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Abstract

Objective Periodic structures have been widely investigated in the past decade because of its potential for noise and vibra-
tion reduction. However, there is limited research applying the concept of periodic structures to composite sandwich struc-
tures. This paper proposes two lightweight types of periodic hollow-shaped cores in composite sandwich structures, which
are simple geometries and able to generate wide flexural bandgap in mid-frequency range for broaden applications.
Methodology Floquet theory and wave finite element method are used to compute the bandgap behavior. The frequency
response function (FRF) of the proposed structures is performed to demonstrate the performance of vibration attenuation by
using the finite element simulation.

Results and Conclusions The FRF shows that the low vibration transmissibility is observed within a certain frequency range,
which is consistent with the predicted flexural bandgap. The effect of face—core delamination on the FRF is also examined.
Our findings indicate that the proposed structures have higher performance of vibration attenuation than the pristine conven-
tional sandwich structures, even when the proposed structures exhibit face—core delamination. Last, our study demonstrates
that despite the simplicity of the core design, it is capable of achieving comparable bandgap behavior to more complex
geometries.

Keywords Composite Sandwich Structures - Vibration Attenuation - Bandgap - Finite Element Simulation

Introduction the safety and quality of structures. Such filtering involves

impeding the transmission of acoustic or elastic waves in

Vibration control and mitigation have become critical
considerations in various engineering applications, rang-
ing from aerospace and automotive applications to civil
engineering and structural design. The ability to suppress
and attenuate vibrations within specific frequency ranges
is essential for ensuring structural integrity, user comfort,
and overall performance in various systems and compo-
nents. The filtering of vibrational waves, which is a difficult
task, has attracted substantial interest as a means to enhance
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certain frequency ranges, which is known as bandgap or
stop-band behavior.

Many research in the past decades have been used to
investigate the bandgap behavior of structures. Studies have
recognized Bragg scattering and local resonance as the pri-
mary mechanisms underlying the production of bandgap
behavior in periodic structures. Bragg scattering occurs
when periodic impedance mismatches within a structure.
When waves encounter such impedance variations periodi-
cally, the scattering is generated at the boundaries of the unit
cell. The scattering can be caused by various factors, such
as inclusions, geometric inconsistencies [1, 2], or mate-
rial inhomogeneity [3-5]. When the interaction between
reflected waves and incident waves results in destructive
interference, wave propagation is hindered or completely
stopped [6, 7], which results in the formation of a bandgap.
However, generating wide low-frequency bandgaps through
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Bragg scattering is challenging. The generation of low-fre-
quency Bragg band gaps requires large lattice constant [8],
which is difficult to achieve in practical applications.

Locally resonant band gaps occur when certain elements
or substructures within the unit cell structure exhibit reso-
nant behavior. To form a locally resonant band gap, a soft
material is preferred as the matrix material, and a relatively
hard and high-density material is embedded in or attached to
the matrix material, e.g., phononic crystals [9-12]. Numer-
ous researchers have used a spring—mass system directly
connected to a beam or plate-type structure to generate a
low-frequency bandgap [13, 14]. In contrast to bandgaps
generated through Bragg scattering, bandgaps generated
through local resonance are not strongly influenced by the
size of the unit cell and can be achieved at low frequen-
cies with unit cells that are considerably smaller than the
corresponding wavelengths. Therefore, the locally resonant
mechanism has attracted extensive attention in recent years
and some studies have even coupled the aforementioned two
mechanisms for bandgap generation. For example, Chen
et al. [15] proposed a composite beam with an interleaved
core and resonator. They theoretically and experimentally
investigated the beam and found that it can generate a low-
frequency bandgap at 500 Hz. Although locally resonant
mechanism generate low-frequency bandgap easier, the
result of total structure becomes heavier.

In certain situations, such as abrupt changes in natu-
ral environmental conditions or disturbances caused by
human activities, external vibrations exhibit considerable
variations. Consequently, the design of wide-bandgap
structures is receiving increasing attention. Several stud-
ies have achieved bandgaps with a wide frequency range.
Domadiya et al. [16] achieved an ultrawide bandgap (band-
width approximately 2000 Hz) in the middle-frequency
range for a phononic beam with cross-sectional variations
in material properties; the experimental results agreed well
with the theoretical results. A few studies have attempted to
optimize structures with wide and low-frequency bandgaps.
For example, Chronopoulos et al. [1] proposed an optimiza-
tion method to enhance the bandgap width and lower the
center frequency of bandgap. Jeon et al. [17] developed a
tapered beam with an ultrawide and ultralow-frequency
bandgap (below 100 Hz) and investigated the effect of geo-
metric parameters on the bandgap behavior. Acar et al. [18]
proposed a complex structure with a bandgap generated
through inertia amplification and achieved a low-frequency
bandgap near 300 Hz. In a later study, the shape of a pho-
nonic bandgap structure is optimized by incorporating the
inertial amplification mechanism to broaden the bandgap
[19].

Over the past five decades, composite materials and
structures have been extensively developed and widely
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utilized in industries such as the shipbuilding, automotive,
and aerospace industries. Significant progress has been
achieved in various types of composites including the state-
of-the-art research, such as damage modeling methods [20,
21] and manufacturing techniques for laminated composites
[22, 23]. One of the commonly used composite structure
called composite sandwich structures comprises two thin
but strong face sheets bonded to a core material. The core
is often made of lightweight material, such as honeycomb
panels or polymers, whereas the face sheets are made from
strong and stiff materials, such as carbon-fiber-reinforced
polymer [24]. Due to their lightweight and high stiffness
properties, composite sandwich structures have emerged
as a popular choice for mitigating vibration and effectively
filtering vibration waves in practical applications. Ampat-
zidis et al. [25] proposed two composite sandwich beams
with simple core geometries. These beams contain metama-
terial cores, and the bandgaps were located in the middle-
frequency range. The aforementioned beams are easy to
manufacture and can thus be applied across a wide variety
of domains.

Although many studies have developed different types of
periodic structures, factors such as the complex geometries,
manufacturing difficulties, and high-frequency bandgaps of
these structures have restricted their practical applications.
Therefore, inspired by several previous studies several [16,
17, 25], two types of composite sandwich structures are
proposed in this paper. The objective of the present work
is to design the composite sandwich structures with simple
core geometries that still can have wide flexural bandgaps
in intermediate-to-low-frequency ranges. In this paper, the
unit cell of two proposed structures with detailed design
and geometric dimensions are discussed first followed by
the brief introduction of the analysis method and the band-
gap behavior. Parametric studies of the flexural bandgap are
discussed next to investigate the influence of changing geo-
metric dimensions. The frequency response function (FRF)
by using FE simulations is then performed to examine the
flexural bandgap behavior and discuss the effect on differ-
ent lengths of the proposed structures. Moreover, many ref-
erences indicate that the delamination damage reduces the
bending stiffness of sandwich structures and causes its natu-
ral frequency to occur in an undesirably low range [26]—
[27]. Therefore, the effects of delamination on the FRF and
the flexural bandgap behavior are investigated last.
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Fig. 1 (a) Schematics of the (a)
proposed structures with detailed
dimensions of (b) scheme A and

(c¢) scheme B

(b)

¢
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Design and Analysis
Structural Design

To expand the practical utility of composite sandwich struc-
tures, it is essential to carefully consider both the manufac-
turing process and the overall structural weight. Several
innovative structural designs including intricate geometries
and combination of different materials were demonstrated
to achieve the wide bandgap behavior. However, employing
multiple materials often necessitates secure bonding during
fabrication, leading to increased complexity and the poten-
tial for debonding due to a higher number of bonding inter-
faces. Intricate geometries make challenges in achieving
practical feasibility, further complicating their implementa-
tion. Also, structural weight is often sacrificed to achieve it
to create the wide bandgap behavior in structures such as
phononic crystals, or the combined materials by soft and
stiff materials. Furthermore, limited research focus on the
bandgap behavior in traditional composite sandwich struc-
tures. Therefore considering the aforementioned factors,
two lightweight types of periodic hollow-shaped cores are
proposed and applied to the composite sandwich structures
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Table 1 Material properties for numerical simulation [25]

Facesheet Core
E.=55GPa G, =12GPa E=75MPa
E,=50 GPa G,,=12GPa G=27.75 MPa
E.=20GPa G,..=3.6GPa p=100 kg/m®
v, =04 p=1420 kg/m?

v, =0.4

v,,=0.25

as shown in Fig. 1(a). Both structures consist of two rectan-
gular face sheets and a core, which are made of the carbon
fiber reinforced polymers (CFRP) and PVC foam, respec-
tively. The properties of the adopted materials are used
as listed in Table 1 [25]. Figure 1(b) shows two different
designs of the unit cells, namely schemes A and B in this
paper. Comparing with the core geometry in conventional
sandwich composites, two additional cut-outs on the top and
bottom of the core are applied in scheme A, while a rectan-
gular cut-out in the middle of the core is applied in scheme
B. It can be seen that these two geometries are relatively
simple, which enhances their practical applicability. The
geometric dimensions of the irregular cores in schemes A
and B are shown in Fig. 1(c) and Fig. 1(d), respectively. The
geometries of both schemes are symmetric with respect to
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the x-axis, y-axis, and z-axis. The length and width of both
unit cells are all 50 mm, and the thickness of the CFRP face
sheets is 1 mm. The total thickness of the core is initially set
as 6 mm with w, = wp = 12.5 mm, ¢,; = t5; = 1.5 mm, and
t4, = tz, = 3 mm. Parametric studies of the core dimensions
are discussed later in Sect. 3.

Dispersion Curve and Bandgap Analysis

The wave finite element methodology [28-30] was used
to calculate the bandgaps of the two proposed unit cells as
briefly described in the following, and the first bandgap is
mainly focused on this study. Both unit cells are arrayed
periodically along the x-axis, which can be assumed as a
one-dimensional problem. The kinematic motion of any
node in a unit cell can be expressed as a time-harmonic
vibration as follows:

q(t) = qe" (1)

where ¢ is time and @ is the harmonic wave frequency. The
degrees of freedom of a unit cell are defined using the vector
¢ (Eq. 2). This vector can be divided into three components,
namely ¢,, q,, and g5, which correspond to the degrees of
freedom on the left side, in the interior, and on the right side
of the unit cell, respectively.
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Fig. 2 Dispersion curves and flexural bandgaps of (a) schemes A and
(b) scheme B compared with the conventional composite sandwich
with solid core. Mode A and B depict the vibration modes at the lower
and upper bounds of the bandgaps in schemes A and B

@ Springer

qr
qa=19 4 (2)
dr

A Floquet periodic boundary condition is applied to the unit
cell to determine the dispersion curve. Thus, the relation
between the kinematics of the left and right nodes of the
unit cell is expressed as follows:

i

qr=4gre " 3)

where u, =k L, is the propagation constant in the x-direc-
tion, k, is the wavenumber, and L, is the length of the unit
cell in the x-direction. The equation of motion of a free
vibration unit cell can be written as

(K—"M)g=0 )

Substituting Floquet periodic boundary condition into
Eq. (4) and solve the eigenvalue problem, then the disper-
sion relation of proposed structures can be obtained. In this
work, the COMSOL Multiphysics finite element software
is used to compute the dispersion curve and bandgap of the
proposed structures based on the Floquet theory and wave
FEM. To analyze the flexural bandgap behavior, the dis-
placement in y—direction of the entire unit cell is fixed in
order to filter out in-plane shear wave and torsional wave.
Next, the displacement in x—direction of neutral axis is
fixed for filtering out longitudinal wave [17]. Floquet peri-
odic boundary condition was applied to the left— and right
side (along x—direction) of the unit cell and then flexural
band behavior of the infinite periodic structures can be cal-
culated. The reader is referred to the references [28-30] for
more details.

Sweeping the wavenumber from point X to point I in the
first Brillouin zone, the dispersive curve can be obtained.
Figure 2 shows the dispersive relations of the schemes A
and B, respectively. The core geometric dimensions are ¢,
=tg;=15mm,t,,=tz,=3mm,and w,=wp=12.5mmin
this case. The first flexural bandgap of the scheme A is com-
puted between 1441.2 and 2539.8 Hz, while the first flex-
ural bandgap of the scheme B is existed between 1494.4 and
2574.6 Hz. The dispersion curves of the solid core in con-
ventional sandwich composites are also illustrated in Fig. 2
as comparisons, which indicates that no bandgap behavior is
observed in the conventional sandwich structures.

Moreover, Fig. 2 depicts the vibration modes at the lower
and upper bounds of the bandgaps in schemes A and B.
Cheng et al. [31] proposed an analytical method for exam-
ining the effects of beam size and Poisson’s ratio on the
bending stiffness and bandgap frequency of a micro-beam.
The analytical result shows that the size effect increases
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the bending stiffness of the micro-beam, causing the band
gap to move to a higher frequency. Moreover, an increase
in Poisson’s ratio led to a decrease in bending stiffness and
bandgap frequency. Hans et al. [2] examined a diamond-like
hole meta-plate and found that the lower and upper bound
frequencies of the bandgap are depended on the vibration
modes of the unit cell. In Fig. 2(a), it is observed that the
mode A (1441.2 Hz) in scheme A is attributed to the shear
motion, whereas the mode B (2539.8 Hz) is attributed to
the symmetric bending motion. Similar observations are
obtained in scheme B. In Fig. 2(b), the mode A (1494.4 Hz)
at the lower-bound of the bandgap shows the shear motion.
It can be seen that the mode A in scheme B is the direct con-
verse of the mode A in scheme A. The mode B (2574.6 Hz)
at the upper-bound of the bandgap corresponds to a sym-
metric bending mode.

Although two different proposed schemes have similar
bandgap behavior when the core geometric dimensions are
initially setto ¢,;, = t3; = 1.5 mm, ¢, = t5, = 3 mm, and w,
= wp = 12.5 mm, the changes in the core geometry lead to
different influence on their bandgap behaviors. Therefore,
the parametric studies of the core geometry are investigated
and discussed in the next section.

Fig. 3 Lower and upper bounds (a)
of the flexural bandgaps for (a)

Parametric Studies

Effect of the Core Width

In this subsection, the influence of changing core width w,
wg on the bandwidth and frequency range of the bandgap
are discussed for both schemes A and B. To investigate the
effect of different core width, the dimensions of the CFRP
face sheets are remained at 50 X 50 x 1 mm?> while other core
geometric parameters ¢, ¢, t;, and ¢, are fixed the values
of 1.5 mm, 3 mm, 1.5 mm, and 3 mm, respectively. Figure 3
depicts the fluctuations in the lower-bound frequency f; and
upper-bound frequency f, of the bandgaps for schemes A
and B with respect to variations in w, and wj, respectively
(from 7.5 mm to 17.5 mm in intervals of 1.25 mm). As illus-
trated in Fig. 3(a), the f; value gradually increases when w,
increases because the length of suspended portion in the
middle of the core in scheme A is short, which causes shear
stiffening with an increase in f;. It can be explained that the
vibration mode at the lower-bound frequency is attributed
to the shear motion as shown at mode A in Fig. 2(a). If a
low f; value is desired, w, needs to be decrease for a lon-
ger length of suspended portion in the middle of the core,
and this causes shear softening and leads to a decrease in

(b)

schemes A, (b) scheme B, and
their (¢) RBW with respect to the
core width (w,, wg)

Frequency (kHz)
N

—_ = =
e N

7.5 10 12.5
w, (mm)

(©

0.6 T T T

0551

041

0.35

15 17.5 7.5 10 12.5 15 17.5
Wy (mm)

——scheme A
——scheme B

7.5 10 12.5 15 17.5

W= we (mm)

@ Springer



Journal of Vibration Engineering & Technologies

/- The lowest and highest f; values for scheme A, namely
1218.1 Hz and 1861.3 Hz, are obtained under w, values of
7.5 mm and 17.5 mm, respectively. Considering the feasibil-
ity of manufacturing, the value of w, should not too small.
Otherwise, the bonding area between the face sheets and
the core becomes excessively small, which increases the
possibility of delamination damage. On the other hand, the
£, value also increases with an increase of w, because the
vibration mode at the upper-bound frequency is attributed to
the bending motion as shown at mode B in Fig. 2(a). A large
value of w, increases the bending stiffness of the unit cell
and an increase in f,, while a small value of w, decreases
the bending stiffness of the unit cell and a decrease in f,,.
The lowest and highest f, values for scheme A, namely
1993.2 Hz and 2751 Hz, are computed at w, values of
7.5 mm and 17.5 mm, respectively. Figure 3(b) shows the
variations in f; and f, with the core width wy for scheme B.
It can be seen that the f; and f,, values of scheme B could be
altered in the same manner as those of scheme A because
of the identical vibration mode as shown in Fig. 2(b). For
the width wy varying from 7.5 mm to 17.5 mm, the low-
est and highest f; values for scheme B, namely 1254.5 Hz
and 1920.2 Hz, and the lowest and highest f, values namely
2175.9 Hz and 2761 Hz, are obtained under wy values of
7.5 mm and 17.5 mm, respectively.

Figure 3(c) illustrates the variations in the relative band-
gap widths (RBWs) of schemes A and B with w, and wy,
respectively. The RBW is defined as follows [32]:

RBW = M (5)

(fu + fl)/2

where (f,, + f;)/2 represents the center frequency of the band-
gap. As mentioned earlier, the increase of core width causes
the increase of bending and shear stiffness of the unit cell.
The value of RBW for scheme A is initially climbed from
w, value of 7.5 mm to 11.25 mm. Within this range, the
elevation in shear stiffness exhibits a lesser effect compared
to the increment in bending stiffness, and the observed
increase is attributed to the RBW. As w, is increased from
11.25 mm to 17.5 mm, the influence of shear stiffness is
greater than the bending stiffness. It can be observed in
Fig. 3(a) that the slope of f; curve is enhanced rapidly while
the slope of f,, curve is reduced, and the RBW then decreases
rapidly in the w, range of 11.25 mm to 17.5 mm. Similar
behavior of RBW for scheme B is observed compared to the
scheme A. When wy, is increased from 7.5 mm to 10 mm,
the RBW is increased. When wj is increased from 10 mm
to 17.5 mm, the RBW is decreased. Noted that the RBW
for scheme B is higher than that of scheme A when the
core widths are 7.5 mm and 8.75 mm. On the contrary, the
RBW for scheme A is higher than that of scheme B when
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the core width is between 10 mm and 17.5 mm. Overall, the
scheme A outperforms the scheme B in terms of the RBW.
The highest RBWs for schemes A and B, namely 0.564 and
0.556, are achieved at core widths of 11.25 mm and 10 mm,
respectively.

Effect of the Core Thickness

The effect of the core thickness (4;, ¢4, t3;, and #,) on the
bandgap are investigated in this subsection. The core widths
w, and wy are fixed at 12.5 mm. The thickness ratios for
scheme A (t42/t41) and scheme B (t52/tp1) are kept con-
stant at 2. The core thickness ¢,; and #5; are varied from
0.5 mm to 2.5 mm in intervals 0.25 mm each, while the ¢,
and ¢, are correspondingly varied from 1 mm to 5 mm. Fig-
ure 4 illustrates the relationship between the lower-bound
/5> upper-bound f,, frequencies of the bandgaps and the core
thickness as well as the RBWs for schemes A and B. As
shown in Fig. 4(a) and (b), the values of lower-bound fre-
quency f; in the first bandgap for both schemes are increased
slowly, which indicates the less effect of the shear motion
in the unit cell when the core thickness is increased. On the
other hand, the values of upper-bound frequency f, in the
first bandgap for both schemes are increased rapidly, which
means the strong effect of the bending motion in the unit
cell when the core thickness is increased. Although the first
bandwidth in scheme A exists a sudden drop when core
thickness ¢,; is decreased from 1 mm, 0.75 mm to 0.5 mm,
one distinction observed is that the second bandgap (dashed
line) appears only in scheme A within that range and a new
pass band appears that divides the single bandgap into two
bandgaps as shown in Fig. 5. The mode A for three cases in
Fig. 5 are all attributed to the shear motion which behave
the same with the mode A displayed in Fig. 2. However, the
mode B in Fig. 5(a) is not just a purely symmetric bend-
ing motion as discussed at mode B in Fig. 2. It represents a
hybrid bending mode that involves the coupling of the sym-
metric bending motion of the entire unit cell with the reso-
nant motion in the suspended portion of the unit cell. As the
core thickness decreased, the suspended portion in the mid-
dle of the core is getting thinner to become softener. The flat
second pass band is then observed and the locally resonant
phenomenon becomes more clear as shown in modes C and
D in Fig. 5(a) as well as the modes B, C in Fig. 5(b) and (¢).
The formation of the first bandgap becomes Bragg scatter-
ing coupling with locally resonant mechanism. Moreover,
the bandwidth of the first bandgap is decreased while the
bandwidth of the second bandgap is increased and moving
down. This result can be attributed to the fact that when the
thickness of the suspended portion ¢, is reduced, the bend-
ing stiffness itself is decreased, which leads to a decrease in
the resonant frequency.
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Fig. 4 Lower and upper bounds (@ (b)
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Figure 4(c) displays the RBWs of the bandgaps for both
schemes. The RBWs in the first bandgap are increased for
the entire range of ¢,; and #5,, which are different from the
effect of core width on the RBW as discussed in previous
section. The largest and smallest values of RBW in the first
bandgap for scheme A and B are from 0.058 to 0.625 and
from 0.390 to 0.602, respectively. As mentioned earlier, the
second bandgap appears only in the scheme A due to the
resonant motion of the suspended portion in the middle of
the core. As the ¢, is within the range between 0.5 mm and
1 mm, the RBW values in the second bandgap are existed
from 0.345 to 0.018. It indicates that more strong reso-
nant effect is contributed to the second bandgap when the
thickness of suspended portion is decreasing. As the core
thickness is further increased from the ¢, value of 1 mm
to 2.5 mm, the RBW of scheme A become slightly larger
than that of scheme B. The RBWs of both schemes continue
to increase with the core thickness without exhibiting any
inflection point. This result is different from that observed
for the effect of the core width (w,, wg) on the RBW. Over-
all, if a low-frequency bandgap is desired, the core width
can be decreased to effectively reduce the lower-bound fre-
quency of the bandgap. To obtain the larger possible RBW
for first bandgap, a large core thickness can be selected to

—o—scheme A (first gap)
-e-scheme A (second gap)
——scheme B

1.5 2
=tp, (mm)

2.5

tAI

obtain a large RBW. Thus, increasing the core thickness
does not increase the lower-bound frequency significantly
but effectively increases the upper-bound frequency and the
mechanical performance of the structure.

Performance of Vibration Attenuation
Numerical Models

The commercial FE software Abaqus is used to compute
the frequency response function (FRF) for verifying the
calculated bandgap behavior for schemes A and B. Fig-
ure 6 depicts the schematics of the finite element model for
schemes A and B. The geometric parameters of the cores in
schemes A and B are set as follows: w, = 12.5 mm, ¢,; =
1.5 mm, and ¢, = 3 mm for scheme A; wp = 12.5 mm, 5, =
1.5 mm, and ¢z, = 3 mm for scheme B as discussed earlier
in Sect. 2.2. The material properties [25] listed in Table 1
are assigned to the composite face sheet and the core. The
C3D8 element type, which is an eight-node hexahedral solid
element in three-dimensional, is adopted in the FE model.
The unit cell of scheme A comprises 512 elements for the
face sheets and 1024 elements for the core. The unit cell of
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Fig. 5 Dispersion curves, bandgaps, and different vibration  (2)

modes in scheme A for different core thickness (a) 7,; = 3500
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scheme B comprises 512 elements for the face sheets and
896 elements for the core. The interfaces between the face
sheet and the core are subjected to tie constraints. To com-
pute the FRF, an excitation force is applied at the left edge
of the bottom face sheet, and the displacement response is
measured at the right edge of the top face sheet (7).
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Effect of the Number of Unit Cells on the FRF

Previous research on the bandgap behavior of periodic
structures has indicated that the influence of the number of
unit cells on transmissibility of structures has to be consid-
ered. Jensen [33] analytically demonstrated that the extent
of vibration attenuation depends on the number of unit cells.
Studies [1, 16] have experimentally and numerically indi-
cated that the bandgap behavior becomes more noticeable
as more unit cells are present. To verify the effects of the
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Fig.6 Schematics of the finite element model for schemes Response point
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number of unit cells, the proposed schemes A and B with
different numbers of unit cells (5, 10, and 15 unit cells)
are performed in this section. Figure 8 depicts the FRFs
obtained with different numbers of unit cells for schemes A
and B. The shaded frequency ranges in Fig. 8 correspond to
the bandgaps obtained from the results displayed in Fig. 2.
The low transmissibility of the flexural wave is consistent
with the predicted bandgap, and the bandgap behavior is
notable for both proposed structures. The level of vibration
amplitude significantly decreases within the bandgap when
the number of unit cells is increased to 15, which agrees well
with the observation in the literature [1, 16]. This phenom-
enon occurs because as a wave travels through unit cells, it
interacts with reflected waves, which reduces its amplitude
within the bandgap frequency. Consequently, the amplitude
of the wave decreases as it passes through each unit cell,
and the amplitude loss is amplified as the wave propagates
through the sandwich beam.

Figure 8 displays the displacement fields of the proposed
structures with 10 unit cells at different frequencies. Fig-
ure 8(a) and (c) show the displacement fields excited at
1603 Hz and 1694 Hz for schemes A and B respectively,
and both excited frequencies are located in the bandgap as
discussed in Fig. 2. It can be seen that the displacements
are attenuated rapidly and do not propagate to the right
side of the structures. When out-of-bandgap frequencies
at 2808 Hz and 2716 Hz for schemes A and B are applied
to the structures, the displacements are propagated to the
right side of the structures without attenuation as shown in
Fig. 8(b) and (d).

Effect of Delamination on the FRF

Delamination is the main damage events in composite sand-
wich structures, which usually reduces the stiffness and
strength of the composites and leads to the catastrophic
failure of the entire structures. Therefore, the effect of
delamination on the performance of vibration attenuation
is investigated in this subsection. The proposed schemes
A and B with 15 unit cells are discussed to see the effect
of face—core delamination on the FRF. Figure 9 illustrates
the delamination area in red, where exists in the middle
between the top surface of the core and the bottom surface
of the upper CFRP face sheet. Surface-to-surface contact
without tie constraints is defined in the delamination area of
the FE model. The delamination lengths, which is 20% and
60% of the total structural lengths, investigated in this study.
Figure 10(a) and (b) presents an FRF comparison of a pris-
tine conventional composite sandwich with those of pris-
tine/delaminated proposed schemes A and B, respectively.
It can be seen that the pristine conventional composite sand-
wich (black solid line) has no attenuation of displacement
compared to the proposed structures. The performances of
vibration attenuation for both pristine proposed structures
(red solid line) are better than the delaminated structures
(dash line). As the delamination length increased, the perfor-
mance of vibration attenuation worsens within the bandgap
(grey area) and the bandgap behavior could not be clearly
observed. Nevertheless, the delaminated structures for both
schemes still exhibit better performance of vibration attenu-
ation than the pristine conventional composite sandwich.

Fig. 8 Displacement response of the proposed structures. Scheme A excitation at (a) 1603 Hz (within bandgap) and (b) 2808 Hz (out of bandgap).
Scheme B excitation at (¢) 1694 Hz (within bandgap) and (d) 2716 Hz (out of bandgap)
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Fig.9 Schematics of the face—core delamination for the
proposed structures with 15 unit cells

Fig. 10 Frequency response (a)
function of pristine (red solid 104
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Conclusion

In this paper, two lightweight types of composite sandwich
structures with periodic hollow-shaped cores are proposed
to have a wide flexural bandgap in intermediate-to-low-
frequency ranges. First, parametric studies are conducted to
investigate the influence of core geometric dimensions to
the flexural bandgap. Changing the core width is more effec-
tive in reducing the bandgap frequency whereas increasing
the core thickness leads to a larger RBW. In most cases, the
RBW of scheme A is slightly larger than that of scheme B.
Next, the FRF simulations are performed to investigate the
performance of vibration attenuation for the proposed struc-
tures, and the simulated results agree well with the predicted
bandgap. When the number of unit cells is increased, the
displacement amplitude decreases considerably. Last, the
effect of delamination on the FRF are examined. The simu-
lated results indicate that the performance of vibration atten-
uation is getting worse as the delamination length increased.
Nevertheless, the delaminated proposed structures still have
better performance of vibration attenuation than the pristine
conventional sandwich structures. Our findings demonstrate
that despite the simplicity of the core design, it is capable of
achieving comparable bandgap behavior to more complex
geometries.
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