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The geometnc deformauon induced by two equal blast loads on opposite sides of a
thin-walled square tube will weaken the structure. This will improve irs cnergy
absorbion charactetistics compared to a geomerrically “perfect” square mbe of the
same sizeé by reducing the crush load when compressed m the axial direcoon.
Different types of inperfection can be induced depending on the size of the blast

loads.

Consequent to the blast loads, high temperatures will also be induced by adiabatic
heating due 1o latge plastic deformation and high strain rate. It 1s expected thar the
matenal propertics of the mbe will be affected in the teglon of the impetfections. It
15 andcipated that the remperature will have a greater etfect than the strain rate m
that the material propernes of the tube in the reginn of the blast will sofren {inercase
in temperature causes vield stress to decrease while an increase in strain rate causcs

yicld stress 1o increase).

This investgation exarmines how blast-induced mmperfecuons at opposite sides of 2
square tube affect the thin-wall soructure and reduce 1ts crush load when compressed
in the axial direction le 1ts enetpy absorpton charactenisnes. A senes of
experimental results and numerical simulanons using the hydro-dynamuc code;
AutoDYN, to  charactedse the Dblast load, and fmire  clement  package;
ABAQUS/ Fplicdd v6,5-6, to predict the response of the mld steel tubes, are

reported,

Blast imperfectons are induced 1 the square tubes on opposite sides with the use of
plasoe explosive (PE4). The explosive, in disc shape, 15 placed at mid length of mild
steel square tubes, of two cross-scctons 50x50x1.5mm and 75x75x1.6mm. "The blast
loads provide the impulse requred 1o create geometrie changes and affeer the

material properries of the bes.
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Three gpreometric changes ocecur in the mid-scction of the tubes and are classified as:-

o larpe inclastic deformanon of the tube sides without conracong each other

o Jarge melastic deformation of the tube stdes contagtang and rebounding otf each
othet
o larpe inelastic deformation of the tube sides with a disc-shape frapment blown out

at the centre

The tubes, with the blast-induced imperfections, are thereafter loaded in axial
direction, ¢uasi-statically or dvnamucally. These results are compared to those
obtained for square tubes with no Imperfections and circular holes with a view to
investigate the ctfects of the geometric and material property changes on the enetgy
absorption charactenisics of the tube. Results obtamed from the quasi-static tests
show that the introduction of the blastinduced imperfections does not change the
buckling made of the tube but reduces the crush torce. The buckling modes obtained

from the dynamic tests ate simdar to the quasi-stilic tests.

For the numertcal simulation, the blast load 15 characterntsed using the hydro-dynamic
code AutoDDYN which allows the mteraction of Euler and Lagrangian meshes and
then modelled by means of a pressure pulse. The dynamic-explicit finite element
code; ABAQUS/ Fogpdidl v6.5-0 which incorporates non-lincar geometry, material
effects such as strajn tate sensitivity and temperature 15 used to simulate both the
large inelastic deformation and tearing mode of the square tube due to the blast loads
and the buckling mode of the square tube due to the dvnamic impact load. A half
symmetry model with cght noded brick hourglass conrrol contnuum elements

(C3DBR) and shell elements (S4R] both with reduced integration s used.

‘The predicted tube responses to the localised blast loading: maximum deflection of
the tube stde and tearing are compared to the experimental resclts. ITligh
remperatures and severe element elongations due to very high strain in localised area

indicates where tearing 1s most likely to rake place,
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[or the dynamic axial loading, the predicted tube response 15 compared for crushed
shape; number of lobes formed and crushed distance. The force-displacement dara
obtained from the finite element model i3 used o asses the effects of the

imperfections on the energy ubsorption characteristics of the tube.

The numerncal prediction compares well with experimental data for both the blast

loading and the dynamic axial loading.

Conclustons drawn are that the blast-induced imperfections reduce the crush force
but do not change the buckling mode, The geomerry changes as a result of the blast-
induced imperfections have a greater influence on the energy absorpuon
characteristics of the tube than the changes in marterial propertics, The tubes with the

non-touching domes crush with lower crush forces than mabes with rebound domes.
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For the dynamic axial loading, the predicted twbe response 1s compared fot crushed
shape; number of lobes formed and crushed distance. The force-displacement dara
ebtained from the finite element model 1s used to asses the effects of the

imperfectons on the enetgy absorption characterisncs of the tubce.

The numerical prediction compates well with experimental data for both the blast

loading and the dynamic axial loading.

Conclusions drawn are that the blast-induced imperfecuons reduce the crush force
but do not change the buckling mode. The geometry changes as a result of the blast-
induced imperfecoons have a greater influence on the  cnerpy  absorption
charactenistics of the wube than the changes in material properaes. The wubes with the

non-touching domes crush with lower crush forces than tubes with rebound domes.
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1.0 Introduction

The potential for acaidents 1s always on the fse with the ever-increasing demand for
mass transport whether by land, air or sea. The life changing injuties and damage to
property resulting from these aceidents present huge financial and emotonal burden
on soclety. According to Road Traffic Management Corporadon{l], cach day in the
vear 2003-2004, on average 36 Dves were lost, 20 people became permancndy
disabled and around 104 people were seriously injured on Scuth Afrcan roads. The
2004 World Health Organtzanion report|2] on road traffic mjury prevention states
that approximately 1.2million people are killed and 50nullion people are injured in
road traffic acadenrs each year. Saennsts and engineers face the escalating challenge
of finding solutions to gready improve the abtlity of vehicles to both prevent and

reduce occupant injuries 1n the event of accidents,

Significant reductions in injuries and damage can be achieved through the
development of berter transpormation structures. Lu oand Yu[3] define the term
srashworthiness as “the quality responsc of a vehicle when it is involved in or undergoes
an impact”. For a berter crashworthiness performanee, the vehicle must experience
less dumage and protect its occupants and contents by maintaining structural integrity
and absorbing the large amount of kinede energy in a controllable and predicrable
mannet or at a predetermined rate, In vehides, components such as air bags, seat
belts, crumple zones, side umpact prorecton, interior padding and head rests are
crashworthiness fearures. These fearures may or may not be present in a particular
vehicle and may or may not work even if present. According to Technical Services
Forensic Engineering[4], all of these lIrems have been available since the early 1970's
and many are stull nor found as standard fearures i some current production

vehicles.
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Thin-walled extruded tubes in various shapes and sizes, however, have been widely
used for their energy absotption capabilities in the crashworthiness design of vehicles
(cars, buses, trains, and aeroplanes) where the life of passengers is at risk 1n the event
of a collision. In general, the extruded tubes can sustan high impact loads with large
geometric deformations, strain hardening effects, strain-rate effects. temperature
effects, and wvarivus interactions between diffcrent deformaton modes such as
bending and stretching. These sttuctures convert the input kinetc energy mto strain

enetgy by plastic deformation.

Thete have been numerous studies carried out in the area over the last few decades,
for example Pugsley and Macaulay[3], Alexander[6], Abramowicz and Jones [7-9].
Under axial loading conditons, thin-walled rubular structutes exhibit an imnal peak
force which 18 much preater than the subsequent peak force. In crashworthiness
situations, this initial peak force is highly undesirable. The idea of using migators to
start the collapse process of these strucrares at a specific locaton with a reduced
initial peak force (ideal in crashworthiness situations) has been previously explored,
for instance Thotnton and Maggee[1(], These imtiators also referred to as
imperfections, can be cither material or/and geomerrie modificatons to the
sttucture. Genetally impetfections are thought of as slight deviaton of the structural
geometry due to the manufacturing process. However for the purpose of this thesis,
impetfections are defined as any deviaton from the as tecewved conditon of the

tubes including hole cut outs and blastinduced inidarors.

This thesis reports on the results of an experimental and numerical investigation info
the dynamic axial response of exrruded square tubes subjected to two localised blast
loads before an impact load. The localised blast loads arc used to induce both
reomettic and material changes to the twbular structure with a view to weaken the

structure and locally change its material properties.
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‘The square tubes used for this thests are 5Ux50x1.5mm and 75x75x] 6mm. The blast
load diameter to tube widih ratio 1s kept constane at (.33 aod 0.5, The mass of the
explosive 15, however, varled to induce different geometric impertections non-
touching domes, rebound domes and capping domes). Depending on the severity of
the blast load, the matertal properues will be affecied accordingly. The drop mass
and drop height ate also varied 10 produce ditferent impact eoergles, The response of
the squate tube 15 deseribed by itz deformation resulting from the blast loads and 1ts

folding mechanizms as a result of the axsal load.

The numerical analysis 15 divided into two parts. Firstly, an investdgunon usmg the
hydro-dynamic code AutoDYN w model the explosive mreracion with a planc
structure. The results obrained from the AutoDDYN simulavons ate then applied to
the explicit dynamic finite clement program; ABAQUS/ Fagpdiet v6.5-0 to simulate
the large inelastc deformation and teating mode of the square tube due to the blast
loads. "The buckling mode of the squatre tube due w the dynamic mpact load 1 also
modelled using ABAQUS/ Expiéiedt v6.5-6. The numerical predictions are compared

with the experimental results.

The purpose of this invesugaton 15 to ascertain Lthe influence of the blast loads on

the enerpy absotprnon characteristics of the mbe,

The objectves of this thesss are ro:

(a) primanly, perform experiments to assess how two exploswve charges on
opposite sides of a square tube would affect. the thin-wall structure and reduce
its crush load (in particular the first peak and mean crush load) when
compressed in the axial directon.

b} perfotm pumerical analvsis to model the dvnamic response of squate tubes to

two simultancous localised blast loads followed by a dynamic axial load,
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(c) use the numerical model with tempetatute dependent material properties to
aftempt to gain a better undetstanding of the blast load effects on the thin-
walled structure and tube crushing mechanics.

(d} compare numernical model ro expetimental results.

(c) numerically investigate the influence of matertal property changes and
geometry changes on the energy absorption charactetistics of the square rubce.

(f) draw conclusions and recommendations based on the findings.

This thesis report is based nn information from experiments undertaken at the Blast
Impact and Sutvivability Research Unit (BISRU}, University of Cape Town and some
drop tests conducted at the Limpact Reseatrch Centre (JRC), University of Liverpool.
The drop tests catried out at the IRC were done before the drop tester facility at
BISRU was commissioned.  While these drop tests are limited in drop mass

{maximum 210kg) higher impact velocities can be achieved,

While it is extremely important to obtain material data through extensive material
resting at different strain rates and temperatures using diffetent avadable methods
(hopkinson bar tests, tensile tests} the material data used for this report is limited to

tenstle testing 4t 2 quasi-static ratc at room tcmperature.

The results obtained from the numetical simulations are compared with experiments
by means of global deformed shape and measured crushed distance. The force-
displacement data obtained from the numerical simulations are used to mvestigate
the performance of the dynamically loaded tubces as instruments required to measure

transient experimental data could not be purchased due to cost 1ssucs.

The results of an extensive literature review that covers the response of extruded
rubes to axial loads and structures to blast loads and are reported in Chapters 2 and 3
tespectively. The experimental procedutes are briefly described in Chapter 4 with the

experimental results and the physical indicators such as tube deformation, tearing and
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fallure modes given in Chapter 3. An analysis of the experimental results which
mnchades graphs and comparisons with other work s given in Chapter 6. Chaprer 7
sets out the merhods of fimwe element solutons. Thas included the steps taken o
achieve a final working model and the justiheanon for the modelling decisions. The
results obtamed from the numerical model are presented and compatred with
expenimental results in Chapter 8. A parametric study in the form of finite element
simulatons 1s discussed and analysed 1n Chapter 9. Conclusions are drawn and

recommendations are made based on the findmgs n Chaprets 10 and 11 respectvely.
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2.0 Literature Review on Tube Crushing

Numetous Investigations have becn cartied oul on mbes, loaded cither quast-
statically or dynamically in the axial dircedon and bending, The smdies on axtally
impacted thin-walled sections having various cross-scctons have been published
over the vears, for example circular, square, hexagonal and octagonal Refsf5-17]
There have also been studies on oblique loading of square alummum tubes, for
instance Borvik of «f[18] and Reves of @tf19]. However, thiz chapter will only cover a
literature survey on the crushing of tubes, dealing mostly with square tubes loaded

axially.

An ideal crash would be no crash at all. But if one 1s going to crash one wall want the
best possible chances of survival and surviving a crash 1s all about kinetc energy.
Tubular structural members can absorb latee amounts of kinche encrgy when
deformed under compression 1n any wnpact sttuatons, Pugsley and Macaulay|5] and
Alexander[6] pioncered the studies on the behaviour of thin-walled struciares for
their absorbing kinetic enerpy. capabilities. Since then, there has been conmnued
inrerest on the axial crushing behaviour of thin-walled stmenares which were recently

overviewed by Alghamdif20] and Jonesf21].

Hxtensive experimental and theoredeal studies on the axial collapse of thin-walled
tubes of circular, square or recrangular cross-secuons under stanc or dynamic loading
comnditions have been carried out to characterise the mode of collapse, the nlomate
peak foree, the mean force and the energy absorption, Refs5-9, 22-28]. With the
demand for increased safety, the opiimisalion of the coergy absorpron charactensocs
of these thin-walled mabular sttuctures has become the focus of studies for a number
of years, Further studics, Refs[29-35 show that a core of such studics has becn on
the use of geometric imperfections in the tubes to deercase the ulumate buckling

load and 1o induce preferred bucklng modes.
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The recorded responses of these sttuctural elements have been compared wath the
responses predicted analytically and numerically, Reviews of the work conducted in
this field have been published by many rescarchers, for example Refs{35-37]. Other
studies to optimise the cross-section of these thin-walled structures to absorb kinetic

energy effectively have also been numerically carried out, for instance Refs [38-42].

The hretature review carried for this section 1s divided into thtee main sectons:
» Experimental studies

e Theoretical analysis

» Compurtonal predictions

2.1 Experimental studies

2.1.1 Modes of buckling
Thin-walled square and eylindrical tubes loaded axially may faill in a2 number of

distinct collapse modes. These modes of collapse are influenced by the tabe marerial,

tube length, cross-sectional dimensions and wall thickness and, can be classifted as:

L Eulet buckling
1L, Progressive buckhng

1. Dvnamic plastic buckling
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2.1.1.1 Euler buckling

In the Euler buckling mode, the tube bends in the same way as a strut under axial
loading. As the tube beging to collapse, a plasuc hinge mechanism develops ara }_‘}(‘Jiﬂt
n the mbe which causes the mbe to buckle such that 1t folds over on irself. The
longrtudingl axes on cither side of the hinge are thus no longer patallel, An example

of Euler buckling 15 shown in Figure 2.1{a).

jlalal 180 200 250
Deformation [mm)

Figure 2.1: Typical example of the Euler buekling mode and resultant axial load-displacement curve of a
thin-walled square tube |43

A opical load-displacement curve of a squate tube which has faled in the Euler
buckling mode 1s shown in Figure 2.1(b). In this partcalar instance, the tube 1s made
from aluminium and s 63%mm long, 80mm wide and bas a wall thickness of 4.5mm.
These figures equate 1o a length-wadth rado of 8 and thickness-width rato of 0.06.
The proportion of the tube matenal absorbine enerpy through plasoc work 1s
relatively small compared with the total wbe length. The moal peak in the force—
displacement curve 15 followed by a drop to a low and relanvely constant force level.
This low enerpy characterisuc thus makes the Euler buckling mode a non-desirable

maxde for energy absorption.
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2.1.1.2 Progressive buckling

When a thin-walled tubular struciure is subjected to an axial comptesstve load which
exceeds the yield strength of the matetial its load cupacity deereases significantly. In
the case of progressive buckling, the load carrving ability of the mabe decreases to a
mintmum and then increases again and begins to oscillate about a mean buckling
force thercafter. Tigure 2.2 shows the load-detlection curve for the progresstve
buckling phenomenaon of a thin-walled square mabe which exhbits a repeated partern
after reaching the frst peak. The first peak corresponds with the formation of plastc
hinges in the structare. The walls of the wbe fold around and extend at the hinges.
(ne laver of folds ocours at a time and onee the first laver 15 complercly formed the
next laver beging. Lhe subsequent tepeated peaks represent subsequent plasoc
hinges, Each pair of peaks in Figure 2.2 15 associated with the development of a
wtinkle of buckle shown in Tigure 2.3, Usually the devclopment of these wrmkles
start at onc cad of the mibe, then progresses sequentially along the length of the tube,

T'he physicul crumpling has been described extensively by Jones|44], amongst others,

1Dﬂ [ i | 1 i 1 | 1
y - associated with the formation of
1 one layer of fold B
BO — —
— B0 — =
-
=
m - =
=
ol f\
40 — “ }| (‘ "\ ‘ [\ -
AR
b T T T T T T T
0 200 400 g0 800

Deformation [mm]

Fimure 2.2: Typical example of the progressive buckling mode and resultant axial load-displacement
curve of a thin-walted square tizbe [43]
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Figure 2.3: Typical examples of progressive buckling mode [44]

Different modes of progressive buckling mode

When thin-walled cylindreal and square rubes buckle m the progressive buckling
mode, they buckle forming a number of different lobe shapes or deformauon modes.
These different buckling modes all have the same oscillatory load displacement
curves, However, thelr respecive mean crushing loads differ from mode w0 mode,
Nonetheless, this is an energy absorbing efficient mode of collapse because most of

the tube marenial 15 utilised in energy absorpuon through plasice work.
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Deformation modes in cylindrical tubes

Progressive buckling of thin-walled cylindrical tube results in ercher axi-symmetric
{Concertina mode) or non-axi-svmmetric (Diamond mode) modes ot collapse[8] as

shown i Figure 2.4,

£ Coomceriina Mode
ln thiz mode, the plagtc hinges form around the cireumference of the tube ar
the top axi-symmertically. 'The tube deforms ro form sequenndal folding in ring
shaped lobes along the length of the mbe.

. Diameand Mode
In this fmlure mode, the tube buckles progressively by forming sequential
folds accompanying a change in the cross-section shape of the tube. Diamaond
shaped sectons around the circumference of the mbe with different number

of lobes are obtained.

Figure 2.4: Progressive buckling in thin-walled cyfindrical tubes
On the lefl : C'oncerting Mode : Centre and right @ Diamond Mode|$]



CHAPTER 2 — LITERATURE REVIEW ON TUBE CRUSHING 5

Deformation modes in square tubes

Abramowicz and Jones[7] idennfied four disunct progressive buckling modes of
fatlure for thin-walled square tubes, namely symmetric, asymmetrric mixed collapse
modes A and B, and an extensional collapse mode of faillure, These modes of
collapse are shown in Figure 2.5,
. Symometric mods
'T'his mode describes three geomettic folding mechanisms all with 1dentical
crushing loads and encrgy absorpion characrerisues. The first and subsequent
individual lobes which develop possess similar characreristcs,
a. Two opposite lobes move ourwards while the remaining two lobes
move inwards m one layer,
b. Three lobes move inwards and one ourwards in onc layer.
c. All four mdividual lobes in one layer move inwards
i, Asymmetric mived collapse mode A
In this mode of fallure, the tbe collapses with a combination of symmettc
lavers (as described above) and layers with three individual lobes deforming
outwards and onc inwards.
i, Asymmetric misced collapre mode B
In this mode of failure, the wbe crushes with 4 combmanon of symmerric
layers (as deseribed abowe) and layers with two adjacent lobes deforming
purwards with the nther nwo adjacent lobes deformung mwards.
i Eixtenstional mode

In this mode of collapse all four lobes deform ourwards.

Figure 2.5: Progressive buckling in thin-walled square tubes
From left to rizht : symmetric, asymmetric mixed collapse modes A and B, extensional |7)



14 Crrar ik 2 — LITERATURE REVIEW ON TUBE CRUSHING

2.1.1.3 Dynamic plastic buckling

I the case of dynamic progressive buckling of thin-walled tubes subjected to axial
loads, the impact loads ate applied sufficiently slowly so that neither axial nor lareral
inertia effects have a sigmificant effect on the buckling process. The load duration i3
much longer than the transit time of an elastic stress wave which propagates along
the tube. Consequently, the tube 1s unable to support 2 mean dynamic axial load
greater than the static value when ignofing the influgnce of material stain rate
sensitivity. As a tesult, the deformed profile of the lube 15 similar for both statc

buckling and dynamic progressive buckling.

If a thin-walled tube is subjected to a sufficiently severe dynamic axial load then
structural mnerta effects will produce the phenomenon of dynamic plastic buckling,
In this case, the deformed shape of the wbe as shown in Figure 2.6 may be quite
different from the dynamic progressive buckling for an axially loaded thin-walled
cylindrical tube. The tube 15 wrinkled over the enfire Jength when buckled
dynamically in contrast to the dynamic progressive case with wrinkling confined to

one end.

| g S S v SR

FET AL

Figure 2.6: Dvoamic plastic buckling.

Permanent profile of an aluminium cylindrical tabe sabjected to an axial load ]44].

In the case of dynamic plastic buckling, the load duration is compatable to the transir
time of an elastic wave travelling along the length of the tube. The influence of lateral
mnertia forces is considerable and favours the development of lateral displacement of

the tubes with high mode numbers.
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2.1.2 The effects of the geometry of the tube

The made in which thin-walled strucrures fail depends strongly on the axial impact

veloclty and the geametry of the tube.

2.1.2.1 Influence of tube length on collapse mode

Andrews ¢ 4£[23] investigated the influence of the mbe length on the collapse modes
of cylindrical tubes subjected ro static axial Ioad. These experimental resulls are
shown n Figure 2.7. They indicate that Tluler buckling is more likely 10 occur in
rubes with large length to internal diamerer, {L/2R), and thickness to inrternal

diamerer, (H/2R}, ratuos.
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Figure 2.7 Classification chart for collapse mades of thin-walled aluminium alloy evlindrical tubes
subjected to statie axial loads [25].
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Karneck [30]studied the effect of the onginal tube dimensions on the collapse mode
ot square tubes loaded axially, The resulrs show a similar trend to thar of Andrews et
al [25]. ‘Tubes with latge length to width, (L/C), and thickness to width, (TT/C), ratios

tended to fall in the Fuler buckling mode as shown in Figure 2.8,

L/c
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¥ . gymmetric deformation: £ : mixed deformation;
= - extengional deformation: O © Euler bending

Firure 2.8: Classification chart for collapse modes of thin-walled mild steed square tubes subjected to
static axial loads|30).

A long thin-walled whe may suffer an overall {or global) instability, which s an
inefficient mode of deformation for an impact enerpy  absorbing  syscem,
Abhramowiez and Jones[45] swudied the role of the geometry of thin-walled tubes
loaded axially both statically and dynamically on the transition {rom inclastic global
buckhng (Thuer buckling mode) to progressive buckling, Square and cylindrical thin-
walled mild sreel tubes with a range of cross sections and lengths sutficient to
cncompass  both progressive  buckling and overall buckling were used. The
defommation maps {or the square and cylindrical twbes crushed statically and
dynatrdcally are flustrated in Figure 2.9 and Figure 2.10. The tube length which
marked the transition between progressive buckling and global bending was larger

tor dynamic impact leadings than [t statie behaviour.
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The trapsiion between proetessive buckling and global bending was more disnner
for static loading of squarc tubes than for dynamic mpact loads. Two distinct
collapse modes of progtessive buckling and global buckling were observed when the
tubes wete loaded statically. However, three modes of collapse were observed when
loaded dynamically. The tube would ather bend without developing a single plastie
lobe (Euler buckling modc) ot collapse progtessively (progressive buckling mode) or

bend after developing one ot mote plastic lobes (transiton),

There was a significant range of tube lengths in which the inertia forces promoted
progressive crushing and inhibit global buckling, Nevertheless, after a certain lapse of
time, the influence of the restraining lateral inertia effects decreased suthiciently for
the tube to buckle globally. Thus, the global behaviour of thin-walled tubes was a
complex interplay between lateral inertia cffecrs, the axial force (which varnes
throughout the responsc) and any change in bending moments produced by global
geometry changes[21].

Recently, several authors have explored further the tramsition berween dynarmic
progressive buckling and glebal bending of thin-walled tubes. Somc cxperimental
data on circular and square stainless stecl tubes impacted axially were presented in
Hsu and Jones[46] togethet with the cottesponding dvnamic material propertics. The
ctitical transition lengths were higher than for mild steel mbes which reflect the
highet vield and ulomate tensile stresses of the stainless steel. Further experimental
data on aluminium alloy 6061 T6 circular cylindrical rubes were reported in Hsu and

Jones[47] for impact velocities up to 72m/s.

Dynamic plastic buckling initiated in these relatively thick tubes for impact velocities
between 20 and 2%9m/s compared favourably with the value of 25m/s predicted in
Vaughan, cited by [48]. Longer tubes tended to bend globally with a higher mode

containing two “global plaste hinges™.
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Hzu and Jones[49] further investigated the influence of matertal properties such as
strain rate sensitivity and soain bardening, on the mode rransiions berween
progressive buckling and global bending. Tt was found that the stanless steel ubes
absoth the most enerpy, but were the least efficient for both quasi-static and impact

loads.

Karagiozova and Alves |50 conducted expertments on the wansiton o a global
collapse mode of aluminium alloy circular tubes having a single 2R/ H value and 2
range of lengths, and axial impact veloates up to 12 my/s. It was observed that the
rransitdon occurted up to a length double the corresponding statie value. The critical
buckling length, which marked the transinon Dberween progressive and global
buckling of aluminium alloy circular tubes, was significantly nfluenced by the axial

mpact velocoity,

Jensen ¢f 24|43 studied the ransinon berween progressive and global bucklng of
axially loaded aluminivm extrusions in wlloy 6060 16 by quasi-static and dynarmc
tests. In thelr senies of tests Jensen o «L[43] vared the local {width/thickness rato,
C/H = 17.78-40% and plobal {length /width rato, L/C = 5-24) slenderness of the
extruded members and the impact veloairy. In the quasi-static rests and tests thar had
impact. velocity of 13 m/s, the crideal global slenderness, referred © as the
slenderness whese direet global buckling or a mansition from progressive to global
buckling occurs, was found to be an ingreasing functon of the local slenderness, In
conrast, the crideal global slenderniess was a decreasing funcoon of the local

slenderness when the impact velocity was 20m/s,
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2.1.2.2 Effect of thickness/width ratio

Nim o @4[31] conducted a series of expeniments to nvestigare the impact absorption
encrgics of extruded aluminnum. square tubes. The dynamic compression tests were
conductred on three different extruded aluminium rabe specimens of thicknesses 1.5,
210 and 3.0kmm ar different strain rates. The size of the plaste folds and the distance
berween the folds tended to be non-uniform with increasing stram rate. However,
the nummber and shape of plastic {folds was constant and stable. ‘The results of the
dynamic compression test on extriuded tube of varying (hickness at the same stran
rate showed that the overall area of plasiic folds decreased as the thickness increased.
Asymmetrie folding modes were formed in chinner tubes, while a svonmetric folding
mode occurred in the thicker tubes. The number of plasuc {olds decreased as the

thickness of the extruded tube increased cauvsing overall bending of the mbe.

Furrher studies by Kim and Tee[532] on extruded aluminium mbes of different shape
and width/thickness, {C/T1) rato showed that asvmmerric folds were formed muainly
in the recrangular be specimens, as dlustrated n Fuyrure 2,11, wacreas symmetric
folds were formed in the circular tubes. TTowever, symmetric folds were formed n
the tecrangular specimens with increasing width/thickness ratio and asymmerric

folds were formed in the cireular tubes with decreasing diameter,/ thickness ratio.

ki

o L

lriP Crachk along

Ihe sharp cdie

Figure 2.11 : Deformed shaped of cxtruded aluminium rectangular tube]32].
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2.1.3 Effect of material properties

Gupra[53] reported on experiments on hoth as-recetved and annealed twhbes of
aluminium and mild steel and showed that the progressive collapse mode was
concerting, diamond, or mixed depending on their state of work hardening,
subsequent annealing process and the geomeny of the wmbe. For tmbes of
diameter/ thickness ratios between 10 and 40, it was found that a highly cold worked,
as received, alumintum tube deformed in diamond mode and when annealed, it
deformed 1 a ring mode. However, as-received strain-hardened steel twbes deformed
in concertina mode and on annealing, deformed in diamond mode, as shown in

Figure 2.12. This behaviour was exactly opposite to that of aluminium mabes.

Figure 2.12 : Deformed shape of the 32.6mm diameter steel tube in {a) aunealed; and (b} as-received
state [53],
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2.1.4 Geometric imperfections

As mentoned ‘n section 2.1.1.2, when a tube fails under progressive buckling, the
initial peak force is much greater than the subsequent peak (see Figure 2 3). In many
instances, these tubes ate used ro absorb energy in cars and the high foree peaks lead
o high acceleration on the vehicle occupants duting an accident/mpact event, As a
result, an ideal energy absorbing device, for most cases, should canse a umiform
deceleration during the entire stwoke. This tdeal structure would, in other wortds,
absorb the energy at 4 constant rate, thus deforming at a constant force throughout
the buckling process. A tube which deforms under progressive buckling with an
initial peak fotce equal to the subsequent peak forces would then result in an 1deal

enetgy absotbing device which has a inear energy versus displacement curve.

| Thomtos and Magee[10] showed that collapse iminators, also called triggers, stress
concentratots, or imperfections, can be used ro:-

® initiate a specific axial collapse mode;

* siabilise the collapse process; and

o for axial crush tesponse, teduce the peak Joad magnitude or optimise specific

ctush characteristie,

The use of initiatots also sets the start of the collapse process ar a specific location
on the specimen. These initiators can be either matetial or geometric modifications
to the structure. Examples of matetial modification initiators are locally annealed
regions gencrated by concentrated heating, or the heat-affected zone generated by a
weld, Types of peometric mtators include naturally-formed and mechanically-
induced modifications, sttuctural additons ot deletions on the component and, for
compaosite components, special end configurations and inserts. The mttators based
on geometric modification of the component have the advantages of being visually
detectable and conwellable by dimension adjustment. The naturally-formed initrarors

involve pre-buckling of the component past the peak load.
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2.1.4.1 Pre-buckle

Langseth ef «4[34] performed a number of experiments on pre-buckled thin-walled
A0mm square aluminium wubes of wall thickness ranging trom 1.8mm ro 2.5mm. Tr
was found that the number of lobes formed m the rubes with different material
propettics differed because of the hurdeming propernes of the material. The thinner
lubes deformed in 4 combination of svmmetrie and asymmetic modes while the
thicker tubes fwadth/wall (/1T thickness ratio of 32) deformed i the symmetnc

mode onlv. This 15 consistent with work reported by Jones[44].

When crushing pre-buckled rubes, mposed by applying a pre-load to the ube quast-
stadcally, Tangseth of al[34]| found that the magnmade or the vmmal pesk force o
crush the wwbe was reduced. Conversely, the total axtal detormanon was inereased
compated 1o an initially straight tube, It was also found thar the minal peak force
could be controlled by varying the amplimde of the pre-buckle. Airoldi and
Janszen[35] adopted a triggenng mechanism that pre-buckle the crash tube used as
an enetpy absorbing device to eliminare the imfin] pewk force n the design of a

landing gear.

In many actual siruations whete the wubes are used as energy absotbers, the force may
be applicd abliquely to the mbe. As a result, the tube may buckle in the Euler mode
rather than the progressive buckling mode. It has been round thar by ncluding a pre-
dent or geometric impetfection in the tubes, the siructures are forced to follow the
shape of the imperfeetions when loaded axtully[56], Henee, a tube can be toreed to
deform m a parbcular mode of fature by including geometric impertecnons m the
tubiular structure even if the geometry of the whbe would normally cause 1t to derorm

in another mode of failure,
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2.1.4.2 Sharp corner indentations

Cotner cutouts are commonly used mechanically-induced imperfections for squate
tubes. Abah ef 2/[57] had employed cut-outs to iitiate collapse and reduce the peak
load. Schriever and Heling [cited 1n 19| conducted a seties of tests on square tubes
with shatp dents along the corners of the tube at different distances apart. The dents

were characterised by their depth and included angle.

‘The 1deal distance between the dents along the length of the mbes was found to be
half the natural wavelength of the tube and the peak force was reduced by
approximately 17% and the mean crushing force decreased by 10%. The geometric
efficiency increased by 74 compared to the total energy absorbed by an un-dented
structute over the entire stroke. If the imperfections were placed closer together

along the length of the tube the stability of the collapsc mode was lost.

It was also found that while un-dented tubes tended to fail in the Euler buckhing
mode when the force was applied at an angle of up t 5.5° to the longitudinal axis of

the tube, the denred mbe underwent progressive buckling under the same conditions.
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2.1.4.3 Parallel indentations in the side of the tubes

Sharp dents

Komeck|3()| smudied the effect of side dents en the crumpling characteristucs of the
tubes. A 907 angle indenter was used to create the one or two dents opposing each
other un both sides of muld steel square mubes. Figure 2,13 shows the final deformed

shape of dynamically loaded pre-dented square tubes.

Figure 2.13 : Symmetric deformation of dynamically lvaded pre-dented sqoare specimens
— Deat depth increases feom lett io righil [30]

As expected, the pre-dented mbe crumpled with a decreased ininal peak load. This
pre-dent, however, did appear to affect the other buckhng charactensoes of the tube
significantly. The tubes stabilised into the notmal progressive mode when the third
lobe was formed. Further tests were performed to invesngate the effect of the depth
of the side dent on the inigal peak force. Consequently, an oprmum dent depth was
approsimated as the depth ar which the iniual peak force 15 equal to the third peak
load in magnitude assuming that the third peak force could be used as the average
magnitude of the high peak load. Figure 2.14 shows this relanonship for 50mm

square tubes of wall thickness 1.2mm,
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Figure 2.14 : Optimum dent depth for mild steel square tubes of width S0mm and wall thickness 1.2mm
1391
{Pult : ultimate huckling force, Phigh : high peak force, ave Phigh : average high peak forec)
Dynamic tests on similatdy prepared specimens, using a drop hammer with a
maximum trolley mass of 38.6kg and a maximum height of 4.5m, showed that the
folding geometty remained unchanged with an increasc strain rate. The mean

collapse load, however, mcrcased.

Cylindrical dents

Marshall and Nunick[33, 34] studicd the effect of cylindrical side dents of diameter
ranging from 2mm to 3dmm on the progressive buckling of thin-walled square tubes.
The results of the patallel cylindrical indentadons on the ultimate buckling load of
the tubes illustrated in Figure 2,15 showed that the ulimate buckling load decreasces
with increasing severity of the indentation. The mean crushing load and the nltimate
buckling load were unaffected by the depth and size of the indent. Nonetheless, the
dents affected the shape of the first lobe during the collapse process, An increasc m
the depth of the indentatdons resulted in an increase m the size of the first lobe. If
the dent was sufficienty latge so that the opposite sides of the tube touched, a very
large first lobe was created and the wbe bent over. Tubes indented using a 50mm
diameter cylinder and crushed quasi-statically are shown in Figure 2.16. These
specimens dermonstrate the increase in size of the first lobe with an increase in the

depth of the indentanon.



C'HAPTER 2 —LITERA U RE REVIEW ON TUBR CRUSHING

ag i
30!
Lt
il
8o T ]

ko4
a0 4 g e X x

2 ool |
o0&,

20 +

[lltimate Buckling Load (kM)

1

0 2 4 = & gl 12 14

Trent Depth at the corner {mim)
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Figure 2.16 : Quasi-statically crushed sguare fubes with npposing parallel cylindrical indentations |34

{depth of indentations increases from left to right)
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Dished indentations

Marshall and Nurick[33, 34] also investigated the effect of dished indentations on the
progressive buckling of square tubes. The dished indentations, produced using a
hemispherical indentet, were deeper in the centre than ar the comer of the mbe. The
results of the depth of the mdentations at the comer of the tabe on the ulomate
buckling load are shown in Figute 2.17. The cffect of the dished mdentations on the
ultimate buckling load was less than that of parallel indentations, However, 4 similat
bur more exagperated trend than that of indearations formed by cylindncal indenters
was obscryed when the dished indented tube was crushed, The effeer on the staluliy
of the symmertic buckling is shown m Figure 218 The size of the first lobe
increased with an inercase in the depth of the indenmpon, The opposite walls of the
lube met when the first lobe was developed, thus preventnyg the full formation of the

lobe, ‘The effective stroke of the tube was, therefore, sigmticantly decreased.
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Figure 2.17 : The elfeel of the depth of the corner dent on the Lltimate Buckling, Load | 33[.
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Figure 2.18 : Quasi-statically collapsed square tubes with opposing dished indentations [34|
{The indentations were induced with a hemispherical indenter of radius 1Himm snd the depth of
indentations inereases from Left to right)

Triggering dent

Lee ¢f «i]35] studied the effect of wiggering denrs on the energy absorpuon capacity
of quasi-starcally compressed alommnium mbes. The mibes were 30x50mm in cross-
section, 300mm In length and 2mm in thickness. Two wpes of dents, full-dent and
half-dent as shown in [gure 2,19, were introduced at the folding sites pre-estimated
by computer simulacions. The resules showed thar the first peak load decreased with
the introducoon of the dents, The half-derted specimens exhibited the same number
of plastic hinges as the full-dented tubes. However, the crushing force requited for
the formation of each hinge was increased therchy increasing cnergy absorprion
capability. When the miggering dents of the same interval were inmroduced withour
consideradon of the peak locanon of the folding wave, inhomogencous deformanon,

togethet with overall bending ocewrred.

(&) 2 th)

& i

Fipure 2.19 : Shape of (a) Tull-deni and {b) half-dent introduced inic the aluminium tube specimen |35].
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Figure 2.20 : Defurmed alaminiwm lubes with schematic of the Tecations of triggering dent [35],

DNPaolo et af [58]uscd a Joubile set of machined f3ll waddh GrOOves of different depth
in apposite sidewalls wira vertical offset (sec Figure 2.215 1o demonsteate the ability

o restrict 5_'L‘1‘I'+'.|‘I‘|ﬂﬁ'1<_‘ axigl crush mode re sponse to a sp:;:r:iﬁ(; Coml ﬁgw_n-;‘qmm

L—"Grooves

.S;rr&' < iy

Fioure 2.21 : Symmelric axiz | crush response mode—ductile metallic alloy: axial crush specimen and
un-detormed lube |55].
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Sigalas ef @/[59] made use of chamfer-based mgeer mechamsms to study the energy-
absorbing capabilitics of glass fibre/epoxy composite mabes. Tubes with external
chamfers ranging from 10° 10 907 were crushed to different extents and the resulting
microsrructures were cxamned microscopically, Tt was tound that, for this matenal,
the crushing process was usually nitiated by local bending of the chamfered parts of
the 1ubes and by internal crackmg, These events pave nise to the generation of
wedges of crushed material which were pushed 1o the inside of the twbe wall. The
stresses generated at the root of the wedge gave nise 1o lareral cracks, which caused
small fings of material 10 be sheared off. This sequence of events dominared the
nitdal stages of the crushing process. Ar a later stage, the mode of crushing changed

to ome of frond-wedge-frond geomerry,

Mamalis et ab. [00] also reported on the crumpling of thin-walled grooved nabes.
They examined PVC and steel tubes with two kinds of groove patterns; external
circumferennal grooves and Internal axial grooves and reported on the non-
axisvmmetric diamond mode of deformation 1n both cases. Collapse was imliated at
the thinnest section of the wbe (groove) and spread along the various rngs and

gro VLS.

Other smidies that lovestimate the effecis of grooves on the crashworthiness
characteristics of thin-walled tubes under axial compression include the work by
Iosselnipour and Daneshi [37, 61-63]. Annular grooves cut were inrroduced
alternately mside and outside the tabes surfaces with various distances, 1o cylindrical
mbe to force the plasne deformation to occur al predetermined intervals with the
alms 1o improving the uniformity of the load—displacement behaviour and predicting

enerpy absorpoon capacily of the wibes.
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Corrugated tubes

Other physical modifications have been used to control specimen performance in
both the inidal and the secondary phases of axial crush. Types of these initiators-
controllers include: corrugations formed in “square™ tubular sectons by Thornton
and Dharan[64] and a series of machined circumferential grooves in right crcular

cylindrical rabes by Mamalis e a/[65].

Singace and El-Sobky[66] studied the energy absorpion charactedsiics of corrugated
aluminiim and PVC tubes. Corrugatons were introduced in the tube to force the
plastic deformation to occur at predetermined intervals along the tube gencrator, The
experiments wete also performed to investigate the effect of heat treatment, filling of
the tube core with foam and cotrugation on the tube performance as an encrgy
absorption element. Straight mabes were used to provide a means of compatison. The
corrugated rubes always deformed into the concettina mode itrespective of the heat
treatment. Nevertheless, the heat tteatment treduced the overall wave amplitude
decteasing the difference between the highest (or the lowest) load and the mean load.
Fyrure 222 shows the load-displacement behaviour for both annealed and non-
annealed corrugated tubes under axial [oad. Annealing the corrugated tubes decreases
the difference between the mean collapse load, a property that is favourable in an
efficient enetgy absotption device. However, such acdon reduced the overall specific
energy absorbed by the tubes. Filling the corrugated mbe core with polvutethane
foam {density 50kgm=) improved the amplitude of the mean load but does not
change the overall behavipur. Crushing of corrugated tubes with different
corrugation depths showed that tubes with shallower cortugations exhibited
behaviour approaching that of the straight tubes. Tubes with a cortugaton depth to
tadius tatio of about 0.12 produced better load-deformaton response and uniform
collapse load. Axial crushing of corrugated PVC tubes showed similar properties to
the meral mbes, i.e. climination of the overall elastic stiffness.



{C'HAPTER 2 — LITERATURE REVIEW ON TUBE CRUSHING 33

Iz=
19— } A
1 Iy \:
Y I | s
o P AL A
a . h X
é 3 '
e e
K
N
J
2 ! fegend: f
! === Mol hrasded

=

[

T T T T T T 1
14 26 i 44 5 & T
Pl A T e

Figure 2.22 : A typical load-displacement characteristics of aluminium alloy corrupaled tubes [66]

2.1.4.4 Circular cut-outs

Cupra of ad [32, 67| carried out tests on aluminium and muld steel rubes of different
diameters, lengths and wall thicknesses. Cut-outs in the form of circalar holes,
varying in diametet, number and position were laterally drilled 1n the tubes. In tubes
whete the holes were located in parallel positions, deformation was mitiated at the
location of the holes at one of the planes. The tubes, with holes 1n cross positions,
deformed in such a way that the axis of symmetry of deformations was rotated by
90°. The presence of the holes in the rubes was found to reduce the first peak load
and alter the mode of collapse and, as a consequence, could be used w avoid Euler

buckling when telatively long tubes were crushed.

Numerous experimental stucies on the effect of cut-outs on the peak load of axially
comptessed cylinders have been reported by Toda|29], Kormi e «{[31] and Gupta
and Gupia[32|. The ultmate buckling load was found to be governed by the
parameter:-

I
o = — -
A WL

where a : characteristic cut-out dimension, R : evlinder radivs and 11 @ wall thickness.
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Listed below 1s a summary of the resulis of the experiments on polvester cvhinders

obtained by Toda|29|.

e <1.0 the cut out had no appreciable effect
{N<o <20 there was a sharp decrease in ulomate buckling load with an
increase n ¢
o> 20 there was a small decreasce in the ulimate buckling load with an

increase 111 o

Sutko[56], Meng ¢ #4[68] and Li &7 4£]69] used the fact that a square tube can be
approximated by four flat plates to analyse the crushing of tube of rectangular cross
section. The von Karman ptinciple was vsed to simplify the elastic plastic analysis of
thin plates with a centrally positioned citeular hole,

Sutko[56] described the von Karman effective width as:

T

|
b <195 | F

I,

which means that if the diametet of the hole 1s smaller than
'E
p=C-19H |'—

Yo,

E]

then the hole should have iittle or no effect on the buckling characteristics of the

plate.

Marshall[33, 34] performed expetiments on square thin-walled tubes of width 5(0mm
and wall thickness 1.2mm with two holes drilled mnro the opposite faces of the tubes.
“he diametet of the holes was varied from 16mm to 38mm. Similar obsetvations, to
that of Gupta e a£[32, 67] for cyvlindrical tubes, were identified. The square tubes
started to collapse at the hole with a decrease in the ultimate buckling load. For
tubes, with cut-out diametets of less than 32mm, the mean and subsequent peak
force did not differ from that for a tube without impetfections as the tube buckles

progressively.
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Specimens with holes of greater than 32mm tore rather than buckled progressively.
The mtroducton of the hole also affected the formaton of the first lobe, An increase
in the diameter of the holes caused a decrease in the size of the first lobe as
lustrated in Figure 2.23. Consequently a decrease i the size of the first lobe causes

mnstability in the buckling mode as subsequent fobes formed shew.

Figure 2.23 : Quasi-Statically crushed square tubes with two opposing hules [34]
{diameter of the holes increcases fram left to right — it appears that the size of the first lobe decreases with
increasing hale diameter until tearing oecums)

Arnold and Alhenrot]7U] also cartied out simtlar tests on square tubes made out of
6061 T4 and ‘16 aluminium atloy. They found thar the material properues, specifically
hardentng capacity and duetlicy have a sigmficant eftect on the collapse mode and
eniergy absorption. A greater amount of energy was absorbed by the more duetile

matcrial,

Cheng e7 2£[71] found that different peomelrical cut-outs, namely cireular, clliptical
and slotted through holes !major axis 7.14, 10.72 and 14.2%mnmm with aspect ranos 1,
1.33, 2.0 and 3.0, inildated a splinting and cutting mode of deformadon {or squate
AAGDG1-TE wabes (200mm in length, 38 1mm in wadth and 3.15mm thick} rather
than global bending. 'T'he hale cut-outs reduced the peak crush load and inereased
rhe total encrgy absorbed. For the 7.14mm cut-outs, the imperfechons did not atfect
the peak ctush load and the toral energy absorbed. Geomeurical influence was
observed in cases where the major axes of the cur-outs were 1072 and 14.2%mm

with an aspect ratio of 3.
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2.1.4.5 Combined structural deformations

Surko[56] performed limited expetiments to study the effect of combined structural
imperfections on the ulfimate buckling load and collapse mode of box columnns. The
mild steel box columns specimens were constructed of four 140mm square side
plates with length to thickness mto of 88 with two rgd end plates. The
imperfections represented different possible modes of imtal lateral deflection. The
deformation shapes were a pyranudal bulee trom the corners outwards to the centre
of the side, and an outward concertina shaped bualpe which resernbled the extensional
mode of progressive bucklng. Hach specimen was butt with a central hole on cach

face.

The geomertrically-perfect box column specimen used as a baseline buckled in the
asymmetrical mode (opposite sides folded in or out together), while the parnally
damaged specamens buckled symmetrically with curved folds near the mud-plate.
Dishing of the order of 5 — 15 plate thicknesses reduced the peak load by
approxtrmately 15 — 33%, The mean crush load was not signtbicantly changed
although this aspect was not complerely eovered as the box columns were crushed ro
between 14% and 0% of their original length. The cffect of the holes on the peak

load was minimal.

Marshall[33, 34| conducted a sefies of expetiments on square thin-walled tubes with
combined imperfectons, The smperfeetons were mnduced by firse drlhing a hole and
subsequently 1ndenting the tube with a hemisphercal indenter posithoned
symmetrically above the hole, The combination of holes and dents had a greater
cffect on the ultumare buckling load than either holes or indentatons acong
individually, There was, however, no significant difference in the mean buckling load.
The effect of the combined imperfectons with respecr tw depth of the indenrtation at

the corners of the tabe is plotted In Figure 2.24,
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Figure 2,24 : The effect uf the depth ui dished indentations un ultimate buckling load of specimens with
npposing combined Impertections |34
{digmeter of hole 32mm, depth of indentations increases form left to right)
Specimens with indentanons depth of 3.5-4mm and holes wath diamerters mcreasing
n size from lefl to right are shown in Figure 2.23. Tubes with small holes had a larpe
first lobe while tubes with large holes had a smaller first lobe. This indicated that
there iz a large range of imperfecton dimensions that achieve an adequare first lobe

size tor stable symmetric progressive buc]d_i_tlg.

Figure 2.25 : The effect of the diameter of the holes on ultimate buckling load of specimens with
opposing combined imperfections [34]
{indentations depeh 3.5-4mm. diameter of hole inercases from eft to right. G2 has no hole)
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Specimens with 32mm holes and indentations increasing in depth from left to right
are shown in Figure 2.26. For small dent depth (1.5mm) the first lobe in the
specimen appeared to be smaller than the natural lobe size. The first lobe size was
influenced more by the large hole than the small indentations, while the distance

hetween the plastic hinges was dominated by the dent depth length.

Figure 2.26 : The effect of the depth of dished indentations on ultimate buckling load of specimens with
opposing combined imperfections [34]
(hole diameter : 32mm, depth of indentacons increases from left fo right)

2.1.4.6 Stiffened tubes

Structural stiffening is frequently used to increase the strength of a structure. In the
case of square or circular tubes, it is possible to induce a highly undesirable mode of
collapse (from an energy absorption viewpeint) if the geometry of the tube 13
mcotrect. A number of experimental studies have been performed to obrain the axtal
collapse behaviour of suffened structures, for mstance Kot ¢f al[72], and Jones ¢f
al[73-75] . Common examples of stffened tubes are the top-hat and double-hat
sections which are widely used in the automotive industries. Numerous studies on
the statc and dynamic axial crushing of the top-hat structures have been reported in
the literature, for example Refs [76-79]. White and Jones[76, 77] assessed the
influence of several design and crashworthy parameters on the sratic collapse

behaviour of thin-walled top-hat and double-hat  section  structures  both
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experimentally and theoretceally, An increase in size ot the external flange of the top-
hat sections (from 10 to 25mm) improved the collapse regulanty for the thin-walled
sections. The icrease in flange width also nereased the mean loads and axial
displacement before instubility occurred, The top-har sections deformed into a mote
regular progressive buckling compared to the double-har secdons. However, the
double-har sections eollapsed with a higher mean load suggestng berrer capabihties
oy absorb more energy provided the collapse mode was progressive buckling, Figure

2.27 shows the tvpieal collapse profile for a spor-welded top hat secnons.
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Figure 2.27 : Collapse profiles and load — deformation history of a spot-welded top-hat sections after
impact testing al Lmds|7%)

Lee of 2L[80) compared the crashworthiness of double-hat shaped section made from
dissimilar materals (alumimum and swecl) using sclf-piercing rivet and adhesive
bending o steel sectons joined by spot weld, The self-picrcing river oined scctions
absotbed more ecncrgy than the adhesive-bonded section. The specific enetgy
absorbed and the deformed length of the dissimilar seciion member were higher than
that of steel The mean crush load and ultimare peak Toad of the dissirnilar section
member wete also lower than the spot welded steel secuons. Consequently, Lee of
@l [80)] suggested that the selt-plercing rver joining method could be use as a

substitute tor spot welding,
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2.1.4.7 Foam-filled tubes

Another form of siffened tibes is filled tubes, "Tubes can be filled with cellular
structurcs such as honevcombs, wood and foams and used for energy absorprion
devices. 'The compression characterisiies of these marterials, bessdes therr mass
etficiency, show that they approach an ideal energy absorber. Aceording to Thornton
and Dharan|64] and Gibson and Ashby[81], the cellulur matertals offer a distinet
platcau of almost constant scress 10 the uni-axial compresston stress-strain curve up
to nominal strain values of 708006, Figure 228 Hlustrates tppical foam dlled
specimens and maierial behaviour for aluminum extrusion in unl-axial 1ensile and

alumninm foam in uni-axial compression.

Figure 2.28 : Test foam filled specimen geametry & typical material behaviour [§2]

The blend of mubular members and cellular filler malerdal combines the crushing
enetey of both opes of structures which scem 10 be etficient wath the filler matesial
providing enhancements to the empty tube. The compressinn of the filler material
and its interacton with the tube lead to higher eneregy dissipanon provided the tube

buckles progressively.

Many studies have been carried oul 10 invesigate the effects of ditterent hillers on
the performance of energy absorption svstems. The crashwortluness performance of
a tubular stracture due to Inclusion of polyurethane foam has been mnvesngated. For

mstance, Reddy and Wall[83] presented results ot stanc and dynamic lests on very
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thin circular meral rubes, which were Glled with low density polyurethane foam. The
presence of the filler material did not only “stabilise’ the almost irregular buckling
pattern of the empry cvlinders, but also unproved the energy absorpron efficiency,
The mode of deformanon of the rube was found o change from irregular diamond

crumpling to axt-symmetric bellows folding duc to the filler.

Toksoy and Gaden[84] invesnpated the srrenpthening effect of polystyrene foam
filing in thin-walled aluminium circular mbes. The polysoyrenc foam affected the
deformaton mode. Empry mubes of different diameters; 16 and 25mm; deformed 1n
diamond mode. Foam filing changed the deformanon maode to concertina in 25mm

diameter mabe due to thickening effect of foamn filhing.

Thotnton[B3] exarmined the collapse of foam-filled tubular sructures of different
cross-sections and concluded that irrespectve of the enhancement in the overall
sirength of the sorocture, the foam is not weighr-cffective and, instead, using thicker
tubes would be more energy cificient. Lampinen and Jeryan[86] experimentally
studied the behaviour of foam and found that although the common mode of falure
of foam-filled tubes was propressive collapse, over-dense tubes would tend to
collapse in Fuler mode. It was concluded that foam plays a major role in the stability
of deformadon of wbuolar sirats. Reid o «4[87] invesogated the collapse of foam-
filled thin-walled meral tubes under quag-static and dynamic condidoms. Tt was
concluded that the mibing outer skin interacted with the deformaton of the foam and
thar, in the presence of foam of proper density, very thin 1ubing tended 1o collapse in
a motc axi-symmerric mode of deformaton, They tound that the mean crushing load
and the collapse folding lenpgth were dependent upon the foam densiry. Abramowdcs
and Wicrzbicki[88] and Ashby e 2l[89-91], in thewr mvestigations on foams and
other cellalar filling materials, came to sunilar conclisions on the influence of foam

density.



42 CHAPTER 2 — LITERATURL REvIEw Ox TURE CRUSHING

Low-densty foarmn-like metals have been mrroduced into the cost and weght
effective design of energy absorption systems, accordmg to Kunze of #4[92]. Santosa
and Wierzbicki[93] found thar filling prismatic columns with low-density alumintum
foam sipniftcantly enhanced the structural bending strengrh and thar 1t was a better
alternative 1o Lhe thickening of the column wall, Hanssen o 4482, 94-99] carried out
quasi-static expertmental Investigations on aluminium foam-filled square extrusions
and concluded that propetly bonded foam produces specific encrgy higher than non-
bomded foam-fifled extrusions. In addition to extensrre experimental results, simple
relations between parameters which wete hkelv to mfluence the erushing behaviour

of such composite structures, and design formulas were presented.

Examples of final deformed shapes in axial crushing of some square and circular
extrusions are shown in Figure 229, The foam filler was tound to have significant
effect on the deformation behaviour of the tubes: Tt caused Lhe square extrusions to
develop more lobes and for a criieal foam filler density, the deformation behaviour

changed from diwmond to concertina mode[93, 96].

Square

Circular

Figure .29 : Delormation behaviour of square and cireular extrusions as a function of foam filler
density |93, 96|
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Seitzberger ¢f al[100] have shown experimentally and numerically, that illing square
steel mubes with aluminmm foam may considerably mmprove their mass efficiency
with respect w the mean forces, provided that the buckling modes of the tubes
remained progressive.  Santosa and Wierzbicki[101] used the finite element method
for numerically studyving filled mbes and also reported on efficiency improvements of
axially compressed square aluminium rubes, which were filled with honeycomb or

toam,

Seitzberger et al.[100, 102] carried out quasi-statc experiments on momnotubal (single
tube) and birabal (two wbes with one placed concentrically inside the other), compty
and filled steel profiles with different materials, dimensions and cross- sectonal
shapes o study the effects of different ube and filler arrangements on their crushing
behaviour. Alumimum  foum, produced by a powder metllurgical producton
process, was applied as filler marenal. 'The test results confirmed that considerable
mass cfficiency improvements with tespect to energy absorption could be obtained,
even 1f reduced stroke lengths, caused by the presence of foam, were taken into
account. oure 2.30 shows proeressive buckling, 1e. the sequennal formadon of
adjacent local folding patterns of the different specimens. Thistinet differences were
pointed out berween the different cross-scetional shapes. Figure 2.31 shows typical
detormed specimens filled mubular crush elements with varying cross sectonal shapes
(square, hexagonal and octagonal). Birubal arrangements, consisdng of outer and
mner profiles with foam in between, were shown w be particularly efficient crush

elements, as long as global failure (Buler buckling, could be avouded.

Figure 2.30 : Empty, monotubal filled and bitubal square crushed speeimens|102).
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Fivure 2.21  Sgoure. hexagonal and octagonal monotubal crushed specimens|102].

Ku ez «£[103] evaluated the effect of intermitrent weldment of cylndrical empty and
foam-filled tubes on the enetgy absotbing behavior under axtal erushing. The weld
condition did not affect the buckling behaviour of the thin-walled empty tubes
showing both irregular diamond folding and regular coneertina folding. Howevet, the
continuous rupture of the intermittently tack-welded weldment of cylindrical foam-
filled tube was found to improve the enetgy-absorbing capability more than the fully
welded one by increasing the load efficiency and decreasing the load amplitude while
maintaining the mean ctush load enetgy absotption at a similar level. Even if the
buckling mode and folding length wete the same, the energy-absorbing efficiency
was changed by the vatiation of the welding pitch.

The influence of high-density foam or pine wood filler on the mode of collapse of
quasi-statically and dyvnamically crushed square metal tubes was investigated by
Reddy and Al-Hassani[104]. Tt was found that the presence of filler reduced the
wavelength of axially crushed squate metal tubes and different modes of collapse
were encounteted due to the anisottopy of wood. Thinner tubes buckled 1 Fuler

mode when loaded in the direction of the grain of the filling wood.

Singace[105] investigated the influence of foam-like wood filler on the mode of
collapse and energy absorption petformance of polyvinylchlonide (PVC) under quasi-
static loading conditions. The mode of collapse of axially crushed PVC tubes was

found to tevert from regular three-lobe diamond mode to axi-symumettic concertina
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mode ar a certain wood-filling denstty. ‘The enerpy absorpton capaciry of the PVC
tubes was enhanced by wood compression as well as by extra swetching in the Lube
circumference due o shifing from muln-obe to axi-symmemce mode. The PVC
Lubes wete visco-elasiic in nature and hence would recover some of their length
when unloaded. This s clearly exhibited 1n the cavitics shown in Figure 2.32 as a

result of recovery after some ome from unloading,

Figurc 2.32 : Photographs of seetional fronl and back views of crushed PYC tubes filled with mixed
wond sawdust [105],

Zhao et al[106-108] have also carried out siudies on filled tubes. The latter
performed quasi-statde tests on concrete filled double-skin mibes with different
configuralinons, namely square tubes as both inner and curer, citcular 1ubes as both
inner and outer and circular Lube az outer tube with an nner square mibe, It was
found that there iz an increase n ductility for concrere filled double-skin mbes in
comptession when compared to empry single skin ubes. The man conclusions
drawn from these studies that concrete filling enhances strength, ducrility and energy
absorption  of the hollow tube, particulatly for lngher diamerer-to-thickness ratio
D/H) rados. This is due © confinement of the core concrete and restraiming the

stegl tube jacket against local bucklhng,
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2.1.4.8 Wrapped tubes

The axial crushing behaviour of wrapped tubes has also been examined. Previous
work on the axial crushing of fibre-reinforced-plastic composite tubes has indicated
that significant specific energy absorption can be obtained from these matetials.
Undet some circumstances this specific energy exceeds the ones that can be obrained
from memal tubing, Refs [109-116]. As stated by Schmueser and Wicklie[117], the
governing mechanism s extensive micto-cracking development [(not plastc
deformation), which may be easily controlled depending on many parameters, such
as fibre orientaton, ptoperties of the constituent matetials (mattix and fibres),
geometrical dimensions of the tube and strain rate. The use of the composite to
guide and constrain the mbe deformaton in a favourable manner for dissipating
enetgy were first considered by Wang e «[118] Steel tubes wrapped by fibre-
reinforced-plastic composite were crushed under statc conditions. It was shown that
the enetgy absorption capacity increased with the thickness of the composite and
decteased with the reinforcement angle. Hanefi and Werzbicki[119] extended the
work by Wang ¢ #{[118] by developing a simplified analvtical model for the static
compression of metal tubes externally wrapped with composite by 90% winding angle

(the angle between the axis of the tube and the tangential ditection of winding fibre),

Song ¢ «L[120] extended the studies carried ont by Hanefi and Wierzbicki[119] to
include impact loading, assessing the axial impact crushing behaviour and energy
absorption efficiency, of glass/epoxy composite extemnally wrapped circular metal
tubes. The innetr tube was made from different metals; aluminium LD2Y, Steel 205
and Copper 1168 for fypical plastic behaviour and alummium LY12 and LY12CZ for
brittle behaviour, The axial crushing petformances were very different for the brittle
metal and the plastic meral tube. Figure 2.33 shows the tvpical collapse modes of
bare btittle metal and plastic metal tbes. Fragmentation and peraliing occurs in
brittle tubes, as shown in Figure 2.33(a), wheteas ductle folding occurs i plastic
metal tubes. More energy is absorbed by the ductile matetials in tube comptession

tests.
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Figure 2.33 : Typical collapse mades of bare brittle metal and plastic metal tube [120]
{a) fragmicntation mode of a brittle metal tube; (k) concertina (axisymmetric) mode of a plastic metal
tube; () dismond (asymmetrie) mode of a plastic metal tube
Bouchet e @/]121, 122] conducted experiments o study both the crushing behaviour
and the achesion of mulo-materal structures under dynamic  compression
condinens. Multi-matenal structures wete obtained by wrapping a carbon/cpoxy
compostite around the outside of an aluminium alloy crcutar mibe. Prior to bonding,
different surface rreauments (1e. chemicals etching, anodizing and degreasing) were
used in order to improve the adhesion berween the composite and the aluminmm
rube. Two geomerries of alunumum alloy tubes, allowing a stable crushing mode,
wete tested. Lhe speafic enerpy absomoon values obtaned suggest thar the
mnfluence of sutface treatments of muln-material structures was nor a sigmificant
contribudon, For the thinper alunumium alloy tube, with or wathout the fibre-
reinforced plastic composites, a diamord mode 15 observed irrespecnve of the
surface reatments. The mode chanped from a concetting mode {obtaned with the
thicker aluminium  rube withour reinforcement) to a diamond mode for the
reinforced tubes, itrespective of the surface treamments. As the crushing maode
changed, the reinforcement applied onto the aluminium tube decreased the energy
absorbing capacities of the structures. On the other hand, the reinforcement applied

on the thinner alumimium tube increased the speaific energy absorpnon of a tube,
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Shin of «i[123] also investigated the cnergy absotpdon capability of axial erushed
square aluminum/GERP bybnd tubes, Glass fibre—epoxy composile prepregs wete
wrapped around an aluminum tube and cured complerely i the antoclave. Bondimg
between composite and aluminum mwbes was performed by excess resin extracted
from the composite tube duting cutng process. The hybtid wbe with the 20°-ply
orerlation composite tube showed the best energy absorption capability amony all
kinds of hybrd whbes, Dunng deformanon of the aluminum tube, the composite
material prevented the aluminum tube from folding. The fatlure of the hybtid mbe
was stable and progressive without anv igger mechanism because the inner
aluminium mbe could plav the tole of crack tnidator and controller. Figure 2.34
shows photographs of deformaton shapes obtained from the axial crush est of the

hvbrid mube wrapped br the composite material with Trmm thickness,

Figure 2.34 : Failed hybrid 1ubes obtained from the axial croshing test {123]
{a) 0°-ply orieniation composile tube, (b} 90°-ply oricntation composite tube,
(e} 0°/90°-ply orientation composite tube, and (d) +45°-ply orientation compuosite tube
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In summary, results of past studies have shown that tubular structures have
the ability to undergo axial crush response. Collapse initators in combination
with end constraints can be used to obtain a particular axial crush mode or
modify certain crush charactedstics. It can be concluded from existing studies
that the response of thin-walled extrusions to axial impact depends on the

following:

* Geomerry: cross-section, length, width and thickness of the member.

® Material properties: elasticity modulus, yield stress and strain

hardening.
¢ Impact velocity: strain rate and inertia effects.
¢ Boundary conditons: clamped, pinned or free.
¢ Imperfections: amplitude, shape and locations.

¢ Filler: none, aluminium foam, wood (densities).
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2.2 Theoretical analysis

Theoretical meodels of the tesponse of mbes under axial Toads far outnumber
experimental studies. Simple closed-form solutions can often provide a rapid and
sufficieatly accurate estimate of, for example, crushing distance and mean erushing
load. 'The crushing behaviour of thin-walled square tubes, because of the geometry, 1s
more complicaied than in the case of cvlindrical tubes. The details of the analvsis are
mote complex, as antdeipated from the photograph of axally crushed square tube
shown In Figure 2,35 Wierebicki and Abramowicz|27)] 1dentified and developed two

basic collapse elements, type T and trpe 11, shown m Figure 236

Figure 2.35 : Axially erushed square tube {symmctric crushing modc)

e

2

c L2
2 -

(a) (b)

Figure 2.36 : Basie collapse clenments. (a) Type 1 (b) Type 127,
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These basic collapse elements are used to examine and study both the static and
dynamic progressive buckling of square tubes with a mean width C and a mean
thickness H. Using these two basic collapse elements, the fout possible progressive
buckling collapse modes, described in section 2.1.1.2, are constructed. The different
modes are created from these elements by either having one layer with four of these

elements, or two layers with eight elements in the analysis.

The symmetric crushing mode as shown mn Figure 2.35 is idealised with four basic
type I collapse elements for each layer of lobes. This crushing mode is predicted to
form in thin square tubes with width to thickness ratio greater than 40.8 (C/H >
40.8)[28]. In the extensional mode of crushing, each layer of lobes is idealised with
four basic type II collapse elements. This type of progressive buckling (shown in
Figure 2.35) is predicted in thick square tubes with width to wall thickness ratio less
than 7.5 (C/H < 40.8)[28).

The asymmetric mixed collapse mode B-type progtessive buckling is idealised as two
adjacent layers of lobes with seven of the basic collapse type I elements and one of
the basic collapse type II element. This type of progressive buckling is predicted to
develop within the range 7.5 < C/H < 40.8[28]. The difference between the
theotetical buckling forces associated with symmetric or asymmetric B mode of
fatlure is small. Therefore, either mode of fatlure may develop in a square tube with
slight imperfections. The asymmetric mixed collapse mode A-type progressive
buckling is idealised as two nearby layers of lobes with six basic collapse type I
elements and two type II basic collapse elements. The other possible mode of failure
is extensional crushing mode. The latter has a slightly higher collapse force than the

other three modes but was nonetheless obsetved by Jones and Abramowicz[7].
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2.2.1 Buckling load

2.2.1.1 The mean static buckling load

The mean buckling load is very important from an energy absorption viewpoint. It is
used to approximate the total energy that a tube would absotb if the whole length of
the tube is completely crushed. Empitical relations were initially developed for use as
design tools[5, 6]. Mote rigorous analyses were later petformed to predict the actual
mean loads by Abramowicz ez al[7-9, 124, 125].

Traditionally, in analytical predictions of mean crushing load, it is assumed that one
lobe forms completely before any buckling begins in the next lobe[7-9, 27, 68]. This
assumption has been recently modified by Wierzbicki ez 4/[124] to consist of a
double folding wave being the active crumpling zone at any instant. The mean force
is then calculated by equating the external work done by a nominal force acting over
the crushing distance to the internal energy dissipated due to plastic bending and

extension.

Symmetric mode

Abramowicz and Jones[7] idealised the symmetric collapse mode for a squate tube
with thickness H with four type I elements which form one complete layer of lobes.
The internal energy consumed by the four basic collapse elements is equated to the
external wotk by the mean axial ctushing force. The internal energy is then minimise
with respect to b (radius of toroidal shell element) and / (half initial distance between
plastic hinges at top and bottom of a basic folding element) to express the mean

static crushing load (Pm) as:

1
Fy =38.12(£)3 @1)
H

MO

2
with i=0.99(§-)3 22)
H H
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and %:o.n(g—)’ 2.3)
2
where M, =2 i (2.4)
°T7%

Asymmetric mixed collapse mode A

Abramowicz and Jones[7] also idealised the asymmetric mixed deformation mode A
with two layers of a total initial height 4/ and six type I and two type II basic folding
elements. Thus, equating the internal energy absorption (6E1 + 2E2) to the external

work (Pm4/) gives the mean static crushing load (Pm) as:

1 2
L =33.05(§-)3 +2.44(£)3 +Z (2.5)
M, H H) "2
! cYs
3
i o078 = 2.
with T (H) (2.6)
:
and f’-:o.ss(ﬁ)a @7
H H

Assuming / and & are the same for the symmetric and asymmetric layers present in

the deformation mode.

Asymmetric mixed collapse mode B

The asymmetric mixed deformation mode B, according to Abramowicz and Jones[7],
consists of two layers with a total initial height of 4/ and seven type I and one type II
basic collapse elements. Thus, equating the internal energy absorption (7E1 + E») to

the external work (Pm4l) gives the mean crushing load (Pm) as:

: 2
F =35.34(£)3 +1.35(-C—)3 +Z 2.8)
M, H H) 4
2
with L 0.86(2)3 2.9)
H H

and e 0.67(—) (2.10)
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Extensional collapse mode

Abramowicz and Jones[7] assumed that the extensional collapse mode consisted of
one layer with four type II basic collapse elements. Thus, equating the internal energy

(4E2) to the external work (Pm2/), gives the mean crushing load (Pam) as:

1

Fy =8ﬂ'(£)2+2ﬂ' (2.11)
M, \H
1
with Lz(g)z 2.12)
H o \H

2.2.1.2 Effective crushing distance

It can be seen from Figure 2.35 that the lobes do not flatten completely during
crushing as is idealised in the theoretical analysis leading up to equation 2.1.
Abramowicz and Jones[7] showed that the effective crushing distance for symmetric
collapse mode 1s given by:

%073 (2.13)
21

and for both asymmetric mixed collapse modes and the extensional mode is given

by:

J,

=< =0.77 2.14
Thus assuming,

P 5 =P (2.15)

Using eqﬁations 2.1 and 2.13, a dimensionless mean crushing load of

Pm
M

o

=sz.zz(%)5 2.16)

is obtained for a squate tube with symmetric mode of deformation.
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Similarly assuming,
P, =P 2.17)
and equating 2.3, 2.8, 2.11, and 2.14, dimensionless mean crushing loads of
- 1 2
Fo - 42.92[2)3 +3.17[£)3 +2.04 2.18)
M, H H
- 1 2
and Fa =45.9o(£}3 +1.75[£)3 +1.02 (2.19)
M, H H

are obtained for the asymmetric mixed collapse mode A and B respectively, and

Pm
M

o

C \2
=32.64(—) +8.16 (2.20)
H

for a square tube with an extensional collapse mode.

2.2.1.3 The mean dynamic buckling load

The dynamic progressive buckling of square tubes is idealised as a quasi-static
response. In consequence, the equations 2.16, 2.18 and 2.19 predict the dynamic axial

crushing force of a thin-walled square tube made from strain rate insensitive material.

Cowper and Symonds[126] suggested a uni-axial constitutive equation relating the

dynamic flow stress to the strain rate and the static flow stress as follows:

(3]
— =1+ — (2.21)

o

Q

where o) : Dynamic yield stress; oy : Static yield stress; ¢ : Strain rate;
£, and M are material constants. €, = 40.4 s and 1} = 5 are common,
well-known and used values for mild steel[44].

It is interesting to note that when & =§,, regardless of the value of n, o, = 2oy.

Thus, for mild steel, the dynamic flow stress is double the static yield stress at a strain
rate of 40.4s1. In the case of aluminium, a strain rate of 6500s! is needed to double
the flow stress. In consequence, aluminium is often treated as a strain rate insensitive

material.
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For dynamic axial crushing of square tubes, the equations in section 2.2.1.1 for static

crushing need to be modified.

Given the fact that o =—, and the cross sectional area is assumed to be constant

during progressive buckling, the mean dynamic crushing load can be related to the
mean static crushing load by the following:

5”’_—1_;_ i %
o=l 2 (2.22)

Equation 2.16 thus becomes
3 )
P C s e "
E = 52.22(E) 1+ [—] (2.23)
for symmetric mode of progressive buckling. It is difficult to predict the strain rate,
£, in a squatre tube because of its complex deformation patterns when the tube

undergoes progressive buckling. Abramowicz and Jones[7] derived the following

expression for the average strain rate in square tubes as:

g =t (2.24)
26,5,
where : mean velocity, v, = y , v : impact velocity of striking mass;

d¢ : effective crushing distance; by: radius of toroidal shell element

The rolling radius associated with the toroidal deformation surface varies duting
progtessive crushing. While equations 2.3, 2.7, 2.10 give the mean rolling radius, the

final value of the rolling radius is used to estimate the average strain rate.
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For square tubes collapsing in the symmetric mode;
The final rolling radius is given by:

1
L 0.53(5]3
;i H)

Mean strain rate becomes:
£=0.33%
C
And hence, mean dynamic crushing load:

, 3 S
fm_=52.22(£)3 14| 23%
M H Cg,

o

For square tubes collapsing in the asymmetric mixed mode A

The final rolling radius is given by:
b 1
°r=0.45 [3)3
l
Mean strain rate becomes:
£=0.492
C

And hence, mean dynamic crushing load:

[

For square tubes collapsing in the asymmetric mixed mode B
The final rolling radius is given by:

1
b 0.48(2)3
I H

Mean strain rate becomes:

£=0.41%
C

L 2
Fo la361 £ 1379 S 126414 04%%
M H H C

(2.25)

(2.26)

2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)
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And hence, mean dynamic crushing load:

2

1 2 )
’ n
Fn _Jagae SV 4214 £ s13414] 4% (233)
M H H C '

&€

¢

2.2.1.4 Ultimate buckling load

The ultimate buckling load for tubes failing by either static or dynamic progressive

buckling is greater than the subsequent peak loads forming the subsequent lobes.

The ultimate load is governed by elastic-plastic buckling and can be approximated by:
P,=0c,4 2.34)

ult

where o, plastic flow stress; A : cross sectional area of the tube.

Wietrzbicki and Abramovicz[127] found that the flow stress, o,, could be
approximated as 92% of the ultimate tensile stress. Surko[56] used the von Karman
postulate to define the plastic flow stress as:
_2ao H

2.35
o, == (2.35)
where o 1s a material constant defined by:
2
2"k (2.36)
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2.2.2 Energy absorption of the structures

The impact-energy performance of tubular sections can be specified in many ways to
accommodate its wide range of applications. The total energy absorbed by the
structure through elastic and plastic work calculated as work done is given by

equation 2.37.
')
E pporiea = |Fw).dlu (2.37)
g

where F(u) is the crushing force as a function of crush distance in the axial direction

This quantity is represented as the area under the axial force-displacement curve.
Numerical integration using the trapezium scheme as presented in equation 2.38 can
be used to calculate this absorbed energy based on the axial force-displacement

curve.
1 n-1
Eabsorbed ='2—Z(F(u)i+l + F(u)i)'(ui+l —ui) (238)

The resulting mean crushing load is therefore given by equation 2.39

P - E absorbed (239)

" )
Many dimensionless collapse efficiency parameters have been introduced to compare
the effectiveness of energy absorbers of different shapes, sizes and materials [44, 97].

Some of these parameters are also defined by Mahmood and Paluzsny (cited by [70}).

2.2.2.1 Geometric efficiency, ec

The geometric efficiency, ec (cited by [70]), also teferred to as stroke efficiency, is a
measure of how well the absorber is compressed and is given by equation 2.40 as the
ratio of crushed distance to original length. The geometric efficiency parameter is,

however, dependent on the initial kinetic energy.

eg =2 (2.40)
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2.2.2.2 Load efficiency, er

The load efficiency, ev (cited by [70]), also referred to as force efficiency, is given by
equation 2.41. It is a measure of load fluctuations that occur during the crushing of
the structure.

L,

(2.41)

e, =
L P
MAX

2.2.2.3 Energy efficiency, ec

A mote comptehensive collapse efficiency parameter is the energy efficiency, eg
(cited by [70]), which is defined as the ratio of enetgy absotbed to the theoretical

maximum enetgy that can be absorbed. It is equivalent to the load efficiency and is

given by equation 2.42.
E bsorbed
¢, = Satsote (2.42)
S .
2.2.2.4 Specific energy, Se

Another measure of efficiency is the specific energy, Se [44], which is defined as the
energy absotbed pet unit mass. This useful parameter provides a method of
comparing enetgy absotbing structures with different masses and is given by

equation 2.43.

Se - Eabsorbed (2 43)

m
Fot a thin-walled tube with a squate ctoss-section, equation 2.43 can be re-written to
the form in equation 2.44.

5, =—1n0 (2.44)
4CHLp
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2.3 Computational predictions

In spite of the numerous studies on both the static and dynamic response of tubes,
according to Karagiozova and Jones[128], there has been no clear classification on
the influence of various parameters, such as geometries, loading conditions and
material properties, which cause the development of different dynamic buckling
phenomena. Finite Element analysis has been widely applied to analyse the crushing
of tubes, enabling parameters and boundary conditions which are not accessible
experimentally or analytically to be investigated. Consequently, this numerical tool
has become an ideal instrument to gain a better understanding of the failure

mechanism of the extrusions under compressive loading conditions.

The different shell response characteristics, such as peak load, fold length, axial
compression and energy absorption have been studied using the numerous finite
element techniques available. A few examples of the different Finite element codes
used to investigate these characteristics include the work of Langseth et al[54, 129],
Otubushin[130] and Marsolek and Reimerdes[131] who used LS-DYNA. Abah ez
al[57] and Markiewicz[132] used PAM-CRASH. Miyazaki ef 4/[133] used the Finite
Element package, MARC K6.2. Nannucci ¢f a/[36] and Karagiozova et al[134-137]
used ABAQUS. In most of the studies, an explicit integration scheme was used. 4-
noded shell elements with reduced integration, multiple integration points through

the thickness of the element and hourglass control were used.

Mamalis ¢# 4/[138], however, used an “implicit” finite element code, MARC, to
simulate the crush behaviour of cylindrical thin-wall composite tubes under static and
dynamic axial compression, in accordance with the progressive mechanism of failure.
The predicted numerical results were validated by comparing with actual
experimental data obtained from quasi-static and impact tests conducted in a tensile

test machine and a drop hammer rig respectively.
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Tubular structures, irtrespective of cross-sections, can absorb a considerable
proportion of the initial kinetic energy during the initial phase of axial compression.
The numerical simulation of the tube response in Karagiozova ef 4/.[48] revealed that
a high peak load developed when a shell was subjected to high-velocity impacts. Such
a peak load was also observed experimentally. However a limited number of results
wetre available because of measurement difficulties[21]. Usually, the experimental data
was filtered at relatively low frequencies, which caused a delay in the first peak load at
the beginning of the impact event. The filtered data could also affect the magnitude
of the peak force.

A study of the peak load was reported by Kurokawa e 44[139] who compared
expetimental data with a numerical simulation for a high-velocity mass impact of a
cylindrical shell. It was suggested that a uni-axial stress state developed in the shell at
the beginning of impact due to the restraint of radial inertia effects that were
associated with high velocity impacts. However, an untealistic time of 0.5 us for the

development and duration of the peak load was reported. It was found in
Karagiozova e 4/[48], that the peak loads acted during a time of about 65us, which

was comparable with the time necessaty to develop a single wrinkle in a shell.

While most analyses were concerned mainly with the variation of the shell geometry
and the loading conditions a few studies have examined the influence of material
properties on the dynamic shell response according to Reid[140]. The influence of
the material models, with respect to temperature effects at high strain rates, on the
prediction of the response of aluminium alloy circular and square tubes was
discussed by Karagiozova ez 4/[141]. The analysis showed that the material properties
played an important role in the formation of the buckling pattern due to the finite
duration of the initial compression phase when plastic stress waves propagated along
a shell at different speeds. However, the temperature effect did not appear to affect
the energy absorbing characteristics of the shell, but nevertheless could cause a local

tearing of a wrinkle due to the hugely localised plastic strains. Figure 2.37 shows
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