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ABSTRACT

Dynamic crushing and energy absorption characteristics of sandwich structures with combined
geometry shell cores were investigated experimentally and numerically. The effect of strain rate on
the crushing behavior was presented by the crushing tests at quasi-static, intermediate and high strain
rate regimes. It was shown that absorbed energy increased with increasing impact velocity. The effect of
confinement on crushing behavior was shown by conducting confined experiments at quasi-static and
dynamic rates. Higher buckling loads at lower deformation were observed in confined quasi-static
crushing due to additional lateral support and friction provided by confinement wall. By using fictitious
numerical models with strain rate insensitive material models, the effect of inertia and strain rate on
crushing were shown. It was observed that, increase in impact velocity caused increase in inertial effects
and strain rate effects were nearly independent from the impact velocity. The effects of multilayering
were also investigated numerically.

Finite element method

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Design of lightweight structures with high energy absorption
capability is a major concern in automotive (dynamic crush resis-
tance), aerospace (low weight), and military (impact and blast
mitigation) applications due to the continuously growing demand
for high mobility with low weight. Sandwich structures can meet
requirements of these applications with additional features such as
high stiffness-to-weight ratio, high strength-to-weight ratio, and
engineered/tailored mechanical properties for specific applications
(such as functional grading of cores etc.).

Metallic foams are widely used in protective structures against
impact [1-3], blast loadings [4-6] and dynamic crushing [7] due to
their low density and high energy absorption capability. Competitors
such as corrugated structures [8-11] were also proposed having
controllable macro structures in complex shapes by providing energy
absorption comparable with foam-like behavior. Metallic honeycombs
are also used as core material in sandwich panels [12-17].

Compressive behavior of metallic pyramidal truss core materials
was previously investigated by Lee et al. [18] at quasi-static and
dynamic strain rates both experimentally and numerically. The
proposed geometry showed less micro-inertial effect at increasing
strain rates from quasi-static to Split Hopkinson Pressure Bar (SHPB)
testing regime. At higher rates the inertia associated to the bending
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and buckling of truss struts played a significant role and a major
increase was seen in peak compressive stresses. A similar inertia
sensitivity behavior was also reported in [19] for a thin walled
combined geometry of hemisphere and cylinder, one of the config-
urations used as core material in the current study. It was shown
that average strain rate and inertia sensitivities are more pro-
nounced in cylindrical segment than those of hemispherical cap.
For both of the constituents; inertia sensitivity is higher than strain
rate sensitivity at higher impact velocities. In previous studies by
Palanivelu et al. the usage of recycled beverage cans for low velocity
impact applications [20] and their arrangement to obtain a sacrifi-
cial cladding [21] were investigated. They also proposed that their
material can be adopted in different configurations of macro foam
depending upon the loading conditions. Crushing behavior of
combined geometry thin walled structures were investigated in a
limited number of studies. For example, Ghamarian and Abadi [22]
investigated the axial crushing of end-capped circular tubes and the
effect of foam-filling on their crushing performance. They showed
that the absorbed energy increased with increasing impact velocity.
Gupta [23] investigated the static deformation behavior of a tube-
frusta combined geometry both experimentally and numerically.
Shojaeefard et al. [24] studied the quasi static crushing behavior of
combined cylindrical and square section tubes. A more detailed
analysis of literature on combined geometries can be found in a
previous study of current authors [19].

In this study, dynamic crushing and energy absorption character-
istics of a sandwich structure with combined geometry shell cores was
investigated both experimentally and numerically. As core material,
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Fig. 1. (a) Combined geometry shell and (b) specimen dimensions.

Fig. 2. Pattern used in manufacturing.
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Fig. 3. (a) Fractovis plus drop weight test apparatus and (b) direct impact experi-
mental setup.

AISI 304L combined geometry (hemisphere and cylinder) shell struc-
ture as energy absorbing structure [19] was chosen in order to provide
a macro foam effect as in the study by Palanivelu et al. [21]. The static
and dynamic deformation characteristics of the core material only
were previously reported in a separate study. In the current study;,
sandwich structures containing the above mentioned core material
were prepared and tested at quasi-static, intermediate and high
strain rate regimes in order to see the effect of strain rate on the
crushing behavior. Confined compression tests at quasi-static and high
strain rates were also conducted to understand the effect of confine-
ment. Since the structure which will eventually be used consists of
repeating number of currently investigated sandwich specimen and
the actual response of the whole structure will lie somewhere in
between the two extremities, i.e. unconfined and confined. Numerical
study was also conducted for the following purposes; (1) to better
understand the deformation initiation and progression, (2) to inves-
tigate the variation of some parameters which cannot be easily experi-
mentally determined such as stress and strain components along the
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thickness of the specimen, (3) to conduct some parametrical studies
(the effect of layering or different geometrical configuration) once the
models were well verified. The thorough coupled experimental and
numerical study was used to understand deformation modes and to
evaluate dynamic crushing and energy absorption behavior of sand-
wich structures.

2. Manufacturing of sandwich structures

The combined geometry shells used as core material in sand-
wich structures were manufactured by deep-drawing of 0.5 mm
thick AISI 304L stainless steel sheet blanks. The prepared speci-
mens contain a hemispherical cap attached to a cylindrical seg-
ment as shown in Fig. 1a. Total length of the combined geometry
shell is 23 mm with a nominal outer diameter of 25 mm (Fig. 1b).
Due to the nature of the deep drawing process, (the stretching of
the blanks over the die surface) the drawn combined geometry
shells show variations in wall thickness. The lower edge of the
deep drawn cylindrical segment on the bottom side was trimmed
by a cutting tool on a CNC lathe.

Combined geometry shell unit core structure is then used to
fabricate a sandwich structure with a cross-shaped core configuration.
In the specimens, five combined geometry shells were placed into a
manufacturing pattern and 1 mm thick AISI 304L stainless steel face
sheets were bonded using a cyanoacrylate adhesive. A point contact
between hemispherical portion and face sheet and a line contact
between cylindrical segment and face sheet were obtained. In order
to prevent sliding of face sheets before the curing of adhesive and
to have standard diameter sandwiches, a ring was placed around
the manufacturing pattern (Fig. 2). Thus, sandwich specimens with
75 mm in diameter and 25 mm in length were prepared.

3. Experimental details
3.1. Quasi-static experiments

Both unconfined and confined quasi-static compression tests were
conducted using a Shimadzu AG-X universal testing machine with a
300 kN load cell. Specimens were compressed at a constant cross-
head speed of 2 mm/min corresponding to an initial nominal strain
rate of 1.3 x 10" 3s~ 1. A video extensometer was used to monitor
motion of upper moving cross-head of the machine. Deformation
progression scheme of unconfined quasi-static crushing experiments
were recorded using a Photron FastCam high speed camera at a frame
rate of 50 fps. In confined quasi-static crushing experiments a steel
cylindrical ring with an outer diameter of 120 mm was used.

3.2. Drop weight experiments

Unconfined low velocity crushing experiments were carried out
using a Fractovis Plus drop weight tester (Fig. 3a). The main consti-
tuents of the drop weight tester include striker, dropping weights,
striker tip, and velocity sensor. The striker was attached to a 90 kN
strain-gage sensor connected to data acquisition system and readings
were recorded. The striker velocity was measured by the photocells of
the drop-weight tester and the tests were conducted using a 70 mm
diameter flat end striker tip. The absorbed energy was internally

Table 1

calculated by integrating the force-displacement curves. Specimens
were tested with an initial striker velocity of 10 m/s (which was
achieved by the additional stored energy provided by attached springs
in the test system) corresponding to an initial nominal strain rate of
400~ 1. A 20 kg of drop weight was chosen after the calculations of
required energy level from the quasi-static crushing experiments as

Table 2
Material model constants used in numerical models.

Material Modulus of elasticity (GPa)  Poisson's ratio  Density (kg/m>)
7075-T6 Al 72 0.3 2810
Steel 193 0.3 7830

Top Face Sheet

Core
Structures

Bottom Face

Specimen

Confinement

Bar

Specimen
Holder

Fig. 4. (a) Numerical sandwich specimen, (b) sectional view of confined direct
impact model and (c) unconfined direct impact model.

Johnson-Cook model properties of AISI 304L stainless steel (cores and face/interlayer plates) used in numerical models.

p (kg/m3) G (GPa) E (GPa) v A (MPa)

B (MPa) n c D1 D4

7830 80 193 0.305 264

1567.33 0.703 0.067 0.53467 —0.01913
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a comparison. High speed camera was also used to record crushing at
a frame rate of 10,000 fps.

3.3. Direct umpact experiments

Dynamic crushing behavior of confined and unconfined sandwich
structures with combined geometry shell cores at strain rates ranging
between 10° and 10* s~ ! was determined using a 7075-T6 aluminum
direct impact experimental setup (Fig. 3b). This setup consists of a gas
gun, a 150 mm long striker bar with a diameter of 75 mm, and a
2000 mm long transmitter bar with a diameter of 70 mm. In confined
crushing tests, a confining fixture having an outer diameter of 100 mm
was used with a clearance enough to provide radial constraint during
impact event. The confinement also operated as a dimensional adaptor
between 75 mm diameter specimen and the 70 mm diameter trans-
mitter bar. In unconfined crushing tests, a specimen holder with a
diameter of 100 mm was used only as an adaptor between specimen
and transmitter bar.

In direct impact experiments, striker bar was propelled against
a 50 mm thick piston for confined tests and directly onto specimen
for unconfined tests. Initial velocity of striker bar was measured
using laser velocity sensors attached to the gas gun barrel. In all
tests an average initial velocity of 40 m/s was provided corre-
sponding to an initial nominal strain rate of 1600 s~ .

In order to calculate crushing force in dynamic experiments,
transmitter bar was fitted with strain gages and strain history (er)
was recorded using an oscilloscope. Then strain history was used
to calculate bar stress (o7) and was converted to transmitted force
history (Fpynamic) which is the dynamic crushing force of sandwich
structure. Equations used in the procedure are as follows;

o1 = Epar €1 (1

FDynamic =0T Abar (2)

High speed camera was also used to record crushing scheme in
dynamic unconfined experiments with a frame rate of 18,000 fps.
In confined experiments deformation scheme was revealed by
numerical simulations.

Finally, all quasi-static, drop-weight and direct impact tests
were repeated for three times and only representative test results
were shown in the present study.

4. Finite element modeling

In this study, numerical simulations were conducted in order to
generate data that cannot be readily obtained from experimental
study such as; inertial and strain rate effects for various initial
conditions and multi-layering effects. LS-DYNA 971 explicit com-
mercial finite element solver was used throughout the study.

For the first part of the finite element modeling, combined
geometry shell structures were numerically prepared by modeling
deep-drawing process and initial strain and stress history of
deformed material were taken into account using Restart Analysis
Technique. The details of numerical specimen preparation can be
found in [19]. In the simulations, Johnson-Cook (J-C) material model
was used. In this material model, the equivalent stress (ceq) is
expressed as

oeq = (A+Bely ) (1+Cln(&r,)) -1 3)

where, & is the equivalent plastic strain and A, B, n, C and m are the
material constants. The dimensionless equivalent plastic strain rate
(€) s given by &, = éeq/&, where & is a user defined reference
strain rate, and (&) is the equivalent plastic strain rate. The
homologous temperature (T*) is defined as T* = (T —T,)/(Tm —T;),
where T is the absolute temperature, T, is the room temperature and

Tn is the melting temperature. The failure model considered in this
study is based on Johnson-Cook damage model. According to
Johnson-Cook damage model, strain at fracture can be written as

Fig. 5. (a) Sequential, (b) opposite two layered specimens, and (c) three layered
specimen.
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follows:
g = [Dl +DzeD3"1 [1 4+D,In <§>}(1 4+ DsT%) (4)
0

where Dy, D,, D3, D4 and Ds are damage parameters, 6*=0,,/0, is
stress triaxiality ratio, where o,, and o, are the mean and effective
stresses, respectively. In the current study, the stress state does not
vary significantly during compression. Thus, the following simpli-
fied form concentrating only on the strain rate dependency was
considered.

&= D, |:] +Dy4 In <§>:| (5)

Note also that, thermal effects on both strength and damage
models were neglected. The determined J-C material model con-
stants of AISI 304L stainless steel (cores and face/interlayer plates)
are tabulated in Table 1.

The finite element model of sandwich specimen can be seen in
Fig. 4a. The quasi-static and drop-weight test numerical models
consisted of a moving rigid upper plate, specimen and stationary
rigid lower plate. In the confined quasi-static crushing simulations,
a rigid confinement ring was also modeled with the appropriate
clearance as in the experiments. The displacement rates in quasi-
static deformation problems were relatively low for an explicit
solver; therefore, mass scaling was applied in order to obtain
reasonably small solution times. In mass scaling, the density of
specimen was scaled down by a factor of 1000 and the upper
cross-head velocity was set at 10 m s~ '. The ratio of kinetic energy
(KE) to total internal energy was found to be less than 4% over the

period of crushing process, ensuring the quasi-static strain rates.
The lower plate was fully constrained in all directions.

In the drop weight simulations, the top rigid plate moved along
its thickness axis with a downward velocity and node based mass
lumping methodology was followed in order to match the total
weight of the drop-weight tester cross-head. For both quasi-static
and drop-weight test simulations, two different types of contact
were used. For the combined geometry shell cores and face sheets,
an automatic single surface contact was used to account for the
contact between folds during the deformation, and contact between
core materials and face sheets. While an automatic surface to surface
contact was applied between the face sheets and rigid top/bottom
plates. The strength of the adhesive used was relatively low and
broken down as soon as the compressive load was applied; it was
not taken into account in the numerical model.

Finite element models used in the direct impact test simula-
tions can be seen in Fig. 4b and c. In the simulations surface to
surface contact algorithms were used in order to define contact
between the parts of experimental set-up. Contacts between the
specimens themselves and parts of experimental set-up were
modeled with automatic surface to surface contact algorithm.
An initial velocity was assigned to the striker bar. In order to
compare numerical and experimental results, elements coinciding
with the position of strain gages in experiments were determined,
stress history was recorded and crushing forces were calculated
using Eq. (2). Material model constants of parts are given in
Table 2.

In the numerical simulations, core materials were modeled using
Belytschko-Tsay shell elements with five integration points through

a
100
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Fig. 6. (a) The force-displacement curves of three unconfined quasi-static crushing tests and (b) deformation pictures of one representative test.
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the thickness. Cross-heads, striker and transmitter bars, and speci-
men holders were modeled using eight-node constant stress solid
elements. A static friction coefficient of 0.3 and a dynamic friction
coefficient of 0.2 between all surfaces contacting were assumed in
the study. In the numerical model, the air pressure presumably
arisen from compression of the enclosed air is assumed to have
insignificant effect on the force values as with metallic closed cell
foams. Hence, the air was not modeled explicitly.

Once numerical model was well verified then the numerical
study was extended in order to reveal the effect of inertia and base
material's strain rate sensitivity on the deformation and energy
absorption behavior of sandwich structures at different loading
rates. Additional numerical simulations were prepared with dif-
ferent constant impact velocities and models were re-run where
the base material was assumed to be rate insensitive.

Constant deformation velocity simulations at 50 m/s were used
in order to investigate the effect of multilayering on crushing
response. Two different configurations of two-layered specimens;
i.e. sequential and opposite specimens were prepared and can be
seen in Fig. 5a and b. In potential engineering applications of the
currently studied sandwich structures as blast protection, many
repeating unit cells will be stacked along the thickness and in-
plane directions. Thus, the investigation of the effect of axial
rotation and/or angular misalignment of these repeating cells will
become important. In this study this effect was also numerically
investigated. A sequential three layer specimen was also prepared
to see the effect of layering and numerically deformed under
similar conditions (Fig. 5¢).

5. Results and discussions

5.1. Experimental and numerical

The force-displacement curves of three different unconfined quasi-
static crushing tests and the deformation pictures of one representa-
tive test are shown in Fig. 6a and b, respectively. The letters given in
the inset of Fig. 6a and b correspond to the deformation sequences. A
progressive collapse characteristic which can also be verified by the
help of damage sequence recordings is observed. As expected from a
progressively collapsing structure, a 75 KN peak marked with (c), due
to buckling of hemispherical portion, was followed by a second peak
of 80 kN (marked with (e)) indicating the buckling of cylindrical
portion. Each peak corresponding to the buckling of core structure
constituents is followed by load drop due to buckling load overcome
where the lateral motion of plastic hinges with lower loads occurred. It
is observed that the combined geometry shell placed in the center of
the specimen is radially constrained by the circumferentially placed
neighboring shells and therefore its lateral motion is partly prevented
by them (Fig. 7b). As deformation progressed and the planform area
(contact area between the core units and faces) increased (friction
increased between core units and face sheets) densification occurred
following the second peak corresponding to the buckling of cylindrical
portion.

Comparison of unconfined and confined quasi-static compres-
sion tests is given in Fig. 7 along with the top views of specimens
after the tests. A similar progressive collapse behavior is also seen
for confined quasi-static crushing test. However, higher buckling
loads at lower deformation levels are observed for both constitu-
ents of core structures. The effect of confinement is shown with
the dashed area between the force-displacement curves. In the
confined test, after some deformation level, rolling plastic hinge of
hemispherical portion of circumferentially placed core structures
started to contact with the confinement wall and their lateral
motion was prevented. Therefore, higher buckling load had to be

a
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80 - .
= 60 - .
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S 4 Effect of Confinement |
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Displacement (mm)
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Fig. 7. (a) Comparison of unconfined and confined quasi-static crushing test
results, deformed top views of (b) unconfined, and (c) confined specimen.

applied to overcome the support provided by the confinement
wall. Same is valid for the cylindrical portion. Kiligaslan et al. [8]
were reported similar results for a confined corrugated core sand-
wich structure; which was also a progressively collapsing
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structure. In their study, as a result of confining, buckling and post
buckling stresses increased.

Effect of confinement can be seen in the deformed views of
specimens given in Fig. 7b and c. With the lack of radial constraint
in an unconfined test, outer core units tends to deform in a trian-
gular asymmetric form and crushed in a more symmetric fashion in
confined test with the additional flattening of sides of outer core
units as a result of friction between core units and the confine-
ment wall.

In drop-weight test of sandwich specimen, an initial maximum
load of 75 kN at 10.4 mm of deformation and a second peak load of
80 kN due to buckling of cylindrical portion are observed, Fig. 8.
Progressive crushing behavior can still be seen in both force-

displacement curve and deformation scheme. Except for the shift
in the deformation values, result is almost the same with that of
quasi-static. This is mainly due to the low levels of strain rate
sensitivity and inertial effects at relatively lower velocities attained
during drop-weight tests, which is fully in accordance with the
behavior observed when the combined geometry shells deformed
only [19]. Deformation of the structure started with typical inward
dimpling, which is asymmetric due to the interaction between the
adjacent core units. This mode ended with the formation of plastic
hinges and due to the lack of radial constraint core units were
squeezed out.

Having seen that at relatively lower velocities, strain rate sensitivity
and inertial effects both have insignificant effect on the deformation

a
100 T
—— Quasi-Static - Unconfined (‘
c)
Drop Weight B §
2 i
=
[0]
o
(o]
e i
0d é) I | |
0 5 10 15 20

Displacement (mm)

Fig. 8. (a) Drop-weight crushing result comparatively with unconfined quasi-static crushing test result and (b) deformation scheme.
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characteristics; study continued with the direct impact experim
ents to achieve higher deformation rates. In Fig. 9a force histories of
unconfined and confined direct impact experiments are given com-
paratively. Deformation sequence can also be seen for unconfined test
in Fig. 9b. As can be seen from Fig. 9a, for both unconfined and
confined direct impact test results showed similar behavior except for
the force values recorded during confined tests were higher than
those of unconfined due to the interaction effects. For both of the tests
average forces were higher than those of quasi-static and low velocity
tests. Kiligaslan et al. [25] also reported an increase in peak crushing
stress for a corrugated core sandwich structure and related this
phenomenon to inertial effect arising from high impact velocity.
Although this is also valid for the case studied in here, change of
deformation mode with increasing impact velocity can obviously be
deduced by comparing Fig. 9b with Fig. 6b. In the unconfined direct
impact experiment, circumferentially placed core units tends to move
in the radial direction during the course of deformation. In the
confined direct impact test, this radial movement is prevented and

123

that resulted in an increase in the crushing load, as can be seen in
Fig. 9a. Some of this increase might also be resulted from the friction
between the core units and the inner walls of confining ring.
Experimental and numerical force-displacement curves obtained
from quasi-static, low velocity and dynamic crushing tests are given
in Fig. 10a-e respectively. In unconfined quasi-static simulation,
peaks corresponding to the buckling of constituents are slightly
overestimated. Similar findings are also observed for confined quasi-
static and drop weight crushing behavior. These slight variations
might arise due to the imperfections resulting from tilting of unit
cores while bonding. Similar imperfection effects were previously
reported for an instability collapsing structure [18], for a honey-
comb material [26] and for a cylindrical tube [27]. Furthermore,
the alignment of the sample and cross-head/striker in the model
was assumed to be perfectly axial, while in the experiments the
misalignment of the sample and cross-head/striker tended to
the deviation in the higher displacement values. Final displacement
values might vary since both the drop-weight and direct impact
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Fig. 9. (a) Unconfined and confined direct impact crushing test results and (b) deformation scheme of unconfined experiment.
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Fig. 10. Experimental vs. numerical force histories (a) unconfined - quasi-static, (b) confined - quasi-static, (c) drop weight, (d) unconfined - direct impact, and (e) confined
- direct impact.

tests were load controlled. During the initial stages of the deforma- configuration, surrounding core units started to move in the in-
tion, mainly the hemispherical caps of the core units deformed. plane direction. This movement was not fully symmetric due to the
Then cylindrical segment started to buckle and folds were formed. aforementioned alignment issues. Thus, the numerical errors started

At the later stages of the deformation, for the case of unconfined to increase at the later stages of deformation.
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and (e) confined - direct impact.

The validity of numerical simulations is also confirmed with
the comparison of deformed shapes of sandwich specimens from
experiments and simulations (Fig. 11). In both experimental and
numerical simulations of confined tests due to the local flattening
of core walls a trapezoidal cross-sectional form of deformation is
observed, while in unconfined tests the cross-sectional form of
deformation switches to a triangular shape. As shown in Fig. 11e,
the mode of deformation does not change significantly as the
deformation rate increases.

5.2. Rate sensitivity and inertia

There are two types of energy absorbing structures classified in
terms of distinct shapes of load-displacement curves [28-30]. A
flat-topped load displacement curve is a sign of a Type I structure,
while a dramatically decreasing curve is a characteristic of a Type II
structure. It is well known so far that Type II structures are more
sensitive in terms of both inertia and strain rate than Type I
structures [28]. The energy absorption efficiency of Type II stru-
ctures was shown to be enhanced by the structure's material strain
rate sensitivity [30].

In a previous study of current authors [19] it was shown that com-
bined geometry structure is a combination of a Type I hemispherical
portion and a Type II cylindrical portion. Therefore; the effects of inertia
and strain rate on the deformation is shown to be the blend of the
behavior of the constituents. In addition, an interaction between the
unit core materials in a sandwich structure is obviously apparent.
Therefore, in order to understand the effects of strain rate and inertia
while incorporating the interaction between core materials in a
sandwich structure was investigated in the current study. For this
purpose, numerical simulations were prepared for both unconfined
and confined conditions due to the fact that in engineering applications
of this type of structures lay between those two configurations. In
order to distinguish the effects of strain rate and inertia, simulations
were prepared by assigning constant crossheads velocities from 50 to
200 m/s with both strain rate insensitive and sensitive material models.

In Fig. 12a, numerical results from strain rate insensitive and
sensitive models at 200 m/s constant crosshead velocity can be seen
comparatively with the quasi-static simulation results in terms of
mean crush load vs. displacement. As can be seen, dashed area
between strain rate insensitive model and quasi-static model repre-
sents the increase due to effect of micro inertia at the specified
velocity. Additional effect of strain rate can be computed from the
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Fig. 12. (a) Effect of strain rate and inertia for 200 m/s simulation, (b) average
increase in mean crush load vs. impact velocity.

difference between strain rate sensitive and insensitive models as
seen in Fig. 12a. By conducting numerical simulations at various
impact velocities, average increase in mean crush loads are calculated
and plotted against impact velocity (Fig. 12b). For both unconfined
and confined configurations, the effect of inertia is more noticeable
when compared with that of strain rate particularly at higher impact
velocities. Even, the increase due to strain rate is nearly independent
of impact velocity, which is in consistence with the previous study on
the behavior of unit core material [ 19]. Increase due to strain rate and
inertial effect is found to be higher for confined case than that of
unconfined condition. As can be seen, curves of both unconfined and
confined inertial effects are nearly parallel revealing that their effects
are comparable but with some amount of offset due to the effect of
confinement at all velocities. This offset might arise due to the effect
of radial constraint induced by the confinement and also the friction
between the unit cores and the confinement lateral wall. At higher
velocities, the effect of strain rate becomes almost independent of
confinement condition.

5.3. Multilayering

Multilayering of lightweight core sandwich structures has signifi-
cant application potentials where higher amount of energy absorption
needed. In this type of applications an effective way in terms of
increasing absorbed energy with a reasonably low increase in total
weight of the structure is to place some numbers of repetitive unit
core layers and it is not unlikely to observe misalignment of unit cores
in the neighboring layers. Thus, it is worth for investigating the effect
of misalignment/rotation on the energy absorption characteristics of
the structure. Multilayering usually results in high energy absorption
with the increase of allowable compression values. Besides, the inter-
action between the adjacent layers might cause change in deforma-
tion modes and therefore increase in crushing load and absorbed
energy. Multilayered configurations were investigated numerically
with a constant 50 m/s impact velocity. Three alternative configura-
tions (Fig. 5) were compared with a single layer case.

In Fig. 13 mean load vs. % displacement curves can be seen for single
and multilayered sandwich structures. % displacement was calculated
by dividing instantaneous displacement to the total thickness of
individual sandwiches. As can be seen from the figure, similar results
are observed for all types of multilayered specimens up to ~10%
displacement. The lowest mean crushing force was calculated for single
layer sandwich and the highest for sequential two layer sandwich.
Interaction between adjacent layers shows its effect after 10% displace-
ment. For the configurations investigated, the plates separating the
core layers were slightly bent during the course of deformation and it
was found that the ratio of energy absorbed by interlayer plate to the
total energy absorbed was remained as 3% and lower.

In the current study, a possible defect or an engineered feature
called axial rotation/misalignment of adjacent layers relative to
each other in two layered configuration is also investigated, Fig. 14a.
For lower misalignment angles, this might represent a possible
manufacturing defect or for higher misalignment angles this could
be a desired feature if energy absorption could be increased by the
deformation mode change.

In Fig. 14b, SAE vs. misalignment angle are given. As can be seen in
figure, all multilayered configurations absorb higher amount of
energy than single layer with a reasonable increase in the weight of
the sandwich. For both two layered configurations, SAE values are
higher than single layer configuration. Sequential configurations have
higher SAE values than opposite configurations. This is the result of
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Fig. 13. Mean load vs. % displacement curves of single and multilayered sandwiches.
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Fig. 14. (a) Misalignment angle, (b) SAE vs. Misalignment Angle.

deformation order change due to the relative position differences
of constituents in different configurations. It is also interesting to
note that rotation/misalignment between adjacent layers affects the
results negatively except for 5° rotation for opposite configurations.
As misalignment angle increases, support provided by lower layer to
the upper layer weakens. Therefore, upper layer tends to bend inter-
layer sheet as deformation progresses and a relatively asymmetric
global deformation mode is observed, which results in decrease in
absorbed energy. Another interesting result obtained by multilayering
is that SAE values of sequential two layered sandwiches are higher
than that of three layered sandwiches until nearly 20° of misalign-
ment. SAE values calculated for opposite two layered sandwiches are
comparable with three layered configurations. Therefore, an optimum
configuration could be chosen as sequential two layered sandwich
with a maximum misalignment angle of 20°.

6. Conclusions

In this study, dynamic crushing and energy absorption of sand-
wich structures with combined geometry shells composing of a

hemispherical cap and cylinder segment were investigated experi-
mentally and numerically. Based on experimental and numerical
observations the following conclusions can be reached:

® Peaks observed in quasi-static and low velocity results corre-
sponding to buckling of constituents of core structures was
followed by load drops due to overcoming buckling load and
those showed lateral motion of plastic hinges with lower loads.

® The unit core structures placed in the middle of the specimens
was squeezed between circumferential specimens and there-
fore their lateral motion was prevented.

® Higher buckling loads at lower deformation were observed for
both constituents of core structures in confined quasi-static
crushing due to additional lateral support and friction provided
by confinement wall.

® [n drop weight results, except for the shift in the deformation
value, result was nearly the same with free quasi-static crush-
ing result. Deformation of the structure started with a typical
inward dimpling formation which is asymmetric due to the
interaction between adjacent core units.

® For both unconfined and confined cases direct impact test results
showed similar behavior except for that in confined test same
initial striker speed cannot achieve to deform sandwich until its
densification and an unloading/rebound stage was observed.

® Average forces obtained in direct impact experiments were
higher than that of quasi-static and low velocity experiments
due to inertial effect arising from higher impact velocity.

® Numerical simulations were achieved to represent the crushing
behavior with a little difference which can be attained to ampli-
fication of effect of small difference between thickness variations of
real and numerical specimens; therefore material properties and
fold thicknesses.

® Flattening effect of confinement walls was observed for con-
fined experiments and simulation results.

® For both unconfined and confined configurations, effect of inertia
was more prominent comparing the effect of strain rate espe-
cially at higher impact velocities. Increase due to strain rate effect
was nearly independent from impact velocity. Inertial effects in
confined and unconfined configurations were parallel with a
common offset due to the effect of confinement at all velocities.
At high impact velocities effect of strain rate became almost
independent from confinement effect.

® The lowest mean crushing force was calculated for single layer
sandwich and the highest was calculated for sequential two
layer sandwich.

® All multilayered configurations absorbed more energy than
single layer sandwich. Nearly all of the sequential configura-
tions have higher SAE values than opposite configurations
independently from misalignment angle.

® Rotation / misalignment between adjacent layers affected results
negatively except for 5° rotation for opposite configurations. As
misalignment angle increased, support provided by lower layer
to the upper layer weakened, absorbed energy decreased. An
optimum sandwich, comparing with other investigated ones, can
be chosen as sequential two layered sandwich with a maximum
misalignment angle of 20°.
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