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Enhancement of Energy Absorption for
Crashworthiness Application: Octagonal-Shape
Longitudinal Members

Samer F, Abdulbasit Abdullah, Jamal O. Sameer

Abstract— This study examines the crashworthiness performanceQnce the experimentations had been finished, a adnsgm

of the octagonal thin wall tube, based on numericgimulation.

The purpose is to find the optimal design with thenlest weight
and best crashworthiness parameters in order to pobtthe
passengers’ life. Octagonal members with various ggrer

mechanisms (circular, square and elliptical trigger with

different distributions from the free end of tube wecompared
with mild steel A36 tube of 2 mm wall thickness, fdlevith hollow

aluminium foam. The filled steel tube has given batresults by
enhancing the energy absorption by 15% and 36.8#se of direct
and oblique impact respectively .While The bettesult has given
by enhancing CFE by 30%and 9.9% in case of direct afdique

impact respectively.

Index Terms— direct and oblique impact load, thin wall, energy
absorption, CFE, Trigger and aluminum foam

[. INTRODUCTION

between their results and the results of the nwakri
simulations has been done. Based on the outcorhes, t
members with multi-cell divisions present the besergy
absorption capability. The research of[4]is based o
thin-walled members with octagonal, hexagonal, sauare
divisions, and with origami patterns. The simulat®f crash
have been done by using the FE code Abaqus/Explicéir
study reveals that by using the patterns on thestud more
constant crush process, and lower initial peaks ban
obtained. Various other researches have been madkeo
thin wall tubes. The study of [8], on octagonal #mgl square
thin-wall members under dynamic direct load, regdahat
the octagonal members show decreased permanent
displacement and increased mean direct load.Thesirceth
and experimental study of [6], on the steel polgevith
octagonal, square, and rhomboid divisions revdas the

Lately, with the rapid development of the autometiv135° central angle doesn’t result a significaniyher crush

industry, the number of the vehicles on the roaas heen
noticeably increased, which simultaneously causagylaer
number of the road traffic accidents. Nowadayseler high
demand of the private and public transportation, thees
modern lifestyle requires ability of fast mobilifyom the
members of the society. The higher number of vekioh the
roads causes an increased number of road accidisitey
one of the major risk factors to the human lifesdaccidents
have to be faced and safety measures have to Ind,fau
order to decrease the negative impacts of the cAdishbove
mentioned factors justify a more detailed studyhef energy
absorption capabilities of the vehicles [1]. In erdo find

resistance of the angle of 90°.The theoretical rannterical
research of [5], was based on the performance ef th
octagonal diviosions. The crashworthiness analysgq, are
based on finite element models of thin-walled merslvéth
octagonal cross sections. The simplified modelsiasigned
based on the crash features of the thin-walled goctal
members subjected to direct load. The direct crasistance

of the members is calculated using the universargn
parameters. The nonlinear spring components wérjeced

to direct load in order to examine the bucklingdebr. The
study of [8] analyzes, based on the FEA, the usdgeigami
patterns on the thin-walled members with octagonal,

effective methods of enhancing the energy absarptidiexagonal, and square divisions, subjected totdved. The

capacities of the vehicles, improvements in theissclevel
of the vehicle structures have to be achieved. fber of
researchers [2]. [3] focused their attention onrtfezhanical
behavior of the simple and multi-cell, Aluminum-nead
thin-walled members with polygon sections. Sectiards

experimental studies of [10] examine the outcomeigifig
various tube fillers when the tubes are subjectedjuasi
-static direct load. Comparing square and octagmeahbers,
better results have been given by the octagonas.ofiee
scope of the study of [11], was to find the bestatisions for

various shapes have been examined, and subjectedth® tapered member with inner stiffener subjectedirect or

guasi-static loading, like octagonal, hexagonalasg, and
triangular.
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oblique load. Having equal weight and peaks of ftioesd,
the optimal tapered tube gives 29,3% lower -crush
displacement than the tube with octagonal divisidhe
purpose of the research of [9] was to obtain cokimith the
highest possible energy absorption capacities e oaf
curved and straight hexagonal and octagonal members
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thick, 1, 1.3, 1.5, 1.7and 2 mm, with perimeteB0® mm. As
a first step, we survey the crashworthiness prageedf the
cross sectional profiles, and this is followed Iy tesearch of
their improvement possibilities and the choicehaf optimal
design. The octagonal profile of various weightfllisd with

hollow aluminium foam of 540kg/m3 density, and is

subjected to direct and oblique (30 degrees) imipact The
simulation is based on an impact mass of the 258teofotal
weight of the vehicle; with an initial speed of &@kr. Table
1 illustrates the various profiles.

Table 1: Geometry and dimensions of tubes used in
this current study
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A. Force max and Peak load

The value of the peak load value stands for thegpavhich
starts the deformation process [12]. The goal i®tluce the
peak load, as this is the factor which causes ynpirthe
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Fig. 1. Force displacement characteristics [22]

C. Crush Force Efficiency, CFE

The crush force efficiency (CFE) stands for therage crush
force divided by the peak
crush force:

CFE =
Ppeak
The goal to achieve is to obtain the highest pdssite of
crush force efficiency (CFE) in order to ensure shéety of
the passengers in the vehicle. Closest the CF& 0%,
better energy absorption capacities and crashwathi

vehicle passengers [14].The maximum force means thgoperties the vehicle has [14], Figure2by [15]strates the

supreme impact, and the deformation that the mesnifehe
passenger car can absorb, maintaining the passeabar
safe. The goal to achieve is to have vehicle mesnable to
absorb the low-energy and low-velocity mass loadkawut
constant deformation of the structure [16]

B. Energy Absorption
The energy absorption ability can be calculatectham the
load-displacement reaction. Energy absorption (ER)
calculated from the load-displacement curve:
&
EA=P.do

0
P stands for the direct crush load, d for the preseush

load-deflection curve of a thin-walled member satgd to
direct quasi-static loading.
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Fig. 2. Load-deflection curve foe axial crush. [15]

distance, while 8 for the possible crush distance. The

crushing load is calculated as below:
o
EA=P.do=P (b -4a)

0

The constant bend, caused by the collapse loatiengthe
effect to enhance the crushing processy Btands for the
permanent crushing load of the energy absorber aj to
calculate the energy absorption ability is based tioa
rectangular zone of a load-deflection curve. Figupgesents
the features of the perfect energy absorber swdgjdot axial
load.

[ll. DYNAMICANALYSIS

The results of the present research are basedessoftware
of ABAQUS/Explicit version 6.10, as finite elemanethod.
The software was used to reduplicate and illustteenergy
absorption capacities of the frontal longitudinambers of
the vehicle, when subjected to oblique and dirgetachic
load. The advantage of ABACUS is its ability of siating
computational fluid dynamics (CFD) processes and
electrical/standard models. These simulationspmgarison
with the implicit techniques, are more efficienorfr a
financial point of view and require shorter timehel
simulations are able to reproduce identical cirdamses of
high velocity and impact load [17] to the impliniethods and
allow observing the impacts of the load on the gyer
absorber members.
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A. Finite Element Modeling

The present study examines —with the help of tHevace
ABACUS as non-linear FE- the effects of the crashtloe
filled and not filled thin-walled octagonal membeiBhe
members were planned 5 integration spots alonthtbleness
direction and with 4 node shell continuum (S4R)redats,
suitable when the wall thickness in under 10% efldngth
S4R is a three-dimensional doubly curved four nehell
constituent. All nodes had three-rotation degrdefseedom
and three displacements. R3D4 was the base tordissigwo
fix plates. One of them was fixed with the movenfes¢dom
in the direction of the compactor load. The second was

fixed without any movement possibility. The hollow
aluminum foam was planned with 4-nodded continuufn

elements and reduced integration performanceshegaith
time control. With the help of the rigidity-baseahé control,
the artificial minor or deserted energy distortinndes could
be avoided. Volumetric locking was evaded by tluiction,
integration. Taking as a reference the results ahesh

convergence study, the size of 5 mm was chosethdédioam ” ',)f - GP(M Pa o ““‘f‘ B | Ep
elements and shells. The mesh convergence is reibmoito 540 1256 | 21| 1544 ]| 36| 1] 1.620
guarantee sufficient mesh density and to catch th a a

deformation procedure. The interference among

components was designed based on a “general d¢ontac

algorithm”. Based on the algorithm system, the tifric
coefficient rate among the contact surfaces (fexed moving
plate and the octagonal table) is a permanent vaflug?2
according [1,17]. Based on the data provided byNbe Car

ISSN: 2347-6389Volume-2 Issue-2, January 2015

Table 2: Mechanical properties of mild steel mateal

[17].
Parameter Value Description
A 146.7 MPa Material
B 896.9 MPa Material
N 0.32 Strain power
C 0.033 Material
M 0.323 Temperature
€0 1.0s-1 Reference
p 7850 kg/m3 Density
m 1773 K Melting
Cp 486 Specific heat

Table 3: Specific specifications of the aluminiumdam
material [21].

. Interaction, Boundary Conditions and Loading

The current study is based on the octagonal tubbijlized
from the one end to the rigid plate by tying coaisit,
allowing only linear motion in the direction of the
displacement. The nodes on the octagonal tube aliensed

Assessment Program (NCAP) by the National Highwagp have rotational motion. The rigid plates weranpled as

Traffic Safety Administration (NHTSA), the impaabdby was
modeled as fixed plate (rigid body) with the posgibof
linear motion. The weight of the impact body watedained

rigid contact surfaces, and as such, they enabkeddntact
simulation. One of them allowed to the compactatybonly
the axial movement. One of the reference pointshef

as 275 kg, which is the 25% of the average weigh& o applied mass was in the middle of one moving plakéle the
passenger car. The velocity of the compactor bodg Wother was at the end of the tube in order to receadtions.

specified as 16.7 m/s (60 km/h). The frontal pathe vehicle

The dynamic load was simulated in the middle of ohthe

had two longitudinal tubes in order to providemOVing plates with specified velocity and mass caotpr.

crashworthiness. The energy absorption capacithetwo
longitudinal tubes is lower than the 50% of thaketeight of
the vehicle [20]. The software gives an analyzettod
variables of the design and provides the possilafihaving a
test with high efficiency models. Figure (3) illeties the
element types.
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Fig. 3. Design of frontal longitudinal members

The dynamic load and time period were specifiedthzy
software. The time period was chosen based ondht&at

and element structure, and mesh dimension. Thendste
time interval requires high CPU competency and éorigme

period to show the results. A self-contact betwdenwalls
has to be defined for the tube walls and the alumifoam.

Among rigid plates and tube, a surface to surfamgact is
needed. The interaction option can be consideretpleged
when the contact surface and the friction coefficfpenalty”

are specified. The rigid plate and the octagonhé tfrom

both sides were fixed in a way to act as one bading the

simulation. The octagonal tube had deformationtlenghile

crushing. The mesh size was defined at 5mm [18], [1

IV. RESULT ANDDISCUSSION

Tables 4 and 5 show the results of the investigatiche
detailed description follows in the next subsection
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Table 4: Show the results of crashworthiness for
octagonal tube for various thicknesses has paramete
300 mm (Axial loading).

Indicators Axial Load OCT- 300
P max (KN) CFE Energy (KN)
1 mm 126 0.41 9.8
1.3mm 168 0.436 14.1
1.5mm 198 0.474 18.1
1.7mm 231 0.469 21.2
2 mm 282 0.51 28

Table 5: Show the results of crashworthiness for
octagonal tube for various thickness has parameter
300 mm (30 degrees loading)

Indicators Obligue Load OCT- 300

' ' Pmax(KN) | CFE Energy (KN)
Imm 72.2 0.538 7.3

. 1.3 mm 98.2 0.651 12
1.5mm 114 0.619 13.2
1.7mm 134 0.648 16.2
2 mm 160 0.71 21.2

A. Force displacement feature of different thickreprofile.

Figures 4and 5 show the force displacement diagrtise
profile with 300 mm of the perimeter, and the reacbf the
different geometric profiles by the direct and gbk load.
Table 4 and 5 illustrate one type of perimeter 8@@and five
different thicknesses (1, 1.3,1.5,1.7 and 2 mmeesyely).
Based on the results, the quantity of the absodrexigy is
significantly higher in case if direct load. Thisdaused by the

fact that the oblique load has the force of thealaxi

compression and also of the bending mode, resbleithe
progressive crush. The result of the force-disptard
demonstrates that the various parameters don’t éifeet on
the folding process during the crush of the octafjonbe,
subjected to oblique and direct load. Both actibage the
same kind of results during the progressive colaps

300
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Fig. 4. Force VS displacement for OCT-300 in caserdct
load
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Fig. 5. Force VS displacement for OCT-300 in case
oblique load

B. Energy Absorption

Figures 6 and 7 show the energy absorption capactitye
octagonal profile with 190 mm of deformation lengéamd
with different wall thickness, subjected to varioispact
loads, and without concentrating on the time facdsrshown
by the figures, in every impact condition, by irasing the
wall thickness proportionally increases the eneigsorption

capacity of the tube. Tables 4 and 5 show the gnerg

absorption capacity of profiles with various thiekses and
perimeter 300 mm, in case of the direct and oblipad of
30 degrees. Based on the results, the tubes sethjeot
oblique load, had reduced energy absorption witiffearence
of 15 — 55 %. The optimal thickness of the tubedniebe
chosen based on the CFE, the energy absorptiomititips,
fabrication process, and weight.
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Fig. 6. Energy VS displacement of OCT-300 in casé o

direct load
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Fig. 7. Energy VS displacement of OCT-300 in casé o
oblique load
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C. Choise of the optimal profile

In this study the multi criteria decision making QiaM)
procedure is based on the complex proportionalsagsent
method (COPRAS), which has the positive side ohdei
convenient to handle.

D. Effect of hollow foam on the energy absorptiopeak
force and CFE

The octagonal profile of 300 mm perimeter has beersen
for further examination regarding the wall thickeesf the
tube (1 mm, 1.3 mm, 1.5 mm,1.7 and 1.8 mm), andaviight
of the hollow aluminium foam filling F1(0.62 Kg),2H0.49
KQg),F3 (0.25Kg), andF4 (0.15 Kg) . Figures8,9,1@ 4dn,
illustrates how the use of weight at F2 (0.49 kfhollow
aluminium foam, and different wall thickness in@ges the
CFE and energy absorption. Thinner tube has beesechin
order to keep the final design as low as possiMaije
increasing the absorber capability and the CFElldstrated
in Tables 7-8, in case of 1.8 mm wall thickness 48d mm
deformation length with hollow aluminium foam ty(e?) . In
case compare between steel has thickness 2 mmuivftram
and octagonal profile has thickness 1.8 mm witmfe@eight
type (F2=0.49 kg) the an enhances in energy absauni
CFE from 28 KJ to 32.2 KJ and 0.51 to 0.663 respelgtin
case of direct impact load, while the oblique loadjive the
results by an increase of energy from21.2 KJ tokaand
CFE from 0.71 to 0.78 respectively.

380

ET-OCT200-DIR-1 mm- F2
ET.OCT 280 DR A Amm-F2

300

250

1)

&0

0 1[I)O 1é0
Displacment {mm)

0] 50

Fig. 8. Force VS displacement of OCT-300 with holie
aluminium foam F5, and different wall thickness oftube,
in case of direct load
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ET-OCT-200-0EL-1Emm-t2
ET-DCT-300-DEL-Zmm-Emoly

250 |

100
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Fig. 9. Force VS displacement of OCT-300 with holie
aluminium foam F5, and different wall thickness oftube,
in case of oblique load
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Fig. 10. Energy VS displacement of OCT-300 with hlmw
aluminium foam F5, and different wall thickness déibe, in
case of direct load
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Fig. 11. Energy VS displacement of OCT-300 with himw
aluminium foam F5, and different wall thickness étube,
in case of oblique load.

E. Effect of trigger mechanism

This study examines the effects of circular, eéipsind
square shaped triggers. The best results were diyethe
trigger with ellipse shape, and with the first tyod
distribution with one hole in longitudinal side 22 [23] and
[24] show the best choice of the reductions is 1@s
reduction has carried on this study, the best reg@g given
by the reduction of 10%, while from the positioffis(20,40,
60, 80, 100 and 120 mm distance from the tubetbedest
result was given by the position of 40 mm. As shawn
Tables 6, the trigger mechanism had the best eesulthe
case of the octagonal profile with 2 mm wall thieks
instated steel tube has thickness 2 mm withougger. The
usage of the trigger mechanism increased the CFE by
5.7%and the energy absorption by 5 %. Figures A@,13,
show the force and energy displacement functiom it

trigger mechanism.
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Fig. 13. Energy VS displacement of OCT-300 with the
Fig. 12. Force VS displacement of OCT-300 with the various triggers in case of direct load

various triggers in case of direct load
V. CONCLUSION

Table 6: Peak force, CFE and Energy absorption of  The current study examined the oblique and thectiinepact

profi_Ie OCT-300 with t_h_ree different triggers under loads, and the effects of the impact on the octaigtube of
direct load at a position 40 mm from free end. ductile material of mild steel. The purpose oftsearch was
Criteria| Peak to choose the best from the different octagonafilpsowith

Energy [ various wall thickness. The next step was to olesehe

force | CFE behaviour of the chosen profile, filled with alurinim foam
"1 of vari ights, and to di the best filisption i

Type of Trigger (KN) of various weights, and to discover the bes m_mp_lon in

case of direct and impact load. Another examineiibopof
Steel Tube Without trigger 282 | 051 28 increasing the energy absorption, and the CFE hesisage

if the trigger mechanism. The dynamic simulationswa
The ST - Tube has Circular trigger with 1 conducted with the compact mass of 25% of the tetaght
hole 282 0.5 | 27.6 | (1100 kg) of the passenger car, with impact spéaé.a m/s,
The ST - Tube has Circular igger wit 2 and with both_dlrect, and oblique load (30 degr_em_fs):he
holes 282 0504 | 286 | octagonal profile. Based on the crash performamdieators,

cost and manufacturing practicality, the optimasute of
The ST- Tube has Circular trigger with|4 energy absorption capacity was given by the octalgon
holes. 282 | 0523 | 274 | profile, thickl.8 mm, and filled with hollow foamfo
The ST- Tube has Circular trigger with{8 typeF2(Q.49kg), giving the_ values of ‘_?'Z'ZK‘] f‘?r repye
holes. 282 0.496 28 absorption, 0.663 for CFE in case of direct loatjlev29

KJand 0.78 in case of oblique load.The simulatidth direct
The ST -Tube has Elliptical trigger with load with an exam the trigger mechanism with 2 rhinkt
hole 282 0.539 | 29.4

octagonal tube enhanced the energy absorption itiagao

The ST-Tube has Elliptical trigger with 2_9.4 KJ and thg CFE 0.66. _The best result i_s ghwerthe
holes 232 0.529 29 trigger of the ellipse shape with a 10 % reductiad 40 mm
trigger position. To recapitulate, in case of obéidoad the

N

The ST-Tube has Elliptical trigger with

~

increase of energy absorption, CFE was 36.8%, 9,9 %

holes 282 | 0519 | 285 | yagpectively. While in case of direct load the ealwere 15
The ST-Tube has Elliptical trigger with| %, and 30 %, re;pectlvely. The best. resglt has gemm by
holes 281 0494 | 271 | the 1.8 mm thick octagonal profile filled with hol

aluminium foam type F2 (0.49 kg), and with the peofvith
The ST - Tube has Square trigger with| 1 an ellipse shape triggers on the longitudinal sifithe tube.
hole 282 0.504 1 27.7 | These profiles can be recognized as a potentiatggne
The ST - Tube has Square trigger With 2 absorber candidate for crashworthiness applications

holes 282 0.506 27.9

The ST - Tube has Square trigger with| 4
holes 282 0.529 29

The ST - Tube has Square trigger with| 8
holes 282 0.493 27.9
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Type (F2), T=1.8 mm  Type (F2), T= 1.7 mm Type (F2), T=1.8mm  Type (F2), T= 1.7 mm

Type (F2), T=1.5mm Type (F2), T=1.3 mm

Type (F2), T=1.5 mm Type (F2), T=1.3 mm

Type (F2), T=1 mm Empty= 2 mm

Type (F2), T=1 mm Empty =2 mm
Fig. 14 Crashing deformation of the longitudinal ype (F2) Py

members, using different hollow aluminium foams,
in case of steel material, and under direct load

Fig.15 Crashing deformation of the longitudinal
members, using different hollow aluminium foams, in
case of steel material, and under oblique load
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Table 7: Show the influence of using various alumimim foam weight and various tube thickness for OCT-G0
subjected to axial impact loading at length deformtion of 190 mm.

Foam weight (Kg/mm2) F1 (0.62 Kg) F2 (0.49 Kg) FP(25KQg) F4 (0.1 Kg)

Thickness Criteria ; g ﬁ EQ %; g % ié g '72? g | ﬁ Eé g’;z? g ﬁ Eé g
1 mm 175 | o675| 207| WM OO | aze [ 020 A A0
1.3 mm 218 | 0.662]| 259 118 0'52 231' 165 0'753 17 156 0.48 125
1.5 mm 229 | 0.659]| 28.1 293 O'gl 2;" 193 0'254 210' 139 0-651 1??
1.7 mm 274 | 0669 33.9 224 0.65 279' 2i7- 0-166 2?"‘- 272 0-652 223
1.8 mm 283 | 0.668| 355 295 0'56 322' 244 0'?‘:33 zf' 234 05:33 2;
Empty Steel Tube thickness = 2 mm, Weight = 1.638g 228 051 | 28

Table 8: Show the influence of using various alumiiim foam weight and various tube thickness for OCT-G0
subjected to oblique impact loading at length defanation of 190 mm.

Foam weight (Kg/mm?2) F1 (0.62 Kg) F2 (0.49 Kg) FD(25 Kg) F4 (0.15 Kg)
- o R3] 2 [Raoz2] @ Rad=z3| 2 Fad=3| @ kan
Thickness Criteria Zg nolgez Z g n Ee g Z g n LS 3 Ze nEe g
0.76 | 12. 0.66 70. ] 0.63
1 mm 101 0.736 14 90 4 2 72.1 8 9.1 3 1 8.4
13 | 0.66 | 16. | 107. | 0.66 | 13. 0.64 | 12.
1.3 mm 140 0.685 17.9 1 5 5 4 1 1 101 1 3
151 0.64 | 19. | 127.| 0.69 | 16. 0.65 | 15.
1.5 mm 168 0.661 20.8 6 9 9 4 5 6 122 4 1
17 | 0.70 | 23. 0.66 | 20. 0.68 | 18.
1.7 mm 210 0.676 26.4 5 9 6 157 8 5 141 6 5
1.8 mm 266 0.688 28.7 20 0.78 29 166 0.711 22. 157 0.68 | 20.
3 4 2 1 2
. . 16 21.
Empty Steel Tube thickness = 2 mm, Weight = 1.638g 0 0.71 5
axially loading polygonal thin-walled cylinders. ifikwWalled
Structures, 12(1), 17-34.
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