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The vibration performance of sandwich beams with honeycomb-corrugation hybrid cores was investi-
gated in this paper. The method of homogenization was employed to obtain the equivalent macroscopic
stiffness of honeycomb-corrugation hybrid cores. Finite element methods and modal analysis techniques
have been used to predict their vibration characteristics (i.e. their natural frequencies and mode shapes).
It is shown that in most cases the predictions by using the equivalent homogenization model (2D model)
agree well with the experimental and three-dimensional finite element calculated results. For sandwich
beams with corrugated cores, the filling honeycomb not only enhances their flexural rigidity and
increases their natural frequency of higher orders, but also more or less eliminates the anisotropy of
the structural stiffness and suppresses the local modes of vibration. In addition, considering mass effi-
ciency, a dimensionless frequency parameter was proposed. It was found that the frequency parameter
has different sensitivity to the geometry parameters, i.e. the slenderness ratio of corrugated member,
the face sheet thickness ratio and the relative density of filling honeycomb.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Due to their multi-functional characteristic, periodic cellular
metal sandwich structural body comprising such as honeycomb
or corrugated core have been being widely used in such engineer-
ing application fields as aerospace, high speed transportation, and
submarine [1,2], which put forward the higher demand on physi-
cally limited space. However there is still a large amount of space
in corrugated, honeycombed and pyramidal cores [3–5] at millime-
ter scale.

In order to improve their weight and space efficiency, many
hybrid cores structures had been constructed to enhance mechan-
ical properties of sandwich structures [6]. Originally filled polymer
foams were applied to construct hybrid sandwich cores such as
pin-reinforced foams [7–9], polymer foam-filled reinforced com-
posite lattices [10,11], polymer foam-filled metallic corrugation
[12–15] and polymer foam-filled honeycomb [16]. However the
outcome was disappointing, as sandwiches with polymeric foam-
filled cores only performed nearly as well as sandwiches of the
same weight with unfilled cores. In recent years, metallic foams
having higher strength than polymer foam have already been used
as a filling material to form aluminum foam-filled metallic tubes
[17] and metal foam-filled metallic corrugation [18–20]. It was
surprising that metal foam filling could greatly increase the
strength and energy absorption of sandwich structures. The com-
pletely different results were attributed to an underlying mecha-
nism: the lateral support to the core member not by weakly but
strongly filled foam, altering the deformation modes and consider-
ably delaying core member buckling. However, the weight and
space efficiency of new composite structures can still not be car-
ried out adequately. The main reason is that filled foams in these
structures have been enhanced next to nothing by such ordered
porous materials as metallic corrugation. In order to improve
structure efficiency in composite porous structures, new idea
about honeycomb-filled corrugated core has been proposed
[1,21], which significantly increases the weight and space effi-
ciency of sandwich structures by mutual enhancement of corru-
gated member and filled honeycomb, i.e. the mutual constraint of
corrugated member and honeycomb cell walls against buckling
changes the deformation mode of structure.
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For large-scale sandwich structures with hybrid cores, it would
be important to predict their natural frequencies. In recent years,
homogenization equivalent methods have been widely used to
obtain the equivalent model of some cellular structures [22–27].
Compared with tedious analytical methods and three dimensional
detailed finite element methods (3D model) [22,23], the equivalent
method can be used to improve the computational efficiency and
further reduce the computational expense. Xia et al. [27] proposed
such three equivalent methods as the honeycomb-plate theory, the
sandwich theory and the equivalent-plate theory. It was shown
that three equivalent methods were reliable and practical, and they
can be used for predicting the natural frequencies of honeycomb-
sandwich plates. Liu et al. [28,29] derived the effective stiffness
matrix of corrugated and lattice truss cores. The equivalent models
were used successfully for finite element analysis of characteristic
modes. In comparison with the results obtained by three detailed
finite element models, the equivalent approach can give acceptable
predictions on dynamic behavior of sandwich panels. Yet until
recently, Han et al. [15] studied the existing foam-filled corrugated
hybrid cores, and obtained their equivalent elastic constants, and
studied the vibration characteristics under thermal loading. How-
ever, newly honeycomb-corrugation hybrid cores for sandwich
structures have rarely been investigated based upon the equivalent
model. In this paper, based upon a micromechanics-based model,
the effective elastic constants of honeycomb-corrugation hybrid
core are derived by the homogenization method. The hybrid core
is equivalent to a homogeneous medium used to constitute the
equivalent model (2D model). In order to verify its accuracy, the
three-dimensional finite element model (3D model) and experi-
mental tests were carried out respectively to predict the vibration
characteristics of sandwich structures with hybrid core under
clamped-free boundary conditions. The influence of key geometri-
cal parameters on their vibration performance is also explored.

2. Formulation of honeycomb-corrugation hybrid core
homogenization

2.1. Homogenization

Based upon the micro-mechanical models with small elastic
deformation, the honeycomb-corrugation hybrid cores are treated
as homogeneous orthotropic materials as shown in Fig. 1. Geomet-
ric parameters of honeycomb-corrugation hybrid cores are: honey-
comb cell length lH , single wall thickness tH , corrugated member
length lc , corrugation angle h, the width of corrugation platform
d, core height hc , corrugated member thickness tc , the sheet thick-
ness tf . qs represents the density of the corrugated member and
honeycomb material. Let E and m denote the Young’s modulus
and Poisson ratio.

The relative density �q of the honeycomb-corrugation hybrid
core is:
Fig. 1. Schematic diagram of sandwich beam with honeycomb-corrugation hybrid
core transformed to equivalent one by homogenization method.
�q ¼ �qC þ �qHð1� �qCÞ ð1Þ
where �qH and �qC denote the relative density of the honeycomb and
empty corrugation core, respectively, and k is the volume fraction of
hybrid core occupied by corrugation member, given by:

�qH ¼ 8tH
3ð

ffiffiffi
3

p
lH þ 2tHÞ

ffi 8
3
ffiffiffi
3

p tH
lH

ð2Þ

�qC ¼ tcðdþ lcÞ
ðdþ lc cosaÞðtc þ lc sin hÞ ð3Þ

k ¼ �qC ð4Þ
It is assumed that the corrugated members and the face sheets

are welded together and no slip occurs when subjected to loading.
Hence, the corrugated members are treated as Euler-Bernoulli
beams with clamped support at both ends. It is further assumed
that filling honeycomb and corrugated members keep close contact
with each other during deformation. For small strain deformations,
the deformation of the face sheets has negligible influence on the
geometry of the unit cell.

The honeycomb-corrugation hybrid core may be analyzed at
two different scales: (a) at the macro scale, the hybrid core is con-
sidered as a homogeneous continuum solid; (b) at the micro-scale,
the corrugated members and filling honeycomb are separately con-
sidered. The derivation of micro-dium relies on the analysis of its
representative volume element (RVE, or unit cell). The analysis
parallels that of pin-reinforced foam cores [7] and foam-
reinforced corrugated cores [15]. The macroscopic strain energy
density of honeycomb-corrugation hybrid core may be written as:

U� ¼ UC þ UH ð5Þ

UC ¼ 1
X
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where UC and UH are the strain energy of the corrugated members
and filling honeycomb, respectively. X denotes the volume of the
unit cell. Superscript C and H represent the corrugation and the
honeycomb, respectively.

2.2. Small strain kinematics

Consider the deformation of a unit cell comprising of a corru-
gated member surrounded by filling honeycomb and subjected to
a �x� �z plane macroscopic strain E as schematically shown in
Fig. 2(a). The corrugated member in the �x� �z plane can be treated
as an Euler-Bernoulli beam of unit width, clamped at both ends. ~uðiÞ

is the global nodal displacement vector for the ith inclined beam
characterized by end nodes f and s (Fig. 2(b)):

~uðiÞ ¼ TT~uðiÞe ð8Þ

~uðiÞe ¼ ½wf; v f; hf;ws; v s; hs�ðiÞT ð9Þ
where ~uðiÞe denotes the nodal displacement vector under local coor-
dinates ðx; zÞ, T is the transformation matrix between local and glo-
bal coordinates (see Appendix A), and e represents values in local
coordinates. The global nodal displacement vector for the ith beam
can be written as:

�uðiÞ ¼ ½D1;D2;0;0;0;0�ðiÞT ð10Þ



Fig. 2. Homogenization of honeycomb-corrugation hybrid core: (a) the kinematics of a inclined corrugated member; (b) an inclined corrugated member subjected to nodal
forces/moments and lateral pressure; (c) shear flow in a typical cell and its representative volume element when: (c) macroscopic shear stress s32 or (d) macroscopic shear
stress s12 is imposed.
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Here, D1 and D2 denote the projections of the end node displace-
ment D, given by

D ¼ hc

sin h
EN0 ð11Þ

where

E ¼ E22 E23

sym E33

� �
; D ¼ D1ð m;D2rÞT ð12Þ

Here, N0 denotes the unit vector along with which the inclined
beam is initially aligned.

In Eq. (6), �uðiÞ
p is the nodal displacement vector of the ith inclined

beam contributed by lateral normal stress pðiÞ in Fig. 2(b):

�uðiÞ
p ¼ TT�uðiÞe

P ð13Þ

�uðiÞe
P ¼ mpðiÞ

E l 0 0 0 0 0
h iT ð14Þ

The effect of shear stress on the lateral surface of the inclined
beam is ignored. The contribution of lateral normal stress pðiÞ to
the strain energy just considers the elongation related to the
inclined beam and the compression related to beam lateral surface.

The macroscopic deformation of filling honeycomb in a unit cell
is approximately equal to that of the unit cell. Therefore, with close
contact assumed between corrugated members and filling honey-
comb, pðiÞ is assumed to be approximately uniformly distributed
on the lateral surface of inclined beam, and can be obtained as:

pðiÞ ¼ nT
2

r11 r12 r13

r21 r22 r23

r31 r32 r33

2
64

3
75

H

n2 ð15Þ

rH ¼ CHE ð16Þ
where n2 is the unit vector normal to the lateral surface of the
inclined beam. The stiffness matrix CH of the honeycomb is given
in Appendix B [26].

In Eq. (6), �KðiÞ is the global stiffness matrix that satisfies the
transformation between local and global coordinates:

�KðiÞ ¼ TT �KeðiÞT ð17Þ

where �KeðiÞ is the elementary stiffness matrix of the ith beam, as
given in Appendix A. The macroscopic strain vector of the unit cell
may be defined as:

N ¼ ½N1 N2 N3 N4 N5 N6 �T

¼ ½ E11 E22 E33 2E23 2E13 2E12 �T ð18Þ

The effective stiffness of the unit cell may be obtained by:

C�
ij ¼

@2U�

@Ni@Nj
ð19Þ
2.3. Macroscopic equivalent properties of honeycomb-corrugation
hybrid core

Using Eqs. (18) and (19), the �x� �z plane macroscopic effective
stiffness C�

ij of a honeycomb-corrugation hybrid core may be writ-
ten as:
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The contribution of coupling effect derived from filling honey-
comb and corrugated members is little and so has been neglected.
The elastic stiffness just considers the contribution of stretching
and bending deformation for the corrugated members and filling
honeycomb.

If a macroscopic strain E22 is imposed on the unit cell, the local
normal stress rc

y of a corrugated member and rH
y of filling honey-

comb in the �y-direction are given by:

rc
y ¼

E
ð1� m2Þ E22 ð24Þ

rH
y ¼ CH

22E22 ð25Þ

The macroscopic stress ry in the �y-direction is obtained:

ry ¼ krC
y þ ð1� kÞrH

y ð26Þ

C�
22 ¼ k

E
ð1� m2Þ þ ð1� kÞCH

22 ð27Þ

If E11 or E33 is solely imposed on the unit cell, the macroscopic
stress ry can be obtained by using nodal displacements and the
corresponding equilibrium equations. Consequently, C�

12 and C�
23

can be written as:

C�
12 ¼ kmE

ð1� m2Þ
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þ ð1� kÞCH
12 ð28Þ

C�
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sin h
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When subjected to a macroscopic shear strain E11 or E33 the
resulting distributed shear flow in a unit cell is shown in Fig. 2
(c) or (d). The macroscopic shear stress R2i can be written as:

R2i ¼ RC
2i þ RH

2i ð30Þ
where RC

2i and RH
2i are macroscopic shear stress of corrugated mem-

ber and filling honeycomb, respectively. In both cases, due to the
symmetric layout of the unit cell, the local shear strains can be
obtained as:

e12 ¼ sC23
2G

; e23 ¼ sC12
2G

ð31Þ

where G is shear modulus of the base material. Using micro-macro
relations of energy equivalence, we have:
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Consequently, C�
44 and C�

66 can be written as:
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3. Experimental

3.1. Materials and fabrication

Considering a honeycomb-corrugation hybrid core sandwich
structure in Fig. 3(a), the hybrid core is composed of aluminum
corrugated member and trapezoidal A1 honeycomb blocks. The
honeycomb blocks are made of A1-3003-H18, while the corrugated
member and the face sheets are made of A1-3003-H24, their corre-
sponding material properties are E ¼ 70 GPa, m ¼ 0:3 and
q ¼ 2700 kg/m3. The corrugated member was treated by the fold-
ing method. Trapezoidal honeycomb blocks precisely cut from a
commercial honeycomb panel by electro-discharge machining
was just right inserted into the interstices of the corrugated core.
Finally, the sandwich beam was fabricated by inserting the honey-
comb blocks into the corrugated core, fixed by epoxy glue, then
adhesively bonded to the Al face sheets. The literature [21]
describes detailedly the manufacturing process of sandwich beam.
Geometrical dimensions of these beams used in test are illustrated
in Table 1. The cells of corrugated core have been arranged in
transverse and longitudinal directions. Two different kinds of spec-
imens, i.e. beam I and beam II, were prepared and tested in this
experiment as shown in Fig. 3(b), wherein beam I contains two
hybrid cells in the width direction, and beam II contains ten hybrid
cells in the length direction.

3.2. Experimental process

Modal testing was performed on sandwich beam under clamed-
free boundary condition. The first three natural frequencies and the
corresponding mode shapes of sandwich beam were reported.
Experimental equipment consisted of an impact hammer, a B&K
type accelerometer, a charge amplifier, a clamping system and a
LMS-Test-Lab modal analysis system as shown in Fig. 4. The exper-
iment was carried out by multi-point excitation and single point
measurement. First, the specimen was fixed at one end by means
of the clamping system. Then twenty excitation points were evenly
arranged on the specimens as shown in Fig. 3(b). The point-by-
point excitation method was used by the impact hammer. The
impact force-time history from the hammer was recorded by the
force transducer connected with the impact hammer. The vibration
response of specimen was detected using acceleration transducer.
The signals gotten from force transducer and acceleration trans-
ducer were processed by LMS-Test-Lab modal analysis system. Fre-
quency response analysis was carried out to obtain the natural
frequencies and mode shapes. The average values of three tests
were reported in the present study.

4. Finite element modeling

Vibration characteristics of sandwich beam having honeycomb-
corrugation hybrid core are analyzed by using such finite element
methods as the equivalent model (2D model) and the three-
dimensional finite element model (3D model). The commercial
finite element code ABAQUS/Standard is employed to obtain the
natural frequencies and the mode shapes of sandwich beams.
Eight-node linear brick elements with reduced integration
(C3D8R) are used for both the face sheets and the corrugated mem-
bers in 3D or 2D models. Linear quadrilateral shell elements with



Table 1
Geometrical dimensions of sandwich beam (mm).

L H W lH tH lc hc tc h d tf

300 14.2 60 1 0.06 15.4 11.4 0.6 45o 3.6 1.4

Fig. 3. (a) Schematic of the fabrication process of sandwich beam with honeycomb-corrugation hybrid core, (b) specimens of beam I and beam II denote longitudinally and
transversely corrugated core sandwich beams with honeycomb insertion, respectively.
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induced integration (S4R) are just used for filling honeycomb in 3D
models. A mesh convergence study was carried out to make the
mesh refinement fine enough on the numerical result even though
further refining of the mesh. The mesh grid is one over ten of the
height of sandwich beam. A linear perturbation analysis step is cre-
ated, and frequency extraction procedure is carried out with the
Fig. 4. Test setup of
lanczos solver. All parts are considered to be perfectly bonded
together.

5. Results and discussions

5.1. Validate and analysis

The first three natural frequencies of two different sandwich
beams have been obtained by 2D numerical model, 3D numerical
model and experimental tests in Table 2. The results obtained from
the analysis of 2D numerical model meet good agreement with
ones from 3Dnumericalmodel and experimental tests. The first
three mode shapes of 2D numerical model are consistent with
modal testing.



Table 2
The first three natural frequencies of sandwich beams obtained by three different methods (Hz).

Order Beam I Beam II

Experimental value 3D model value 2D model value Experimental value 3D model value 2D model value

f1 153 162 158 150 156 154
f2 454 482 463 435 453 441
f3 874 952 945 864 939 879
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those of 3D numerical model and experimental tests as shown in
Fig. 5, wherein the first and third mode shapes are the bending
mode, and the second mode shape is a lateral mode (the first three
modal shapes of beam II are similar, so here is not given). For 2D
model, its first two natural frequencies for both sandwich beams
is less 5% than those of two other models, and its third natural fre-
quency shows a significant difference at less 10% error than those
of two other models. The experimental result is lower than that of
the 2D model, due to the effect of adhesive mass. The 3D model
result is higher than the 2D model one, mainly because of the
ignored coupling effect of hybrid core in the 2D model. In addition,
the first three natural frequencies of beam I derived from three
methods are a little higher than those of beam II, despite the same
weight. This is mainly because the stiffness of longitudinally corru-
gated core sandwich beam is higher than that of transversely cor-
rugated core sandwich beam.

5.2. Effect of honeycomb insertion on the vibration characteristics of
sandwich beams

In this section, the vibration characteristics of sandwich beams
with corrugated core, honeycomb core and hybrid core are dis-
cussed. The first four natural frequencies and corresponding mode
shapes of vibrations of the sandwich beams are presented in Fig. 6.
In the corresponding order, it is noted that the frequency of hybrid
core sandwich beam is the maximum, the frequency of corrugated
core sandwich beam is minimal, which means the bending stiff-
ness of sandwich beam with hybrid core is the maximum at nom-
inally the same mass. Moreover, the localized vibration mode
Fig. 5. The first three modal shapes deduced from (a) experimental test; (b) 3D model f
model for sandwich beam with equivalent core.
shapes appear the between second and fourth mode for longitudi-
nally corrugated core sandwich beam, and the third and the fourth
mode for transversely corrugated core sandwich beam II. Never-
theless, the localized vibration modes do not appear for honey-
comb core sandwich beam and hybrid core sandwich beam. It is
due to the fact that the corrugated members in the honeycomb-
corrugation hybrid core sandwich beam are considerably stabilized
by the filling honeycomb against lateral deflection. The mutual
constraint between corrugated member and honeycomb cell walls
results in improving the stiffness and inhibiting the local vibration
mode of sandwich beam.

Due to serious anisotropy of mechanical properties of corru-
gated core sandwich structure, it is easily found that the first nat-
ural frequency of longitudinally corrugated core sandwich beam is
27.2% higher than that of transversely corrugated core sandwich
beam. However, the first natural frequency of sandwich beam I is
just 3% higher than that of sandwich beam II as shown in Fig. 7.
Filling honeycomb weakens the directivity of the stiffness of corru-
gated core sandwich beam.

5.3. Effects of geometric parameters on the vibration characteristics of
sandwich beam with honeycomb-corrugation hybrid core

Effects of such geometry parameters as the face sheet thickness
ratio tf/hc, the relative density of filling honeycomb �q, the slender-
ness ratio of corrugated member tc/lc, and the inclination angle h on
the first natural frequency of sandwich beam are discussed further
using FEM with ABAQUS/Standard. With material parameters
fixed, the geometric parameters of the sandwich are varied. To
or longitudinal corrugation core sandwich beam with honeycomb insertion; (c) 2D



Fig. 6. Comparison of first four mode shapes of sandwich beam with (a1) empty longitudinally corrugated core, (a2) honeycomb core, (a3) hybrid core I; sandwich beam with
(b1) transversely empty corrugated core, (b2) honeycomb core, (b3) hybrid core II.
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reveal the superiority of hybrid sandwich beams over the solid
beams, a dimensionless parameter is proposed as x=-, where x
and - are the first natural frequency of the sandwich beam and
the corresponding solid beam with the same length, width, weight
and boundary condition, respectively. The height of solid beam can
be obtained:

h ¼ �qhc þ 2tf ð37Þ
The first natural frequency of a solid beam is given [24]:

- ¼ 1:01
2p

ffiffiffiffiffiffiffiffi
Eh2

qL4

s
ð38Þ
Fig. 8 illustrates the effects of geometric parameters on x=- of
both the sandwich beam I and beam II. In Fig. 8(a), it is showed that
x=- decreases with the increase of face sheet thickness ratio tf/hc.
It is the well-known that face sheets play an important role in pro-
moting the bending stiffness of sandwich beam [22]. The mass of
sandwich beam increases with the increase of tf /hc, which leads
to an increase in the natural frequency. At the same time, the nat-
ural frequencies of the corresponding solid beams also increase
with tf /hc as shown in Table 3,which leads to a decreased x=-.
As for the relative density of filling honeycomb, the slenderness
ratio of corrugated member and the inclination angle of corrugated
member, they all have the similar influence on nature frequency, as



Fig. 7. Comparison of first natural frequency of sandwich beams with hybrid cores
and empty corrugated cores.

Table 3
The effects of geometric parameters on the natural frequency of sandwich beams and
the corresponding solid beams (HZ).

Varied geometrical
parameter

Beam I Beam II Solid
beam

FEM Equivalent FEM Equivalent

Effect of face sheet thickness tf/hc
0.04 142 136 135 135 22
0.08 163 158 158 157 31
0.12 177 172 175 174 40
0.15 188 184 187 186 49
0.18 199 197 198 194 58

Effect of the relative density of honeycomb �q
0.03 183 182 180 178 36
0.06 177 176 175 172 38
0.09 171 169 170 168 42
0.12 167 165 165 163 45
0.15 162 160 160 155 48

Effect of the slenderness ratio tc/lc
0.01 167 166 166 165 27
0.021 163 162 161 160 28
0.033 160 159 157 155 30
0.047 158 157 153 151 33
0.06 155 155 148 147 36

Effect of the angle of corrugated member h
40 157 153 150 147 34
45 156 150 149 146 34
50 155 148 148 146 35
55 154 147 146 145 35
60 152 146 145 144 35
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illustrated in Fig. 8(b)–(d). As the relative density of filling honey-
comb, the slenderness ratio of corrugated member and the inclina-
tion angle of corrugated member increase, both the mass and
structural stiffness of sandwich beam increase. Compared with
the structural stiffness, the mass plays a dominant role on the
Fig. 8. Effects of geometric parameters on the dimensionless frequency parameter �q of sandwich beam I and beam II: (a) the face sheet thickness ratio tf/hc; (b) the relative
density of filling honeycomb �q; (c) the slenderness ratio of corrugated member tc/lc; (d) the inclination angle of corrugated member h.



Z.-j. Zhang et al. / Composite Structures 171 (2017) 335–344 343
frequency parameters of sandwich beam. The natural frequency of
sandwich beams decrease as shown in Table 3, resulting in the
descending of x=-. In addition, compared with the face sheet
thickness ratio, the effects of the relative density of filling honey-
comb and the slenderness ratio of corrugated member on the fre-
quency parameter slightly decease. However, the frequency
parameter is insensitive to the inclination angle of corrugated
member as shown in Fig. 8(d).
Fig. 1B. Hexagonal honeycomb core.
6. Conclusion

The equivalent elastic constants of equivalent model of
honeycomb-corrugation hybrid core have been derived employing
the homogenization method. The equivalent model (2D numerical
model) has been used to predict the vibration characteristic of
sandwich beams. In comparison with results obtained by using
3D numerical model and experimental tests, the equivalent model
can give acceptable predictions for mode analysis of sandwich
beam with honeycomb-corrugation hybrid cores. Moreover, it
was found the filling honeycomb had an effect on weakening the
anisotropy of the stiffness and suppressing the local mode shape
for sandwich beam. The geometry parameters have an effect on
the vibration characteristics of sandwich beam with hybrid core.
The effect of face sheet thickness on the frequency parameter is
the greatest, and the frequency parameter is not sensitive to the
inclination angle of corrugated member. This work is helpful for
researchers in design for the practical application of the
honeycomb-corrugation hybrid-cored sandwich structures.
Acknowledgements

This work was supported by the National Natural Science Foun-
dation of China (11472209), the Fundamental Research Funds for
Xi’an Jiaotong University (xjj2015102), China Postdoctoral Science
Foundation (2016M600782), and Postdoctoral Scientific Research
Project of Shaanxi Province (2016BSHYDZZ18).
Appendix A

For Euler-Bernoulli beams, the elementary stiffness matrix is:

KeðiÞ ¼

EA
l 0 0 � EA

l 0 0

0 12EI
l3

6EI
l2

0 � 12EI
l3

6EI
l2

0 6EI
l2

4EI
l 0 � 6EI

l2
2EsI
l

� EA
l 0 0 EA

l 0 0

0 � 12EI
l3

� 6EI
l2

0 12EI
l3

� 6EI
l2

0 6EI
l2

2EI
l 0 � 6EI

l2
4EI
l

2
6666666666664

3
7777777777775

ðA1Þ

where A and I are the cross-sectional area and moment of inertia of
the beam, respectively.

The transformation matrix between local and global coordi-
nates for one corrugated member as shown in Fig. 2(a) is given by:

cos h sin h 0 0 0 0

� sin h cos h 0 0 0 0

0 0 1 0 0 0

0 0 0 cos h sin h 0

0 0 0 � sin h cos h 0

0 0 0 0 0 1

2
66666666664

3
77777777775

ðA2Þ
Appendix B

The geometry is described by the length l1 and thickness t1 of
the cell wall, the length l2 and thickness t2 of the inclined cell walls
and the cell angle / (see Fig. 1B). Due to the manufacturing pro-
cess, the thickness t1 of horizontal cell wall is usually twice thick-
ness t2 of the inclined cell wall.

The elastic constants of filling honeycomb are [26]:

CH
11 ¼ E

t1 l1 1�c1
bð Þ�2t2 l2

c1
b �cosUð Þ cos3 U

12l2ðl1�l2 cosUÞ sinU

CH
12 ¼ E

�t2
l1
l2

c1
b �cosU

� �
sinU cosU

l1�l2 cosU

CH
13 ¼ 0

CH
22 ¼ E

t2 sin2 Uþl1
l2

c1
b cosU

� �
sinU

l1�l2 cosU

CH
23 ¼ 0

CH
33 ¼ E t1 l1þ2t2 l2

2l2ðl1�l2 cosUÞ sinU

CH
44 ¼ G t2 sinU

l1�l2 cosU

CH
55 ¼ G

t1 l1þ2t2 l2 cos2 U�t1 l1þ2t2 l2 cos2 U
t1 l1þ2t2 l2

ðt1 l1þ2t2 l2 cos2 UÞ
2l2ðl1�l2 cosUÞ sinU

CH
66 ¼ E

ðl1�l2 cosUþl1 sin
2 UÞ 1�l1

l2
cosUþl1
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1
c6

cosU� 2
c6

cos2 U

� �
2l2ðl1�l2 cosUÞ sinU

c ¼ 1þ 2ð1þmÞt22
l22

c1 ¼ 1þ 2 t22
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cos3 Uþ 2 t2

t1

t22
l21

1
c sinU cosU
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1
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