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Abstract: This paper experimentally and numerically inves-
tigated the impact test response and characteristics of cir-
cular honeycomb cores. The experiments were conducted
on two different structures of aluminum-tube honeycomb
core, square structure and star structure. The specimens
were tested in order to find energy absorption, specific en-
ergy absorption, and crashworthiness behaviors. The re-
sults revealed that circular honeycomb cores with star struc-
ture could resist higher impact load than circular honey-
comb cores with square structure. In addition, the larger
tubes showed a lower impact load the smaller tubes. It
was also revealed that the greater the collapse distance of
the aluminum-tube honeycomb core, the lower the load.
Moreover, FEA simulation results, through ABAQUS.CAE,
were compared to the experimental results. The results re-
vealed that good agreement was achieved between the ex-
perimental results and the FEA results. The comparison re-
sults showed that the difference in maximum load between
experimental and FEA model was 0.47-11.84%, which is
a reliable analysis result. In terms of energy absorption
and specific energy absorption, the difference in maximum
load between experimental and FEA model was 23.54% and
16.23%, respectively.
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1 Introduction

Nowadays in the material industry, the focus is on
lightweight but high energy absorbing materials or struc-
tures with low density and high mechanical efficiency, such
as [1] foams [2], honeycomb materials [3, 4], wood core [5-
7] and lattice materials [8]. Aluminum is especially widely
used in the aerospace industry due to its light weight, high
strength and stiffness [9]. Aluminum tubes are widely used
in automotive applications, sea freight and other engineer-
ing fields. The advantages of aluminum tubes are specific
strength and high energy absorption capability, good crash-
worthiness and impact applications [10]. In the past, there
has been extensive research on thin-walled structures from
experiments [11, 12], theoretical analysis [13, 14] and model
analysis [15, 16]. The shape structure of aluminum tubes
with different cross-sectional shapes has become an impor-
tant area of research, including circular [17, 18], square [13],
polygonal [19] and multi-cell pipe [20]. Analysis of the
shape of the aluminum honeycomb material is an inter-
esting topic to study because the aluminum honeycomb
material is lightweight and has a high strength-to-weight ra-
tio. Their good compressive properties make them suitable
for absorbing energy [21-23]. It has good shock absorbing
ability and a wide application in both the shock absorbing
and the automotive industries.

Aluminum honeycomb has been widely investigated
theoretically, numerically and experimentally [24]. Most
of these studies are focused on hexagonal honeycomb alu-
minum sheet such as, in-plane and off-plane mechanical
behavior of honeycomb structures under quasi-static and
dynamic compression [25, 26]. Thomas and Tiwari [27] ex-
amined the strengthening behavior of aluminum honey-
comb and found that the solidification of the honeycomb
structure during dynamic loading was mainly due to the
pressure changes caused by air confined within the cavity
of a part of the beehive. Balaji and Annamalai [28] and Sun
et al. [29] examined the effect of foil thickness and cell size
of honeycomb aluminum on the impact behavior of alu-
minum honeycomb panels. Palomba et al. [30] examined
the low-velocity impact behavior of aluminum honeycomb
panels taking into account the effect of honeycomb cell
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size, and cell pattern on the behavior of shock. Several stud-
ies have shown that low-velocity shock behavior is highly
dependent on cell size [31] and that cell pattern and size
have a significant effect on loading. The impact of size and
form on aluminum honeycomb is substantial and will likely
guide future studies. Finite element analysis (FEA) which
has been widely publicized is used in analyses [32, 33] and
shows a significant advantage in characterizing an initial
damage behavior [34]. For example, Zhang et al. [35] in-
vestigated the effects of dynamic shock response and the
characteristics of a foam-filled aluminum honeycomb (Ex-
panded Polypropylene) experimentally and numerically.
It was found that the strength and the average strength
of the honeycomb were increased but the specific energy
absorption was decreased. In addition, the model analy-
sis survey revealed that the model was able to accurately
analyze the results and compared it to the experimental
results. Zhou et al. [36] also studied the strength test of con-
crete reinforced with aluminum honeycomb. It was found
that the off-plane strength and energy absorption capac-
ity of the honeycomb of the same areal density increased
with a 33-207% increase in cell size compared to conven-
tional concrete, as demonstrated by the model which was
able to analyze the results with the same accuracy com-
pared to the experiment. Balaji and Annamalai [28] con-
ducted an experimental evaluation and simulation analysis
of hollow rectangular aluminum columns filled with carbon
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fiber and aluminum honeycomb at a constant speed of 3.06
mmy/s. Numerical simulations performed using the finite
element method showed a clearer effect of specific energy
absorption and maximum pressure efficiency increase by
60.6%, 27.8% and 17.4%, respectively. FEA methodological
study showed that the program was able to analyze the
constituent correlations for studying the crushing behavior
of honeycombs under complex load conditions [37] which
was a necessary addition to develop future models. With
an increasing demand on energy absorption capacity in
cushioning material, scholars have been trying to find and
develop novel honeycomb structures with new geometric
configuration [38].

The above studies show that aluminum is considered
to be a material with good impact strength and energy ab-
sorption [39-42]. However, previous studies have mainly
focused on the effects of octagonal honeycomb cores with
star structure [3, 4, 9, 10, 16], thus, this study aims to ex-
amine the effect of circular honeycomb cores with differ-
ent diameters and arrangement. The circular honeycomb
cores were selected in this study because they were easy
to fabricate from round pipes. An impact test and an im-
pact behavior study using a finite element analysis program
were used to verify the results. This study might be useful
as a guideline for designing circular pipe into suitable size
to make a honeycomb sheet for absorbing impact in the
future.

100 mm

100 mm

Figure 1: The width, length, height and thickness of circular honeycomb Core with square structure (Type A) and circular honeycomb Core

with star structure (Type B)
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Table 1: Characteristics of circular honeycomb core with square structure (Type A) and circular honeycomb core with star structure (Type B)

DIMETER OF TUBE (INCH)

12 MM. (TYPE A1 AND TYPE B1)

15 MM. (TYPE A2 AND TYPE B2)

25 MM. (TYPE A3 AND TYPE B3)

2 Methodology

2.1 Specimens

To study the shock absorption of grade 6061 round alu-
minum tubes, three tube sizes were selected in this experi-

ment, 12 mm, 15 mm and 25 mm with the thickness of 1.5
mm. The dimension of the specimen had specified width x
length of the panel at 200 x 300 mm and was divided into 2
types of pipe structures: square structure (Type A) and star
structure (Type B). The aluminum pipe was cut into 100
mm long. The cut tubes were welded together and arranged
in a row in a bee retaining style, as shown in Table 1. In this
research, the size of the honeycomb sheet was divided into
6 types as seen in Table 1.

2.2 Impact testing machine

In this research, the specimens were freely dropped from
impact testing machine where a load cell was installed as
in Onsalung et al. [43], Junchuan and Thinvongpituk [44]
and Sakkampang and Thinvongpituk [45]. The aluminum
honeycomb tube is quite hard; therefore, this research used
a 30-kg hammer head with 15-cm diameter. To test the load,
a 4-metre impact testing machine with a pulley set to pull
the hammer head up to the specified height was used as
shown in Figure 2. The impact heights were tested at 2m (V

=6.26 m/s), 3m (V=767 m/s), and 4 m (V = 8.68 m/s). The
experiment involved dropping a hammer head against the
specimens with a 50 kN dynamic load cell at the base of the
specimen. A data logger was used to analyze the data dy-
namically using GREENTECH GTDL-350 brand logger which
can record data at a frequency of up to 10,000 values per
second. When shock was applied to the load cell, the load
cell recorded the resulting load and converted it to electri-
cal signals through the data logger. The load transmitted
the data to the computer in kN.

The result of the load generated by the computer was
expressed as the relationship between load and time (ms).
When the result of the load was applied, the average load
(Pmean) was calculated to calculate the energy absorption
as shown in Eq. (1) [46]. The collapse distance of the speci-
men after impact was measured to determine the specific
energy absorption, which is defined as the energy absorp-
tion of a particular structure compared to the weight of the
structure itself. The specific energy absorption resulting
from the impact was determined using Eq. (2) [47].

Ea = Pmean . S (1)

where Ej is the energy absorbed by the workpiece, Pmean
is the load acting on the workpiece, S is the distance the
workpiece material collapses from start to finish.

E =deS:Pmean'S
* "~ ‘mass mass

@
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Figure 2: Impact testing machine used in this study *spotlight, laptop

where Ej is the specific energy absorption, mass is the mass
of the workpiece, Pmean is the average load.

2.3 Material properties and finite element
analysis (FEA)

In this study, 3 models which consisted of hammer head,
aluminum honeycomb tubes, and square steel plates were
used to store load data. ABAQUS.CAE program was used to
analyze the model by defining the hammer head and steel
plate as a discrete rigid, while the aluminum honeycomb
tube was determined as a deformable material. Poisson’s
ratio was taken from Onsalung et al. [43]. Young’s modulus
and Maximum yield strength derived from tensile test. The
properties of aluminum tubes can be seen in Table 2.

Table 2: Aluminum properties used in FEA

Properties  Description Value
p Density (kg/m°) 2,700

E Young’s modulus (GPa) 40

V12 Poisson’s ratio 0.33

o Maximum yield strength (MPa) 190

When the material properties are defined, then the con-
ditions for model analysis are determined. The condition of
the analysis was defined as Dynamic/Explicit by requiring
that the hammer head, which was defined as a solid (3D
- Discrete Rigid), fell in the Y axis (Free U2) with a weight
of 30 kg, hitting the aluminum honeycomb round tube as

GREENTECH GTDL-350
data logger

Aluminum Tube
Honeycomb 6061

Plate Supporter

Figure 3: Characteristics of model analysis of aluminum honeycomb
sheet in ABAQUS.CAE program

the 3D — deformable material. The aluminum honeycomb
sheet at the base was a solid steel sheet (3D - Discrete Rigid)
was used to support the aluminum honeycomb body as
shown in Figure 3. This steel plate determined the nature
of the plate’s motion without any movement (U1, U3, UR1,
UR2, UR3 = 0). The coefficient of friction of the workpiece
contact surface was determined to be 0.15 and the effect
of the impact load on the steel plate adjacent to the alu-
minum honeycomb was stored at point (RF1) as shown in
Figure 4. This was consistent with the practice of labora-
tory testing, where the load cell to store the load data is
placed below the specimen in the experiment. The mesh
definition and mesh size of the material in the model are
defined as a 10 mm A 4-node 3-D bilinear rigid quadrilateral
(R3D4) mesh. The mesh convergence was not conducted
since the material was rigid quadrilateral. In the case of
aluminum honeycomb which is defined as 3D - Deformable,
the mesh pattern is defined as a 10-node modified quadratic
tetrahedron (C3D10M), and mesh size was used at 1 mm.



102 — K. Sakkampangetal.

Plate Supporter
History output = RF1
Friction = 0.15

Time period = 0.015 5

Impact Velocity

DE GRUYTER

Impact Hammer
Discrete Rigid
Element = R3D4

Free=12

Fixed = Ul, U3, UR1, UR2, UR3 =0

Aluminum Tube Honeycomb

' Deformable
Element = C3D10M

Plate Supporter

Discrete Rigid

Element = R3D4

Fixed = U1, U2, U3, UR1, UR2, UR3 =0

Figure 4: Mesh determination and model analysis conditions of aluminum honeycomb material
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Figure 5: The impact load of Type A and Type B

3 Results and discussion

3.1 Energy absorption and crashworthiness

behaviors

The impact load of the circular honeycomb cores with the
diameter of 12 mm, 15 mm, and 25 mm was studied at an

Time (ms)

—o— Type A, D=12 mm.
A— Type A, D= 15 mm.
—=— Type A, D= 25mm,
Type B, D=12 mm.
Type B, D=15 mm.
Type B, D=25 mm.

25

load analysis. The average load and collapse distance of
the circular honeycomb cores before the energy absorption
and specific energy absorption were calculated. In case of

Type A as shown in Figure 5, it was found that model Al

had a maximum load of 32.01, 37.82 and 42.33 kN at 2, 3 and
4 m, respectively, while model A3 had the maximum load

impact height of 2-4 m. The first step was to perform impact

of 19.82, 20.17 and 23.22 kN at 2, 3 and 4 m, respectively,
which was found to be consistent with Type B specimens
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Dimeter Type A Type B

Type Al and Type Bl

Type A2 and Type B2

Type A3 and Type B3

Figure 6: Collapse patterns of Type A and Type B at a height of 4 m

Table 3: Results of Pyax, Pmean, and displacement (S) of experimental and FEA

Dimeter h Pmax (kN) Pmax (kN) Diff Pmean(kN) Pimean(kN) S(m) S(m)
(m) Exp. Sim. (%) Exp. Sim. Exp. Sim.

2 32.01 36.14 11.43 10.38 14.3 0.009 0.009

Type A1 3 37.82 37.10 1.90 13.02 13.55 0.009 0.01
4 42.33 38.73 8.50 17.23 17.85 0.011 0.011

2 32.07 31.02 3.27 11.64 14.38 0.008 0.009

Type A2 3 37.90 37.22 1.79 13.55 14.99 0.009 0.009
4 39.44 36.78 6.74 16.9 15.33 0.011 0.012

2 19.82 20.88 5.08 10.01 11.02 0.013 0.015

Type A3 3 20.17 21.94 8.07 6.6 8.37 0.019 0.017
4 23.22 23.58 1.53 9.99 10.22 0.021 0.023

2 33.41 35.24 5.19 11.98 14.56 0.004 0.007

Type B1 3 37.93 38.69 1.96 13.59 13.62 0.006 0.008
4 43.44 45.48 4.49 18.87 19.33 0.009 0.009

2 32.08 32.99 2.76 12.54 12.48 0.005 0.009

Type B2 3 37.91 38.09 0.47 14.31 14.94 0.008 0.009
4 39.95 38.19 4.41 16.79 16.6 0.010 0.011

2 20.33 23.06 11.84 9.03 9.59 0.011 0.013

Type B3 3 23.59 23.96 1.54 9.13 9.05 0.012 0.018
4 25.29 25.78 1.90 10.14 10.14 0.017 0.019
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Figure 7: Crashworthiness patterns of circular aluminum honeycomb Type A and Type B at 4 m height by comparison of experimental and
FEA simulation analysis
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Figure 8: Characteristics of crashworthiness of circular aluminum honeycomb Type A and Type B at 4 m height by FEA model analysis
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in that the specimens with larger diameter tubes had lower

maximum load. However, it was noted that Type A had bet-

ter load absorption capacity. This showed that the pattern
of tube arrangement affected the impact strength, with the
straight-tube arrangement having better impact resistance
than the star-tube arrangement.

The collapse characteristics of the specimens at a
height of 4 m (V = 8.68 m/s), the highest height, are shown
in Figure 6. It was found that the collapse characteristics
of the aluminum-tube honeycomb core of both Type A and

Type B were similar in that the tubes with larger diame-
ters hade more collapse than tubes of smaller diameters.

The collapse distances of models A3 and B3 were 0.021 and
0.017 m at a height of 4 meters. In the experiments, some
errors occurred because the welded joints on the specimens
was at a single point, but in the FEA analysis, the welded

joints were seen along the tubes. The average load and col-

lapse distance of the specimen at all heights can be seen in
Table 3.

3.2 Comparison of experimental results and
model analysis by FEA

To compare the collapse patterns of the experimental re-

sults and FEA results, the model of 4 m was discussed as

an example. The cross section is presented in Figure 7. Con-

sidering the graph characteristics showed that the graph is
mountain-shaped graph which was relevant to the study

of Zhang et al. [46] and Pratomo [47]. The damage and col-

lapse were similar in Models Al and B1. As for the load, it
was found that Type B had a slightly higher peak load than
Type A. The maximum load of Type A was 42.33 kN, while
that of Type B was 43.44 kN. Similarly, it was found that the
larger diameter tubes were able to absorb the load better
than the smaller diameter tubes which was consistent with
the study of Hao and Du [48] and Z. Dong et al. [49]. The
effect of the maximum load can be seen in Table 3.

By comparing the results of the experiments and the
results of the model analysis, it was possible to analyze
whether the experimental and model values had a good
agreement. The difference Pmax between the experimental
results and the model results was 1.53-11.84% at the test at
4 m, which is similar to 2 and 3 m height tests. The results
of the model analysis showed that the greater the collapse
distance of the aluminum-tube honeycomb core, the lower
the load. This may affect the analysis in terms of energy
absorption and specific energy absorption. Table 3 shows
the collapse distance of the specimens in all cases which
is considered important for the calculations in equations 1
and 2.

DE GRUYTER

Figure 8 shows distribution of von Mises stress of type
A and type B model at the height of 4 m. Type A pattern
showed the hammer head impact as being centered with
more collapse than Type B and the distribution of the trans-
mitted force was better than Type B. The von Mises stress
of Type A was 19.02 MPa for most of the core area. The von
Mises stress of Type B was 61.52 MPa in some areas, par-
ticularly on the hammer-head side and the bottom of the
tubes where the transmission of stress results in the load
was higher than Type A. However, it could be seen that the
model B3 tended to have a von Mises stress distribution
similar to that of the von Mises stress distribution of model
A3. The difference is that the collapse distance of type B
was less than types A hence that caused a higher load char-
acteristics. From the FEA model analysis results in Figure 8,
the tendency of the von Mises stress distribution can be
seen. Type A had a better force distribution than Type B
which had a greater transmission to the bottom or storage
point than Type A. This was the same as the FEA of heights
at 2 and 3 m, respectively.

3.3 Energy absorption and specific energy
absorption

Figure 9 shows the energy absorption. It was found that en-
ergy absorption of Type A and Type B was similar with Type
A being slightly more energy-absorbing than Type B. The
size of the aluminum tube consideration showed that the
energy absorption of model A3 at the height of 4 m was E4
= 0.2098 kN.m and while that of model B3 was E, = 0.1724
kN.m. From the experimental results on the size of the alu-
minum tubes, it was found that the larger tubes had the
ability to absorb more energy than the smaller tubes which
was in line with the results of the experiments of Xie and
Zhou [50] where the graph was similar at all impact heights.
This was consistent with the results of the FEA model analy-
sis which revealed that larger tubes had more collapse than
smaller tubes, resulting in higher energy absorption than
smaller tubes. The largest percentage difference between
the experimental results and the FEA analysis was found to
be 44.17% in model B2, while the closest value was model
B1 with a difference of 2.41%. The percentage difference
of experimental and FEA model analysis can be seen in
Table 4.

Table 4 shows the specific energy absorption. It can be
seen that the specific energy absorption values depended
mainly on the energy absorption values. If the energy ab-
sorption is high, it the specific energy absorption will also
be high. The highest specific energy absorption values were
found in model A3. The experimental and model analysis
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Figure 9: Results of experimental and FEA model analysis of energy absorption of circular aluminum honeycomb Type A and Type B
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Table 4: Differences between the experimental and FEA model analyzes of the energy absorption of Type A and Type B circular aluminum

honeycomb
Dimeter h E; (kN.m) E, (kN.m) Diff Es (kN.m/kg) Es (kN.m/kg) Diff
(m) Exp. Sim. (%) Exp. Sim. (%)
2 0.0934 0.1287 27.43 0.0577 0.0794 7.94
Type A1 3 0.1172 0.1355 13.51 0.0723 0.0836 8.36
4 0.1895 0.1964 3.51 0.1170 0.1212 12.12
2 0.0931 0.1294 28.05 0.0621 0.0863 8.63
Type A2 3 0.1201 0.1349 10.97 0.0801 0.0899 8.99
4 0.1859 0.1983 6.25 0.1239 0.1322 13.22
2 0.1300 0.1659 21.64 0.0897 0.1144 11.44
Type A3 3 0.1254 0.1422 11.81 0.0865 0.0981 9.81
4 0.2098 0.2354 10.88 0.1447 0.1623 16.23
2 0.0679 0.1019 33.37 0.0296 0.0629 6.29
Type B1 3 0.0815 0.1090 25.23 0.0503 0.0673 6.73
4 0.1698 0.1740 2.41 0.1048 0.1074 10.74
2 0.0627 0.1123 44.17 0.0418 0.0749 7.49
Type B2 3 0.1144 0.1344 14.88 0.0763 0.0896 8.96
4 0.1763 0.1826 3.45 0.1175 0.1217 12.17
2 0.0993 0.1247 20.37 0.0685 0.0860 8.60
Type B3 3 0.1222 0.1628 24.94 0.0774 0.1123 11.23
4 0.1878 0.1927 2.54 0.1189 0.1329 13.29
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Figure 10: Comparative results between the collapse displacement and load of Type A and Type B

results were 0.1447 and 0.1623 kN.m/kg, respectively, with
the percentage difference between the experimental and
simulation results at 16.23%. It was found that smaller tubes
had a lower specific energy absorption capacity than larger
tubes. The tube structures Type A and Type B had similar
tendencies. Figure 10 shows the specific energy absorption
capacity of each tube size at different test heights. When
analyzing both the experimental results and the FEA, it was

found that the obtained values were consistent. Consider-
ing the analysis of research by Zhang et al. [51], it was found
that the greater the deflection of a material, the higher the
energy absorption and specific energy absorption effect.
Experimental and simulated analyzes have also shown that
the greater the bending, deflection, or collapse of a mate-

rial, the higher the energy absorption and specific energy
absorption.
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3.4 The relationship between displacement
and load

Figure 10 shows the results of the comparison between the
collapse displacement of the specimen and the impact load
which revealed that higher load led to higher collapse dis-
placement of the specimens. This was consistent with the
research of Zhang et al. [46] and Qi et al. [52]. The collapse
behavior showed very high collapse in models A3 and B3,
with a collapse distance of up to 0.021 m while models A1,
A2, B1, B2 had a collapse value of between 0.004 — 0.011
m. Therefore, as a result of the energy absorption efficiency
relation to the impact load, the energy absorption efficiency
of Type A3 and Type B3 was significantly better than that
of other models. The results of the FEA model analysis also
confirmed that the experiments were valid. The larger tubes
had a greater collapse characteristic. However, the use of
the experimental results in industrial applications should
be considered for applications where high strength is re-
quired. Tubes with small diameter are probably suitable for
high load applications.

4 Conclusion

This paper investigated the effect of different structures of
aluminum tubes on the energy absorption and collapse
characteristics of circular honeycomb core. FEA simulation
by ABAQUS® was also used for detailed investigation and
compared to experimental results. The results of this study
revealed that the diameter of the aluminum tubes affected
the impact load of the specimens. The larger tubes showed
a lower impact load than the smaller tubes. However, the
different structures of the circular honeycomb core also
showed a different result. The specimens with star structure
showed a slightly higher performance than the specimens
with square structure which led to good energy absorption
of the material.

The results of model studies by FEA showed that the
difference in maximum load between experiment and FEA
model was 0.47-11.84%, which was a reliable analysis re-
sult. In terms of energy absorption and specific energy ab-
sorption, the difference in maximum load between exper-
imental results and FEA model was 23.54% and 16.23%,
respectively.

The energy absorption of Type sA3 and B3 were 0.2098
kN.m and E, = 0.1878 kN.m, respectively, which was slightly
different at the height of 4 m. The difference in maximum
energy absorption between experimental results and FEA
model was 10.88% which was considered satisfactory. This
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was consistent with the results of the specific energy absorp-
tion analysis of Type A3. The results of the experiment and
FEA analysis were 0.1447 and 0.1623 kN.m/kg, respectively,
with difference percentage of 16.23%. According to the ex-
periments and FEA analysis, it was found that the more the
material collapsed, the higher the energy absorption and
specific energy absorption. Based on the observation of the
collapse behavior of Type A and Type B, it was found that
Type A3 showed a collapse distance of up to 0.021 m, which
led to good energy adsorption.

As a result of both experimental and analysis by the
FEA program, it can be applied in the development of spher-
ical impact materials with a better edge than honeycomb
geometry, in terms of materialization and formulation,
than octagonal honeycomb course. Its shock-absorbing and
energy-absorbing performance is similar to that of the cur-
rent popular octagonal aluminum honeycomb panels. In
future analysis, the impact strength of round aluminum
tubes with vertical axis will be studied in order to see the
definite experimental results in their application as a load-
bearing material.
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