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Abstract

A new package for the air transport of haza,rdous materials is currently being developed in the
Transporlation Systmns Department at Sandia National Laboratories. The baseline design has

a unique impact limiler which uses layers of aluminum screen wire and aramid cloth fabric.
A primary motiva.tion for selecting this unuslial combination of materials is the need for the

impacl limiter to not only limit the alllount of load tra,nsmitted to the primary container but also
relnain in place during impact events so that it provides a. thermal barrier during a,subsequent
fire. iXseries of uniaxial and confined compression tests indicated that the layered materiM does

llot b,,have like other well characterized materials. No existing constitutive models were able

to salisfactorily capture the, behavior of the layered material; thus, a new plasticity model was
(teveloped. The new nlaterial model wa.sthen used to characterize the response of air transport

packages with layered impact linliters to hypothetical accidental impact events. Responses

predicted by these analyses compared favorably with experiments at Sandia's rocket sled test
• facility in which a one-fourth scale package was subjected to side and end impacts at velocities

of ,12;qand 650 fps, respectively.
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• 1. Introduction

" :\ lt('xx'l>a,'l<a_,' t'¢,vtilt' _ir t rallsl>¢>rt of I+azar<l<>tt_tllatt'rial.'-; is t:llvr,'tl( IVl>('itlg ¢l¢'v<'1¢,1>¢'<1ill

Ill(' l_val|Sl)ortalioll ,';vs(ct_ls l)(,l)arttl_('llt at ,'Salltlia Nal.ic)llal l,al)oralories. 'l'tle I,a.'-;elill('

ci('_i_,ll Ii;,s a tlltitttl(' illll);t¢( lil_lil<'v wlli(ll tls('s Itlllllil)l,' la.y(,r,s of allltt_il,tllll scVe('l, wil'c'

_tll,I l'_(,vlar 191 clot Ii fal)lic..\ i_,rilllarv Ill,.,tivat toll for selec(itlg (Ills ,lll,tsttal c_)ltll,i_alio_

t raI_s_t_ilt('(I I_)Ill(' l)ri_)_al'y, i_t('l'tlal ('_)llt ait_(,r I)llt also l'et_aill itl l)lace (]_ro_lgtlotll i_l)aCl

lllerI_al ii_sl_latiot_ l>vovi(led t)v tl_t, altlt_iltt_t_l screeu wire a_cI tl_c l'(cvlar fal)ric is l_)t

stlilicictll, t}_'ll l_yers of it_s,_lali,lg l_lal<,rials .sut}_ as ('(,l'at)tic cl()ll, ,)lay I>c atltletl lo (1_<'

('<)l_ll)osil(' st acl,:-_tl>.

_l'll(' ,t_ccllalli<,al 1,('lla\'ior ot" tile lax'('l'('(l )llalerial was lmvl.i_lly cl_aracl(,rize(l l)y a s<,l'i('s

of t_lia×ial atl(I ('ol_titl('d coltll_l'('ssi()l_ It'sls. l'llcs(' tt'sls i_l<licat(,¢l ttlat ill c(>l/ll)Vt'ssio_

tl_t' strt'tlgllt all(I slitl'l_('ss of lilt' ttlat(,rial is i_('arly isol.rol)iC; h¢)\vc\'t,r, itl t(,llsiol_ lilt"

_tlalt'rial is (l_it( ' atlisolrol)ic. Ill a (lil'e('tioll tlor_lal to file layers, l t_(' It_al.t'rial tlas llo

t('tlsil(" s( _'('_gtll; wl_('r(,as, ill a dirt'<'t it))_l)avall('l io lilt" layt,rs t l_(, l_laieria] llas a sigllitica_l(

_-/lll()lllll O[ t t,t|.sil(, St l'Ollgt, ll.

:\ cotlstiluti\'e l_odt'l for Ill(, lavew+l wir(' lltt'sll at_tl lqt'vlar fat)tit" was _1(,('¢1('¢1to tlu-

lll(,ri('ally iltvcstigat(' tilt, I)ellax'i()r ¢)t"air tratlSl)ol't I)a<'lta.gt's +lt_vitlg a('citlt't_lal illl])aci

('x'¢'ll(s..'\ wvit'w of ('×istitlg ('t)llsli( t_li\'t' It_o(:l¢:'lsi_ldicaletl (]lat a I>laslici(y ll_o<lel wtlict_

was rt'cetltl\' <:levelol+)t'dfor rigid l:)oly_tretl_a.tl(' l',)at+is I+,>'Neilst,ll, M(.)rgat+, alltl Nt'i(,g [I]

cotil¢l I)(, tllotlilie,:l to Cal)( itrc flit' isot rol)ic crusll l)ellavior of tile layt,rc(l v,'ir(' ttlt'sl+ +>(tl(_l

lqt,vlat' l'al)ric _laterial. l_(,.'-;ttlts I't'ol_l tilt' t_t_iaxial +.HI(Iconli_ic<.l cot_l)t'essiotl ((,sls were

ttse(l to ol)t.aitl tt+atet'ial l)aral+w(t'rs for tl_t' t+t,w la,v('ve¢lt__a.tc'rial _lo(It,l. 'l'It(" tttliaxial

,, (' .al)( _tl.(,<la)t<l (:ot)litlt'd c(,)tt_l>r(,ssioll tests v,'(,r(' t ll(')l aual\.'zt'(l 1(:)(,t+sur(, tl)at tl_e )tlt)tl l (

t l_(' t_aterial l,(,llavior (,xl_il)itt,d tlttri)ig tilt'st' (.(,sls.

'l'll(' t_e',,',,'iso(.)'()l)ic lav('v(,+l, ttlaterial tt_o¢Icl a('('tttat+l'v"e ' sit_utlat,e(l (.llc+ tt).att'rial r('sl)Otlses

('xl_il>i(c,"! +Ittrit)g tilt' t_lat..erial cllaract(,rizatiot_ It,st.s; llowe',:et', as t'xpcctc'd, tills is<:)t+rol)ic

i>I:,+(icil.y tl_o(Icl was t_ot al>l(, 1o cal>tt|rt, tilt' a_lisot.r(.)l)iC l.)(:'Itavi(_)rof tilt, la.v('rt',:l tl+lat('rial

it+ t(+tlsiotl. +l'l)c ('II'('c(+st)f tllis wt'al,:tl(,s:, ot_ i)tll)act litt_it.('l' l_)ellaviof l)r,,'dictiotls wereI

('\'aluat,e(l l>y cot+tl)a.ritlg t'('stllt+s l't'onl at)alys('s wllicll _s(,(l 't,l_t,)_(,,.x,lay(+rt'd ttlat.(,ri+-_ltllotl('l

wi(l_ a+)l;-tlx'sesill xvlIicll layt'rs ui" wit'c l_,('sl_ a_l_l l'_('vlal" l'al>ric w('t't' +ICtl_-tlly t_lodclt'(l

tlsi)l+'; a t('('llt_itltlt' th'velol)etl l>y A(ta',+v+ty[:?,]. :l'lli.'; c\'alt_at.iot_ itl¢licat.e(l tllat t't,ast_tlal)l(,

l)r(,t:lict.io)is of ittll)act lil)_i(+('rl)(,l+avi<)r tlttritlg a tyl)ical it)_l)aCt (,','(,t_t ('()llltl I)(, ol)t.aill(,(l

wit Ii (I_,,)_(,x+','isot t'ot)it' l)lasti('i(v )_odel.

tE.l. ,.Ittl:'()I)t (l(' N(+_)++)ur.,< ,k: ('o., ll)c.



Next, a sl,_'elconta,iuer witll a collq_o,_ii,e layered wire llle,_]l a,ll(I in[('vlar fal)ri<' illll)a<'( lilll-

i(,('r was s u1>je('(.(_'(l(,o a ."12,4fee(, l.)er se,"oi'_l "',sl(l(: i)))pa.(::t T'l_is il)ll.)a('(, (w('ll(. ,..va.sa11alyz('(l

((,) fu r (,I,.(,r l)(,))(:'hti_arI< (,l)(' new lay(:r(,d )nai.(,rial itl(:)d("l, l;'i)lally, a <12,8l'l)n si(l(, i)1_l.)a('l

(,(,sl a.)l(l a. 650 I'l)s (')i(l itnl)a,(:'(, (,(,s(,were r(,c('))t.ly l)(-'rf(:)rnl(,(]o)i n(a](, ))i(:)(l(,]pa("ka.g(,n v,,'i(.)) ,,

('(:))l_I)osii..("la,ver('(:l, nla,t(,ria,] i))).pa.cl, litnii,(,rn, l:i11i(,("('l('))).(')l(,all a.]b',_(,n()f l.l)(,n(, l)vl)(:)(})('(,i<al.

a('('id(,)i(, (,v(,llts are col)ll.)a.r(,(l wi(.l)(,xp(,rit)i('))(.a.] ()bs(,rvat, io)is i)l (,Ills r(,l)or(;, l_(,s_lll.s l'r(,)i))

l)(>(l) (l)(, fi)li(.(. ('le)))e))t a):a]vs(-,:-;a)l(l (.l)("('xl)(,ri)ii("i'_(._it)(li('a(.(" (ha(. (])(, lav(,r(,_l wit(, i)l('.'-;ll

_,rVi(,]] lKevlar l',;.d)ric )))a((,ria.l ',rill r(,1)lai)l iil(.a(:"l (,x,'(_,)l(luri)i.g a 65() i'F)s i)lll)a<'( (",'<'))(if at)

a.(l('(iLlar(,enu_l_,('r (..)I'N(,vla, r layers at(, un("(:l, lI(_)w(,v(,r, i l_(_,l_y('r('_l wir_, i)_(,sll v,'ill_ l,_,;,vlar

l'a.l)ri(:"li))_i(,("r allows f(..)rill(" t ral)s_)issi(_)r_ of lli_h Io_-_(:I_(.o (I)('_l)ri_)_arv i_)_('r (:(:>iI(.ai)l(,r.

'l'l_e l)riI_)arv (_'(>itt.>_iti("rwas )i()( l>]as(i(:'a.ll.y(l,-,fort)_e(l (:Itl_'i))_(,l_(',i?I l'l)_ _i(l(' i)__l)a('t (,\'('_ll

l)t_(, ,,','anl)las(,i('_dly ¢l(,l'(:.)r_)_('(.l(l_)ri_l_ tl)(' (;50 l'l.),_(,1_d i1_ll.)ac( ('\'<'_)1,.'I'll(, a t_ol_l)1 (.)l l()_-t(l

tra Iln)_i((,e<l (.<)(l)(' l:)ri)_la):y (,ol_(.ai)_(,r ('a l) 1)(, r(,(lt_('(:,<ll-)y il)(r()<l_).(_'i_i_l_y(".rn (:.)f)_at(,)ial

v,,,]_i(:,l_al)sorb )_oi'_. e)).("rgy (,l_d.i_(,l_("wire _)_(',_lli_i(,(>l]_(' i)_'_l)aC'(,li)'_i(.(,r _(,a(k-_ll). 'l'll(,

a_al..y_('s pr(',_et_l.('d i_ (.his r('l)or( a,l:-;or(",,;(,al (,l)a( ill(' l,('l)a',,;ior oi' (.l_('('o))((,)_(s ())_a(('ri_l

i)inid(, (h(, l._'i_)).arv (_'o_(.ai))('r) ("a.ll l_a',:(,__._i_,lili('_-_)i l)()si(iv(, (.)r _l('_ati\'(' (,If'(,('( ,,))_ l)l'illl;-ll'V

<(.)l_(ai_('r d('l'(:.)r_t,..alio)_.('(..)_l_.,)_(l')(,l_avi(::,r))1_1,_Il)(, <(.>)_ni(l(,r('.(li)l 'tl_(, (l(,v(']o,))_(,)_l (,f ,-_ir

tra)1_l)or(, l)a.(:'kag(, d(,sig_l_.

I(.)



2. Experimental DataJ

' 'l'll¢' l)ehavior of layers of alllz_li)lllnl wire Inestl witll and witllout Kevla.r t'tcbric was clmr-

a cterized with a series of ulliaxia,l cO)nl)ressioIi a,nd confined corllpression tests. In the

ii,liaxial (:o,nt)rt'ssioll tests, tile sallll)les were conlpress¢'¢! ill one clirectioll trod Mlowe(l

to ('Xl)a.II(I i,l ¢]irt,cl,ions wllicl, areortllogonal to the Ioadillg (lirectio)l. In the co11[iIled

<'o1111)ressio)lt(,sts, the sallll)les were (:ollll:)ressed ill o_le (lirection a)lcl not allowed to ex-

1)all(1 ill tl,, (lirectio,ls ()rtllogollal to tile loaclillg ¢lirectioll. All of tile salnples used ill

tilt' colltill('d ¢'Ollll)rt'ssioll (eStS W(,I'('llaanufactllred t:)3, a.ll(,rna(iv('ly sta.cking Ii1) 20 layers

of alllll_il_laIl) wire lllesll all(l ')_la,vers.,of I'(evlar t'a,bric. '['1-l("Wil'Oii/(":sh llas an illitia,1 wire

(lia, tttc(t,r of 0.0105 illclles, at)(l 111¢'l'(¢'vla,r t'at:,t'ic Ila,s a tltickncss of 0.017 itl('hes. The

II_l(let'orllled saJnt)les l_a(l a ct_bical sl_al)e with a.1)edge din_ellsio_l of 2.0 i_l('hes. 'rhe saln-

l)les w(,rr loa(l('d a.t variot_s a_gles rt,la,l,iv(:, to tile la.yer stac:k-l_l) (liret:tio)_. Axial stress

x'(,rs_ls axial e_lgi_)e('rillg: strain ('_lrv(,s g(,_l(,rate¢l (luri)lg lilt (:o_lfi_(,(l (:o)_l_,r(,ssio_ tests

art' st_owl_ ill l"ig_rt's '2.1 ;_(1 2.'2. II_ these tigures, a, l)OSitive axial str(,ss or stra, i_ is

¢'()llll)r('ssiv('. 'l'l_(,s(' t('sts i)l(li('ate tl_at layer ori(,_lta.tiol_ has littl(, (:,t['('ct ()_ tt_e rest)ons(,

<,I'ill(' llm.l(,ria]; t.h_s, 1.1_(,r(,sl)<)_s(' ()t'l.h(, nm.teria.l t<) (:o_l_l)r('ssiw, loa(ls is nearly isotrol)i(:.

:\ls(), 11_('(:o_lTr('ssive sl,r(,llg(tl, o"(:',va.rics CXl)Olletttially wittl e_,xia.I(,ngin('(u'ing sl,ra,i)l, (,
...... • ' 'c"' ' I)csl, tit to tileas silo\vii i_ Fig_r(' ".'2. 'I't1(' solid lint' ill l;'igur(,s ')1 all(l ')') l( I)l :s(l_l.s a

(,Xl)(,ril_l(,_l.al ('(mti_ed ('ol_l)r('ssio,_ t,(,sl (lata whi('ll is giv(,)l t)y the tTollowi_g eq_al, ion

(r" = 17 ()( s..s, ('2.1)

Si)l('(' l.tl(' lat(,ral (lisl)la('el_l('_l.s arc c(.)llsl,rail_(_(I, t t_(' axia.] ei_gill('(_'rillp4strai_, (, Ila.s tile

.'-;all_elllagllit_(l(' as Ill(' ('l_giI_('_'ri_lgv(,)l_ll'_l('sl.rail_, _,,,,t, il_ (.]l('s(, 1.('sl,s.

[11 /1 ,q(*('(.)ll(] S('I, ()[' l,('sl,s, ]av('rs (_[' Wil'(, lll('S]l all(l v,,'ir(, l/l('S]l witll l'((,vlar fat)ri(: u'(,re

_l_l('ol_till('(l all(l s_ll)j('('(('(1 t()('y('li( )_I_iaxial loa(ls (t"igl_r(' '2.3). 1'1_(' al)t)lie(l Ioa.(l was

()ri('lll(,(I _lol'l_lal t(, ill(' wir(' _l_('sll _11(t!'al,ri(: lay('rs (i.('. a I_-_v('r()ri(,_lta( ioll ()t"()d(,gr('('s was

_s('(1). 'l"ll(' _,ll_l)(.r ,.)I"K('x.'lar la3'ers a_l.l Ill(, sal_ll)l(, siZ(' Was allow('(l 1() ('llallg('. \"ari()_Is

sa_lll>l(' siz(,s w(,r(" iis(,(l t() (l('l('r,l)i)l(' ii (.Ii(' latt'ral (:o),sl.rai_l, (I_I(' 1() l'ri('ti())l a( Ill(. load

l>lat(,l_ 1o sall_l)l(' i)_((wi'a('(, l_a(l a))y (>ff('('(.oli Ill(, axi_l r('sl)O))S(' (7(' Ill(, lav(,r(,(l )lla,l.('rial.

I_ ll)(' fil'sl ((,st, a sa)l_l)l(' will1 ,. l(,)_gl.l_oi' (;.() il_('ll('s, a wi(lll_ (,f 7.() il_('ll('s a)_d 1.I)(,l_('igl_l

• of 1.0 i)_('l) was )Is(,(l. I)I Ill(' v('lllail)il)< Ill)'(:'('((.s(,, s_)_)l)l('s witl, l(,llgtlls al)(I wi(lll_s ()I"

2.0 i)_('ll('s _))(1 t)('igllls of 1.0 i)_('t_w(,r(' i_s(,(t, l)l Ill(' tirs( two _l),i,_lxial ('oll_l)ressi())_ l(,s(s,

• tilt' lay(,rillg wa.s i(l(,l_li('al I() l.]l(' lay('ri))g _Is('(l i)_ tile co_ifill(,(l C(,ll_l)r(,sSiOll t('sl,s: :] X ('20

,"\l_ll_il_l_ll)lwir(, i_lesll / '2 l,_(,x'laI' fal)ric) for a t()lal of (i0 al_))_in_l)l) wit(, l)lesh lay(,rs a)l(l

(i K(,vla.r fal)ri(' layers. 'I_) (I,(, last. (.wo ('Xl)(,ri)l)('l)ts, 1.I_('N(,vlar la.y(,rs w'¢'r('(,lil_li_lal..ed a,l)(l

a (.(.)lal of (i2 l_-,y(,rs(,t' ;-_l_)l_ll_)l_ wir(' ))l('sll w(,r(, (ls(,(l. 'rll(,s(, tests ill(li(:a(.(, (.lla( i)l('l_si()_

()[ Ill(, 1<('vlar t'_-tl)ri("lay(,rs ,,',,ill sliglltl\' re(tu('(, tile axial strai)l ii_ag_lil._(le al. wlli(,ll l.ll('
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Figure 2.3. l{c,slllls t'rolll Iilliaxial ('oIllpressioll 'l'(,sls.

load ca.rr\'illg ca.pacitv.......<>t'tile ]aver¢,d lllat,eri_l b(,gins to sigIlifi<:allt, lv illcrea, se. 'l'llis occtlrs
I_,ca.llse 1.11_,l(m'lar fa.t:,ric is lllllct_ sl.itf'er 1.11a.llfile wire Ill sh ille' cOn_l_r(-,ssio11.Also, these

_,Xl_erilllcxlts i_dica.l.e l.l_al t.tlc la.t,_,ralsl,ra.i_s ge_ez'ated tU uz_iaxial co_pl'essiox_ are s_all.

Me,_s_lre_w_l.s of i,lle _let'or_nedsa._l_h,s after l,lie _nco_tined con_pressio_ lesl,s il_dical.e(I
"( 's ('.l,tia,l, (Iw la.leral (h.:,for_ml.io_l gexwx'a.l.edduring 1 ,st,' I! 1 a._l l!(! '1 was negligible a._l(I

"s [!Cdux'illg le,l.s IJ(l '2 a.zld , 3 l.lw sa,lliple wi_ll,t_ i)er_a_wni, ly i_lcrea.sed t'ro_ 2.0 i_l('lles

I,o 2.2 incl_cs. Tl_is _va._s t.i_al, tlw lUal.eria,l Ila.s a l)oisso_l's ra.tio l,llal is _lea.rly equal i,o

zero. l"urtlicr_ore, any l)lasticit, y n_odel l.l_al,is dev_,loped I,o capture l.he I)el_a.vior ot" l,t_is

l_a.l.eria.1sl_ould predicl, s_na.ll lal,eral sl.rai_s wll(:_l l,tw _na,terial is loaded iz_l:o t,lle pla,st,ic

T " .... s besl fit to tlw co_[ined cO_nl)ressio_lregi_le, lw solid line in l'_gur_' 2.3 rel)lCS(:lll,, a
i" _,l.("sl. (la.l.a (lxllla.l, ion 9 1). ]:{es_lls t'l'oli_ l,lle li_il,('d lllllllt)(::q' Of t_nia.xial co_l)r('ssioTl l,(,sls

ix_dical('s lrllal, ls'qua.t,ioll '2.1 also represent, s tile _nia,xial cm_l)ressio_l ¢lal.a r¢'a.sox_al)ly

well. Si_ce file layered l_a.l.crial exllibil, ed s_a, ll lal,eral sl,x'a,i_s duri_g tl_:, u_wo_ffi_e_l,

_iaxia.l co_pression 1,esl,s, l.tw co_ltining sl tess ge_"l'a.l,ed during tile zero de.g_"e'_:co_lfi_(-,d

co_npressio_l tests l]lllSl, hart. t)e{,n snlall. Tl_us, l,l_e ,z,ro degree co_lfi_le_l co_pI'essio_ l,esl,s

• m_d llw _('(>_lli_("(l cox_l)ressio_l t,('sl,s subj('cl.e(I l;l_e layered n_a.l.eria.llo l_ea.rly l.tle sa_ne
lo_M pal.l_ mid 1,lie _al._,l'ia.I bel_avior _l_lri_lg l,l_ese l.esl,s wa.s _ea.rly idexit.ical.

• lx_ l._,nsiox_,l.]_e layered Illalm'ia.l cxl_il)it.s widely va.ryi_g bel_avior. For _'xa.x_l)le, wllc_i a

single la,v(,r of wire _ sl_ is ,,.. (" load(:,,_li)l-I)la_(', i(. l_a.sa (,e_sile sl.r(:_lgt..]lof a.l)l)roxii_lal,(,lv 75

lt)s per i_cll of widlt) [:_]. A si)lgl(" l'_(.'vla.r t'a,1)riclayer t_as a._li_-l)la)l(, I ,_sih, sl.re_)g(.l)ot'

1.10() ll>s l_('r i_lcli of wid(,ll [3]. '1'1_(,al_i)ll_l_ wire _n(,sl_ llas a I_lu('l_ sl)_all('r iI_-l>la.II('

sl.raill (.o t'a.ilure (.l_a.)_(ll(' Kcvlar t'al)ri(': (,I)tls, (.lie ill-pla))(" t.cllsil(" s(.)'e_g(.l_of ill(' laycr(-.l
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material is equal to the maximum of the in-plane tensile strength of the Kevlar fabric

or the aluminum wire mesh alone. When the layered material is loaded in a direction

normal to the fabric layers the material exhibits essentially no strength as t,he layers are

separated.
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3. Review of Existing Plasticity Models

• A variety of finite elen,ent codes, SANTOS [4], PRONTO-2D [5] and PRONTO-3I) [6],

liar(, been developed at, Sandia National Laboratories to efficiently solve large solid me-

(,l:lanics problenls _lAr_t_¢_ (II:(AY-YMP. In this chapter, a numl)er of plasticity theories

wllich IJave been ilnplemented in these codes are reviewed. The capability of these theo-

ries to cal)ture layered lnaterial behavior are t.hen evaluated by simulating the material

chara(:t('rizatioIl tests with the (tuatfi-stal, ic code SANTOS [4]. Once approi)riate materia.l

models and paralneters for tile layered material are identified, iInpact events can be sim-

ulated using lhe transient dynamic analysis codes PRONTO-2I) [5], and PRONTO-3D

l)la.sticity th(,ories are cba.racterized by their yield function, _, and their evolutio_l equa-

l.i()ll for plastic defoI'rllation. The yield function defines a suI't'ace in stress Sl)ace which

b()llllds stress states for whicll the respollse of the material is elastic. _l'h('. flow rule defines

l.he zlature of plasti(" deforJnation. In the finite elenlent codes listed above, the nlaterial

l_lo(l('ls are exl)ressed ilJ terms of the unrotated Cau(:hy stress, tr, aIid the def()rnlation

ra,te, d, ill tlw unrotated collfiguratioll [6]. The defor1_mtioll rate or stretching tensor is

additively decoInl)osed i_lto its ela'_tic, d d, and plastic, d vt, parts as follows:

d =d "t+d vl (3.1)

'1'11¢"I)]astic I)a,vl, of I,]1¢,sl.r(,tcllirlg l,ellsov is giv('rl by l,]le flow rule

d pl = d:g (3.2)

wllcred.,(l¢'filws tile 11mgIlil utl(' of l,tw l)la,st,ic strain iIl('reI_e_t mid tlw s¢,('on(l-or(l¢,r tensor

g (lefi_es Ill(, ot'ie_tatio_ ()f the pla, stic strai_ il_('rement. Tile co_tstitutive reJatio_ is give_

& = E:d _:_ (3.3)

whet(, E is tile fourll_-ord(;r e]asti(:ity t(:q_sor a_ld the double (lot indicates a (,o_Ira,ctio_

ell two of tl_(' in(lic('s. 'l'l_s itl illdicial l_otal, iotl, l",qua.tion 3.3 wo_,l(l be wril.te_l a,s follows:

• l((ltl;tt i()_s 3.1 to :l.:_ (,all by col_tl)i_l(+(lto obl, aitl l+]_(:'followitlg ('xl)r('ssi()_l:

& = E:(d- L,g) (3.5)
4_

All of ltl¢' ('ollslil_tiv(, l]l(,ori('s r(,vi(,w(,¢l i_ l Ills ('tlal)tet' ,_ss,_,_(' *t,,_l Ill(' (,laslic t'('Sl)(,I_s('

is lilwar al_(t is()l.rOl_i(,: l.ll_ls. E is givell I)y

E = 3 A'P" + 2(;P d (3.6)
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where N is the bulk nlodulus a.ll(l (/ is tile shear inodulu_. The Imlk a,ll,l ._hea.r llloduli

are relaWd to Yollng's Tllodlllus, E, and Poisson's ra.tio, v, a.s follows

//; E
h" = (; = (3.7) *

3( l - 2'_,) 2(1 + _,)

'i'lle f(),rth-or(ler spllerical l)roje('tiorl operator, p.v,, a lid the deviatoric I)roj(wtioll ()per- '

ator, P_, are givell l)y

1
p,_t, = • - pd p._7,

_1 _':)i = I- (3.8)

wllere I is the syii]nwt, ric follrth-order i(h'nt.ity tensor, a,nd i is the se(;on(l-order id('lll,ily.

II1 in(licial llotatioll, the synlnwtric follrth-order identity mid the 1)roje('tioll Ol)erat,ors

('aJi l)e expressed as follows:

li_kt o((_ik@ + bilb,k) "ij_.l - . _),.j_.t I i.jk/

wtler(, _i.i is lhe l<ro1,,('ker delta.

l_l tlle reil_ain(ler of this chal_l,er, three differe_l, l)lasticity _()(lels wt_i(,l_ are c_lrre_l, ly

available i_l lignite ele_nenl ('()(les are reviewed to det, er_iI_(" if a,ny of i1_('_1 (,aJ_ ('al)t_r('

tt_e I)(-,lla.vior (,xllibiw(l I)y the layere(t l_aterial. Tl_e three _o(lels i_l(:l_l(h, a v()_ Mises

01' (,OnVe_ltio_lal (hwiatori(' pla,sticity t_o(lel, a soil a,_d crusl_able fk)am n_c)del wl_i('l_ was

(l(welol)(,(1 by l(rieg [7], and a, rigid l)()lv_ tl_a_le., 'e • t'oa,_ _llo(lel [1].

3.1 Von Mises

'l'l_e vol_ Mises or (:o_lv(,ntional (levialoric l)lasti('ity _nodel is _vailal)le i_ _()st solid me-

c]_a,ni('s finite ele_nenl codes. It ]_as a yield fi_ncl,ion given t)y

1

_=o-k a=(,_ d o.d. (3.10)

where/_ is l lie yon Mises effectiv(_ stress, /,: is the deviatoric yield strengtt_, and o"d is th('
r '_(leviatori(, stress tensor, lh¢ asso(,iate([ flow rule for this model is a,s follows:

o.d

d pl = d,, _ (3.11)
(o" •o'e)5

_l't_eviel(l fi_ll(,l.iolt, _ O, _lath(_i_atica, llv I:l)_ :s :_i,s a.•, = .. "e '(,'e • yiel(l surt'ac(' thai, is an infi_itely

lo_g cyli_(h,r witll ttl(, ll.y(lroslat as its axis. '111¢'' flow rule for this _t_o(lel i_(licat('s that

l l_e plastic (h, for_atio_s are l)_rely (l(wiatoric an(1 that the volume ()f the _nateria] (loes

_()! l)erma_lel_tly challg(,, rl'l_is _l_o(lel is obvio_sly _lot al)l)rOl)rial,e for l l_e layer(_d _a,l(,ria]

wl_i(']_ ('xl_il)its signifi(a_l i)er_lane_1 volu_w cl_aI_ges wlle_ it is crush('(l.

l(;



3.2 Soil and Crushable Foam

'FIle soil all(l crusllal)le fOalll tnodol [7] tines two separ&te, yie](! fllIl(:liOlls, 011(' for 1,11('

• volunl_-tvic vespolls_, arid Olle for tile devial,oric reSl)Oli:;e. _l'llis tllodel a ssutlleS l llal, tile

x'olltIllclli¢, resl)ollse is ill¢lel)elldelll, of l,lle ¢lcvial,oric respol_se I)ul, thai. tile devial,oric

, resl)oIis_, &,l_e11¢lsOil file Ill¢,a,ll stress. 'l'lle yield t'ullcl, ioIls a ild flow rill,., for l,llis Illo¢lel
are a,s follows:

q,s,,= 12)

q:,t __ 0"- ( ,:/,0 -'1- (I.II_-at-CZ2P 2 ) :_. ]:'I)

O.d
d 7't= d:*7'i + d/zgJ g,l _ 3.14 )-- 1

(o-,l.o-t)

wllere _,,,-,l is l,]le ellgil_eeri_g \'olut_m sl.ra.in, l* is file n_ea,n stress, p -- --tr ' i/3, a,ll_l i

is l]_e s_,coi_d-or_ler ide_llity. 'l'l_e deviatoric yield function, qJ'/-= 0, rel)rCs_,I_l,sa surl'ac¢,

w]_ic]l _lepe_ds <)_ l,]_e _m'a,_ stress, a,_d l,]_e w)lu_el, ric yield t'ul_cl,io_l, q*'_' = 0, I'OI)I'OSOIII.S

• rlll ('_a I)la_ar ('al) _loi'l_a,l Io l,l_e t_y(lrosl;al,. _1_: evolul:io_ equal, io_ for l_la,sl,i(' d(:,for_t_at.i(_l_

il_dicales Ileal, 1)ott_ vol_n_elric a_ld devial,oric l:)er_nal_¢,l_l,d(_l'or_a,l, ioi_s ca_l I)(, gc_eral, ed
• P ,..,wil,II l,l_is _nodel Signet' ,f i_ ],q_al, io_ 3.19 ¢:a_ be cl_osen to accural,ely ¢lescril)e l.l_e

• e'" ld 1)e able to ¢:a,i)l,urcvolul_ei, ric resl)o_se of tile ]a,yered _nal,erial, this _al, _ _a,]tnodel shou

l]_t, layered. _al, eria,! bella,vior exhibited d_t'ing l,he ¢'o_fiimd _.....On_l)_e,'s"s_o_llcsl_'....s

3.3 Rigid Polyurethane Foam

'1'1_<'rigi(l l)olyuretl_ane t'oax_ _noclel [1] I_as yield t'u_lcl,ions a_ld a flow rule giv¢'l_ I),y

tPi = tr:P i : o"- h(c,,oz) i -- 1,2,3 (3.15)

d pl = d,,IP 1 : o" + d:2P 2 : o" + da3P :s: tr (:1.16)

pi is l,l_e ['ourth-order l)rincipal l)rojecl, io_ operal,or defined as follows:

, pi __ n' (:;,n' c::,n' c.:,n; i -- 1, '2,3 (3.17)

wl_ere n' is a vector orie_ll,ed in a pri_cil)al stress direcl, io_. The yiel_l t'_cl, io_s, q_i _ O,¢

a ctt_ally rel)rese_ll. 3 pairs of l)la,nar yiel¢l surfaces witll _onuals givel_ 1)y n'. 'l'llt, flow

r_le for l,l_is _no¢l¢,l i_dicaWs tl_at a 1)en_a_l¢'_ll, deforn_al, io_ i_lcrm_e_ll, l_ay 1)¢'associal,e_l

willl ¢,ac]_ t_ri_¢'ilml stress tlin,ctiotl d_,l)e_¢li_g o_1 tile t_&gnit._¢le of l,l_e l)ri_lCilml stress.

Tills _o<lel ¢:a_ Cal)i,_re 1,1_¢'1)ellavior _,xllit)ile_l by l,t_e layered _na.terial i_l tll_, _iaxial
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and confined compression tests if an appropriate form for the function h in Equation
3.15 is selected. Also, this model can be modified to exhibit behavior in tension which is

significantly different than its behavior in compression by simply making the function h
in Equation 3.15 depend on the sign of the principal stress.
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. 4. Development of a New Layered Material Model

. In this chapter, a new layered material model which is similar in many respects to the

existing rigid polyurethane foam model [1] is developed. This new Inodel, like the exist-

ing rigid foam model, has yield functions expressed in t,erms of principal stresses. The

static uni,_xial and confined compression tests indicated that an appropriate R)rm for the
compressive yield function would be as tk)llows

qji = _.ai _ ae-_¢_,o, (4.1)

where czi is a principal stress which is negative in conq)ression, , and b are material

constants an(l e,,ol is the engineering w)lume strain which is also llegative in compression.

In tension, we a,ssume that the nlaterial is elastic perfectly plaslic, 'l'hlls, the yield

funcl, ion for tensile prillcil)al stresses is

qji = cri_ r (,:1.2)

where r is a l_la.teria.l collst_t.lli, that represents the isotrol)ic tensile strengt.ll of l,tle layered

llm.terial. 'l'lwse yield ['ull('tiolls represent three pairs of interse('tixlg planar yield surfaces.

The flow rule for tlw new layered material model is identical to the flow rule for l,]w rigid

i)olyuretl_alw foaxll nlo(lel, Equa,tioxl 3.16.

The new layered inaterial Ino(lel wa.s inq)lenlented in the static alld (lyIlallli(" finite el-

enwnts codes SANTOS [4], t)I/()NTO-21) [5], and PI/ONT()-:ID [6]. The Sl)O_SOrS of
tllese codes ]lave made l,]le material subrotltilles ail(] irlterfaces rwarly idellti('al; thus,

i1111)lexnenta,tion of the model into several codes was nearly as easy as iixll)l('nwlltation

into a single code. In these codes, tile new ma.terittl is referred to as \'VII{.I;',M I'.',SIt all(l

_lses the nmterial cues given il_ Table 4.1.

Table 4.1. Material (.'ues fox"tl_e New Layered Material Model

C,ue Units l)esc_'il )(,io)l

Y()IIN(;S M()I)I!I,IIS leorce/l,ength 2
" I)OISSONS I_NI'IO

A I,'or(,e/l,ei_gtl( 2 , ill E(I. 1.1
la} h ill l",(I, l.l

'I'ENSI()N l,'or(.(_/l,engtll _ r ill E(I. 1.?

l.q
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, 5. Simulation ot Material Characterization Tests

$

Ill tllis chal)t('v, w('a.l,t(,l)ll)l to lls(_'1)oi.ll tile soil an(l (,rushal)l(. t'oaIll lll()(l('la.ll(! ill(, ll('W
la.y(,r('d ))mterial lllo(lel to silllulate tll(' layered )llat(:ria.l bellavi<)l"('xllil)it(,(I (llll'illg (ll('
Iiltiaxial (())lll)ressiozl t(,sts wllicll wer(' l)res(,nted ill ('tlal)ter 2.

5.1 Soil and Crushable Foam Model

\'\:ittl ill(' soil a.)l(t('rllsllabl( _'foax_l:)lo(l('! [7], tile tls('v is wqllir('(I tO I)r('s('rit)('ill(-'VOlllllWl,-
vi("resl)O,'.._('oI' tile 111aterial. Sitlc<' 11olly'(lroslarti(, (,Ollll)ressiotl tests w('r(' I)(,l'forllw(l ()ll
tll(, lay:red inaterial, restllts fi'onl l.ll(' c()llli_(,d co)_l)r("ssion ix:._tsw(,r(' _as(,(lto esti_ate
(l_(, l_vdrosta.(.i('.,_(_,',spc)useof (,II('laver('(l. )_)at.el'ial. l)) tl_(' co_Iil_e,l c()l_l)r(,ssio)_ (.(,si,s,1,I_('

e_gi_('eri))g volu_)_(,s(vaii_ is (,(l_al (()(ll(, ))_(,as_r('d axial s(,rai)_ I)('('a)_s(,lal.('ra/ disl>la('('-
I]IC'[|I,,% \_')CI'(" ('()l|,%(,|'_i.i]}('(] (l_rill_4 II_(,s(,((,s(s. [I))l'ort_i)_at(,ly,(,I_('('())_fi_i_gs(r(,ss wa,s _)ot
_)_(,ast_red(l_ri)_g tile ('()_ifi_('(l(,()))_l)r('ssi()l)(.(,s(s. 'l'l_e l_(,a,_as(,r(:ssge)_(,ra.(,(,(l(luriug (.l_(,s(,
(('s(,s wa,sesti))_a(ed by a,sst_)_i_g tl)al 11_('('o)_ti))i)_gstress was u('gligit)le col)_pared wi(,l)
(.I_('axial stress _-a._¢l(,l_a.tthe _)_ea.))s(.vt'ss is, (,l_s, al)l)voxin-_a.ttdyequa, l i,o tllt' ec×ia,l s(,wss

(livi(l('(1I)v..:). 'l'l_e user is also w(t_lir(,(It() l)rescril)(' tile (l('l)e.)_d('_(:'('of (,l_ed('via(,ol'ic yield
._ri'a('(' ()_)t.l_(,_(,a_ si_'t,ss l)y (l(,Ii_)i)_g(l)(' ulat.('I'ia.ll)ara.met,(_csa0, al, a,l_da.2 i_l l!klua:

a.)act _z(. (,l_is(l(.p()_d _)('(',(.io)_3.1 I. ,Sin('e (,llere was )_o(.(,_()_gll (_'×l)eri)_('_i,a.l(lai.a to oh' ' e '".... e
i.]_r('ea_)a.]yses were ('O)Ul)l(q,e(l_si))g _,'_¢I"i()_Is ('(>_)_l)i_la.tio_sof )nai,eri_-_ll)a.ra.)n(,l,ersa0, a),
a)Id a,2. 'l'l)(' l)rinla.ry l)UVl)()s(' of tl)(,s(! a)la.lyses was t.o (leter_i_i(!: if tna.t,eria.l l)a.ra_i(,(,('rs
at), a_, aud a2 co_l(l I)e s(,l(,('ted s_(,ll (.l_a( (11(,))lat(,vial I)(,liavior e×l_il)i(,ed (luri)_g (,I_e_u-
('()_ti)_(,(l('o)_pressio_ tests 1)y th(' lay('v(,(l l)_at¢'rial ('()_l(l l)e (;a,I)tur(_dwittl (,Ills)_al,erial

'l'l_('se a._alvs(:s.,w_¢"('l)erfor_)_(,(lusil_g a. ())_<,('l('_('_(r')_o(lel Of a1_axisv_n_el,ric.. _l)a.(,¢'rial
Sl)(_<,i_('.))(li"igt)w 5.1) a,))¢ltl)(, q_lasisia( i(, ti)lit.('(,1(,_)_('_)(co(l(, SAN'I'()S [,:1].'Vile _)_()del
was st_l).i('('l,(:'(ll.o a _a_lia.xia,l ('o_l)r(,ssi\:(- l()a:l (.o si_)u_lat(' (l_e ('×l)(,ri_w_tal, _co)lii_w(I
('o_nl)r(_'ssio)_(>('sts.Mal,(:ria.l l)ara.)_('t(,rs g_.;ivel_i_) 'l'a.l)l(,5. I w(:r(__s('(l i)_ (,l_(,s(,aua.lyse,_.

Table 5.1. N:lattwial I)ara_)_(,l(,rs for (11(,Soil a_(l ('rl_._hal)l(' l"oa)ll M()d(,1

, A)_a,lysis lAa, (,1( l)()i._so)_s a() ,.) a_

5.1 1.0 x l0 s " 0.0 100.0 0.0 0.0
5.2 1.0 x 1()'_' ().0 1()0.0 x 10(_ 0.() 0.0

,5.:').5.,I 1.0 x I()r> 0.0 O.I :I.() 0.()
.........
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In Analysis 5.1, the material was given a low deviatoric yield strength of 100 psi. When

the sample was compressed in the axial direction, it exhibited large displacements in tile

radial direction (Figure 5.2). This significant radial expansion of a material specimen
, subjected to unconfined compression is typical for soils but was certainly not exhibited

by the layered wire mesh, Kevlar fabric material when it was conlpressed in a direction

normal to the layers.
$

In Analysis 5.2, the layered material was given a large deviatoric yield strengtll of 10.0 x

10(; psi. With this high deviatoric yield strength, the model exhibited radial contraction

when it was compressed in the axial direction (Figure 5.2). This occurs because the

selectioll of a large deviatoric yield strength prevents the generation of any deviatoric

l)lastic straills and only allows for the generation ot' volumetric plastic strains. Tllis

radial contractioll associated with uniaxial compression is not exl_ibited by tho layered
llm.terial.

Ill A_lalysis 5.3, the material paralneters were chosen such that the deviatoric yield slir-

fa.ce and the l llliaxi&l load path are nearly coincident (li'igure 5.3). The deviatoric yield

sllrface all¢:t ulliaxial load path woul¢t be identically coincident if a value of 0.0 l)si was

llsed for material parameter a0; however, ao is required to be positive so that tilellla-

teria] llas at least some tensile strength. Thus, a small positive value of 0.1 l_si was

used for a0. This choice of nlaterial pa,ranleters is expected to allow for the generation

of both volllmetric and deviatoric pla,stic strains when the material is sllbjecled to ulli-

axial COJllpressioll. With tlmsc material parailleters, the tinite element analysis of the

tllliaxial colllpression test predicted ollly small radial displacen-lents when the sanll_le was

conlpressed in the axial direction (Figure 5.2). This analysis indicates that by Ilsing tile

t,tlird set, of deviatoric yield fullction paralneters, a0 = 0.1, al = 3.0, and (_2= 0.0, tills

model will predict tl_e beliavior exhil_ited by the layered material st_bject to _lia.xial

compression il_ a direction normal to tl_e layers.

Next, the cyclic unconfined compression test on tim layered inaterial was analyzed usi_lg

ttie soil and crushable foam model and the third set of deviatoric yield functioli param-

eters. A comparison of analytical and experimental results (Figure 5.4) indicates that

the soil and crt_shable foam model does capture the compressive behavior of the layered

_nateriai. In Figure 5.4, a positive axial stress or strain is compressive. In tension, the

layered material exhibits either a significant amount of tensile strengl, h or layer separa-

tion depending on the orientation of the tensile loads. The soil and crushable foam model

is not able to capture tlle significant reduction in material stiffness associated with layer

, separation and instead predicts plastic deformation at very low tensile stress levels. Un-

fortunately, no plasticity model will be able to capture the material behavior associated

witl_ layer separation, and a much inore complex, coupled plasticity-continu_m da_nage

tt_eor,, is ueeded it' capturing this tensile behavior is in_portant.
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5.2 New Layered Material Model

Ill tlli,_ ._('('lioll, tile, tlnia×ial ('ollll)r(',_._i()ll1('._t,_at(' allalyz('(I usillg t.ll("ll('Wlayer('d :llat(,rial
" rllo¢l¢'ltO (l('i(,rlllill(_'if illi._ 1_1((1('1('al)lllr(',_ill(, 1)(,llavi()r('xhil)iw(l I)y tile' laycz'(,(Illlal('riaI.

'i'll(' oil(, ('l(,lll('lll lllo(l('l of all axi._yrlllll('itic lllat('rial ._l)('('illl('ll ._llowll ill Figur(' 5.1 wa._
• lls(,(I ill lll(,,_('a11aly,_(,._.'I'll(' lll()(l('l wa,_ ._lll)j('('1('(tl(, a (,y(,li¢', IlIlia×ial, ('o1_l)r(,._._iv('loa(l

Table 5.2. Mal(,rial l)aI'al_('ler._ for its(' N(,w I,ay('r¢'(l Nlat('rial Mo(l('l

(_,,_i) (],,_i) (p,_i)
,....

5.5 1.0 > I(Y* 0.() 17.0 8.68 20.0
5.6 1.0 x 1()'_ ().0 17.0 8.68 12.()x 1():_
5.7 1.0 x I()'_' ().0 120.0 8.68 12.0 × 1():_

I_ A_alysi.s 5.5, _al(:'rial l)aI'ai_('l.(:,rs wlii('h ar(' a.l)l)r()l:)ria,t(,for loa(li_lg i_ a dir('(:'lio_
i)(,rl)t,t_(ti('_lar Io tl_¢, lay('rs, a,s ill tilt' u_('ollfi_t,¢l c()Z_l)ressio_ t.¢,st, wer¢, _s¢,(I. WI_('_
ii1(' tillit(, (,l('ii_('_l I_o(l('l was ('()_l)_'(,ss('(l i_ ll_(' axial (lire('lio_, ii a(,curat(,ly I)r('(li('t('(I

a lay('r('(1 _al_'rial 1)(,llavi()rof axial (l(,forl_a.li()n o_ly. I_1A_a,lysis 5.6, l,h(, z_at('rial was
,,aiv('_la ]arg(, l,'l_sil(, str(,_lgl}1wlli('t_ is al)t)rol)rial(, for loa(:li_lg ill a (l'_'e_('tio_1)arall(q 1,o
11_('lav('rs Agai,, I I_(,_o(1(:'l,_((_al 1_r("!.. . ..... (' . )r(,s(:'_tc({th(' axial ('()_z_l)r('ssiollof tile _at(,rial
(l"igure 5.5), a l_di_ Ic_sion 1]_(__al('rial ('xliibile(t a sig_iti('aut a_lo_l,I of Ic_sil( _strengl }_.

'l'his r('sl)o_s(, is al)l)rol)rial(, for lay('r(,d l_al<,rial loa(l('d in a dir(,ci.io_ 1)arall(q 1o l l_(,
layers, l_ A_lalysis 5.7, _zat,('ria] t)ara_mt(,r a was i_(,r(,ased Io 120.0 psi. Tills a_alysis
il_(l_(aI,d tl_al th(_,a×ial strai_ asso('ial('d with (i(,i_siti(_atio, a_(I a sigz_iti(:a_t i_l('r('a,_('iu

II_("loa(I carrying Cal)a(,ity of l l_(, lay(,w(I _at(,rial caz_t)e n_o(lifie(I I)y ('ha_gi_lg _al.('rial
"° , ,(-,_l)aral_m_'r _t (t"ig(_r(, 5.5). If' i.l_e lay('r('d _l_alt_,_'ialis l)r(zc'oi_l)r(,ssc(l (l,iril_g lna_uta(l._ll

of" tl_e i_ul)a(1 lil_it(,r, t}_(,II_at(,l'ial 1)ara_n(,l(_r (I ('an t)e _odifi('d to a('('O(_llt for this
1)r(,(,o_nl)rt,ssiou. _l'h(,s(,a llalys('s ii_(li('al,(, Ilia l, wit}l all at)l)rOl)i'iat(' s('l(,(,l.ion ot' i_at(,ria,l

l)ara_!(d,('rs,i_i_iaxial('o_z_l)r(_s,_i()_t_,,_l,_()i_ill(,layer('cli_al('l'ialcan l)(-',_i_luilat(,(lwill_I,I_('

amoul_t ()t' t(,l_sil(,str(_,_gtl_witl_out, ('l_a_giug ttl(" (,O_Ul)r(,ssiv(_r(,Sl)()l_s(,of iI_e _o(1(,1. _l'l_is
t'('alure was a ltractiv(, for t]_(' lay(,r(,(l l_laWrial, si_('(, iI ('xl_il)ils t_,_sil(' 1)('t_avi()rwl_i('ll is

, sigl_ilical_tly (lifI'('l'(,l_l,tl_al_ii._ co_l)r(,ssiv(, 1)(,l_avior.

[!lll'orl,_lzlai(']y, Ilo l)lasti(:ily _o(l(,l will I)(' al_l("lo (,al)tur(' l}l(' sig_ifi('aI_l r(,(l_(,ti()l_ i_l
' l_ai.(,I'ial slifI'l_('ss as._o('iat('(:t wiil_ lay('r S(,l)araiioll _)r t}_(' i_('reas(' i_ _l_at(,rial slitf'll('ss

lllal is g¢'n(,rai,('(I wl_(,i_ll_(' layer(,(t i_al('rial is ('_,_ll)r('ss('(l.... i_Io th(' locl<-_l) regi_(,. _1'()
(,al)tur(' I)()II_ (:l_a_lg¢,si_ lt_(' (,lasl.i(, resl)O_lS(,a_(l tl_t, l)('rn_a_l(,ll(,(l(:'forn_al,i()l_s, a _u(,ll
l_()r(" ('ol_t)l('× ('Oul)l('(Il)lasli('ily-('()_lliI_uu_ (la_ag(: _()(lc'l will 1_(,_1(,(,(1('(I.|low(,v('r, us(,
of tl_(' _(,w l)lasti('il,y _l()(l('l (l('v(,lol)()d il_ (',l_al)t(,r _l is ('Xl)(,cI(,(I1o _;('_l('ral(, r_'asol_al)l('
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predictions for the behavior of the layered material in an inlpa,ct limiter during a typical
a,ccident event because the amount cyclic loading generated during such an event is

negligible. Also, the most important behavior, the permanent deformation and elwrgy
absorption of the layered material between the container and the ilnpa.cting surface, will
be captured with the new layered material model.

26



6. Effect of Layered Material Modeling Variations

iilw,._t,i_a.t_, t,lle inll_,rt, a.ll_'<"_l" ca,l,t,ilrill_ t,ll_' a,llisot, rul,i_, t_,ra,_il_,l,_'llavior of t,ll_, layer_,<l

lii:it,_, _,l_'lli_-,i:l,I:_o_I_'Isl:ow:: i_i l:iF:Ir_ ' (i.l _u_l Plif)NT()-21) [,."_]."I'I:_, l,_.k_, i:_:l,_vt,_,_l
a flat., ri_;i_l t_r_;_,t, wit, l: t_i i_nl_a,_:l,w,b<,it,y of 42,1 I'I_._i_: _dl _,I"t.l_,._, a_:_dvs_,._, llow_'w,r,

i_ AIi,dy_i,_ (i.l, 1,1_'illll_;u'l, li_il,_,r _a,t,t,l'i_d was _i_llll_l,_,_l _i_,4 I1_, _'w I_:,'_'r_'_l_m.l,_'ria,I

I_,_1_,1wit, l_ a,_ i_l,r_l_i_" h,_nilc ,_l,rt._l,l_ _t" 12,11(l(It,.i wl_i_'l_i._al_l_r_l_riat_,t'_r I_,_lii_ i_

a _lir_,_'li_:,l_I,_rall_'l t_, t,l_, i;_v_,I'_. II_ Al_a,lysi,_ (i._. t,ll_, i_l_a_'t li_llit_,r v,,'a.._l_,_l_,l_'_lwittl

l_\'_,r_ _t"_at,_,ri;_l ,.',,'il,l_ all,_,r_ati_ I_i_ll a_i low i,_ot,r_,l_i_t_,l_il_, st I_,ll,,zt1__,';_1_'__,t"12,(I()()
l>_i _s_l _() I,,_i. *1'1_',lark l_y_'r._i_ l:i_l'_' (_.1 ,,,,'_'re_i'_'_,__ l_i_l__'l_il_, _tl'_,_._tIi, _._,_1t,l_,

li_l_t_,r lay_,r_ w_'r_':4i\'_'_ a I_,',,',,,t,_'_sil_,._l.l':'_ll_. '1_1_' i_llr_,_ll_'ti_,_ _,t I_:,v t_,_,_il_,_tr_,Ii_t,l_

t_.,r_'al_l_lri_; l l_, _rl I_t _'_,l,i_"_t_,ri_l I_'l_,'i_" ,,vii ]__, i_,_tl'_,l_iv_'_ll_t it I_tiv_' _1_'1 v,'a,.,

_1_,'_'_,1_,1,_'_1I,y Al, l,a.wav [_] It._ _,,1_'1 1.1_'I_'l_avi_,r _,t"v,:oo_li_l_-_'t lill_il_'r_. I_ _\_l',,'_i._ t_.;I,
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1
_////////:)////Z

Figure 6.1. "l_w_,-l)i_'ll._i_,llal I'I_' Sl,r_i_
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Table 6.1. Material Parameters Used ill the Evaluation of Layered Material

Modeling Variations

Layered Material: New Model

Analysis Elastic Poi sson's a b r Density
Number Modulus Ratio

(psi) (psi) (psi) (lb s2 in. -4)

6.1 1.0 × 105 0.0 17.0 8.68 12,000 4.17 × 10-s

6.2 1.0 × 105 0.0 17.0 8.68 12,000 / 20.0 4.17 × 10-5
6.3 1.0 × 105 0.0 17.0 8.68 20.0 4.17 × 10-5

6.4 1.0 × 105 0.0 120.0 8.68 1'2,000 4.17 × 10-s
,,,

I, ayered Material" Soil and Crusha[ 1( Foam Model......................

Analysis Elastic Poisson's ao al a2 Density
Number Modulus Ratio

(psi) (psi) (1/psi) (lb s2 in. -4)
6.5 1.0 x 105 0.0 0.1 3.0 0.0 4.17 x 10-5

t " "I ]_, '

,ont, al ner/(,ontents" Elastl(:

A nalysis Elastic Poisson's [)en s ity
Nuinber Modulus Ratio

(psi) (lb s2 in. -4)
,,

6.1 to 6.5 30.0 X 1106 0.3 4.135 X 10 -4

all of the layers were given a low tensile strength of 20 psi. Results fi'onl these a,n;dyses

indicate that tile predicted disI)lacement of the container is ra.ther insensitive I,o thes(,

layer modelillg variations (Figure 6.2). Also, nearly identical acceleration-time histories

were obtained when all of tile layers were given a high tensile strength (Analysis 6.1)

and when alternating layers with high and low tensile strength were used (Analysis 6.2).

l{owever, the l)redicted peak accelerntion of the container is signilicaiil, ly lower whe_l all

of the layers are given a low tensile strength of 20 psi (Figure 6.3).

Plots of tile deformed shape of tile impact limiter generated during and after the ilnpacl,

event are shown in Figures 6.4 to 6.6. l)ensification of the layered material between tile

container and the impacting surface is followed by compression of the layered n_aterial

above the cont, ainer. A comparisoIj of the deformed shapes predicted by the first three

analyses indicates that the manner in which tile layers are modeled affects t,lle i)re(licted

deforIned shape of the impact limiter. Specifically, inclusioIl of layers witt_ low tensile

s!;rengths tends to increase the predicted amount of lateral deformation generated during
the numerical sin]ulation.

28



l.0

# X ANALYSIS:

_ .... 61

. _ ...._.0 ........ 6.e
Z

[-t.3_ ........ 63
-2.0

C.)
<

L-3.0

£_7-7....... "-"

-4.0 [ " ...... " i
__ 5 I 0 .... [ ........ J ......... l ...... j ........ L ....... j ........ [ ...... L ....... J ....... J ..... [ ...... J .......... * ....... [ ..... 1..... ,_........,..... _..... , .....

.0000 .0005 .001 0 .001 5 .0020

TIME seconds

Figure 6.2. (,ontaaller l)isl)l_cement Predicted by AnMyses wil, ll the New I,a.y.ltd
- i'_Ma, terial Model l,ffect of Layer Modeling V_ria.tions.

-15000

9

-_0000 ......_---_......_........'..... J.......J ......._......._......_ ....± ......_........_........._........._.........J
.0(00 .0005 .0010 .0015 .0020

f

TIM_ seconds

Figure 6.8. C,{ml,_iner Acceleration l}redicted by Allalyses with the New I, a yer{,d

Material Model- Effect of Layer Modeling Variations.

29



_l.0in

r//fff/f// f/ff//////////fff//,

0.0 msec. 1.0 reset. 2.0 msec.

Figure 6.4. Deformed Shape of Finite Element Model &t V&riolls Time Steps During
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An&lysis 6.3 - Low Isotropic Tensile Strength.



•C)0(3() .0C)05 .001 0 .C)O15 .0020

1'I M[;;,_,_cc onds'

(,OIli,a,lzl( r I)isl)la.celil¢,llt l're(lictr([ I)y Ailaly,_es wil,h l,h(. N¢'w lm,yer(.(!Figure 6.7. ' " '
Ma.t,(,ri_dMo(h'l - " l'('("1,1 I, of Mal,eria,l Para,nl_,l,cra.

In Arla,ly,_is6.,I, i,he ¢,fr¢,¢-i,,_of l_r(,coiill_res,_illgthe' il111)_¢;i,liilliter ¢luriIlg nla,wlul'a,t,tllr¢,wt'r¢'
illv(,sl,iga,l,('(l I)y i_(:rea.sil_g _1_a.i,(-:ria,I l)aran_ei, er (z t,o 120 psi. As (_Xl:)('(:(,(_(l,(,1_('t)r('(li('t('(l
a_no_l_t of i_l)a.(:(, li_nii,er crush-u 1)is re(lu(:('(l wh(;_ l,h(, li_i(,er _a,i,eria,l is l)r('co_l)re,_,_e(!
_m(I _a,t,(,rial pa.ra,_nel,(,ra is increa.s(;(l (Figure 6.7). l[owever, l,lw I)r('(lirl,e(l l)eak a.(:('(,l-
('ra,(,io_ of l,t_(,(:o_(,a,i_er is only 10 l)er(:enl; higher wl_e_ _la,l.('rial i)ara_wl,('r (z is (:ila._g(,(!

fr()_ 17 psi to 120 psi (li'ig_re 6.8). Thus, precompression of i,l_('la.yered li_i(,('r _la.t('-
ria,! (l_ri_lg n_a,_ul'a(:t_r(" will have a significa,ni, effe(:t ()_ ]in_iLer ([('for_al,ion (i_ri_g a,_

i_i)a.ct ew_l_l,I)_l, little effect ()I_ l,h(' loads a,l)i)lied l,o th(' l)ri_a.ry (:<)_,ta,i_('r. /%!)1()I,of
t,l_¢'(i(,for_e(l sllal)¢"of the _odel (l"igo_re 6.9) also sl_ows l,l_al,aJ_ i_('rease i_ _ai,('rial
l)a,ra_(:i,er a re.,!uc:est,l_ea,_c)_nl, of in_pa.(:l,[i_niter ([('forn_d,io_.

11_A_alysis 6.5, l,he la,yere(I ma,t('ria.I was si_la.Le(t usil_g tl_(, soil and (,rusl_al)l('.f()m_
I_o(lel. The ma,l,eria,l l)a,i'a,n leters were chosen suci_ that, tl_e bei_avior of tt_(' lay('re(l

• _a,1,(u'ial(,xl_il)il,ed during t,l_estatic u_iaxia,l co_l)ressio_ t,est,s wereCal)1,ure(l('l'a.bl('6. I).
l_esult,,_ol)ta,iued wi_l_ t,lff"1_(:,wla.ye.re(t ma,l,(:rial umdel au(l t,he soil and crushat)le t'oa._

, _()(le[ a.r('co_pare([ i_ Figures 6.10 and 6 ti. Simila,r (:o_t,aim'r disl)la,('en_ent pr('di(:iio_s
are ge_era,l,e(l with i,l_ese_wo _naJ,erial models. Itowever, wh(_uthe st)i]aJ_(irruslla, l)le f()a_n
1_o(i(,I was _s(,(l, Ll_¢'sol_i,i()u a,lgoril,l_m I)e(:_m_eunst,a,ble (luri_g l.l_("la,l,('r stages of l,l_(,
a._a,l.vsisand faile(l t,o gg(,_eral,('a_ a.('('('l)l,a.I)l("solution (Fig_re 6.12). '['h(' la('k of sl,a.I)l¢'
behavior (:aJ_ i)robably I)e a.i,t,rib_t, ed l,o (,he low l,eusile st,rengl,t_ l_(,('(le(II)y l,h(' soil a._(I
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Alialysi._ ti.,1- N(,w Lay(,re(I Mat(,ri_d Mo(lcl witti a = 120.

32



-'5.0 ......l.........l .... i.....l.........1.....l ......I. l I. 1.....l..............I.... x......1........i ......l.....1......l J
- .0000 .0005 .0010 .0015 .0020

TIME seconds
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H0rrlisliat)le t'oa,lil lllodel I,o dul)llcal, e file llllia, xia.l colill_ressioli 1,esl,s. ,_111('(_i,h_-'soil a,lid

crilsha])lc t'oanl lliodel faile_l i,o gvii<'ra, l,c all a,CCcl/t,a.ble solul, ioii i,o i,lli_ rela, l,ively sii/il)lc

l,wo-(lilll(;llSiOllaJ i)rol)](;lll, ii, w_,s i1()1,lise(I ill Slll)SeqUelil, l,hrev-(lilli(,llSiOlia,] a,ria]ys(;s.
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Figure 6.11. (l(mtainer Ac('el(,rettio,l Pre(li('te, t l)y AIlalysis 6.5 with tile Soil a,,l,!
(Ir,lsha],le Foa,,l Mo(lel.

_1.0 in
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' e V'_nou,' Time Steps 'Figure 6.12. [)efor,ned Shap of Finite Element Model at ' " s
[),lring Analysis 6.5 ,.oil _n(l (,rushal)le Io_m Model.
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, 7. Benchmark Analyses- Steel Container with

Layered Material Limiter

,\ i,a_ka._' witll a st(.,l _'(,llt_dll_'r _ll_l a, i_yer(,_l I11_t,_,ria,I illll,a..l, liillil,cr was slll,.je,'t,.,,!
l_, a si_l_' illll,a_'l illl,_, a lJ _,ss_,llti_dly Illlyi_'l_litlR;sllrt'a,_'_' wil, ll a.ll irlllj_t_'l,w'l<JciLy of :i2,1

r[_ 1

l:iR:Ir_'7.I a,_,lI'Rf)N'I'()-:'II)[_i].()_ly_,_,-l'_,_rl,il_,I"s,l_,l_a,_'ka,_,w;_s_,,,_i_,l_'_l_I_I_,t_,

li_il_'I',a ._,,I__lai_l_,r.;._Il_,a,,:lsl_,tco_l,_,_,l,s.'l'l_i_,_,a._alys_,sw_,r_'l,_'rf_,r_,,,l_sil_¢

.:!!!ii:,.'_i!!!_ii!!ii_._i_!i_i!!i!!ii!ii:ii!!:i:!_i_!iii!!ii!_!ii!i!iii!ii:_:ii_!i!i!!!i_:i_!i!iii!_iii_i!iii!i!_i'::':!iii!iii!iii!i:ii::_::!:

:iiiiiii_iiiii!iiiiiiiii!ii!iiiiii!ii_,!!!!::,:_:_:_G:M:_T:_GE_iilliiiiiiiiiiiiiiIiiiiiiiiI
r_ ,_._sd":':':':":_ii!i_:-_::_: ::_i!iiiiiii!iiiiiii!iiiiiii!i!!i!ii!ii_],2,,.

C( )NTA, _!_!!iiii_i iiiii!!i_/ /I:'

Fig_re 7.1. rl'l_r,.'-l)i,,,_'lJsi_,I_all:iI_i1._.EI_._I,_,I,IM_,,I_'I_.I"II,_'l_._'_,'l_l_laI'l<l'a.,'l<a._'

'I'I_'a,_.,,_l,_I'l_r_,__l_I_'ssi_twill,I_'I,_'_,,I_ I=I,_.wi,_,li,_l,_.I,,_i_,,_a_,l,'_li_tll_ca.l,i_,_,i_

I.I,_.wii_,li_Ix].l.ay,.r._I_'arll_._'_,_tai_.rwillI..l,r_'__,,,,l,I'_'ss_',l_i_ljili,a_tlv,_,,r_'ll_;u,
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Table 7.1. Material l_a,ra_n('lers lTs(,ct in tile lh'nchz_lark Azla,lyses

Layered Makeria, l" New Model
'i_l 1 ' 'A_lalysis l,las, i(_ t)()l_s()__ s _[ t_ r l)ellsity

Nulnber Mo(lull]s l_a.l,io

(psi) (psi) (l)Si) (11) s_ i_)-<_) ,
7.] 1.0× i0 _ 0.0 " 17.7 s.ss 12,000 .1.17× ]0-_'

7.'2, 7.3 1.0 x l ()n 0.() 120. 8.68 12,00() ,1.17 x 10-r'

A,q 19 Steel (.'()_ll,ailler: F,lastic-lJiasl, ic

Allalysis Elasti(: l)oissotl's Yiel(I lla, r(leililtg ltel, a I)ellsil, y

Nllllll)er Modllllis l{_tio Strength Mo(lullls

(1)si) (I)si) (psi) (11, s2 in -4)

7.1 to 7.3 30.()x l()S 0.3 56.0 × 10:_ 1.,5 x 1()(; 0.0 7.75 x 10-4

I,ea,d Shol F,lasl,]c or Elastic- la,slic

Analysis Elasl, ic I o]ssoll s Yield fla, rdellillg l:h'la l)elisitv

Nunll)er Modul,ls Ratio Sl,rengl, ll Modlllus

(psi) (i,si) (p,_i) (11,._ i_,-4)
7.1, 7.9 ,,0.0x i0_ 0.:l - 0.0 :_.6s,i>710-"

7.3 2.0 × l0 '; 0.3 1200.0 100.0 0.0 :1.08,1 × 10-_
,,,

layers ,,('arill(' olll,er sl_rface of t}_(' lil,_il,er. 'File effect of a ,_iforl,l i)recolnl)ressiol_ of

l,h(, lay is was ,." '("' i_w_sl,igated Io* i_cre_si_g ,_a,l,erial l)a,raI_leter a to 120.0 I)si i_ Al_a,lvses

7.'2 a._(l 7.3. I_ Anedyses 7.1 a,l_d 7.2, tile i('a.(! sl_ot, was _nodeled a.s all elastic _ateria.I

a.l_(l ill A_alysis 7.3, l,t_e l(;it(l shol wa,s l_lo(l(_'l(,.(Ia,s a_ ('lasti(:-I)la, sti(" i_a.l,(,rial. Ma.t(,riai

l)aral_wl, ers wt_ic'h are a.l)i)ropria.l.c f()r soli(l l(,ad we'._(, ,,s(;(! ill A _alvsis.. 7.3 [9, 10].

' I)isl)la(:('l_('l_t all(l a.('('eleratio_ histories f()r l,l_(' ('o_tail_(,r I)re(li('l,(,(I by tl_es(' a_,dys('s

are sl_()wn i_ Figures 7.2 an(t 7.3. TI_(, (lisl)la('(,ll_ent i_l()l,s il_(lica.t(' l.]la,i, tilea.ll_()lll_t ()f

layer(,(I l_la.t('ria,l (lefor_al, iol_ g(,llera,l('(l (It_ril_g a.l_i_l)a('t. (,v(,llt is sigllifi('a.I_l,ly a ffe('l('(I I)y

ill(' a.ll_O,_l_l,of l)r(,('oll_l_ressiol_ gelwrat(,(I (It_ri_g assel_t,ly (Fig_re 7.2). 'I'll(, ac'('(,l(,rati(_l_

i)l()ts ill(li(:a.t(, t,l_at l.l_(, (,()l_tail_(,r is s_l_j(,(,t.(,(l to a. imak a('(:(,l('ra.l,i()_ of _q)l)roxil_lat('13'

60,000 g's. 'i'h(, a("'(.'('l(:.l""a.l,i()_'i)lol,s _tr(_ _lof v('ry slll()otll sil_(:(.,i)lot (later was ollly sl,()r('(l at.

l,il_(, i_l,(,rvals ot' 0.05 _s(,('. (1_(, to l_el_lory (:o_lstra.il_l,s. l low(,v('r, t.}l(' t,wo-(lil_(,llsio_a.l,

l)l,t_l(' st,rai_ a.l_al.vs('sof a s('cl.ioll _l(;ar 1,1_(,('('l_l,('r ()f l,l_(,(:ol_taiIl('r wl_i(,l] w(!r,' I)r('s('_t(,(I ill

l l_(, I)r('viot_s c}_al)l,er also l)redict(,(t a l)eak ac,(:('l(,r&t,ion lev(,l of _tl)l)roxi_al, ely 60,000 g's

(["igur(, 6.8). A I)L()*I ' tlIS'I'()I{Y Ol)tioI_ wt_i('ll allows for tl_(' slx)rag(, ()f the ac('('l(,rati()n

(la.l,a at, (,very solul, iol_ sl.(,!) bill, ol_ly al, a li_nil.('(I _lull_l)('r of llo(l('s ill 1,ll(, (iI_it(' ('l('ln('lll,

II]('s}_wa.s re('c_l, ly ill_ )l('l,_(',lt('(I il_ t )I I{()N'I'()-31) [6]. Tills ol)l,iol_ can 1)(, ttse(! ill flit,Ill'("

al_a, lys(,s I,o gell('ra.l,(' a.('('t_ra.l.(, a.('('(,l(,ra.l,i()l_ ]_isl,ory l)]()l,s.
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Figure 7.2. Steel (_ontainer Displacement Predicted by the Three-Dimensional Finite

Element Analyses of a, Side Impact.

The cylindrical part of the limiter for this package contained 30 layers of Kevlar fabric and

208 layers of aluminum screen wire. The Kevlar fabric layers alone will give the limiter

material an initia, l tensile strength of 8615 psi in a circumferential direction. As the

layered material is crushed, the spacing between the Kevlar layers will decrease and the

tensile strength of the layered material will increase if the Kevlar layers are not damaged.

'File tensile load in a. sillgle Kevlar layer was estimated by first cornl)uting the principal

(.',a,uchy stresses in the layered 11ml.erial between the container and the impact surface.

As expected, the maxinmm tensile stresses were orieilted in a direction l)erpendicular

to the package velocity. Element tractions were then computed using the nmxinmnl

tensile stress and the curI'eIlt element size. l"ina.lly, Kevlar layer loads were estimated by

dividing l;tle element tractions by the nunlber of Kevlar layers in the element. Recall that

the Kevlar layers have a, tensile strengtll of 1400 lbs per inch of width. In Analyses 7.1,

7.2 and 7.3, the predicted maximum Kevlar layer loa,ds are 360, 590, and ,560 lbs./incll,

respectiw_ly. Thus, the Kevl_u' layers are not expected to fail.

As predicted by these analyses, the la,yered material lirniter did remain in place during

' the 424 t'ps side impact test. Unfortunately, during the irnpact test on the experimental

package, lead wires to the accelerometers and strain gages were lost and no experimental

gage data was obtained. "l'herefore, the only comparisons between analysis and experi-

_nent which could be made were of the final deformed shape of the package. I)eformed

shal)es of the models predicted during the three analyses are shown in Figures 7.4 to 7.6.
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Figure 7.3. Steel (",ontainer Acceleration Predicted t)y tile Three-l)inlensional l"inil,e

Element Analyses ofa Side lml)act.

Permanent deformations predicted by these analyses are compared with the exlmrilllental

results in Table 7.2. I)uring the in lpact exl)eriment, layered material t)elmath tt_e cel_l,er

of the container was permanently compressed 2.75 inches. The container was del'orme(I

0.082 inches into an oval shape near its midplane (Figure 7.7). Layere(l lllateria, I abow,

the container was compressed 2.12,5 inches. Analysis 7.1 predicted ::1.8inches of layered

material (:rush between the container and the impacl, surface. Analyses 7.2 and 7.3 both

predicted 2.5 inches of layered material crush beneath the cont, ailmr whicll Is rcasoll-

ably close to the experimental measurement of 2.75 inches. Also, Analyses 7.2 and 7.3

predicted 2.05 inches of layered material crush above the container wlli<:h is r(',asonal_ly

close to tile experimental measurement of 2.125 inches. Thus, reas<)nable defornlal, ioll

predictions for the wound impact limiter were obl, ained by ilsing a value of 120 psi for

material parameter a.
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'table 7.2. l',.rlliutl,,lll l),'[',)rl_l_ti,_tls l'v',',li*'t*'cl I_VIll*' l_('tlvtllllark Allalys,.._

l,_,_+_ti_u_ ,\1_'_.,_I'_I_1_'!_ 7.1 7.2 7.:_

}_ 11.(1_2 I).llli_ Ii.()lgl) I). l;ill

..\_al\._i,_ 7.;2 i_I_,_li_t_,_l_t_al tt_,' _'_,lll_i_l_,l' w_ll_l _vali×_, a_l I_, I)_,r_la_,_lly _l_,t'_r_ll_,_l

i_l_'_ ut i_.__i_ll;l;_l_'. !1_,_, l l_l,__l_lail_'r _l_'t'_I'_ll;_l.i_l i;r_,_li_'li_;_.sar_' al[_,_'h'_l I_v I_;w
t l_, _'_1_,_ a!_, si_l_l;_l_,_l, l_r_'_li_'li_u_st'_1'sl_,_,l _'_;_tail_,r _t_'|'_rl_al:i_ _'_1_1 I_r_,l_al_lv

+_11_1_._i_,4,t_,r _,x+,l_l_l_,,I1_, _l_'vi+_l_ri<I_l+_,_li_'il..vI_,t_'l will_ I_wcr law I_ar_h,l_i_; wl_i<'l_
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. 8. Air Transport Package Analyses- End Impact

A (,rl(,-t'(_llrl!1s_';ll_,lil_l(,I _,f _111_lir 1r_illSl_i_rl,lJacl<ag(• was slil,j(,,'t(,,! t,, _z_(,1_,1illli_a('t witll

;_Iiillll)i_'lv(,l(,,'il,y(,I"(;Slll'l_Sat iii('r<,('k('lsl(,_lt(,stfa('ility.Illtllisclla,l)t(,r,r(,sllltsl'r(,lll

i_xi,_yi_,lll(,itic,lw(,(lilil<,i_si<_tl;_l_iijalys(,s(,I'('Ii_Iilill,i_'t(,v<,iltsart,l)r('s('lil(,_ia_,l_(_llil)ar('_l

lillil(,(,l(,lli(,llllli<,_l('l,_li(_vvllilll:'i_;llr(,_.I ali(lI'I(()N'I'()-21)[5]. 'l'llislillit_'(,l('lli(,lll

lli_,_l(,ll'('l)r('s('_l.sill('l_a('l,:i_(,l,llal,_r;_ sliltj('_'t('_li,(_mi ('i,_lillil_acl,al,ill('l'(_ck('tsl_'(lIx,,.il,

l'a('ilitv.'l'li_'lli(_l('liil_'lil_les:l,li('llly_,w'_lllla.l,(,riallilllit_'r,a,lllllliillllllloa._lsl_r_'a_h'rlili_l,('s.

,_tailll(',_ssl('(,Isli(,llwlli('l_sllrl'(,_ill_Isl.li(,lilllit(.rwas li_,l,ili('lli(h,_lilltllesealia.lys(',_l_('calls(,

iixisyllillit'tri(" stl_'ll ('l('ilil'lil,s ar(' iiol, availal_l(' ill t'I/()N'I'()-21) [5].

ALUMINUM PLATE

LAYERED MATERIAL

PERFORATED AL PLATE

CONTA !NER

LEAD SHOT 32.() in

Figure 8.1. Axi,<-iyllilll_,l,ri(' Fillit(' l:,l('ill(,lil, M_J_h'l(_t"_'l,li Air TraiiSlJ(Jrt l:>ack_ge.
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The pert'orated all.lnlinunl t)la,te material was partially (:h_ra,(:terize(t with _ii liliColifine(l

COlllpressioll Lest. [)l.lriilg this test, tile" perforated &lUlllilllJlll plate behaved 111tl(:hlike a

rigid foam material (Figure 8.2). Tile polyurethmle foam plasticity model[l] witli a yield

function given 1)y

tls_= __i _ (a + b_2) (8.1)

was used to simulate the comt)ressive response of this material. To eliSllre th&t tile mod-

ified foam plasticity model c_ptllred the behavior of the perforated Mliininuln plate, the
i.inc()nfined cOlnl)ression test was ana,lyzed using the finite elenlent model shown in Figure

5.1 and m&t,eri_l t.)araineters given in Table 8.1, The _n&lysis revealed t,h&t the modified
plasticity model would Cal)tllre the iuliaxial response of tile perfora, ted _llilnilll.llll plate

(Pigilre 8.2), The Inodified plasticity Inodel may not capture the resporlse of tile 1)erfo-

rated _lliminum to other Io_d paths; however, tile model is sufficient fl)r tile end iinp_ct

sinilllation in which the perforated allinlinuin plate is subje(:ted to liniaxial (:onll)res-

SiOli. The behavior of the perforate(! a,ll.illlinlllll illaterial is being thoroughly ewdll_te(!

liy Brown [17].

Elld illlt)a, ct eVellts were thell _n_lyzed IlSillg the finite elelllent inodel showll ii1 Piglll'e

8.1. The In_tel'iM p&r&llleters lised in these _m_l.yses_u'egiven in Table 8.1. Tl_e nlateri,d

densities were (:hosell Sllch that the various parts of tile Inodel would have the saine

tOt&i lll_SS gS the corresponding p_rts in the actual package. An_l.yses 8.1 _lld 8.2 were

perforined using elastic contents and l_yered material par_nieters which _tre _pl:_ropri_te

for preconipressed layered ma, te,riai. In the renlaining four analyses, the effects of colitelit

and layered lnai.eri,d inodeling v_u'i_tions were investig_',ted. Analyses 8.3 _ntl 8.4 were
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Table 8.1. Material Parameters Used in End Impact Analyses

Perforated Aluminum: Modified Plasticity Model

, Analysis Elastic Poisson's a m b Density
Number Modulus Ratio

> (psi) (psi) (lb su in-")
8.1 to8.6 5.0× 105 0.0 7.0 × 103 88.0 x 103 1.3× l0 -4

......

Layered Material" New Model

Analysis Elastic Poisson's a b r l)ensity
Nllrnl)er Modulus t{.a,l,io

(psi) (psi) (psi) (il, s_ ill-'i)
8.1, 8.3 1.0 × 10.5 0.0 120.0 8.68 12,000 3.625 × 10-'_

9.,_ 8.4 1.0 x 106 0.0 120.0 8 68 :16,000 3.625 x 10-'_

8.5 1.0 x 1()'_ 0.0 17.0 8.68 12,000 3.625 x 1()-'_

8.6 1.0 × 1()(_ 0.0 17.0 8.68 36,000 3.(i25 x 10-'_

'l'il, aliiiiili (,onta, l her' Elastic-l)lastic

Analysis 1Aasl,lc Poissoll's Yiel(I l{ ard(-'liirig lJcl,a l)ensil,y

NIIlllbcr Modulus Ratio Sl,religl, h Modilliis

(psi) (psi) (psi) (it, in-<')
8.1 to 8.6 lq.0 x 106 0.3 136.0 x 103 15.0 x 103 0.0 ,t.08 x 10-'i

I....("a(l Shot: F,lasl, ic or Elastic-Plastic
,,

Analysis IAa,stlc Poisson s Yield tlardellilig l_('l,a l)ensity

N ilill])¢q' Modll]ilS l/,ai, io _l,I'(7'llgl, il Modulils

(psi) (psi) (psi) (lb se i,.-")

8.11 8.2 40.0 x 103 0.3 0.0 3.18 {) x 1()-'i
8.3 to 8.6 '2.0 × 106 0.3 1200.0 100.0 0.0 3.189 × 10-'i

,,,

Aluininuni Spread(:r l)late: Fiasl, ic-l)last, i(•

A rialysis t.,l_stl(: Poisson s Yield Har(leliilig ltcl,a l)ensity

N tllnl-)er Mo(lulils tlal, io _trellgl,]l Mo(llllus

(psi) (psi) (psi) (lb s_ i,_-")
8.1 to 8.6 10.6 X 10 6 0.3 20.0 X 103 5.0 x 1()s 0.0 2.60 X 1()-'i

4

I'oain Pads: Llastlc
,,

Analysis Flastic l)oissori's l)ensity
Nulriber Modlllus tlatio

(psi) lb s_ in -'i

8.1 to 8.6 1.0 x 105 0.0 3.625 x 1()-s
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ide_ll,ica,! 1,()Ana,lys¢'s 8.1 a,lld 8.',?,)except t,llat the' conteilts were ino¢1¢'1¢'¢1as a,ll (,lastic-

plasti(' tna,teria,I. A11a,lyses 8.,_)a,lld 8.f_ w¢'r(' identical to AIla,lyses 8.3 a,ll(1 8.4 exr¢'l)t t,hai,

ill(' layer('d li_at,(,ria,I l_a,ra_ll('t('r a was rodl_('(,(l Io 17.0 psi to siIJl_lla,t(' lay(,r(,d n_al;_'rial

l.}lat, is ii()I, I)re(:oI_ll)ress¢,(l. l)urillg a,ssembly of 1;h(' l)a.(:ka,g(,, L i _ (_'r (' _ 1 ( l S ()1" i' I _ (_' l i _'I _ i i' (" I'

w(,r(' 111a,r_,lt'a('l,ur('(] t)y siml)ly st_c'killg Ul) tll(, lay(,r('d Inat(,rial ill,_idc' a ._tai_ll(,,_,_st(,(,l

sl_('ll a_(:l _lla.llually rOn_l:)re_,_illg i,ll(, layers s()l_(, ii_(l_'fi1_ed a._llou_li,. I_ A_a, ly._(,s _. 1, ,S.:', 0

a._(l 8.5 tile l)ackage wa,s given a,l_ in_l)a,cl, velo(;ii.y of 42/1 fl)s al_(l i_ Alla,lyses 8.2, ,S.:I

and 8.6 tile l)a,cl,:age was give_ a_ i_ll)a.(:l, v('locil,y of 650 t'l)S. Ii1 1,ll(' 650 t'l_Sa_lalys(,s,

1,11("lay(_'re(l 11_a.l,erial wa,s con_l)r('sse(l e_lough such l,ha,l, the layer(,d l_a,t(,rial obta.ii_('(1 a

l.a,llgent l_ocl_lus in excess of 1.0 × 10r' psi; thai,s, a,1_ela.stic zno(lulu,_ of 1.0 × If)c; wa,_ _,_(,(I

for the la,y('r('d mat(_ria, l i_ these a,na,l.yses. In the 424 fps analyses, t;he lay('re(I x_a.l,¢'rial

wa,s give_ a_ (,la,stic lnodulus of 1.0 × 10's psi. Tills va,riat, ion in (:,la,sl,ic _noclul_s is o1_ly

(,xl)e(:l,e(I I.o a,ffecl, the t)reclicl,e(l reb()_(1 velo(:il,y of t,]_c l)a.ckage. Also, iI_ the 650 t'l_S

a,_alyses tile tensile strengt,]l of the layere(l ma, i,eria,! was inrrea,scd to 36,()00 l)Si s() tidal,

i_l l,]_esiml._latio_ls l;he layered ina.l,cria.] wo_ld r('n_a,i1_elastic in t,(:1_sion.

C,onta.iner diSl:)la,cemeni, a,nd a,ccelera,tio_ l_isl,ori('s l)re(licte(t t)y I,llese a,l_a.lys(,s a,ro sllow_l

i_l l"ig_res 8.3 a,nd 8._1. The (lispla, ce_n(mt l)lol,s sl_ow that, a.s exl)('(:l,('(I, tllc a._n()_1_t of

la,y('re(1 rllateria,] cr_.i,'.;]lillrrease,',; wit]l i_lpa(:t v(,locil..y. Also, sigl_ifi(:a,_i, ly _()rc in_l)acl,

lin_ii,(:r crusl_ is ge_era, i,ed i_ Ana, lyses 8.5 and 8.6 wll(!:1_i,]_(-:layered _a.l,(-:ria,l is _()l.

i)r(,co1_presse(l. Tt_¢, a,(:(:elerat,iol_ l)]OI,S i_(li(:ate that t]l(, colltai_(_r is sul).iect¢'d to l)ca,k

a.(:(:elera,l,io_s of a.l)l)roxin_ately 30,000 a.ll(l 60,000 g's (l_ring i_l)a,(:l, ev(;_ts wil, ll i_l_l)a,('l:

v(,lo(,it,ies of 424 a,ll(t 650 t'i)s, I'esl)('ctively. Tho a,(:celeration I)lots f_,, A_la,lys(-s 8.1 _t_(l 8.2

in(licate thai tile ronta.iner will t)(_sub.j('ct,(,(l 1,o a c(:eleratioll I(,w:ls ii_ excess of 90,()()0 g's

w]l(')l the ])a(:kag(-, is r(_bo_)_clil_g fronl (,ll(, i)nl)a.('(, s_rfa(:('. 'l'[l(,s(" tligt_ a.('(,(,l(,ra.(,io_ll('v(,Is
a r(! (:a,_se(l I:)y the ela, st;ic contents irnl)a,cting tl_e il_1_erwalls of t}]_' (:o_ll,a.i_cr. 1_ Alla,lys(,s

8.3 to 8.6, l,l_(' conte_l,s were _o(l¢'le(l as ela,stic-t)la, sti(: _na,l,(,rials a,_(I l_igl_ a.('('('](,ral.i()_

l(:,v('lsw(;r(, ,or genera.t(,(l i_ l,l_("conta, i_ler (l_ril_; r_'l_o_(I.
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The end sections of the package lilniter have approximately 60 layers of wire mesh and
• - e the limiter an4 layers of Kevlar fabric per inch The Kevlar fabric layers alert, will give

initial tensile strength of 5600 psi iw_directions perpendicular to the axis of the package.

0 [!sillg (,lie procedure outliIled in C,hapter 7, the predicted lnaximum tensile load in the

I'_evla.r layers was conlpllte(! from (.tie)llaxinlu_n principal (,au :lxy stresses. The pl .dlct(>(l

, Ina.ximllln (ellsile load in a single Nevlar lttyer is given il_ Tal)le 8.2. Recall that. a single

l'(evlar layer h_s a tensile strength of 1400 lbs/in. AnMyses 8.1, 8.3 arid 8.5 indicate

t|lal the Nevlar layers will nol fttil during a ,12<1fi)s inlt<)acl,ew, nl,. AnMyses 8.2 and 8.,I

l)r¢,dict lhat, Kevlar layers b(?twoell l lie alllnlinuln spreader plate and the imlmCt surface

, 'e ' failure of l,hesewill llearly fail during a 650 fps ilnpacl, ewmt, aIlcl Analysis 8.6 l)I .dlcl, s

l'(evlar layers.

('olllailwraild imckage deforxllatio)ls 1)redicl.ed by l.]iese ailalyses are sulnillarized in Table

8.2. As expected, the i111pact linliler deforIlls more w[len the layered nlateria, l is I_ol,

i)r(,coli_ )ressed a_ld wllen tile i_)lt)acl, velocity is ilicreased. [)lol,s of the deformed package, ,

sl_al:w i)redicl.e(] by A_alvses. 8.2, 8.5 a_d 8.6 _"t'e show)l i_ [:igur¢' 8.,5. l)_ A)_a}ysis. 8.9_. t.l_e

('Olll(Ull.S Bl'e (,]?l,s'{,i(, &lid il IllaXilIII.IIII ¢'qt_iva.le_t plastic st.ra,i_ of 5.3 perce_lt is generated

)l(,ar l]_e etld of tile contaitier Opl)osite l,li(' 1i¢1(Figure, .(7)) In A_lalvses 8.,:1a_l¢t 8.B tile
c()lllelllS are elasti('-l)lasti¢' and )_laxi_lt_t (,quival(_nt plastic strains of ,N.(.)aI_d 8.1 l)(,rc('_l,,

. (" • lt_e lid (q_d i_ lhe cylil_dri('al wall of the cont.ail_er (Figure

8.(;). Tills I)]asl ic defor_alio_ I('a¢ls l()l_tllgi_lg of I]_(' (:o_ll,ai)_er a)_d a pernla)_elll i_('rease

i_l 11_' ()_llsi(l(' ¢liaI_el(,r of 11_('('ol_lai)_¢,r. AIlalyses 8.:] and 8..5 ii_dicate tllalr l.he cecil, airier

will ('Xl)('rie_ce ]i(lle l)(,r_)la.)_(,_lld(,for_)_ati¢_)_w[_(,ll the i)_t)act velocity is r(,dll('e(l to ,12,_

fps.

Table 8.2. t)(,l'_llai_(._l l)¢,for))_aiiolls l)redi('t('(l t)y 11,(' EI_(I [)_l)a('l i\nal\ses

N_I_l)er N¢,vlar l[eigt_l lleig]_l ().l).
l,oa¢l I l)ecrease l)ecr(,ase l_lcreas(,

(Ib/in) (i)_) (i)_) (ill)

8, 1 _!;[-) 11.0 0.000 0.002

8.2 13(i(} 14.0 O.029 (}.006

8.:} (i,10 I l.O O.OOf) 0.00 l

8.4 1360 14.0 0.120 (}. 140

8. & ,:160 I(i.0 O.000 O.01 '2

8.6 1580 19.2 0.080 O. 136
....

, E>:l)eri)_iel),l - O. I2{} O. l(}f)

_ :\,laxil)_)_ l_)-l)la_l,.' 'l'el)sile l,oad I_ a l'(evlar l&yer.4)

A scale inodel l)ackage was )_mn_lfact_re<t and subjected t,o an e)td i_nl)act at tl_e rocket

sled tesl facility, l)l_ri_g t,l_is test, a statio_lary package was i_))pacLed with a sl,eel a_)d

reinforced concrete block which was carried bya sled and ac('eleraled to a velocity of 650
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, 9. Air Transport Package Analyses- Side Impact

' ,\_,tl_'-i'ollrth._cale111o_l_'l_,t'a,llairtransl_orlpackagewitll_tla,yer_,¢lwireIne._lla.n¢lh:_'vlar

l'a,l_rici_lll_iWtlitlliterWa,__ll,.i_','n'_lto a ,_i_l_'irllpa_'l,r_'versel_alli,_ti,"te._twitll_llil111_a_'l
w'lo_:il,y_d",128l'_'etIJersevo11_l.11_l,bisdlal_t_u',r_'s_It,s fl'on_ll_r_,_,-tlinw_siollalfinite

a_i I'R()N'I'()-:II)[_i].()nl>'o_'-hall'oftl_epa_'kagewa,,_modeh'_l_l_wtotl_esyu_nel,ry

l_r_'sent, i_ tile l_acl<a,g_' ,_eometry an_l loa,_ling. Al_l_ropria,te bo_ia, ry _'on_litiot_s were"
al)l)li_',l l,_,the, s,,,_,t,r.,,, l_!al_e. TI_' _,nt,ir_' _od_l is shown i_ the top half of l'-'ig_rt' 9. I
a_,l a ,'l¢,s_'-_p view of t,l_e foam pads, t itani_u_ _'ot_tai_er, a_l ]ea¢l cm_tcq_t.'-;is sl,_w_ iu
tl_' l_olto_ l_all'. 'I'I,' modd has a lay<'r_,,l_aWri_d i_l_it_:t li_niWr wi_ich is s_rro_n_l_,_l
l,v it :+(14,St,ait_l¢.ss St,¢'<.l_l..ll. TII_+.st¢.¢.l .I_:,II wa,_t_o<lel_',l _+it_ th,' .h¢'ll ele_netd,s

it_ l'li()Nq'()-:+l) [I:_]. TI_, t'<'+toI" t,l_' l,a;'ka_+ was _n,,del_'<l _t,i_¢ tht'_,¢,-,lim+'t_io_al

STEEI_ S I-_I.L

C()N'IAINER

I.AYt_RI:I) MA'I'I.:,RIA!_,-----j

F()AM PAI)S

IJiAl) SII()T
C()NTAINF.R

Figure 9.1. 'l'l_r_,_'-l)i_,llsio_al li'it_it_. 1",1_,_¢,1_I,Mo_i_,lot' an Air Transport l'a,_'kage.
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Table 9.1. Material l'aralnetors Used ill th(" Sido Iml,aCt Atlalyses

l,ayercd Material' New Model
Polsson s cz b 7" l)_,nsityElastic " "

Modlllus lCati()

(psi) (p,_i) (1)si) (1t, ,_2ijj-,1)
-I.0 × 10_ ....0() ' 120.0 ,S.6,S 12.000 3.fi25 × I()-r' '

Ela._ti(" t'(_l._sotl._ l)¢,,sity
Nlo_llll_i._ l¢ati(,

(psi) (11,s2 i_l--4).................

10.(}× 10:_ 0.3 3.18!.1 X 10 -4

'l'itallilitl_ ('orltaill(,r' l';la._tic l'lasti(:

Elastic l'oiss()rl'sYi(,Id llar,l,'lliIlgllota l)._j,_itv

M(,_ltll_l_ l,_ati(, ,'-;trotlgtti Xl(,_tilllts
(l,_i) (psi) (psi) (1t7._2it, ....t)

l!),O × lO*; 0.3 13(i.(i x 10:_ 15.0 × 1()3 0.0 1.()_ x 1()....t

:_04 %tai_l('s,_St¢,,'1%h,'ll' l';la._ti('-t'lastic, l',,w¢,r l,aw llav'¢l('_i_,_

t';lasti_ l'oisso_l's Yield llard('_i_igllar_h,tti_igl._l(h,r, l),,t_,_itv

(1)_i) (psi) (It, _2 il_ ,I)
28.() x 10 _; 0.3 2_.0 x lO :_ 19')71(i,0 0.7,1,',;190 0.0 7.:5 x 1(1....

l"(,aI,t t'a(l,_ l';la,_ti(,

l,;la,_ti(' t'(,issot_'s l)(,tisity
Mo_'lll]ll_ tCali(,

(I,,_i) fib ,_2it_-'_)
1.0 x 10_ 0.0 ;;,f;25 x 10-r'

Mat(,rial [;,aral_li,l('i's _._(,(Ii_l t,l,('.soa_alyso._ at(' giv('I_ i_ Tat,l(, 9.1.'1't_('lay_'r,,,l _at(,rial

(lo_sit,ies (>ftt_v lay(,r_,d lllateria]; tita_iu_l (:(mtai_(,r, a_l load sll(>t ,oi_t(,_ls w(,r(, s(,l_'ct.,'(t
sl_ch tl_at th_,sc' c(_lmt_e.t,s had the, sat.,-, total 1_a.ssas tlt_,act_al parts which wor_. _,_._t

i_ il_(' _i¢1oi_l_a(:t ¢,Xl)('r'i_l¢!rll.'I't1(' I¢,adshot wa.._r_o¢!¢,1¢,,Ias a._ (,la._tic l_at,'rial wit t_
a low ('ia._tic _lo_t_lu._o1",l(I,O0(I i)._i. 'llte 304 ,'-itai.les._Sty'(,! ,_tt('ll wa.__o_l_,l(.d ,_._il_g

the _,la._tic-pla._ti(:,l,OW('_rlaw llar(l_'_litig i_lat(.rial model [11]. '1't_(,l lti_l t'oa_ t_a_l._w(,r(.
mod4ed as an elastic material with ttl(.._at_w_'lastic propcrtio._ as ttt(' lay[.r.d _llal_.rial.



In the first analysis, the zno(tel was sul)j_'ct to an side itnpact into a rigid target with

an iml)act v(:l()(',ity of 424 fps and in the s(:(:ond analysis the model was given all impact

w, locity of 650 fl)s. I)isl)l_wemeut an(i a(:(:(:h'ration histories for the (:ontaim:r l)re(li(.te(l t)y

: l,lmse analyses are showu in Figures 9.2 all(I 9.:t. The displa(:einent plots indi(:ate that the

_lll()ll,lt of layered ll_aterial (:rush iIl(:rea,ses with iml)a('_, velocity. 'File a('(:el(:ratiola l)lot,_
, ill(ii(;at(' l,llat the ('olltaiIler is suhje('t('(l to peak a('celerations of apl)mxiIIlately 55,000 and

S5,()00 _'s for i,Ul)a('t veio('iti¢.'s of 424 and 650 fl:s, resi)ectively. The a('(;(:l('ration plots are

uot v('ry refined sili_'(" plot data was only stored at I,ilne interval._ of 0.05 llls(,c.; howew,r,

itl(, acceleration history for the :124 fl)s ilIlpa('l _W('llt iS sinlilar to the a('('el('ratiorl history

._howll ill Figure 7.3 for the l)a_ka.ge witll a steel (;ontaiIl('r suh ie(%e(! to a 424 fl)s side

ii_l)a(,t. Th('s(, ('(_.ntai_(,r ac('elerati(,_ l(,w'is ol)taine(t (turi_g si(h, iml)a('ts (,v(,_ts witl_ th(,

air tra_sl)ort I;a('kage (l:ig_r(, 9.3) at(' ._ig_ili('antly higi_er thal_ th(, a('('('h,ratio:_ I(,v('l,_

_i'!_(,('yli_(lri('ai l)arl, of 1,1_('lin_iter f()r l l_is l)a,_;ka.t4(' co_tai_(,(! 24 layers of Kevla.r t'al)ri("

a.l_(l :_17,1lay(,r._ of al_i_u_ n('r('('t_ wit('. '1'!_(' tnaxil_ l(:unih, load it_ a K('vlar lay¢'r

wa._ (,._ti_lal.('(l _ssi_g l l_¢,I)r()('('d_ar(' o_i, li_e(l il_ ('hal)t('r 7. A (:(_n_t)arison of the I_r('(li('t('(l
l_axi_ ien._ile Ioa_l witl_ tll(, te_lsile str(,_lgtl_ of a single lay('r, !,100 li)s/i_., r('v(,al('(!

t,t_al t l_(, lay('r(,(I n_al(,riai h(,tw(,('_ tile ('ontai_('r aj_(l th(, i_nl)a(,t s_rfa('e woul(I _()l fail

_l_ri_t4 a .12,t t'l),_itt_pa('t ['v(,_t I)_t w()_l(l, at I('a,_t, begin to fail (l_iri_g a 650 fl)n i_l_a('t

(,v(,_t. Maxi_ l,(,_sil(, K('vlar lay(,r I_a(l._ of 970 Ihs/i_. a_a,, 1.030 il_s./i_, w(,r(" l)redi(:t_'(i

for iI_l)a('l v(,Iociti(._ (,f ,12,1fl)s a|ld 650 t't),_, r('._l_('('tiv('ly. A(l(litio_al l(('vlar lay('r,_ st_o_l(!

!)(' a(i(t('d to l)r(,v(,_lt linlit('r t'ail_lr(' d_lri_g a 650 t'1)s i_l)a(,1 (,ve_l.

I1_(,r(wk(,l ._l('(! te._l fa('ility. A_ ilt_l)a('l v(,h)('ily ()f 428 t't)._wa,,_g_,_l('rate(t (luri_g tt_i._t,(,._t.

An pr('(li('t,,'(i I_y 111('ti_it(' ('l(,_e_!l aJ_aly,_('n, tl_(' li_it,('r (li(l i_ot fail il_ te_._ion (l_ri_g l l_i,_
l('st. No ._Irain _4ap;('()r a¢'(;(,l('ro_('t('_ (lai, a were ot)tai_(,d (l_ring tl_(, (,Xl)erin_('_t; l l_as,

ti_lal ¢ief(_r_l_('(i,_hal)(" <)f tt_(, i)a('ka_4(,. l)e|'(_r_('(l sl_al)e,_ of t]le _t_()(l(,Isl)re(li('ted (l_I'il_t4

tla('s("al,alys_'s are st,owl, in l:ig**r('._9.4 a**(I9.5. The i,ita**iui** (,o**tai,l(,rs ,_tOl)l)e(l l**ovi**g

(,v(,llt._, r(.sp('(,iively. "1'1_(',12,1 fl)._a_l 650 fl)s allalyses W('l'e t(,r_l_i_ate(l at 1.5 _._(,(;. aJ_(I

1.,t _l_,_(,c.,r(,Sl)e('tiv('ly. 'l'l_e (let'or_e(l Shal)(' of a se(:tio_l of the t(,ste(l illll)Zt,('i li_lliier

is sl_own i_ l:igur(' 9.6. 'l'h(, l_re(li('t('(l (let'()rl_('(l shal)e._ of th(, i_l>_wt lil_iter,_ _:O_Ul)ar('

r('asol_al_ly w(,ll witt_ tl_¢,eXl)('ri_l_('tllal r(,sttlt, l lowever, the a_a.ly._es i_¢ti¢,at('(l that t,t_('

('ent¢'r ()f the titaui_itn (,o_tain('r would t)(, 1)('ru_ane_ltly d(,for_e(l 0.060 i_. (turit_g tt_e

' .'124 fl)s i_pa('t eve_t and 0.160 in. (l_ri_g tile 650 fps i_l)a('t ev(,_t. M_,asur('_ents of

tl,(' tila_liu,_ (-o_,tai_¢:r aft(,r tl_e 428 fl),_ i_l)a.ct i,,(li('at¢_(I t,l,at tt,¢, (:o_tai_(,r was _()t

('o_tai_er or the the (,(mt('_ts. Tl_e t,wo-(lil_ensional a.nalyses of tl_(, e_(l iml_act ¢,v¢'_

whi('h were l)r_'sel_t('(l iu ('hal)ter S ._l_ow(,(l t,llat the (:o_tai_('r (leforl_ation 1)r('(li(_tio_,_
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, 10. Summary

An isotropic 1)la,sticity nlo(lel for coIl_l)osite layered wire nlesll a,nd Kevlar fa,I)ric ma,teria, l

ha,s been developed a,)l(l used ill the investiga,tiotl of hypotheti(:a,l air transl)ort pa,(:kage
a,ccidellts, t{,eslllts f'roIll a lilnited llunlber of uil(,onfined _lld confiIled compression tests

were use([ to obl, a,iIl ma.terial para, zneters for (,lie new layered zna,teria.l nlodel. Tlle material

('llaracterizatioll experiments were then analyzed to ensure tha,t the llew plasticil.y model

(;al)tllre(l th(: ma,teria.1 behavior exllibite(! (lurillg these tests. The )iew pla,sticity lIl()(lel

ac(:ural.ely ca,ptures ill(, isotrot)i(, conlpressiv(' response of the la,yered nla,terial I)ltl, does

ll()t (,a.l)tllre: (1) increa.ses in l,tle ela,sti(' stiffness a.s the ma.terial is conlpressed _md (2)

a.llisotrol)i(: tensile response a.)ld layer sel)a, ra.tion. A lnaterial inodel whi(:h ('a,pl,ures t,lle

illcrease ill la.yered materia.l stiffness as it is compressed was re(;elltly develol)c(l I)y Krieg

a,tl(l l}rown [3, 12]. 'l'llis flew lllo(l(:l should l:)e tlse(l in future a,)lalyses of hyl)ol,l_eti('a.]

a,ccide)_ta,l impact events. 'l'he (:_rrent i)_w'stiga,tio)) revealed tl)a,t et)) a,c(:t_ra,(,('si_u]a,tio_l

of' tho a.nisotrol)iC (.e)_silo r(-,spons(: of tile layered )na,teria, l is )_ot n(:eded to g(,t)era.t(,

a,('('l_rat(' loa,d transfer a))(l co_ta, iner (l(-,forn_a,tion predictions; l,l_us, a,n isotropi(' _odel

for (,lie layered ma, teria, l sl_ould I)e adeqttate for most impact evex_t siniula,tio_ls.

llesull,s I'm))) botl_ (,l_e til_i(,e (-'l(_,)_e_)tanalyses and the ext)crin_e)_l,s indicate tl_a.t a, com-

1)osito layered wire nles]l a._ld Nevla, r fabric i)nl)a,ct lit_lil,er will renia,in i_lta,ct during a, 650

t'ps i_)ll)a.(:l,eve)it if' tile )lu)l_])(:.',rof Kovla, r layers is adequate. However, the layered wire

)nesh and Kevla,r fabric ilnl)a('t li_niter allows for the transmission of ra.tlier hig]) load lev-

els to the l)ri))mry in)let contai_ler. 'l'lle 1)ri_na.ry (:o_lta,iImr was not plastically (iet'orlned

(i_tri)lg th(: 428 fps side i)_l)a,(:t experi_nent I)t_(, was plastically deforested during the GS0

fl)S ('))(i iml)act experiment. The a._i_oullt of loa.d tra_smitted to the prinm.ry (:o_(,a.i)_er

)))a.y I)e redtlced by eithe.r adding wire )nesh layers or replacing the wire )nes]_ layers witl_

lay('rs of )na,teriaJ wliich absorb n_ore (,nergy thai) the wire mes]_. These _nodifica,tions to

tt_(' I)a.seli_(' design sl_ould bo i_vestigat(,d further. Also, the a,nalyses presented i)) this

rel)()rt revea,1 l,]l_lt (:onl,('IIt t)ehavior (,a.li hav(.' a significa, nl, l)ositive or negative effect Oli

prililary colitailler deforlna,(,ioil. For exa, nll)le, tlle 6,50 tps erid irnpa,ct siliillla.ti()il revealed

thai, the i i_terlla, l l)ressitre g('nera,ted by the, l)la,stically deforming contents contributes to

the _lnd(,sira, ble bt_lgi)_g of tl)e conta, iiln_e))t vessel. (',o_tent behavior )nust I)("('o_lsid('r("d

i)l the (levelop)_(,nt of a,ir tra, nsi)ort 1)acl<a,gedesigns.
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