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Abstract:

In this paper, sandwich tube components which consistirofathlled circular tubes

with aluminium foam core are proposed as energy absorption systems. The sandwich
tubes were laterally crushed under qisatic loading conditions. The sandwich
tubes were crushed under two types of indenters and exposed tditfeneat types

of external constraints. The collapsing behaviour and the energy absorption
responses of these systems were investigated by nonlinear finite element analysis
throughANSYS-LS-DYNA. Various indicators which describe the effectiveness of
enegy absorbing systems were used as a marker to compare the various systems. It
was found that the sandwich tube systems compressed by cylindrical indenters
particularly the unconstrained systenSTCIU) and the system with inclined
constrains (STCIIC) offered a very desirable foradeflection in which the force is
almost constant in the post collapse stage. The employing of external constraints was
noticed as a feasible method of increasing the Skakticularly when cylindrical

indenter is used.

Keywords Sandwich tibe, Energy absorbing systemstéral collapse, ANSY-S

LSDYNA, Aluminium foam.
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Nomenclature

Symbol Definition Units
SEA Specific Energy Absorbe kg
Capacity
Wt Weight Effectiveness J/kg
€ Crush Efficiency -
e Energy Efficiency -
Abbreviations
Acronym Definition
STFIU Sandwich tube flat.plate indenter
unconstrained
STEIIC SandV\_nch_ tube flat pla_lte indenter
inclined constraints
STFISC Sandwich tube flat pla_te indenter sid¢
wall constraints
STFICC Sandwich 'Fube flat platg indenter
combined constraints
STCIU Sandwich tube cylln_drlcal indenter
unconstrained
sTCIIC Sandw!ch _tube cyllndrl_cal indenter
inclined constraints
STCISC Sandwich tube cyllnqlrlcal indenter sid
constraints
Sandwich tube cylindrical indenter
TCI . .
sTeice combined cortsaints




1 Introduction:

Of interest for thirwalled components used in crashworthiness application is to
enhance their energy absorption performance by using filler materigtht material

such as honeycomb, cork, wood, foam and rubber are proposezktas a filler
material in thinwalled componeist Using of filler material along with thiwvalled
component hasnhancedhe energybsorptiorof the whole structure. Structural and
weight efficiencies of these structsrmadethesetypes of structure practical for
engineering applicationdJsing of foams as filler material in thivalled tubes
provide several potential benefits for energy absorption. Numerous of researches
have been performed to investigate crush and energy absorption response-of foam
filled thin-walled tubes under axial loading. Examples include tiled circular

tubes (Borvik et al[1]; Kavi et al [2]; Toksoy and Gude[8]; Yan et al[4]), foam

filled square tubes (Hanssen et[&]; Santosa et a|6]; Seitzberger et a[7]; Zarei

and Kroge(8]), foamfilled conical tubes (Gupta and Velmuruga@h, Ahmad[10]),
foamfilled tapered rectangular tubes (Mirfendereski efld]; Reid et al[14]), and
foamfilled hat sections (Chefi5]; Song et al[16]).

Overall, studies on the collapse behaviour and energy absorption response-of foam
filled tubes (either rectangular or circular cregstion) under lateral ldang have

been less reported in the literature. Considering the importance of such structures, a
few numbers of studies have been performed to investigate the collapse behaviour
and energy absorption response of fddled tubesunder lateral loading.

Fan et al. [17] have carried out a set of experiments to investigate the lateral
collapsing behavior of sandwich tubes. Variation of sandwich tubes with different
diameter to thickness ratios were employed in this study. Two types of bonding have

been used tassemble the foam core with solid tubes. In addition to experimental



work, numerical investigations through ABAQUS/Explicit have been performed to
validate the experimental results. It was found that three types of collapse patterns
are observed in latdraollapse of sandwich tubes termed as simultaneous collapse
pattern, simultaneous collapse pattern with facture of the foam core and sequential
collapse pattern. The experimental and numerical results showed that using of
sandwich tubes as energy absomm@nance the crush strength and energy absorption.
In a companion papeFanetal. [18] have experimentally and numerically examined

the dynamic response of sandwich tubes under lateral loading. It was reported that
the same collapse patterns in the uséaiic tests have also been observed in the
dynamic crushing experiments on the sandwich tubes-dyommetric deformation
pattern about the horizontal plane has been observed in the case apagt
velocity. This behaviour is due to fact that plastieformation stastat the section

near the impact region. In addition, critical velocity has been identified for mode
change and was relatedttd by means of dimensional ansiy.

Increasing the energy absorption capacity of the tubular system by niesteroal
constraints was applied by many researchach afReddy and ReifR0], Reid[21]

and Morris et al[22]. In general, it was reported that an externally constrained
system is a viable method to increase its energy absorbing capacity.

In the present papemumerical investigations into the quasatic lateral collapse of
sandwich tube systems have been performed. The FE model has been developed and
validated against exciting experimental results in the literature. The sandwich tubes
have been aopressed under flat and cylindrical indenters. Due to the strain
localization around the plastic hinges, external constraints have been employed to

increase the number of plastic hinges and then increase the volume of material



reaching plasticity. The ainof this work is to study the energy absorption

characteristics of sandwich tube systems.

2 Numerical Smulations

2.1 Material Properties:

As reported by Fan et H7], thesandwich tubes are prepared by cutting the outer,
inner and foam core separately and then assemble these three components together.
The material of outer and inner layerghg aluminium alloy AA6060T5The foam

core was prepared by using ALPORA&Iuminium foam. In order to obtain the
mechanical propertge of the foam core, uniaxial compression tests of cylindrical
foam specimen were performed bgriet al[17] as shown irFig. 1. The mechanical
properties of both AA6060T5 and MORAS’ are the same as reported Blyen et

al.[19]. The three components of sandwich tubes were adhered together by using

thixotropic epoxy liquid glue (FORTIS AD825).

Table 1. Component material properties of the sandwich t{ib@s

Young§ Yield strength Hardening
Density (kg/m) Poiss on & s
modulus (GPa) Rp.2(MPa) modulus
AA6060T5 2760 69 0.3 150 345
ALPORAS® 230 £ 20 1.1+0.1 0.33 1.5+0.1 -
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Fig. 1. Material propeiies of ALPORAS® foanjl7].

2.2 Finite Element M odel

The commercial explicit FE code ANSYISDYNA was used for all finite element
modelling of sandwich tulseFig. 2 showsthe FE model ofa sandwich tube. A 3D
structural solid element (solid 164) which has eight nodes with large strain, large
deflection and plasticity capabilities was used to model the foam core. Crushable
foam model was used to define the materiathef ALPORAS® aluminium foam.

The Flat and cylindrical indenter were modelled as rigid body and constrained to
move vertically along the verticgtaxis. The base and external constraints were also
modelled as a rigid entity with all rotations and translations beiregl fiOuter and
inner aluminium tubes were modelled by using shell element (SHELL163) with
BelytschkeTsay element formulation. A bilinear kinematic hardening material
model was employed to define the material behaviour of the outer and inner

aluminium tubes The mechanical properties of foam and aluminium tubes are as



listed inTablel. Aut omatic O0Surface to surfaced
contact between the outer tube and all rigid bodies. The pbdadingbetweerthe

three components of the sandwich system
surfaced contact type b eheoueceand iinéréubes.oam ¢
All models were subjected to symmetry boundary conditions in order to réueice
simulation solve timesin general, explicit codes are mostly used to simulate the

impact events with high velocities. The qussitic problems can also be simulated

by explicit codes with reasonable computing time and accuracy as addregseld by

Moving Rigid Body

Fig. 2. FE model of sandwich tube compressed by flat plate indenter.

The quasstatic loading was simulated by defining the motiorthef moving rigid
body throughapplying a prescribed velocity on it. The velocity viicgeasedvithin
ramping timetg=12.5 (ms) (this value provide an acceptable results) and then
followed by a constant velocity of 2 m/sec throughout the total time of lo&gla)

shown inFig. 3.
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Fig. 3. Velocity-time history for the moving rigid body used in the quasi static

simulation[10].

To confirm that the quasitatic solution is matained over the duration of loading,
Fig. 4 andFig. 5 have been created. Clearly, it can be seen ff@m that the ratio

of the tdal kinetic energy to the total internal energy is less thanFs§65 shows

that the load deflection curve response is independent of the loading velocity so
that the dynamic effects are negligible. Ahnjad] used the same approach in their

studies.
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Fig. 4. Comparison of kinetic and internal energy tloe FE model of sandwich

tube
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Fig. 5. Loadi deflection response at three different velocities.

2.3 Validation of the Finite ElementM odel

To validatethe FE model of sandish tubes, the numerical results we@mpared
against existing experimental results presented by Fan [@f7al The experimental

data were obtained from analysis carried out by Fan. 1 §lon a sandwich tube



with a geometry shape and dimension as displayefiabie 2. Error! Reference
source not found.shows the quasstatic loaddeflection curves foa sandwich tube
compresed with flat plate indenter. The results show a reasonable agreement
between the exciting experimental results and present FE predictions. A slight under
prediction was offered by the FE results in the post collapse stages. This under
estimaion is due totangential slippage existed in the lower regiorthaf sandwich

tube which increasghe contact area difie outer tube during the experimefit7].

Table 2. Geometry and dimensions thie sandwich tube used for validationtbe
present FE mael.

Geometry Dimension

D;=150.2 [mm}t;=3.28 [mm]
D,=127.1 [mmjt,=2.69 [mm]

W=50 [mm]

: : ; —8— ZFanetal [17]
0 T T T T
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Displacement (imm)

Fig. 6. Comparison of FEandexperimental results fahe sandwich tube system

under quasstatic loading.



The collapse stages tife sandwich tube under lateral loading are pmées@ inFig.

7. It can be seen that the outer layer, inner layer and foam core were deformed
simultaneously. The same phenomena were also reported by Fariét al

Overall, theFE results showed an excellent agreement with experimental results for

lateral collapsing of sandwich tubes undaasistaticloading conditions.
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Fig. 7. Collapse stages of sandwich tube as predicted by FE simulation
3 Results and Dscussion

3.1 Analysis of STFIU System

Fig. 8 shows tle forcedeflection response dhe STFIU system. The STFIU has
been compressed up to 87 mm in order to avoid overloading anihrssiflayer
contact. It can be seen that at the early stages of deformation the crush force is
increased linearly with the gikacement. This stage called asan elastic phase.

After the elastic phase the force strto increase gradually as displacement
increase. This behavior is due to strain hardening characteristic of the aluminium
tubes, geometric change of the systeh #e hardening or densification thie foam

core during crushingFig. 9 plots the energy absorbed by each component of the
STFIU system. It can be seen that the greater contribution in energy dissipated by the

system were introduced lige foam core. The foam has dissipated around 44% of



whole energy ah displacemenbf 87 mm.The ratios of dissipatedenergy by outer

and inner tubes werrespectively 31.7% and 24.4%g. 10 shows the deformation

history of the STFIU system, it can be seen how the three components deform

simultaneously. The foam core didt deform severely with no tangential slippage

noticed at any stage. A symmetric collapse mode about both vemiddiorizontal

planes was reported.

Force (kN)

5 ; ; ; ; 300
! ! ! L.
! ! | P .
B e s 230
! ! ! PR
! Z ! s ! - 200
3 o e oo e E D
| | -7 150 8
: : < =
2 g . e 5
| -7 | | - 100
| -~ | |
i -~ i i
I ] '
L P4 ; ; Force | 50
-- T - - —-Energy
0 = T T T T 0
0 20 40 60 80 100
Displacement (mm)

Fig. 8. Force and energy responsest@dSTFIU system
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Fig. 10. Collapse sequence tife STFIU under quasstatic loading

3.2 Analysis of STFIIC

External inclined constraints of angle 15 degree have been used toSTEH as
shown in Fig. 13. The force and energy responsestloé STFIIC system are
presented inFig. 11. It can be seen that similar responseshi® unconstrained
system were obtained but with an increas¢éheresulting force being observed in
the post collapse stages. This increase is dugetpresence of the constraints which
subject more volume of material to deformation as reported by Rdid A
significant increase in the load value has been obsenedigplacemenof 70 mm.
This behaviour is dueotthe fact thatoutertube startdo conform the shape of the
inclined constraints as shownFing. 12,

The contribution of each component in the energy dissip&t demonstrated iRig.

12. An increase irdissipatedenergy by outer layer could be noticed in this system



due to use the inclined constraints. A ratio of 34% of the energy is recorded as a
contribution of outer layer ithe STFIIC system.

The collapse modes different stages ahe STFIIC are plotted ifrig. 13. Using of
inclined constraints converthe collapse mode from being symnetaround two

axes into symmeitt aroundthe y-axis only. At displacemendf 45mm the foam

experience a significant plastic deformation at the lower region without any

tangential slippage

7 ; ; ; ; 400
6+ R SR oo 3 TR
! ! ol
! ! y 7 - 300
5 S B R o
= | | .’
= S SO S B S
3 ’ 7 - 200 %
§ 3 e e B . 3
= | - | =
i [ i i
Y A — b e
2 | Wid | : - 100
J Y A L e o o Force
-7 | ":
_-7 | | - = = FEnergy
0 == i i i . 0
0 20 40 60 80 100

Displacement (mm)

Fig. 11. Force and energy responseshedSTFIIC system
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Fig. 13. Collapse sequence tife STFIIC under quasstatic loading

3.3 Analysis of STFISC

Fig. 14 shows the forceleflection responsef the STFISC system. Presence of the
side constraints would prevent the horizontal diametethefsandwich specimen

from moving laterally and thus exposing more material to plastic deformation. A
rapid increase in the force response can be noticed at almost 36 mm of deflection.
This behaviours due to stiffening ofhe outer tube due to conforming to the shape

of side constraints. No more displacement is possible after the outer layer nform
to the shape of side constraints as any further displacement might cause a structural
collapse to theouter layer. The outer tube has the larger contribution in the energy
absorbed by this system as showrrig. 12. At a displacemenbf 57 mm the outer

tube dissipated around 54% of energy while both of inner armk foam core
dissipated an equal value of 23%. The stages of collapse motesSFFISCare

presented irFig. 16. It is clear that collapsing of this system is involved in the 6



hinges nechanism.Fig. 16 shows a norsymmetric collapse mode abotite
horizontal axis at the early stages of the deformatjon p ¥ [ . This is due to
presence of side constraints which create two additional plastic hinges in the halfway
betwesn the side constraint artie moving rigid body. It can be seen that at

1 p X [ the plastic deformation took place at the upper part of the sandwich
tube while the bottom part hast not affected too much. As the deflection proceeds,
the additional plasti®inges move and merge withe basic plastic hinges so the
symmetric collapse mode can be noticed again at the late stages of the deformation
as shown irFig. 16. It can be seen that the foam carelergoes signficant plastic
deformation particularly at the corner created between the sandwich tube and both of

indenter and side wall constraints.
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Fig. 14. Force and energy responsesiid#@STFISC system
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Fig. 15. Enegy absorbed by each componenttdSTFISC
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Fig. 16. Collapse sequence tife STFISC under quastatic loading



3.4 Analysis of STFICC

The responses ahe sandwich tube subjected to both combined constraints and
compressed by flat indenter (STFICC) is presented kig. 17. Similarly to the
STFISC response, an increase in the force was observed near to 25 mm of the
displacement due to presence of external constraints. The outer tube hasdabsorb
more than the inner tube and foam core as showfignl8. This is because the
outer tube experiensea significant plastic deformation due to additional plastic
hinges created. The foam core also in this sydtas deformed extensively at the
final stages of the collapse and daa slip out causing reduction in the thickness

of thefoam particularly at the corner of the specimen. idgmmetric collapse mode

was noticed at all stages of the deformatiseeFig. 19. A value of 44 mm was
selected as a maximum displacement stroke for this system as any further
displacement might cause an overloading of the system and structural failure may

also take place.
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Fig. 17. Force and energy responsesl@ STFICC system
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Fig. 18. Energy absorbed by each componerthefSTFICC
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Fig. 19. Collapse sequence tife STFICC under quasstatic loading



3.5 Analysis of STCIU

The loaddeflection response t¢iie STCIU is displayed ifrig. 20. It can be seen that

at approximately 20 mm of the deflection, the system corgideéorming with a
constant crush force. This type of respems termed agerfectly plastiacesponse as

there is neither strain hardening nor strain softening. This perfectly plastic response
might be because of the opposed effect of the geometrical strain softening caused by
the cylindrical indenter and materisdrain hardening of both aluminium tube and
foam core. The foam core has dissipated moretth@outer and inner tube as shown

in Fig. 21. The collapse mode was symmetric about botk ahdy-axis at the early
stages of defrmation but then it was converted into reymmetric mode about

axis as shown irFig. 22. This unsymmetrical mode noticed at the late stages of
deformation is due to slight warping thfe outer tubearound the cylindrical indenter

to conform the shape of this indenter. The foam core has deformed more at the top
part of the system due to concentration of load caused by the cylindrical shape of the

indenter. A tangential slippage of the foam core magicur at this location.
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Fig. 20. Force and energy responsesh@d@STCIU system



Fig. 21. Energy absorbed by each componerthelSTCIU.

Fig. 22. Collapse sequence tife STCIU under quasstatic loading




































