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Graphical abstract Abstract

1500 Composite sandwich structures are applied in many engineering fields due to their high
strength and stiffness but lightweight properties. There are currently not many studies that
simultaneously consider both indentation and strain failure in the composite sandwich
plate especially in presence of impact loading. Such knowledge is necessary to determine
the facesheet strain after impact in order to find out whether the facesheet is totally failed
as a result of indentation deformation. Hence, the purpose of this study is to model
numerically the top facesheet indentatfion and strain failure of a fixed-end composite
sandwich plate with honeycomb core when it is subjected fo low-velocity impact at the
center. The faceheets are made from Hercules AW193-PW prepreg consisting of AS4 fibers
in a 3501-6 matrix (carbon/epoxy) with a stacking sequence of [0/90]. The honeycomb
core is made from HRH 10 1/8-3.0 Nomex honeycomb (Ciba-Geigy). Type of the impactor
used in this study is flat-ended cylinder, which is made from case-hardened steel. The
composite sandwich plate is modeled as a two-dimensional problem with five and three
degrees of freedom per node for the facesheets and honeycomb core, respectively. Only
the sfiffness matrix, [K], and the mass matrix, [M], are considered in determining the
responses of the plate. Responses in terms of indentation, strain failure and displacement
are explored for various facesheet and core properties. It is found that an increase in
number of ply and ply thickness reduce the indentation on the top facesheet. Also, the
most effective parameter in improving the strain failure of the top facesheet is the crushing
resistance of the core.
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1.0 INTRODUCTION

Composite sandwich structures are widely explored
and applied in numerous engineering fields, atftributing
to their favorable properties such as high strength and
stiffness as well as reduced unit mass [1, 2]. A
composite  sandwich structure consists  of two

facesheets that are separated by a core. The
facesheets are also known as composite skins. The
facesheets and core component are commonly
bonded by matrix materials such as resin. The core
layer is usually made of lightweight and thick but less
stiff materials, such as Nomex honeycomb cores,
fiberglass reinforced thermoplastic, aluminum and
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foam-type cores. The top and bottom facesheets are
commonly thin but stiff material from light alloys, e.g.,
aluminum and fiber-reinforced composites [3].

The composite sandwich structure may expose to
several impact loading such as low-velocity impact,
high-velocity  impact, repeated impact, efc.
Indentation can occur during construction and
maintenance of the structure. For example, the
composite  sandwich structure may experience
indentation due to the low-velocity impacts of tools
drop, machineries mishandling, heavy materials falls
and so on [4].

Thanks to many atftractive structure properties, the
use of composite sandwich structure is very beneficial
in engineering field especially in civil, marine, aircraft
and aerospace industries. As a product, its application
helps in terms of cost effectiveness and environmental
friendliness. For example, a vehicle fabricated from
lightweight structures will require less energy to move
and indirectly consume less fuel. This means that the
use of lightweight vehicle will reduce environmental
impact as well as service cost of the vehicle. In
construction field, the application of composite
sandwich structure is widely used in the lightweight
construction.

Thus far, there are many studies regarding the
modeling of composite sandwich plate and its
analyses. One of the researches was performed by
Meidell [5], which investigates the sandwich beams
with honeycomb core by considering the minimum
weight design. In this paper, the constitutive core
equations were formulated. The core formulation was
found with errors less than 0.25% and 1% of any volume
fraction for effective longitudinal shear modulus and
effective transversal Young's modulus, respectively.
Abdolrahim et al. [é] carried out a research on
comparison between experimental and numerical
(finite element method) studies of low-velocity impact
on sandwich panels with honeycomb core. Two
boundary conditions were considered, which were
rigidly supported and four sided clamped. The model
was simulated using ANSYS. It was found that the
numerical results were reliable and approximate with
experimental results with error range from 3% to 12%.
And, the shear failure of the core was the first failure
that took place in almost all the tests. Another
research regarding the low-velocity impact response
of composite sandwich plate was conducted by Foo
et al. [7]. Two types of plate namely square and
circular aluminum sandwich plates were investigated
experimentally using energy-balanced method and
finite element model using ABAQUS software. It was
found that in the numerical modeling, the simulation
runtime for circular plate was reduced to 25%
compared to square plate. In terms of energy
absorption, the energy absorbed by the plates was
independent of the core density. Besides that, as the
density of the core increases, the impact damaged
areas in both core and facesheets were reduced.
Confinuous core crushing, delamination and fiber
fracture will occur if more loading was applied. Also,
the predicted load-time and load-deflection histories

were found to be more accurate by implementing the
combination of energy-balanced approach and
impulse-momentum equation. Wiliamson and Lagace
[8] experimentally studied the responses of
honeycomb sandwich panels under impact loading.
The experiment was performed using static indentation
tests. Two boundary conditions were considered in this
study; fully backed and two-sided clamped. The
indenter shape was hemispherical-nose tups or
cylinder. It was found that the top facesheet was
damaged first before the core. The core was
damaged after the penetration took place on the top
facesheet. In addition, for the two-sided clamped
composite sandwich panels, the boftom facesheet
was not damaged before the failure of both top
facesheet and core because of low strain after
impact. Hoo Fatt and Park [9] studied composite
sandwich  panels, with  symmetric  orthotropic
laminated facesheets and core that has a constant
crushing resistance, subjected fo low-velocity impact.
They found that initial damage mode that would
occur after impact was influenced by boundary
conditions, type of impactor/indenter as well as
geomeftric and material properties of both facesheets
and core. Also, the predicted results from this study
showed good compatibility with the experimental
results from previous studies. Ju et al. [10] analyzed
numerically the shear behaviors of different
honeycomb configurations for two types of materials;
mild-steel and polycarbonate. The single layer design
and the angle with higher negatfive degrees of
honeycomb displayed better results. By using finite
element method, Abo Sabah and Kueh [11] carried
out the analysis on low-velocity impact at the center
of laminate composite plate with various lamination
schemes. This paper only focuses on the delamination
failure of the plate. It was found that an increase in the
plies angles difference produce greater maximum
displacement and delamination area. Hosseini and
Khalili [4] studied the indentation and low-velocity
impact responses of fully backed composite sandwich
plates analytically, which involved nonlinear analysis.
The indenter/impactor used was rigid flat-ended
cylindrical. An improved contact law (contact force —
indentation relation) was intfroduced in this study. A
spring-mass-dashpot model was performed for the
analysis of low-velocity impact of composite sandwich
plates. It was observed that the results from this study
were compatible with the experiment results from
Williomson and Lagace [8]. Also, this study showed
that the stacking sequence of the facesheet affects
the static indentation and impact responses of the
composite sandwich plate by only a little.

So far, not many researches consider indentation in
the modeling of the composite sandwich plate.
Although there was a study on indentafion of
composite sandwich plate, it did not consider the
strain failure of the structure. Strain failure is related to
the indentafion in determining the failure of the
structure in terms of strain. The occurrence of
indentation on the composite sandwich plate does
not necessary mean a consequent failure in strain. In
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this research, the main concerns include; the
formulation for modeling the composite sandwich
plate by means of finite element, investigation on
strain failure, indentation and global displacement of
composite sandwich plate and parametric studies on
composite sandwich plate. The formulation has been
limited to the core with a honeycomb configuration,
loading at the center, low-velocity impact, flat-ended
cylinder impactor and fixed supported plate.

2.0 MODEL DESCRIPTION

The model arrangement is in accordance with
Wiliamson and Lagace [8] experiment, as shown in
Figure 1. This model consists of two-ply composite skin
with fiber orientations of 0° and 90° at the top and
bottom, respectively. Type of core used in this study is
honeycomb core. The properties of the facesheets,
honeycomb core and impactor are shown in Table 1.

The plate has a square cross-section of 102x102x26.1
mm with a fixed-end boundary condition along all
edges.

2.1 Modeling Procedure

Figure 2 shows the general procedure of the finite
element  formulation and solution  technique
appointed for the composite sandwich plate under
low-velocity impact. In detail, the model is described
in the followings.

2.2 Formulation of Stiffness Matrix

The stiffness matrix of composite sandwich plate is
formed by combining the stiffness matrix of the top
facesheet with the upper half of honeycomb core and
the bottom facesheet with the lower half of
honeycomb core.

Force

Top Facesheet

Honeycomb Core

Bottom Facesheet

(a) Sideview of the composite sandwich plate

e
(b) Global assembly of composite sanwich plate sub-element

Figure 1 Fixed-end composite sandwich plate model under an impact load

Table 1 The properties of the facesheets, honeycomb core and impactor [8]

Properties

Details

The Properties of the Facesheets:
Material

Fiber Orientation

Ply Thickness, t

Density

Longitudinal Extensional Modulus, E;
Transverse Extensional Modulus, E2
Poisson ratio, vi2

In-plane shear modulus, G2

Static tensile failure strain

The Properties of the Honeycomb Core:

Material

Geometry
Thickness

Density

Young's modulus, Ec
Cell diameter

Wall thickness
Crushing resistance
The Properties of the Impactor:
Material

Shape of Indenter
Mass

Diameter

Initial Velocity
Impact duration

Hercules AW193-PW prepreg consisting of AS4 fibers in a 3501-6 matrix
(carbon/epoxy)

Cross-ply laminates — [0/90]

0.175 mm

1.6173%10¢ kg/mm3

1.42x105 N/mm?2

9.8x108 N/mm?

0.3

7.1x103 N/mm?2

0.0112

HRH 10 1/8-3.0 Nomex honeycomb (Ciba-Geigy)
Honeycomb (Hexagonal)

25.4 mm

4.8x108 kg/mms3

3500 N/mm?2

3.2 mm

0.063 mm

1.389 N/mm?2

Case-hardened steel
flat-ended cylinder
1.612 kg

25.4 mm

1.2m/s

0.06
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| Input of geometry and material properties of composite sandwich plate |

v

| Discretization of lamina and honeycomb core into sub-elements |

v

Develop stiffness and mass matrices for each lamina sub-element

. The stiffness and mass matrices for all lamina at the top are combined together to form a
laminate (top facesheet). This is also applied for the bottom lamina (bottom facesheet).

Develop stiffness and mass matrices for honeycomb core sub-element

. Half of the stiffness and mass matrices of the honeycomb core is combined with the top
facesheet and the other half is combined with the bottom facesheet

v

Combine stiffness and mass matrices of the facesheets and honeycomb core sub-elements into local stiffness and mass matrices

v

Assemble the local stiffness and mass matrices into their global form

v

| Impose boundary condition |

v

| Apply impact force |

v

| Solve governing equation for the composite sandwich plate displacement by Newmark method

v

| Calculate the indentation on the top facesheet |

v

| Calculate the strain after impact and contrast against maximum strain |

Figure 2 Finite element analysis procedure for composite sandwich plate with honeycomb core under low-velocity impact

2.2.1 Stiffness Expression for Facesheets

The stiffness matrix for the facesheets, K¢, is formulated
using the ABD matrix and integrated based on an
isoparametric formulation.

Ky = ff[BiT(A)ABDBi + Bl (B)agpB, + BY(B)agpB: ()
+ B (D) appBo]lJ| didn

where B is the in-plane strain-displacement matrix, Bo
is the out-of-plane strain-displacement matrix, (A)asp
is the extensional sfiffness, (B)asp is the coupling
stiffness, (D)asp is the bending stiffness and J is the
Jacobian matrix.

2.2.2 Stiffness Expression for Honeycomb Core

The stiffness matrix for the honeycomb core, Keore, is

1
Keore = || Blore Deore Beorell1 ety 2)
G, 0 0
Deore = 0 GyZ 0 (3)
0 0 E

where h is the thickness of honeycomb core, Beore is
the element strain-displacement matrix, Dcore is the
constitutive matrix of honeycomb core and J is the
Jacobian matrix.

2.2.3 Mass Matrix

The mass matrix of composite sandwich plate is
formed by combining the mass matrix of the top
facesheet with the upper half of honeycomb core
and the bottom facesheet with the lower half of
honeycomb core. The consistent mass method s
used.

M; = pit; [[ NI N; |J| d¢dn ;i =f for facesheet

and i = ¢ for honeycomb core (4)

where p is the density of material, t is the material
thickness, Ni is the element shape function and J is
the Jacobian matrix.

2.2.4 Impact Force

The approximate impact force formula, F(t), is
described as
muv,m mt

sin— (5)
o tO
where m is the impactor mass, vo is the initial velocity,

fis the fime taken and to is the impact duration.

F(t) =

2.2.5 Contact Force-Indentation Relation

To describe contact force — indentation relation, we
have [4]
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3/2
P= 200 ) ngR2 4 6(16Ney + 16N, +

(6)
16N,,)
By = Ay Ay oo Age + 2o Ay + 24
1= 45 11 45 22 49 66 49 12 3 16 (7)

2
+ §A26
where P is the contact force, g is the crushing
resistance of honeycomb core, § is the indentation, R
is the radius of the indenter, N is the initial in-plane
forces acting on the edge of the composite
sandwich plate and A is the extensional sfiffness of
ABD matrix of the facesheet.

2.2.6 Strain Failure

Strain failure analysis is only carried out for the top
facesheet. The strain after impact is compared with
the maximum strain. If the strain after impact is more
than the maximum strain, the lamina is considered
damaged and vice versa. The formulation of the
strain affer impact, ¢, is

€= g, +zK (8)

Where ¢ is the mid-plane strain of laminate, z is the
through thickness direction of laminate and « is the
mid-plane curvature of laminate.

3.0 RESULTS AND DISCUSSION
3.1 Verification

Figure 3 shows the verification of contact force —
indentation relation. From the graph, the indentation
from the analytical prediction by Hosseini and Khalili
[4] is similar to the indentafion computed by the
present model although it is slightly higher than that
by Wiliamson and Lagace [8]. Therefore, it is evident
that a good agreement has been found, exhibiting
applicability of the present model.

1500

T
Present Study

Experimental Result [8]
Analytical Prediction [4]

1000+

Contact Force (N)

L I
15 2 25
Indentation (mm)

Figure 3 Verification of contact force —indentation relation

3.2 Strain Failure

For currently considered case, Table 2 shows the
strain failure of lamina of the top facesheet. Both
laminas (0° and 90°) exceed the maximum strain of
0.0112. Therefore, both laminas cannot withstand the
impact and fail.

Table 2 Strain failure of lamina of the top facesheet

Lamina Fiber Strain Maximum Strain
Orientation Exceeded?
1 0o 0.020068 Yes
2 900 0.015663 Yes

Several parameters are investigated in order to
improve the lamina from severe failure due to the
impact, including the number of ply, ply thickness of
top facesheet and crushing strength of core. Strain
after impact for first ply (0°) is plofted as shown in
Figure 4(a). Figure 4(b) shows the strain after impact
and maximum strain against crushing resistance of
core for first ply (0°).

0.028

—— Strain After Impact
0.026 Maximurn Strain

0.024F

0.0221

002-

Strain

00181

0.016F

0.0141

0.012F

00— : : :
02 0.4 06 08 1 12 14

Ply Thickness {mm)

(a)  Strain after impact against ply thickness for first ply (00)

0.04 T T T T T T T T
—— Strain After Impact
Masimum Strain
0035

0.03

0.025

£
g
&
002
0015
001 o]
— g y 4 4 y y y
85 1 15 2 25 3 35 4 45 5

Crushing Resistance (N/mm?)

(b)  Strain after impact against crushing resistance of core
for first ply (0e)

Figure 4 Ply thickness and crushing resistance effects on
strain failure analysis
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It is obvious that ply thickness improves the
experienced strain  affer impact although all
thicknesses produce strain higher than that of
maximum. The most effective parameter that can
improve the strain failure of sandwich composite
plate is the crushing strength of the core. The
minimum crushing strength that can be used to avoid
strain failure is approximately equal to 3.557 N/mm?2
limited to the model configuration studied in this
study.

3.3 Relationship between Thickness and Young's
Modulus of Core

Figure 5 shows the relationship of d/L against
(Ec/An)h, where d is the displacement, L is the length
of plate, Ec is the Young's modulus of the core, Air is
the extensional sfiffness and h is the core thickness. It
can be seen that each curve is overlapping each
other. The higher the thickness and Young's modulus
of core, the lower the displacement of composite
sandwich plate is and vice versa.

0.25

—— E=1000 N/mm
E =2000 N/mm

———— E_=4000 N/mm

2
2
02r E.=3000 Nimm? |
\ 2
E_=5000 Nimm? |

0.151

diL

0.05-

——
——

0 05 1 15 2 25 3 35 4
(EA,h

Figure 5 d/L against (Ec/A11)h
3.4 Relationship between Crushing Resistance and
Thickness of Core
Figure 6 shows the non-dimensional graph of &/L
against (g/An1)h, where § is the indentation and g is

the crushing resistance.

0.04

—¢=05 Nimm?2

0,035~ g=1.5 Nfmm~ |

0.03-

LY

0.025-

0.02}

0.015

2.5 3 35 4 45

0 05 1 15 2
(/A )h 3

Figure 6 &/L against (g/An)h

Based on the graph, each crushing resistance
produces an unperturbed curve. This means that the
thickness of the core is not affecting the indentation
on the composite sandwich plate. Only the crushing
resistance of core affects the indentation
performance. It can be clearly seen that as the
crushing resistance increases, the indentation will
decrease and vice versa.

3.5 Relationship between Crushing Resistance and
Ply Thickness

Figure 7 shows the relationship of 6/L against (/A1)
where tr is the ply thickness. By increasing the ply
thickness of the top facesheet, the extensional
stiffness matrix, A1, will also increase, which results in
smaller (q/A1)tr and this indirectly leads to a smaller
indentation. For currently considered case, the
relationship of indentation with respect to core
crushing resistance, top facesheet thickness, and top
facesheet extensional modulus is found to be

1497.5q
= A th (9)
11
0.055
—— =05 Nimm?
0.05 g=1.0 Nimm? ]
g=1.5 Nfmm?
0.045 —— ¢=2.0 Nfmm?|
—_— 2
0.04 q=2.5 N/mn
0.035
<
=
0.03
0.025
x
0.02 T
e
0015 o
. . . . . . | .
0'%.6 08 1 12 14 16 18 2 22 24
(q/A )t <1078

Figure 7 &/L against (g/An)ts

4.0 CONCLUSION

From the present study, the followings can be

concluded:

(a) The formulation for composite honeycomb core
sandwich plate under low-velocity impact with
the indentation and strain failure descriptions
are developed.

(b) The validity of the present formulation is verified
with existing modeled and experimental results.

(c) The indentation on the top facesheet can be
reduced by increasing the number of ply, ply
thickness as well as crushing resistance of core.

(d) The global displacement of composite
sandwich plate can be reduced by using higher
core thickness and Young's modulus of core.

(e) The most effective parameter that can improve
the strain failure of the facesheets of the
sandwich composite plate is the crushing
resistance of the core.



Drahman et al. / Jurnal Teknologi (Sciences & Engineering) 77:16 (2015) 1-7

Acknowledgement

The authors express gratitude to the Malaysian
Ministry of Education (MOE) and Universiti Teknologi
Malaysia for research grant (R.J130000.7809.4F518)
and facility.

References

[

(2]

13

[4]

Kueh, A. B. H., Seh, W. W., Shek, P. N., Tan, C. S. and Tahir,
M.M. 2011. Maximum Local Thermal Effects Carpet Plot For
Symmetric Laminated Composite Plates. Advanced
Materials Research. 250: 3748-3751.

Kueh, A. B. H. 2013. Buckling of Sandwich Columns
Reinforced By Triaxial Weave Fabric Composite Skin-
Sheets. International Journal of Mechanical Sciences. 66:
45-54.

Chai, G. B. and Zhu, S. 2011. A Review Of Low-Velocity
Impact On Sandwich Structures. Proceedings of the
Institution of Mechanical Engineers, Part L: Journal of
Materials Design and Applications. 225(4): 207-230.
Hosseini, M. and Khalili, S. M. R. 2013. Analyfical Prediction
Of Indentation And Low-Velocity Impact Responses Of
Fully Backed Composite Sandwich Plates. Journal of Solid
Mechanics. 5: 278-289.

(3]

[é]

7]

8]

191

(0]

(1]

Meidell, A. 2009. Minimum Weight Design Of Sandwich
Beams With Honeycomb Core Of Arbitrary Density.
Composites: Part B. 40: 284-291.

Abdolrahim, N., Liaghat, G. and Askari, H. A. 2008.
Experimental Study Of Low Velocity Impact On Sandwich
Panels With Honeycomb Core And Comparison With F.E.M
Results. 13" European Conference of Composite
Materials, Stockholm, Sweden. 2-5 June 2008.

Foo, C. C., Seah L. K. and Chai, G. B. 2007. A Model To
Predict Low-Velocity Impact Response And Damage In
Sandwich  Composites. Composite  Science  and
Technology. 68: 1348-1356.

Wiliamson, J. E. and Lagace, P. A. 1993. Response
Mechanism In The Impact Of Graphite/Epoxy Honeycomb
Sandwich Panels. American Society for Composites:
Technical Conference. 287-297.

Hoo Fatt, M. S. and Park, K. S. 2001. Dynamic Models For
Low-Velocity Impact Damage Of Composite Sandwich
Panels Part B: Damage Initiation. Composite Structure. 52:
353-364.

Ju, J., Summers, J. D., Ziegert, J. and Fadel, G. 2012. Design
of Honeycombs For Modulus And Yield Strain In Shear.
Journal of Engineering Materials and Technology. 134(1):
1-15.

Abo Sabah, S. H. and Kueh, A. B. H. 2014. Finite Element
Modeling Of Laminated Composite Plates With Locally
Delaminated Interface Subjected To Impact Loading. The
Scientific World Journal. Article ID 954070.



