, and the vibration sen-
sor is attached to the surface of the specimen to measure the
vibration responses. The specimen is excited at 21 points that are
uniformly spaced in three rows along the length of the specimen,
as shown in Fig. 5, which also shows the position of the measure-
ment point. In impact hammer testing, energy is supplied to the sys-
tem with a known frequency content. When structural resonance
occurs, the response will be amplified. This can be clearly seen from
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Fig. 7. Comparisons of the experimental and numerical results of the natural frequencies.
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Fig. 8. Finite element models of pyramidal truss core sandwich plates with
damaged regions at the center.
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the response spectra. Using the force spectra and the response spec-
tra, a transfer function, which can be used to estimate the modal
parameters, is obtained. The first five natural frequencies are ob-
tained during the testing procedure. The experimental results are
discussed and compared with the corresponding numerical solu-
tions obtained from a FEM model in the following section.
3. Numerical simulation

A FEM model is constructed in this section to simulate the
vibration characteristics of the intact and damaged composite
pyramidal truss core sandwich structures. Modeling of the sand-
wich structures and analysis of their free vibration characteristics
are carried out using the commercial finite element software ABA-
QUS. The material properties of unidirectional composite lami-
nates are taken from a pre-published paper of our partners [28]
and shown in Table 1. 8-node doubly curved shell elements with
reduced integration ‘S8R’ are adopted for the face sheets and 3-
node quadratic beam elements ‘B32’ are adopted for the truss
members. In comparison with adopting solid elements for both
the face sheets and the truss members, the choice of the specified
element types benefits for enhancing the calculation efficiency and
saving the calculating time. The FEM models of the intact pyrami-
dal truss core sandwich structure and the damaged one missing a
unit cell are shown in Fig. 6. FEM models of sandwich structures
with other damage extents are not given here for brevity. Clamped
boundary condition is imposed at one end of the model. The free
vibration analysis is performed by using a linear perturbation anal-
ysis step, and the eigenvalues, i.e. the natural frequencies, are ex-
tracted by the subspace iteration method.

First of all, a convergence analysis is conducted to ensure the
reliability of the numerical results. The calculated first five natural
frequencies of the intact composite pyramidal truss core sandwich
structure and the damaged one missing a unit cell with different
grid sizes and numbers are collected in Tables 2 and 3, respectively.
It can be found that the results tend to be stable when the grid size
is decreased to 0.0030 m, which are highlighted by bold type in the
tables. Therefore, the sizes of the grids of the FEM model should be
no larger than 0.0030 m.

The experimental and numerical results are compared in Fig. 7.
Each experimental data is taken as the average value of three times
of repetitive tests to ensure the validity. Each sub-figure shows
that relatively good agreement between the experimental and
numerical results is obtained, with an average relative error equal-
ing 12.26%. The natural frequencies obtained by numerical analy-
ses are a little higher than the corresponding values obtained by
modal tests. This is mainly attributed to the following reasons.
Firstly, in the preparation process of composite pyramidal truss
core sandwich structures, embedding the ends of struts into the
top and bottom face sheets disrupts the continuity of carbon fibers
in the face sheets and results in defects, such as holes and impuri-
ties, appearing at the junctions. Secondly, the radial pressure im-
posed on the truss members is insufficient during the curing
process, causing the modulus of the truss members to be lower
than the designed value. However, the FEM models are relatively
ideal, in which the effects of these manufacturing defects are not
considered. Besides, comparison among different sub-figures in
Fig. 7 shows that the presence of local damage leads to the de-
crease of the natural frequencies, and the higher order natural fre-
quencies are more sensitive to internal damage. Thus, it can be
concluded that the effects of local damage on the natural frequen-
cies are mode dependent. This finding is informative for the devel-
opment of structural damage indices using vibration techniques.

4. Fine analysis of imperfection sensitivity

By using the experimentally validated FEM model, a series of
numerical analyses are carried out in this section to further inves-
tigate the effects of damage extent, damage location, damage form
and boundary conditions on the vibration characteristics of com-
posite pyramidal truss core sandwich structures.

4.1. Effects of damage extent

The effects of damage extent on the natural frequencies and the
corresponding vibration modes of a clamped composite pyramidal
truss core sandwich plate are investigated in this sub-section. The



Fig. 9. The first six vibration modes of the intact pyramidal truss core sandwich plate: (a) the first mode, (b) the second mode, (c) the third mode, (d) the fourth mode, (e) the
fifth mode, (f) the sixth mode.

Fig. 10. The first six vibration modes of the pyramidal truss core sandwich plate with the damage parameter g = 0.04: (a) the first mode, (b) the second mode, (c) the third
mode, (d) the fourth mode, (e) the fifth mode, (f) the sixth mode.
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Fig. 11. The first six vibration modes of the pyramidal truss core sandwich plate with the damage parameter g = 0.09: (a) the first mode, (b) the second mode, (c) the third
mode, (d) the fourth mode, (e) the fifth mode, (f) the sixth mode.

Fig. 12. The first six vibration modes of the pyramidal truss core sandwich plate with the damage parameter g = 0.25: (a) the first mode, (b) the second mode, (c) the third
mode, (d) the fourth mode, (e) the fifth mode, (f) the sixth mode.
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Fig. 13. Frequency parameters of pyramidal truss core sandwich plates with damaged regions at the center: (a) the first order frequency parameter, (b) the second order
frequency parameter, (c) the third order frequency parameter, (d) the fourth order frequency parameter, (e) the fifth order frequency parameter, (f) the sixth order frequency
parameter.
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damage extent is represented by a damage parameter g denoting
the ratio of the number of the missing truss members n to the
number of the total truss members N within a corresponding intact
pyramidal truss core sandwich plate:

g ¼ n
N

ð1Þ

Fig. 8 shows the constructed FEM models for an intact pyramidal
truss core sandwich plate (g = 0) containing 10 � 10 unit cells and
center-damaged ones with the damage parameters g = 0.01, 0.04,
0.09, 0.16, 0.25, 0.36, and 0.49, respectively. All the models have
the same geometric dimension of 382 � 382 � 17 mm3 and the
same boundary conditions of clamping all the edges.
Numerical results presented in Figs. 9 and 10 respectively show
the first six vibration modes of the intact composite pyramidal
truss core sandwich plate and the damaged one with the damage
parameter g = 0.04. The differences between the vibration modes
of the intact sandwich plate (Fig. 9) and the damaged one
(Fig. 10) are clearly observable in the contour plots. Fig. 10 evi-
dently shows that the vibration modes of the damaged plate con-
tain local deformation within its damaged region. This effect is
more remarkable for higher order vibration modes, as shown in
Fig. 10(e and f).

As it is mentioned above, the local deformation within the dam-
aged region leads to the variation of the vibration modes of the
damaged sandwich plate, and higher order vibration modes are



Fig. 14. Finite element models of pyramidal truss core sandwich plates with
different locations of the damaged region: (a) intact pyramidal truss core sandwich
plate, (b) Damage location A, (c) Damage location B, (d) Damage location C, (e)
Damage location D, (f) Damage location E.
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more sensitive to local damage. It is further found that with the in-
crease of the damage parameter, the local deformations tend to
dominate the vibration modes, as shown in Fig. 11(d) and
Fig. 12(e). Moreover, with the emergence of such vibration modes,
the corresponding natural frequencies decrease sharply. For in-
stance, the fourth order natural frequency starts to drop sharply
when the damage parameter reaches the onset of 0.04, and the
fifth order natural frequency starts to drop sharply when the dam-
age parameter is increased to 0.16.

To reflect the effects of local damage on the natural frequencies
of composite pyramidal truss core sandwich structures, the follow-
ing frequency parameter is defined:

j ¼ fD

fI
ð2Þ

where fD denotes the natural frequency of the damaged sandwich
structure, and fI denotes that of the intact one.

The relationship between the frequency parameters j of com-
posite pyramidal truss core sandwich plates and the damage
parameter g is shown in Fig. 13. From this figure, one can see that
the frequency parameters decrease with the increase of the dam-
age parameter, and each order frequency parameter decreases to
around 0.55 when the damage parameter increases from 0 to
0.49. Unlike other order frequency parameters, the first order fre-
quency parameter almost identically equals to 1 when the damage
parameter g 6 0.09, which indicates that the first natural fre-
quency (fundamental frequency) of pyramidal truss core sandwich
structure is insensitive to local damage of the core, especially local
damage of small size. Sudden changes of the vibration modes
(comparing the vibration modes of the damaged sandwich plate
with the intact one) lead to sharp drops of the corresponding fre-
quency parameters, as shown in Fig. 13(d and e).

4.2. Effects of damage location

The effects of damage extent on modal parameters of composite
pyramidal truss core sandwich structures are studied in the above
sub-section. Different damage locations will have different influ-
ences on the vibration characteristics even if the damage extents
are the same. In this sub-section, the effects of damage location
on structural modal parameters are investigated.

Composite pyramidal truss core sandwich plates clamped at
one edge and free at the other three edges with the same damage
extents are considered. The damage parameter g is kept at 0.36,
and the damaged region is set to be at the clamped edge, or at
the opposite free edge, or between them, as shown in Fig. 14.

Fig. 14(a) illustrates the intact pyramidal truss core sandwich
plate, Fig. 14(b) illustrates a damaged sandwich plate with the
damaged region closest to the clamped edge (with a distance of
0 unit cells), which is referred as ‘Damage location A’, and
Fig. 14(f) illustrates a damaged sandwich plate with the damaged
region farthest away from the clamped edge (with a distance of
4 unit cells), which is referred as ‘Damage location E’.

Numerical simulation results of the first six vibration modes of
the intact cantilevered sandwich plate and the damaged one with
the damage zone closest to the clamped edge (Damage location A)
are given in Figs. 15 and 16, respectively. It can be clearly seen that
although the first two vibration modes are hardly affected by local
damage, obvious local deformation in the damaged region can be
observed in higher order vibration modes due to the loss of struc-
tural stiffness. The emergence of such local deformation may lead
to sharp drops of the corresponding natural frequencies.

The first six order frequency parameters of sandwich plates
with the five damage locations shown in Fig. 14 are compared in
Fig. 17. It can be seen from Fig. 17 that in general, the farther the
damage zone is from the clamped edge, the higher the frequency
parameters are, which means that the effects of local damage on
structural natural frequencies become smaller as the damage zone
is moved from the clamped edge to the opposite free edge. This
finding indicates that the damage zone should be placed far away
from the clamped edge when embedding additional components,
such as fuel cell, damping materials, or wave absorbing materials,
into a cantilevered lattice truss core sandwich plate through sacri-
ficing several truss members, for in this way structural natural fre-
quencies can be decreased by a smaller extent, so that possible
resonances with the surrounding environment during serving can
be effectively avoided.

4.3. Effects of damage form

To investigate the effects of damage form on the vibration char-
acteristics, FEM models for fully clamped composite pyramidal
truss core sandwich plates with the same damage parameter
(g = 0.36) but different damage forms are constructed in this sub-
section, as shown in Fig. 18. Fig. 18(a) illustrates a sandwich plate
with its squared damaged region concentrated at the center, and
Fig. 18(b–e) illustrates four sandwich plates, each with its four
squared damaged regions distributed symmetrically.



Fig. 15. The first six vibration modes of the intact cantilevered sandwich plate: (a) the first mode, (b) the second mode, (c) the third mode, (d) the fourth mode, (e) the fifth
mode, (f) the sixth mode.

Fig. 16. The first six vibration modes of the cantilevered sandwich plate with damaged region closest to the clamped edge: (a) the first mode, (b) the second mode, (c) the
third mode, (d) the fourth mode, (e) the fifth mode, (f) the sixth mode.
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Fig. 17. Frequency parameters of pyramidal truss core sandwich plates with different locations of the damaged region: (a) the first order frequency parameter, (b) the second
order frequency parameter, (c) the third order frequency parameter, (d) the fourth order frequency parameter, (e) the fifth order frequency parameter, (f) the sixth order
frequency parameter.
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The first four order frequency parameters of the above de-
scribed five sandwich plates with five different damage forms are
shown in Fig. 19. It is evident that the frequency parameters for
‘Damage form A’ (for which the damaged region is concentrated
at the center) are the lowest, which demonstrates that this form
of damage has the greatest effect on structural natural frequencies.
In the case of the same damage parameter, concentrated damage
causes a loss of stiffness in a large area, leading to sudden changes
of the vibration modes (compared with the intact one) and sharp
drops of the natural frequencies, while scattered damages have rel-
atively smaller effects on the modal parameters. Therefore, in order
to avoid concentrated damage of large areas, additional compo-
nents should be placed at scattered regions when embedding them
into a lattice truss core sandwich plate.
4.4. Effects of boundary conditions

It is the well-known, that boundary conditions can help to high-
light the importance of localized effects in structural responses of
plates. The influence of boundary conditions on the vibration char-
acteristics of sandwich plates containing local damage at the cen-
ter is studied by comparing the frequency parameters for five
different types of boundary conditions, namely CCCC, CSCS, CFCF,
CFFF, and SSSS, where ‘F’ denotes the free edge of the plate, ‘S’
and ‘C’ denote the simply supported and clamped edges, respec-
tively. The material properties and geometric parameters are the
same with those in previous calculations.

The numerical results that emphasize the effects of boundary
conditions on the first six order frequency parameters of composite



Fig. 18. Finite element models of pyramidal truss core sandwich plates with
different damage forms: (a) Damage form A, (b) Damage form B, (c) Damage form C,
(d) Damage form D, (e) Damage form E.
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pyramidal truss core sandwich plates with local damage at the
center are summarized in Fig. 20. It can be observed that the fre-
quency parameters decrease with the increase of the damage
parameter, and such effect is stronger for plates under greater con-
straint. The greatest decrease in frequency parameters is reached
for the fully clamped plate. The fundamental frequency of the fully
clamped composite pyramidal truss core sandwich plate decreases
by 42.10% when the damage parameter increases from 0 to 0.49,
while that of the simply supported sandwich plate decreases by
only 3.41%. Thereby, the presence of local damage within the sand-
wich plates can be detected more easily by imposing fully clamped
boundary conditions.
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Fig. 19. Frequency parameters of pyramidal truss core sandwich plates with
different damage forms: (a) the first order frequency parameter, (b) the second
order frequency parameter, (c) the third order frequency parameter, (d) the fourth
order frequency parameter.
5. Conclusions

The effects of local damage of the core on the natural frequen-
cies and vibration modes of composite pyramidal truss core sand-
wich structures are studied by experimental modal analysis and
numerical simulation method in the present paper. The conclu-
sions that can be made from this study are as follows:
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Fig. 20. Frequency parameters of pyramidal truss core sandwich plates under different boundary conditions: (a) the first order frequency parameter, (b) the second order
frequency parameter, (c) the third order frequency parameter, (d) the fourth order frequency parameter, (e) the fifth order frequency parameter, (f) the sixth order frequency
parameter.
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(1) The structural natural frequencies decrease due to the loss of
stiffness caused by the existence of local damage of the truss
core. A damage parameter is defined to characterize the
damage extent, and it is found that the influence of local
damage becomes more significant with the increase of the
damage parameter. Therefore, the damage parameter can
be treated as an indicator of internal damage of lattice truss
core sandwich structures.

(2) The vibration modes of the damaged composite pyramidal
truss core sandwich structures show obvious local deforma-
tion in the damaged region.

(3) The vibration characteristics of cantilevered composite pyra-
midal truss core sandwich plates with the same damage
parameter but different damage locations are compared,
and the results demonstrate that the effects of local damage
on structural natural frequencies get smaller as the damaged
region moves from the clamped edge to the opposite free
edge.

(4) Different damage forms influence structural natural fre-
quencies in different extents. In the case of the same damage
parameter, concentrated damage causes a loss of stiffness in
a large area, leading to a greater decrease of natural frequen-
cies in comparison with scattered damages.

(5) Boundary conditions imposed on the studied sandwich plate
also play an important role. It is found that the fundamental
frequency of a simply supported sandwich plate decreases
by only 3.41% as the damage parameter increases from 0
to 0.49, while that of a fully clamped sandwich plate
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decreases by 42.10%. The effects of local damage on struc-
tural natural frequencies become more significant with the
enhancement of constraint at the boundaries.
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