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The Effect of Honeycomb Core Thickness on the
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In a recent study, a new bio-inspired honeycomb sandwich beam (BHSB)
mimicking the head configuration of the woodpecker was developed. The beam
consists of two carbon/epoxy composite face sheets, aluminum honeycomb core,
and rubber core to enhance the repeated low-velocity impact resistance of
sandwich structures. This paper aims to numerically enhance the repeated low-
velocity impact resistance of the BHSB via optimizing the aluminum honeycomb
core thickness. The beam was investigated employing three core thicknesses: 20
mm, 25 mm, and 30 mm at three impact energy levels (13.5 J, 15.55 J, 21.43 J).
The results revealed that increasing the thickness of the aluminum honeycomb
core to a certain level enhances the sandwich beam stiffness. The beam with the
25 mm honeycomb core thickness was the only beam that can sustain five
repeated impacts achieving the highest impact resistance efficiency index,
especially at high energy levels. Furthermore, the bottom face sheet of this beam
developed the lowest stresses indicating that this thickness has a relatively
better performance during impact events since it allowed minimal stress to
reach the bottom face sheet. Overall, increasing the aluminum core thickness
will increase the height of its cells subjecting it to buckling phenomenon.
Therefore, this study suggests that the optimal thickness of the aluminum
honeycomb core should be 65% of the overall thickness of the sandwich beam to
have the best impact resistance.

Keywords: sandwich beams, core thickness, impact behavior, finite element
analysis, modeling

Introduction

The application of fiber reinforced composite sandwich structures in various
engineering areas such as civil, mechanical, automotive engineering is on the
increase due to the high specific strength, high stiffness, lightweight, and corrosion
resistance that these structures possess (Fatt and Park 2001). Yet, these structures
are vulnerable under heavy objects, tool drops, bird strikes, and loadings impacts.
Impact loads can significantly damage sandwich structures both internally and
externally and reduce their tensile, compressive, shear, and bending strength. Thus,
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many researchers have been proposing new strategies and designs to improve the
impact resistance of these structures, rendering them an interesting research topic.

Many researchers such as Aminanda et al. (2009) and Williams et al. (2008)
have investigated the impact behavior of sandwich structures with various core
types under low-velocity impact. Fatt and Park (2001) examined the common
failure modes of a sandwich panel with a polymer core and found that the panel
experienced both skin fracture and core shear. Yang et al. (2015) also studied the
energy absorption of foam-filled sandwich panels with six types of skins. Panels
with pure carbon skins showed poor impact resistance, while panels with pure
glass skins displayed preferable properties among all the specimens. Compston et
al. (2006) investigated the energy absorption capability of two sandwich structures
under low and high velocity impacts loading having different cores: aluminum
foam and PVC foam. It was found that both structures had similar energy
absorption capabilities, but the damages were different. The sandwich with the
PVC foam core experienced a localized damage in the form of matrix cracking
and core indentation at low energies and skin fracture and core crushing at high
energies. On the other hand, the aluminum foam sandwich structure experienced
skin buckling and cell crushing at both energies.

Kolopp et al. (2013) experimentally subjected a sandwich structure to
medium-velocity impacts (120 m/s) to be used as armor for aeronautical
applications by investigating two skin types, aluminum plates and dry aramid
stitched fabrics, and two core types, aluminum and Nomex honeycombs. It was
found that the dry stitched fabrics with aluminum honeycomb core exhibited better
performance due to its lightweight and strong bonding between the top skin and
the core.

Recently, researchers started to adopt the new concept of having dual-core
sandwich structures. Heimbs et al. (2010) developed three-dimensional structures
from a flat sheet of material by a simple folding process in order to reduce impact
damage. They compared the behavior of a dual-core sandwich structure with a
single core sandwich structure under low-velocity impact. The test was conducted
on a drop tower with a hemi-spherical steel impactor and the impact location was
chosen to be in the middle of the upper skin. The dual cores were of carbon and
aramid fiber reinforced polymer and separated by a carbon fiber reinforced
polymer layer. They reported that the stiffness and strength properties of sandwich
structures with a dual-core system are extremely higher than those of single-core
ones. Abo Sabah et al. (2017) compared the behavior of a bio-inspired dual-core
sandwich beam with a conventional one under low-velocity impacts. The results
showed that the dual-core sandwich beam showed a superior impact performance.
In addition, Xiong et al. (2012) tested two-layer composite pyramidal-core
sandwich panels under both compression and impact, and they compared their
performance with glass fiber woven textile truss cores. It was concluded that the
two-layer carbon fiber composite pyramidal truss cores have comparable specific
energy absorptions versus glass fiber woven textile truss cores. Thus, it is obvious
that a dual-core system can enhance the impact resistance of sandwich structures.
Furthermore, Jiang and Shu (2005) studied the local displacement of a sandwich
structure when subjected to low-velocity impact. The structure consisted of two
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cores and an internal sheet inserted between the two cores. The purpose of the
internal layer is to spread the impact energy to the whole panels, instead of
concentrating the impact energy on a local area of the impact. The results showed
that the local displacement of the core was reduced significantly.

Kiligaslan et al. (2013) investigated the impact behavior of layered trapezoidal
and corrugated aluminum cores (7 cores) and aluminum skins sandwich structures.
The simulation and experimental results revealed that the main deformation
mechanisms were the progressive fin folding of corrugated core layer and bending
of interlayer and skins.

In a most recent work, a bio-inspired honeycomb sandwich beam (BHSB) that
consists of two carbon fiber reinforced plastic (CFRP) face sheets (top and bottom)
and a dual-core system (rubber and aluminum honeycomb) was developed to
improve the repeated low-velocity impact resistance of sandwich structures (Abo
Sabah et al. 2017). Both experimental and numerical investigations were
conducted, and the results exhibited that the impact resistance of the BHSB was
better by five folds than that of the conventional sandwich beam. The repeated
low-velocity impact behavior of the BHSB was also investigated, and its impact
performance was 1.65-16.22 times higher than that of the conventional design
(Abo Sabah et al. 2018). The failure mode maps for this bio-inspired beam under
single and repeated low-velocity impacts were also constructed in Abo Sabah et al.
(2019).

In spite of the fact that many failure modes can be experienced after low-
velocity impact, face yield, face wrinkle, core failure, and indentation are the four
major modes of failure (McCormack et al., 2001). While a low-velocity impact
does not normally cause perforation to the structure, the damage becomes confined
to the upper skin, core shearing, and minor damage in the lower skin. The damage
in the impacted zone of the skin is always localized under the impactor due to the
core (Lin and Fatt 2006). For thick composite skins, cracks always develop in the
first layer due to the high contact stresses during an impact, while for thin
composite skins, cracks appear in the lowest layer due to bending stresses. When
increasing the impact energy, the cracks start to propagate until they reach the
interface of the consequent layer. After that, matrix cracks develop at the interface
creating interlaminar stresses allowing the occurrence of delamination. According
to Dear et al. (2005), with an increase in energy, fiber breakage takes place and
then indentation develops on the surface of the top skin indicating serious damage.
Zhou et al. (2006) indicated that the properties of the core have a great influence
on the sandwich structure damage initiation mechanisms since cores have lower
densities compared to skins. Honeycomb cores, for instance, fail by buckling and
crushing at the impacted region (Dear et al. 2005). Core crushing is usually
associated with folds and wrinkles in the cells. The aluminum honeycomb core
crushing mechanism has been extensively investigated by Mohr and Doyoyo
(2003, 2004). It was suggested that buckling takes place just before the peak load
and this buckling alters the cell wall stress state of the homogenous membrane
causing concentrations of stress along the boundaries of the core wall. As a result,
plastic collapse occurs at the edges of the honeycombs. Zhang and Ashby (1992)
examined the core crushing mechanisms of Nomex honeycomb cores. Their
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crushing behavior appeared to be somewhat complicated compared to the
aluminum honeycombs. Even though the folds in the cells’ walls were similar, the
angles of these folds appeared to be sharper in Nomex due to the difference in the
materials plasticity. Anderson and Madenci (2000) also identified the dynamic
crash behavior of bio-inspired sandwich structures composed of carbon fiber
reinforced plastic (CFRP) panels and aluminum honeycomb. The CFRP skins
failed by matrix cracking and fiber breakage, while the aluminum honeycomb core
experienced shear, crushing, and buckling.

The numerical simulations are necessary in the development process of
sandwich structures. They are an efficient approach to explore the behavior of both
small and large structures reducing both time and cost. Moreover, models
developed via finite element can be efficiently optimized and can be easily adjusted
to suit any complex structure. Many researchers have used different finite element
softwares such as ABAQUS and LS-DYNA to simulate the low-velocity impact
event in sandwich structures. Therefore, finite element models are a powerful
method frequently used by authors to simulate the structural behavior and damage
modes of sandwich structures. Heimbs et al. (2010) developed dynamic finite
element simulations using LS-DYNA to investigate the single low-velocity impact
behavior of textile-reinforced foldcores sandwich structures. The behavior of the
foldcores structures was compared with the behavior of the single core structures.
It was found that foldcores structures have a better impact resistance. Because of
the diverse skin and core failure modes they aimed to cover, the models required a
high degree of complexity. The models’ results showed very good agreement with
the experimental data. Ivafiez and Sanchez-Saez (2013) numerically modeled the
low-velocity impact behavior of honeycomb core sandwich beams with ABAQUS.
Their models were also verified through experimentally conducting single low-
velocity tests. Solid and shell elements were used to mesh the skins and core,
respectively. The skin behavior was molded through a VUMAT subroutine based
on the Hou failure criteria. It was found that the core dominates the energy
absorption of the sandwich beam especially at low energies. Zhu and Chai (2013)
used ABAQUS/Explicit to simulate the initiation of damage, evolution, and failure
modes of composite sandwich panels subjected to single low-velocity impacts.
Burlayenko and Sadowski (2012) used ABAQUS to analyze free vibrations and
steady-state dynamic behavior of sandwich plates initially damaged by single low-
velocity impacts. Santiuste et al. (2010) predicted the failure modes of sandwich
beams under single impacts by implementing Hou and Hashin failure criteria
through a user subroutine VUMAT in ABAQUS/ Explicit. The numerical results
of load and displacement agreed well with the experimental results.

This study aims to optimize the thickness of the BHSB in order to decide the
ideal thickness that further improves its performance against repeated low-velocity
impacts. The thicknesses of the face sheets (top and bottom) and rubber core are
kept constant. The sandwich beam is tested numerically with three different core
thicknesses: 20 mm, 25 mm, and 30 mm, and the impact energies used in this
study are 13.5 J, 15.55 J, and 21.43 J. The beams are compared in terms of impact
characteristics, stress propagation, failure modes, damage area, and absorbed
energy. An impact resistance efficiency index (l¢) is also introduced to evaluate the
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overall performance of the numerically tested beams.

Low-Velocity Impact Finite Element Simulation
Bio-Inspired Sandwich Beam Description

For the optimization process, the four-layer bio-inspired sandwich beam
layout developed by Abo Sabah et al. (2017) based on the woodpecker’s head
configuration was adopted. Figure 1 depicts that the beak of the woodpecker’s
head was represented with a CFRP layer due to its high strength, and it formed the
first protective layer against impact damage. The rubber layer represented the hyoid
as the beam’s Core I, and its function was to distribute and absorb the stresses
caused by the impact event so that the next layers of the structure were protected.
The aluminum honeycomb layer employed as Core Il bio-mimicked the
woodpecker's spongy bone to suppress any further impact. The fourth and last
layer was another CFRP layer representing the woodpecker’s skull bone.

Figure 1. (a) The Woodpecker's Head Configuration (b) Bio-Inspired Honeycomb
Sandwich Beam

(@) (b)

Source: Abo Sabah et al. 2017.
Material Mechanical Properties

The face sheets (top and bottom layers) consisted of twelve layers of
unidirectional T350/EP-1006 CFRP. Table 1 presents the properties of a single
unidirectional T350/EP-1006 CFRP layer employed in this study (Abo Sabah et al.
2017).

Core | was a 3-mm-thick rubber with a density of 2000 kg/m® while Core I
was a 5052-aluminum honeycomb having a cell size of 8 mm and a density of
2700 kg/m®. The CFRP face sheet had a total thickness of 4.85 mm and a stacking
sequence of [0/490]4s. With the variation of the beam’s thickness, the dimensions
of the beam were 300 mm x 25 mm. The impactor was a 3 kg hemispherical steel
with a 12 mm diameter. The density, Young’s modulus, and Poisson’s ratio of the
impactor were 8050 kg/m®, 210 GPa, and 0.3, respectively.
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Modeling Description

ABAQUS 6.13-1/Explicit (2013) was employed to simulate the behavior of
the sandwich beams subjected to five repeated low-velocity impact. The face
sheets (top and bottom) and the aluminum honeycomb core were discretized with
4-node shell elements with reduced integration (S4R) while the rubber core was
discretized with 8-node linear brick elements with reduced integration (C3D8R).
The 4-node linear tetrahedron elements (C3D4) were utilized to discretize the
hemispherical steel impactor.

To optimize the accuracy and computational time, the sandwich beams were
finely meshed near the impact and support regions while the other regions were
meshed with coarser elements. With the assumption that bonding between the
beam layers was perfect, the surface-based tie constrain was used to simulate the
adhesive bonding. The sandwich beam boundary conditions in this study are
shown in Figure 2 where uy; uy; and u, are the translations in the X-, Y-, and Z-
directions, respectively whereas 6., 8, and 8, are the rotations about the X-, Y- and
Z-axes, respectively. Using the predefined field, the velocity for each energy level
was assigned. The beams were impacted at the center and repeated up to five times;
the impact event was halted if the beam experienced ultimate failure before
reaching the fifth impact.

Figure 2. Numerical Model with Boundary Conditions

0,

u, =u,

y =
=06, =0)

a=w=10 /

=6,=0)

The aluminum honeycomb core (Core Il) was modeled as an elasto-plastic
material by defining the elastic part using the "Elastic Isotropic™ option and the
plastic part using the "Plastic Isotropic". Ductile and shear damage models were
also incorporated to define the aluminum honeycomb core. The top and bottom
face sheets were modeled as an elastic material using the properties presented in
Table 1. The face sheets failure criteria introduced by Hashin (1980) were
employed. The adopted failure criteria are described by the following conditions:

Tensile fiber failure (6, = 0):
>1 failure

((;(_1;)2 + & (%) - { <1 no failure @
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Compressive fiber failure (for o;, < 0):

(2)2 _ { >1 failure @

Xc <1 no failure

Tensile matrix failure (for o,, 2 0):

() + = { 20 pature @
Compressive matrix failure (for o, < 0): _

(%)2 N [(2};23)2 B 1]24_ (M)Z ={ =1 failure @)

Yc S12 <1 no failure
Table 1. Properties of Unidirectional t350/ep-1006 Composite [8]

Property Value
Density, p (kg/m®) 998.33
Longitudinal stiffness, E; (MPa) 123387.35
Transverse stiffness, E; (MPa) 8372.19
Poisson’s ratio, Vi, 0.319
In-plane shear modulus, Gy, (MPa) 427857
Out-of-plane shear modulus, G35 (MPa) 4278.57
Out-of-plane shear modulus, G»; (MPa) 2968.86
Longitudinal tensile strength, X; (MPa) 926.05
Longitudinal compressive strength, X, (MPa) 345.60
Transverse tensile strength, Y, (MPa) 8
Transverse compressive strength, Y. (MPa) 57.60
Longitudinal shear strength, S; (MPa) 19.45
Transverse shear strength, S, (MPa) 19.45

Source: Abo Sabah et al. 2017.

where X is the longitudinal tensile strength, X is the longitudinal compressive
strength, Y, is the transverse tensile strength, Y, is the transverse compressive
strength, S; is the longitudinal shear strength, S, is the transverse shear strength, oc
taken as 1.0 is a coefficient that determines the contribution of the shear stress, and
o;; (i,j = 1,2,3) are the effective stresses.

Finally, the rubber core was modeled as a hyperelastic material using the
Mooney-Rivlin model. The Mooney-Rivlin model strain energy is defined in the
following (Zhou et al. 2012):

U= Cp(ly —3)+ Cp (I, = 3) +Di1(]el - 12 (5)

where Cyjy, Co;, and D; are the rubber parameters, I, = J7?/3[,and I, =

245




Vol. 7,No. 4 Abo Sabah et al.: The Effect of Honeycomb Core Thickness on...

J~*/31, are the strain invariants, and j¢' = /I is the elastic volume ratio. The
element removal feature in ABAQUS/Explicit was performed for both cores and
skin sheets. When the damage criteria for any element were fulfilled, the element
was eliminated.

Results and Discussion

The results of the dynamic behaviors of BHSB subjected to repeated low-
velocity impacts for various aluminum honeycomb core thicknesses numerically
compared at impact energies of 13.5 J, 15.55 J, and 21.43 J are discussed in this
section.

Impact Characteristics

Figure 3 depicts the load-time behaviors of the sandwich beams at energy
level 13.5 J. It is seen that the first impact peak load for all beam thicknesses is the
highest as compared to the subsequent impacts except for that with core thickness
30 mm. The peak force for the 30 mm core thick beam at the fifth impact is the
highest (6521 N) as depicted in Figure 3(c). The unloading part of the curve at the
fifth impact shows a sudden drop behavior indicating that the beam undergone
serious damage. The contact durations for all beams increase as the number of
impacts increases due to the progression of damage within each beam, which
reduced the sandwich beam stiffness.

The load-time curves for the three beams at 15.55 J are depicted in Figure 4.
The results show that the first impact peak load is varying from one thickness to
another. The force peak dropped as the number of impacts increased and that is
because no compaction of the beam occurred during the impact event so that the
stiffness deteriorated. The contact durations also increased with each impact
indicating that damage propagates steadily with the number of impacts.

Figure 5 illustrates the numerical load history curves for the five impacts at
the highest energy level 21.43 J. It is noticed that the peak of the impact force
reduced with the increase of the impact number. Only the beam with 25 mm
aluminum honeycomb core thickness could sustain five repeated impacts while the
other two beams failed at the fourth impact. This indicates that the 25 mm core
beam could sustain its stiffness which enabled it to withstand the fifth impact. By
closely inspecting the fourth impact of the three beams, the 25 mm aluminum
honeycomb core peak force was higher compared to those of the other two beams.
Thus, the 25 mm aluminum honeycomb core improved the performance of the
sandwich beam under repeated low-velocity impacts. In addition, the impact
durations for all beams were proportional to the number of impacts due to the
progression of damage within each beam which reduced the stiffness of the
sandwich beam.
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Figure 3. BHSB Contact Force-Time Curves for Five Repeated Impacts at Energy
Level 13.5 J for Aluminum Core Thicknesses of a) 20 mm, b) 25 mm, ¢) 30 mm
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Stress Propagation

Figure 6 depicts the maximum principal stresses of the bottom face sheets for
the various honeycomb core thicknesses under repeated impact energies of 13.5 J,
15.55 J, and 21.43 J. The stresses in the three beams were proportional to the
impact energy. The stress in the bottom sheet of the 20 mm core beam behaved
arbitrary at 21.43 J due to the severity of damage. On the contrary, the bottom skin
of the beam with honeycomb core thickness of 25 mm developed the lowest
stresses, especially at higher impact energy (21.43 J) because this thickness
maintained the stiffness during the impact event by suppressing the contact forces
and allowing only minimal forces to be transferred to the bottom face sheet. The
25 mm core beam stresses decreased as the impact number increased, and that is
due to the compaction process which maintains the beam stiffness during the
impact event (Sevkat et al. 2010). This indicates that the performance of this core
thickness was relatively better. The 30 mm core beam developed stresses higher
than those of the 25 mm core beam, especially in Figure 6(c). From Figure 6(c), it
is apparent that the beam stresses increased with the impact number increase
signifying that the stiffness of the beam has deteriorated allowing more contact
forces to be transferred into the bottom face sheet. Generally, it can be said that
both 25 mm and 30 mm core beams were comparable. Nevertheless, when the
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Impact energy increased, the beam with the 25 mm core exhibited a much better
performance. In other words, the 25 mm core thickness enhanced the beam
stiffness and did not expose the core cells to buckling. Like the 25 mm core
thickness, the 20 mm core thickness did not expose the beam to buckling but it did
not contribute much to the beam stiffness.

Finally, the 30 mm core thickness added stiffness to the beam but at the same
time it exposed the beam to buckling reducing its damage resistance because each
cell in the core acted as a slender column.

Figure 4. BHSB Contact Force-Time Curves for Five Repeated Impacts at Energy
Level 15.55 J for Aluminum Core Thicknesses of a) 20 mm, b) 25 mm, ¢) 30 mm
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Figure 5. BHSB Contact Force-Time Curves for Five Repeated Impacts at Energy
Level 21.43 J for Aluminum Core Thicknesses of a) 20 mm, b) 25 mm, ¢) 30 mm
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Failure Modes

For 13.5 J, Figure 7 shows that the three beams were capable of withstanding
five impacts with some matrix cracking and fiber breakage (MCFB).

The three cores also experienced no sign of damage. The damage areas in the
20 mm, 25 mm, and 30 mm honeycomb core beams after the fifth hit were 356.83
mm?, 306.09 mm?, and 308.89 mm?, respectively.

The damage morphologies for 15.55 J are shown in Figure 8. The 30 mm core
beam developed the largest damage area in both top face sheet and core. Its core
experienced some crushing at the impacted zone. The top face sheets of the 20 mm
and 25 mm beams had damages in the forms of matrix cracking and fiber breakage.

Their cores also exhibited minor crushing under the point of impact. The total
damage areas were 395.06 mm?, 334.23 mm?, and 413.84 mm? for the 20 mm, 25
mm, and 30 mm core beams, respectively.

Figure 9 shows the numerical failure modes the beams experienced at the end
of the repeated impact event of 21.43 J. It is obvious that the 20 mm and 30 mm
cores beams suffered severe damages in both upper face sheets and cores. The
cores experienced buckling and shear at the impact zone. By investigating the 25
mm core beam (Figure 9 (b)), it is noticed that the beam underwent some upper
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skin matrix cracking and fiber breakage (MCFB) while the core experienced only
some buckling at the impact point. The calculated damage areas for the 20 mm, 25
mm, and 30 mm core beams at this energy level were 519.98 mm?, 404.65 mm?,
and 468.5 mm?, respectively.

Figure 6. The Five Impacts Maximum Principal Stresses in the Bottom Face Sheets
of the Beams with 20 mm, 25 mm, and 30 mm Honeycomb Cores Thicknesses at
Energy Levels: a) 13.5J, b) 15.55 J, ¢) 21.43 J
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Figure 7. Repeated Impact Damage of Honeycomb Core Thicknesses a) 20 mm, b)
25 mm, ¢) 30 mm at 13.5 J.
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Figure 8. Repeated Impact Damage of Honeycomb Core Thicknesses a) 20 mm, b)
25 mm, ¢) 30 mm at 15.55 J
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In each view, top row = skin top view; bottom row = core side view.
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Figure 9. Repeated Impact Damage of Honeycomb Core Thicknesses a) 20 mm, b)
25 mm, ¢) 30 mm. at 21.43

In each view, top row = skin top view; bottom row = core side view.

It can be concluded that BHSB with 25 mm core thickness had a better impact
resistance. Increasing the thickness of the honeycomb core increased the height of
its individual cells. As a result, the cells behaved like a column subjected to higher
possibility of buckling phenomenon like the analogy of column, the higher the
column goes it is easier for it to buckle because of its slenderness.

Figure 10 shows the behavior of damage area for BHSB with the 20 mm, 25
mm, and 30 mm honeycomb core thicknesses. The damage in the beams increased
as the energy of impact increased. BHSB with 25 mm core thickness experienced
the lowest damage for all impact energies indicating that this thickness improved
the damage resistance of BHSB.

Figure 10. Impact Damage Area vs. Impact Energy for BHSB with Different
Honeycomb Core Thicknesses
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Absorbed Energy

Figure 11. BHSB Five Impacts Energy Curves for the 20 mm Honeycomb Core
Beam at a) 13.5 J, b)15.55J, ¢) 21.43J
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Figure 11 exhibits the energy curves for honeycomb core thickness of 20 mm
for the three impact energies since there was a change in the behavior more than
those of 25 mm and 30 mm core thicknesses. At energy levels 15.55 J and 21.43 J,
the beams could only sustain loads up to the fourth impact, and the absorbed
energy fluctuated from one hit to another. The energy curve of the fourth impact at
energy level 21.43 kept increasing after reaching the peak as an indication that
perforation has taken place in the beam. The fluctuation of the absorbed energy
was due to the compaction process which made the beams sometimes tougher and
enabled them to absorb more energy at the successive impacts.

Impact Resistance Efficiency Index

A preferred sandwich structure is the one that has the capability to absorb
more energies, resist higher loads, and minimize the area of damage. Therefore, an
impact resistance efficiency index (l¢) was introduced in this study to obtain a
meaningful impact performance assessment. It was calculated using the following:
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EapsFmax
e~ Aggmptomax (6)
where E,;¢ IS the absorbed energy, F,., 1S the maximum contact force, g is the
gravitational acceleration, g,,,,, is the maximum stress in the sandwich beam, A,
is the damage area, m,, is the mass of the sandwich beam, and t is the sandwich
beam total thickness. Since the I is normalized by the thickness and mass of the
sandwich beam, the comparison is mainly focused on the performance of the
beams.

Table 2 introduces the impact resistance efficiency indices for BHSB at the
fifth impact for the three honeycomb core thicknesses. BHSB with 25 mm
honeycomb core thickness achieved the highest efficiency index, especially at
higher impact energies. However, at the lowest impact energy (13.5 J), the
efficiency index for BHSB with 30 mm honeycomb core thickness was the highest.
The efficiency indices decreased as the impact energy increased. Therefore, the 25
mm honeycomb core thickness is considered the optimized parameter in the current
case.

Table 2. Impact Resistance Efficiency Indices of BHSB at the End of the Impact
Event

Core thickness (mm) 20 o5 0

Impact energy (J)

135 32.57 75.99 81.11

15.55 24.38 45.40 34.42

21.43 18.66 42.55 29.31
Conclusions

The numerical investigations performed in this study proved that increasing
the thickness of the aluminum honeycomb core to a certain level enhances the
sandwich beam stiffness. Among the three studied thicknesses, the beam with 25
mm honeycomb core thickness was the only beam that could sustain five repeated
impacts with the highest impact resistance efficiency index. In addition, the
bottom face sheet of this beam developed the lowest stresses for the three impact
energies. This indicates that this thickness had a relatively better performance
during the impact event since it allowed minimal stress to be transferred to the
bottom face sheet. It can be said that increasing the thickness of the honeycomb
core increases the height of its cells. When the height of the cells increases, the
cells behave like a column subjected to higher possibility of buckling phenomenon.
Like the column analogy, the higher the column goes it is easier for it to buckle
due to its slenderness. Thus, based on the findings, it is suggested that the
aluminum honeycomb core thickness should be 65% of the sandwich beam overall
thickness in order to achieve the best repeated low-velocity impact resistance.

254




Athens Journal of Technology & Engineering December 2020
References

ABAQUS (2013) User's & theory manuals d release 6. Providence, RI, USA.

Abo Sabah S, Kueh ABH, Al-Fasih MY (2017) Comparative low-velocity impact
behavior of bio-inspired and conventional sandwich composite beams. Composites
Science and Technology 149(Sep): 64-74.

Abo Sabah S, Kueh ABH, Al-Fasih MY (2018) Bio-inspired vs. conventional sandwich
beams: a low-velocity repeated impact behavior exploration. Construction and
Building Materials 169(Apr): 193-204.

Abo Sabah S, Kueh ABH, Bunnori NM (2019) Failure mode maps of bio-inspired
sandwich beams under repeated low-velocity impact. Composites Science and
Technology 182(Sep): 107785.

Aminanda Y, Castanié B, Barrau JJ, Thevenet P (2009) Experimental and numerical study
of compression after impact of sandwich structures with metallic skins. Composites
Science and Technology 69(1): 50-59.

Anderson T, Madenci E (2000) Experimental investigation of low-velocity impact
characteristics of sandwich composites. Composite Structures 50(3): 239-247.

Burlayenko VN, Sadowski T (2012) A numerical study of the dynamic response of
sandwich plates initially damaged by low-velocity impact. Computational Materials
Science 52(1): 212-216.

Compston P, Styles M, Kalyanasundaram S (2006) Low energy impact damage modes in
aluminum foam and polymer foam sandwich structures. Journal of Sandwich
Structures & Materials 8(5): 365-379.

Dear JP, Lee H, Brown SA (2005) Impact damage processes in composite sheet and
sandwich honeycomb materials. International Journal of Impact Engineering 32(1—
4): 130-154.

Fatt MSH, Park KS (2001) Dynamic models for low-velocity impact damage of composite
sandwich panels—Part A: deformation. Composite Structures 52(3-4): 335-351.

Hashin Z (1980) Failure criteria for unidirectional fiber composites. Journal of Applied
Mechanics 47(Jun): 329-334.

Heimbs S, Cichosz J, Klaus M, Kilchert S, Johnson AF (2010) Sandwich structures with
textile-reinforced composite foldcores under impact loads. Composite structures
92(6): 1485-1497.

Ivafiez |, Sanchez-Saez S (2013) Numerical modelling of the low-velocity impact
response of composite sandwich beams with honeycomb core. Composite Structures
106(Dec): 716-723.

Jiang D, Shu D (2005) Local displacement of core in two-layer sandwich composite
structures subjected to low velocity impact. Composite Structures 71(1): 53-60.

Kihgaslan C, Giiden M, Odaci 1K, Tasdemirci A (2013) The impact responses and the
finite element modeling of layered trapezoidal corrugated aluminum core and
aluminum sheet interlayer sandwich structures. Materials & Design 46(Apr): 121—
133.

Kolopp A, Rivallant S, Bouvet C (2013) Experimental study of sandwich structures as
armour against medium-velocity impacts. International Journal of Impact
Engineering 61(Nov): 24-35.

McCormack TM, Miller R, Kesler O, Gibson LJ (2001) Failure of sandwich beams with
metallic foam cores. International Journal of Solids and Structures 38(28-29): 4901
4920.

Mohr D, Doyoyo M (2003) A new method for the biaxial testing of cellular solids.
Experimental Mechanics 43(2): 173-182.

255



Vol. 7,No. 4 Abo Sabah et al.: The Effect of Honeycomb Core Thickness on...

Mohr D, Doyoyo M (2004) Deformation-induced folding systems in thin-walled
monolithic hexagonal metallic honeycomb. International Journal of Solids and
Structures 41(11-12): 3353-3377.

Lin C, Fatt MSH (2006) Perforation of composite plates and sandwich panels under quasi-
static and projectile loading. Journal of Composite Materials 40(Oct): 1801-1840.

Santiuste C, Sanchez-Séez S, Barbero E (2010) A comparison of progressive-failure
criteria in the prediction of the dynamic bending failure of composite laminated
beams. Composite Structures 92(10): 2406-2414.

Sevkat E, Liaw B, Delale F, Raju BB (2010) Effect of repeated impacts on the response of
plain-woven hybrid composites. Composites Part B: Engineering 41(5): 403-413.

Williams HR, Trask RS, Bond IP (2008) Self-healing sandwich panels: restoration of
compressive strength after impact. Composites Science and Technology 68(15-16):
3171-3177.

Xiong J, Vaziri A, Ma L, Papadopoulos J, Wu L (2012) Compression and impact testing
of two-layer composite pyramidal-core sandwich panels. Composite Structures 94(2):
793-801.

Yang P, Shams SS, Slay A, Brokate B, Elhajjar R (2015) Evaluation of temperature
effects on low velocity impact damage in composite sandwich panels with polymeric
foam cores. Composite Structures 129(Oct): 213-223.

Zhang J, Ashby MF (1992) Buckling of honeycombs under in-plane biaxial stresses.
International Journal of Mechanical Sciences 34(6): 491-509.

Zhou G, Hill M, Loughlan J, Hookham N (2006) Damage characteristics of composite
honeycomb sandwich panels in bending under quasi-static loading. Journal of
Sandwich Structures & Materials 8(1): 55-90.

Zhou J, Hassan MZ, Guan Z, Cantwell WJ (2012) The low velocity impact response of
foam-based sandwich panels. Composites Science and Technology 72(14): 1781-
1790.

Zhu S, Chai GB (2013) Damage and failure mode maps of composite sandwich panel
subjected to quasi-static indentation and low velocity impact. Composite Structures
101(Jul): 204-214.

256



