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fiicts. In conflicts throughout the world, lives are endangered by V-"-i,nV'O.-"HO 
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'H!",U.lJ . .l\..-C"HC number of 

the 

by 

however many deaths are r.on,Art-
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integrity and 

UH~UJ.O nearly constant 

thin qualities. 

of have 
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structures is 

stems 

energy must 

case, the crush distance, is 
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papers on 

UMLU.LA"~L [11], 
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CHA PTEH:!, LlTEHATURE HE\"IE\\" 

2.1.1 13nckling l'dooes 

Experiment" condune-d on thin-w,lIIPd tub""" haw rpsilIted in thr\"t' primary bucklin" 

modp~ . TIl" mode,. Jrp: 

" Pror,Te&,iw buckling 

:). Dvnamic pla,tic bucklin;!; 

Tlw l!llld~ in whicb a tubl' bllrkl,'!< is an "niw aJ:('a lIf [(".'arcb and nppend, on It llUTnlwr 

of factor, ~ll.b 3.;; cro,o-,Ktional geometry, tubp I('ngth, mat('ri al propertie~ and luading_ 

(b i (ei 

Fi~m" 2.1. (a) l'lwlognlph or" H j Um-" ,\j,)Illini11:I' (111", Lmdcr Eulcr ],11cklin~, [1:\] (b) 
Photograph of ,\ squ"rc ~llum illllllll I uhc 11llnCr progressi n, b m,:, lill;': _ I :J I (c) I 'h(l t()~rH ) 'h 
of cvlmdrie,,-: ,,-hn'JlLlu:r. j,ull" lllxkr dYlJamic plast,i(' hurklini\_ [)·11 

2.1. 1.1 Eu),'r R''''klin :,; 

Eule.-_ or glohal huckl ing is rh~rHctpr i 7.f'd hy thp form"j,i 'Hl of ~ SilLglp pl ~sji(' hilLgr ill tlw 

t,uhe As Ilw t,uhr c'HltinllP8 t,o ('ollap"~ , the tubp foln8 owr on itN'lf Cloba: bucklill~ 

of ~l sqUitrP ~lllmilllUTll tube 18 ,hOWll in the photl>grap'l of Fig_ 2_1 1.3 'I'll'" forn'­

(.leBeclioll cu[\-" of Lllb~ which Im,:kl"s ,,;lohallv will h~,-c ~ form ~imllar to that. ,11OWIl 

ill Fig. 2.2" [1:\]_ Sinn' llw di,sljMlcn "n"r)'s is LlH' Mea 11lln"r thi~ Cm,",', ,hi, bl)cklin)', 

mode i, hi~hl," llllllc,inlbl.'. 
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experimentally. 

1. 

within 

o 200 400 600 
Displacement [mm) 

a 

to a tube member such 

[13]. 
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Each 

process have 

h are the and thickness 

crush modes and 
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2. 

3. 

4. 

1 

wave 

Firstly, two 

is subject to 

the 

can occur at 

move 

all a move 

HH'dHJlt; with sustained 

Until recently, the ""U.LV".!', re-

ductile materials. 

stress 

in another study [20J on the influence of stress waves found cylindrical shells 

ment of the cylindrical 

of dynamic plastic Uo,-"",,>JoUlli'> to be highly to loading 

equivalent circular 

wave on the stress state square IS 
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the variation 

hardening 

Although not 

o 

~ 0 

-1 

·2 ·1 

1.2 

absorbing nr,vto,n't 

context 

nOlr"",,,,n tube '~"'I-.V" 

occur 

of square 

and 

2.4b respectively. In this 

11 

UHHHHU.H honeycomb. 

3000 
Sq"""", faIJt(B) ___________ _ 

--------------
Sq"""'._(B) 

O~~r-~--'--'--~ 

0.00 0.01 0.02 0.03 0.04 0.05 

the 

hardelllllg ratio, i. 

collapse is 

VU>AA.'-LU"h why tubes buckle 

to an 

con-

to 

et 

square 

lower 
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10 

o 
Cit 

where L and 

UHA.vn .. HV'''' was found to 

quasi-static loading. Abramowicz 

revert to global versa. 

[13, 30] studied square 

modes for cross 

must 

as h 

that Jensen et al. [13, 

a 

This study 

strain 

however that 

slenderness (Lib) was found to 

(blh). same 

20 

experimentally 

stress 

conducted a 

IS 

1) 

tis 

to 

It 

clear ly show 

to 

of 

particularly 
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of 

transition as a follow on 

enE~cts of cross 

transition from nr,(\(flr"""n:r" 

to 

IJU-"'." .. UU6 to occur. This 

aluminium 

conducted by Teramota and 

[36] IS 

2.1.3 

1 

as yield 

literature. 

(D/t) be-

tween 10 the 
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11 CH,A.rTER'2 UTVnATURE Hn' lVW 

the annr"kd t llb,," ,lcfonrlPd DXlS.'-JrllllClri(,"j\i. Sted cl!b(·" Ull ,be odler ha]1d deformed 

ill ;m axie:nw",·tTic ltl(),I~ in tb,,;] a.'-lHx·in,d ,t.at.e alld ill diillllOnd mode "'hell an nf'alrd 

8,., ,h()wTI ill Fi g_ 2.61> 

... 
. .... -.', 

1.1 I") (e) 

figl:r<~ '2,(i: (a) Plo\. of j;m'" ,kJ;)llllf<t.iOJI ('111'\'" for a dr",!lm sie,'l tlll)('. po:;, f<nd pre 
annealillg. [37] (b) COrap"" mod~s for Cl ('iT('1)];'r st..~,1 :.\1l>e. I""" ;lIld pre ':[wlIlle[t to 
righc: annealing, [:W (c) F'ragJtlPIltatioIl mod" of" bTit.tk IllPtal :"be, [JIl] 

The diClll~e ill micr06trud-llre from the alllleal:r.,f'; proc"ss ifltl\1~n('''s nor~ t.hiUL j",1. th" 

bllCLiIlg- Shi1l=>C. f he force-rlbplacemer.t cun-e; am! t jwTd{)j'~ t I", "JL~J),-\' absorpt.ioll ill 

the tllbe.; is highly mo.lifi.~1 as ~ho"'ll in Fi g_ 2/;" F-,lrl.iWT t.o this. brEi.]" lIlCUJ, Hmy 

be "'Jbjecl- ,0 fract ure alld ::>etallillg Ull,ln son", lomliIW ('ondit,ious, I'i:\. 2,6.-; g-ives rill 

"xample o[ a p(·taled t ,-tbe made from a britt I" '''~t,i!l_ TILi" t ~a.r ;TlK i" o[ lll<Tea"lllg CO!l(,ern 

I[ tI", I ub,· is aln'b(iy ,hllldgf, l or h as a" h rn l imp('rk{'i. iOTi s 

2.1.3.2 GE"Omet r ic Tm perfpd iollS 

Exmuilml.inn o[ :h" furce- di,pl>\cellwnc di'lgmm for a t.\lIl<' '-'llder axi"l C(l))1jH''','SWU ('-I\"­

Fi~ _ 2.21,; el"a.d'. ,huws that the force requi red to creat" the h,t 101,., ,,; nr,H'IL hig-hn 

,hau [or ",Ii",cqll"r.~ lubes in mos: case~ . If this for C!' is too br ~" in a practical prnt(x,l.ioll 

'.I~tnjl. t.he dr~'ck limit of the protected ~t.runlll"'· Illay IH' ~omprolJ\if..,L Furt.]",r cO :bis , 

Ibe60' brge peab also imply I 'JJ'~e de('eleraTione KIL,('b lJ\;j\' "nt,~]' '''''Hie liulll." Id""llv, 

I he d(~;eleULtion i~ ,\ (Constant bn [t i,," of t. in". t ImfwILOl.,t. t.1t" st.l oh, 

In order to ",-ert'OIIl(.' I,hel'e large peak forCf'~, -::Il<' tuhes h"w ~ ll ilHi-.Jnxi impcrkdiull, 

o[[ell cn.;kd It tri~R"r, b uilt in:o the s-;;ructl:re_ Th",,~ t.rigg"I" " no ))1O'<t. "ft~n illdeuLll.ion" 

~roo\'''s, Or circl:hr cm-od~ placed ir. t.he sh"ll waiL lTl,hJ('"d imperfectioll" r.oi only 

ha,-" ch" dT(x';l of lc,,,,,ring the init ial peak force, hut, also iTlttll"""iTlg tl", l>uck:\Il~ Illode, 

Firstlv, I.h" [orllw:ion of the the hst lobe ter.rls to 1'0110'" Ow shal'~ of iuit.ial illdentatiuns 

[41-,1;0,:. C ,rcillar ""W'.Its a.:.lu,v for th~ "dj n~t)):Cllt of t,h,' ('Iff-eli w diJtwTl"i'JTl" o[ U", tllb" 

[:li, ·;1. ·n. 44] , fhe im-"s,i"at iOlk of these rt'S€aTCht'[~ bnlf' eh"'\'n t.lmt. t.ILe "ppropriat" 

iHdu6ion of impcrfe(1:ions can :ead to ::>r"gr~S':'iw huckliIW wb..,-e Euler lJllCkling ,,·t)uld 

u<:l;Ur in ~he lloll-:riggere<1 tube, 
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('HAl'TFR"2 UTEHATcrLl~ HLV1UY ''"-''----

Olle tlLel,hod o[ iulrudll(;inp; tJ, gr(, 'nf'tri, imperi'C'Ctioll illl.()" 1."1,,, is l.u qua,i-~1Jl.ti"n[h' prp. 

bucll~ IIH' I <1l,e, LlILgsmh ,'I ,,{ 1·!2]IWl'formed a 6pri€, ()f ',,;p,'rinlCnt., un prr-bl1('kl,'d 

t<1 I){'" 1u l.his s:ll(,h- t,hp flu t"",r in,.-,,,,tigatpr] square l,nlH's o[ l<'n g1.h ~(I Inrn \,'ith wall 

l,hicku"s~"s ()f 1.1' 2.,1 llJltl .\~ pX]>f'C'tffi, Ihe )J€ak In,,,l """ i()<1nd t.o IH' "".-ju(,pd b\ 

illcludiIl)', ,pre-hndl" wit,b t,ll(' flll1pJitlldp (lftfl€ pr€·],uckl,' COul,ji\lling rhi" rf'dl1('tiorL . 

. -

" . • I • <. 

, , 

. .... . 
• .t. • 

1"1 

.' 
'I'~·· , " .... to< 

.'-, 

• 

.. 

.,,- : .-" . ..,-

O. '0"""",,,,,,,,,,, 
_D,...'''' .. ~ , 

Ie) 

1'1 

I d) 

Fi)',lll'" 2.7 (aj Plu: (,f p~ak buckillg l(md iI.' a [,llld i(lll of d~'Lt dppth for \-ar:ous c)'jlldri· 
<:,,1 pmaLpl ilHlI'nt,pr~ and for heItlispherical iIld{'Jl1 "r~. (b) Photugr~ph3 (If bucklillg '''0']'' 
~hap," rp;,ulting fn,m hemispherical illd"IlI,,,,i,,,,, "f w;rin11~ dppth~, (e) PI()1. o[ peak 
hu(;kling k,ad ~~ function of h()1t- elim [",:,'r f", (;i rG11if)r eutuu: trigg€r" (d) Phnl.o)',mph s 
uf hwkling mod€ shape6 r€"H,liiu)', frorn circU.ar e11t<)u: triggel'3, I·il] 

Similrcr t.o )Jl'(~[mcklitlg, til<' 11"" Llf opposing indf'null){)us!'em n,d,,,,p thp 1'I'~k IOafl and 

itl L)Jro\'e bllclliJl!', [)('hl)\']( ,ur. '\I'Jr~h~ll a.nd ).; urick 11 and -"larsha II 14..~ illw~tig"ted such 

imperfe-cl.i()llS llll,],or qn"si-~t,8ti,' kX'(ling. In )Iarslw..ll ,mel :.; lll'i"k 111 (',ppo~ing parallel 

mdenl,at.iou, creat"d u,mg C'ylindri,'aJ indelllers, The t.nlws e"fHlliflf'd in tfw stud,\' were 

50.8 ItItJL wid" ,md 3(10 mm with ~ thickue& o[ 1.2 min, l'h" lCylindriwl indplltel', bad 

,li.ww:,'I'S mJL!':ini\ fwnl 2 nlln· GO mm, I'll<' imknt.nliUIL d('pth r"Jli\~d fl'um :3 lJUll· 12 

tJLILl. 1'1", ""thors found tba; that di~tJLel.er of II", i",I"Jl:e, did nu1 8ign:fiC'a.ll(Y influence 

th" nlt,itJLH'.e lmckling Imul Tbe ultitJmt" IJllckin)', load did dperp8;;p \\'i:h incre~sing 

incj"IlI>ltiuTl d"pth fl" shown in Fig. 2,7~, F\ml"'r In ~his rPlhw~ion in budding lo~d is 

tb€ elIe-ct ()Il luh" "'''''. Thp fizp of tbe fird lol~ Wil., [o,mel tu inCl"f'flS(' "ith infTP~sing 

inciental.ioIl ,],opt h. This tr~lHl C'~n be "'f'n in Fig. 2,71>, Di,h,xj md.",t", :iOll~ erPtl (Prj using 

a heItlisplH,tic,d ill,j"nter "'I'rp also inwstigated in Ihis SI,lHI\-. The r"d<1et,ion in buekling 
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was to 

the was more 

In the same 

buckling 

tests 

a 

inclusion holes. 

mately 1.6 mm. 
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2.1.4 Foam and l1011cycomb Filled Sect ion s 
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square and circular steel tubes with aluminium foam filler. The foam densities varied 

between Pf = 0.47 - 0.7 g/ cm3 . 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.lOa-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.lOd. In Fig. 2.lOd, 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/cm3 . 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 ai. [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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where 170 is the effective plastic flow stress, t is the tube wall thickness, b is the column 

width, 17h is the crushing strength of the honeycomb and 17f is the crush strength of the 

aluminium foam. The value of 17h is given as 

(2.7) 

where, in terms of Eq. (2.7), 170 is the plastic flow stress of honeycombs cell wall, Ph is 

the mass density of the honeycomb while Ps is the mass density of the solid material. The 

value of 17f is 

(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 Fm developed in [49] as presented by Hanssen 

et al. [52] is 

(2.9) 

where bm = b - t, bi = b - 2t, and Cavg 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 absorption 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 app~ies 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 et 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 \Vang 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 0"0 
V = Vo --t 

G 
(2.10) 

where G is the attached mass, A is the cross sectional tube area, 0"0 = O"y + E1JIot (O"y 

and Eh are the yield stress and hardening modulus respectively), and Vo = IIG. The 

time t = 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 VI is determined analytically but is not 

reported here. The energy at the end of the compression phase is therefore 

(2.11) 

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

To 31/ 4 

- Tc) 2('Trh)2/3 Rl/20"y [1 + (VoI4RD)1/q] 
(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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"nmhining 1.h('s<' d,'r.leuts. Wicrzbicki and .-\bramowicz ]1 ri] int rodllC.'t,(j t h ... bask el"'llH.' nt 

3l1Own ill Fig. 2,14a [1 7] wbch models one qwu·v.'r of a "qu","" tub", Thi3 IS known as 

a :yp" 1 ('(llihp'(' d('m(,:lt and lllod('ls ,yr.mwtric mUap.", ("'Cl lOn 2,1 1.2) .. -\ type II i3 

3r.O\\'n in Fig. 2.14b [17] II'bch lllodd3 '';{i('f13ional collapsc modes. Tr.t' r:lix,'Cl mod,." 

,j,.,,··ih,-'d in 3<'Ction 21.1.2 ,-."n b,' mo,-]('ll"l by 'bing ,'or.lbin<ltions of typ" 1 and In'" 

II .-'I"llH'nt3 10 cr('ai,,' n COr.1p:,'k lob,', Tt""" ('kllWnt3 wUlain fix(,d horiLoUl~1 plU3lic 

hiu:;"3 hlld incliw'(j pla,t.ic hing'",. Cbirly, as thc der.wUl ,].-{orr.b plastic dd'orr:ml ion 

io (.'()nfim'd 1,0 tb."e hin:;"3. This i3 nol waliq:e however as til(' tmv('lling hing(', wi!: 

propagalt' pihstie ddormabms. A more r{'aEst:c and kill~matically adl!lis,ibl.' ~lel!lPnt 
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is shown III F,g. 2,1-1,' -1(i" \Vil,h I,hi, El~uwnt., pla,ti,' d~iorlIlation occoms in th~ shad~d 

l'<'gions. Th" nallral-'~widal r~giono ar~ connpd~d I,v ,1 I,moidal sh~J_ 

, 
" t~--, , 

(~ 'i 

(. ( 

\ 
, , , , 

~- j. " 

\-y 
(0) ( cl 

figur~ 2_14: Schematic of the hasic folding d,'m"nto I:,."j in tlwordi"al anal}'oio o[ I,h~ 
cfll~hing of squar~ tuo~:;. (al Typ~ i ,'lcm~m., [1 t (b) 'Iyp~ II "l,'m"llt, [17] (c) implOwd 
lyl-'~ I ,'l"m"nt with pla,tir ddomation wn"S, [Hi] 

rlH' l-'r~viouoly d~scrib~d ioldin~ d~mcnl" allow for analytkal stl:dks on thp m~r)';y at­

sorbing prol-'~ni"o of 1,110"" llll<kr a_ .. "ial (TllSDlllg whill' nla-julainin", kineum!.,,' ('oust mint"_ 

from this, d~sign formlll~ "an o~ oomin"d which approximat~ IhE tn;p jwhaviom o[ 

Y),llfl.rr tul".", Of partkuhr inl,'rest io lh" m,'Il,n ('fushiIl~ fOH'P F:", riH' internal ('11-

ergy absorption in each ~km~m. ran o~ "akulal,'d, inckdin\\ I hat of the towidal "lwL 

element and e<l\:ated to th~ "xl<'rnal work Lo ootain an ~xpr~s:;ion [or lh~ m~an crush 

force_ \\'ierzhicki and AhrallloViicl [16: devdop"d a formula [or a LlIo~ collapsin)', in a 

"ymlIletric mode by combining iot:[ type I elements [Lnd is given by 

F' (")' Afo = ;36;2 Ii (2.1:3) 

wh"re 

I, 
r _ h' ',2.14.1 rll = 4"0 

fllld "0 i, t,he vi,·ld sUc,*, of the mat.erial, It is th~ tuhe wall thkknEs,,_ and C j" the 

lub~ width, Abramowie~ and .Jon~s :17' d~\TlolH'd iurtlH'r [orm1l1a~ [or lIlix~d mode 

[Lnd "-Xl~n,;ional {'ojja,Jc~, For aoymlIle!.rie mix('d mod~ A, two l"~,-,,rs ar~ llH~1 whkh >lf~ 

"ompooc-d o[ six lyl-'<' I and two lvp" Il d"m~n!.s, E'llmling ~xtnnal work to int~mal 

""ork giv~s 

p' (el': (C\: i\/O = :33_0,) h - 2,44 Ii) 2 
{2 15', . . 

Similarly, [or asymm,,).fi<- mix~d m()d~ IL s~\'pn Ivp~ I al1(l on~ hpE 1I ~lelIH'n!." ar~ llsed 
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resulting in 

pB (C) ~ (C) ~ 1f ~ = 35.34 - + 1.354 - +-
Mo h h 4 

(2.16) 

And finally for extensional collapse mode 

pE C ~ 
~ = 81f (-) + 21f 
Mo h 

(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 (88 ) as 

88 = 0.73 
2H 

(2.18) 

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

extensional modes the effective crush distance is 

(2.19) 

Improved design formulae for the mean crush crush force which are denoted as Pm can 

be obtained by assuming Pm8 = Fm2H for each of the modes using Eqs. (2.13)-(2.17). 

This implies the external work is the same, however the internal dissipation occurs over 

a distance 8 < 2H which implies a larger mean crush force. This leads to an updated 

expression for the mean crushing load under symmetric collapse mode as 

F8 (C) ~ 
~ = 52.22 h (2.20) 

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

respectively as 

FA (C)~ (C)~ ~ = 42.92 h + 3.17 h + 2.04 (2.21) 

and 

FB (C)~ (C)~ ~ = 45.90 h + 1.75 h + 1.02 (2.22) 
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and finally, under extensional mode the mean crush load is given as 

pE (C) ~ 
~ = 32.64 - + 8.16 
Mo h 

(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 

(2.24) 

where O"d is the dynamic yield stress at the plastic strain rate E, O"s is the static yield 

stress and D and q are material parameters. Commonly used values for D and q are 

40.4 S-1 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:!yn to the static load Pr~ is simply 

(2.25) 

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

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

Abramowicz and Jones [17] determined that for symmetric buckling 

. Va 
c = 0.33 C (2.26) 

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

r;:n = 5222 (~) t [1+ (~);] (2.27) 

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 Eqs. 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 

34 = 81 finite element analysis to get the complete response behaviour. Yamazaki and 

Han [71] use the Design-of-Experiment to construct orthogonal polynomials representing 
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t:le structural r!"sponse. Examples of t:le respons!" surfaces in be study are given in Fig. 

2.10. The :r.athematical prngra:r.ming tec:miqu!" is then used to find be opti:r.al ~l ut ion. 

In t:w nu:r.!"rkal !"xa:r.pl!" giwn. t:m'!" design cycles were nee<led wib tf_!" optimal solution 

at the ailo\\'able maximu:r.li:r.it of tIll" nll"an force w:lile buckling is progr!"ssive v.ith be 

most n'l:r.ber of a..,isy:r.nwtri(· fnkls cre"t~d_ 

Hr",mj 
, I/Inlm) 

i' ) (b: 

Figur!" 2.15; (a) Hespous!" surface [or Cw first desigu c,-cl,' of Ii", opt'mizatiou stud,- o[ 
Yamazaki aud Ha':l [Ti]. (b) Hespouse surface [or ti", s(xxmd dpsigu desigu c.-de of Ih" 
optimiza:ioll Si "dv o[ Y"rllrJ.Zaki n.Ild ILm [Tl] . 

~ 

, 

~ P-' , 

.: -..,., -
i') (b: 

F i fl,l)re 2_16: (a) -bp~n'd hlbe byout flml desill;n ,",ri" b],,, l)Sf'<l in tho "1",1''' opt i miz"tion 
bv Chi"ml",<si !lTId ,\ v!lli,' 7_~- _ (b) Cr"o" Iwh!lviour for one of 7 he opt.in";,,, solutions. 7-5-

Chiandussi i.md AvaUe [75] used shape oj)ti,eizatioll to m'L,imiLe the j)erformi\Jjce of 

trr.peroo tul!lliar strlldur~~ . Shalw oj)ti:-r:izrr.tioll is a l!"ss g~ucral [urm of oplimi~atjon 

wher!" j)arameters defin;ng the owrall shaj)!" of th!" strne-ture are the desigll variables. 

In this study the shaj)e p,).famelers r!"fer to th!" laj)f"[ Icugth aud tLe diameter of the 

lllUTOW elld o[ :he tub!". This:s pictnrf"<i by the sch"matic ill Fi:;. 2.iGa_ Ti", objective 

function in the study is a load uuifor,eit,- pammet!"r which is llot ddilled ill tile 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 [77J. 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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, P"" ... 

'",,<I, "'01;" ~,. / 

Figure 2,17, A (Y;Jiml pr~~l1re-time hisrory Oil a ~Injdllrt' ulld('r bla.4 loadillf', -,7-

tlw 'IN,. UJld('f t h Pffssurp-time ~urw, Th~ modelling of (he pre,"ure pube is dio(;u~ed 

in mOfe detrli: in S€~tiOll ~ _ 4_ 

2.2.2 Ulast Loading of Sandwich Structun~s 

2.2.2.1 .l.lmninimn FOil'" Clildrling 

The u~e of alumillil1!1l foam ",eould a;);)Car 10 he an ideal ~1,TllnnfC fOf absofbing enngy 

ullder hla'i 1o;"ls. ,\lumillinm foam lls.xl a~ 1L" COfC malpTi,,J ~'Ind"'ichpd bptv.:p('n "Iu­

millilllll ("Ovef oh""I' wa~ c""mined hl' H~lll"SPll d al. [7SJ_ Thp usp of almninium forun 

'L~" prot",'li,"e (·Iaddill)'. i, ;linnT"d in Fig_ 2_1~'1 :7SJ Without th€ protE'<:'tiw dadd:ng 

c"lf"n",ly iaf[';C ;'fes>;nfP" flTP [';PllPTiltP<! by thp blr"'t I<'hi('r. 'up pxperiPllcpd dired,y by 

i.lw"lnJ('t\lf'" \\"ith the ll~e of form) cifldding. :1:,' prp~~urp €xppripnc€d by th protec­

(,i\'(, ,Ifnc-i,\lf(' i, di~p('f""d OWf~) :(lllger d\lTH.tion wit!: "~lll"]n iW~k pn'''lw·. Thi~ is 

illnolmled ill Fi~. 2.11"lh [7IlJ. 

In dw ~tu(ly by lIall~ sell d al. _7SJ, full ,('ak bhq I,,,,:, ''''''''' pcr[ouJl(x-1 \lSillg hctW'-~'" 

1.0 - 2,~ kg eof PE4. Tlw paneb nw al.ia('hed to Ib, hob of :afg(; pcndni1m) ami thc 

rowtioll of dlf boL i~ used leo ddermLlle Ille LmplLb" ;raJlsfcr 10 I.b, ;)Cmlulmu Tlw 

~)uH.or~ feoUlld (hat experLlllell l lLh-, tile foam pallels aCi.uallv ill(,H,,,,cd I.h" cllefgy and 

impube trall~fer to the ,wlldul,Ull. All aual,YtJ(,aI ,;oIUlioll i, derived ",hidl ,]:eo"" Ihal 

thf ~tn'~ I,'wl pX1WTien~pd by the pW(I.'<.(ed ~tructure i, equal teo Il:e ~)laWall slw,"' of 

th(' forml. Thp total implLbe trau~ferred wille main ~lru(,l,ure is Ihe ,<UIlC how,'ver wilh 
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0) ) 
0," - '. .. ................. , = 

''I 

Figmc 2,]K (a) Sch"10<Hi(' of the putelltial uS<' of" foom ,,,,se,\ di"ldiIl~. (b) Plo' of Ih!' 
illEu,ml'e of a foalIl c1addin!!; on Ihe prc'SOm" dislrii.JllI,ioll 1,0 I,h!' prot.,,<·I,!'d struc11r"_178j 

"'1d 'O','itl,Out tl"" cJ~dding:. Thi~ im;Jlies ,h,,1 onl,Y local ;JrolC<.:tjorJ of I,he slw('ture is 

"tta:n~bl"" hmwv~r it is cO:1tro:bJl~ b,Y sel"""ling foa10 ,1Ii,h the desired ;Jlal.eft1l slrcs." 

rh" il1(T"'LS,,1 impuls!' trm15f~r 'O' .. itll illciusim' of thp fo~.m »~ll~l is 81:lributed to dllmges 

irJ Ihe sha;,,, of l.lw mV"1 pht,,_ A" tlw fo",n lS "blp t.o dpform i:1:;t~:ltly. ,he sh~)>e of 

the Cov!'r ;Jlal," ,1I,t"illS "dollbk "un'atur" tllpr~;,:--' fonn:ng ~ »a,·a.holoid ty»P 5urfaC'P, 

rhis i~ d'"oln,I,,,d ill Fig._ 2.:~ Tlw fmthor" of Hm15"'" et (Ii. 78- T~fpr to a study 

b,v LiarJg d "I. j7~1 dml fOllnd dml bl"st wa·wo illtpra~t:ng with " p~mholoid slw.»pd 

surface fConll.NI ill [I. br!!;!'r mnph'i",lI,:on of :)r"1'Sl1r" tl"'n if tlw w"w illtAffKI<'f1 W:tll " 

surfa(,e of sill!!;le cunat Ure Or a ph WH- "urf",·,,_ liw "" ;",rmwILuli obs!',-vall()l1S of 1 fallS"'ll 

et ai, :n,: (;(JILl'nne,] with I,h" '" larg,," dishiILg m I,h" {'{)\"'" pht" «,sllil,,,1 ill i""({'~",d 

"n('rg,I' tr~lIsf"r ,0 the ;x'mlulnm, 

A simibr ~tudy w~s rpC'f':ltl,I' wHwrw .. I:cn b,v :'I1a aLHI Ye [gOI, IIL ,his ;Ja;Jer, the au­

tl",rs rxmni1l<; ~ ,Iouhlp_bypr ~Iuminium foam dflddi:1g sc~)£\mtcd J,Y ~wd (;(J>"('r plaws, 

Tlw st\ldy i:; n:la::.iinli ~nd nll1ncrica.1 ~i)ld wmpan'd the ;x'rfol'lllam(' of fou:- dd,'l'l'w 

cladd'ngs_ SiJ[)il~r t,!) HlP ~tUr1.1 Jy H'J:l"~P:l et al. n-. the flnthors dcriH'd their solutioLl 

llSH'): a ri)::d-;,..rf~rllv 1-' h~t i~<od{i lIg m~ trrhl mo(kl which '~r"a, I ,Y ,impli[j, 's lh~ <l.lLal)" i~ 

wlnl!' proV:rli118 a('{'llrate re'l1it., Whp;l ,omp".r",-l to fi.nit'" plpmem simnlmiom,. p~nicu­

lar,,, for low ,knSlI,,, foam, S:n!';k ,,,,d dual l~yE'rrd rI~d'h1l8;; ar<> amli!,7Z,j w:th a low 

mLd hi):h 'kllHly fomns_ Tlw >,w ,kns:tv fomn hn.o; ~ d"ll~irv of '2IXI kg/m J ~"d " ;l:~t,p,m 

~tress of 1.-:; MP~ while dle high dellsity foolll has fI d"ILSit,l of :100 kg/m" [l.ILd a ;Jlal."all 

strt·" of ;].(1 :'lIP", Ul1dcr qllfl.~i·s,~tir Iwdi:lg, wilh idmlticall()w-uerJsiw fOfl1Jl. a dual 

by",r ,bd ,:ling will aJsOl'J twiC!' ~s mud1 e:lCrg,l flS a single ia,l('l'"d foom. :'IIixiILg high 

"'HI low 'iensit:; fOIl.ms i:1Crp.;\sed thp enprgy ~Jsorptio:1 ",Y [I. fnrtller 42 0/0, IT:lder ,,;ast 

Imding, til<" du,,1 :~yerpd !,<mm il1frPflSC:S the lnaximum a]owablc llll;Jn;s.' by 7G O/C, lTs:Ll;; 

lli~h d"'1Sity foam 0:1 tIl<" rpar :~ypr (HL i:1 Fig, ~.20) i:1crp.<lSes dl(' (,apacity ofdle ;J[l.nels 

hy "f11rtl"'r '27 ~7" llow",v~r tIl<" str""~ tnl.11~mitt<,d to thp prot".-;,ed suuctnr~ is dOllblfld, 

USl11g higlwr dpn~ity foams 0:1 ,he from lay"r (FL) g~ve lIO signilil'am inr,r"a,e ill capa(ci"Y 
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I~I 101 

, 

" 
, 

0:;)) 
, , , , , " , , , 
" , , , , , " , , , ", , , , , , , , " , , " , , , , , , , 

(c) 101 lei 

Fi:o',lln' 2 19- Ubsl, wave .Iil.eul{'lion Wil,h rigid punpls [,nd dpt'orm[l,b:,' t'OflJll ,'or,' pa!lph 
(a) I";;""r ngid sllTfa,'" (u) ('''n-"lli~id slULlc€ (c) (oyer pl8t~ un fo,;m (d) pbtp ;;11{1 
f(\;;Jll deforJlls il!ld (e) filLRI stWI''' of ,'(\IlljlOlWIlI. 

, 

Fi:?;ure 2,20; Schematir of a double ;a?~r~d foam ,.;addilLg as PTOpos(~.l hy \la and Y" _i\O:, 

A r"c"nl. ,wd,'- on b1&,1. lo~diIl:?; of aluminium foam pa.n~b II-as rondu~tPd Ilj- N~nmt-

1\ass"r d ,,/. :lil], [his 61.I.ldy ditfer~ .i:?;niiic~ntl,v from t llP afor~m~!lt,ion~d ~t-udies ilL that 

the pan(';s an' clamp-ed circula.r &lll,]'\-irh plates and hen~~ do not hav~ a rig'd b8.<'" pl~lt<' 

rlw "Hlhors modeled sllch panels usin:?; the d,\'n~mi(' finite ~lpnlPnt ]l~l"kagp LS-I)YNA 

wilh the pre'SllU' distriLHl.ioIl del,e.rmined by the Con\\'~p f,md:on. Thp blast loadill !;' i~ 

~s.'\lIlled to be :?;enerated from 2 g of T:-l'T. It was (,(lllc:\ld~d /1",1. d\l~ to hi:,,;!, vd()('il,ics 

~t the pfUlel (;entre (V > 100 m,'/~) that a ~Ln-<:k frolLt dev('I()p>; illdll('ill~ IllllCli lou:?;('r 

displacements in the front plat~ thalL ill th~ back pbt(,_ Thi" is illll"l.ml,,,d jy..- I,h" fmil," 
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CIL\I'TLH.2 Ll'l'L1L\TLllE H.E\'lL\\ 

..... ~,,-"'''' ~-.. ,~,.'''''' 
,~_"., ,~,"W, 

""_~~""-'''''-. M_""_'~ .... ,'" ,...", 

1= 20Cbsec 

Fi~l:rc 2,21. Ddol1!L(' I ,1m;,,, o[ fO'Ull WIl' ~,\ulwich p,m,,6 lUHlt'r !JIa,st loadill~ at variu\l, 
l.iIllP i1l4all"~', [Rl[ 

Wh~n m'ing hJB.m ,'I?,:ding?s fI. hh,t Bttpllual.or, tiw d~,i"n~l lIL1)~1 h" ('ar~hj I hal, I.h~ 

~X"('1 oppo"'l~ h~hB.viom do", ltol O«'l11"_ Li >ll1{j .\I~llg :i<2: d~I.~I1ILill"" I,hat \dWIL a 

hh~1 10>1(: is iILI.~I"iw, I jl~ 1 mll'Illi I.I.~,' pr~~'"r" "all ael, nally h" "ILhaILn,d alld ,'x,", ~~ I i.ll<' 

illCid~lll )wak pr~~,,,r,,, Th~ anl.hor, q, lll,i,": mwh' I,kal! y, I.h,· paVUll<'i ,'r, ,,-ili, h '.'('(crmill" 

",iwllwr alklll1H.I,ioll or cllhall"'IL)('lll. o[ 1.11(; IJla,,1 OC"lU', Wi"'ll 'lsillg "fo".lll ,Ltdrling 

a~'llILq, "rigid ~nllllori. 'lh~y [OlHJ(' I.hal. 1.1", ,kIL"f:."".I,ioll ~I eli!! E I "m, I Il<' p\ll~c' dnra;:ioll 

.,-J LILillICll' H' 1 h" ma .. xiILll1m pn>'''11"(; w il'('h i~ >lppli(x I to 1.1I<' rigid s IUfa"c Fig, 2.22a ~h ows 

l.1w illJl'Wll(,~ of '.- . OIL I Iw (:illl~r"iolll",~ I r:lI,"lIL il.l ~(' ~I r"," to l.il" prol,," I "" ,I rud.lln', Til<' 

10>L<lillg ""rT"'l"!l"lill~ 1,0 i.lw "ah illlhi, fignr" h a pn,~'''l'i' l)(1l~e of lll;LXilllllP.l prp%ut., 

to phl",,,l sln'~, ml.io I' 

,,-hen' .,-,..,# i~ giv"ll ", 

1 

In Eq. (2.2~~ T i3 pube d'lrfl-tion, L is fofl.'" leng:;:h. E is ;:he el?stic moC,l:hlf ilnd p is tiLe 

denfity oj the celhl1Br mfl.terial, 

C]""dv, [or br)';n d~ll"ifica'ioll ~tmill' thp tUlll~m;tt,~, pn'~,,,rc appro",;}w> tiw plawall 

"trc" of th" [O~lIL. Fig, 2,22)' ,jww, tlI<' iIlil'WlH'" of ill<' pili,,, illt<'lbi,,' on the trrul:>­

mithxl ~trc>s for \~lious Pllb" durations, Th" d"lkitie~tion scrain i3 fixed at (ii::\,Y% in all 

"l11"\"~. Tiw straight lilW dCIlOt<'d as R 1, COH"3pone" to th,' tifl.n>ition point lwtween 
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• 
I I , ~- " 

J , -. I' I • • -. 
• • • • • , -. 1/ f • • - . 
I • • , 

lit • , -" 
0 • • 't ' //-1 I .. • • .. .. ~ , ' '.' ... . , .. " .' CO , • .. 

, 
1.1 101 

Figure 2.22: (a) Dependen~e of Lhe dimen,ionle% t.f1lllsmit.t,ed ,t,re"s OJL d"JLsi!icatinn 
,a~iJL 01 wit.h {! ;\ ~md T,/ = l. (b) D"l",ndellcc of tlL" diTn"Jk'lOJLI"" inm,mi1t."d sa""s 
on tll(' 1'H'''"Hll' intfJL"it.y [01' 1',11-", dumt.ion~ a : cd = 0.5, b: To = 0.75, c : To = 1 0, d: 
Co = 1 2.l. '" To = 1.5. [~2[ 

~UeJLu"tioJL "nd ('llllimn;Trl('!lt o[tl,l' hi,,"t pr""'llrf'. From Fig, 2 2:~ it· i, cif'!.rth!'.t ,~~ th~ 

pul", durati,,,, illn~'N,", til(' n",,,imUllL input pr~"~u[(' thllt w;ll result in th" tr~nsll\ittrd 

l)l'''~"nre L",iJL~ Ix,lo", ill(' pI n.t ",.1l ,. n", of t he lILil' "ri ill d""""""",. 

Other stlldies on iLnminillm fO>illl cbrlding for pWi."c:ion iJLdll(k H>tdford d "I, [R3] 
where dl1.J.Ilped sl1.J.ldwidl beams are inves\.iga1.ed nnder shock lo>uEng, Th" "hock l"mEng 

i8 8imub:ed by impilCting the beams with a metallic foam striker which is shown to 

1"8€mllle uJLderw;.ter bllJ.St~ 84]. The study ,.nalytically ~nd experimentidl;' investigated 

lILo]lohthic 'oe~"ns, 'llld 5andwich IW~lm, with ~minless stCl'I rorru~ated ilnel pyramidal 

'rllS'; imd iliUllLilliuTn fmnn Core8. TI'e "llld",icl, he"m5 all p"rfornl"d l)(,It"r thi'.n the 

lILOJLoli"hi~ I",n.", wi.iL "1,,, pVl'~lILid~ll em" Ile~mL~ tiLe wec.ke~t oftl'" ~,.ndwicl, ~trudure" 

eilllLil et ai . . 1\5] ,tudied tl'e u,e o[ ~lulJLiunium fo,.m il8 pilrt of ~l multi-l,.yer, multi­

lILilr"ri~ll ~mILour protedion syst~m. Under 'O,.lIi5tic :oading the iluthor found filVorable 

r<'"ult~ for 5urh a ('ontiguratio.-t, Crupi and i\[on:anini [51;: e.-.:p~rimt'n:allv inw~t.iga:ed 

alumi.nium foam sandwich panels under static a.-td d\'namic three-point bending tests, 

'1'1", TrHlt"rial 1'rol",rti", o[ ~llulJL'"iulJL fomn uJLder high ,trc.in wte hI'''' I'e€n studied in 

• h" jj. ".r,.tnre imd ~ brief .,,,_enim! ,.re dii'cusood hele. P,.ul ~"d Rilln HOlurty [57, studied 

• .lw s1rn.i:1 wl" ""llsi.ivi.y of do,od (X,lJ illmnillium fOilln All")n.~ for ,imiJL n.t" I)('.ween 

:;.:n X 10-' S- l 10 1.6 X 10-1 S-l, Th" 1'lill">ln stre",~ Wil, f",,,,d to iJ"'H'''''' nil'''''ilrly wi:iL 

n. slow ::lne>l,'" IIp 10 "In.ill nl.k~ of ~ .. 1~ X 10-" ,_1 wit.h il ,iL>lrp'T inn"~,;i' ilfkr lhi, 

rille, l)mm"milljll iUld L~ULkford [AA] ~ls() illw5tigated Al1'on~~ fOilln~ hu~ ilt strain r;'te~ 

of 1[)() S-l 1.0 2S0[) "_1 witiL a "plit Hopkin"oJL pr"ssure IliU' s,'tup. :Jtmill r,'lt" ""'ll~itivily W,1o; 

observed p>lrtkllbrly fot· hi~h,,,- d,,,,,i,,, [omILs, II is sugg"""d bv t.1,,, imil",r" tlLilt iI", (dl 

Shilpe j, responsible for lhi, ilHT",-'''' >It higher d,,,,,il.y. l)"'1'IHmde imd Flock [R!1] "1.ll<li,,<1 

:he strain rille ",wit.i"i:". for tlw d'Nx:j ,,,L AIllligl" imd OJ"'" ,dl Duoce! fOiUl;, ""ing 

a 5plit. ilo\,kinso:l pre~snr" b.u· ~l1ld diwd iInpnd ""ts fl.1. slmiIl rM", 1""W""ll 1O-~ "_1 
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to approximately 5 x 103 S-l. 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 IF'AM 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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i') 

Fip,u,~ 2.2:\' (,,) Ph,,1 0f,r~ ph of t 1", ci~fo .nll~O I h()]",y,'o J,--d J eo Jr" sull.i<'d ""I to" l II iform hi ",r. 
with r.n impnlse of 3().2'J:j Ns. (b) I'hol.ogncph~ o[ r~s·.!il.il;g honey(,omb (or~ subje<;t 1.0 

lorp.lisM hl~:;r. hidin::; [~nl 

2.2.2.::\ General Sandwich Claddin~ 

I'Iw ('orp 

], ,ilndwlChed I""t.\\' ... 'r; Imn;r;a,j,'d f",·p ,hp"1'. Th~ ,lUlhlr~ ::';"I"~'1J.,'d ~<'Is of ;,;owrnil;g 

eqlluio!t1~ llIHkr air-bl","t. and uJld~rw"t~r bh~t jo~diq( which ",e,'" soh-cd u,ir;)( Tdhod, 

ha~ec'. on th~ Lxl.~I,ried Galcrkin ~ktho':, SOl1l<? &<?r;eml resnlt~ wer<? th"l. rid1cct.iOI'S 

dne to air-bl%t load'l,gs w"f(, found 70 '"" nmdl gTPa.t~r thf.n for underwd<?,. 'oL,t.~. Th" 

llUllir;2.lp orientation was also found t.o play" i<crg" ml~ in ,truetuu.l (if.:l:pening c.nd tot"l 

ddtp('tim; o[ til<' patwls. The id~,,1 ply ori"mcll.iOI' d"l)cJl(kd hee.v:l" or; th~ trf.nSI'erse 

s)"'elr To':uli of thp eor~. H"uoe c.nd Lebr",,';u tlS {,)r;d,!('l.(,,: f. similf.r stud,\' where 

doscd forT solution, f.re d~yeloped for Ih" dYI,c.n:ic l'''spor;sc of s"r;e.,,-ich paMls with 

mthotmpic ('()r~s to c. variety of bhsi plllsc, (n,d"l,gLli<cr, sinn,oie.f.l, ,;onie boom). 

SI.,,,!:,,, mr;e.ll<'t,·(i bv Xue "mi Hutchinsoll '~)(i, !J7i 'I' ",'sl.igal "': I he i.lla~t. 10f. ding of sand­

widL "tnH't·ur~s frnm f. theorelied ami cOlllpm.cll.ior;,J ~t"ndpoint .. Th~ work presented 

ill 1~61 i, "pT~Ii:l:in"ry stud,\' wh:eh r;()jllplJ.W~ I.h(' per[mT"r;c~ ir; t~rm, of str~ngth 2.nd 

"n~r8Y 3i.l>'(1']Jtinn of :l:onolithic 8te~] pLl.('s and I.'" m)(onal t·m'S "andwi' h panels. The 

pcu",ls "r~ ('ircnla,r "ne. lmv~ chmped 'ooundarv ('ondil .ion~ I.h",eby "llowir;g e.~fornl8-tio11~ 

of 'uOI.h I.h~ top and ilottolll fa~<? 8heets. The alllhor~ foulld thn r.ll(' 'nndwi'h pl1.n~18 

n.n ,ustain "uhstanti"llv brger illlpU]"'S I.hcm ~oli,: me7,J plc.t~, of thp S"lllP mc.S8. Th~ 

"nt.hor, ('onductt'd f. follow-on (i)Jllpcmll.in, ,tw:y iI, !)";". In th~ ,tnriy. th~ pprfor:l:f.nce 

of lancgollcd 1m,;., sqw,r~ hOnp?(,(lTb, "nd fold~d pl"te s"wiwich "H'e; de oon,pded 

to st<?,,] pLI.('s of '''.Iuc.! melS, u"illg th~ .-\HAQl'S hnitp pl~T~r;~ p"ck"g~. It wa,~ "g2.in 

foumi th"t sf.miwirh 8IrU('I.Uf('S olll .perform "',ual mass "1,-",1 pbt~s in t~rms of i:l:pnlsive 

resistf.nee. Tks wa.~ showI' to I", panieu]",ly t-rw' "t. "TalwJ' impul"'" f\lrthpr to thi~. 
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figure 2.24: Plot o[ Uill-diuleL,ioL,,1 eLergv p,m:il,ionilli!: hel.w"eJL i.l", h"" ,h(x.'t, 'IT,d th~ 
Cme [or (a) TetLlgomJ. t[1'" cor" au! (0) Sq"""e hOJLe"co",h cor<' The nOJL-di""'Jhion,1 
ajJplied ilIljmbc ilJ-'plied to the pailCb i" j /~jf V,,-,jl;' = 021. % 

1:he :;quare llOueycurno a.ud folded jJlate cOre>< ,ii!:lliGcc).mlv olliperformed II", l.drilgOT,,,1 

cure" due tu in-plane ;I.retchilli!:. AltllOlli!:h the ot",iy prirllimiv [oc"",,! on ddh"l.ion~ 

uf the wp arod bonom f(i,Ce "he€1:s, the l-'anitiojllLg o[ di",ijJal(xll-'b4ic ,,11Cri!:y betW(X'll 

tllf' cor~ and the faLe sheets i" w:'u examined. fig, 2,24 "h",," 1:he plJ.rl.itioLillg o[ the 

nOJL-dim~n,ioJL ~nergy as a fllDctioro of rooro dimerosional time. 11: :,llOuld be lloted t hat ill 

Fig. 22,'1 .U mLd r r~fer~ to the lml."S pAr unit, a.J·~a and leng1:h of the l-'ancl re;l-'ecti,'ely, 

For thf' g'wn ~xamp:~ lllf' noro-dimen"iunlJ.l lJ.ppEed iml-'ul"e :s j /UI yC :,p: _~ 11,2". ;.iote 

that a murh :argf'r port iun of the iroitial kiroetic eroergy is di:'''lPlJ.ted in the houevcolllb 

rur~ as oppoSf'ci to the teuagunal t ru", C<lre, The lJ.uthoi" wou ,llUwed I.lwt illll-'ro,-emcnt, 

ga'n..r. llsirog Earoc[,<irh p(mels over ,olid pla1:es a.re lr.agnJie<l whell sub.iecl.iLg 1:iJe jJaueb 

to 11JLdf'lw>l.t~r bia~t' . It i, not..r. how~,er 1:hat, the result" vresemed iro :9T: mlJ.!' be overly 

optimi,tic. &" " cOlnpi~t,e lnor.el of tllP fluid ~trurnlre ii' not uoed. The authurs C<lunter 

l.iJis limit;).I.'on however hy T'oti!.'!!; t,hat t,he r~"J;it" prf',eJLted for tllf' sandw:ch panpl are 

llnl. ["U" opl.im",,~l. 
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2_2.3 Alternative Core Structures 

2.2.:,.1 nla~t. [.oadilll-\ of \Vd, I'la/" CJaddillgS 

Otll€r forms of sarTificial cladding haw b~An proposed:n thp lir~rarmp. In t~rnl~ of blast 

loading, Gmnpras"d "nn \lui<bprjN' imTstiS"i.rd analy,i<""lly a!!d nUITlrrimlly [08[ il!ld 

"xpnrinWlltally [09[. a l"yprpd wpb dfldding u",jpr bla..,1 loadmi',. A ""hrm"tw of a 1.hr<','­

I~yrr<'ri ("\3nding "nwtnrp i, givp1\ i1\ Fig. 2.2')". Each layer is Ullllpos<,d of a baSi' p11\10. 

Cl ,'o\,pr phIlp, ann ~ wpb pln.t,,,. all ln~(k of llllld swd. The layrr~ ('OLlP"" sll("("rssivdv 

W:tll ITl:nim~1 fnrCA transfer to tlw protfft-f'(j S([U<"tl1H' . 

.... ~ .. ~ .. ..... 

(8) 

, . .".,,~ .. ''''' ... 
1'1 

Figur~ 2.2~' (a) C'onfigurarion of sacrificial cladding wirh a non-sacrificial framp (b) 
Deformation mories ar t U,UUl s a.nd t n.Oo.s s for a tlu:ee-layereri cladcEng with a 
sheet thict.;:ness of 1.6 Hull, [~)~] 

Thi~ ("onfiguriltion has s~wral anvamagps 'n t,prm~ of ~n~rgy ab~orption unnpr hlast.load,. 

Plasric hingp locarion~ are wAll d~fin""j and h~ncp rh~ pnfnrm8.l1CP of ~ach laypr b prf'­

dict.abIA, ('()nsistenr and tailor~bl~ to thp ~xp~t""j blast loani!!!',. Strains arA ~lllall a!!d 

h"n,',' fnl"tuH' within thA wriJ plil,rps is unlik"j,-. ThA I~Y"l'P(l cli\dding in ,h" aforpnwn­

t.ionpd ~t.ud,,- is alSi, ~pacp ~tfidPllt 'n thar il absorlJ" a largp amounr of pn~r)';y within a 

givAn thi('kn~"". In Curllpn,-'an and .\lukhprjPe [98] il platp strain model ,'-, WAil a'impli­

fjpd m8.~s-spring m()(jp] was n~,'plop~n and anah-zpd undpr a rriangula r prp~surA puiSi' t.o 

simulatp thp hh.,t. locHling. Thp two mod,'ls ,;!H.l\vpd :.;""d ('orrelation ,,-i,h pach ot.heT. 111 

t.en))., of p"e~K\' "llborp:.ion. ,h,' ('bdding structure Wel, fou!!d to IJP dti<-i~nl ilnd pw\,id(·d 

hlil" i~()l at.ion to~ th" prote(t,'n ,tructurc. 

This ab,orpl,ion lH'havlOur wa.~ confirmed expcTlIuellt.>Jlv 1ll GmnprMari and :Vluk.ll€rjee 

~99]. The expe,.imemal "etnp is picturM in Fig. 2.26a, The panels had riimen~iol1~ of 1m 

x 2 m wit,h one 1.0 three lay€r,. Eadllayer hari il thickne,s of IUO Hull. rNT eXplosi"es 
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Figure 2.2(;: (a) Photographs of ~xp"rim~ntllJ .;rtup u,,'ng lay~rpd wl)b elarlding_ (b) 
Pbotograpb'! of defoTmed .;bape of a Ja"eT('(1 darlrling '!uhj,'d to a ll k:o; T\T char:o;p 
positioupd 2 m from th~ paneL Th~ tbkkness of the ,,~b p!at~ j, 1_G ntlH_ (el Phologr"pilO! 
of deformed shape of a layered darlrling '!ubjed to ~,4_1 kg TST rbarge pO'!itionp<! 2 lH 
from the paneL Tb~ tbickn~s'! of tlw wl"b plat~ j, 1.2 mm_ :991 

rangin~ [rom 2..', - ,",U kg were hung abow the cladding Pressure gaugp.; r~rmdfrl 

the bh,t pre"ure and the deformation of eacb layer was also rocorderl_ Tlw au~I,.tiral 

and ~xperintpnt!l; rp511lts roltlpare reaSOIlahly ""pi,, h,m'ewr some ml"r-predinioll in Ill{' 

derormation W!l5 ohs~rn,,<l ,hlP to "()Jn~ mode, or dis'ip!).lion uol lH'iIlg iuduri(,d in Ib,' 

,;m pip modpL Fi !/" , 2_26h,(' silow t hp ddornH'd claddiIlg WHI' I iug fwm I W(1 '1, 1 kg bla-;l, 

I PIt) 
W<~, ---w 

" m = m,l2n 
• G+m 

Fi~urc 2,27: SdH--malic of a m''''';-,priu!,; mod,.! for", HIlit "I,ll of It wd, pht'1>1, ('bddine: 
,jrncim{'. -tOO' 

K"ra~ioz()\" !llid .I OJl('~ [100: I.iworel ,,,ally inve,t igal ed " bvered d"dding structure ,imilar 

to I. he' previoll,! y d('H'ri lx,d "I rnd ll[(' under a tri"n)\llbr bb ,t l",loe, The study examined 
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t'H) layPT~ of mild "t<:,<,1 fl.nd fl.IUlllinlum ,wh l'lfl.t.ps );"ing ~ IUllljwd ma,~s :rod,,1 wit.h links 

comwct .. d I)y orrin,<\s ~~ "!lOWn in Fig_:! 27_ \'ot" tlwt tlw a.nglp oft.hp w,'1> pbtp,; fl.~ shown 

in Hw tignr .. i~ 1\,w'n h" y, In :!H' ~l.1;dy, two djff~f\'nt \'all;", of .p 'WtP .. xcunirwd_ A 

~Trlfl.ll WIllI<' of.; rO(f''Sponds to ~ npfl.rlyw·rtwal w"h pl~tf'_ Thp work hv K&l~gio~m", and 

,jonps 11')111 foc\ls<,d OIL \.fl(' dpfonJL~tiolL TrlCKks; forc" 1.]"'n51<:r h<:hw"n th .. lay<:rs R.~ wPJI 

'" Hl(' inihwILc(' of "I rain mle, Thp mild sl.(~:1 d",ldin~5 show",1 f\lghn ~n<:rgv ~,bS<)rhing 

{"lJ~l!'ilv I.ball II", ,dnmiILi\l''!: ;ullds, SI.will m:" seILsil,ivitv showed lillk lJliln{'j)('(' on 

I.b€ d),mpi i()Jl pro;)('ri i"6 of I.!w ('laddiILg du" 1,0 I.!", ""l{wil v I nULsf,,! pro;",rl';"s of I.!l(' 

J)]'''~''llT I'];]s(', Sp(x'iGroalk, IlLal, I,he vdo"il,- appli{~j 1,0 Ih" slnlclu(' ri~es gnullmll." as 

oPP{Nxllo impad ".-('ILanos wll('re Ih" "d{)(,LI.'· rise is insl.iU11.mwO\lS, Force l,nUlSf{,,' for 

a nILil, (',,11 wll.h I.wo dilTn(,ILI, s!-arti"g g"o",,'I,ri(" '111<1 TJml·cri~ls is I',;'-<:n in Fi;',,_ 2_21lil 

awl 2.2:<'1), '11,,, dadding [("J)(ll1SP ill Fi;',_ 2.2:<'a is I{)r Rl:l alulJlinil.lJl d~.dding wnh fl. 

lar~er augk on t.h" wd) piat"s_ In Fig_ 221lb, thp ",pb pbks MP at a gTPalrr '"n;',l<: 

(u' !L(:arly \"{n:"al) aml 1I1 0d" of lJlild 81.,'~_ For t'H) Itl-Y,-.j'('d cI~('ldini\5 il Wtl-S found that 

slir",. w('h plaks l,musl{Tr"d _'l[~n forc", to tl", s\lllSe<,];"ILt iaV('f_ )'fl" stirIl<:"" of <:~dl 

lm'('r is d('hIL"d Il\' II II' [!Oil I "1'1,,1 ns"d a"d :ILi I.iill 'Ul~l<- of II,,, weh plat"'_ SlJlll11 angles ""n 

tl",,.d()l''' ImllSf('r brg" loads 1,0 tl", S\lllS{'(,];('IlI b.l"T mul tir" amiu slrnel,.[(' Fnrth"r 

to this, small ~ngled web plates showed Impredi(taule deformation mode". Fig. 2,21k 

shows the energy absorption in eadL lar€r of >ill aluminium W€u plale wil,lL small web 

plfl.tP ~ng~p_ Tt is clp&l h:om this figure that verr lilt~e en€r::;:>' :" fl.bsorbed ;n the 6€('ond 

l"YPI until ~ distinrt point wh~j'(' tIll' iirst I"!'~r ~llll"pS<'~. 

, 
'" '. 

" 
,. 

-- ""...,- pOol< "-" ... _ "...., ."""'-to 

" " '" " 
" , 

D.10 ~.1~ 0. ,. , 
(0) 

" 
0 
0,00 

-- ooo ... ~". 
boo .. ~.,. 

_ "'>in •• ""..-. 

0,' ~.10 " • (0) 

Figl.lre 2,2S: FOH'e InUlSfe,. 1·0 I.h" fms" piak mul amill strnct\lr" of a \lll:t eer ,,-itir the 
follow ill,", wd) pbl" cOILLg\lml ious: (a) "'\ I]; Trl :ILimn "TI) piat<" with a brge val \le or.,; (b) 
St",,1 w"h ,,!atps ",:th" snmll \'a:];~ of.p. (c) EIl"rgy fl.i>sorpt.iou w:thin "tl-d, cOTrlponPnt 
of "n all;Trlini];Trl c!adding with fl. s"'8-:1 vfl.lup of y [lOU[ 
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CH/l,pn;R 2. LITERATURE HEVIEW L~ 

2,2!h), woven mdalb; texUe, !lmj idllm:l>ilHIL hOJl"ycomb ('m"s Thp ~JlPrgy ab.-..orbed 

per unit ma",s 1)1'"..;1,) for :.he \UiOllS ,'ouli,.;mnion" j" ~iveJl:n Fig 2.30a. All r""ult" arp 

nonnalizoo w;th re",pe,.t to I,he yidd stress o[ Ihe solid [)"lteri;li cr, __ U,,;,r!y at !ow p"ak 

",u€ngths("'"k j, honey('umb cores [",rfO[[HiUl"" is high""I, /1 t hi~I'er j",,,k ,--tren ~t hs, ~et.ra­

hAC)ral tnls.< :'tructure~ uutp"rform ol,her si-ructur,o; ilJ(jiu,ting it m;,y I>e []lme ""it,,hle 

for high intensity luading s:tua~iUllS, 

Qllehe:l!alt "I (Ii. l10J inVR't;~ated ,he compre",sive behaviour ufmetallic bCi"" hollow 

trus" ,'-c'1.ndw-ich "tn1<turp,. Square and diamond stru('wre" ao; ~howu ill Fig, 2,2fb ;'H' 

'71J(li"d. .\, t he tn."" elem"nts ar" hollow tubl~, tIle sqllMe configurat iUL highly res"mi,!"" 

till' "t,nl( tun' 1'0_) in tbi' dWci". Fip;, 2.2!J~ ,how" '" squan' awl a diauJOILd shaped !all i"e 

undpr qua~i-"ta~i(' compre"~ion ,,~ uS{ mld 40'7c ",train. The peal "I ress "')k o[ i)()l,h btt.ice 

"trunnrt;1' is a function of the ?laSlic ~;lcklin~ "trh." of" holluw ('ylinder ami is gh-ell ,'" 

",I,,,rp k i,,; a constam defining the rigidit,v of the juiub, E, lS l.lw lml,.;"n: modllills ,,[the 

j"'rent mat"r:al, a" and a; are the o\ll:,ide and in:,ide Lidi: of l.lw tr;ls." re"pec:i"dy, I i" 

HlP i~n(',t h of t h" ('olmDu, ... ' ii, tIle dngle thl' tru"" mak", wit,ll :hc fac(' "lH~'t. alld p is IlL<' 

rpiniw d"ns:t.y. Qlwll"illalt et ai, [llJ3: found lIla, the bollm\' Inl% strucwre" have Ilw 

higlH'"t pe;,k "trength of a!1 Cl'llu!ar metal W?olop;iHS pre"",ntoo in the Ei.emwre, 

A <'ompm'i"JIl illio the eJ",rRY "]:",orptiol1 charadpri,tin, 'imilar to tha, of Kooista et 

ai, [lIl2] is ~iven [or Ilw dii"ILOl>d ,md sqllare 1m" !8t~ic,', dwj sUmm><rizf'<) ill Fi~. 2.30b, 

It i:, dem' Ihd s"ch btl:"es ,'om,"lre f;,vomi,ly ,,·itl, pyramidallat~i(" tru"s and metal 

text:l,,;, 

, ," 
< 0.10 ; , 

0.1 1.0 

a",.' ~, 

1" 

t';gur" 2.311; (a) Er:.ergy a~",orp,iuu per Ull:1 ",ao;s o[ ""rious bltice ~t n Lclm"", (b) EllerRY 
l1.bsorpti on per unit m,,,,,s of :'q;lm'e alld diamolld m ielll.iltiou lid I,:,.e "tructures. [; 02] 
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CllAPTEH 2, LITEHA'n:HE HJ::\IE\\-

2"2.4 OptimisatioJl or Salldwich StJ'\ld\lI'ps 

L:aq; d al. [HJ4] condu(;\.ed a ma,si' o1-'t.iulimtj()u .;tl1<I:-/ uj ('orl'llgat"'].'l~'lHlwidl ~tructures 

lluder bbsl.. load.,. The desigu variablei' u~d :n the study are I'huwn :n fig. 2.31. The 

m~s~ 01 ",,,-i) " ,trudure j~ optjl"i~,"l u,i,,!, i\ Lomhi,wr] ",!'"sibk TJin'ci.iun ;"'lel,ilOr] ("om­

biJLed ,,~t.h t.i)(" H",,'ktT'a('k ProgTmJLmiq; IIkt."()od, Axial ('ompn'hion, IX'JLdinf\. liud::ling. 

and In'ULUlm'l..miT'g ('oJLHid"uti"'h arc us",1 [~, "("',1.raiJLi.s, A _,if\tlifi{'ant as.'"m1-'1.iun is 

lnade I..imt I.)", blas' load '''''' lx, n'pn""JLwd by a s\.[,tic 1-'r""sure, The r"sults SilOW 1.h[<\. 

1.he curmg>ltiuu k~ (L,,), <:urmg[<tiuu ar,gle (q}, (;ore I..hid;:],e"s rI,) [<ud {'OlTug[<l..ion pite,l 

(8;' ar" imponad de,ig" pa.ramders [or 1.h" COre cmuponer,t Wi1.lL re"p"('1.. to b11('kEr,g 

6tn'JL~lil, aJLd tim1. tile fa"" "il(~·t thi{'kJLe", (U H,re impuriar,1.. de,,:p, pm·"me1.er" lOr the 

1m,' ~1l("·1. comlx,n,'nl.. wil..il re,p(x;t 1.0 axmI4r"s", 

• , 
, 'r-< l<fI!!';. , ''''' oh«, ,hoc...,,, 
C o{'''''''''''''>n''. k""," 

, C'"""",,,,,. ",,,., 

• o{'''''''V_ ,,",Ie , ,".Jc ",,,h , ('",", ,~",,,,,,, 

Fi~llre 2.:U: S('hemal..:" of uJlTu,.;al..",].,ar,dwicil 1-'ar,el" with til{" dei'ign l'ariaOleO 11,ed in 

til{" opl..imi;.aiion H\l.ldy Ii" Liang eI ,,/, [104: 

Tian and Ltl :1O~] optiml~e w,r:oul' corrug[<ted sandwich panel~ uuder axial comp)'fs.~ion. 

The _" .. r,dwich ('<.)re.> ir,\"e;tigated were sqUat'p. ll:),t-stiff'~n>xl, t)'if'.ngular. "nd tr:;"p~widal 

corrngations. Tks .'lt11dy does not in'"olw "ola.;t loading howl"{p), f'.nd a~ 611Ch h'0 limit",] 

nnp<Jl"tancl' to th" curr"nl, rpSI"""C,l Th~ sa.ndwi~h pa.n~ls in t.h~ afoT'~m~nlioJL"'] _,I,ud:" 

aJ'I' optimi",,,d [OT' WI'i:;;hl, l1nd~)' a"~i,d wmpre6~ioJL b,~,cd 0" de,i;,;" [mllluLU" lor ni1.ic,d 

glolml ,md local h11"kliJL~. bl'C' slw",t bu('klin!,; ;llld lJla1.{"ri,d vi"ldiJL~, l.",iIl~ I..h" q'jfl.Jral..i(' 

p[()f\r;Clnllli!L~ Op1.ilniml..i,w 1.(~';]lJlique 1.he aU1.huro ob\.aiT,,~1 "igni(k[<r,:. nmH>' redudior:s 

Ul':ng opt:m:f'I'd hat"stiffenoo sections owr i'imple I'quare COT'l'u[,:"I,ions. Altho11gh til<' 

lOf'.diug differ., I':gnific:;r,ntly from t,le pr~spnt otndy th" work j, insightfnl in th"l illni'lmtl's 

,10"" p)'oper ,,,ll'ct:on 0;' s:;r,nd,,':ch corp pf'.T'a.JJlNI'T'S can ),ffi, 'c~ t.hl' m',o's wh i I" n 01 S<l.::rificing 

th,' otructuT'u.l )Jwj!l'rtih 0;' thr pane\. 
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Chapter 3 

Material Characterisation 

:~ . 1 Introc:lll ct ion 

Tr:> lnV(>s(igalP thp TP'I'r)lHP nftll" prnpr:>",'{l palwl~ und"l bla"t loadl1l& conditinlH- ngr:>r­

nus llJ"t"Tla] <'hanv't"Tlz>\tlOn nP<'{h t,o )-J" unr!Pf7ak"1l Althnugh mild s,,>pl j, a rdll.tlwl:-­

wpll unJ"Tst.\od ma:prial; w,TiatJPll :Il tl", manuhct.UTill& proCPH and cmnpositioll ot 

jow-"'lTboll ~t(,,'l "C,'ql' "'Sllltlllg in wjd"jy ""rnag mat<'ncd cj,arad"Tj,tws Thi, IS par­

ti<'nb.d,· trn.> in th" cun('Jlt :lpp1i{'atioll ," tIl!' !o",-em!>o!l ,'tt·"lllS('(i fo] th" top plat" 

,1Ild lor th" tlll~·, lUld,-rg""', "dilfcH'nt roLillg' pro,,,.;s {1m!. lOlh] alJ(l cnld rn11,'d H"I""'­

tiv.,[y). Thi, iJL<"H·'lSC'; t.lw work ]lclrd"Iling ill ti", tuil," "-]jn 11111,1 1)(' a«'(mnled tor W1WIl 

HloddliuiS tll(' now -,t,T""", of the rnatcri,J. 

It ShOlild be ]jot(~l that. the "t,~,] "",'d for rh,' top cmd hmtolIl pbtl'" arc obt"ined fWIll 

\'lilc,m St(~'ln!whilc :1", "tl,cl tlll",o arc ,;Ilpp:ied by Till,..con''''''. '1'1", ":nmiuinlll tnl".s 

Me s"pp:i,'d by Xon-Ferroll~ :'h-t,cli,;T~] TIl<' chemical <'ompositioll of t,I,,' ,tl,d, lI",'d in 

this "tndy ar" ,.;iV"ll ill 'I,.i!,!c 3.1 ,md t.}J(' "lnmillimn is giwll in T.,bk 3.2, For both tllbp 

",a",riak the ,.h"Illka: (colIlposirioll i, oblailled diw(t.v [rom :hc' ~lIppli(T. how('v('r th" 

dl<'mind compo"irion of t.}J(' top p].,t.(' is fonlJ(] ill '1(){)i, 

Tablp 3.1' Ch<'lllic"] Composition of thp ,wels u""d in thi, ,tud:_ 

SWE'I ('Yo :-'[n S{ ro/c S'1o Si o/r 

tubE's CUO CHiC) 8,02:; O,O:lO O,:lO 
top pili: e ll.l:i . ,()() o,m:; 0.035 (UO 

'II", moddlill~ of meltpri",s nn(kr bb,;! loads r"quiTP~ q\lClsi-~tatic alld dYllamic: COllsti­

rmi",,, pil.l:ml)('teT;;. 'I]", followiag ",'nioa,; dnsnibp th,' ,'xlwrinl<'ntcd ilnd arm.r,;i,; pm,. .... 

17 
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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 

summarize, 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 DC 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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CHAPTER 3. MATERIAL CHARACTERISATION 49 

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 

i = 8.33 x 10 S-l. 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. 

r 

1 i 

I· ·1 
I· 

W2 

·1 
W3 

W4 

-L 
I --,-

Figure 3.1: Schematic of fiat 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 

fiat 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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50 CHAPTER 3. MATERIAL CHARACTERISATIOK 

Table 3.3: Tensile specimen dimensions. 

Specimen WI (mm) 

A 8.0 60.0.0 80.0 
B 8.0 60.0.0 80.0 

W4 (mm) 

170.0 
170.0 

W5 (mm) r (mm) t (mm) 

25.0 15.0 4.0 
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 J ohnson­

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 Feff.. 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 !::..L = O. This removes the "bedding in" 

described in the previous paragraph. The actual plastic displacement !::..Lpl is then com-
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CHAPTER 3. MATERIAL CHARACTERISATION 51 

puted using Eq. (3.1). 

(3.1) 

The engineering stress ae is then calculated as 

(3.2) 

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

calculated as 

pI _ 
ceng - Lo (3.3) 

where Lo is the gauge length. :F'or all tests this value is Lo = 40 mm. The true logarithmic 

plastic strain is then calculated using Eq. (3.4) [108] 

rL 
dL ( L ) ( !:::.L I) 

cpl = } Lo L = In Lo = In 1 + LoP = In (1 + C~~g) (3.4) 

where L is the instantaneous gauge length. The true stress in the material is then 

calculated using Eq. (3.5) [108] 

F F ( L) _ (1 + pI ) _ "pI 
a = A = Ao(Lo/ L) = a eng La - a eng ceng - aenge 

(3.5) 

where A is the instantaneous cross sectional area. Eqs. (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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F'e\l1T'(' 3.2: r~n8in""ring ftrp5s-stn:n curw, for (al '\' Hwi\pd mil,: '[{'('] in1>",. (hl 
.-\nn('":,,,,'1 m'ld-,t~pl tUb~5, (c) Ai' n'C'€iv",1 ahminillIll blw,. (d) 'jop ,)[,lIe 'i('('] 

tlll.,." th~T'p is 50m~ disc[ppancy m the hrler" band Imi the bdm\iml "Ii.Pl Ih,' hand j, 

thp sen",' for ail thts Thl, is likp:y <::'1" to some i'li:?;hl dilI~rellce, ill I.h,' aJl[waiiIl)', o[ 

th" rnl><·.; Thi, if i,,('{)n5l"(jupntial howpwr a,< tll<' rd"'Tell<'€ ibl u,£'<1 to ('om:nl" the' 

q:La._i_'tilt]{' b~h!lvionr is llot tlw tt'ft "hemin::,; the anom:uo'J' [uder, I"ued hdw\iOlll 

.\[,," o[ \lOn· h t.lmt for r)", ,mn('Clh[ ,t .... l tnl)pc ",no th~ ,'1IUlllinnlll tul,e,;;o t]m1 [OJ 

e<Lcb malerid " 1(',' re,,,il""] ill i\ ,.('rticitl ,trhf-Srr!lill C1lrw alt~r tlw rTS, Thit' it; a 
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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 Cf (assuming the specimen is stretched to destruction) 

may be expressed as 

(3.6) 

where Af 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 (thm' th], thr and w). are determined 

for both cross-sections of each top plate specimen and averaged. The failure stress is 

calculated simply as 

(3.7) 

where Ff 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 fiat dogbone specimens used 

in this study, the MLR [110] scaling factor is used and is given by 

where Cneck is the true strain where diffuse necking begins. The failure stress is therefore 

multiplied by Eq. (3.8) to give the corrected failure stress o-Forr. 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. 

~I 
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 O'b 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 {l in Eq. 

(3.9) is adjusted until convergence is obtained. 

I I 
0' = {lO'o (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 + Ben 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 at. The 

values of A, Band 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 U2 = (h = 

(}2 = 0 on the bottom surface (31) while Ul = (}2 = (}3 = 0 on the front facing surface 

(32) in Fig. 3.4 where Ui refers to nodal displacements in the i direction and (}i refers to 

nodal rotations about axis i. Symmetry is also applied on the midsurface in respect to 

the thickness of the specimen. This implies U3 = (}1 = (}2 = 0 on the surface 33. Therefore 

only 1/8th of the actual tensile specimen is modelled. 



Univ
ers

ity
 of

 C
ap

e T
ow

nFi,.;\l1'C .3 
nbtlOns 

3.3.1 :\lass Scaling 

Th~ (~itf.cu:ty in oimlll"tmg t~l13il~ tf'Sts is thilt th~ tf'Sts hClw '" long Clbsolut~ tim\' d\;­

ra/.l(1::l ll::lrl~r Cjlla.,i-st"tie GOnrlitlUns. l-sin~ ,.J"BAQUS/Expbcit with ~I\'m€nt-by- ~l\'ment 

stabi:ity the time ~t€P is , 'olllpul.ed bw.;ed on Eq. (:l.lO). 

wh(·1'(· t, is th,· chAqct.'·rlstic ,>1oon1('nt 100TLgth a.~sociat<·d with ,lI' "lpm"nt_ TI1(' vClri,l\,lo." 

,\ and ii ~n' the' ,'H"'ctive L"mp s {'("'st.~llt.~ '-or thp l1l"tpna:_ Rot.h 0" th""" "o"stant" arc 

j)]'<Jporrimml to the El a.,t l(- \-10'; lJ I TLS 0" t h,' m "t "ri al 

FroJtl 1::'-1. IJ.lO:: j). i, dt'u- lInl t ht cril iud time illcr~lll€nl i~ base,; 011 I..lLl' m"krial dell~il.\ 

;nd iL €:lC" l.iL€ €:aslic ,\.,-,,... ,peed of liL € Itml.€ri,d. To O"eremIte 1.his difEcu!ty, tiLe method 

0: m."s scalinA is u,ed ,dLere tI", deus 'ty of th€ Jrml.eri,,1 i" adillsl."':! ill order 10 ohhiu 

CI particular time sl.ep. \Yith Cln increased element mMs. 1.he 1.ime t<'{Juired [or ;m elw4ic 

wm-e to propClgate through [~l elem"nt i" i:Hlew,ed and hence CI lalger ,ob]" t ime step 

cml be lised. rhi, methodolo~\' lIW.' oul, be used at low velocil.ie6 ,,-here in"rl.i[, eff~h 

Clr\' n~(';ligihl~. ArtificiClllv inCleasing th~ element nMs" infillencfu the inert ia prupertie" 

,iust as usir.g CI highpr mte 0: 100V~i::Jg. Ev~n CIt low vel()cities, care must "ivell' to el:sure 

that a ('O::lv~rg~nt so:utior. is ohhinpd. ];' th~ ma.,s 8:Clli::lg is too gr~at in lllagllitlld~. 

"solmion ran I~ obtain".-l th"t is in"c.c.llrat~ du\' to inertia \,ff'pcts_ This is parti('lll"JI,­

difficult ill t.h\, c.a."~ 0" t\'nsil~ tpst sinllll"tions "s t.lw nwsh d\>n~it,- chang~s si,.;nific.anth­

,,"ter 10c"liocd ""ckiTLg_ 



Univ
ers

ity
 of

 C
ap

e T
ow

n

(:HAPTEH ;l_ \ I,-\TFR1,.l,j, ('H,\R_\(~rERISATj()r\ ,,7 

To detefmi!:e the Jdeal rna," ,;cali!:g a c<>nverl',ellce stud,,. i~ underwlen, The idelJ.1 wass 

,caling pd.tD.l.neter, ar~ "ought which which giw "uilJble l.,,"ult~ while mallltJlnlllg lJ. 

uactlJ.ble completion tiwe un the fOmputlJ.tionru facilitie>< ava.iIlJ.LI~. To dNermillf the 

idpa: ma,,, '-Calin::,; '-Chewe. three ... alin::,; scheme, Me eXlJ.wined for thp initial ClJ.Se whel"(' 

the , lope nf the true sll"('s6-sl-min curve equalb the t'Hl~pnt of th~ run'e up to tiTS. The 

fir"t ~heme involve> a tJrget l-imp inrfement of" )( 10 " ~ ,,'ith the time step updated 

ever:; 50() illten'llk The second SChPlllP invohe6 a target t unp iJl(-r~ment of 2 x 10 -7 ~ 

wit,h thp timp SkI' updatpd every lOU internJ,_ l'il](J.lly, " "er,\" small mu.~s sr»ling ~cheme 

is used where the the td.tget l-illle incrpmenl- of 1 x 10 7 s with the time ,tep updated 

even- lUO imervak Te,ls at thi, fidehty Me extrpmply cOlllputlJ.tionall,,. eXp<"n,iw and 

hellCOo' if the Str~~'-'tr~irl curv~ J.I, l~sb ,,--,-pensive llludels yidds rea'-Onable results, these 

lllMS ~D1in::,; pur»meter~ 6houlcl be used. These schemes are sumlll"rizpd in Table 3.4 

Taille :L4: }'!a,~ scaling SdWlllh u,..d in the conwr::,;enre ~tudy of tpm,ile "imulationo 

, , 
" 

;,xlo­
:1 x l U 7 

.I x III 

!'JOU 
lOU 
1 Ull 

Simulation6 arp ~onducted lbing each of thes~ lllMS scaling SChPlllPS using a. simulated 

~ros,head sp""fd of approximately UU3;l m/s. The material uspd for ~hp ,imullJ.tions b 

thp anneall'<:! mild st"",l. The den~itip~ of the top plat~ ~tf'el ar~ the sallle alld thprefore a 

spparate Mn\wgence stud y i~ not req nirl'<:!_ 'l'hp density ofthp aluminium i6 lp,;s than that 

of thp ~t"",l and thprefore mas, scaling schemf' used for lhp stE"f'1 will be con,pn'atiw for 



Univ
ers

ity
 of

 C
ap

e T
ow

n

68 CHAPTER 3. MATERIAL CHARACTERISATION 

The stress at the transmitter bar/specimen interface is 

(3.42) 

The use of Eq. (3.41) is termed a '2-wave analysis' [120] as it uses information from 

two waves (ai, aT) while Eq. (3.42) implies a 'I-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 Eqs. (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 

Ii: ~ 103 S-l. 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 

Ii: ~ 1800 - 3400 S-l 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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