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Abstract

The crushing of single- and double-layer zig-zag trapezoidal corrugated core sandwiches

was investigated experimentally and numerically at quasi-static and dynamic rates. The

buckling stress of sandwiches increased when the rate increased from quasi-static to

dynamic. The increased buckling stresses were ascribed to the micro-inertial effects,

which altered the buckling mode of the core from three plastic hinges to higher number

of plastic hinge formations. The initial buckling stress was numerically shown to be

imperfection sensitive when the imperfection size was comparable with the buckling

length. The numerical buckling stresses of zig-zag and straight corrugated cores were

similar, while higher inertial effects were found in triangular corrugated core.
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Introduction

The periodic cellular metal constructions encompass the group of materials with
the various topologies including corrugations and lattice trusses. These light weight
periodic constructions have wide range of engineering applications and are often
required for the multi-functionality [1]. Either in the form of single- or multi-layer
form, the use of cellular metal constructions is certainly advantageous, partly due
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to their simple manufacturing routes and partly due to their comparable mechan-
ical properties with those of commonly used lightweight cores such as metal foams
[2]. The recent experimental and numerical investigations on the periodic cellular
metal constructions have concentrated on the impact and blast loading. The inves-
tigated constructions included pyramidal truss [2–5], Y-frame [6–8], V-frame
[2,6,8,9] and diamond lattice [10]. These studies have provided important informa-
tion on the mechanical properties and operative deformation modes of the periodic
cellular metal constructions at various impact velocity regimes. The dynamic buck-
ling of the columnar structures may be considered in three different velocity
regimes as outlined by McShane et al. [11]: (i) low velocities: the plastic buckling
is delayed by lateral inertia, (ii) intermediate velocities: the buckling occurs behind
an axial shock wave propagating along the column and, (iii) high velocities: the
impact velocity exceeds the plastic wave. The increased crushing strengths of the
cellular structures at increasingly high deformation rates are ascribed to the micro-
inertial effects. Calladine and English [12] classified the energy absorbing structures
as Type I and Type II. Type I structures show a flat-topped load–displacement
curve, while Type II structures show an initial peak following a softening behavior.
Type II structures were found to be more sensitive to impact velocity than Type I
structures [12]. The increased deformation forces at increasing deformation rates in
the compression of aluminum honeycomb structures through out of plane [13],
metallic columnar structures [14], aluminum foams [13,15] and balsa wood in the
axial direction [16,17] were reported to result from the micro-inertial effects.
V-frame corrugated structures were shown to be more inertia sensitive than
Y-frame, as the deformation in V-frame structure is the stretching governed buck-
ling, while in Y-frame core it proceeds with the bending of one of the legs [4]. It was
also shown that U-, X- and V-frame cores exhibiting buckling mode of deform-
ation showed higher crushing strengths and energy absorptions than Y-frame cores
exhibiting the bending mode of deformation [18]. The sandwich panels constructed
using the periodic cellular metal constructions are attractive both for the impact
load mitigation such as blast loading, where the large amount of blast energy is
required to be absorbed by the progressive crushing of the core, and for the heat
exchange media, where the heat dissipation is request in a relatively small space [1].

The aim of the present study was to investigate both experimentally and numer-
ically the quasi-static and dynamic axial crushing response of layered single- and
double-layer 1050 H14 aluminum zig-zag trapezoidal corrugated core sandwich
panels. One potential application of zig-zag corrugated cores is an energy absorber
in the constructions of the ammunition store walls. The constructed corrugated
sandwiches absorb the blast through the deformation of the corrugated layers,
provide impact protection against debris by the interlayer sheets and supply cool-
ant to extinguish any fire due to zig-zag formation (partial coolant circulation) [19].
Previous studies on the same core topology showed that these structures had also
potentials of distributing the incoming impulse laterally to a larger deformation
area [20]. More, corrugated core layers can be easily manufactured through versa-
tile and conventional sheet metal forming processes as compared to conventional
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porous and lattice core structures. The performance of these structures especially
against the blast and impact loadings can be improved by increasing the level of
understanding of deformation mechanism of single- and double-layer structures at
quasi-static and dynamic loading rates. The effects of fin imperfections on the
deformation behavior were also investigated both experimentally and numerically.
And lastly, the crushing responses of zig-zag trapezoidal, straight trapezoidal and
triangular corrugated core sandwiches were compared.

Sandwich structure construction and experiments

The tested single- and double-layer corrugated core sandwich structures consisted
of 1050 H14 aluminum trapezoidal zig-zag corrugated fin layers (Figure 1(a)),
aluminum interlayer sheets and aluminum face sheets. The drawing of a part of
the fin layer is shown in Figure 1(b). The height, width and thickness of the fin layer
used in the sandwich constructions are sequentially 9, 5 and 0.135mm. The thick-
nesses of 1050 H14 aluminum interlayer sheets and face sheets were 0.5mm and
1.5mm, respectively. The density of corrugated fin layer excluding the interlayer
and face sheets was 115 kg m�3, corresponding to a relative density of 0.042. The
corrugated core sandwiches were prepared in single-layer (Figure 2(a)): one fin
layer with two face sheets and double-layer configurations (Figure 2(b)): two fin
layers with one interlayer sheet and two face sheets. The sandwiches were
assembled using a polyurethane adhesive (Henkel Thomsit R710) under a weight
of 5 kg. The quasi-static compression tests on the sandwiches were conducted at the
strain rates of 10�3, 10�2 and 10�1 s�1. The square cross-sectioned single- and
double-layer compression test specimens were 25mm in width and 12 and 22mm
in height, respectively. The quasi-static tension test on 1050 H14 aluminum sheets
and compression tests on corrugated sandwiches were performed in a Shimadzu
universal testing machine.

The quasi-static tensile stress–strain behavior of 1050 H14 aluminum sheets were
determined at strain rate of 10�3 s�1. The tension test specimens were prepared in
accord with ASTM E8M-04 Standard [21]: the gage length and thickness were 60
and 1.5mm, respectively. A video extensometer synchronized with the mechanical
testing machine was used to measure the axial displacement.

The dynamic tests were performed on the single- and double-layer sandwiches
using a strain-gaged direct impact Split Hopkinson Pressure Bar (SHPB) set-up [4].
In these so-called modified SHPB tests, one of the faces of the sandwich specimen
was attached to the end of the incident bar and the striker bar was fired through the
specimen with an initial velocity. The SHPB set-up was made of 7075 T6 Al alloy
bars (40mm in diameter), with the striker bar length of 300mm and incident bar
length of 1000mm (Figure 3). The elastic modulus and density of bar material
are 71.7GPa and 2810 kgm�3, respectively. Figure 3 shows the picture of the
direct SHPB test set-up. The stress wave on the incident bar is measured by
means of 350 � foil strain gages mounted on the incident bar in a full
Wheatstone-bridge configuration. The bridge input voltage is provided with
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an amplifier/conditioner and an oscilloscope is used to record the output bridge
voltage. In a typical test, the gas chamber is filled with nitrogen gas and the release
of the gas chamber fires the striker bar onto the incident bar end. The distance
between the end of the incident bar and the location of the full-bridge was 500mm.
The loading of the specimen during the test was captured using a high-speed

Figure 3. Direct SHPB test set-up.

Figure 2. (a) single- and (b) double-layer sandwich samples.
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camera (Fastcam Photron) at 20,000 fps. The velocity of the striker bar was
adjusted by the chamber gas pressure and measured using laser-velocity gates
located at the exit of the gun chamber barrel. The tests were performed at the
striker velocity (v0) of �18m s�1. The nominal stress (�) in the impacted sample
(transmitted to the incident bar) was calculated as

� tð Þ ¼
EbAb

As
"t tð Þ ð1Þ

and the nominal strain (") and in the sample was calculated as

" ¼
v0t

H
ð2Þ

where Eb, Ab and As are the elastic modulus of the bar and sample and bar cross-
sectional areas, respectively. "t is the strain measured on the incident bar, t is the
time and H is the initial height of the specimen.

Numerical modeling

The simulations of the quasi-static and dynamic tests were performed in the non-
linear explicit finite element code of the LS-DYNA [22]. The 3D geometrical
models were implemented in the simulations. As shown by arrows in Figure 2(a)
and (b), imperfections on the fin wall were formed during handling and assembling
of the fin layers for sandwich construction. Two dominant imperfections as fin wall
bending and fin wall bulging were noted and implemented into the numerical
models. In order to create imperfect core models, high-resolution photographs of
core walls were taken vertically and then imported to a CAD software. Fin wall
bending imperfection was introduced to the half of the core with a deviation angle
of 6.5� from the original position of the fin wall as shown in Figure 4(a). The
numerical models were implemented using the bending-type imperfection, while a
part of imperfect models were also modeled with bulge-type imperfection having a
deviation angle of 2� to determine the effect of the imperfection length on the
crushing stresses (Figure 4(b)). The perfect models of single-layer sandwiches
with and without adhesive (polyurethane) layer and the double-layer sandwich
without adhesive layer are sequentially shown in Figure 5(a) to (c). The corres-
ponding imperfect models of the single- and double-layer sandwiches are
sequentially shown in Figure 5(d) to (f). The effect of the adhesive layer on the
stress–strain behavior of the sandwiches was assessed with the implementation of
the single-layer models with adhesive layers between the face sheets and corrugated
fin layer (Figure 5(b) and (e)).

The trapezoidal corrugated fin layers (Figure 6(a)) were meshed using
Belytschko-Tsay shell elements with five integration points. The interlayer and
face sheets were modeled using the constant stress solid elements. The increased
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number of integration points in the shell elements generally leads to prolonged
CPU times. On the other side, the number of integration points should be higher
than two, in order to increase the accuracy of the models in the case of dominant
buckling deformation mode [23]. In addition, the finite element meshes of the

Figure 4. Numerical fin wall imperfections (a) fin wall bending and (b) fin wall bulging.

Figure 5. Perfect numerical models of (a) single-layer, (b) single-layer with polyurethane

layers and (c) double-layer sandwiches and imperfect numerical model of (d) single-layer,

(e) single-layer with polyurethane layers and (f) double-layer sandwiches.
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corrugated fin layers and interlayer-face sheets have to coincide with each other in
order to define tied contacts. This naturally limits the use of arbitrary-defined mesh
distribution and element sizes. The effect of element size on the numerical results
was assessed by implementing (i) mesh model-1 comprising 960 shell and 660 solid
elements, (ii) mesh model-2 comprising 2800 shell and 3300 solid elements and (iii)
mesh model-3 comprising 10,800 shell and 9900 solid elements in the SHPB models
of single-layer sandwich specimen. The quasi-static and dynamic loading rate com-
pression of the straight trapezoidal (Figure 6(b)) and triangular perfect corrugated
(Figure 6(c)) single-layer sandwich structures were also modeled in order to deter-
mine the effect of fin geometry on the crushing strength.

MAT_SIMPLIFIED_JOHNSON_COOK material model, material type 98,
was used to model 1050 H14 aluminum alloy. Johnson and Cook (JC) flow
stress model is given as [24]

� ¼ Aþ B"n½ � 1þ c ln
_"

_"0

� �� �
1� T�ð Þm
� �

ð3Þ

where �, ", _" and _"0 are the effective stress, effective plastic strain, strain rate
and reference strain rate, respectively. A, B, n, c and m are the model parameters.
The last term T* is expressed as

Figure 6. Perfect models of corrugated fin layers: (a) zig-zag, (b) straight and (c) triangular.
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T� ¼
T� Tr

Tm � Tr
ð4Þ

where T is the temperature and Tr and Tm are the reference and melting
temperatures, respectively. Material type 98 does not take into account tem-
perature effect expressed in the last bracket of equation (3). As aluminum
alloys are known to have low-strain rate sensitivity up to strain rates of
1000 s�1 at room temperature [25], the second bracket of equation (3) is
also omitted in the material model. The polyurethane adhesive layer was mod-
eled using the MAT01_ELASTIC material model (E¼ 69MPa and �¼ 0.25).
The thickness of the adhesive layer was taken as 0.2mm. The contacts
between core, adhesive layer, interlayer sheets and face sheets were assumed
to be perfectly bonded and defined by TIED_NODES_TO_SURFACE con-
tact algorithm. The self-contacting interfaces were defined by
ERODING_SINGLE_SURFACE contact.

Figure 7(a) shows the finite element model of the quasi-static compression test
set-up. The model consists of the top and bottom compression test platens and the
specimen. Each compression test platen was modeled using 19,200 constant stress
solid elements with MAT20_RIGID material model (E¼ 210GPa and �¼ 0.3).
In the model, the rotations and the movement of the compression platens were
fully constrained, except the axial motion of the top platen in the z-direction.
The axial velocity of the top platen was kept constant, the same as the experi-
ments and defined by PRESCRIBED_MOTION_RIGID card. The contact
between compression test platens and the specimen was defined by
AUTOMATIC_SURFACE_TO_SURFACE contact. Since the total CPU time
for the quasi-static test solutions was relatively long [26], the mass scaling was
applied in the quasi-static simulations by defining 1000 times higher positive time
steps in contrast to the initial time step given by LS-DYNA, which decreased total
CPU time approximately 700 times. The finite element model of the direct SHPB
impact testing is shown in Figure 7(b). The contact area between the striker bar and
the specimen was meshed with 2mm size elements, while the rest of the bars were
meshed with 7 and 17mm size elements. The incident bar was modeled with 20mm
size elements. The models of striker and incident bar consisted of 23,660 and 33,800
constant stress solid elements, respectively. The striker and incident bars were
modeled using MAT01_ELASTIC material model. The axial movement and the
rotations of the striker and incident bars were constrained in all directions, except
the axial movement of the striker bar in the z-direction. The striker bar velocity
was defined in the model using VELOCITY_GENERATION in LS-DYNA.
The contact between bars and the specimen was defined by
AUTOMATIC_SURFACE_TO_SURFACE contact. The contact between bars
was defined by AUTOMATIC_SINGLE_SURFACE. The friction coefficient
was set to 0.3 in all contact definitions. The stress values on the incident bar
were calculated on the bars from an element located at the same distance with
the strain gages in the experiments.
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Results and discussions

Determination of JC coefficients of 1050 H14 Al alloy

The experimental and JC model true stress-true plastic strain curves of 1050
H14 aluminum alloy are shown in Figure 8. The JC model parameters of the
alloy were determined by fitting the first bracket of equation (3) to the experi-
mental true stress-true plastic strain curves. The experimental curves were
obtained by averaging at least three tests. The JC flow stress model parameters
of 1050 H14 alloy are determined as A¼ 102MPa, B¼ 97.2MPa, n¼ 0.18 and
ef¼ 0.62.

Figure 7. Finite element models of (a) quasi-static compression and (b) direct SHPB test

set-up.
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Effects of element sizes and core imperfection on numerical results

Experimental nominal stress–strain curve of single-layer sandwich tested in SHPB
is shown in Figure 9(a) with the results of numerical models having different elem-
ent sizes. The initial and second experimental peak stresses were found to be 1.36
and 1.8MPa, respectively. As seen from the figure, the initial peak stress was well
predicted by mesh model-1 and mesh model-2 as 1.3 and 1.25MPa. However, mesh
model-3 failed to predict the initial peak stress accurately, 0.84MPa. The second
peak stress was predicted as 1.37MPa by mesh model-1 and 2, while mesh model-3
gave a result of 0.87MPa which is lower than the experimental value. Due to the
large number of fluctuations on the stress values, it is hard to compare the curves
properly. For clarification, energy versus nominal strain curves of the experiment
and simulations were given in Figure 9(b). As depicted in the figure, the experi-
mental energy curve was very well approximated by the mesh model-2 and the
mesh model-3. When the results of initial and second peak stress were considered, it
is convenient to use mesh model-2. Mesh model-2 also requires�79% lower CPU
time in contrast to mesh model-3. Therefore, further simulations were implemented
using the mesh model-2. Following modeling efforts focused on the simulation of
single-layer sandwich structure using perfect and imperfect core models with and

Figure 8. Experimental and JC model true stress versus true plastic strain curves of 1050

H14 Al alloy.
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without polyurethane adhesive layers at quasi-static (1.2� 10�3 m s�1) loading
rate. Figure 10(a) shows the early deformation region of the experimental and
simulation nominal stress–strain curves of the single-layer sandwich structure. As
shown in Figure 10(a), the initial peak stresses of three tests vary between 0.73
and 0.91MPa. However, the simulation with the perfect model resulted in a
higher peak stress (1.25MPa) and a higher elastic modulus than that of the
experiment. The perfect and imperfect models with polyurethane layer resulted
in relatively lower elastic moduli. The imperfect model, on the other side, gave a
peak stress of 0.84MPa and an elastic modulus, comparable with those of the
experiments. The post-buckling stresses of the perfect model without and with
polyurethane layer were also higher than those of the experiments, while the post-
buckling stresses of the imperfect models were comparable with those of the
experiments (Figure 10(b)). Since the imperfect model with polyurethane layer
yielded relatively lower elastic modulus, the following numerical simulations were
carried out with the imperfect model. Above results indicated that the compres-
sion stresses of the single-layer sandwich structure are imperfection sensitive
(bending-type imperfection) at quasi-static loading rates, as similar with the dia-
mond lattice cores reported previously by Cote et al. [10]. Figure 10(c) shows the
variations of the striker and the face sheet velocity with time both experimentally
and numerically. Experimental velocity variations of the striker and the face sheet
were determined from the processing of the photographs taken by high-speed
camera. The striker velocity remained constant at 18m s�1 during the deform-
ation. Experimental velocity of the face sheet almost stayed constant at 18m s�1

until time of 250 ms, and then gradually decreased to �17m s�1 at the end of the
deformation. In the numerical simulation, face sheet experienced an initial peak
in velocity though the impact of the striker then decreased to the velocity of
striker.

Figure 9. (a) Experimental and numerical (a) nominal stress–strain and (b) energy-nominal

strain curves of single-layer sandwich at 18 m s�1 predicted by the models with three different

mesh sizes.
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Crushing of single- and double-layer corrugated sandwiches at quasi-static
and dynamic loading rates

The quasi-static (1.2� 10�5, 1.2� 10�4 and 1.2� 10�3 m s�1) and dynamic
(18m s�1) experimental and numerical nominal stress–strain curves of the single-
layer sandwiches are shown in Figure 11 for comparison. The quasi-static and
dynamic compression of the single-layer specimen is much similar to that of a
typical strut like structure: following an initial peak stress resulting from the buck-
ling instability of the fin walls, the stress values decrease steeply. The increasing
loading rate from 1.2� 10�5m s�1 to 18m s�1 increased the buckling stress from
0.95MPa to 1.35MPa, showing a velocity dependent initial crushing stress behav-
ior of the single-layer sandwich. Figure 12(a) and (b) and Figure 13(a) and (b) show
the experimental and numerical deformed pictures of the quasi-statically
(1.2� 10�3 m s�1) and dynamically (18m s�1) tested single-layer specimens and

Figure 10. (a) and (b) Experimental, perfect and imperfect numerical nominal stress–strain

curves of single-layer sandwich at 1.2� 10�3 m s�1, and (c) experimental and numerical vari-

ation of the striker and face sheet velocity with time in SHPB test.
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Figure 11. Experimental and numerical nominal stress–strain curves of single-layer sandwich

at quasi-static and dynamic loading rates.

Figure 12. (a) Experimental and numerical deformation of single-layer sandwich and

(b) numerical deformation of core fins at nominal strains of 0.1 and 0.3 at 1.2� 10�3 m s�1.
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core fins at different nominal strains, respectively. The buckling mode of the fin
wall at quasi-static loading rate is a mixed mode: the adjacent fin walls (normal to
the sandwich front face) buckled numerically and experimentally in the opposite
directions at nominal strain of 0.1 as shown with arrows in Figure 12(a) and (b).
However, the buckling of the adjacent fin walls occurred in the same direction in
dynamically tested single-layer sandwich as depicted in Figure 13(a) and (b). The
fin buckling at quasi-static loading rate occurred at the center of the fin wall by
forming three plastic hinges: two at the face sheets and one at the center of the wall.
At dynamic loading rate, the fin walls, however, buckled initially near the impact
side of the sandwich (striker bar side) and then at the lower section forming nearly
an S-shape deformation with at least four plastic hinges as shown in Figure 13(b).
The second instability occurred at nominal strain of 0.3 in dynamically tested
samples, leading to the formation of a post-peak stress in the stress–strain curve.
The increased stress levels at relatively high strains (>0.5) in Figure 11 are due to
the compression of the folded fin walls, similar to the densification region in foam
metal deformation [27]. Briefly, the fin buckling associates with relatively high
buckling wavelength comparable with the size of the imperfection leading to
reduced buckling stress and post-buckling stress at quasi-static loading rate,
while the buckling mode of the dynamically tested samples occurred with relatively
smaller wavelength leading to increased buckling stress.

The experimental and numerical nominal stress–strain curves of double-layer
specimens tested at quasi-static (2.2� 10�5, 2.2� 10�4, and 2.2� 10�3 m s�1) and
dynamic loading rates (18m s�1) are shown in Figure 14(a). The nominal stress–
strain curves of double-layer specimen showed very similar trends with those of the
single-layer specimen; however, the buckling stress (0.50–0.65MPa) and post-
buckling stress values were smaller than those of single-layer specimen. At quasi-
static loading rates, the post-buckling region of the stress–strain curve remained

Figure 13. (a) Experimental and numerical deformation of single-layer sandwich and

(b) numerical deformation of core fins at nominal strains of 0.1 and 0.3 at 18 m s�1.
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smooth due to the shearing of the interlayer sheet as seen in Figure 15(a) and (b).
Another effect of the interlayer shearing is on the deformation on fin walls; bend-
ing-type of deformation was seen to be dominant over buckling as depicted in
numerical deformations of fins in Figure 15(b). However, the fin wall buckling
became dominant over the interlayer sheet shearing at high loading rate as
shown in Figure 16(a) and (b), leading to increased buckling and post-buckling
stresses. At dynamic loading rate, the deformation localized on the top fin layer
until about 0.3 strains; thereafter, the bottom fin layer started to collapse
(Figure 16(a) and (b)). As with single-layer specimen, the stress values of double-
layer specimen increased from 0.50 to 0.65MPa at quasi-static loading rates to
1.2MPa at dynamic loading rate. The peak stresses were observed in the plateau
region of the dynamically tested samples due to complex buckling mechanisms of

Figure 14. (a) Experimental and numerical nominal stress–strain curves of double-layer

sandwich at quasi-static and dynamic loading rates and (b) the effect of constraining of

interlayer sheet on nominal stress–strain curves.

Figure 15. Deformation of double-layer sandwich and core fins; (a) experimental,

(b) numerical and (c) numerical with constrained interlayer sheet at 2.2� 10�3 m s�1.
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the fin layers. As with single-layer sandwich, double-layer sandwich showed vel-
ocity depending crushing stress simply arising from the change of the deformation
mode of the fin walls from buckling and shearing to buckling at dynamic loading
rate. Double-layer specimens showed lower buckling and post-buckling stresses
than single-layer specimens at both quasi-static and dynamic loading rates,
although the difference is more pronounced at quasi-static loading rates. A part
of additional simulations were carried out by constraining the lateral movement of
the interlayer sheet in double-layer specimens at quasi-static and dynamic loading
rates. The effect of the constraining on crushing response of double-layer specimens
is shown in Figure 14(b). At 2.2� 10�3 m s�1, the initial peak stress was found to be
similar for both cases; however, the post-buckling stresses were significantly
increased by constraining the interlayer sheet. As shown in Figure 15(c), fin
walls in the each layer buckles simultaneously up to nominal strain of 0.3, then
fin layers collapsed progressively which led to increase in crushing stresses in post-
buckling region. As result of this crushing behavior, the densification strain was
also increased compared to the double-layer specimens experienced interlayer
shearing. In dynamic loading rate, the initial peak stress was found to be insensitive
to the constraining of interlayer sheet as shown in Figure 14(b). Constraining had
also no effect on the value of the second peak stress in the post-buckling region;
however, crushing of the bottom layer significantly delayed. Therefore, the second
peak stress of the constrained double-layer specimen appeared around nominal
strain of 0.28 as shown in Figure 14(b). This can be clearly seen from the numerical
deformations of the double-layer specimens between nominal strains of 0.3 and 0.5
as depicted in Figure 16(b) and (c), respectively.

The relative error between experimental and numerical initial peak stresses at
quasi-static and dynamic loading rates are given in Table 1. Numerical simulations
of double-layer specimens at both loading rates predicted the initial stress with
higher error in contrast to models of single-layer specimens. This was attributed
to the shearing of the interlayer layer sheet.

Figure 16. Deformation of double-layer sandwich and core fins; (a) experimental,

(b) numerical and (c) numerical with constrained interlayer sheet at 18 m s�1.
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Effects of fin wall bending and bulging type of imperfections on crushing
responses

Figure 17(a) shows dynamic (18 and 36m s�1) nominal stress–strain curves of per-
fect and imperfect models together with that of the quasi-static perfect model for
comparison. It was noted that the perfect and imperfect models gave nearly the
similar buckling and post-buckling stresses at the loading rate of 18m s�1. The
observed imperfection insensitive dynamic crushing behavior was also found pre-
viously in a corrugated core [11]. The perfect quasi-static model was also noted to
have the similar buckling stress with the perfect model at 18m s�1. When the
loading rate was increased numerically to 36m s�1, three effects were seen: the
buckling stress increased over those of the loading rate of 18m s�1 and quasi-
static perfect models; the perfect model showed slightly higher buckling stress

Figure 17. The effect of loading rate on nominal stress–strain curves of single-layer

sandwiches; (a) perfect and bending type imperfect models and (b) perfect- and bulge-type

imperfect models.

Table 1. Relative error between experimental and numerical results of

single- and double-layer corrugated core sandwiches at quasi-static and

dynamic loading rates.

Relative error (%)

Specimen Loading rate (m s�1) Initial peak stress, si

Single-layer 1.2� 10�3 9.67

18 14.6

Double-layer 2.2� 10�3 28

18 17.5
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than imperfect model and a stress maximum appears at the strain of 0.2. At quasi-
static loading rates, the imperfection sensitivity raised since the buckling wave-
length was comparable with the size of the imperfection (9mm), while at high
loading rate, the buckling wavelength (�4.5mm) got smaller than the imperfection
size; hence, the structure became imperfection insensitive. The detected increase in
the buckling stress at 36m s�1 is due to the micro-inertial effect. When the imper-
fection size decreased from 9mm to 1.5mm (bulge-type imperfection), the structure
became imperfection sensitive at both quasi-static and dynamic loading rates as
depicted in Figure 17(b). In this case, the buckling wavelength for both quasi-static
and high loading rate became larger than that of the imperfection size.

Comparison of crushing responses of zig-zag, straight and triangular
corrugated core sandwiches

The numerical quasi-static nominal stress–strain curves of the perfect zig-zag,
straight trapezoidal and triangular corrugated core single-layer sandwiches and
the corresponding deformation pictures at different nominal strains are shown in
Figure 18(a) and (b), respectively. The buckling stresses of the zig-zag (1.25) and
straight (1.30MPa) corrugated core structures are very much similar, showing an
insignificant effect of the zig-zag form on the buckling stress. Among the three
corrugations, the triangular form exhibited the lowest buckling stress (1.04MPa).
As seen in Figure 18(b), the deformation modes of the corrugated single-layer
sandwich samples are very much similar: the fin wall buckling, while the fin wall
buckling in the zig-zag corrugated core sample is a mixed mode (Figure 18(b)). The
buckling stresses of zig-zag (1.25MPa) and straight trapezoidal (1.29MPa) core
single-layer sandwiches almost remained same when the loading rate was increased
to 18m s�1 (Figure 19(a)). However, the buckling stress of the triangular corru-
gated core single-layer sandwich increased to 1.40MPa. The buckling mode of the
zig-zag corrugated fin walls switched from mixed mode at quasi-static loading rate
to single mode at dynamic loading rate as seen in Figure 19(b). In the following, the
loading rate was doubled to 36m s�1 numerically to determine anydeformation
chances and inertial effects in the structures. When the loading rate was increased
to 36m s�1, the buckling stresses of the triangular and zig-zag and straight
trapezoidal corrugated cores increased sequentially to 1.67, 1.61 and 1.57MPa
(Figure 20(a)). The unit fins of the zig-zag and straight trapezoidal and triangular
corrugated core deformed similarly at the loading rate of 36m s�1, leading to the
appearance of the peak stresses in the plateau region at 0.2 strains. The deform-
ation at increasing loading rates proceeded with the higher order of the buckling
mode and the stabbing and the buckling of the fin wall took place (Figure 20(b)). It
is noted in Figure 20(b) that the buckling length decreased when the loading rate
was increased to 36m s�1. The differences in both the initial loading and plateau
regions between three corrugations got smaller at 36m s�1 (Figure 20(a)). This was
directly resulted from similar deformation behavior of the core layers under dynamic
loading; initial buckling and continual crushing of the fin walls (Figure 20(b)).
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The triangular form of the corrugation showed higher and earlier micro-inertial
effect than trapezoidal corrugated core.

The specific energy absorption of the tested single-layer corrugated core at
quasi-static strain rate varies between 0.4 and 0.61 kJ kg�1 at nominal strain of
0.57 corresponding to the displacement of abrupt increase in load values. These
energy absorption values are comparable, by taking into account the densification
strains, with the specific energy absorptions of mild steel V-, U-, X- and Y-type
core structures varying between 0.94 and 4.04 kJ/kg, at the final strains between
0.66 and 0.85 [18]. The specific energy absorption of the tested corrugated structure
increased to 1.31 kJ kg�1 when the final strain increased to 0.66. The tested corru-
gated core also showed comparable specific energy absorption with the specific
energy absorption of U-shaped glass, carbon and hybrid composite cores compos-
ite corrugated cores varying between 0.45 and 0.65 kJ kg�1 [28].

The increased buckling stress of the studied corrugated sandwich structures with
increasing loading rate may be considered separately for the imperfection sensitive
and insensitive cases. In the former, the increasing loading rate from quasi-static to
18m s�1 changes the deformation from bending to stretching dominated mode for
both single- and double-layer sandwiches, leading to increased buckling stresses.
In a previous study, the peak stress of a unit metallic pyramidal truss core in the
Hopkinson bar test was reported to be 60% higher than that in quasi-static test and
the increased compressive stress at increasing strain rates was attributed to strain
rate sensitive flow stress of stainless steel and inertial effects [3]. The structures
exhibiting a relatively flat-topped quasi-static load displacement curve are classified
as Type I, while the structures exhibiting a steeply declining quasi-static load-
displacement curve following an initial peak load are classified as Type II structure
[12]. Examples of Type I and Type II structures are the lateral and axial compres-
sion of beams and tubes, respectively. When the kinetic energy of impact was kept
constant, the smaller final displacements of Type II structures were measured at
increasing impact velocities [12,29]. Type II structures are more inertia and strain
rate sensitive than Type I structures. The tendency of energy absorption of Type II
structures was shown to be enhanced by the structure material strain rate sensitivity
[29–31]. Tam and Calladine [29] analyzed the deformation of Type II structures
based on a rigid-plastic analysis in two phases. The first phase involves the plastic
compression of the structure, while the second phase involves the rotations of
plastic hinges. It was reported that the inertia is the dominant in the first phase
and the strain rate sensitivity is dominant in the second phase. Su et al. [31,32]
proposed an elastic plastic model for the compression of Type II structures and
concluded that inertia and strain rate sensitivity were dominant in the entire
deformation processes. It was also reported in the same studies that an elastic
analysis were necessary in order to determine the magnitude of the peak load.
The corrugated structures tested in the present study also show inertia-sensitive
Type II behavior. The propagation of the plastic wave at high strain rates delays
the overall buckling of the member and the member needs to form kinks [33]. The
phenomenon of kink formation at high strain rate is also seen in the experimentally
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tested single- and double-layer sandwiches (shown in Figure 10(c) by white arrows).
When the imperfection size is comparably smaller than the buckling wavelength,
imperfection insensitive case, the inertial effects appear at higher loading rates,
36m s�1.

Conclusions

The axial crushing response of layered 1050 H14 aluminum zig-zag trapezoidal
single- and double-layer corrugated core sandwich structures was determined experi-
mentally and numerically at quasi-static and dynamic loading rates. The effect of
induced fin wall imperfection was simulated by the imperfect models of fin wall
bending and fin wall bulging. The fin wall bending-type imperfection model well
simulated the experimental quasi-static and dynamic nominal stress–strain curves of
the tested sandwiches. The buckling stress of the corrugated sandwich structures
increased when the loading rate was increased from quasi-static to 18m s�1. The
increased buckling stresses were ascribed to micro-inertial effects, which altered the
deformationmode of single-layer sandwiches from buckling of three plastic hinges at
quasi-static loading rate to higher number of plastic hinge (kink) formations at
high loading rate. Although shearing of interlayer sheet was seen to be the main
deformation mechanism in double-layer sandwiches at quasi-static loading rates,
inertial effects at dynamic strain rates changed the deformation mode into fin buck-
ling. Dynamic strain rate induced a confining effect on the deformation of the
corrugated layers. The buckling stress at quasi-static and high loading rates was
shown numerically imperfection sensitive when the imperfection size was reduced
below the buckling length, while at larger imperfection size the structure became
imperfection sensitive at quasi-static loading rates. The simulations also showed that
the inertial effects appeared at higher loading rates for the perfect structure or when
the imperfection size was smaller than the buckling wavelength. The simulations
based on the perfect model at 36m s�1 clearly indicated earlier micro-inertial effect in
the triangular form of the corrugation was higher than the trapezoidal corrugated
cores. The numerical buckling stresses of the zig-zag and straight corrugated core
structures were shown to be similar at both quasi-static and high loading rates,
implying an insignificant effect of the zig-zag form. Finally, the tested single-layer
corrugated core at quasi-static strain rate showed comparable specific energy
absorption with metal and composite corrugated cores.
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