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Nomenclature

Upper Case Symbols

A, B,n quasi-static material parameters used with the Johnson-Cook Model
panel top plate area
dynamic material parameter used with the Johnson-Cook Model
speed of sound in the SHPB
elastic wave speed of the tubes

plastic wave speed of the tubes

AP
C
Co
Ce
Chi
D,qg material parameters used with the Cowper-Symonds model
E Young’s modulus of a meterial

F reaction force at the proximal end of the tube

F,  mean crushing force

I Impulse

1, impulse transfer due to elastic wave propagation

I impulse transfer due to elastic-plastic wave propagation

. maximum impulse capacity a panel can be subjected to without compaction
Iy, impulse capacity per unit mass of a panel

KE kinetic energy in the panel at a given time instance

Kopom momentum based calibration factor for the SHPB

K stress calibration factor for the SHPB

K., theoretical calibration factor for the SHPB

M,  plastic collapse moment of the square tubes

My  mass of the top plate and densified foam in the foam core panel

M,  panel top plate mass

M,  total mass of the tubes in the panel

Fy peak pressure applied to the panel from blast loading

R tube aspect ratio

St.  stroke efficiency

T instantaneous material temperature

xx1



Tmer material melting temperature

Troom temperature at which the material flow stress become temperature dependent
U; plastically dissipated energy in tube ¢

U, displacement of the foam core top plate after application of the blast load
Ucore plastically dissipated energy in the panel core

Upiate Pplastically dissipated energy in the panel top plate

Vo panel top plate velocity after application of the blast load

"V maximum top plate velocity a panel can be have without compaction
velocity of the foam core top plate after application of the blast load

1 particle velocity in the tubes due to elastic-plastic wave propagation

=S

particle velocity in the tubes at initial yield

W external work applied to the panel through application of the blast load

Lower Case Symbols

Csp ~ material specific heat

hp panel top plate thickness
hy tube wall thickness

l length of tube in the panel

lmin  minimum foam core thickness required to absorb a given impulse without com-
paction

m temperature material parameter used with the Johnson-Cook Model

4 number of tubes in the panel

to pressure pulse duration from blast loading

t analytically predicted time at which panel deformation is maximised

te analytically predicted time at which panel compaction occurs

teo time at which foam core panel compaction occurs during application of the blast
load assuming t. < tg

tel time at which foam core panel compaction occurs occur after application of the
blast load assuming t.; < ty,

ty total time at initial yield

un  analytically predicted maximum panel crush distance assuming compaction does
not occur

W mean tube width

Greek Symbols
AL, extensometer displacement in tensile tests
d; crush distance for tube ¢

Omesn mean crush distance for the panel
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E£f tensile failure strain

ED densification strain of aluminium foam
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n inelastic heat fraction
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Or aluminium foam density
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O characteristic flow stress of the tube material
Og dynamic flow stress
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Est stability parameter of the panel
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Chapter 1

Introduction

1.1 Background

The need to protect structures and vehicles from blasts is of increasing importance within
the current political climate of terrorist activity, and internal and external armed con-
flicts. In conflicts throughout the world, lives are endangered by explosions due to such
ordnances as Improvised Explosive Devices (IEDs) and landmines. Injuries and fatali-
ties can be minimised if the personnel subjected to explosions are protected within their

surrounding structure.

Of particular concern is the use of landmines within conflict scenarios. Landmines can be
classified into two general groups [1]. The first being anti-personnel mines (APM) which
are designed to be triggered by individuals. The results often kill or maim the victim. The
second classification of landmine is the anti-tank or anti-vehicle landmine (ATM/AVM)
which are designed to destroy or disable vehicles. The effect on the passengers of vehicles
subjected to anti-vehicle mines varies depending on the severity of the blast, the location
of the mine with respect to the vehicle, and of course on the protective measures used by
the vehicle itself.

Landmines have been used extensively in warfare since WWI [2], however the use of such
devices has continued into current conflicts. Most international treaties and agreements,
such as the Ottawa Convention, focus on the banning and removal of anti-personnel
mines due to the direct human cost from accidental tripping of the mines. The Landmine
Monitor Report [3] provides a thorough annual report on the worldwide status of their use.
Anti-tank mines are however, of considerable concern due to widespread use and superior
destructive power. For example, the Coalition war against the Taliban in Afghanistan
saw newly contaminated areas with anti-tank mines [4]. A cache of over 10,000 anti-tank

mines was discovered and destroyed in July, 2004 [4]. Even before the Coalition invasion



2 CHAPTER 1. INTRODUCTION

of Afghanistan, it is reported that approximately 2 million anti-tank/anti-vehicle mines
are scattered about the country [2]. On the African continent, the Ugandan government’s
conflict with the rebel group known as the Lord’s Resistance Army has exemplified the
dangers of anti-tank mines. A significant number of the mines are recovered each year by
the Ugandan government, however many civilian and military deaths are reported due
to vehicles detonating anti-tank mines [4]. In many areas, such as northern Uganda, the
nature of the conflicts themselves makes determination of exact landmine contamination
impossible, however it is clearly a difficult problem with a potential for significant human

loss.

In an attempt to counter the destruction caused by anti-tank and anti-vehicle mines,
advances have been made in the protection of vehicles which are subjected to mine blasts
during standard operation. The pioneering blast protected vehicle was conceived in South
Africa in the 1970’s as a joint venture between Mechem and the CSIR, and is known as
the Casspir [5], which is currently manufactured by BAE Systems . The innovative design
of the Casspir uses a V-shaped hull to deflect the blast away from the vehicle midline,
towards the outside of the vehicle. The design has been so successful, that even the
most modern of blast resistant vehicles are still utilizing the V-shaped hull. The highly
successful Buffalo and Cougar vehicles [5], created by Force Protection Inc. utilise the V-
shaped hull and are widely used by American forces in Iraq. Despite the past and current
success of V-shaped hulls for blast protection, the design does have significant drawbacks
which are discussed in the next section. It is therefore necessary to continually improve
upon existing designs to increase passenger safety and maximise operational performance

of the vehicles which are exposed to blasts.

1.2 Problem Definition

Due to the limitations and difficulties posed by current landmine protection systems, new
research is required to investigate possible alternatives. The commonly used V-shaped
hull deflects the mine blast away of the vehicle cabin and hence the passengers. The
amount of deflection capable using such a hull is increased when narrowing the shape of
the V. This has the undesirable effect of reducing ground clearance and increasing the
hull mass. Due to the varied terrain mine protected vehicles are exposed to, it is clear
that such restrictions can significantly impede mobility. Studies have been conducted to
improve the currently existing design [6,7], however the work of this thesis is devoted to

exploring and alternative protection system.

An alternative methodology for the protective structure of vehicle hulls exposed to land-

mine blasts is to use a flat, energy absorbing panel, with a minimum of thickness in order
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to maximise ground clearance. In addition to ground clearance, a flat solution lowers
the centre of gravity of the vehicle, reducing the chance of the vehicle toppling. The
protective structure must however, have sufficient energy absorbing capacity to dissipate
the kinetic energy induced by blast loads. If the panel is loaded beyond its capacity,
localised protection of the vehicle may be compromised. This must also work in tandem
with the requirement that the forces transmitted to the protected structure be controlled

and do not exceed certain threshholds.

As will be discussed in detail in section 2.1, thin-walled square tubes can absorb significant
energy when crushed in the axial direction. A recent study has extended this idea into
blast loading of square tubes [8]. This thesis furthers this by proposing the idea of
sandwiching multiple tubes between metal plates. Fig. 1.1 illustrates the philosophy of
the proposed panels.

Blast pressure ()
VYT YIIIIII IV IYIIIIIIIY — o

plate

Tubes | 1

— £3 £33
e N P ———

Figure 1.1: Schematic of the proposed panel, illustrating the the energy absorbing mech-
anism initiated by the blast load.

The research reported in this thesis investigates the following problems:
1. Characterization of small scale thin-walled tube materials at low and high rates of
strain
2. Construction methodologies of tube core panels
3. Performance and stability of tube core panels subjected to actual blast loads
4. Modelling of the proposed panels and blast loads
5. Influence of tube and top plate geometry on the global response of the pax_lels

6. Determination of accurate design formulae for the blast loading capacity of the

proposed panels

7. Comparative analysis with existing sandwich panel materials
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To address the problems described above, a programme of experimental, numerical and
analytical investigations is undertaken. In an attempt to solve the problems identified
with the proposed sandwich panels under blast loading, the following is included within

the scope of the research:

e Material characterization of annealed mild steel and 6063-T6 aluminium alloy tubes,
and hot rolled mild steel plates, using quasi-static and dynamic testing equipment,

coupled with finite element analysis of tensile tests

e Blast testing on selected test panels, with top plate dimensions 150 mm x 150 mm,
using the ballistic pendulum at the Blast Impact and Survivability Research Unit
(BISRU), University of Cape Town

o Development of numerical models of the panels under blast loading using the
ABAQUS/Explicit nonlinear finite element software

e Numerical parametric study

e Development of simple analytical formulae, for the proposed panels and for alu-
minium foam core panels to predict critical blast loads for a given panel configura-

tion

It must be stressed that the research presented in this thesis is kept as general as possible.
Although the work was initially commissioned with improvements to landmine protection
technology as the primary focus, the research and subsequent results are applicable to

the general field of cladding design under blast loading.

1.3 Thesis Outline

This thesis has the following plan of development:

e Literature Review

— Review of the relevant literature on the crushing use square tubular elements.

— Review of the relevant literature on energy absorbing sandwich structures,

particularly under blast loading.
e Material Characterisation

— Material testing of the panel materials at quasi-static and dynamic strain-rates.
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~ Identification of constitutive material parameters for use in finite element anal-

ysis.
e Numerical Modelling

— Identification of panel design parameters.
— Development of a finite element model of the panels.

— Identification of measures to quantify the performance of the numerically mod-

elled panels.
e Experimental Investigations

— Qutline of panel construction.
— Development of a blast loading rig.

- Details of blast test results and numerical modelling of the experiments.
e Analytical Modelling

— Development of design formulas to predict the proposed panel response under
blast loading.

— Development of design formulas to predict aluminium foam core response un-

der blast loading.

— Comparative analysis of the proposed panels with aluminium foam core panels.
e Design Studies

— Qutline of a numerical parametric design study of panel response to variation

of panel design variables.

— Details of parametric study study results and identification of panel design

variables which influence the response.

# Conclusion and Recommendations

e References



Chapter 2

Literature Review

2.1 Crushing of Thin-Walled Tubes

The literature relating to the axial crushing of thin-walled tubular structures is extensive.
Over the past several decades researchers have studied the energy absorption properties
of circular and square tubes under quasi-static and dynamic loading conditions. These
studies include experimental, theoretical, and computational investigations. This chapter
attempts to give an overview of these studies and describe the state-of-the-art in the field
of tube crushing as energy absorbers. Particular attention is given to dynamic loading of

metallic square tubes.

The significant interest in the energy absorption properties of thin-walled stems primarily
from the transportation industry. In crash and impact scenarios, kinetic energy must be
dissipated to maintain structural integrity and hence ensure passenger safety. As will
be discussed in this chapter, tubular structures are desirable for these purposes. An
ideal energy absorber is one where the stroke length, in this case, the crush distance, is
maximized while maintaining nearly constant force levels. Under most circumstances,

thin walled metallic tubes display these qualities.

The pioneering work in this field is traced back to Pugsley and Macauley [9] and Alexan-
der [10]. Since these works were published significant progress has been made in char-
acterising the crushing process in thin walled tubes. Recent literature review papers on
the behaviour of energy absorbing devices have been published by Alghamdi [11], and
Jones [12].
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2.1.1 DBuckling Modes

LE RTINS CONQUCTHT an .]'li'l'l—‘[';"."! & A10es ave TeR1Te i!’l 1rea '!II’ET‘!'IH.I"‘.' MICEITT
Ex) t Jucted on t lled tubes h lted in theee | v buckling

muoeles, The modes are:

1. Luler {alobal huekling
2. Propgressive buckling
4. Drvnamie plastic buckling

The mode in which a tube buckles is an active area of research and depends on a number

of factors zuch a2 cross-sectional seometry, tube lensth, material properties and loading.

(b {c)

Ficure 2.1 (a) Photesraph of a sguare alnminien Gube onder Euler buekling, [13] (b)
Photograph of asguare aluminiun Dube mder progeessive bucsling. 13 (e) Photograph
of evlindrical alnirien tube noder dsuamic plastic buckling. [14|

2.1.1.1  Eualer Buckling

Fauler. or global buckling is characterized by the formation of a stngle plastic hinge in the
tube. As the tube continues to collapse. the tube folds over on itself. Global buckling
of 8 square alupinium tube i shown in ghe photograph of Fig. 2.1 130 The foree-
deflection encve of Ltube which buckles globally will have a form simtlar to that shown
in Fig. 2.2a [13]. Sinee the dissipated enerey is Uhe arca nunder this enrve, vhis buckling

made is hishly undesirable,
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Figure 2.2: (a) Plot of a typical force-deflection curve for a tube under Euler buckling.
[13]. (b) Plot of a typical force-deflection curve for a tube under progressive buckling. [13]

2.1.1.2 Progressive Buckling

Unlike global buckling, progressive buckling is characterised by a sequence of localised
folding events. If a quasi-static or dynamic load is applied to a tube member such that
the tube yields, its load carrying capacity decreases (Fig. 2.2a) [13]. Under progressive
buckling, the load decreases to a local minimum and then begins to increase again until
the creation of another fold. This process may repeat while the load oscillates about
the mean buckling load as shown by the example in Fig. 2.2b [13]. An example of the
resulting crushing pattern from such a load-deflection curve is given in Fig. 2.1b. Each
pair of peaks and valleys of the force deflection curve is associated with a lobe in the
crumpled tube. The size and number of lobes formed is primarily a function of the tube
geometry. Comprehensive theoretical descriptions of the crumpling process have been
published by Jones [14], Johnson et al. [15], and Wierzbicki and Abramowicz [16].

Lobe formation under progressive buckling can be classified into several modes. Jones
[14] has identified two crush modes for circular tubes. The first is an axisymmetric,
or concertina mode where ring shaped lobes form down the length of the tube. The
second mode is the non-axisymmetric diamond mode. Theoretical methods have shown
that thicker tubes (r/h < 40 — 45, where r and h are the tube radius and thickness

respectively) deform axisymmetrically, while thinner tubes buckle in diamond mode.

Of more relevant interest to the present work is the deformation modes of square tubes.
Abramowicz and Jones [17] theoretically predicted four crush modes and confirmed this

behaviour experimentally. The modes are described as

1. Symmetric mode. Square tubes crushing in this mode deform in one of three

ways within each layer and each layer deforms similarly along the length of the
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tube. Firstly, two opposite lobes move outward, while the other two move inward.
Secondly, three lobes can move inward while the other moves outward. Finally, all

lobes within a layer can move inward.

2. Asymmetric mixed collapse mode A. In this crushing mode, the tube buckles
with a combination of symmetric layers and layers with three lobes moving outwards

and one inwards.

3. Asymmetric mixed collapse mode B. In this crushing mode, the tube buckles
with a combination of symmetric layers and layers with two adjacent lobes deform-

ing outwards and the other two lobes deforming inwards.

4. Extensional mode. In this mode, all lobes within a layer move outward.

2.1.1.3 Dynamic Plastic Buckling

When a tube is subject to quasi-static loading, longitudinal and radial inertia effects
are insignificant in the buckling process. Under certain high-velocity loading conditions,
dynamic plastic buckling may occur instead of dynamic progressive buckling. Dynamic
plastic buckling is characterized by an initial wrinkling with sustained plastic flow along
the tube length as shown in Fig. 2.1c [12]. Until recently, the perception among re-
searchers was that dynamic plastic buckling is a phenomenon associated only with high
velocity impacts. Karagiozova [18] has disproved this however, and found that sustained

axial plastic flow can occur at lower velocities for high density, ductile materials.

Karagiozova and Jones [19] developed a discrete model to numerically investigate stress
wave propagation effects on dynamic buckling in cylindrical tubes. These same authors,
in another study [20] on the influence of stress waves found that cylindrical shells made
of strain-rate sensitive material will undergo dynamic progressive buckling, due to initial
strain localisation, under high velocity impact. For rate insensitive materials, the develop-
ment of dynamic plastic buckling is governed by the inertia properties of the cylindrical
shell. Karagiozova and Jones [21] and Karagiozova et al. [22] investigated further the
dynamic effects on elastic-plastic buckling in cylindrical tubes and found the initiation
of dynamic plastic buckling to be highly sensitive to loading parameters and material
properties, particularly the hardening modulus. The influence of axial and lateral inertia
effects in the dynamic buckling of square tubes was examined by Karagiozova [23], and
Karagiozova and Jones [24]. The authors found that geometrically equivaient circular
and square tubes under the same loading may show different buckling behaviour. Faster
axial plastic stress wave propagation in the square tubes resulted in dynamic plastic
buckling whereas the equivalent circular tube buckles progressively. The dependence of

plastic wave speeds on the stress state for square and circular tubes is given in Figs.2.3a
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and 2.3b respectively. Figure 2.3c gives the variation in plastic wave speed for different
hardening ratios. Other works of note are from Karagiozova and Jones [25] where the
authors investigated the phenomenon using a multi-degree of freedom spring mass model.
Although not directly related to dynamic buckling of tubes, Harrigan et al. [26] examined

inertia effects on tube inversion and the dynamic crushing of aluminium honeycomb.

0 T ' 7 T 1
000 001 002 003 004 008
hardening ratio,

Gyx/Go 6/

(a) (b) {c)

Figure 2.3: (a) Example of a stress state variation for a square tube. (b) Example of
a stress state variation for a circular tube. (c) Plot of variation in plastic wave speed
between square and circular tubes as a function of the hardening ratio. [24]

2.1.2 Buckling Transition

For any energy absorbing protective structure, ensuring the ideal collapse mode is im-
portant. In the context of tube crushing, this implies understanding why tubes buckle
globally instead of progressively. The transition from global to progressive buckling mode
under static and dynamic loading is an active area of research. The first dedicated study
on this subject appears to be from Andrews ef al. [27]. In this study, the authors con-
structed a classification chart, using experimental tests that describes the relationship
between tube length and thickness to the bucking modes for cylindrical aluminium tubes
described in the previous section. They found that Euler buckling was more likely to
occur in thick tubes with large slenderness ratios. Korneck [28] investigated the effect
of square tube dimensions on buckling mode and found similar results to Andrews et
al [27]. This transition was studied Abramowicz and Jones [29] for circular and square
steel tubes with various cross sections and lengths. This study found significantly lower
critical lengths for thick cylindrical tubes than the results of Andrews et al. {27]. This
may be due however, to the difference in strain-hardening of the steel (as opposed to
aluminium) used in Abramowicz and Jones [29]. The transition classification diagram for
square tubes under quasi-static and dynamic loading, determined by this study is given

in Figs. 2.4a and Figs. 2.4b respectively. In this figure, Eq. (29) refers to an empirically
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Figure 2.4: [ progressive buckling; () transition from progressive collapse to global
bending; V global bending. (a) Buckling mode maps under quasi-static loading. (b)
Buckling mode maps under dynamic loading. [29]

derived formula for the critical length under dynamic loading and is given here by

(£> - 2.435¢(005%) (2.1)

C
where L and C are the length and width of the tube respectively, and ¢ is the wall thickness
of the tube. In general the value of (é—)cr which marks the transition from progressive to
global buckling for a given thickness was found to be larger under dynamic loading than
for quasi-static loading. Abramowicz and Jones [29] also found a third distinct mode
under dynamic loading whereby the the tube would begin to buckle progressively and

then revert to global bucking or vice versa.

Jensen et al. [13,30] studied buckling transition in square aluminium tubes for various
cross sections and impact velocities. The collapse modes for various aspect ratios with
impact velocities of 13 m/s and 20 m/s are given in Figs. 2.5a and 2.5b respectively. It
must be noted that Jensen et al. [13,30] define the tube width as b and the thickness
as h which is not consistent with Abramowicz and Jones [29]. The results clearly show
a large dependence on impact velocity. At quasi-static and impact velocities up to 13
m/s the critical global slenderness (L/b) was found to be an increasing function of the
cross-sectional slenderness (b/h). The same function was found to be decreasing however

for for impact velocities of 20 m/s.

This behaviour was further confirmed experimentally and numerically by Karagiozova and
Alves [31]. This study also highlighted the importance of material properties, particularly
strain hardening, coupled with inertia effects when characterising buckling' transition.
The authors found that materials with high yield stress and low strain hardening perform
better than materials with a low yield stress and high strain hardening. This also implies
however that using a single, averaged yield stress in theoretical analysis may not be

suitable. Karagiozova and Alves [32] also conducted a theoretical analysis of buckling
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Figure 2.5: (a) Buckling classification diagram with an impact velocity of 13 m/s. (b)
Buckling classification diagram with an impact velocity of 20 m/s. [13]

transition as a follow on study.

Kim et al. [33] examined the effects of varying the cross section for aluminium extruded
tubes. Although the focus of the study was not the transition from progressive to global
buckling, the authors found that smaller thickness to width ratios led to a progressive
mode. The number of folds decreased with increased thickness which caused global
buckling to occur. This study, along with Kim and Lee [34] also found that symmetric
folds tended to occur in the thicker specimens as opposed to asymmetric folds in the
thinner tubes. Guillow et al. [35] studied buckling transition for 6060 — 75 aluminium
circular tubes including the construction of a mode classification diagram in terms of
diameter to thickness ratio and length to diameter ratio. The diagram is not shown for
the sake of brevity. Also of limited interest, is the study conducted by Teramota and

Alves [36] in which the buckling transition of axially impacted open shells is investigated.

2.1.3 Material Properties and Geometric Imperfections

2.1.3.1 Annealing

As discussed in the previous sections, material properties such as yield and strain hard-
ening can have significant influence on the dynamic buckling properties of metallic tubes.
The process of annealing involves subjecting the metal to large temperatures for an spec-
ified period of time to increase ductility and remove residual stresses. The influence of
this process has received limited attention in the literature. Gupta and Gupta [37] and
Gupta [38,39] reported effects of annealing for aluminium and mild steel circular tubes.
The authors found that for aluminium tubes of diameter to thickness ratios (D/t) be-

tween 10 and 40, the work hardened as-received tubes folded in diamond mode whereas
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the annealed inbes deformed sxisvmnd rieaZlv, Sieel tibes, oo ihe ilier hand deformed
M an axisvmmeitie mode in ihoir ss-received state and in diamond mode when annealed

as shown in Fig. 260

{a) (C}

Figure 2.6 (a) Plot of finee defrmation enrve [or a cireular steel tabe, post and pre
annealing. [37] (b) Collapse modes for a cirenlar stecl Lube, post and pre {froin lelt To
right} anmealing, (37 (¢} Fragmentaiion mode of o ntitle wetal fnbe [40]

The ehanee in microstrueture from the annealing process influences more than st the
huckling shape. Che foreedisplacenient curve, and iherefore the enerpgy absorption in
the tubes iy highly modified as shown in Fig. 260 Fartber to ths, brittle wetals may
b wibject io fraciure and petalling under some loading conditions. Fig, 2.6¢ plves an
cxample of 4 petaled tube made from a brittle metal. This fearing 15 ol inereasing concern

il the tube 18 already damaged or has dueed imperfeciions.

2.1.3.2 Geometric Imperfections

Examuinalion of the forge-displacement dingram for a tube under axial compression (o
Fig. 2.2 clearly shows that the foree required to ereate the frst lobe is nmch hipher
than [or subseqguend lobes in most cases, If this foree is too large 1n a praciical protection
syatetr, the clastie limit of the protected structure may be compromised. Purthor to $his,
{hese larse peaks also imply large decelerations whick may enler unsafe linits, Ideally,

{he deceleration is a constant fanction of {ine throaghont $he stroke,

In order to overcomw Lhese large peak forees, *he tubes bave an indueed fmperfection.
often called atrigper, built into the siruciure. These triggers are most often indentat ions,
arooves, or circwlar cut-outs placed in the shell wall. Indiueed perfections zot only
Lave the effeot of lowering the initial peak force. but also influencing the buckiing mode,
Firstlv, the formaiion of the the first lobe tends to follow the shape of inifial indentations
[41-43 . Cireular cutouts allow for the adjinstinent of the effective dimensions of the Lube
[37, 1,43, 44]. The invesiigations of these researchers have shown that the approprisie
mnelusion of imperfections can lead to oroegressive mekling where Fuler buckling wouled

ocoilr in the hon-irigzered tube,
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Clne wethod of introducing e geametric impertection i a Lube is Wo guasi-statically pre-
buckle the tabe, Langserh ot ol [42] performed a zevies of experimoents an pre-bnekled
fubes, 1o this sty the author investigated square tubes of lewsth 80 mm with wall
thickoesses of L8 2.3 mm. As expected, 1he peak load was found o be reduced by

ineluding a pre-towkle with the amplitude of the pre-buckle controlling this reduction.
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Flgure 2.7: (a) Plot of peak buckiing load ns a funetion of dent depth for waricus eviindri-
cal paralel indenters and for hemnispherical indenters. (b) Photographs of buckling rode
shapes resulting from hemispherical indentacions of varions depthe. () Plot ol peak
Iackling load as function ol hole dinmeser for cirenlar entous trigeers, (d) Photosraphs
of buckling mode shapes vesulting from cirauar entout triggers, [41]

Similar to pre-buckling, the nse of opposing indentutions can reduce the peak load and
prove buckling behaviour. Marshall and Nusdek 11 and Marshall [45 investigated such
imperlections under gquasi-static loading, In Marshall and Nurick 11| epposing parallel
indentations ereatid using evlindrical indenters, The tubes exarnined in the study were
BULE mn wide and 300 mm with a thickness of 1.2 mm. The evlindrical indenters had
eliatmezers ranging fromn 2 mm - 50 mm. The indentation depth ranzeed from 3 mun - 132
st The authers foured that that diameter of the indenter did not significant’v influetce
the ultitase buekling load. The ultimate bucking load did decrease with increasing
indentation depth as shown in Fis, 27a. Furcher to $his reduetion in buckling load is
tne elfect o lobe size. The size of the first lobe was found to inerease with inereasing
indentation depth. This trend can be ssen in ¥lg 2,70, Dished indentations ereated using

a hemispherical indentor were alse investigated n this study. The reduetion in huckling
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load was found to be less profound than for the parallel indentations. As with parallel
indentations, the size of the first lobe increased with increasing dent depth, however
the effect was more pronounced due to opposite sides of the tubes coming in contact.
Fig. 2.7b shows the resulting buckling modes for tubes with hemispherical indenters at
various indentation depth. It is clear from the figure that buckling stability is reduced

with increasing indentation depth.

In the same study, the use of opposing holes was investigated. Several tests were per-
formed with hole sizes ranging from 16 mm - 38 mm. Significant reduction in peak
buckling load was observed with increasing hole size as shown in Fig. 2.7c. Linear regres-
sion revealed that for the given tubes, hole sizes less than 10.5 mm would not influence
the peak buckling load. The size of the first lobe was found to decrease with increasing
hole size. At larger hole sizes, the buckling became skew with tearing occurring in some
specimens. Fig. 2.7b shows this result. Nannuci et al. [46] numerically modelled the
tests of Marshall and Nurick {45] and obtained reasonable correlation with experiments.
Gupta and Gupta [37] also investigated the influence of circular holes, however using
circular tubes. In this study, single pairs of opposite holes are studied as well as two
and three pairs of opposing holes. Further to this, the use of 3 and 4 opposing holes in
a cross-sectional plane is investigated. In general, the authors found that deformation
began at the holes and that the length where Euler buckling occurs is increased with the

inclusion of holes.

Surko [43] studied the influence of circular holes on the buckling strength of box columns.
The tubes under question had dimension 140 mm x 140 mm with a thickness of approxi-
mately 1.6 mm. This study, along with Meng et al. {47], utilized von Karman'’s postulate
of effective plate width to calculate the buckling load of square tubes. The von Karmann

effective width of structural plating is given by Surko [43] as

he = 1.9t4 g— (2.2)
Oy

where t is the plate thickness, E is the Young’s modulus, an oy is the yield stress of plate

material. This implies that if the circular hole diameter ¢ is smaller than
6<C—he (2.3)

where (' is the outer tube width, then the hole will have no effect on the buckling

characteristics of the tube. Marshall and Nurick [41] gives a more general form of the
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effective plate width as

B 2t g

e = ——
V120 =)\ oy

where p is the poisson ratio, E is the elastic modulus and oy is the initial yield stress.

(2.4)

With a poisson ratio of u = 0.3, Eq. (2.4) reduces to Eq. (2.2). For the tube dimensions
and material used in Marshall and Nurick [41], the effective tube width exceeds the
actual tube width implying that a hole of any diameter will reduce the buckling load.
The authors found however, experimentally, holes of diameter less than 10.5 mm showed
no appreciable decrease in buckling load. The authors contribute this discrepéncy to the

extra loading bearing capacity of the tube edges.

Lee et al. [48] numerically and experimentally investigated the effect of trigger dents
on the quasi-static energy absorption of square tubes. The authors examined various
configurations of full-dent and half-dent triggers as shown in Fig. 2.8. The tubes are
constructed of aluminium and have a length of 300 mm with a width of 50 mm and a
thickness of 2 mm. Computer simulations and compressive tests correlated well. The
results showed that dents located at the pre-determined folding sites, energy absorption
was improved. Global bending occurred however if the triggers were placed independently
of the folding location. The use of half-dent indenters resulted in the same number of
folds as the full-dented tubes, however force levels were higher which increased the total

energy absorption.

iy
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(a) (b)

Figure 2.8: Schematics of full dent (a) and half dent triggers (b) in square tubes as
investigated by Lee et al. [48].
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2.1.4 Foam and loneycomb Filled Scctions

As will be shown in section 6.6, the energy absorphion properties of alnmininm [oam are
of significant interest In the present study. Alumaninm foam 1= an aliraclive caotce for
an absorber due to the high mass efficieney and comprossion eaaracberistios. Specilically,
the foams show the cnarseteriztios of an ideal absorber o Laar the compressive [oree is
neatrly constant throughout the crushing process. A dypies] [orce-displacement. curve [or

alumininm foam s given i Fig. 2.9a [49]. As ean be seen [romn B, 2.9, coder ani-axial
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Figure 2.9; (a) Plot of typical alumirium foam materiai properties, |50] (b) Plot of
Lypical interaction elecis of alumitium foam filied tubes, [51

compression, alumivinm foams nave a distinet platean of nearly coustact stress oy, up Lo
the point of compaction. This platean stross inereases wich imcreased [oam densily walch
% aiso snown in Fig. 2% Purther to this, the platean stress lnereases with increasing

impact velocity., This plateau stress typicaliy oceurs up to slrain valnes of 70— 80%.

Although Lhe ahumnininm foam s desicable as a sandwics core material in plate structires,
it ean also be used as parl of o melallic tube structure to iImprove energy absorption. This
car: be accompiished by filling a circular or square tube with the foam material. Purthor
to this, bitulmal elements may alse be nsed which have outer and jnmer profiles with foar
filler in between. The purpose of this 15 to provide an interaction effect whorehy the Lnbe
and the foam are & more efficient absorber than each component alone. Fig. 2.9h [32]
gives an exampie of such coupling between the tube and the foam. It is clear that the
cruzh foree, and hence eneray absorption of the fozm hlled column is significantly bizaer

taroughout the stroke than either the tube or foam alone,

Scitzherger of al |53 experimentally and munerically stadied the axial compressior of
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square and circular steel tubes with aluminium foam filler. The foam densities varied
between pr = 0.47 — 0.7 g/cm?’. Interaction effects between the foam and steel wall
increased energy absorption in square tubes by up to 60 % provided progressive buckling
occurred. High foam densities tended to initiate global modes, primarily in circular
tubes. Seitzberger et al. [54] studied monotubal and bitubal steel tubes with various
cross sections with aluminium foam filler. The authors found that interaction effects
between the foam core and tube wall improved mass efficiency substantially. Specifically,
the authors found that more than a third of mean force level was attributed to interaction
effects. The total energy absorbing capacity of foam filled elements was found to not
be increased so dramatically however. The inclusion of aluminium foam reduces the
total crush distance and hence the stroke efficiency (ratio of crush distance to element
length). The specific energy(the ratio of energy absorbed to absorber mass) was found
to increase by up to 60 % over the tube structure alone. The crushing mode was found
to vary considerably between foam filled and not foam filled sections. Figs. 2.10a-c [54]
gives examples of square tubes with and without foam filler. The reduction in stroke
efficiency when including foam is clear from this figure. The experimentally obtained
force-displacement curves corresponding to empty, foam fillied, and bitubual tubes are
shown in Fig. 2.10d. In Fig. 2.10d, curves denoted by SE refer to empty columns, SM
refers to monotubal foam filled tubes and SB refers to bitubal foam filled tubes. Larger
crush forces are observed with foam filled tubes however the stroke of the absorber is
reduced due to an increased distance between the lobes. Higher foam densities tended
to result in increased global bending, as opposed to progressive folding with an optimal
foam density of 0.3 — 0.6 g/cm?®. Bitubal (Fig. 2.10c) foam filled elements also appeared
to provide increased specific energy over monotubal foam filled elements provided global

bending is avoided.

Sanstosa and Wierzbicki [55] experimentally and numerically investigated the effect of
including aluminium foam or honeycomb in prismatic columns on bending performance.
The authors found bending resistance to be significantly increased by including the
lightweight filler, particularly if the filler is properly bonded to the column wall. Further
to this, bending resistance is improved using the lightweight filler as opposed to using
a thicker tube wall. Hanssen et al. [56] experimentally and analytically investigated the
bending performance of aluminium foam filled extrusions. They found that the foam
filler increased the peak load and this peak load was limited by the tensile failure strain
of the foam core. After failure in the core, the bending moment in the beam decreased
but this decrease was independent of the aluminium foam density. Bending performance
was also investigated by Shahbeyk et al. [57]. The authors also found improved energy
absorption by including the foam filler and determined the foam to be more mass efficient

than increasing the tube thickness.
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L ozl [M]

Dreplacerment [mm)
(d)
Fignure 2.10: {a) Pholopraph of ancemply progressively bucklod scaare tube under quasi-
satic compression,  (b) Photogaph of a fatn filled (g = 043 giewt?) proaressively
buckled square tithe nnder quasi-static compression, {e) Photograph of a hitubal foam
flled [y = 0.59 g/em®) progressively buckled sgnaze tnhe nuder grasi-static compression,
(d) Plat of force-displacement curves for empty, and monatubal and bitubal foam flled
Lithes under quasi-=1atie compression. [54]

Sauteea and Wierzbicki [38%] numerically investigated the crush beliavionr of foam flled
columng. The study fonud Lhat aboaiwion honeyeomb flling 15 more weighl efficient
than alnminimmn foam. This may however, be due o the aiditectional loading uzed in
the stidv. The suthors coustricted simple ovtnolae for the quasi-static mean crushing

load F. of houeveomb sad loatn flled sections respectively as
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where og is the effective plastic flow stress, ¢ is the tube wall thickness, b is the column
width, oy, is the crushing strength of the honeycomb and oy is the crush strength of the

aluminium foam. The value of oy, is given as

on = 3.2200(pn/ps)*" (2.7)

where, in terms of Eq. (2.7), oy is the plastic flow stress of honeycombs cell wall, p;, is
the mass density of the honeycomb while p, is the mass density of the solid material. The

value of o; is

o¢ = oo(pt/ps) " | (2.8)

Langseth et al. [59] and Hanssen et al. [49-52, 60] have conducted extensive numerical
and experimental studies on aluminium extrusions filled with aluminium foam. Hanssen
et al. [49] experimentally studied the static crushing of such tubes and developed simple
formulae and design rules to describe the interaction effects between the tube and the
foam. The formula for the mean crush force F,, developed in [49] as presented by Hanssen
et al. [52] is

F = 13.0600b, %15/ + 03b% + Cavg\/Tt00bmt (2.9)

where by, = b — 1, by = b — 2t, and O, is the interaction constant which is taken as
5.0 in Hanssen et al. [49]. The remaining variables are the same as those in Eq. (2.6).
This additive formula is composed of three parts. The first term is the mean force
from the tube only, the second term is for the foam only, and the final term models
the interaction effect. The effects of dynamic loading on circular foam filled tubes with
triggers is investigated by Hanssen et al. [50] where a design formula similar to Eq. (2.9)
is proposed. Static and dynamic loading of square foam filled tubes with triggers was
investigated experimentally by Hanssen et al. [51] with the primary purpose of developing
design formulae under dynamic conditions. The authors found the crush force to to very
insensitive to velocity. The aluminium foam is rate insensitive and thus increases in force
levels are attributed to inertia effects in the tube walls. This is reflected in the resulting
design formula under dynamic loading differing from Eq. (2.9) only in the first term to

amplify the contribution of the tube wall in the total mean crush force.

A desirable characteristic of aluminium foam is that it maintains it’s absorptioﬁ capabil-
ities when loaded in various directions. The foam must be considered to be anisotropic
however, due to the manufacturing process [61]. Despite the anisotropic behaviour, tube
structures that have aluminium foam filler should clearly maintain energy absorbing prop-

erties when the loading is oblique. Borvik et al. [61] investigated circular foam filled tubes
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under oblique quasi-static loading angles of 0,4,15 and 30 degrees. The authors found
the influence of load angle to be significant. Specifically, large reductions in peak force
and energy absorption were observed with increasing load angle with a more pronounced
effect for foam filled tubes. Interestingly, the specific energy was found to be increased
in the foam filled extrusions under axial loading but was lower than the empty sections
under oblique loading. LS-DYNA simulations were carried out and showed good agree-
ment with the experiments. Reyes et al. [62] conducted a similar study using square
aluminium tubes with aluminium foam filler. The general observations were that under
oblique loading, it is preferable to use an empty tube with a thicker wall than to have a
thinner wall and use a foam filler, given approximately equal mass. This applies to most
performance measures except for peak force which is lower when using a foam filler over
a thicker tube. Also of note, Reyes et al. [63] studied the oblique loading of non-foam
filled square aluminium columns. As expected the authors found a significant drop in

performance even with a small loading angle.

In the studies by Borvik et al. [61] and Reyes et al. [62] acknowledge that the apparent
inefficiencies could be overcome through optimization of parameters such as tube geom-
etry and foam density could improve results. A mass optimization study was carried out
by Hanssen ef al. [52] to investigate if mass improvements can be expected using a foam
filler. The authors used established design formulae to present a graphical optimization
method based on cross-sections of the design space. The design variables were the foam
plateau stress, column wall strength, column width, column thickness, and tube length.
The study determined that mass savings could be obtained when using a foam filler
subject to several prescribed constrains on the design variables and structural response.
These results are highly dependent on the foam quality (the plateau stress as a function

of density) which are likely to increase as the manufacturing process improves.

A recent study was conducted by Wang et al. [64] where top hat sections were filled
and partially filled with aluminium foam. The authors found that using partially filled
tubes showed the best performance in terms of peak load, specific energy and structural
stability. Other recent work is by Shahbeyk et al. [65] in which a complete numerical
study of foam filled columns under dynamic axial loading is given with an emphasis on

the extension of the Desphande and Fleck [66] constitutive model for aluminium foam.
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Karagiozova et al. [8]. An expression for the dissipated energy during the initial com-
pression phase was developed for circular shells. Figs. 2.12a,b give the attached mass
velocity characteristics for a circular tube [8]. The velocity at the proximal end of the

tube as a function of time is given by

A
V=V- %t (2.10)

where G is the attached mass, A is the cross sectional tube area, oo = oy + E,Vyt (oy
and F), are the yield stress and hardening modulus respectively), and V5 = I/G. The
time t = ¢* is the time where the initial compression phase ends. This occurs at the
intersection of the proximal end velocity curve due to plastic hinge rotation (Vi) with
the proximal end velocity. The expression for V) is determined analytically but is not

reported here. The energy at the end of the compression phase is therefore
T.=G[Vy V()] /2 (2.11)

A relatively accurate crush distance formuala is then given by the authors as

TO 31/4

0= (To — T.) 2(xh 23R 2q, [1 + (Vo JARD) 3]

(2.12)

Fig. 2.12c shows the analytically predicted crush distance using the classical models and
using Eq. (2.12). The results show significant improvement when compared to numerical
results using ABAQUS/Explicit. This result is significant for this thesis as it indicates
that under blast loading, compression energy during the initial phase of buckling may be

significant when analytically modelling the panels.

2.1.6 Analytical Models

Although numerical and experimental methods can provide good understanding of the
crushing mechanism of circular and square tubes, theoretical studies can improve upon
this understanding. Further to this, the development of closed form solutions can provide
useful tools for the efficient calculation of such parameters as mean crush force and crush
distance. This can also be invaluable if analytical optimization of the structure is required.
This section discusses some of the analytical models and results regarding square and
circular tubes conducted by researchers. Attention is primarily given to square tubes
as this relates to the proposed study, however the axisymmetry of circular tubes makes

theoretical analysis easier.

In the most general sense, there are two distinct types of plastically deforming structures.
These were first identified by Calladine and English [67] and later expanded by Tam and
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Calladine [68 . These struetures are characterized by their load-deflection curves, Fig,
2,13 [69] gives examples of force-displacerient, curves for the 4w 1y pes which are denoted

as type L and type 1L

* y 11, )
Tope | i P LI
E: II'IIIII I'_I' = :'H
7V -
i el % %Af % / .‘é
(a) ib)

Figure 2.13: (a) Plot of wad-deflection eneves for the two types of generie stoictures.
(b) A one-ditensional spring-1uass wwwlel for a patr ol pre-bent plates under jmpact
londing. |64

As can be seen, tvpe I structures harden and exhibit a Hat-topped Load-deflectinn curve.
Suck structures include transversely loaded beatns or radially loaded rings. Type 11
slructures on the olher hand, have an initiad peak elowed by structural softening as the
deflection increases. Axial buckling columms and tubes exlibit suck bhebaviour. Gao ef

al. [69, 7] theoretically and nmmerically investigate such stmetures,

2.1.6.1 Mean Static Crush Load

There has boen a reasanable number of 2tudies conduciod on analytically charactorizing
the erushing mechanisms and energy abzorption. As the delormaion o the folding of
sipuare Lubes 1s o complex proeess, rescarchers have attempted 1o sobve the tube crushing
problem by modelling a serles of basie elements, Onee the absorption properties of the
clerent are Identifiod, the erusling boliaviour of an entire tube can be approxioated by
combining these clerents. Wiersbicki and Abramowics [16] introduced the basie element
shown o Fig. 2.14u [17] which models one quarter of a squace fube. This is known as
a typir 1 eollapse element and models symmetric collapse (section 2.1.1.2). A type 1 13
shown in Fig. 2.14b [17] which models extensional eollapse modes, The riixed modes
descibed in zection 2.1.1.2 can be modelled by using corabinations of type 1 and type
I elemnents to create o cormpoete lobe, These eloments cottain fixed horizontal plastic
hinge: and inelined plastic hinges, Clearly, as the clememt deformsz plastie deforrion
15 conlined to these hinges, This iz not realistic however as the fravelling hinges will

propagate plastic delormations, A more realistie and kinematically admissible element
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is shown o Fig, 2.04e 16 With this element, plastic deformation ogeurs in the shaded

resions, The dat rrapesoidal replons are comnected by a toroldal she |

fel

Figure 2.14: Schematic of the basic folding clemnents used in theoretical analvsiz of Lhe
crushing of square tubes, (a) Type [ elemen, [17 (b) Type ITelement. [17] () Imptoved
tvpe [ element with plastic defomarion sones, [16]

The previously deseribed folding clements allow for analytical stadies on the eneray ab-
sorhing properties of Lubes under axtal erushing while maintaining kincematic constraints.
Irom this, design formulae can be obrained which approximate the trize behaviour ol
sguare tubes, Of particular interest iz the wmesn crushing fotee £, Lhe iotetnal en-
erey absorption in each element can beesaloulated. ineleding thae of the toroidal shell
element and equated to the externaliwork Lo obtain an expression [or the mean crush
force. Wierzhicki and Abramowiez (16 developed a formuda [or & tube collapsing in a

symrietric mode by cambining fowr tvpe I elements and is given v

FE N3
To=3812 | - (2,13
_ﬂi'.fu ( f ) X }
where
1 5
k= :i”t]h' {2.14}

and oy is the vield stress of the material, & 13 the tube wall thickuess. wnd €' is the
tube width, Abtamowlcs and Jones 17 developed futther formnlae fot mived maode
and cxtenzional collapze. For asymmetric mixed mode A, two layers are nsed which are
composed of six tvpe 1 and two lvpe 11 elements, Equating external wotrk to intetnal

work gives

PA A -: g j
= 3508 (C—) — 244 (T\ "

M, h By T

(2.13]

Similarly, [or asymrnetric mixed mode B, seven type I and one tyvpe 11 elements are used



CHAPTER 2. LITERATURE REVIEW 27

resulting in

pB C\3 o\? «
3o = 3534 (E) +1.354 (E) +37 (2.16)

(£ 18

And finally for extensional collapse mode

m Tl — -+ 27 2.17

The limitation of these formulae is that they assume that elements completely flatten
during crushing which is clearly an idealization. Abramowicz and Jones [17] extended
the previously described model by including the effective crushing distance. The authors
expressed the effective crushing for symmetric crushing (J;) as

0s

where 2H is the height of the folding element. Similarly for both mixed mode and

extensional modes the effective crush distance is

O
—0. 1
57 =077 (2.19)

Improved design formulae for the mean crush crush force which are denoted as P, can
be obtained by assuming P,6 = F,2H for each of the modes using Egs. (2.13)-(2.17).
This implies the external work is the same, however the internal dissipation occurs over
a distance § < 2H which implies a larger mean crush force. This leads to an updated

expression for the mean crushing load under symmetric collapse mode as

=g %
Z—fz = 52.22 (%) (2.20)

Similarly expressions for the mean crush load under asmmyetric mode A and B are given

respectively as

FA C
Im o g9 d
M, 292(h>

i
o

+3.17 (%) +2.04 (2.21)

and

1 2
3
—2 = 45.90 (%) ’ +1.75 (%) +1.02 (2.22)
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and finally, under extensional mode the mean crush load is given as

FE C\?
m 39642 481 2.23
My O (h) 816 (2.23)

2.1.6.2 Mean Dynamic Crush Load

Of primary interest in the present study is the how the mean static crushing load scales
under dynamic loading. Strain rate sensitive material will show an increase in plastic
flow stress at higher strain rates. This implies that the mean crushing load will increase

under dynamic loading.

The most commonly used strain rate model was suggested by Cowper and Symonds and

is given as

1

g4 £\ ¢
—=14+{= 2.24
2 { (3) } (224
where o4 is the dynamic yield stress at the plastic strain rate €, o, is the static yield
stress and D and ¢ are material parameters. Commonly used values for D) and q are
40.4 st and 5 respectively [14]. This model is discussed further in section 3.5. Under the

assumption that the cross sectional area of the tube remains constant under progressive

buckling, the dynamic crush load P& to the static load Pt is simply

1+ (-g-) } (2.25)

In order to use this scaling factor, the mean strain rate ¢ must be expressed in terms of

den

m

st
P

the impact parameters, specifically the dimensions of the square tube and impact velocity.

Abramowicz and Jones [17] determined that for symmetric buckling

: Vo
=0.332 2.2
€ =033 (2.26)

-where Vj is the initial impact velocity. Therefore, for progressive symmetric buckling

Fayn C\3s £\ e
m 5099 (2 £ 2
= 52 2<h> [1+(D> } )

Abramowicz and Jones [17] also found similar expressions for the mean strain rate under

asymmetric mixed modes A and B. It is then straight forward to modify Eqgs. 2.21 and

2.22 to incude strain rate effects.
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2.1.7 Optimization

The proposed structure in this thesis is controlled by several design variables which af-
fects the performance under blast loads. For this reason it is ideal for optimization of
the design parameters. Structural optimization is well researched field however nearly all
studies investigate the elastic response of structures under static loading. Most optimiza-
tion methods require several finite element simulations which limits the practical use of
structural optimization for non-linear responses such as those to blast loads. Recently
however, researchers have conducted structural optimization of tube structures in order

to improve their crashworthiness properties.

Yamazaki and Han [71] maximized the energy absorption of circular tubes under dynamic
loading. The authors optimised the wall thickness and shell radius while keeping the mass
of the tube fixed at 0.53 kg. The objective function was taken as the energy absorbed by
the tube before bottoming out when impacting a rigid wall at 10 m/s. Constraints were

placed on the design variables as well as on the mean crushing force.

In the study, the authors deal with the efficiency problems inherent to impact problems
by using the Response Surface Methodology (RSM). In traditional optimization, the
objective function, in this case energy absorption, must be evaluated by conducting a
finite element analysis. Therefore simply evaluating this function may take several hours.
Using the RSM, the objective function (and possibly constraints based on structural
response) is approximated using some analytical function, normally a polynomial. The
surface is created using selected number of finite element analysis. Once this approximate
surface is created, the optimization algorithm can seek the optimum solution based on
this surface. Once the optimum solution is found based on the surface, the accuracy of
the solution at this point is compared to the finite element solution. If the accuracy is
not within a predefined tolerance, the response surface is reconstructed and the process
begins again. Forsberg and Nilsson [72] and Jansson et al. [73] provide overviews of
the use of response surfaces in crashworthiness applications. Redhe et al. [74] compare
the performance of response surface based optimization and stochastic optimization in

crashworthiness applications.

In Yamazaki and Han [71], the response surface is constructed in an efficient way using the
Design-of-Experiment technique. This is a technique based on statistical theory where
the response of the structure can be determined extremely accurately without conducting
a full factorial design. A factorial design is one where all combinations of design variables
are examined and the resulting response is determined. For example, if the optimization
study has four design variables which each have three examined values then it takes
3* = 81 finite element analysis to get the complete response behaviour. Yamazaki and

Han [71] use the Design-of-Experiment to construct orthogonal polynomials representing



30 CHAPTER 2. LITERATURE REVIEW

the structural response. Examnples of tae response surfaces in the study are given in Fig.
2,13, The mathematical programming tecinigue is then used to find the optimal solution.
In the numerical exammple given, tiree design cveles were needed with the optimal solution
at the ailowable maximum limit of the mean foree waile buckling is progressive with tie

most mamhber of axisvmmetric folds created.

Energy (k1)

(a) el
Figure 2.15: (a) Response surface for the frst design evele ol the optimization study of
Yamuozaki and 1lan [TI]. (b) Response surface [or the sesond design design evele of the
optimizailon study of Yamazaki aud an [T1],

-'"'1—2 E1)H]

=
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Figure 2.16: {a) Tapered tube [avout and desion variables nsed in the shape optimization
b Chiandizssi and Avalle 75 (b) Crush behasiour for one of the optimizm solutions, (75

Chiandussi and Avalle [75] used shape opti:ization to maoximize the performauce of
tapered tubular structures, Shape optimization is a less general form of optimization
where parameters defining the overall shape of the structure are the design varialiles.
In this study the shape parameters reler to the taper lenpth and the diameter of the
narrow end of the tube, This is pictured by the schematic in Fio, 2,060, Tae ohjective

function in the study is o load anilorcity parameter which s net defined in the paper.
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This parameter is minimized using a program called OPTISTAT which is implemented

by the authors. This study also utilizes response surfaces to increase efficiency.

Two local minimums are found corresponding to two distinct tapered tube designs de-
noted solution A and solution B. Both solutions are examined with respect to small per-
turbations in wall thickness and Young’s modulus. Solution A was found to less sensitive
to perturbations in these parameters however the value of the objective function is larger
for this design. This is indicative of the difficulty with structural optimization is that

small changes in the optimum structure can result in a large reduction in performance.

Hanssen et al. [52] conducted an optimization study on square aluminium columns with
aluminium foam filler. This study was briefly discussed in section 2.1.4. This study
differs significantly from the previously mentioned studies as the objective functions and
constraints are analytically derived expressions as opposed to polynomials which are fit
to numerical results. A simplified geometric approach is then taken to determine the

optimum structure subject to a number of constraints.
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2.2 Blast Loading of Plates and Sandwich Panels

A review of the relevant literature on blast loading is presented here. In general, the work
published on blast and dynamic loading is extensive and mostly beyond the scope of this
thesis. For this reason, the literature review primarily focuses on blast loading of sacrificial
cladding, including foam and honeycomb based sandwich panels. Some attention is also
given to research on sandwich type structures under quasi-static compression which may
in the future, be solutions to the problems posed in this thesis. Special attention is given
to aluminium foam cladding as it is considered in this thesis as a direct alternative to

using thin-walled tubes.

2.2.1 Blast Loading

An explosion is a rapid release of stored energy characterised by a bright flash and an
audible blast [76]. Energy is released in the form of heat, light, sound and a shock
wave in the surrounding air. The shock wave consists of a region of highly compressed
air moving at high velocities travelling outward from the point of detonation. As the
shock wave it travelling at very high velocities, it induces impulsive or dynamic pressure
loading on the structures in which it encounters. It should be noted that the Steel
Construction Institute [77] defines impulsive loads as those in which the duration of
loading is significantly shorter that the natural period of the structure experiencing the
load. This implies that the structure cannot show any significant response during the
loading application. This is in contrast to quasi-static loading in which the period of
loading is much longer than the natural period of the structure. The load duration regime
in between impulsive and quasi-static loading is referred to as dynamic. Impulsive blast

loading of interest in the present work.

Sources of blast loading can vary significantly and include the intentional detonation of
plastic explosives or the accidental bursting of pressure vessels containing detonable gases.
Regardless of the source of the blast loading, the effect on the structures in encounters is
generally characterised as a pressure pulse which a large peak pressure and short pulse
duration. Such a pressure pulse is described in Fig. 2.17 [77]. Of note in the figure is the
region of over-pressure defined by a large peak pressure that decays over time followed
by a region of under-pressure where the pressure acts in a direction away from the face
of the structure. The pressures in this region are typically small and are often omitted

in the analysis of structures under blast loading.

As the pressure loading is impulsive the exact peak pressures and time duration are
considered to be of little consequence provided the total impulse is correctly observed [77].

Assuming the pressure is distributed uniformly over the structure, the impulse is simply
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Figure 2.17: A wrplcal pressure-time history on a strueture ander blast ioading 77

tlie aren under the pressure-time curve, The maodelling of the pressure pulse is dizcussed

M more detall in section 4.4

2.2.2 Blast Loading of Sandwich Structures
2.2.2.1  Ahmninium Foam Cladding

The nse of aluminiun foam would anpear 1o be an jdeal strucrnre for absorhing energy
under blast loads, Aluininmn foam used as 1he core material sandwiched hetween alu-
minjum cover sheels was examined by Hanssen et ol [78]. The use of aluminium foan
s a protective cladding s pletnred in Figo 21850 .78 Without the protective eladding
extremely large pressures ate generated by the blast whick are experienced directiv by
the structure. With the nse of foam cladding, *he pressure experienced hyv the protec-
Lve stynelute s dispersed over g longer duration with e smailer peak pressure. This is

Ulnstrated i Figo 2,180 [78].

In the stwdy by Hanssen et el 78], [ull scale Blast tests were perlormed using hetween
1.0 =25 kg of PE4. The pauels are allached 1o tke bob ol Grge pondulum and the
rotaiion of the bob is used 1o delermive 1he unpulse Transler Lo ke pendubnn The
authors foun:d that experimentaly, the lonm pancls aciualiy ncereased the energy and
impulse transfer to the pendulum. An analyvtical solution is derived which sbows 1l
the stress level experienced by the protected strueture 15 equal to the plateau stress ol

the foan. The total impulse transferred to 1he main structure s Lhe sane however willi
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Fipure 2.18: {a} Schematic of the putential use of a foarn based eladding. (b)) Plov of 1he
infiuenee of a foatn cladding an the pressure distribulion Lo the protected strucoure. |78

and without the cladding. This implies that only local profection of Lhe structure is
attainable, however it 38 contrallable by selecting foam with the desired platean stress,
The inercased impulse transfer with inclusion of the foam panel s attributed to changes
irt The shape of Lhe cover plage. As the foam s able todeformn instantly, the shape of
the vover plale altaios o double curvature thereby forming a parabolon] type surface,
LThis Is ilimstrated in Fig. 220, The sathors of Hanssen ef ol 78 mefer to a study
v Liaap ef ol [79] that found thal blust waves interacting with a parabeloid shaped
surface resulted in a larser amphficalion of sressure than if the wave nteracted with a
surface of single carvature or a plaser surface. Llie experimental observations of Hanssen
et ul, T8 concurted with this as larper dishing me Lhe cover plate resuiled in vereased

energy transfor ta the peadulum,

A similar study was recently andertaken by Ma and Ye [B0]. In this paper, the an-
thors examine 4 louhle-lager ahiminium foam cladding separated Dy steel cover plates,
The study 15 analvtical and numerical aned compared the perfornance of fous different
claddings. Similar to the study v Hanszen ef al. 75, the authors derived their solution
using a4 rigid-perfectlv plastie-"ocking material model which greatly simplifies the analvsis
while providing accurate resnits when compared to fnite element simulations, particu-
lariy for low densily fourms. Single and dual lavered claddings are analyvzed with a low
and ligh densily foums. The Jow densty fown has a density of 200 ke/m® and a platean
stress of 1,5 MPa while the high density foam has o density of 300 ke/m® and a platean
stress of 3.0 MPa, Under quasi-static Joading, with identical low-deasity foam. a duoal
laver cladiding will ahsern twice as much cnergy as a single layered foarn. Mixing high
andl low density foams ncreased the energy absorption v a further 42 %, Under Giast
Inading. the ual Zverad foarn mcreases the maximunw allowable nopulise by 76 %, Using
high demsity foam on the rear Javer (RL i Tig, 2,200 inereases the capacity of the panels
by o further 27 % however the stress transmitted to the protecred structure iz doulbled,

Using higher density foams on the front lager (FL) gave no significaut increase in capacity
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Fignre 2.19: Blag, wave uteraction with vigid panels and detormabie toam core panels.
(a) pianar rigid surface (b)Y curved rigid surface () cover plate on foam (d) plate and
fourn deforms and (@) flual shape of component.

over the low deusity {oam.

Firure 2.20: Schematic of 2 double lavered foam ciadding as proposed by Ma and Ye 30

A recent stidy on blast Ioading of aluminium foan panels was conducted by Newat-
Nagser ¢ ol 81]. This study differs sianificantly from the aforementioned studies in thag
the panes ace clamped circular sandwich plates and hence do oot have a rigid hacs plate.
The anthors modeled such panels using the dynamic [inite element package L5-1DYNA
with the pressuce distribution determined by the ConWep function. The blast loading is
asauned to be penerated from 2 g of TNT. It was conciuded that due to hizh velocinies
at the panel centre (¥ = 100 m/sl that a shock frout develops lnducing mgeh largor

displacenients in the front plate thau in the back plate. This 35 ilustvated by e Roiue
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Figure 2,21 Deforned shape of foam core sandwich pancls under blast losding at varions
line instances, [81]

When using fuam cladding as a blast attenuilor, the designer nmsl be carebl 1hat Lhe
exicl opposite heliaviour does not odear. Ll and Meny B2 defernined Lhat wlen o
Blas) loied 15 intensive, 1he (ransmittec pressure can aolually be enhanced gl oxeeed the
tieident preatk pressure. The anfliebs shincied anaslvideaily, the perameters wlich cotermine
wlioller af tepualion of cudtmeemernd. of (he Llast oooues wlen using o foun cladding
aeainsl o ripid support. hey foandc that 1l dens: e lion strain 2 anc e pulse duration
o e e Che raximurn pressare wiceh s applicd o vhe tigid sweface. s, 2,226 shows
Lte iillaenee of &~ onthe dhimensionless tearsitiec slress Lo Lie proleclec straet e, Tlie
lewcding corresponding Lo the cata in this Geare Is a pressare pulse of maximurs pressure
to plateai stress ratio o B, 3 oatel v dirtensiondoss pulse cvration of T, e 1
wltor T, 18 Blven as
T
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In Eq. (2.28) T 1= pulse duration, L i3 foam lengih, E 5 the elastic modnlas and g is the

density of the cellular material.

Cleatrly, for larger densificasion stening the transmitton pressare spproaches the platean
stress of the foam, Figo 2.22h shows the nlluchee of the pulse lntensite on the trans
mittod stress for various pulse durstions. The densification stramn iz fixed at 68.9% in all

enrves, e straight line denoted as £ 1, corresponds to the transition point between
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Figure 2.22: (a) Dependence of the dimensionless transmitted stress on densification
sirain 27 with p = 3 and 75 = L. (b) Dependence of the dimensionless transmitted siress
ot the pressure intensity for pulse durations a: mp = 0.5, br 7y = 075, ¢ 7y = L0 de
et ey =315 153

attenuation and enbancement of the biast pressure. From Fige 2032 3t is clear that as the
pulse duration increases, the maximum input pressure that will result in the fransmitted

prossure being below the platean siress of the material decreases.

Onher studies on aamininm foam cladding for protection include Badford ef al [83]
where clainped sandwich beamns are investigated nnder shock loading, The shock loading
is simulared by impacting the beams wirh a metallic foam striker which is shown to
resernhle underwater blasts 84]. The study analytically and experimentally investizated
toneclithic neams, and sandwich beams with stainless steel corrugated and pyramical
sy, awd alumdnium foan cores. The sandwich beams all performed better than the
monelithie beam wich the pyranudal core beatns the weakest of the sandwich structures.
Cama et al. 85| studied the use of alwniunium foam as part of o multi-laver, multi-
taterial armour protection svstent. Under pallistic loading the author found favorable
results for such a configuration, Crupl and Montanini [86 experimentally investicated

aluminium foam sandwich panels under static and dvnamic three-point bending tests,

The material properties of alwmdaiwn ferm under bigh strain rate has been studied in
ihe liierature and a brief seccetion are discussed here. Paul and Ramamurty [87 stucied
the siraln rate sensitiviny of clesed cell aluminium foam Alporas for strain rate heiween
333 x W07 51 to 1.6 x 107" &7, The platean stress was found to inerease bilinearly with

a slow Ineredse up Lo strain rates of 333 x 107 57

with o sharper inerease after this
rate. Danmemnann and Lankford [88] also investigated Alporas foams but af strain tates
of 400 & 1o 2500 ¢ with a split Hopkinson pressure bar setup. Strain rate sensitivity was
abserved particularly for higher densioy foams, I s suggested by the anthers thag the cell
shape i responsible for this increase at bigher density. Desphande and Fleck [89] stadied
the strain rale sensitivity for the closed celi Alulight and open cell Duocel foams using

a split Hopkimse: pressure bar and dircet imipact tests at strain rates between 107 571
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to approximately 5 x 10% s!. The authors found both foams to be strain rate insensitive
in this range of strain rates. Dannemann and Lankford [88] attributed this discrepancy
between the closed wall Alporas and Alulight to the manufacturing process (casting vs.
powder processing). Ramachandra et al. [90] studied the impact behaviour of Alporas
aluminium foam for impact velocities ranging from 3 — 30 m/s. The energy absorbed
per unit volume was found to increase with increasing impact velocity, particularly for
velocities greater than 5 m/s. Zhao et al. [91] also studied the rate sensitivity of metallic
foams under impact. Two aluminium foams (IFAM, Cymat) are tested where IFAM is
a similar foam to Alulight. The IFAM foam is characterised by cell wall buckling in the
crush process while for the Cymat foam crushing is enabled by the fracture of cell walls.
The authors found that only the IFAM foam was rate sensitive however, and conclude
that this is likely due to microinertia effects presented by Zhao et al. [92]. Under dynamic
loading, strains along the fold line in a progressively collapsing wall have higher strains

due to to inertia causing the strain hardening of the base material to come into effect.

2.2.2.2 Honeycomb Core Sandwich Cladding

Despite the wealth of literature regarding the response of honeycomb core sandwich panels
to quasi-static and impact loading there has been relatively few studies conducted on blast
loading of such structures. A recent study was conducted by Chi [93] however. In the
study, the author investigated circular aluminium honeycomb core sandwich panels under
blast loading. Specifically, the study compared the deformation of sandwich structures
with steel face sheets and and empty air core with that of a honeycomb core. The author
found that for a given impulse, the maximum deformation of the panels is increased when
using a honeycomb core as opposed to an empty core. Also investigated is the different
response of the panels when subjected to uniform and localised blast loads. The author
found that under uniform blasts, deformations are distributed over the entire exposed area
and the resulting shape is similar to the dome shape expected when monolithic plates
and blasted uniformly. Fig. 2.23a shows a typical honeycomb core after uniform blast
loading. For localised loading, severe damage is found in the centre of the honeycomb
core even for small impulses. This results in larger maximum panel deformation than for
the uniformly loaded case. Fig. 2.23b illustrates this damage to the core with increasing
impulse applied locally. Of note is the complete disintegration of the honeycomb material

within the centre of the panel.
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Figure 2.23: (a) Photograph of the deforined hoveyeomb core subiected to a-miform blase
with an impulse of 30,293 Ns. (b) Photography of resalting honeveomb core subject 10
Incalised blast loadine (93]

2.2.2.3 General Sandwich Cladding

T'he: linear and non-linear response of generalized orihotropic weak core (iransverse shear
only ! sandwich panels under blast loading is studied by Livresen ef of 91 . The core
osandwiched between laminated face sheets: The authors genersted sols of governing
cauations nnder air-blast and underwater blast Wedine which were solved using swethods
based on the bxiended Galerkin Methot.  Some general results were that delleetions
due to air-blast loadings woere found e we much greater than for underweater nlasts, 'Uhe
laminate orientation was also found to play & large role in structurzl danpening and total
deflection ol the panels, Theddeal ply orientation depended heavily on the transverse
shear moculi of the core, ~ Hause and Lebroscu "3'3 conductid & similar study where
closed form solutions.are developed for the dynanie response of sandwich panels with

orchiotropic cores to avariety of blast pulses (rectangalar. siosoiczl, sonic boom).

Studivs conducted by Xue and Hutchinson 96,97 nvestigated the blast loading of sand-
wich structures from a2 theoretica] and cowpurationsl standpoint. The work presented
in |96] i¢ a prelimzinary study which compares Lhe performance in terms of strength and
energy ansorption of monclithic steel platles and Letragonal truss sandwich panels. The
parcls are civenlar and have clamped voundary conditions thereby allowing deformations
of poth Lhe top and bottomn face sheets. 'T'he authors found that the sandwich panels
can sustain substantially larger nupulses than solic mesal plates of the same mass, The
anthors conducted & follow-on comparative study i 97 . In the soudy, the perforsnance
of tetragoual truss, squsre hoveveomb, and folded plate sandwich cores are conipared
fo stecl plates of cogual mass nsing the ABAQUS finite elewen: package, It was again
found that sandwich struciuees onlpedform egnal mass steel plates in terms of pulsive

registanice. This wus showrn 1o be partienlarly truwe st smaller timpulses. Turther to this,



- CIL‘JLP';'L']R 2, LITERATURE BEVIEW

Puraanidal Tiuss square Housvcomp i

AL, DTy RO e o oo, . MM EEEmE e
047 //_,,‘---'— o 167 A e
nzas—- tatal plastic energy ___F_,.«"'"‘ K ol plaste "”‘f:ﬁ'."-f""
2 o
2 e e ST
[ B i S in the core
af = |.., 1 |",..-r—""'—‘-‘
sl il | b _|ll
L 1 the top face sheet g i
s H_TE___V..L-..- 0.0 4
_..-—--—f'_-d it the ]
i the core -
s : o9 w she vop face chest
" m the barom e sheat i ____da—ﬂ"__:__::_f-f‘ =%
AT a2 in the bottom face shem
T Ll A s . Rk L, i 0] == AT e e o |
Ld ] 03 1B il ks 14 a5 (L] b
[y e gl
r,"{l ooy } 1 L{_ \.'il_,l;rr ]
(@) {b)

Figure 2.24; Plot of nonediliensional ererey purtilietiiig between the face sheets and the
core [or {a) Tettagonal truss core atd (b} Seuareheneveonth core. The non-dimensional
applied finpulse applied to the panels is 4708 Argpt = .25, 96

the square houeveomb aud [olded plate vores sianificantly oulperfarmed the Lelragonal
cores due to in-plane stretching  Althongh the study primarily focused ob deflections
of the top and bottom face sheers, the partitiotine ol dissapared plastic chergy belween
the core and the face sheetsds also examined. Tia. 2,24 shows the partitnocing of the
non-dinension energy as & function of nor dimersional tiine. Ir zhould be noted that I
Fig. 224 M and L refers to the mass per unit area and leneth of the panel respectively,
For the given examp.e the nor-dimensional applied impulse &5 £ /(M /5,51 = (125, Nule
that a much _arger portion of the initial kiretic erercy 15 dizasipated i the honeveoud
coTe as opposed to the terraponal fruss core. The authors alzo showed 1 hat iuprovemnenls
sained using zandwich panels over solid plates are magnilisd when subjectine the panels
to underwater blasts. It is noted however that the resultz presented in 97 may be overly
aoptinnstic as a conplete wodel of the fluid strueture i= pot used. The authors counter
this iinilation however by votivg that the results presented for the sandwich panel are

wor fully optinsed.
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2.2.3  Alternative Core Structures
2.2.53.1  Blast Loading of Web Plate Claddings

Other forms af sacrificial cladding have been proposed in the literature. In terms of hlast
londing, Guruprasad ana Mukherjee investigated analytically and mumerically [98] and
experimentally [99], a layered web cladding under blast loading. A schematic of a three-
laverea cladding structure is given in Fig. 2354 Each layer is compaosed of a base plate.
a cover plate, ana a web plate, all made of vuld steel. The layers collapse successively

with minimal torce transfer to the protected structure.
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Figure 2.25: (a) Configuration of sacrificial cladding with a non-sacrificial frame. (D)
Deformation modes at ¢ - 0001 5 and ¢ (.008 s for a three-lavered cladding with a
sheet thickness of 1.6 mun, [98]

This configuration has several anvautages in terms of energy absorption unaer blast loads.
Plastic hinge locations are well defined and hence the performance of each layer is pre-
dictable, consistert and failorable to the expected blast loaning. Strains are small aned
henee fracture within the wen plates is unlikely. The lavered cladding in the atorenen-
tinned study is also space efficient In that it absorls a large amount of energy within o
given thickness. In Gurnprasad and Mukherjee [98] 4 plate strain model as well a simpli-
fied rnass-spring model was developea and snalvzed under a triangular pressure pulse to
sitnulate the blast loading. The two models showed good correlation with each other. Tu
terns of enevey absorprion. the cladding structure was found to he efficient and provided

blast isolation for the protecten straeture.

This absorplion behaviour was confirued experimentally in Guruoprasad and Muklierjee
M49]). The experimental setup is pictured in Fig. 2.26a, The panels had dimensions of 1 1

% 2 1m with one 1o three lavers. Bach layer had a thickness of 100 mmn. TNT explosives
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(b} (G}

Fraure 2.26: (a) Photographs of experimental setup using lavered web cladding. (b)
Photographs of deformed shape of a lavered cladding suliject o, a 1.1 kg TNT charge
positioned 2 m from the panel. The thickness of the web plateis 126 . (¢) Pholographs
of deformed shape of a layered cladding subject to a 4 L'kg TNT charge positioned 2 m
from the panel. The thickness of the web plate is 1.2 mm. 99|

rangine frorn 2.5 — 5.0 kg were hung asbove-the’ piadlding.  Pressure gauges recorded
tiie hlast pressure and the deformation of each layer wias also recorded. The analvtical
angl experimentas results compare reasouahly weli, however some over-prediction o the
delormation was observed dne to some modes ol dissipation nol being included in the

simple medel. Figs 2.26b e show thedolormoed cladding resniling [rom twe 4.1 kg blasts
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Figure 2.27: Schematic of a mass-spring model for o univ cell of a web platimg cladding
struneture. 100

Karamozova and Jones [ 100 Loeorelieally investigated a layered cladding structure similar

o the previonsly desenbed strueture under a triangalar blast pulse. The study exarnined
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two lavers of mild steel and alhnminum web plates nsing a hunped mass model with links
connected bv springs as shown in F1g.2.27. Note that the angle of the web plates as shown
in tae fignre is given by 2, In the stwdy, two different values of ¢ were examined. A
stall walue of 3 corresponds to a nearly vertical web plate. The worl by Karaglozova and
Jones 1] focnsed on the deformation nodes, foree transter between the layers as well
as The inllnence of strain rate. 'The wild steel eladdings showed nigoer energy absorbing
capacity than the whuminben panels, Stroadn rade sensitivity showed Libtle inflnenee on
the ahsorption propertios of the eladding due o e veloelly toansfer properties of e
pressure (mlse. Speeilieallv, thal the veloeily applid Lo the struetnre rises gradua]ly as
apposed Lo unpact seenarios where Ve velocity rise 18 Instantancos, Foree transfer for
a nnil eell with two dillerenl starting geomnelries auad materials s given in Flgs. 2.28a
are] 2,280, Lhe eladding vesponse o Fig. 2.28q 15 for an alusininm cladding witn a
larger angle on the web plates. In Figo 2.28b, the wel plalos are at o greater angle
(e nearly vertieal) and made of mild stee.. For two lagered claddings i was found tahat
slilfer woeb pliles Lransterred areer forees to the subiSestiont Jayver. The stilffness of each
Llaver 15 defined by (he maderial used and initialandle of the web plates. Stall angles ean
therefore transfer large loads Lo the subseguent-Tayver and the main steneture. Further
to this, small angled web plates showed Gnpredictable deformation maodes. Figo 2.28e
sihows the enersy absorption in each dayer of an ahwminium web plate wilh small web
plate ang.e. Tt is clear from this ffare that very littie eneray s absorbed in the second

layer until a distinet point where the iirst laver callapses,

Pk coverpige - kM Enargy
i S N COVEr pElE kd
= EEEE main strudure ®2F " base plate el ayee
- ---- main structlre ]

GoG Q05 010 815 420 5!3.25 0,00 .05 2,10 2 a1 .00 .o n.mz1 EF__%l:l:t:u
(a) (b} (c)

Figure 2.28: Foree Lransfor Lo the base plate and main strneture of @ unie cell with the
fllowing wels plate conlgurations: {(a) Aluminiom web plages with o lurge walue of 3. {b)
Steel webh plates with o small vaue of 20 {¢) Energy absorption within escl component
af an aluminium cladding with s small value of ¢ [100)]
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2.2%4), woven metailic textile, and shunivinm honeveoml cores. The enersy absorbed
per utit mass (W ) for the varions codignrations s given in Fig, 2.30a. All results are
normalized with respect to Lhe yicld stress of the solid matedal o, Cleatly st low peak
strengthsi o, honeycomb cores performance is hishest. At higher peak strengths, setra-
hedral truss structures outperform olher situctures indicating it mey be mowe snitahle

for high intensity loading situasions.

Queheillzlt of ol 103 investigated the compressive behasiour of metallic latzice hollow
truss sandwich structures. Square and diamond structures as shown in Fig, 2,292 an
stiilied. As tha truss elements are hollow tubes, the square conlipuration highly resemilos
the structure posed in this thesiz, [z 2.295 shows a square and a diamond shaped lattice
nuder guasi-static compression at 0% and 40% strain. The peak stress o, of both latrice

struetures is a funetion of the plastie buckling stress of o hollow cplinder and is given as

1E — .
oy =Tk R, ( a0 : ) ST i (2.29)
where k is & ¢onstant defining the rigidicy of the joints £ is (he tansen: modulng of the
parent materizl, o and g; are the outzide and ingide radii of (e truss respeciively, s
the fength of the colwmn, w is the anple the trusstnakes witn the fuce sheot, and 7 is the
refative censity. Quebeillait et al. (1031 found that the hollow lruss structures have the

highest pesk strength of all cellular metal topologies presented in the Llerature,

A comparison lnlo the energy absorption chatactedstics, similar to that of Kooista ef
al. [L02] is given [or the dizmoid and squuare truss latsicss sud swmmarized in Fig, 2.50b,

It iz clear that such latliced commare favorably witls pyramicdal latsiee truss and metal

textiles,
b Talahedra Ve ib} et ; 1 R |
farlice shaes - s B
Her £y il N I
/H/ Aariaing '&P.ﬁ'{ .F'E
N y -// Y 5 Colimaan Layup | —"‘i-.-:;a:'___..
L=} s : e -
b r - = '-___
& 0 Ll YL & Gang e
E i E ks T s Teries
= Pyramroal = Pyl
o [ R ATl Irirss
Eggbinx 1 :
x Aprenad ARGDET ‘B Sounre anaraaion 1
At g ALGDA ".P!ET'.‘?‘.'.'?'..‘?!'.'E’.'.@!‘?.‘."...E
i Gm -
Q.01 o1 0.1 140 &0 .01 0 14
i Py G Oy
{a) (b}

Figurs 2.30: (a) Erergy absorption per unil mass of various lattice stractures. (b) Enerpy
absorption per unit mass of square and diamond ovlentation lattiee stractores. [102]
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2.2.4 Optimisation ol Sandwich Structures

Liang ef al. [L04] conducied a mass optitnisation study of corrugated sandwich structures
atiler Blast loads, The design variables used in the study are shown in Fig. 2,31, The
trass oI suen a structure is optimised using a combined Feasible Direction Method com-
ined with the Backtrack Progranuning Method, Axial compression, bending, buckling,
and tnanudneturing considerations are used as eorstrainlys, A signilicant assnmption s
traede Long Llee Blas leswl ear be reprosented by oo stalic pressure, The resulls show that
the corrugation lee (Lo, corrupation apgle (g, core thickpess (1) and corrugation pite
fa are unportant design parsielers for the core component with respect to buekling
streneti, and Lnat the Bwee shoel thickness () are importast desisn parstneters for Lhe

fnee sheet companent with respecl to axinl stress,

TAVAVATA

=,
o =
LT A = 6. ¥
L Space lenpih 1 East dhes) Vhickness
L. Corragatiun Jeg lempth S Comugation pich
0 ACermagaticn anle d. MNode widih

1 Core thickoess

Fizure 2.31: Schematic of corraeated sapdwicn papels with the design variavies nsed in
Lhe optimization study by Liang ef wl, [104,

Tian and Lu 105] optimise warious corrugated sandwich panels under axial compression.
The sapdwich cores investigated were square, hat-stiffened, triangular, and frapezoidal
corrngations. This study does not involve Dilast loading however and as siuch has limitedd
importance to the current researci. The sandwich panels in the aforementioned study
are optiniscd for weight ander axial compression based on desge formulae Tor criticnl
slobal andd loeal buekling, Tace sheet bhuekling and menerial vielding, Using vhe guiadratie
progranming optitnizition technlogue the authors obtained slenilicar: mass rednctions
using optimised hat-stiffened sections over simple square corrugations.  Although the
loading differs sgnificantly from the present study the work is insightful in that illustrates

uow proper selection of sandwich core parameters can reduce the mass while not sacrificing

the structural properties of the panel,



Chapter 3

Material Characterisation

3.1 Introduction

Toinvestigate the respouse of the proposcd panels under blast loading conditions. rigor-
ous material characterization neods to be undertaken. Altheugh mild steel 15 a relatively
well understood material, variation ‘n the manutacturing process and composition of
low-carbon steel oceurs resulting in widely varving marerial characteristics. This 15 par-
tiemlarly troe in the current application ag the lowscatbon steel nsed for the top plate
and for the tubes mudergoes a ditterent roling progess (het rolled and cold rolled respec-
tively ). This inereases the work hardesing i the tubes ana st be acconnted for when

madelling the fow stress of the matresial,

t should be noted that the steel weed for the top and bottom plates are ohtained fronn

it

Videan SteelTwhile the steel subes are suppicd by Tubecon™ . The alumininm mbes

M The chemical composition of the steels nsed in

are smppiied by Non-Ferrous MetalsT
this study ate siven indlable 3.1 and the aluminiom is given in Table 3.2, For both tnbe
materials, the chemical composition 5 oblaned direet v from the supplier, boweser the

chemicnl composition of the top plate is found in 106].

Tahle 3.1: Chemiral Composition of the steels used in this study

Steel C % Mn % P % 3% Si %
tubes (h10 VXL (1,025 ERATY [kl
top plate (h15 A0 (hO3D {10135 (1.3

The modelling of materiais nnder blast loads requires quasi-static and dynamic cousti-

tutive parametors. The following seetions deseribe the experimental and anaysis proce-



48 CHAPTER 3. MATERIAL CHARACTERISATION

Table 3.2: Chemical composition of the 6063-T6 aluminium used in this study

Cu % Mg % Si % Fe % Mn % Zn % Ti % Cr %

0.10 0.45 0.2 0.35 0.1 0.1 0.1 0.1

dures used to obtain the constitutive behaviour of the materials used in the panels. To

sumimarize, there are four materials of interest in this study

1. Mild steel cut from square tubes of dimension 25.4 mm x 25.4 mm x 2.04 mm. All

material specimens are centred about the centreline of the tube.

2. Annealed mild steel cut from tubes described in the previous point. The tubes are
annealed for 60 min at 900 °C in an autoclave. The tubes are allowed to cool in the
oven and are removed when the temperature in the oven is reasonably near room

temperature.

3. 6063-T6 aluminium alloy tubes of dimension 25.4 mm X 25.4 mm x 2.04 mm. The

tubes are analyzed only in their as-received state.

4. Mild steel cut from hot rolled 4.0 mm plates.

The as-received mild steel tubes are not subject to a full material characterization as
the tubes are not used in either numerical simulations or in experiments. The numerical
simulations and experimental work using the steel tubes utilizes only the annealed tubes.
In terms of the numerical study conducted in chapter 7, tubes of various aspect ratios
are studied. Due to the nature of cold-formed steel tubing, tubes with larger widths
will have less work hardening along the longitudinal axis than narrower tubes. For this
reason, modelling tubes with various widths using experimental quasi-static and dynamic
tests from a single width tube is insufficient. The annealing process removes the work
hardening effect on the flow stress in the tubes allowing for characterization of a wide

range of cross sections.
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3.2 Quasi-Static Tensile Behaviour

3.2.1 Test Apparatus

In order to obtain the quasi-static stress-strain parameters, several tensile tests are per-
formed. All tests are conducted on a 200 kN Zwick universal testing machine at the Cen-
tre for Materials Engineering at the University of Cape Town. The tests are performed
at a crosshead speed of 2 mm/min which corresponds to an approximate strain-rate of
¢ = 8.33 x10 s'. The tensile forces are obtained via a load cell on the machine and
transferred via a digital acquisition device to a PC. An extensometer is used and the
force as a function of the extensometer clip displacement is recorded. For samples with

no extensometer, the crosshead displacement is used.

£ 3
— | w | T
W3
l " !
¥
] I I ]
[}

Figure 3.1: Schematic of flat dogbone tensile specimen. The values corresponding to the
widths are found in Table 3.3

Tensile specimens are created using several methods. All specimens however use the
flat dogbone shape as given in Fig. 3.1. The actual dimensions of the specimens for
each of the cases described here is given in Table 3.3. The dimensions are based upon
available source material and extensometer properties of the testing machine. Specimen
dimensions are based on the British Standard Method for Tensile Testing of Metals [107].
The specimens diverge slightly from the recommendations due to technical requirements
of using the extensometer. This does not effect the resulting material characterization
in terms of the purpose of this work as the constitutive behaviour is required only for

analytical and finite element material models.

For the top plate the specimens were cut from the top plates directly where all plates are
cut from a single sheet. The dimensions of these specimens correspond to Specimen A in
Table 3.3. To obtain material parameters from the tubes, specimens are obtained using

two separate methods. For the mild steel tubes, specimens are cut from 25.4 mm wide
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Table 3.3: Tensile specimen dimensions.

Specimen w; (mm) wp (mm) wj (mm) wy (mm) ws (mm) 1 (mm) t {mm)

A 8.0 60.0.0 80.0 170.0 25.0 15.0 4.0
B 8.0 60.0.0 80.0 170.0 25.0 15.0 2.0

tubes with a thickness of 2.0 mm before and after annealing. The aluminium specimens
are cut, parallel to the extrusion direction, from tubes with same dimensions as the steel
tubes. These tube specimens have dimensions given as Specimen B in Table 3.3. The
specimens cut from the annealed tubes have a slightly smaller thickness than nominal

values given in Table 3.3 due to loss from scaling.

3.2.2 Construction of True Stress vs. True Strain Curves

This section describes the procedures used to construct the quasi-static true stress vs. true
strain curves. The procedure varies somewhat depending on the nature of the material as

special attention must be paid to materials that do not conform ideally to the Johnson-
Cook model.

For all materials the process begins by determining the plastic displacement vs. load
curves. As previously mentioned, a Zwick tensile machine is used to obtain the tensile
behaviour in the specimen. The raw data from this process at small displacements is
not the exact force behaviour in the specimen and must be accounted for. This occurs
primarily for two reasons. Firstly, the deflection is not measured directly on the specimen,
but instead is measured by the extensometer. Thus, the compliance of the deflection
measuring device will be added to the compliance of the specimen. This is not a significant
problem as the determination of Young’s modulus is not of importance for the current
application. Secondly, at the beginning of the test, the specimen must "bed in” where

the grips of the specimen deform to the shape of the the jaws of the test machine.

To overcome the difficulties associated with the test machine, certain steps are taken.
When using an extensometer, a linear curve is fit through the region of the load vs.
displacement curve corresponding to the approximately linear section. The slope of this
curve is denoted as the effective elastic force modulus Fog. This is clearly related to the
observed Elastic modulus of the material but has units of force. The curve is. shifted
so that the linear fit goes through the point AL = 0. This removes the "bedding in”

described in the previous paragraph. The actual plastic displacement AL, is then com-
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puted using Eq. (3.1).

F
AL, = AL - (3.1)
F eff
The engineering stress o, is then calculated as
F
Oeng = ZD‘ (32)

where Ap is the initial area of the specimen. Likewise, the plastic engineering strain is

calculated as

o ALy

eng LO (33)

where Lg is the gauge length. For all tests this value is Ly = 40 mm. The true logarithmic
plastic strain is then calculated using Eq. (3.4) [108]

L
dL L ALp
Epl = — =In{— ) =In{1+ p)zlnl-%egfq 3.4
P L (L0> ( Lo ( o a4)

where L is the instantaneous gauge length. The true stress in the material is then
calculated using Eq. (3.5) [108]

F F L
= e IR e 22 (T e = 1 pl = n €pl .
) Ao(Ly/L) s <L0> Oens ( " Eeng) Oeng?™ (3:5)

where A is the instantaneous cross sectional area. Eqgs. (3.4) and (3.5) are only valid up
to the point of necking. That is, up to the point where the strain can be assumed uniform
over the gauge length. At this point an instability develops and the strain localises to a
point. This is known as the diffuse necking point and is characterised by an increase in
strain resulting in a decrease in load. The point at which this occurs is at the Ultimate
Tensile Strength (UTS). Figs. 3.12a-c gives the true stress vs. plastic strain up to the
UTS for the materials used in this study. The curves shown correspond to the tensile

test resulting in the largest engineering strain.

3.2.3 Quasi-Static Results

The plastic engineering stress-strain curves for the four materials used in this study are
given in Fig. 3.2. Of particular note is the reduced flow stress and increased failure strain

in the annealed steel tubes as opposed to the as-received state.

The purpose of Fig. 3.2 is to illustrate the repeatability of the tensile tests. For all

materials, behaviour up to UTS shows good repeatability. For the annealed mild steel
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Fiunre 3.20 Engineering ghress-strain curves for (a) As veveived wmild steel inbes.
Anneaied mild-stee] tubes” {c) As recelved al-uninimn tubes, (d) Top slate sueel
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tnbes there 5 seme discrepaney m the Lders bared buot the bebovianr aller the band 1=
the same for all tests. This is likely cue to sene slich dillferences in the anncaling of
the tnbes. This iz nconseguential however as the reference 1est tsed 1o commre e

quasi-static behavienr 38 not the test showing the ancmalots Inders baned bebaviour.

Als of vote Is thut for the avnealed steel tubes and the alumimam tubes 1s that [or
each materiel & tos, resulied inoa vertical stress-strain enrve after the TUTS, This 1s a
result of necking coonring outside Lhe extensomoeter where the measared extensometer
aisplacement iz zere while the [orce coutinges to drop, This is also wrrelevant ta the
analysis as the material behaviour post-UTS is uot faken [rom the [Gree-deformation

hoehavionr of these rensile 1ests bt iz instead obtained Teomn tensiie teg) sinladions,
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3.3 Tensile Test Simulations

The final strain for each of the materials given in Fig. 3.12 is not the true failure strain
of the material. The failure strain £; (assuming the specimen is stretched to destruction)

may be expressed as

er=In (ﬁ-‘i) (3.6)

where A is the final measured specimen area. The final area of each specimen is calculated
based on the "skewed bowtie” configuration given in Fig. 3.3. Due to the small cross
sectional area of the specimens cut from the tubes, accurate measurements of this areas
are not possible and more advanced techniques are required. The specimens cut from the
top plate are large enough for this type of analysis however more advanced techniques

are used for the sake of accuracy.

Initially, the values of each dimension in the figure (thy, th), th, and w). are determined
for both cross-sections of each top plate specimen and averaged. The failure stress is

calculated simply as

Ft

gy = —
As

(3.7)
where F; the tensile force at failure. Although Eq. (3.7) gives a reasonable approximation
to the stress at fracture, it does not account for the triaxial stress state of the material
at rupture. The classical method used to account for this is given by Bridgeman [109],
however this only applies to cylindrical specimens. For the flat dogbone specimens used
in this study, the MLR [110] scaling factor is used and is given by

Surr = 1 — 0.6058(¢; — €pea)” + 0.6317(&f — €noc)® — 2.1070(g5 — Enect)” (3.8)

where £,.¢ is the true strain where diffuse necking begins. The failure stress is therefore
multiplied by Eq. (3.8) to give the corrected failure stress of°*. The MLR method is still
not ideal as it assumes a constant stress state across the face of the specimen. As such,

more advanced techniques are employed.

thy
th,

W
-} -

Figure 3.3: Idealised geometry of the fractured surface in the tensile specimen.
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Although Eq. (3.8) can be used for a direct correction of tensile failure stress, the use of
tensile simulations is much more accurate. This is particularly true in the case of the thin
specimens cut from the thin tubes. In these cases predicting the failure stress and strain
is very difficult without the use of simulation due to the very small area of fracture and
unknown geometry of this area. Even with the larger top plate specimens the failure strain
will not be accurate as the resulting value will be an average strain over the fractured
specimen face. True failure strains can be approximated from simulation by examining
strains at fracture in individual elements. Material failure is not required for the present

study however such an analysis is included for a complete material characterization.

The simulation of quasi-static and dynamic tensile tests is a standard practice to verify
and validate constitutive models [111-117]. Of particular note is Wierzbiki and Lee [116]
where the authors utilized tensile test simulations to construct the post UTS stress strain

curve behaviour of high strength steel for use in blast simulations.

With the use of tensile test simulation, a trial stress-strain curve is first determined
which is simply a guess as to true constitutive behaviour of the material. The tensile
tests discussed in section 3.2.1 can then be simulated using finite element analysis. The
simulated specimen can be extended up to the point of extensometer extension in the
experimental tensile test. The resulting force-displacement curve is then compared to
the experimental curve. The trial stress-strain curve is then modified until the simulated
and experimental force-displacement curves agree acceptably well. Due to the different
damage mechanisms in the mild steel and aluminium specimens a different methodology

is carried out to find the trial stress-strain curves.

All tensile simulations use the experimentally obtained true stress-strain data up to UTS.
For the mild steed (annealed tubes and top plate), the post UTS behaviour is approx-
imated by projecting the tangent slope of the true stress strain curve up to a strain of
3.0. This strain is arbitrary provided it is larger than the true fracture strain of the
material. The tangent slope oy is computed by fitting a straight line through the final
ten points of the true stress strain curve up to the UTS. The slope of this line is taken as
the tangent slope. This is done as a starting point as it results in the maximum allowable
flow stress at any given strain after UTS. The slope of this line is then adjusted until the
experimental force-displacement behaviour is obtained. Specifically, the value of g in Eq.

(3.9) is adjusted until convergence is obtained.

o = poy ' (3.9)

The stress-strain curves are input into ABAQUS/Explicit in tabular form. The spacing
between all points up to a strain of 3.0 is based on using 100 points up to the UTS. This

gives a uniform strain spacing for a given material , however the spacing will be slightly
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different for each material. For all materials the experimental force-displacement curves

are compared to the experimental curve resulting in maximum tensile deflection.

The post-UTS behaviour of the aluminium specimens is significantly different from the
mild steel. Fracture occurs soon after UTS is reached and the slope is expected to
approach zero. To simulate this an approach similar to Lee and Wierzbicki [116] is used.
The true stress-strain curve from the experiments is used up to UTS and a power law of
the form A + Be™ is used for the post UTS behaviour. The trial curve is obtained by
using the stress at a strain of 0.5 as a control point. This stress is denoted as o;. The
values of A, B and n are then computed such that the stress at UTS and the slope at
UTS agree with the experimental curve and that the power law goes through the control
point. The stress at the control point is iteratively modified until reasonable agreement

between the experimental and computed force-displacement curves.

At this point is would be beneficial to discuss the finite element mesh used in the tensile
simulations. Fig. 3.4 shows the finite element mesh for the annealed mild steel used
in tensile simulations. The finite element model for all materials is essentially the same
with only small variation in the parallel width and specimen thickness. Note the gradual
increase in mesh density nearing the central point of the model. This is required as

localised necking significantly elongates the elements in this region.

Due to the high computation cost of tensile simulations, symmetry in the tensile specimen
is exploited to reduce the computational work at each time increment. It is is clear from
the Fig. 3.4 that symmetry boundary conditions are applied at the longitudinal and
transverse midsurface. In terms of the degrees of freedom this implies that uy = 6; =
6, = 0 on the bottom surface (s;) while u; = 63 = 63 = 0 on the front facing surface
(s2) in Fig. 3.4 where u; refers to nodal displacements in the 4 direction and §; refers to
nodal rotations about axis ¢. Symmetry is also applied on the midsurface in respect to
the thickness of the specimen. This implies us = 6; = 6, = 0 on the surface s3. Therefore

only 1/8% of the actual tensile specimen is modelled.
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‘/_ S (el wisthile)

2 5- (ned visible)
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Figure 3.1 Findte eloment mesh of 1/8% symmoetry specimen misddd gsed in tensile sim-
larions.

3.3.1  Mass Scaling

The aithcuity in simalating tenzile testz is that the testz have 2 long absolute time -
raticen wader guasi-static conditioms, TUsing ARAQUS Explicit with element-by-element

stability the time step 7z compited bosed on B, (100,
- |II ||rj . "| 5
admin | By v {23,180

lllll' /Il'l. - 2!”

whore L, is the characteristie element length associated with an elernent. The variables
Aand g oare the effectiveslamé’s constants for the material. Both of these constants are

propurtional to the Elastic Madulus of the material.

From L, (3,10} I ix clear thar the critioal time lncrentent is based on Lle material density
aad Leace thie elastic wave speed of e material, 1o overcome this difliculty, tlie method
uf tlass scaling is used where the density of the material i+ adjusted in crder 1o ohiain
a particular time step, With an incrensed elemenl mmass, the time required [or an elostic
wove To propasate throush an element s Diareased and hence a larper stable time step
can be used. 'This methodology mayv ouly be used at low velocities where inertin effects
are negligible, Artificially increasing the element mass wmtnences the inertin properties
just as using a higher rate of loacine, Even at low velocities, care must given to ensure
that a converpent sontion iz obtained. [ the mass acaling 18 too great in magnitude,
a solurion can be gbtained that is inaccurate due to inertia effects. This is particularly
difieult. in the rase of tensile test simulations as the mesh density changes siznificantly

a-rer localised necking.
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=T
=

T determine the ideal mass scaling a convergence study Is undertaken, The ideal mass
scaling parameters are sought which which give suitable resulls while maintaining
tractable completion time ob the camputiational facilities availible, To determine the
itlea. mawxs scaling scheme, {hree sealing schetmes are examingd for the initial case where
the slope of the true siress-sirain curve equals the tangent of the curve up to UTS. The
first. schemme involves a target time increment of 5 x 141 7 & with the time step updated
every 500 intervals. The secand scheme involves a target time inerement of 2 = 107
with the time step updated every 1N intervals. Finallv, a very small mass scaling acheme
is used where the the target time inecrement of 1 x 10 7 s with the time step updates
every LU itmervals, Tests at this fidelity are extremely computalionally expensive and
henes if Lhe stresssstraln curve al less expensive thodels vields reasonahble results, these

mazs scaling parameters should be uzed. These schemes are summarized in Table 3.4,

Table 3.4; Mass scaling schemes used in the conversence study of tensile simulations,

Sealing scheme Targer time increment (s) Intervals hetween updates
1 il 7 el S0
2 oL it
3 110 7 LU
450 T T T T T T T T T T
A0 =4

A~ A -
=
=
¢
=]
L o] S
P S -
— HMasz scalng - 1
- Makk scaling © #
- Mars scaling - %
Flrl) - : L

I L :
m 12 14 L4 L% 0 ‘2

[ F 4 & 5
Cisplacernent [rmm)

Figure 3.5: Plot of resulls of 1he mass scaling convergenee study.

Stmlations are condueted using each of these mass scaling schemes using a simulated
crosshead speed of approximarely (b3 m/s. The material used for the simulations is
the annealed mild steel. The densities of the top plate steel are the same and therefore a
separate convergence study is not required. The density of the aluminium is less than chat

of the steel and theretore mass scaling scheme used for the steel will be conservative for
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The stress at the transmitter bar/specimen interface is

Ut(t>Abar
05, () = ——tmeee 3.42
The use of Eq. (3.41) is termed a ‘2-wave analysis’ [120] as it uses information from
two waves (0, 0,) while Eq. (3.42) implies a ‘1-wave analysis’. The 2-wave analysis is
the stress at the front of the specimen and is inherently subject to large oscillations,
primarily near the yield stress. Therefore, the stress vs. strain curve is then constructed

by combining Egs. (3.38) and (3.42) which removes time as a variable.

3.4.4 Dynamic Test Results

The dynamic stress-strain curves, including the quasi-static true stress-strain curves for
each of the studied materials is given in Fig. 3.12. The curves are displayed such that
the maximum dynamic or static (up to UTS) strain is given. Note that the dynamic
compression tests for the aluminium specimens give much larger strains than the quasi-
static tensile tests. On the other hand, the thick top plate specimens give smaller strains

than the quasi-static tensile tests.

There is a large differential between the strain-rates tested, however all are of the order
¢ =~ 10% 51, The variation is due the required specimens sizes and strength of the materials
at high strain-rate. Tests are first done on the annealed mild steel specimens with impact
velocities appropriate to the bar diameter and specimen size. strain-rates in the range of
€ =~ 1800 — 3400 s! are tested. The range of strain-rates is obtained by varying the striker
mass and gas gun pressure. The wider range of strain-rates tested for the annealed tubes
over the other materials is due to the nature of the present application. Throughout this
study, the tubes are subjected to a relatively large range of strain-rates and therefore
it is advantageous to include more experimental data when determining rate dependent

model parameters.

Strain-rates above and below the previously described range are not possible for the given
specimen size and testing equipment. Larger strain-rates would require impact velocities
that are too large therefore risking the bar becoming plastic and in addition, excessive
compression of the specimens can give poor results. Similarly low strain-rates require a
much larger striker than the current gas gun can utilize. To obtain strain-rates in the
top plate specimens at the same magnitude as the thin annealed specimens would require
impact velocities that could damage the bars and strain gauges. To obtain these strain-
rates, thinner specimens would need to be machined. Testing the aluminium specimens

presents further difficulty due to the small specimens and low strength even at high
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the aluminium. The stress-strain curve used in the convergence study corresponds to the
post-UTS behaviour obtained from using the tangent slope at UTS up to a strain of 3.0.
Fig. 3.5 shows the results of the study. Of concern for the convergence study is of course,
if the numerical force-deformation curves converge. As can be seen from the figure, mass
scaling schemes 2 and 3 give very similar results clearly indicating convergence. As the
mass scaling scheme 3 requires several hours more computational time than scheme 2,
the time increment and increment updating scheme used for the simulations corresponds

to scheme 2.

3.3.2 Simulation Results

Tensile test simulations are conducted on the three materials used in this study. The
optimal curves are found by manual adjustment of the corresponding stress parameter
described in the previous section. The search for the optimal value is concluded when
the experimental and numerical curves agree visually. The true optimal parameters are
beyond the scope of this study as this would require complete mathematical optimiza-
tion. Fig. 3.6 shows the results of the tensile simulations. For each material, the initial
approximation and optimal force-displacement curves are given up the the onset of frac-
ture in the experimental curve. Exact curves are not attainable for any of the materials
as damage is not included in the model. This is acceptable as the resulting stress-strain
curves would not be significantly different and exact fracture strains are not required
for this study. Examining Fig. 3.6 shows that the force-displacement behaviour at the
onset of localised necking is captured well using the techniques presented here. For the
aluminium however, the optimal curve parameter captures the onset of localised necking
well but begins to diverge near the point of fracture. This is likely a result of not including

damage in the material model.

Although not directly relevant to the current study the fracture strain of the material
can be determined with reasonable accuracy using tensile test simulation. Eq. (3.6)
determines the average strain over the fracture surface. In reality, the strain is not uniform
across this surface when fracture initiates. Fig. 3.7 shows the plastic strain distribution at
the final tensile force measured by experimentation. For both steels the fracture strain is
approximately 200 % while for the aluminium the fracture strain is approximately 70 %.
For all materials the strain attains its maximum value at the centroid of the specimen and
decreases towards the outer surface of the specimen. The fracture strain has been shown
to be mesh sensitive however and therefore using this technique for fracture applications

requires the fracture strain to be presented as a function of element size.

Fig. 3.8 gives the final quasi-static true stress-strain curves obtained from experimenta-~

tion and numerical simulation. It is clear from these plots that the post-UTS hardening
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behaviour of the steels corresponds almost to the tangent slope at LTS It is also inter-
esting to note 1that the havdening is quite similar between botn steels nowever the vield
stress of the annealed steel 1s mucn lower.

Of note is that for the aluminiwm, the post ULS How stress shows ouly negligible strain
nardening, particularly when comparcd to tne steels. This is expected however as= the
material is a T6 temper aluminiam alloy.  For such alloys, researchers have assumed

norizomtal stress-stress straln curve
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Figure 3.8: Final true stressshrain curves obrained from experimencation and simmlation.
for the materials used n this study.

material model used by Langseth ef ol [11Y] for 2.0 mm GUG0-TH aluminium allay ex-
trusions is presented in Fig. 380 Tae model nsed 18 a bve parameter model where the

eqpuvalent plastic fow atress 18 obtained as

oy +ad+il—n)d—a, (3.11}
where

B :l i —r:;;,.] ] r—f«'zr'.-: (3.123
For the GU60-TH allow the material parameters are o 152 3T a; £ mELO0. O

19.24, €1 = 35.10 N/mm?®, @ = 54.00 N/mm?®, #, = 0. The alloy used in 119 is a G060
alloy anrl henee the initial vield stress is lower, however the hardening propertics at large

strains are sirmilar.







































































































































































































































































































































































































































































































































