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Abstract: The present work focuses on the in-plane shear respond and failure mode of large size
honeycomb sandwich composites which consist of plain weave carbon fabric laminate skins and
aramid paper core. A special size specimen based on a typical element of aircraft fuselage was
designed and manufactured. A modified in-plane shear test method and the corresponding fixture
was developed. Three large size specimens were tested. The distributed strain gauges were used
to monitor the mechanical response and ultimate bearing capacity. The results show that a linear
respond of displacement and strain appears with the increase of the load. The average shear failure
load reaches 205.68 kN with the shear failure occurring on the face sheet, and the maximum shear
strain monitored on the composite plate is up to 16,115 pe. A combination of theoretical analysis
and finite element method (FEM) was conducted to predict the shear field distribution and the
overall buckling load. The out-of-plane displacement field distribution and in-plane shear strain
field distribution under the pure shear loading were revealed. The theoretical analysis method was
deduced to obtain the variation rule of the shear buckling load. A good agreement was achieved
among the experiment, theoretical analysis, and FEM results. It can be concluded that the theoretical
analysis method is relatively conservative, and the FEM is more accurate in case of deformation and
strain. The results predicted by h element and p element methods are very close. The results of the
study could provide data support for the comprehensive promotion of the design and application of
honeycomb sandwich composites.

Keywords: honeycomb sandwiched composite; large size; in-plane shear; mechanical respond;
theoretical and FEM analysis; FEM

1. Introduction

Honeycomb sandwich composite structure is a special type of composite material composed of
two stiff face sheets bonded to a very lightweight honeycomb core [1]. The face sheets could be a natural
or synthetic fiber reinforced composite [2-5] or metal [1,6] and the core could be replaced as polymer
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foam [4,5] or aluminum foam [1,6,7]. This provides the possibility for the engineer to widely change the
parameters to meet the design specifications. Due to its high specific stiffness and strength, excellent
energy absorption capacity, good noise resistance, as well as high damping properties, the sandwich
composite structure has been widely used in the aerospace field [1-11]. The mechanical properties of
the sandwich composite structure are highly anisotropic with more failure modes, and the processing
technology and structural characteristics of composite materials are more complex than traditional
materials, especially alloy materials [12-16]. Therefore, it is of great significance to thoroughly study
the mechanical properties of sandwich composite structures for aircraft design [17-20].

There is an increasing interest in the application of the honeycomb sandwich panels for the body
of aircraft [21]. Regarding the aircraft body, the main function of the inner and outer skin is to carry the
normal stress due to air pressure and the in-plane shear stress coming from the aircraft wing, while the
core is used to connect the two skins and carries the vertical force. This structure can not only play the
excellent tensile properties of composite skins, but also enhance stability without redundant structures
comparing the traditional stiffened panel [7,22]. Shear force is two forces of equal size and opposite
direction in two parallel planes which are very close to each other [23]. The test and evaluation of
the in-plane shear strength have great significance for the rational design of the sandwich composite
structures, the assurance of their safety, and the expansion of their application scope [24-26].

Most structural materials have size effect especially for the large size sandwich structure subjected
to in-plane shear loading. One of the main difficulties in measuring its shear properties is generating a
pure shear stress state in a relatively large field [27]. Moreover, the shear test is the most difficult of all
single stress tests for composite materials [28]. In the case of measuring both shear modulus and shear
strength output reproducible values on small specimen, the V-notched test method (ASTM standard
D7078 or D5379) [27,29] and the in-plane shear test method (ISO 14129) [30] are the best practices in
the commonly used methods.

A summary of early investigations related to the shear test of the sandwich composites based on
the ASTM standard test methods experimentally and numerically with small and easily fabricated
specimens is presented in [1,31-35]. Laurent [1] provided a comprehensive study on the shear stresses
in honeycomb sandwich plates with analytical solution, finite element method (FEM), and experimental
verification. Fan et al. [36] simulated panels of different layers and core thickness using a finite element
analysis program and made three-point bending tests and shear tests. The results indicated that core
thickness played an important role in the panels buckling and post-buckling responses, and the number
of carbon fiber layers decided the shear strength. Kim et al. [37] studied the stability of Al honeycomb
core sandwiched composite panels via finite element analysis. Wang et al. [38] designed a 3D spacer
fabric structure using glass fibers and carbon fibers as raw materials and analyzed the compression
and flexure properties of the 3D spacer fabric. Prakash et al. [39] investigated the influence of cell
size on the core shear modulus and shear strength of fiber-reinforced plastic (FRP) honeycomb core
sandwiched panels. Kolanu [30] focused on the damage assessment of carbon fiber reinforced polymer
(CFRP) panels subjected to in-plane shear loading and undergoing large deformation.

However, investigation on the shear mechanical response of the large scale honeycomb sandwich
composites was inadequate. Zhang [40] conducted an investigation on in-plane shear behavior of
large-size composite plates with multi-bolt joints. Kolanu [30] proposed a unified approach comprising
of digital image correlation (DIC), acoustic emission (AE), strain gages, and linear variable differential
transformer (LVDT) for capturing the post-buckling deformations associated with the large scale
laminated composite panels with holes under shear loading. Further, Li [41] carried out experimental
and numerical investigations on CFRP laminate with a large elliptical size cut-out subjected to shear
loading. Therefore, it is necessary to study the shear properties and failure behavior of the large scale
honeycomb sandwich composites as they are more in line with engineering structures.

Taking the aforementioned studies” analyses, a large size sandwich structure and a corresponding
shear fixture were designed. A combination of theoretical analysis and FEM model was conducted to
predict the shear field distribution and the overall buckling load. The FEM is based on the h element
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and p element. Then the mechanical respond and failure mode of the structure under in-plane shear
load were revealed by conducting experiments. The theoretical analysis was deduced and its result
further verified consistency with the numerical and experimental results.

2. Material and Specimens

The honeycomb sandwich composite panel was produced with a nominal thickness of 20 mm.
The thickness of the top and bottom skins was 0.654 mm, and the middle core was 18.69 mm.
The materials and manufacturing details are described below.

2.1. CFRP Skin and Honeycomb Core

The CFRP skin is made from 3 plies of T700 carbon fiber plain woven fabric [2] reinforced
epoxy resin (supplied by AVIC Composite Materials Ltd, Beijing, China) using the hand layup and
vacuum bagging technique. The thickness of cured lamina was 0.218 mm with a density of 200 g/m?.
The stacking sequence of 45°/0°/0° was designed to provide strength and stiffness to the panel.
The honeycomb core was made of AC-KH-48 type Nomex with a density of 48 kg/m® manufactured by
ARAMICORE, and designed to carry the out-plane shear forces. The single and double wall thicknesses
of the Nomex paper were 0.063 mm and 0.126 mm. The distance of the opposite side of the honeycomb
was about 4 mm. It is defined that the honeycomb height (3 direction) is the main bearing direction.
The mechanical property of the CFRP skin and Nomex honeycomb core are presented in Table 1 [42].

Table 1. Property parameters of carbon fiber reinforced polymer (CFRP) skin and Nomex core.

Property CFRP Skin Nomex Honeycomb Core
Longitudinal stiffness, E;; (GPa) 36.65 0.015
Transverse stiffness, E;, (GPa) 36.65 0.015
Out-of-plane stiffness, E33 (GPa) 10.16 0.175
Poisson’s ratio, v77 0.04 0.4
Poisson’s ratio, v13 0.31 0.1
Poisson’s ratio, vp3 0.31 0.1
Shear modulus, Gy, (GPa) 4.21 0.113
Shear modulus, Gy3 (GPa) 423 0.077
Shear modulus, G,3 (GPa) 423 0.077
Longitudinal tensile strength, X; (MPa) 676 -
Longitudinal compressive strength, X, (MPa) 230 2.17
Transverse tensile strength, Y; (MPa) 676 -
Transverse compressive strength, Y. (MPa) 230 -
Longitudinal shear strength, S;, (MPa) 50 1.48
Transverse shear strength, Sy3 (MPa) 75 0.84
Density, p (kg/m3) 1532 48

2.2. Manufacturing Process

The Nomex honeycomb sandwich CFRP panels used in this study were manufactured by using a
heated press process, in which the panels were cured for 60 min with a pressure of 0.3 MPa at 90 °C.
In order to keep the smoothness of the skin surface, the CFRP skins were first cured. Then the CFRP
skins and the Nomex honeycomb core were cured together using a toughened structural resin film,
EA9696.080K provided by the HENKEL corporation. The schematic diagrams of the honeycomb
sandwich structure and the honeycomb core are shown in Figure 1.
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Figure 1. Schematic diagram of Nomex honeycomb sandwich CFRP structure and honeycomb core: (a)
Nomex honeycomb sandwich CFRP structure; (b) honeycomb core (unit: mm).

2.3. Dimension Design of Sandwich Panel

In this study, the in-plane shear test pieces were designed according to true typical structure
dimensions of a certain type of aircraft fuselage [21]. The honeycomb sandwich CFRP structures
were laminated with an average thickness of 20 mm. The size of the shear specimen was 712 mm x
652 mm x 20 mm, and the effective testing range was 652 mm X 592 mm (r = 1.10). In order to avoid
the destruction of the clamping area in advance, the honeycomb core in this area was replaced by a
glass fiber reinforced plate. One quarter of a circle with a diameter of 36 mm was cut off from the four
corners of the shear specimen to reduce the boundary stress concentration. The specimen geometry
dimension is shown in Figure 2.
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Figure 2. Schematic diagram of geometric dimension of the Nomex honeycomb sandwich CFRP panel:
(a) top view of specimen; (b) side view of specimen (unit: mm).
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3. Experimental

3.1. Shear Test Fixture

Based on the in-plane shear test method [30], a special picture frame type fixture was designed
and fabricated in-house for applying shear loading on the honeycomb sandwich CFRP panel as shown
in Figure 3. Typically, it is a hinged loading frame with eight arms of relative equal length bolted
together using high strength steel bolts with diameter of 8 mm. Then 21 bolts were installed with a
double row staggered arrangement on each side of the short side and 23 bolts were placed on each side
of the long side. The fixture was designed in this way so that it enforces the clamped plate boundary
conditions along the edges of the panel. Four corners of the picture frame were connected with bolts
with a diameter of 40 mm which in turn allowed them to rotate freely upon loading. To ensure a proper
clamping force, a consistent torque level of 25 Nm was applied to all the steel bolts using a rated torque
wrench. The entire fixture assembly was mounted onto the loading frame as shown in Figure 3.

(@) (b) (©)

Figure 3. Shear test set-up: (a) specimen; (b) assembly component; (c) corner enlargement.

3.2. Test Equipment

Experimental investigations were conducted using an electronic universal material testing machine
manufactured by Jinan Wanzhong Electrical Appliances Co., Ltd, Jinan, China, which has a load
capacity of 300 kN and maximum stroke of 1500 mm. A vertical displacement-controlled loading
was applied to the bottom end of the loading frame at a constant cross-head speed of 1 mm/min.
The other end was fixed. The load applied on the specimen was measured by a 300 kN axial load
cell. The displacement information was recorded at the crosshead by the test apparatus automatically.
The crosshead moved up to a location till total failure of the specimen occurred.

In order to monitor the shear strain field distribution and critical failure load of the test pieces, a
set of strain gauges of 120 () capacity were used to measure the strain development in the test area
on skin. All the strain gauges were symmetrically pasted on front and opposite sides. The number
of the strain gauges on the opposite side is the number at the same position on the front side plus
100. The position and serial number of the strain gauges pasted are shown in Figure 4. The total
number of the strain gauges was 14. The strain data were collected by JM5938 system provided by
Yangjing corporation.

The engineering shear strain was obtained by rosette strain gauges, whose number is the
combination of j~j + 2. No. j measured the 0° direction strain along the length of specimen. No. j + 1
measured the 45° direction strain. No. j + 2 measured the 90° direction strain. The local shear strain
measured by the rosette strain gauges was calculated as follows:

ny =2¢&450 — (ex + ey) (1)

where Yy is shear strain; ¢, is 0° direction strain; ¢, is 90° direction strain; and &45- is 45° direction strain.
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Figure 4. Position and number of strain gauge: (a) schematic diagram; (b) photo.

In addition, random speckle patterns were made on the surfaces of the test panels for carrying out
the whole field 3D-DIC measurement, a non-contact ARAMIS optical strain measurement system with
a sampling frequency of 7Hz, which was used to verify the above strain acquisition, and to supplement
the global strain field distribution. Three large size pieces subjected to in-plane shear loading were
conducted on such a test system.

4. Theoretical analysis

4.1. Assumptions

Derivation of the shear strength distribution relationship of the honeycomb sandwich composite
structure in the in-plane shear test is based on the following assumptions: (a) the normal tensile stiffness
of the core is generally replaced by the compression stiffness because it is not easy to be measured;
(b) the Poisson’s ratio effect and tension/compression/bending coupling are not considered; (c) the
composite skin only bears the in-plane load. The main geometrical parameters of the honeycomb
sandwich composite structure are shown in Figure 1. The stress state of each component of the
sandwich structure is shown in Figure 5.
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Figure 5. Stress diagram of honeycomb sandwich structure: (a) core; (b) top skin; (c) bottom skin.
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4.2. Equivalent Stiffness of Honeycomb Sandwich Composite Structure

From the assumptions above, the in-plane stiffness of the sandwich structure is mainly provided
by the top and bottom skins. In the elastic stage, the lamina stiffness is given by the classical laminate
theory [43]:

Eq E; vy1Ep vi2Eq

Qi =7—"""—0»n = ———,Qnp = = ,Qs6 = G12 )
1—vivy 1—vivy 1—vivy 1—=v1ov

The stiffness relation between 6° and 0° lamina can be written as:

Q11 = Qi1c0s* 04 2(Q12 + 2Qss) sin? O cos? O + Qp sin* O
Qy = Qqisin* 0+ 2(Q12 + 2Qes) sin® 0 cos? 6 + Qo cos* O

= 3
Q= (Qu + Q22 —4Qes) sin® 0 cos? 6 + Qua(sin* 6 + cos* 0) @)
Qe = (Qu1 + Q22 —2Q12 — 2Qe6) sin” 6 cos? 6 + Qes (sin* 6 + cos* 6)
The stiffness of laminate can be calculated by the following equation:
n - . .
Ajj = Zl:(Qij)k(Zk—Zk_l) i,j =126 W

n o ___
Dij = %;(Qij)k(zz—zi_l) ij = 1,26

where 7 is the total number of layers; k denotes the kth layer; Aij is the tension stiffness; Dij is the
bending stiffness; z is the distance from the center.
The stiffness of core is given as

Gr: = 0.8661y5L

~ 5
Gy: = 0.5774y%L ©)

where 6 is the thickness of the honeycomb thin wall, as shown in Figure 6; r is the circumferential
radius of a regular hexagonal honeycomb hole; y is a correction coefficient, which is a function of the
parameters of manufacture, generally 0.4-0.6.

Figure 6. Diagram of honeycomb.

In case of the overall deformation, the sandwich panel similarly obeys the classical elasticity
theory. Its neutral axis (see Figure 1) is solved by the following formula:

2
; Eyit + Eyeec(ei + %) + Eyses(e; +ec + %) ©
& Eyie; + Eycec + Eyses
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For a sandwich structure with thin skins, the bending stiffness can be simplified to

e? €s
Eyi7 + Eyses(ei +e. + 7)

Zo =
g Eyie; + Eyses

@)

where s, i, and c represent upper and lower panels and core respectively; and e represents thickness; Ey
represents stiffness; Ef represents equivalent bending stiffness; G represents shear stiffness.

If the upper and lower skins are symmetric and have the same thickness, the functional expression
of the bending stiffness coefficient along the x and y directions can be written as [44]

EsesE.ieit? 1
D, = ——fmuil Exsed +E 8
* T (Ewsts + Exe)d T (Enel + Exe)) ®)

EysesEyieitz

Dy N (Eyses + Eyiei))\ 12A(

Eyse + Eyle ) )
where A = (1 — vxyVyx); Vxy and vyy are the Possion’s ratio of lamina; t = e + (es + ¢;)/2.
The in-plane shear stiffness of the sandwich structure can be written as

3
Gye
E, — Y — 1 Gxex 10)

3
Yi_qek

1 _ Zi:l(%) (1)

Ge Zi =16k
where E, and G, represent equivalent modulus of elasticity; k represents s, i or c (top skin, bottom skin
or core).

To study the in-plane shear deformation characteristics of the sandwich structure, the shear load
can be distributed to the top and bottom skin and core according to the shear stiffness ratio, as shown
in Figure 7. The bearing shear stress of the skins and core can be calculated according to the following
formula:

_ ET_ Gses
s = 3 %s GSeS+(G;CeC+G i€i
— 3L Gete
Te = e Gt Geee T it (12)
L7 2 be; Gses+Geec+Gie;
7
a)
y Z.
y
7
e ///
i

K‘

Figure 7. Stress distribution of sandwich structure under in-plane shear load: (a) coordinate system;
(b) shear stress diagram.
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4.3. Buckling of Honeycomb Sandwich Composite Structure

Once the shear stiffness and stress in the sandwich structure are known, the buckling is one of
the major failure modes. For the symmetric and same thickness of lamination, it defined that f = 2e;,
h = 2e5 + e.. When f/h < 0.03, wrinkle on the skin is the primary failure mode; when f/h falls into
0.03-0.04, the dominant role of overall buckling will depend on the crease formula used. Based on the
Hoff and Mautner method, when f/h > 0.044, the overall instability is the main failure mode [45]. Here,
the tested specimen is f/h = 0.0654, the expression of overall buckling under shear load is [46]:

2 2
nycrit = E;{l—ﬂK (13)
where Ny is the buckling shear force at unit width; b is the width of the plate; K is the buckling
coefficient, which is a function of boundary conditions, stiffness, and buckling half wave number.
K=Ky + K.
Ky was obtained by curve fitting with b, k, g, and the boundary condition, as show in Figure 8. k
and g are given by

ﬂZhEL’,'
T 2(1-p2)b2Gys
Gy (14)
&= &,
The calculation formula K}, is
€,'2Kf0
Ky = —— (15)
3(h + ei)

where Ky is the corresponding value of Ky when k = 0.

10 —— ———————————1————1———

00 01 02 03 04 05 06 07 08 09 1.0
b/a

Figure 8. K¢ vs. bja and k curves simply supported at four sides of the boundary condition.
5. Finite Element Model

The h element (characteristic element size) and p element (polynomial order element) were used
to predict the shear field distribution and the overall instability load of the test piece, respectively.
Figure 9 shows an element in a sphere. The h element is a traditional finite element method, which is
an approximate method for solving differential equations cast in integral form. The h is the diameter of
the smallest sphere that contains an element. It is proven that as hmaxe—0, the finite element solution
converges to the exact solution. Further, p is the polynomial degree assigned to the element. In such
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cases of a 4-node tetrahedron, p = 1, and a 10-node tetrahedron p = 2, and so on. It was proven that
when ppin— 00, the finite element solution converges to the exact solution. Since hmax—0 o1 pmin—0
cannot be realized, a reasonable h-mesh and a reasonable p-distribution need to be created. When the
complexity of geometry forces the mesh generator to produce a very fine mesh, p = 3, 4, 5 is usually
sufficient. The finite element (FE) software product based on the h-version used here is ABAQUS. The
StressCheck is implementation of the p-version.

-~ h—»

Figure 9. An element in a sphere solution domain.

5.1. Mesh

As shown in Figure 10, the h element of the in-plane shear test pieces was meshed to a size of
about 5 mm, while the p element was meshed to 30 mm. The composite skins and core were defined
as a kind of orthotropic shell. Both were meshed using reduced integration shell elements (54R in
ABAQUS). The polynomial degree of the p element model was set as p = 4 in StressCheck, ignoring
the bonding surface between honeycomb and skins which was defined as a perfect contact. To ensure
the capability of these models to represent the large size panel, a full-size model was created. The total
number of h and p meshes was 109,004 and 28,007, respectively. The size of the fixture grids was about
30 mm, and the total number of grids was 380. The parameters of the Nomex material: E; = 3500 MPa,
E; =3200 MPa, v1p = 0.4, G1 = 1250 MPa, G13 = 1250 MPa, and Gy3 = 880 MPa.

(a) (b)

Figure 10. Schematic of the finite element model of honeycomb sandwich structure: (a) h element
mesh; (b) p element mesh.

5.2. Boundary Conditions

As shown in Figure 11, for simulating the experimental boundary conditions, the panel dimension
within the test fixture was considered. The panel edges were provided with a clamped boundary
condition and were coupled to the reference points at the fixed and loading ends. Therefore, the
clamped edges of the model act like rigid beams. The four corners of the model were bolted such that
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only rotation is allowed. CBUSH plus RBE3 bolted connection was used between the clamped edges of
the fixture, as shown in Figure 12. The stiffness parameters of the CBUSH bolt are presented in Table 2.
The load was applied at the bottom end of the panel which was allowed to move only in the loading
direction, and the remaining degrees of freedom (DOFs) were fixed.

1,2.3

Figure 11. Boundary condition of in-plane shear test.

Specimen

/ Steel fixture

.’«\

Figure 12. Schematic of the finite element model of shear test set-up.

Table 2. Stiffness parameters of CBUSH bolt.

Axial Stiffness Shear Stiffness Shear Stiffness Rstiti:ft::;:l lssz?f‘::sgs g;?fi?sg
10N vy 111 TON]. v 11 —1 100]. -1
K1/10"°N-mm-1) K/(10'"°N-mm-1) K3/(10'"°N-mm~1) K4/(10"°N-rad-1)  Ks/(101°N-rad-1)  Kg/(101N-rad-1)
1 1 1 0 1 1

5.3. Material Constitutive

A suitable material and constitutive model is fundamentally important to the validity of finite
element prediction results. The constitutive and continuum damage models that are used to describe
the deformation and damage response of the larger size sandwich structure consisting of lamina and
the honeycomb are briefly introduced in this section.
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Damage initiation was modeled using Hashin'’s failure criteria [47] which includes four damage
initiation mechanisms to detect respectively the failure modes in the matrix and fiber under both
tension and compression failures. The failure modes included in Hashin’s criterion are as follows:

Mode I: fiber tension (611 > 0)

Fo— (20) 4o 22) 5 1 where < a < 10 16
f_ﬁ+aﬁ > 1, where < a < (16)

Mode II: fiber compression (611 < 0)

F o= (ﬂ)z >1 (17)
fo\xe) =
Mode III: matrix tension (622 > 0)
Al N2 a\2
¢t [922 12
B = (5) +(55) =1 (19

Mode IV: matrix compression (62, < 0)

o\ (YN Jom |, [t
A= (58] ) ffR e G ®
where F is the determination value, the superscript t represents tensile; the superscript c represents
compression; the subscript f represents fiber; the subscript m represents matrix; X' is the longitudinal
tensile strength; Y* is the transverse compressive strength; S is the longitudinal shear strength; XC is
the longitudinal compressive strength; Y7 is the transverse tension strength; ST is the transverse shear
strength; o is a coefficient, which represents the contribution of the shear stress in model I.

The damage elastic matrix, which controls degradation of the material stiffness, can be expressed
as:

1 (1 - df)El (1 - df)(l - dm)V21E1 0
Cs = D (1 - df)(l —dm)vi2E2 (1-dw)E> 0 (20)
0 0 (1-ds)GD

where G is the shear modulus and D is an overall damage variable, which can be expressed as:
D = 1-(1-df)(1—du)viovm (1)

Here, df, dy, and ds reflect the current state of fiber, matrix, and shear damage, respectively. vy,
V51 are the Poisson’s ratios.

5.4. Buckling Load Analysis

ABAQUS provides two solvers to extract eigenvalues. In this paper, the mode superposition
method of Subspace iteration solver was used to obtain the eigenvalues of linear buckling. StressCheck
first solves the linear problem corresponding to the specified loads and constraints, then, utilizing the
stress field computed from the linear solution, computes the geometric stiffness matrix, which is used
for the eigenvalue computation. The first order positive eigenvalue (1;4) of the sandwich structure
was calculated, and then the total buckling load was obtained by multiplying the applied load (Pg) and
the B value reduction factor (0.9):

Py = 0-9AlstPO (22)
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6. Results and Discussion

6.1. Load-Displacement Curves

Three specimens were loaded to catastrophic failure. The load vs. displacement curves of the
sandwich structure are shown in Figure 13. It can be seen from the figure that the three experimental
curves have good consistency with a low discrete coefficient of 2.3%, and the load response increases
linearly with the increase of displacement until failure. The failure load is from 185 kN to 220 kN, and
the average failure value is 205 kIN. In case of 01# specimen, local damage occurs when the shear force
reaches 181 kN. There are no other abnormal phenomena during the load process. The linearity of
all three curves is greater than 0.99, as shown in Figure 14. The trend of the regular residual value
between the test data and fitting curves shows that the structure is greatly affected by nonlinear factors,
such as contact, gap, and geometry nonlinear on micro-scale, at the beginning and fracture stages.
The discrete coefficient CV can be calculated by the following formula:

cV = (23)

where x; is the sample value, N is the sample size, and p is the mean.
The linear correlation coefficient R? can be calculated by the following equation:

o Qiﬁm—am~wf "

L (=% L (-9

i=1
where R? is the linear correlation coefficient, x; is x-value of the iy, array, X is abscissa mean of the entire
array, y; is the y-value of the iy, array, y is the ordinate mean of the entire array.

From the discreteness and linearity analysis above, it can be concluded that the test data obtained
from the three specimens have high reliability and good validity. Therefore, it is used to verify the
feasibility of the developed FEM by comparing the displacement between FEM and experimental
results. As presented in Figure 13, it could also be found that a generally acceptable accuracy is shown
for the results predicted by the FEM and experimental results. The stiffness and failure load predicted
by the h element model are greater than that of the p element model.

300
——EXP_O1#
250 | —— EXP_02#
——EXP_03#
—— FEM_h element
200 - ——FEM_p element
3
< 150 |
©
@
o
-
100 |
50 |-
O n 1 n 1 n 1 n 1 n 1 n
0 2 4 6 8 10 12

Displacement (mm)

Figure 13. Shear load vs. displacement curves obtained by experimental and numerical methods.
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Figure 14. Load vs. displacement curves linear fitting and regular residual value curves.

6.2. Strain Analysis

6.2.1. Strain Data

The strain data obtained from the gauges at the shear field of each test panel are shown in Figure 15.
These curves show a good linearity response before shear failure, and the linearity is greater than
0.998. The orientations of strain gauge (5G) 4th—6th and 104th—106th on the top and bottom skins are
rotated clockwise by 180° compared with 1st-3rd, which is not in accordance with the load direction.
That leads to the shear strain values being opposite, but the absolute values of each shear strain are
basically the same at the right position. It is obvious that the SG-6 and SG-7 on the 02# panel are invalid.
The distribution of the shear strain is relatively uniform with good symmetry. The strain extremes
corresponding to the failure load are listed in Table 3.

6.2.2. Strain Discreteness

In order to avoid accidental errors in the manufacture and single test load, the average value of the
strain data of three specimens before failure (under 180 kIN) was taken as the basis for analysis. Data
exceeding 180 kN can be obtained by linear calculation, thus ensuring the reliability of the analysis
results. The discreteness of the strain gauge data at the corresponding location is shown in Figure 16.
It can be found that the most discrete coefficients are approximately within 15%, which confirm good
repeatability of how the strain gauge data is obtained. Among them, the large discrete coefficients
exceeding 15% were produced mainly because the 02# experiment produced invalid data, which will
be deleted in the below analysis process.

Table 3. Shear strain extremes on composite skins corresponding to failure load.

Specimen 01# 02# 03#

Shear (pe) 16,343 15,886 16,118
Failure load (kN) 185.56 210.63 220.84
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Figure 16. Discreteness of strain gauge data monitored under load of 180 kN.
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6.2.3. Comparison of Theoretical Prediction and Experimental Results

The theoretical prediction contains theoretical analysis results calculated by a series of equations
and two kinds of FEM models. Figure 17 shows the comparison of average shear strain vs. load curves
obtained from the theoretical prediction and experiment under the shear load of 180 kN. Beyond
that point, there is a marked deviation due to damage events occurring like delamination and fiber
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compression failure. It can be seen from Figure 17 that there is a good match with linear response
among the three results. By comparing the maximum strain at the load of 180 kN, it is noticed that the
theoretical predicted value is larger than the experimental value, which indicates the predicted value
is conservative. The maximum strain is the theoretical equations calculation which makes several
assumptions to the geometry and the mechanical parameters of the honeycomb sandwich composite
structure. Similarly, with the displacement result, the p model result is closer to the experimental value
than the h model. This is probably due to the p element increasing the polynomial order of the element
without requiring mesh refinement. More features can be retained with less assumptions.

1.8 x 104

1.5 x10*
1.2 x 104
0.9 x 10*
0.6 x 10*

— T T T T T T T T 7T

0.3 x10*
0

-0.3 x 10*
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—0.9 x 10*
-1.2 x 10*

-1.5x10*

—1.8 x 10* " 1 L 1 1 | ) 1
0 50 100 150 200

Load (kN)

— T T T T T T T T T 7

Figure 17. Comparison of strain vs. load curves at positions of strain gauge obtained from prediction
and experimental.

6.2.4. DIC Strain Filed

The strain filed data measured by 3D-DIC is used to verify the above strain acquisition. Figure 18
shows the comparison of 3D-DIC shear strain data with the gauge monitor values and they are in close
agreement. It conforms that the experimental results are effective and reliable. However, due to the
size of the specimen, it is so large that it limits the assembly between the specimen and the testing
machine, which results in that the camera of the testing system cannot be perpendicular to the surface
of the test piece. There is an angle between the camera and the test piece, which makes the strain
values in the two directions (direction a and c), which are 45° diagonal to the diagonal line, have a
larger error. By comparing the two diagonal lines stain values with the direction b, the strain values of
the two diagonal lines are an order of magnitude smaller than that of the direction b. It can be inferred
that the principal strain direction of this kind of shear test is along the diagonal direction, which is in
accordance with the test expectations. In addition, the DIC equipment adopts dynamic acquisition
mode with a sampling frequency of 7 Hz, which is affected by clutter. The curves show a lot of jitters,
while the trend is consistent with the gauge monitored.
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Figure 18. Comparison of DIC data and strain gauge data for shear test at the positive side: (a) DIC
strain image; (b) shear strain curves.

6.3. Out-of-Plane Displacement Analysis

The out-of-plane displacement filed distribution under pure shear loading predicted firstly by
the FEM method is shown in Figure 19a. It can be seen that there is an approximately symmetric
deformation at the corners. The maximum deformation occurs near the place where No.2 (102)
strain gauge is pasted (see Figure 4). Two deflection meters were used to measure the out-of-plane
displacement of the sandwich panel in the area of No.2 (102) strain gauge symmetrically, and the sensor
probes are placed vertically on the skin. The out-of-plane displacement vs. load curves recorded on
both sides are shown in Figure 19. As can be seen from the figure, both out-of-plane displacements are
negative, which means the panel is expanding due to Poisson’s ratio effect where it is subjected to
tension load. Another interesting phenomenon is that the greater the out-of-displacement difference
between the top and bottom skins, the smaller the bearing load could be captured among the test
panels. This is because the ability to transfer shear force is strongest, when the top and bottom skins of
the panel deform harmoniously.
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Figure 19. Out-of-plane displacement: (a) out-of-plane displacement field distribution obtained by
finite element methods (FEM); (b) displacement vs. load curves recorded by experiment.

6.4. Strain Field Distribution

To study the in-plane shear deformation characteristics of the large size honeycomb sandwich
composite structure, the predicted field distribution of in-plane shear strain and the comparison of
strain picked up at the No. 1-7 strain gauge positions under the load state of 180 kN are shown in
Figure 20. It can be seen that a relatively uniform shear strain field is generated, and the strain gradually
increases from the corners to the middle. The shear strains distribute approximately between 1000 pe
and 14,000 pe. Comparing the results between the experimental method and numerical method, the
distribution of strain field is similar. The deviation between the FEM predicted shear strain responses
and the testing results was less than 10%, while the deviation between the theoretical predicted shear
strain responses and the testing results was up to 15%. However, the theoretical analysis method is
conservative, which meets the engineering requirements.
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Figure 20. Strain field distribution: (a) predicted shear strain filed by FEM; (b) comparison of shear
strain filed obtained by experimental and predicted methods.

6.5. Buckling and Failure Mode Characteristics

From the displacement and strain analysis above, it can be concluded that the particular large size
honeycomb sandwich composite structure has no post-buckling response. The whole shear buckling
load of the specimen was predicted by FEM, as shown in Figure 21a. The first mode is 302 x 1.03
% 0.9 = 279.9 kN, and the first and second characteristic modes are very close. The buckling mode
is the central buckling of the specimen (a half wave) under diagonal tension. However, due to the
manufacture quality assurance problem for the such a large size sandwich composite, the effective
overall buckling failure modes of the three specimens were not measured. Local wrinkling modes
occur at the corner or diagonal tension direction, as shown in Figure 21b—d. This results in the failure
load being relatively low, which could not be used to validate the buckling analysis methods.
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Figure 21. Buckling and failure mode: (a) first mode calculated by FEM; (b) failure modal of 01#
sample; (c) failure modal of 02# sample; (d) failure modal of 03# sample.

The overall buckling failure loads of the honeycomb sandwiched composite panel obtained by the
above methods are summarized in Table 4. For the shear test, it can be concluded that the failure load
calculated by the theoretical analysis method is smaller and more conservative than the FE predicted
load. The experimental result is small because the local damage occurred before the overall instability.
However, the deviation between FEM results and theoretical results is about 6.5%, which verifies the
effectiveness of these two methods.

Table 4. Buckling failure summary.

Method Failure Load/N
Experiment 205,681
FEM_h ele 279,954
FEM_p ele 277,805
Theoretical analysis 260,433

In summary, a comprehensive discussion on the in-plane shear response of the large-size
honeycomb sandwich composites was given out. Firstly, we compared and analyzed the response of
displacement based on the experimental recorded date and FEM predicted curves. Then we compared
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and discussed the experimental shear strain using the date of the strain gauge monitor system and
DIC system. What is more, we verified and revealed the in-plane shear strain field distribution
by FEM method and theoretical analysis method. In addition, we exhibited the distribution of the
out-of-plane displacement in the FEM calculated field and provided and explained the relation between
the experimental response of the out-of-plane displacement and the failure load of the honeycomb
sandwich structure. Finally, we displayed the photos of the failure modes of the honeycomb sandwich
structure along with a buckling analysis implemented by the FEM method and the theoretical
analysis method.

By comparing these methods, it was found that the strain gauge monitoring system is the most
direct method to get responses, but the feedback information is limited. The DIC method can get a
relatively complete information. However, it has to conduct a high cost test. The theoretical analysis
method is simple and conservative, which means it is relatively inaccurate to predict the responses of
the honeycomb sandwich composite structure. In addition, the information available is also limited.
While the FEM method can obtain better prediction results when building a reasonable model, the p
element and h element need to be selected reasonably according to the analysis situation.

7. Conclusions

In this work, a detailed experimental study on the in-plane shear response and failure mode
of large size honeycomb sandwich composites with woven face sheets was conducted. A typical
geometry and size of honeycomb sandwiched composite and a modified shear fixture were designed
and manufactured. Three specimens were loaded to catastrophic failure in order to study the
ultimate bearing capacity and failure modes. Two finite element methods, h-element and p-element,
and theoretical analysis were employed to investigate the deformation characteristics, strain field
distribution, and buckling mode under pure shear loading. The major conclusions are as follows:

e  The experimental displacement and strain data show good repeatability and symmetry, which
confirms the rationality of the experiment design for the large-scale sandwiched structure.

e  The honeycomb sandwich composite shows linear response under in-plane shear load until final
failure. The average failure load reaches 205.68 kN, and the maximum shear strain monitored on
the composite plate is up to 16,115 pe.

e Local wrinkling occurs at the corner or diagonal tension direction before overall buckling
appears due to the manufacture quality assurance problem for the such large size honeycomb
sandwich composite.

e  The out-of-plane displacement filed distribution under pure shear loading had approximately
symmetric deformation at the corners. The ability to transfer shear force for the sandwich structure
mainly depends on the harmonious deformation between the top and bottom skins.

e A relatively uniform shear strain field was generated, in which the strain gradually increased
from the corners to the middle.

e  The results of the finite element method and theoretical analysis method were verified by
comparing shear load vs. displacement curves, load vs. strain curves, and strain field distribution
with experimental results.

e By comparing the experimental, FEM, and theoretical results, it can be concluded that the
theoretical analysis method is relatively conservative, and the FEM method is more accurate in
the case of deformation and strain. The results predicted by h element and p element methods are
very close.

e  The overall buckling loads obtained by the three methods are similar. Experiment results were
relatively low because local failure occurs in advance. However, the FEM method and the
theoretical analysis method can verify each other.

From all the above, it suggests the experimental method is flexible to evaluate the in-plane shear
behavior of the large size specimen, the theoretical analysis method is relatively conservative in
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engineering analysis, the FEM methods are robustly applicable for the mechanical analysis of large
scale structures. The results could provide data support for the comprehensive promotion of the design
and application of honeycomb sandwich composites.

Author Contributions: Conceptualization, M.-N.W. and F.Z.; Investigation, M.-N.W., BW.,, C.L,, and EZ,,
resources, G.Z. and Y.W.; data analysis, B.W. and M.-N.W.; writing-original draft perparation, B.W.; writing-review
and editing, M.-N.W., G.Z,; C.L.; YW. and EZ.; supervision, M.-N.W. and F.Z.

Funding: This research was funded by the National Science Foundation of China (grant number 61572159), the
Special Project of Civil Aircraft of Ministry of Industry and Information Technology of China (grant number
M]J-2017-F-20), and the Tai’an City Science and Technology Bureau (grant number 18FH02). And the APC was
funded by the National Science Foundation of China (grant number 61572159).

Acknowledgments: The authors appreciate the support from Xiwen Jia for the reproduction of data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wahl, L.; Maas, S.; Waldmann, D.; Ziirbes, A.; Freres, P. Shear stresses in honeycomb sandwich plates:
Analytical solution, finite element method and experimental verification. J. Sandw. Struct. Mater. 2012, 14,
449-468. [CrossRef]

2. Farooq, U.; Ahmad, M.S.; Rakha, S.A. Interfacial Mechanical Performance of Composite Honeycomb
Sandwich Panels for Aerospace Applications. Arab. J. Sci. Eng. 2017, 42, 1775-1782. [CrossRef]

3. Vitale, J.P,; Francucci, G.; Xiong, ].; Stocchi, A. Failure mode maps of natural and synthetic fiber reinforced
composite sandwich panels. Compos. Part A Appl. Sci. Manuf. 2017, 94, 217-225. [CrossRef]

4. Wang, J.; Waas, A.M.; Wang, H. Experimental and numerical study on the low-velocity impact behavior of
foam-core sandwich panels. Compos. Struct. 2013, 96, 298-311. [CrossRef]

5. Vogel,].; Keller, J.; Sviridov, A.; Feige, H.].; Kreyssig, K.; Auersperg, ]. Characterisation of Strength Behaviour
of Aluminium Foam Sandwiches Under Static Load. Strain 2011, 47, 234-242. [CrossRef]

6.  Xu, A,; Vodenitcharova, T.; Kabir, K.; Flores-Johnson, E.A.; Hoffman, M. Finite element analysis of indentation
of aluminium foam and sandwich panels with aluminium foam core. Mater. Sci. Eng. A 2014, 599, 125-133.
[CrossRef]

7. Birman, V,; Kardomateas, G.A. Review of current trends in research and applications of sandwich structures.
Compos. Part B Eng. 2018, 142, 221-240. [CrossRef]

8. Lee, W.-],; Baek, S.-M.; Kim, S.-Y. Design of electromagnetic wave absorbing sandwich composite for
secondary bonding application. J. Electromagn. Waves Appl. 2019, 33, 625-636. [CrossRef]

9.  Balazs, D.A.; Nyikes, Z.; Kovécs, T. Building Protection with Composite Materials Application. Key Eng.
Mater. 2017, 755, 286-291. [CrossRef]

10. Irfan, S.; Siddiqui, F. A review of recent advancements in finite element formulation for sandwich plates.
Chin. J. Aeronaut. 2019, 32. [CrossRef]

11. Liu,J,; Liu, J.; Mei, J. Investigation on manufacturing and mechanical behavior of all-composite sandwich
structure with Y-shaped cores. Compos. Sci. Technol. 2018, 159, 87-102. [CrossRef]

12. Mei, J.; Liu, J.; Liu, J. A novel fabrication method and mechanical behavior of all-composite tetrahedral truss
core sandwich panel. Compos. Part A Appl. Sci. Manuf. 2017, 102, 28-39. [CrossRef]

13. Belardi, W,; De Lucia, E; Poletti, F.; Sazio, P.J. Composite material hollow antiresonant fibers. Opt. Lett. 2017,
42,2535-2538. [CrossRef]

14. Jungqi, Z.; Longquan, L.; Hai, W. Test of composite honeycomb sandwich structure with thin facesheets
subject to impact load. Acta Mater. Compos. Sin. 2014, 31, 1063-1071.

15. Abbadi, A.; Koutsawa, Y.; Carmasol, A. Experimental and numerical characterization of honeycomb sandwich
composite panels. Simul. Model. Pract. Theory 2009, 17, 1533-1547. [CrossRef]

16. Lin, L.X,; Mou, H.L,; Ren, J. The Static Strength Reliability Analysis of Composite Aircraft Structures. Appl.
Mech. Mater. 2014, 488, 1215-1218. [CrossRef]

17.  Chi, H.EE.C,; Lin, K.Y. Numerical Analysis of Fastener Delamination/Disbond Arrest Mechanism in Aircraft
Composite Structures. J. Aircr. 2012, 49, 630-635.

18. Liu, J,; Xiang, L.; Kan, T. The effect of temperature on the bending properties and failure mechanism of
composite truss core sandwich structures. Compos. Part A Appl. Sci. Manuf. 2015, 79, 146-154. [CrossRef]


http://dx.doi.org/10.1177/1099636212444655
http://dx.doi.org/10.1007/s13369-016-2307-z
http://dx.doi.org/10.1016/j.compositesa.2016.12.021
http://dx.doi.org/10.1016/j.compstruct.2012.09.002
http://dx.doi.org/10.1111/j.1475-1305.2008.00522.x
http://dx.doi.org/10.1016/j.msea.2014.01.080
http://dx.doi.org/10.1016/j.compositesb.2018.01.027
http://dx.doi.org/10.1080/09205071.2019.1567397
http://dx.doi.org/10.4028/www.scientific.net/KEM.755.286
http://dx.doi.org/10.1016/j.cja.2018.11.011
http://dx.doi.org/10.1016/j.compscitech.2018.01.026
http://dx.doi.org/10.1016/j.compositesa.2017.07.020
http://dx.doi.org/10.1364/OL.42.002535
http://dx.doi.org/10.1016/j.simpat.2009.05.008
http://dx.doi.org/10.4028/www.scientific.net/AMM.488-489.1215
http://dx.doi.org/10.1016/j.compositesa.2015.09.017

Molecules 2019, 24, 4248 23 of 24

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wang, B.; Wu, L.; Ma, L.; Sun, Y.; Du, S. Mechanical behavior of the sandwich structures with carbon
fiber-reinforced pyramidal lattice truss core. Mater. Des. 2010, 31, 2659-2663. [CrossRef]

Qi, G.; Ma, L. Experimental investigation of composite pyramidal truss core sandwich panels with lightweight
inserts. Compos. Struct. 2018, 187, 336-343. [CrossRef]

Wang, S.L.; Zhang, L.H.; Li, X. Introduction of All Composite General Aircraft in Structure Design and
Process. Sci. Technol. Vis. 2014, 15, 71-72.

Classen, M.; Herbrand, M. Shear behavior of composite dowels in transversely cracked concrete. Struct.
Concr. 2015, 16, 195-206. [CrossRef]

Zhang, X.; Qin, Y.; Chen, Z. Experimental seismic behavior of innovative composite shear walls. J. Constr.
Steel Res. 2016, 116, 218-232. [CrossRef]

Ma, P; Zhang, F; Jiang, G.; Gao, Z.; Xia, D. Transverse impact characterization of carbon woven fabric-foam
sandwich composites with carbon nanotubes. Fibers Polym. 2014, 15, 1560-1566. [CrossRef]

Dong, H.; Cao, W.; Wu, H.; Qiao, Q.; Yu, C. Experimental and analytical study on seismic behavior of
steel-concrete multienergy dissipation composite shear walls. Earthq. Eng. Eng. Vib. 2015, 14, 125-139.
[CrossRef]

Holomek, J.; Bajer, M.; Barnat, J.; Vild, M. Shear Tests of Composite Slabs, Experimental and Numerical
Investigation. Adv. Mater. Res. 2014, 923, 217-220. [CrossRef]

Zhang, F.; Zhang, W.; Hu, Z. Experimental and Numerical Analysis of the Mechanical Behaviors of Large
Scale Composite C-Beams Fastened with multi-Bolt Joints under four-point Bending Load. Compos. Part B
2019, 164, 168-178. [CrossRef]

Thornton, C.; Zhang, L. Numerical Simulations of the Direct Shear Test. Chem. Eng. Technol. 2010, 26,
153-156. [CrossRef]

Zhang, Y.; Zhang, L.; Yin, X.; Liu, Y.; He, Z.; Zhang, ]. Effects of porosity on in-plane and interlaminar
shear strengths of two-dimensional carbon fiber reinforced silicon carbide composites. Mater. Des. 2016, 98,
120-127. [CrossRef]

Kolanu, N.R; Raju, G.; Ramji, M. Damage assessment studies in CFRP composite laminate with cut-out
subjected to in-plane shear loading. Compos. Part B Eng. 2019, 166, 257-271. [CrossRef]

Cela Greven, B.; Gross-Barsnick, S.; Koppitz, T.; Conradt, R.; Smeacetto, F; Ventrella, A.; Ferraris, M. Torsional
shear strength of novel glass-ceramic composite sealants for solid oxide fuel cell stacks. Int. J. Appl. Ceram.
Technol. 2018, 15, 286-295. [CrossRef]

Tan, W.; Falzon, B.G. Modelling the nonlinear behaviour and fracture process of AS4/PEKK thermoplastic
composite under shear loading. Compos. Sci. Technol. 2016, 126, 60-77. [CrossRef]

Jung, W.-Y.; Han, S.-C. Shear buckling responses of laminated composite shells using a modified 8-node
ANS shell element. Compos. Struct. 2014, 109, 119-129. [CrossRef]

Chen, Q.; Qiao, P. Shear buckling of rotationally-restrained composite laminated plates. Thin-Walled Struct.
2015, 94, 147-154. [CrossRef]

Mahi, A.; Bedia, E.A.A.; Tounsi, A. A new hyperbolic shear deformation theory for bending and free vibration
analysis of isotropic, functionally graded, sandwich and laminated composite plates. Appl. Math. Model.
2015, 39, 2489-2508. [CrossRef]

Fan, X.M.; Wang, ].F.,; Duan, C.J. Study on Automobile Body Performance of Honeycomb Sandwich Composite
Material. Adv. Mater. Res. 2012, 567, 146-149. [CrossRef]

Kim, H.G.; Kim, Y.J.; Shin, H.J. A Study on the Bending Analysis of the Al Honeycomb Core Sandwich
Composite Panel Bearing Large Bending Load. Adv. Mater. Res. 2013, 702, 245-252. [CrossRef]

Wang, L.; Liu, X.; Saleemi, S.; Zhang, Y. Bending properties and failure mechanisms of three-dimensional
hybrid woven spacer composites with glass and carbon fibers. Text. Res. J. 2019, 89, 4502-4511. [CrossRef]

Prakash, A.A; Guptha, J.; Sharma, R. Influence of Cell Size on the Core Shear Properties of FRP Honeycomb
Sandwich Panels. Adv. Manuf. Process. 2012, 27, 169-176. [CrossRef]

Zhang, F; Huang, Z.D.; Gao, L.M. Investigation on In-plane Shear Behavior of Large-Size Composite Plates
with Multi-bolt Joints. Compos. Struct. 2020, 232. [CrossRef]

Li, X.; Gao, W,; Liu, W. Post-buckling progressive damage of CFRP laminates with a large-sized elliptical
cutout subjected to shear loading. Compos. Struct. 2015, 128, 313-321. [CrossRef]

Wan, Y.; Zhang, F.; Liu, C. Overall buckling of typical thin-wall sandwich composites applied on the aircraft.
Acta Mater. Compos. Sin. 2018, 35, 2235-2245.


http://dx.doi.org/10.1016/j.matdes.2009.11.061
http://dx.doi.org/10.1016/j.compstruct.2017.12.071
http://dx.doi.org/10.1002/suco.201400100
http://dx.doi.org/10.1016/j.jcsr.2015.09.015
http://dx.doi.org/10.1007/s12221-014-1560-6
http://dx.doi.org/10.1007/s11803-015-0011-8
http://dx.doi.org/10.4028/www.scientific.net/AMR.923.217
http://dx.doi.org/10.1016/j.compositesb.2018.11.058
http://dx.doi.org/10.1002/ceat.200390022
http://dx.doi.org/10.1016/j.matdes.2016.03.017
http://dx.doi.org/10.1016/j.compositesb.2018.11.142
http://dx.doi.org/10.1111/ijac.12819
http://dx.doi.org/10.1016/j.compscitech.2016.02.008
http://dx.doi.org/10.1016/j.compstruct.2013.10.055
http://dx.doi.org/10.1016/j.tws.2015.04.006
http://dx.doi.org/10.1016/j.apm.2014.10.045
http://dx.doi.org/10.4028/www.scientific.net/AMR.567.146
http://dx.doi.org/10.4028/www.scientific.net/AMR.702.245
http://dx.doi.org/10.1177/0040517519837730
http://dx.doi.org/10.1080/10426914.2011.560227
http://dx.doi.org/10.1016/j.compstruct.2019.111553
http://dx.doi.org/10.1016/j.compstruct.2015.03.038

Molecules 2019, 24, 4248 24 of 24

43.
44.
45.

46.
47.

Jones, R M. Mechanics of Composite Materials; CRC Press: Boca Raton, FL, USA, 2014.

Li, S.L. Composite materials workbook; Aviation Industry Press: Beijing, China, 1988.

Carlsson, L.; Kardomateas, G. Structural and Failure Mechanics of Sandwich Composites; Springer Science and
Business Media LLC: Berlin, Germany, 2011.

Xie, S. Aircraft Design Manual Book, 9th ed.; Aviation Industry Press: Beijing, China, 2001.

Zhang, F; Mohmmed, R.; Sun, B.; Gu, B. Damage Behaviors of Foam Sandwiched Composite Materials
Under Quasi-Static Three-point Bending. Appl. Compos. Mater. 2013, 20, 1231-1246. [CrossRef]

Sample Availability: Samples of the compounds are available from the authors.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s10443-013-9329-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Specimens 
	CFRP Skin and Honeycomb Core 
	Manufacturing Process 
	Dimension Design of Sandwich Panel 

	Experimental 
	Shear Test Fixture 
	Test Equipment 

	Theoretical analysis 
	Assumptions 
	Equivalent Stiffness of Honeycomb Sandwich Composite Structure 
	Buckling of Honeycomb Sandwich Composite Structure 

	Finite Element Model 
	Mesh 
	Boundary Conditions 
	Material Constitutive 
	Buckling Load Analysis 

	Results and Discussion 
	Load-Displacement Curves 
	Strain Analysis 
	Strain Data 
	Strain Discreteness 
	Comparison of Theoretical Prediction and Experimental Results 
	DIC Strain Filed 

	Out-of-Plane Displacement Analysis 
	Strain Field Distribution 
	Buckling and Failure Mode Characteristics 

	Conclusions 
	References

