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Chapter 1 

INTRODUCTION 

F.xtr~lJle 'elading s;t.uatiun.,. "l,eil "" ":""l l,x;cb, ucC'J:- I'ur 'no:'e Lequenti:r tiUiJl jJ(l(,:,]e 

w(Jdcllik .. t(J !.>eline, D:"a"t.~rs ,-,rem due to in,,,fEcl .. nt k.nowl~clg;~ (Jj' de'lg;n pu:'ame­

tel's. nnexp",.t .. d working c(JILd;tj"Il". ac ts of gud u1 by ""bU"ig~_ It j, irYll)",'arjv" (hut 

(ksi!<n~r~ icXlk int,(j th~ "what If ,itw.li(Jll' aJld l~,,,,.n to limit I.he cimn",!,:c ,Ji t.hcs<c 

disfIstem "n,-ing li"':8 "nd monnv 

1.1 TlACKGHOlJ'>D 

Ex l'lu ",,·~ ; on jll , l,~ lomb "l; UJ[ m~t."l plot<," r~,ult." jJ) UIL," .)f f',llr pl",,;L'lir ;(., ( ~cc 

Sc(t;()n ~ ~ foe fllll <.kwikL 

• Lo.lg .. lJl~laetjr: defurmatiun with ]Jan;,,] te",ml!: . 

• Lajg~ md",ti, def'"rm1>tivn witb cvmy:ele I,,,,",une: r~'\llting in the fOl,nativn uf 

fmgnwnt,', 

1 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

r:,C lar:<;e m~:a"lic, de;(,m::,liu:1 "~"f'n.oc 0f t :,in \JInks ha,o L>cc" c.:ncn.oivclv ,'cuu,·tcd 

in the litcratuc. Empi"i,,,: "He ":1,,I,Yeil',,1 ~q'-'nliuno hav~ L .... :I dnd,-,p,,-' l ,-, d~t~unin~ 

the cicfurrr.ali0r. pr"fil~s (,f tlw plateo "nd j'nill!l'~ r",-,J~, h,,\'~ bee:l Jde:lliii~", 

Hvw~\'~r, l L~ "lJ).J~ct u: plalc fragmcntali"" ci',le W lJJast bnciir.g i,o leS" estajlishec., 

Le,', w(,r>: (,L t,'1~ on~rg'i' ~v"h"l,UL d l:l~ j'l'agn-_cu~d plal~,' Ira" L.,..r; '''.>ll~, Th~ er;ergy 

r~'l"ir~c:. C" ce",_ t'1~ pla"e" i" 'ej] unku)\'.':1 all,huugh d ",,-,,-,Ic: lw .,; g:'ew aid v-, the 

~s-"bli"l-,rr.e:1t, d ;r,,('I,:1O-e criteria "ull',-,dJ iml'ru\'~ "lmdua: l'"J~s. 

1.2 OBJECTIVES OF THIS THESIS 

T:IC "L.i~di\.' ~ ,-,j' lIll' I,he"i,o lS to ur.ciertakc"-,l eL~rg." ':)nlaLc~ ,-,:I ~x:)h,i\-'ely l""c:."" 

pJa-cs ar.ci cicccnni"c the ener!-':y "f tC"-l'ing Jr. part,i~lLm- l:le [,-,Il,-,\\' i:lg i t ~,,:, ,b ,-,,_,1 J l)e 

nc.cil'co.,cci; 

• Delerm'nc Ih~ \"Cluc';t:, (,c Ihe c,,-pped fl "-gmcms, 

1.:1 SCOPE OF THIS THESIS 

T1-.~ ,c"l')e d thi, ,'I,udy ~,denrl" V-, ~x;"Prinled,,-l t~scs 0: plalc" "uL.i~cl,~,' '.U ):ad 

k,,'.ds 'l'iilh l1-.e intPLCic,n (,c rr. ~,,-snring tb~ ,-el-:-"it,y ,,: cl-.c fl'aprlC':lt' nnd '.h~ ,,J-""-ll'e:1t 

m"dclli"g "f chc pbtc." A ~0mpmis"" u: the 'Tsu:l", u[ lhe :I'-'(I1~r il' "l aLc:. Axpcl'irr.u.­

tal r~S11:t,s (I111"t he 11nde,'ta"PL An e:1~rgy l",lan,~ 0c tl-.c :mnllred plates (Ilu,l, :w 
lmdcrtnkc" wjCll thc am: 0f cictcrrr.irj"g -hc Ar.Cl'gy ,-,f leM1 Lg, 

2 
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1.4 PLAl\ OF DEVELOPIV!Bl\T 

• Ld~mu • .:·~ r<'Vj~\'i - U1l8 dwpt<Cl r.vncains n n,v:ew vf ,,11 the' li,cralurc thal penains 

In r);" ,tl",y The h,y a[<,,,, llddj~'i"~d ,u-.o ~Iwrg,\' ba:",'lc~'i Oil hac!,ured piate., 

bbst "Xl' Ie,,; ,,)lS em ci 1 ell:", ,)1"(,,,"_ mc>d~lli Ilg IJla'il.lJ, ll lUr.~,,.i a1 r"'<J]W,rt i~, ""d ",or k 

jWluci,'I:llg to "h~,J,.r U»I1C5, 

• F:spe,-imen(,a] dat.a - th~, ,,,,",(,live; oj' ll,'"l~,rt"k"g the cxpeimenlat:cm ,,,,d the 

"l!l)*'lu~ llt, "xlWriHJ~llt,"1 lWiUlt" ,,"d o],,,,,,,,\,,,tic"," m~ ",ll'-l'ncd in this rh,~pt",,_ 

• t.kthod vf n:litc "kneelt mn""ring - th" mdh",d of lTI'X:"ili:lg el,,, "ld,'s is e,,;­

plained in detail 

• Finite dement. l<'S\lj~, - lhe n",u.:!G and vi",c:-"a!",,," oj' tlw 'illit~ ~1~m~,'1( mod­

dling an' I'lcsc:lt,cd in ,his ~ha?tcr, 

• Conde,i')n" - conclicsi'Jns alC e lm'ln 'Tv!ll llw. ~"'1)~j llJ~, ,'lh: ,hk' , nllmn'",J mod­

diin,.;, t, jlC s ',lbscqLLCnl C':Ic'-gy Labnrc ane llw lit ~r"t,LLr~, ,'~vi~,w_ 
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Chapter 2 

LITERATURE REVIEW 

• Su:t,,,bl,, maknai ",odds av~i:aIJlc 

2 .1 TIlE E N EllGY OF 'mAIlING 

<hen ,~nd Joncf llJ dc\~,.,d,~ th~"".~tir.,·cl al1"h'"i" "x£l,minmp_ t,l", p1oo"l.i, responx aLd 

r"i l _J'~ d rully .-li"rJ:,~d :.,Ia"" "Ub.i ~r:tHd lo uniL"."!',, didrihl ,tcd il'-1"Pl:J.;" i(,a<ls. The 

u)','a :~last.ir andys'" "scd an cncrg;y density cailll~" nite,.i"n te, :Jr-"ciid [UJlu~ <:, Ow 

ollPl-'vrt u{ the plate, Tlw c"nclatiun hctwc<,n the " xp~ri"Wlllal [~'I!Jk fn,-" (,h"nrdir,d 

,-riti.-d impllls~, Ie, rupt,ll)'{O '''&.8 jX'or, :."o8,'i'):y berm''''' the "X'~ '''-:m''ntal phI'" 1"('1'" Ilul 

ide·aliy cl"ml-',d. 

1 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

l\-l!1';('k awl B1',I,ml l~1 Lj\'c,ti(;"Jcd fragmcr_,atl"lC d~mu(;e ao u rcoult of an expke;lOn, 

Two '1<" 1, "J' ~xjJl(),iv<' l~ob werc ~an'lC'd ,"ll un sqll~rc tlllJing- u, lUU x HXJrnm \yit.h 

tlll"illwe:-,,'" ,/ ~ 'Ll'; :;mm, As a result 0' I.hc iLaGt. cithc," thc fmn t f~ce ." the tl!J~ 

\"'" d~!,;nn~d 01' IL~ 1'~,,-d!lll~ La~m"nt ,,'vrn t,he front ,ac~ d~f()nu~ ,; I L~ 1'~ar !,v'~_ III 

" um~ !.''''.'''' IL~ fn;~m"LI wu;, welded ":l co t,he ,-,a,,--~ f~re uf IL~ ' l!I,,~ d,.w Iv I.h~ '11gh 

wlu('Ji',1' "J' th~ fragmelll" 

wlw1'e 

where 

H()w~w.,. 

C
"J ") --

no dl"mpl -,'-.~S made In e\-duate an~! ,/ lh~ TI~n,mTs in ECll.-ltivns 2.1 ~ul 

velocity c,+ r-:'~ frllgment w.~s newt m,-,~,u~J elil-,,!.'I.!." [,It.-:, ,,''gh t.he residual 
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;1U!C)lLl 'd.l:'<LbS ';1[1 -">.J ""[Hc\m! <;"~[l!O!8U"UlL1' 
, (a..,;}'".}"":,,, r' , . 

,'!i.Ul+l) 1 
\ ." 

= (!J 

,U'-' L ""LT)~ 'de{1 (11 ~UTl[ll,,~ .l pUG] PellU.['''''''''IO.) .1 "In:J.IL:) n 'n:,"'\ >"U"I!.l:l"q (),\\1 fiuo-" p.<X] 

'd',(tlel .1 "ln~u".F"U " '''I Gl l'~lllU'S" "",\\ ""'-ln1 .. ,;"r.V '''H JO ,\',Il"'-l!,.,,,ij "1"1" l"OJ) ~1[.T 

'S"~_l1S' V~!..: 

~!l'U" ~l() "! 0,,-, 1"1» "l'OU"P ]B!.Dl'lur ~ql <; 1 d ~tLlp1].l 1'u,PUO[ 'dc;', <;, ON '\I+?(J~1 "F'leT ~lP 

"! oJ 'L;WP,\ "Plr1 "41 "! fT 'S'";P''' ~ tTJld "lJ .\ "~)j '''"1",1111: r~Ty:(:" IUl".) ~'n 'n r ~.l ~L;," 

("'71 . '.' C', 

(e - ", 
" 0 

S~l" ld .1'''1lL:iiu>JP'dJ ,IOj '''81u:11,) ""~j1W1SU'!l;r:p ~-

"",lin! _l<nUll.) .'OJ ""1"nulL "<;'dIIJJ)UU~lll!P = 

, i 0 OcJ., rr ", .'J)' 
T' " ,c, 

, 

d I),A: ,.JU J' 

( ' \ IJ.[+ -"'I , H ., 

=riJ 

.p 

'110OlD1: ')(-' Clip 

.\q IJR\:" S: "" l,-,dlu l "''''' IU()F UC!Uf!P ~LfJ, -"'" llLdlu~ oS'~lUG!<;u~lll!1' ~Lf" SL <:, V~\J ,W-lW'-,.' 

;)LI1"lUO.)~ '''P S! .If 'flS.W',",-, !IU COFid ~\j·1 <; ~ 1 'll01 P~IJ~P -I',~od p~r\l llll\1[I1""'" ~1 [1 "' .y ,u~ll ,\\ 

(vr. ) 'i')! 
, 
, 

;s·c CO"Il\"lllL 8S"I (f('l;iJ.»lLJ,p 'J .j') "u!J''''l [I! V""c",_'_{,;''' ~'- uv.> "') I 'J.-' I:~I' 

'Ill ,od - I)~l 1.1 ~'n '''~LI1'''-l!o~;1 .1c ln~lpcd to S~'l\] Ie l"'1'1JGj WIPI .LGj 1"'11 l'" poe 10.1 Ii: 'iJ UlL t\-

'"."' ~;lO 'Cm.mC!l]T; "-"'P'i ';"p,dm~ TlTLurrx',"lJ ~'[1 "' "'1uInrT 

i"J L,L,;'> 'dl.I·1 I";" liJ.~UT'-"d d"" "'[1 _:0.1 'P~.1l\"C~UI co"[lLrhu~ "'f-l S1 ""Ill(I11TT lelo1 ~'n ";~1.;," 

11;-".1 <>SIU.! l ll! [K)ll!1J '''THIrJTl]n.)ol ""[,,d\lll [Unp""d.l 

",., P'd ll!J"P ,;1 puc ""'pHIlU ' T"'-·p"'" "'-11 "',' '-'1 [Yd-' __ ';.jdl ,'l1A\ " ;111 .]1.'._, 

I" ~ I 1151"-'J ~ '[1. p'dP 11""" "'::,', ~(11l1 "1.;1 JO ~:j'.lJ _m~ 1 ~1.;1 'Curll T1{ 'lI''''";~''' ' '.j ~ 'U j'-' ',,; I LLdu." 
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wlj~"~ w i, Uw Iw]['wiJI,;l ,,[I,ne 'lll.>C_ ,-\11 the imp"l;,.:s c"-'llx cv11YC:· t~'" ~v dimcllSlv11-

_C5., lrqJlllsc.s ,!Sing Ec;",,'ion 2.7 and E"f.1a:'C.n ~ J nm now be -,'.-tite.en ill ",mcns1Unlcss 

I'~"""d dirn ~ n,i,,,,l<",,,s in"ml", - toto ("n. ~Jl"")fLh·," imp' lb·. 

(,1'1 li ( d di.'L~l1,iQlJ kee i JYlp' 11"" 
(Vi) 

2.2 BLAST BXPLOSION ON TTTTN RUTLT-TN 

CTHCULAH PLATES 

'LL~ l-'"'lJC""~ u[ C;l;l1 ,)l~ C~'-' ,ul.,. ~[", CU W:L<:U'-' bl~,t I",,,c.' ng wnd' t.' ""-, has been ,J" lucd 

fnr many y~"_r" _ \-r~"h" ,'_"d Up".\. 14; def,,~d -hroc failme mudc·.' [0: Le~m' "LbJ~,t V, 

TlC faih,-e mvJes zte abo vusc1yc,d in ~i,'C"h:' ph~, 81l1,)j",·t"-ri t.u '.lnifmTr. IJlr.s: l,)ud, 

Ie· ,,,',d L) L' ''lila,." I-':"l~' 10' _ 1I,,·,,'~','(·r. \dwn ,hm ci)'clll£ll' plate., ape subi"c "I l" 

k,c.alizcJ I)la st. baJs the fv11vwing' aJJiw,md ['Zl Ul·~, n.od,," h,we \w"n 'de:lllfieJ (scC' 

ltd, 71 <:lxl I~I) _ 

11,,(:~ II c , 
t,ll~ cen:m a:eo., 

/>'l,"dC' lie cc.n l'~'LLL in l.he ['vl'm",, >C>l1 U[' u ei,,~> c:rculm fmgnc~nl. j'mnc ,:'~, ('~ntre vf 

-h~ \,late ll"der specific Iva" cvmhi"ll'. 'fhi, ,):l~IH"'r,~ncon ie kl'0Wn a., rq)piIlg 1:"d 

the cit~u_m fwgm~"t ;, j'dc·JT~d ,()~, a ml'_ The fl'a~rr.cr: i, almod- p~1f""t.h· "i"Clll0.1 
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'Jubl~ 2,1. 1'It.AC"Jnn:, IU::SULTS OF TlllN ClllCUL\H lJUlt:r-L\lI-'LXI'ES 

Pl.~t" E'xpl(j~i"" Lli""lf't"r 

Thicktless 2"rr_, -, :l:-\- ',',n JOmm 

I.li rmn C--l'j"nL~ C"l-'l-'lt:~ Q_~d,-' ,,' ( "l'l"Hg and.-, u, 

e, 1-'~"alli")1 bulmd"ry t-ca' iI;,O: IJ.Amdal)' "h~,cing 

L,(imm (>ppin ~; C"ppir.g (':<1'l' iI:.o: m;d ... '",-

-",' P~':<llifl~ hu\mdary "h~a:in)'; 

:l,6mr_l ~ r~bllir.g and , , lJu\u;dm'Y 

l,u l ll1(\ary t~aring "l]emiJ;~ 
- _ .. ,-

"nd l'tr~ iwblling uC,'lll',> ''''I}'lr.d th~ h~:,m~Jlt ~dg~ The ,;ymmetry "f the fu,~'),,~r:t 

rn'b~' r:'~H"n:, ,~n 'd~:<_ .'undit',(',r. 1" "r.,,'y,*, Ih~ teflliI'~ mc-chm""m ,,[ plate" dLL~ t" 

bbst k~"ls 

Clnc,,:, Eim Yu~r: [81 ;wrfum .... d ar: ~xtd",i\'~ '~r % nt>''l)ecimcnts "sing bllJ.!-iJ; r:in:\Llu 

1,la l-c" w]lJ] a di"JJid ~,' uf lOijnnn "r:d t.ljjC_~fI~,S,*,,; of I_~ , 2,~ and :U;mm .suu,i e('tt'<.1 t" 

('xpk-<l "'~ h",d, \'"ith di";Jl~t~" "f _~[, :n ;:"d ~iJmm I..ow iJ;-:enGl1,,' ula«1 l,x\d, l~,,, II~d 

lr. "I[d,i ,' d~f.-:mnatiun (m,.dc ! aue I ki ,-,hlle lugcl iJ"pld,'~' "~,l)lt('d ir. t.n,mng of the 

pbt~ (lr_udc 1 n The exa~t, ",Uu\'e ,,[ tlw mudc 11 Ic",-i"t'- d~jwnd",1 em I I'", p_ate tl-.i r:k­

n~,", ~x;,l,,",\-c diametcr ;md the c-xpl,,,,,'c Hli,"'_ Th~ b'lllm l'esull,s Me ,;umln,,-nzed ir: 

TaLle ~,_, The l.(i nm "b tC".; ]'~"ult",d in r"p,)inghl' '-en ~x,)lu'l\'e diameters ,,[:;~mrn 

1'",. ~"P I ,o;i \'~ eli ",lH·t .. r; d ,).) mm and I il mm 1 he pb' e, t' "l'l'~d "r.d ... ' Gl' Wr<' i'she "-red" t 

IJl<' Lc-lmd"ry, '11]c :;, G lYJn1 I-'b'~" ('apped ["J' I",~,I di'mwJ~l" "f ~" nT1 "r:d ~nJl lll , Fur 

10,,,-1 di'Hllct~r~, "r .. 0 mm I, h~ 1" [jt~.-' r.:<pp~d ar.cl,-'or tur~.-' she" _wi "I, t h~ bm md,UT_ La:'gc 

'mpd""s vftcn r~""-t~': in j,..tdl,,'~ <>r't'\lLTII':, ir.,t.~"d (jf r~p;""g fur th~ I G mm "r.d 

2.1) '"I'll j,lu' .. ~,,_ Tb~ ,'LGmm phc~s (hI nut f."-p Lut the,\' ":~ ,~ -; I1L,-A"I~d tu a ~l}mLinatiur: 

of ]J'·tallir.~ aI;d/v]' [mIme' nt ch~ l"wnrl,w y 
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2.:1~IOIlELL1"\jC EXPLOSIVE nT.ASTS 

Tlw" ., <or ~ twu rI , I r~1 ~ tll me"],","" of ",vc.ding ~ i..>i"-st ,nxc USC,,;'; th e nr 'or . ., c.cnwnt ~o(k 

A13AqUs.,.'E>:plirir Th~ 1,[0'1 """),,,d i n,",)] ",.", Irj( , d~ I II'l'_; Th~ LI,,", W"\'~ '" elf) "1' 1,1j .. " 

:n""' u-~ I)\"~'- a ")\-~l' ~rca for a ,;iw,n t:)Il~ . TI", ".., ,)nd m~i.l""l in':,)h-,., ,,,,, d~llir'g 1.1w 

~xpjoo,w " ';11'" trw, ,Jv1~.s-\\·ijk:ns-T.+'C (J\\T,.:' lxc""t ion ,,f ,t[lle (EOS::-

2.:3.1 APPLYl;\JC;' 

EXPlOSIO:::--r 

PR.ESSURE TO l\f(}DET. THE 

:\!ur,-wruu, j ' ~"jJlt' ]H1W Il s<xi t hi s method for mc)(iLli1Ci! !Jbst-i",ac.cci pl ettes jC1C.llcii:>i-': 

Birnha 9:, G~Lnm' 1: IJ ', [i anuw I: _ and (:"0bb"I"", 12', 13imha E1ud~J C'd dur. cll"Cul,u 

cbmpcc. pJucs tlmc ,-,-ccc .;1:b 'cn,c<- 1,(, r~n'r"lh' ""s;l i,)",xl G.lSb of ""pim'O,-,,' "'hile l{"L 

1: 11 ] c.nd [11 &ppllcc. " U1jforn pl~",mc tv the "ncn~ :, lHe fLe" 

The 1J"s:~ t,lW"'Y vI' r1,,· rrY,d~llill~: ," ,~Ia1.'rl::,::lw lm"ub ' il'lp~rt.ed on !.he ,>:-''''lme" 

(whidl lS E1e","\ll'~d un a 1"" lhs! .. e :-,,,,,clul'lm ':1 tu Q :A~GSurC-1.jJl ··~ "j,lrtl,,,ljun 1''.'1' an 

'"""',I' lrlJllH.lje. )j'j(Jd,.L ' 1", [~1" l ' 0"chip i.e ~j vcn L.\ L1 , ~ ~qlJ" I . "' · . 

I (" Ii! r:~~dAdl 
J" ." 

J'(I') is t he ',,·e."M~ of tlw I" I"st '" a fm,et.l ,on ,l radi'D'/ II""" ,-h~ 'j"''''l'',"'''' c,·,·!.rc t v 

I lr~ 'l'~('j" ' ~l " ,.d:;~ Fl. 

Th~ ~xa('t natllre "f 1h" pmssme "''''."(0 i" very cumj,l~x H,!\\."\'~,, ,t j , jJo,"iblc to 

f\pprux:m~te' the' jJ re:" ·. L:'~ di,tr ,l" u '.:O:l and ,/y ain ,·~"" ,.. ,,,blc ii"'tc de'm~nt sob.\ '.iu",". 
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Dimha :9: al'l'r<j"inl,~tecl de I're''''ll"f di,hibu tj,m co, a C;jn.';l.ant pr~s'lJr<o o\'~r th~ ''''fa 

of the expl""ive with :<n ~xpe,nfnti"l JfC"!, 'N~r th~ r~,t 'J:- Ll,~ -.':a''''' 'l'lw vr~"n,r~ 

di,tribnie,n is giv~n ,," 

i-'(r) = J{J f,,,. 
p(r) = £1,,, - *-;'"0) fvl 

r < 

(2,lU) 
H,,<" <11 

",1,erC' Po " thC' prC''''Ul'e mag"n;!ude and ,l, i.; th~ C'''pvl:C"l:tial dec,,~" SllLstituting" 

":",-,Mion 2- 10 int" I':quatie,n 2_9 reflllt, ill' 

I -'" reo, .2{(Ro ') =",r" "u+ -.-+-,--,­
- }.' N' 

Svlving Iv)' f'u giwo: 

n, 

(2.11) 

! 
(2.12) 

fhc time the I,Lwt is applied to ll,C' Vb", is rdencd t'J w; d,,,, bla" Jur:<I ;oll Tlw bL%t 

chTht'vn ;, al'l'roxilJlhwd uy t l,~ ~-.lrn tinl~ of the CXplOdVC; 

TIo~ \-',,11.l~ cl t,he ""ponential d fC.~Y I':w; t;;v",n by \,he empiric."l cqu"tion: 

2,3,2 

, \', 

, , ,110 ". (lIit) I· 1 D U - ~[j1 Ii + ,,-ts H 'Jr 'l~ mng~ 
0" Ho 
1)_1" < H 

US ING T HE E QUATION OF STATE 

< 0,0 (2.11) 

'110", ""., e,[' H~ J\VL ",,,_,,ation e,f oeM", rile"" t he nle,de_ing" u~ t,l,e l'x:):'~,i"", dir",ctly, 

TI,e explosive is Ule,dellecl by ,~",igned J\VL e<IUhtiOl: o~ s,alC' ma\~u.< l)r'JP~ni~' t,o 
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the "kn'Hnt" that n'pr"'<'nt the ~,'q,;c,,;w ThH .. xplcwi,." i'\ th,'n detonrlt.,,,, ,~[ nne ,"" 

nore delano-lion points in the ~xpl""ive_ 

Onh- two rClJOTtS come I)C found in the liter.~I ,m~, in which ,he lese of lhe JWL EO:'; 

wlih AI1AC;CS 1':xpLI<:it h"c 1 '~",1l discll"-'"",_ J'h~ [i,-,t, Hxarl I'-'I~ w,'" i" dL~, .,\.EAqUS 

F.xplici[ F.xmrll,l~, r"c,hl"Tl',~ \[vnunII13] ,md .:IiC' "",c'Ow, by C"ohh~la,~r I I.~ : 

THEOI1Y OF T H E J\VL EqCA'l'lU\ OF STATE 

Th~ .JWL EOS r_1(,dele Ih~, l'r,","l[~ g~ll~,-.~r ... t: by r,he rele""e of ch~micd ~n~r:>:y in nn 

~xl,l o"iw_ The "'1UM,ion c,~n b~ writ,[~,n in [W)L' of the initial energv )X'r unil na.s,;, 

. ( wp,,\ (nP"\ 1)= .'. l---IC\P -;-1 
, H,Pr;; _ P; 

wh~c~, A !-!, !-i" f-i-, nnt'''-' .~r~ m,~leri.~1 consbnts that, mnslue edinc~1. p i, .:Ii., pre~'ure 

!mel f! is Ihe ~X1Jlosi"e e~nsit,y, 

The oxnval tine of the delonalion w",ve, at"' parliculnr rUlC~l-i"J lj(,int, i, d~r,~,rmiwxl 

Ly t h~ (kr,a flC~ lwlv.-",," I lw mv [~ l i "lpoj ut '" ,d trw n e .~n,,1 d~xon ation puint, eiviecd b,\' 

1',1-", t,~[()\",linn Sl'~,H(L ," bllrn f,\~('J,]()l1 i, r,bell r:cJ)ry,llu] IhJ.t SI-"'C'J.ds ,hC' detun""ion 

waw (,ve,' '<'Y~rd e'em~nr.<_ 

EXA\rrLF..IN THE ,\RAQUS I\IANU .. \L 

'JllC' ('''''Lp]., ill th~ ,\13AQUS Explic;t E:wnpk P,-c,i;leI:10 '.fan",,] -.j.]' r:onein.< or 1',,',-0 

concentric st,·d lives thai h!,""" the ann"]",, b~t"w,cn thC'n, :RllC'd wi,h high '-'_'1'1<-"i"" 

The expj"si\-e na"',·ial is dctonaLe at fom points aroulld ,h~ cin:unJ.,r.,uc,<, "I' r,lw 

r:y]lm:er In L,,-,r,h a tW(H:inw1wional vne thrCt'-J:ncc'usjCJJlaj Tr.o,,>L nn~ t,o tlw "ym­

nway c,l' dIe lJroLw'rL , CJIlI,\' ou~-.,igh'h of ,he p11-'" '" rno"'Hr~d_ ." ,,;;.~grrlr_1 of t:hC' 

Iwo-din,enEional ,",se is shown in Fi.o;llT~, 2_1_ Thc inlC'rac,ion l'("".'C('ll th., ~_,AcJ0;ve 

am: tl-I~ d",,] l' cIu-Clllgh ('.OrL1:wn nodes ].,etweC'n th., ~xpi"'iv~ nm: d.,.,l ~1~Tr.~nr,'\ 
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Detonat ion 
Point 

\ 
\ Steel 

,\ S US E n RY GR.ORRP.r. ,'\AR 

Explosive 

~ 

Symmetry 
Plane 

\ 
\ 

\, 

, , 

Syrnrnetry 
Pla ne 

Cwl,Lelaar Il·1J was abk tv Olse lhe c'I"[tri(,n vf etate cO ", ',c~",,[ull,\' m"d~l t h ~, ct.,for_ 

)Y'_:<t',on c," R~(f("'d', 1151 ci:<mpexi c'rcular p ld"" The cx]dus',-e was mvddlcd lblllg 

"",rmal aXi"Yn11Y',Ct.r;C or ,'10 conti"""),, Ckl,,~nts th,,!. are th~" ¢vcn illl LOS mateiul 

V0)H'IlY. Conhct bOl]nciarv cconditions I"·lO I,b'" impused b~lwe~n the ~xpj,-"ivc Dmm 

oLlfu('t' wld tlw I'lm~, Tlw EOS J-' t.h"'ll gi"~!l "d~l.vral,,,o", p,,;nt in the njddk of 

r.ll<' ~x"looivl-. A di"",,.,,,,, ,/ the c''l,looi\'c onll)) as "sed by Gjub lJ~laar ;.-, g]\'~n l!l 

l 'ig', lL~' '2_1 

GrobiJdaar ~2t" l)lished tl:.~ \lS~ of conl"n with the LOS lLci!lg AlJAQUS "I t lw 

Cn;, .. ~\,j(\' of C'ljJ~ T,")wn_ H~, condllJ~cl l.,]wt r.ht ,l\\-r, l'nablcd r~"2UnaL>:y "cena", 

mvdellillg 0" explvsi \'e L>las r" ""d dimin",ed u,,~ Ul,,~~·t mmi~,< n~:,,,)Ci"t wi with e:l]c,s."ing 

r.Le preo'3Lre t,"n~ Cli'3t,l'ilmtivll. Jt, wa> Jlv,ed elwt t,he lLtth(,d """" {, f,orcc );a"cd m"t."~I, 

a.:gorithm tl"Clt n~Clt." the cxplvslw Clnd mCltcrial as t,w,", difrcl",nt ,("~ide .'.' "??,-",,cd 1.0 

,,"Lvr::~-t,-.-sh,)l'k i!H.era.cliun th"r Ul'(;Ul'S Letw~.~n a e:m: and" scOlid. 

12 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

Exp losive 

frIT 

Axis of 
Symmetry 

I Contact to Contact 
Intcr<lction 

I II I II I 

2.4 MODELLING THE MATERIAL PROPERTIES 

B',w! loatlill~ r~ul!b 'r. ~xc",d\'~ )"sFe r.l~k,r'wjt'or. nt, hiiCh ,nai:l r~tcs ,elf.! :gi" 

l~:rL"'-rf.LUl""3 . \JnL\\ri,'.1 rnod~: r.l~'W!OjJ"Wll! :<nd obt,£linir.iC "'Hcr'.,] l-'IU,)cl"Lits a! i' LV- ' 

shmll mLcs ~L(ll~n'jJe'?lUl.,S!S s! i:1 "L ungc"q; proe~:,s h l'Cocarch. Ths sect;')]; si'w'! 

di.,c'-lss !i',e m"!~"jnl :n(jcl~,I" r.m: l"I~, ['nJ .l" ~ I"JrC(:ict,ion m~tl:oels th"t me ,,'.-'arla ': )I ~ ['or 

n,o,HI ill ~; l)w,Ln: ~ rd hi(';h :,tni n mLc, iel II B A Q I,' S .-/Expli~it Hi!, Twu r.l i[[~r~:!l n,M,~,.i," 

l1l(>d~ls m'~ ~\.'nihLj~ [01' :n(jcl~,:'i:!g r;1~hlo n"r;1~ly, 

• Tlw. Jol-.el sun-Cuok piasti('ity muc.e} 

CT .. ASSICAL l\lETAL PLAST ICITY 

C"'-,,:,;ea' lYL~,L£ll pb,t.i city irxo:,oc, uiJtaieliug Slr~:,~-:,L'·r.i:1 dal"- from urjl)xml !e:!"jl ~ 

tcst., "-:lei ther. lllucii£yiL('; the :,!re,," i'c,r d rai:! ml,e "-r.d teml-'CratLlr~ (:w)~r.cl~n('j~, if 
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:-'THAIN )-IAnOENI:,\C 

Tb- cla '1.i~ n-;gi"n is el,"~rih.,.. 1 I,y :lee' \~>u' ,g'" [llvdulu', HvV'iC'\'e,-, [U1 ,he ph,:ic j~g i 'JIl, 

,Ll(' "en'", a,mllu~m-,bmr. :Jbsti~ ,t,r"-;" dnt,n i" r~ (I\lij~d_ For an i sot rop ;~ m ,,: ,.,.i,,), 

llvlllinal "tlT",--"C,a;n cla,,,- ,"-n ~H cldKmill ~,d f"o lYl '1,"",,,i,,1 ket', Tell., (a11 "JOC11 \w 

\,,,-, ,, , C' a,,,,,, i, '1](' :ru(' 'trc'''', a~,,,,,,,, i, ,hc 11vminal ' '' C'"', ~''''',-''' L" :hc' "nmi rwJ "t.",i" 

c:'~ is ,he 1c,~_,,:itJolYl> plastic M,ea ill ' ,rrel E i" th, Y""11I'.'o mod-lin, 

ItArE DEPEN DENCE 

VOred 1rr t.,Luhr [nrm or :h(' O_"".-:""--3YllJO,,,b ,,,,,,,,,_:inrr carr hH n"..d 

( \ ,,,,),,,,,'--3ymOll,1> c''1nn,i,)rr " dd:'m'(l :_ GJ as; 

,,; 

T hc 

wm're E i, ,he ('qninucnc pl,,-st,i, '"min l'a"c. Un io :he o:a,ic , L c',,'; and a i, liw elYllnl1'" 

,;t"",,", u ,,_will. a,'e mnt.~ri ,d CO""U,",S, 

TFi\J I'EH ATUTI,r; OF;I'F;NDENCE 

!)h,t. i~ \'.-u:' k TC" jJ"O in ned. ";c'''''I,,tiu11 "ms:n,,; ,hc de~nJ.(.k:i"" o. lYl":H:inl propertics, 

T"i.-; op: inrr i, t,ypic..lly ,'"..el in eilYl"b:ion n~ lml> mc:,,1 fvl'm:ll~; [17_:, 1, ":)p~"ro teat 

t,hie has :;et 1;0 1)02 applied to t,ne bb,t o:mnlat,i"n vf ,:Ii ll ci :-culicl' plat.~" , 

14 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

ATl.\Qt:S .... 'Exphcil ,,1I0W8 ,,,,,:;n],,, I,I<' ",-rH% "",J:",j, '-0)'" I"", fonauc w], ~,~ hc,,, i·, (';~Il 

eralcd loy plasl ic sl.',,;·, _ TL~ -- ~""]ci r'g ' ~Ill:)HracUr~ ri,~;" the ll ,'oll,:)l)I.~, ; "".!': I~J ~ 

s·,."nrc h~"t of tl , ~ fl"'i,"] Th~ YOllng' s mC>C.llllls "Le' '-he cnl~ "tr~'" - :Og"llC",lllJ(' ph, 

I.i ,' "I,[',\i,' (bb r.,,,,, I,,, e ,·t~ ,.~ d i" Lal'" J,u' [OI'lll Eo" r.Uf"l~-'I, l."I1L-)~"'.t,'""" ARAQt;S 

~;iJ ,;"I,,,,,,_i,'o I.he eXhrJ YO\IIlg'; muJ":,,, a .·w h')g,\ril'~ J lllic pbsti~ "I,,,,,,ill by li· 'Co.riy 

' "I,pnolc.l,i:11;' 10,>I."'e<'r_ I, ~,,, l,aIJuhl,,,,; v,,,h,e' 

:!. 'I.:! .1()I-lNS()N-CO()K PLAS TJClTY l\lODEL 

Th~ J,'):,,,on ({-,ok ph,Lic;,-." Iw,Jd .0 <OL ''''',n"ca] <7(l" d- ,oll l.k,l. wr~' developed fO\ 

h: gh -;t,n,i , -- rd-e ,;efor<rl',ti 0' of, ]Co;t, la~l,ah It. ;" Iypi ,;Jh' uoBeI ; 11 ac.i"L,at,i~ tran",cd 

d,'dWr11;( cimiJ"tior" 

m 
(1 - U ) 

i 1 IJ, C," aul UI· an' nwc~ri,J I'ropcrcico. 

(2.20: 

\\. "",." (I i, tl::e (UlTell '- Ul"I.~j';:<] I.~ll"wmhlle, U",<i!. i" 1,~Je m ell,ir_g tcm!-,cratmc of ,-l::c 

lY'_eL\1 :<, ,,1 Ii,,,,,,,,;,,,,,,,: i" t~J e 1,",o. Il S'I,;OIl:<1 '~"ll'Bl'''I,lll'e al w~,i<'h .,-1 an, fJ ,r",,~ c",o­

twL U,,[orctLLi,Ld: . .- d~l.~nrJjni."g Lh~ nw:erjd I'l'o,)e,-t.i",' f0l' '~JB Joll'l.,o .,,-Cook p.2."ic­

itv moc.d 's :1 ')1, ar_ ,,2.S,· I,ask clue to r,Le dlftkull,i,," of tc'tir_:<: I,~,C mal.crid ,,'rol'erLi~" 
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at, u" high slmin mt ~" ared l~mp~mtll1'c". _\1001. moll,-lien) uoc matenub ,1.0., al,eo.ciy 

haw he.ri 1,1>'i1' )EalPri"i pn:>lwni~" l'llbld_,-d in t.he lit~l'''t llC-C . 

2.4.3 l"AILUHE CIUTERIA 

Fur tl-_~ d o.,sical ,"cl,ai pla.,h c:r,y e.llc. l: ' ~ J"ilwm'_-C,ook pia'tir:ty )]lodci, i)oL1 e. ,b,t,r 

and v'll'ik hil1]r~ ent,v'ion e.rp avaihbk TL~ ,.hpar f"iiure '"ud~i i, ba,~d un I,:w wdn~ 

uf t~l~ ~qlli"ulcnt pluolic ,L1',,:n, wl.Jc t,:,e ten.,LC !o.illll'e l"" ,dd is beu"d 'Hl the ,"'.lu~ ,of 

a "yci""to.l1C pre""lll'C dr~",'. 13",h fmbnc mct",,(b m'c' Ilr,plic"LI~ t.n high-dc-"l1, - - -"r,~ 

-,;-()Ll~!I1". 

Slwnr Failure Critc'rin 

fhe shear failure l,l'cdict., failure wb", the dmn_c'L;c l"ll"ll,w1.n ~x('~~d" '"lI ly_ T ,P 

damage po.m,netc1' io define-d ,\., 

",here .:'I.,'" '" an lncement d te,e cqui"dem ph'"ie "Lain, -r: i" dw p.c!Hiva1e:r.t, ph,tir 

!ailme "nain "nll 1,l.c s,,,nl'wtiun j" I-"'rf"n ll ed "vcr dl illCl'e!l1~llt" e,I' Ow "nui,\i~:~,_ 

for il,~ cia""ir:" .! piadicilY ",,,d~i "'l~ ~ql li val~nt pie.'lic "no.in ccm;x giWll in hl.>Ll­

letr fJ"n a" 0. hmet:"n of be eqnivalcnt. pia,l, ie ,tneill rat~, a tllmen"i,o"i ~.S0 prwcs'.""­

d~vi"tol':c ""'W" mli,,_ lh. v"'pHl'ah~ l'~ ,,,,d "tL~" predefined field variabl~"_ 'Ll~ 

J_J~Ul,nn_Cc",k dwuc- !ai:\lr~ c[it~r' a mod:I'y tlw ~qlJ; \'al~nt pio.slie hilmc "Ira;" wit!_ 

the fJlowi l'" ~qllat.i'"" 

'2 22\ < < 
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,,",Lere' ii, j,u ,I., ",'e hi_ln'~, Clarmr_pt,e--- m, ';<j('ir,' ~d wi'-I, \,h, ,\,re' ct,r,te, d, ~ ';\,1':'1in ra',~ 

ill'"~ I ~lllpem l,me dCPClldccK'c , 

[",(' f"i[e,i ~'~rr_~n j,f c"n cit,h,' [X' cipJ e " ~d Ly '>'e\,\,ing he M,~',,,,',~[ prop~r1-ie" 'J' 7-('1'0, 0: 

1 'I~, ~ [ ~m~ """ will ()" '_:r " ']'] ,or' a com P,.,"';',_l v", 1" "'",JUI~ "', I ~'" _ 

The ', 'm ~ik hillm· ni;-p,ri,~ aSSlllr_p,s \,r,,-ct, bih"~ o,~,-,Y'; Wr_Cll <lC pr,",surc st,rc,s> be~o]'lcs 

n,ure :ellsi_" t,hen j,hc ,sp .. ccined hyC:TO!'",~j,ic cnj,u±' st" 'e",, fJ,e' hydnY31,""ic cul,(lI[ "j'"",,,, 

~an \,,' en;-,-r,,,, as a cllndion of ;-crr:""raj,llrc and oj,hcl pr"de[II"d ji~lek Th~ r".l""l 

~ 1 ~"' ''1l\ , ~an c' \' ler ",~ rCMowd or "" ", jp-rJed ',0 \',~r:OllS spa] ]'lod",,;, The cdr~,r.~ Ll" ,;] ,;)1 

n,oddc ,WVC j,h" O])';UllG of nlluwing j,he c", 'at,onc "_'H'," "'>Til p(l"~1 Ik ',,, be \ lI ln f.",'-'"<:: 

ur Cqll',J t,o ~"ru, a ml ;-hc prc,;sme 5j.rc'~ , n,a." JC lin,i,~,c J:.' '_'!J~ i(dM,hFi( "11',011' ~t,rcss 

or n:~v IJe H'(ju;:-cd I" IJC C01LjA"_'"1'"" 

2.5 FORMATION AND MODELLING OF SHEAR 

BANDS 

H~nt gp,n~m\ ,c" by pla'''ir ~\,,'aill n\, hi,~'h sll'a;n ral,es h,,,; jv_' l~;;r. 11(1 ', "n ~ 'J' Ik,w 'J, 

ne;ghL>ommg re gi""'s, I'~"ulhllg ill a dcl'uuIl1c,iun J'r(>C~i'" t,liat l~ ,,~s('nl,iaJv m';,,"'ceic. 

The 10G).-,i?ed h,a\, g~n~T.~h(,n "nd \,e"'p~ra',ll1'~ incrca"c ,'csuL 1" '_'h~ I'~gil)" t ... ing Sl1-')­

.i ~ cl,~ ( , 1',(1 )-,ot,1i dr,-ei ll-harcie,ni"g ,-end t,liw"",; fK,ft,cnin~, Conscqu",,,,I,Y, i: 'Jw 1,:JH'n,~I­

sof\.Cnin,.; ,'"I,e mCc[~"enc" j,hc sl,min-hmden'ng I' '''~" I,h~ Ilow s\,re ';" -wiJ ""ncase \\,'th 

sl,:'"in, r~,ull-ln~ in" co"wx ''',I ~""- ,h'ail l nLr,'ve, wi',Il" n,,,-,;n,nen now "1.["",0; ';"'Vnm\,i ll g 

dw Li'.rd~ning o.n" ""h,en'n,.; ,'c,.;im",,_ T hi" bcalizd,;on s'Jaili ,[';l1ary lr..~nifc8V ;j,o"E 

in j,he' f"ren oC shear -'),md,;, wil,h m""slln< ".']dk \,ypicrdly "c,~ -lUOM!L 'UlI' ,'mme 

(If ,~-lijO~~{ 11~1 _ The COI' l'e,sp"nd" g ';\,mi" 1 at", ill tJ,c com,,, ' ,;L~~r,- -"""'' '" c,Ji,nal,ed 

to hc beewce,n lil'alld 10" s l, and I,h" ""'n,p ~ n'I," I'~ rifle in ',h~ ,hcm Jmlf.l ;,s ~SI'lIU"wl 
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I,V Iw "",v~:"l h'lnd:~,d dCp;r028 ('chi"" [El]. Tbe 'llethod of f"i1u,-~ u[ llmJlY L!etais S'.lJ­

j(":t..,d U) lugh .. "tL~i" "M,es is wnc,i:nc8 "\tl'l'T,,ll,~d lu ,-h~ focr.wlim: uf "he"r ''''Jlcb [:Jld 

,-b~y "r~ l!rleTaliy cOLsidercd iJ:J ue" ,)C'-CU;<(jj' t,o [rad"re 1201 a:1d [~(, 

]l R J ' 1!/ , -' 
-~U ]21]. -~2 In], 1241, 2ill 261 27 12Sj, [2U] ,,:ld 1-301- Thc,,," 8hcm bands pL,y" 

wl~ 1:1 LmLY div"r5e "r~a, ",~\h hi!,:h slr"iL "Me:,; "Il<:h ,".S haList> 'mpnn, hi~h".,)e~,d 

[urL! i :115 ~n d 8ha phg :nachi,,, ng aLd '""pln,ivc fra!,:m~ :It,,, t,i,w__ T hc Sllld:, of "h~", I", "d~ 

has ':"'..,L "Jl''!YoC(' lOr'r.,,,ri;y ~,x-?~l'ir.lenbEy ~lowiLg I,he d~,\",io-?me"t of "n~:'(,i':"l 

th('(,,'i~,8_ Th~, r.,~i" r.lclhods 118(".\ to gCLeralc I.he dl~"r Iw.,,,I, e-V;,)cr::nc:1\allv induck 

cx!'l,,": v~".Y lou:1ed cyli Ldw~ :241_ h'gh "],,,, ,,,:1 ma('hi Lm!,: ICG tG [271, d Y L~, r., ir 1,00's:on t~,Gl-s 

,,:](1 dy:wL!:c Lll:)Il':t t..,d" [20] _ ::\'IOi'~ r,,:~nly the prvu;c:n h~" IweL [: J wly~Hl lls:ng 

'lCll~l-i,-",l ',;lllluht,j()L 

Ir>:k ~t ""' 1201 ,wxlef ~d the [ol'l,ml i0:1 oj' ,.hew' b"nds -,1 Ld~r :C,,,.' vdocity i"'l pan cvndi­

\iUL',;, Tb~ CU1~11':d ":W:Y',;l,' w,,,' dV:1e 0L a [i:jjt,~ ~I~m~nt hvdro('o<:k I )E~' L, mroryr­

n,t,ul!,: t.he JohL'.'0Jl-o.)<)k COJlH,]tut,j\(e e,!,mciVL Tt w,,, cor.c,:-,A~d that it ",as p,-,,;."i;)l~ 

to ',"'\Jlt,Jt,d-;w:y "Ld re>J.li',;lically modcl "di"I",I,lC ohc[:l' b",,,ls fe,r a rnng~ of r.lf)j-crials 

(OrClJ-Coplwl, 3-7 \()(J18t .,.,l ,,:ld kL:1gS\eL "llo:.), 

ZhUlC cl d,26 (',,[,ied O\lt il::1paC' Ivad cxpcri:ncLt< OL ,)J'e-Lo '-ched p;at~" "b:,;erV'ing 

:lWXLlll.m :~'llpen''-m~8 0: 14000c 01 appl0xi'1l,,:ely ~G % uf I,h~ r.,elt',,~ -?oim of I-hc 

c :\00 st~,~1 Rig!1 spe~,d phu'-vgw:)hy W[:',; (:oed 1,0 ,,,,,,asue t.hc 8pccd vf thc ,;hcal 

La] ds ~ivin!,: a mm-:imll:n \·c:ocity of; lOG L!" - I _ Sd''''fI'\cL( Enil,c dcmcnt aLdvsi" ]:\1; 
,how~d g0ud UO ..... 'll~:l' wil,b t,h~ c"pcri:nc:1,al wo,-l< i:l "ll "re,," """m~,ly t"'r.':)et"' __ 'lr~ 

ficlds, sh~,m' b,~,,,1 width anI Sh~,:H band lOrc,:"'gation slO""d_ Thc Lnr.Kri,nl ,,,,illys's 

i:l,:L,bl tempew'-l>re depeL(l~Jl' 'llater:,,] prv,w"t,ie:,; aLd " "t,w'n ],[:,,~d d"m[:g~ ["il 

mc oclVdc" OL~C a:1 dc:nC:1I, fails, it is mod~lkd as a \·i8cv"8 f.uid Thc l.SC of ,be 

CO'l',;[, ,-"I'lV~ ,w-,dd [c,i' mat'~l-id J.,,,"ed :J\G:d~ the "b~Ul- banI i" r.l(,tivat~d Ly t.)w, m,'c­

I,~,'i,',b' "b:Lt,' \0 Gllsu.i:1 prC8'lll'C, by ,hc wn,inlloo CI:sGi:l<lt.iOJl t,hl'0l.!,:h ddoLll",-ic,n 

a,,'] [,'ict-ic,,;d [on:~" [::1,] by d,~ hi!,:h i-cl::1j,)C'rnt,ue \'abe:,; OkNvcd ;" t.)w, exne,'i:n~"to_ 

l)nfortllnat~,ly, r.le~b deJl~: t,y d~'->J.' b w~,'e ,g,A giW:l_ 

P:I 
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li-" ,n'" JCU "f ,he,n I J,~:l(t They ['C), KI uc:(,d ,;, ',l "" P' 11 Ii ng sher,r ba:l'" ,"XP' i !\'o " :nCoJl 

, ''' ~ ,l'C " I ~nc)1 1 g"i l l" vO\-ide t -il~ ' ~<j II i -'F! l e<01" l iu:l_ \ Vi (kr "ic:ne:lj" :-cs"lt i E tr.c or.C[L 

!Jr_"",: ),~: ':, <11fT, "eel ""AI ",·\'~ , ,,I ~i~ ,nc , ,, t, , \\,,,! Ih,,; l~,:-"ltin g in ""n,le iJ, 'b"",,)w "'Jdc 

f",di~' mWlh n,'i:w,.c~n, ",',II l'e ,,, I, ,n ''' ~ ' ''''''' L,~"" 'Y1d"h £Ipl'rv£l,J"E~ 7Cl'". ThC' 

,b_,icC' vf ~kn:C'''- play-_' a ''-1'iti,01 rule uS _'J('king ; 1''-''-'1' Iy"Lc'-i:1~ 1,"":-[u1''''''-''-''' 01 PC")L' 

1,..-, ,,,,,,(,1)1' llnd~r ')11,'_" ',odw]'ie rl)",!it.iuJJ' dC;:l'~I''''' ,r.~ Lune, def.ni', (,:l 'e"" r'w"e,~ 

i>l Wcr L~h,wimlr. T-il ~ d;i:,NC~l'[ elf 3 :Ii,)-;t (,f(,er) 6 (.,.,ro:,,' ordui a:lel -15 ~t h;1d 

lAC!"::) -,,)d~d t.:-' UJJgIlLU: 'o'1~El~JJv, wc'" in\'cEtigakd -c~Il Lt.iJ)g;) , c!!lI~r~-'t. ':0 __ ':10,,,, r')l 

dijIc']'~J) l n:e,;h "_lgmL'o'J)~ T:i'Llg',,!ur cic:nC'Ets uf h;~h u1'der. 'meh ,"-' ll,C ulJll' ';-WJJJ 

I nnJJgI~ '" e n:u ell Ie"" ' J)Ill!~JJ et'C! uy nCEJl o1,gl·n,,,l'l ll11m I'N''o'], orc!~:- r('JJ' oW Jt d WJJJ 

"I)lLllllleJ, l' 1'0]' ,*,wm! ,,:del ~I ~'n"nts uruvid:JJg l-il~ lmt-,gl~ ~ide, w'~ coJJ\'~r 'i f'n-lv 

a:l~,wd l'uil",\','j JJg !',Iw ,":1em Gumi. l'h~ '~'e I)r Udallli\'t' "~m~,",b-Ij'; '.\',~s !'"'op,,,,~d wh~le 

th~ ,,,,,,,h "-{Fld .. ,c V0/r~ssi,,~ly rf'f.:"",' i:l th~ r~!Si,n uf r,J1C EJ1Cm L>£I:1d llnU ~he J,w,_;h 

dC1S;r,y rC'-lc)-,,,d 1,..-'",) thc width uf tlw klO-,,-n "r.~,~1' Ixmd. 

VI! ric, "" "n.,1 yt i r ,-.I )'u,de' i, "\'~ I"..~-, d~ I'e l" Il~d to ;;im11 L~r~ (i ,e fornn, j,w £1:",1 spunn)'; ",f 

,,,h ie l,.O:lel, i):-' "re1 ; 'x ,< f',"~'" ,he, < (' _g,1 ~ I I ~3_ ",,,I I ~S I W"ng I ~~J I ,nw,t,l g£l , cE '-miu", 

,-",t" hi Ii l , ~" ,n r1~rrel 'I ,N 11l,"ng "Iw:" i '" -"'" h, ,r el,.,- Ie, Dr"V,'EC nC'-l, dCl'c:1d<:ne", t r.c 

u"-{' uf 1-"",, chara,j.cn'_;l ic n[lterid lcng lJl >calc, WCl'e u ,~d i -, I l , ~ ~\',-,I" t il)j) of t.he , he:<1 

oa."ld l'h'o' :i:'< I~I' g' h ''<0'' Ie dep'":ld, (J:l 1.".1 h "Iw """ ''-'' ,1'.1' 1''''' ""cel,e )' reN' I iw ,,-,ft"n; ng' 

/" '" l d'o'-' i -, g ",~1 anWT~ l '1 he ';~('o')" d I'o' n:':l h .-T al~ JS jJ ",'O el,l r ex, by ,;ollpLng E\xonc'--uHlC'1 

'-lu,i., L~]'"dic"" 1'< , Ih~ yi~k " mhrc_ l\ u:nC!iraL ".",Iy,;,,, "ilh r,-i l ~ lCOel01 ;' h,)\,'('" t -il''<t 

t h~ w",th " f the " h~.,r ),,,,,d J8 duminmu, by the !ulger of t,hC' 1\\'" I'o'ne:l h <(,,,Ie-, 
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Chapter 3 

EXPERIMENTAL DATA 

Aln."'-1gh ~ xpcr:n",!\bl IITJrk has \)4,n 1.ln,k,-t..,.;,,,,,, 0'1 61nUH :nlll-'n I'bk~ ,,,.Ji v·d~d 

tn lc,,,,,], zc<::. I)b st k..ads i j and H the vdlx ity ,,f ,L .. rWt;:ucn( h" , n"l-"'~,",n n~'hl lr<.'Z. 

ji'''l'crimcntai k';/.-, wt"! c nnc.Cl' nkcn w- I h 'h c alD-_ ,)f dnnlL nm)': lh~ fragncnt ",lew; tv, 

lhe clit'cal ;,npllisc t'J C"l:;.c cappi!!)! "nc. viJl:ai:1:nt; L!ll'apl=l 'p"cirr,pns cO c ~l 'brar.c 

~;,~ ,,,,,neric.-J Llc,dd Thi, chaptH ",,,oL.ips the cXpc,-iLlenicJ 1"'()l'~dLl~ "n,] lllC''' 

C'vmncnt); vn tnt' ::""lllt." vf tiw t'xj)cl:mcnl:abm. 

:1.1 BXPBHlMBNTA L PHOCEDURE 

The nnh'xl vf Cl catin)( an :n'pdsiw kad lOsin)( "lan'le CAp 10 ,j \' ~ "nd t; '''' ,.r.~"_'ncc' I en; 

or lh~ iLlpd"", if: 1 h~ "J.:Ut' I'" ",,,, J by Rudfurd jf,_ 

A c.e2Cl'pt-un uf t,ne mctJ,'xi uf Clc"'t.ing I:he bloA f,-,11,M~J by "d~l~il~d d~'iC r;pc'o,n of 

Ill'.' appHutw, ",'Cd Juin~ the c::q.>erincnldi,-,,, ,.\-,11 iw ~i,: .. n ;n t.h'" ,",c(io,n. 

20 
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:~.1. 1 1\lET1l0D OF CREATING THE BlAST 

The pl cJ~' we"~ ~~nt,n,ll .• , lvud~d It.,m..: V1a.,tLc exv,v'n'~ (PI .. ). f Le expj',,;i\'~ w,'" 
"l)l ~:. ' . ,i ~ \ ' ~n:y o \'~:' il ,iimll~l~r of 25nm un t,u the C'<Cnne of a l!ujvGt,vrene pad, A 

rl ~tun;d,-,' ,-.-i(l, ""'Ole V'fUI of ~xpl<J>,i\'~, "''''' Llw:l a lrudw,i :wl':wndiet,hl t,u lh~ l",d l ~ 

cl (I,e expl,,", ',iy~ (i,.'k_ Th~ pu l,\, >,t,y:'~L~ ",ali 1la''; " ,ii'UIN~j' of l IJlL1Lll and a dLlr:kn~'.;" 

vi' l ~mLl. It \\'a>, ,hen nlilcLcci t.o rhc cc"t l'~ uf l.he bb"t, ,;p~ci:nen. A d:a!'l'a:n vi' lh~ 

~Xl-'kd\ ~ l<JmjiLi', '" ';i!uwn :n Fii',u e:! 

ten. "1-'C'C'm~"_ 

251ll1ll 

100mm 

~ Blast Specimerl ']i- Polystyrerle 
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THE T EST PL AT ES 

l'L~ blci]t-i'l \.~" pla: ~ '; 1<rC l.hc sacnc zcs 113= by CI-,l1:l¥ h,n, Yuc" [S]. l'hcv are n,adc 

fr(':L'l a 20U :n':Ll ':1l:k d "..! "qua:'" .,_ate wit.!l a 1,h;eknc,os of ~.IJ'n'n l.ha l hzc"'-, l OU", ,,, 

di.t- lllarhi"l",d OLd " f ",i ',hcr ,ide of thc -,_ak Iczcyi:l¥" circ11iar rc;,;i"" wi';h a t!l i,.kne,s 

vi zcbum I (i,n,n. rhe ,p0ciT'1 ~nR ",.~ ;.J1fOr. J", ,,t trfOat~C- I" 10-i';,\'0 Ih,;, inh,m~~ "c r~'s 

(' a",.~ d b." llw :nzchi',ulg pwec,"_ Thc plat,", uc fast.-c,,= vn to z ballinic pcnd-.,h.m 

b,-,· lll",,,rW of fv u bulls . A di ~grzcn u: -:h ~ p_atfO os o!"'w" in Fi;';l1rc :I.~ .. In vi C-O' tu takc 

imu "eCvLL'" l.J", \T"W"iC thi,.knc", "c t.JW 1,1,,1 ... , the Ihid':lcSS vf t.hc Ci'C11ia: ,OCU- 1U" 

\"',, ,' m~a,.urt'{' at d:!["'l'cm pla CC3 am; Ilw a,";xa¥fO thlCkn C'3.' r(,{""'dcd_ 

1-----2C'J mm-----j·1 
}---125 mm 
, ". 

---~." -- . -

'" . / 

/ 
i 

, 
~ .•. --O100 mm 

I 
- - - ,cc ..... '- - --

"' .. ~ -

~,-, 

---"".+., --­
'~,--\, 

' ", 

---- -- - --- --' 

013 mm 

/ 
,-'-

- - . - . ~ --i --'-.- -­
'-,/ 

)- ) 

--...j --- 20 mm 

-
-11---1.6 mm 
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:1.1.3 THE BALLISTIC PENUULU~J 

Th~ L,,~Ls(:c I'~U!l!~lLIIl iii l!ii~J l" m~a" '.,,'~ lL~ : m,,,,lo~ elf d,~ ~,xpk"in' bb.,t. (,en (he 

ten 'p,',c'nw,n Th~, ,w,Nil:],nn ha'.ogs rtelm tjy ceiling by fu"r w':(' W:JC' as sc('n in 

Figll"~ :3.;3 . A pen thM i" ,~t.( s.cLt'<.' (u Ill", Lack elf t.he ,w'.orlnhm r~,c(,rcis j,he cOsr"Jdiun 

mr.plil,',,,l~,, r,f Ihe ,,~ .orh i llln . Bcfc'lr~ ~uch L,\a" t h~ p~nrh ~mn musl, O~ ba.:ar.reci 00 

Ihat the ce"lrOlci uf t!J~, lX'ncl: hm is i", I,he mi,c,ilc cof the fum wir('s by the lOSC u[ 

I)[dan,',..g n,"-s.,('s. l'lle t e,,,,' u,, i" I,:, e wires IT. lsI, 1-", even 0.".<:: arc aci,i lO slC'<:i by lh(' UOC 

cof arljnsts.bl~, "r.r~,lVS Thi" is Ie, en',, " ~ n r"","!ant st.rs.'gh t, swmg th M car be Il "ed 

Lv 'Ol('asure Lhc i'OlP'LSC of lr.c L,ast fr'~n th~ r,",ciL£Jt,'un "-n'pClLllci('" , Thc rr.C'lllOd uf 

cic(enni"illg th~, 'm,)ll l,,~ is ~xp~"i",~J -n Ap!-,~ndix A 

~ ~~ ----

<--- Win)RD pO 

iK21 

,---- Testplate 

- Vdor:ity 

Illeil.SUrlng / -- Fragment 

device trajecto:y 
, platemarke: Counto{ , 

ba larlc inr , 

I Ad justab le ~ masses 
sc:ev,'S 

" 
, 
I I , _ , 

f--J- -~-
.. _ ---_. -------------,-~-----

! ' I-Beam ' 
Rocorclln 

"" , 
"" , 

e~ 

I I I I 
~ . 

9 

J 
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~~. I . . \ TH E VELOCI T Y l\·IEASlJHlNG lJ.EVICE 

,.\ wluC)ty-,neasm' ng dl'\l~C usmg ~ S"'s tC'" vf ''·!In. 'imil!" ((! el",t u:("d L:; I\midc 

r.nd Shm'e Ii ' . IS used lo llleasne the ']->C U. "f ccny f'·"..;m( -1t. t ha( m~\" "',;\llt f,' v'" 

on cx"I",;i,'c' k sl The' d,'vir'" ''''' ' \..c' ",'<':1 If ' ri(' " '" 3.·1. It wn,ci,~, v[ ["'" skd 

\lirc" thd UP' 'p;,c~' d :J U:,., ;,., "p"r[ 11' lh(' !,,,Jh u" Ih.' fr~gmenl. A 12 ,.vlt CUlTClt 

i, p",,.-.d thm":>;h .vr.h uf th ~ ,':i r~'. \Vh ~-l t.hc :'''.'')ll(,] l1' k"cc_, ' " wi,. ~, th o \·uI Lg~. 

i-1 t h ~ wir(" drup' h, 7'("rD, T lw \" ,Iti,¥~ tim~ hiolo,·,. 0:' ,,] "Olll \,, ' . '~.,,:, ,.,·rnnkd 0" 

nn o",' lk"",p" "r."blir.g th(' ::L'1grr.<"r.t ,cif' pbcClllcnt l i,ne lutvLY (,' b" rN,)HCo,C. The 

h :,¥mn1b v~hrily m the dircdie,n d the wirc, i" calc-uk,-,,\ f,e,m t h ~ gr",ci,' r.1 of" bcst 

fi l "l-W thre,"yh the fragmcnls di,,,br.cmc nt,-timc gr ilpil Thp t r,'1j ,'d,,'T o~ ,hc frag,ne"t 

"ru,,, dK\ \,h ~ n tlw fml'.m'''lt, hit,f''' thir. pbl~ lh"t p,"~l i<'!lll:>' ,\~f')I:IH :nnrk'1l'. thc 

p eel ll v' (iI(' ,",,, gIDe' nl Th~ tuLI cr.-cgnrr.t wlvcily ('Wl th"l' I", 'i\i"dat~ rl,,,ir. !! t.hc 

c. ,,¥m'''lt trai,ct,ory. 

'] ') , ,. EXPETlTMBNTA L TlESLiLTS 

A sc'ric, "f "'x!,l,,,,i ,,,,, W~l'~ llnd~rlr.k~-l [',)]"1 6 mm "lalcf' sui.>j,'<Ot"d tn pla,t'( ~xpl()Si \'C, 

The explvsi,.e rc,ult.s """g,'{.! l'rv:n plns t ic dernrmrJinn Iv f'cve:',' Cil1'u,(l'vphi, f? i lur~. 

'lIK ".xpU'i;nc,,1'u ' lWlll" ar~ t iwr. ir. Aplwndix D, Sv:m' "f tli,' 1'10('" \\'~,.~ ""b'e,ted 

to ,c,",~c p:o.f'li c dd"r:nr.tivn (sc'<O l'iglLC; :1.0 'CI,,\.'LG) w:1ilc Imgcr 1:nyul",," r,'>,uit.ccc 

j " ('q)pir.,~ (,"" Fi¥ur~ :1.7) flUC ~\,H. larger i,n"lliscs rcsul(" d in r"t.a,t,r,)phic t.-,.d:lre of 

the rC'1t:,,1 regio", 
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:1.2.1 FRAC1\IENT V ELOCITY 

phcnoI:lenon_ T,C wirc wlocitv nca'nrin~ dc,~cc W2.0 llccd Xu,- ';~\'~n ui th~,~ t~ct" . . 

r~o llltjng jjJ fi,,~ \'~luc,ty r~ad'jJgo CdJC~ th~ fmgI:l~IJt '- li",,,,,1 the wi,'% on two, u(,,,,ion8. 

Th" dis-"lacc:nent t,])r_c ~rJ.-":1 u-i thc fmg:ncnts fl-· rccurd~d Gy tlw "duci,y L- IAanring 

dC\'icc IS gi,'cn 'n F:gllre :1.15, ,\!-,!-,cndix C cUIJlajjJo [h~ raW data Th~ rap •. -ek,city 

b g'v~n by th~ gl·,·.di ent of the lwd _It ijn~al' lin ~ r ,, ]'(,n,,;h t hc d2.t" !-,oinw. L,(' high 

cunclatiun c (jd!iC ' ~IJW uf the Gem it cine,; gi \'~o it hig--" , .. n,e of (un'id~nr ~ t,:lat bc 

'y,ten wurks (OnsistAntiy. T hA :-..c UI'dAd rap \-clucitiCf; arc giWll JIJ T~bl~ ~,], T-,,~ 
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figUl"€ 3.5: A Top View (\f H P];u .. ti("il.lly OcfonneJ Plate. 

F igUl"" 3A Oblique View of a Plastically DefOl.·ffi("j Plat,>. 

26 
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Figure ;1.7: A TQP View <:>1- a Cappoo Platf'. 

/i'agment I'eiodty wus rec:'Qf(loo at a m,L-TImUm of 403 m s- I und a minimuTn of 282 

m H--! . The fragment diulllete:r. rleterminoo by a m'''''" balma'l', ""Ti<,(j from 8.0 to 9.1) 

mlll. 

3.2.2 THE CfUTICAL IMPULSE THAT RESULTS I~ 

FRACTURE 

A liht, of tI,P mpt.hod of fractnrp in i "'~rp<lsing dimen~ionlcs~ impulse is given in Ta­

bie 3.2. The dimensimIlcss impulse fQr drnllnr platCh ih giVl'II by Equat ion Vi and 

t he eonstflms used fQr thr <"quation arr R=O.Ofilll, Ro={UIl25m. p=7W)O k~/m3 and 

rro=200 lIlra. Th, ' largl'b! di IllPIlEionl"," imp"l"" nOl (0 retlllll in fraclilfe is 35.2 and the 

largest, rlime:nsionle;, impnlhp II Ot. to r€i<ult. in ,~apping iE 39.8. Bet-wccn ,he lWO llJCn­

t.ioJl(~j di""'"sionl,,*, impnl,,,", orlP "app",i!-lime. one ~lil-\lJUy frac(!lfcci!-llate and one 

!-lia"icaily deformed !-lIme OC(' llfwd. Test T 14, subjede<l to a rlimenhi<mle><" imp\ll~" 

27 
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o. , 
rill ' )' - 2~LI!, '- 0.1;0;)(12 

1<' - O.9WJ ./' , TIl. , )3), ~ U.OOI~ , OM ". (1.9\>'1(, , '112' ;' ~ :' 10_24,·0_0007 , R' - O.9n2 
c 

000 T16: , 2~2-'Jf" _IJ.I ~~n 
• T10 0 1(' - 1J_9W! g Tl g: • '" 0 • IF 0,'1'1% 

~ 0,04 • m , 
0 

" • T16 , 
• , ,W , 

0,02 -
W 
" 

- . 
0,00005 0,0001 0,00015 0000< Q,QOO;>S 00003 000035 

n lle (s) 

Fill,11H' J.S, F'ragmc111 P",il.ion Till", Ili ,10 .-v 

T"hle :) .1- ~XPE1WdENTALLY 1I1EASUTlF.D rTlA,Gl\IF."<T VET.OCTTIF$ 

No1 Plate Fragment. Fragmel1j. Correlation 
Test Impulse 

Thiekn"~s Diameter Velocity Co"ffieient 

I (mIll) (N· s) (rulU) (Ill /s) 

"1'10 I. 7t; lIl.44 9.:3 295.1 1l.9~3 

TIl Ui5 8.'J5 9.(, :ITI.2 O.!.I'J9G 

T12 un 1Il.&l S.U :\11).2 1199:'12 

l'Hi 1.8 lL'!1 9.4 2S2_:1 Il. !J!Y.JS 

TIS 1.7::1 11.1)·1 !L1 402.9 O.B'fJ(i J 
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of :14.7, (S(' ~ Figlln' 3.9) n"<ult,cu ill exk~18ive t.earing at, the locat.ion of eap forma­

t.ion almost. nesuiting in tiL" formation of a rap. Ov('rall O"e eall cOTldndu tha~ Ihe 

uiml'nsioul~8 en"im l iI!ljHilH<' occ llrs in the regiou of 34 - '10. 

FiRme :Ul SO 'it. Te;u:iTlg ill the I{e!',ion of Capping. 

ORSRRVATIO::'\[ ABOtTT THE FRACTURE SURFACE 

Cio';('r ~xamiuation of "hI' fraduH'd slIff;l.('e res lll~ed in obsi.'rviug a sheared SL!]'ffl('1C a, 

an!',I,,,; of cil he, .15 0 or 13.-, ' rdatin, to I he rnidpla"" of I.he deformed pIal", (H<~' Figllre 

.1 .101 . 'J11 i ~ a1l!,\1e <'<lll lw "mo;l,ant for m",;t. of t Il(' cap al all angle of ('i~ber 45 " (se<o> 

Figure 3.11) Or 135° ("."" Figme 3. 12) Of it mill.,.. at eit.her angle for differeTlt. H<'!',nl(~'t.s 

ill a rauuom mamlCr (8CC figures :1.10 ,mu :U:\j. It. appears M though ,he angle 

of fract.m" may I", aff(~'I,,~ 1 hy the mi'1'ost.mdnr(' of the ~po'iI!l('Tl in tl,,' inHnediate 

vicillit.y of the cap. 
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Tal.!{' .1.2: fo" ltACTU ItE RESl:LTS (IF T ill:; L:XPEIU\JE'H AI_ T E::S 1 S 

L'c .. 4, N. Din,,"n8io n le.;>; J InpuL,*, Fnu;l" re Det.ails 

1\ '~ / Jll~ _ .. ---
'/I i :l(~1 1\.-, fr"~t",-p 

77 1(i.S 1\-.-, f, ,~d","c 

7 " :llj. g \"CJ fl adur~ 

H :11 .1 :'\u frad m{' 

Tl. :Q.7 lianging (Ti~LC'~ :J. 1 J ) 

./ 1;1 :I~. ~ :'\0 frad lll" 

1'15 :19. J 3J:ghl. rl ar.lll,..' 

Tl ~ :i~::l C"I-'l'ed 

TJ9 :.i1l.S '10 fmrtm-c 

"0 'IO.lI • (,ayVctl 

/'10 ·II. :! C"yp...J 

: '1'16 -Il.~ C"VJ, ... d 

I".H , -1 :$.1 C"l'p.,d 

'/':$ -1 :).2 G"l!lVCd 

1'2U I -I.V) C"y!""d 

Til .15 J C"'PJ><'<> 
" I i .... J C"pl'e(~ 

Ti:ot 18. 1 Cnpyec. 

1"'2 &,;1.8 : Capl,,,,,1 

1'1 6:1.) I P" lalling -
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Figure 3. 10: Plat.' CrO&! s..'Cli(ln Sh\\wing th .. Oi!Terctll Allgl."! of Frll.d u rt' , 

Figur" 3.11: A Plate " 'il.h fill A,llgJe of FmCtllH' lllaiuly Q! ~[,.o. 

3J 
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F;gure :.1.1:.1: A P! ~/ ,' w;I,1> /I, Frl'lCture Angle of Maiciy 13-J°. 

Fip: ure 3. 13: A Plate with an Allgkl of Fn,,·u<re of 45~ an,l l 35° to t he DefonuM Plat~. 
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Chapter 4 

METHOD OF FINITE ELEMENT 

MODELLING 

Thi" """C1: ion is int.enclcd \.(, inlrc,(h:rc the rcJ.c\cr to lll~ [i'jil~ ~_~m~nt. md,h"d and to 

~'j!hiJ th ~ ",d h"" cl mc,d~ . l . n g ph"" sl] bj~dcd. tu" L.],mlj;)"d ~ si"g I1n ik ~l f.lY\ ,'.nt., _ 

Th~ ' f'S1 . .I , c,!, th ~ ~nitc .)k'1w~t. '11(,dcl, an' I-'~cscntccl in Ck>,) le" f, . 

4. 1 FIN ITE ELEME:\cT ANALYSIS PROCEDU RE 

flw r jll l l~ ",1~lY",n1: pa rbi!;~ n>cd is AB.\C}lTS,'LX!-,lici l whirh i ii ''"''fJ I s-,litre, t,c, solvlr.g 

nc)n- .ir ,,,,r high-spec d. dvnam'c events. The cod~ .",., ,, :"., e, ;") .irit cimc m tcgr"ti"'l 

"cbe" je, ,_\·ilb" r enlmi dif"~ r~n~~ "l:l ~ , T,-, in tegrate dle equa l;;) -I';;)1 mvli e,,., ];s'.ng the 

kinemat ic c'Jnclitio:l, at une ucrem~nt to calnJal '" k incmnt.ic nmditiu:ls at lh~ ,WXl 

mfT~,-rw"l _ Thp '1,,,le .. ,' Ihe n ""I ~ I ,,, ,,,hn(:cd rhlYn~h an incWlllf.nl ill ,i",<,- L" ,.>c ,l on 

t,lie st at,~ of the mod~l '" d.,.,. 01",-l;)i l).,.,. JlKrC-"1C-"t_ At, th~ slml oj ~"ch i~( I · f.-"1Cnt 

,h ~ p,-vgraHl "' .vcs ,lynmYljr. NI' :i li>, j-, lm fe,r t,h e ~qLC",ioll ; 

M B c_c r I 

JJ 
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w],crc ,H 18 'he mass '!lat l ix, u is U,C nucd ac,-,den,~i'u;, t) j " the ~ ~'m-"rd a;'p li ,:,·d 

I(,r,e' "-LCl j cs t;j,C iL"Cl"a_ elcmc:lj, fu,'cCG, 

T)j~ 'bbl ~ li:llC llm, j, i" ))"8('(, <on tb', high~,,' :re'J\lCLcy iL "he S VS ~ ~) Tl, ,ud j,,, "k'<l <'" 

a" cl,nnc:lt,-Iw-ekmem eS< Lrlflte 1" c"-n bc "PPl'OxinwLed '"'' 

AB .. V1US/ F,"pl'," rhJlOses 'hc ' imc increll"",'l t t,u be "8 du>e ,I., j)<h"ibj~ Ln jh~ dabili'y 

lil:ll l "uLo)llnt'rnlly Fe-,r thi" rirrllhr :,L~t~" , n,bjcd,ed ju Lla,,~ lu""in~, bell] "~,~b'liti~,, 

f0]')ll al th~ ]o:l(,~,d ~rlg~", a"d 'h ~ "t"bl~ t,ilYl~ i, V~,l'y 8:n"J l-eS-,lk11" _11 :rW:JY i:~:,,~t iun 

ir ""ch ,' mll_d.'OJl, 

FINITE ELEMEI"T MODEL GEOMETIW 

J hi > ,cct; io:t will "esrTjhe • h~ h ow'",,,,-y c0v,i'inn n"d clcmen", -_,,;~" Lu ",)) ',,;1.1 "r L j lw 

lau(lc] 

T\'[( lDEL SYl\l,\mTHY 

iu '" i ',V rn me J I<" )ll0(,~,1 \'.' .~" ",,~d "Ij W~, I,b, <"XpilOSl vc "-Ld j,be L); II P 1" le Ill';' ei r ell I ~ r "" d 

b \'e ~ Iw "'''"~ e~,,,n-~ 1 in ~ _ This'" p"demble b",, "-"sC i' I ""jllL! e' Llw l~""l nr,,., I.)(' r " f d­

c mel' " '''' d \'.-' ill ",,;Il l l i" lh~, om "]~,,,t r0',m,,, bl ,i c,r.d [mc <irnc', ( I r:, A B AQ CS ,/"F:,c'):i ei j 

,:n_, 'hc mrnl'da"iuLd cos" i> '''IW'tly pl'Upu,.~ i0"" ] Lo 'h~ In ,mbcr u: ",':'g:'ccs of freK,om 

in the 'nod~~ Il11(l Lh~ "'YI ,~ll(>fI. ~,I(>m ~"I, "'7,~ _) 
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4.3.2 ELErvlENTS USED 

Dv, w the fl.'" ic,·d ac.c.llrfl.c.y d C'H m0rJ~,I " ic Iva" d~,ri cu: CO llf" f'" I, d c . ~:ncnt" te") moclc_ 

tb' !o _~v-s ", scu.d of oh~li ~1(" ""IJt.s . Th" ~JH.1('l1lf' llS~cI ">cr~ , 

CAX,1n 

Ar axi',-'ym, .wJ,)':c. fell :r m<HI'Cli li ,W[lJ' ~1~.mel1C wilh rcdl:ccd lIlk:<:~at io" c:rd :lvu,'~l",', 

C(,nt,ol (~e Fi~lCl e -.. 1). 

(,AX;~ 

z 
• 

• 3 

CAX4R 

• 1 

l':gm~ ,1.1: Schmati, d a C.-\, X.lR Fhm"n l,. 

An ax:c,y:nnlcTr, t:1C .... nu,ced Enun ~ le:nent (Stt F,g Gl ~ .l.2). Thi, ~lcmcn t ,'cas Oll l,,. 

""HI f,',r m('f'h rdinc':ncnl, C.-',:~ to th~ far! thaI, ,h" d~m~:ll h",. ,'"nslnI,t dmi n. 

T lw e_~:llenc (Cell"'lY V; ''''"'] gl~ _~I,l y del'~JI(lt·, g (," ch~ moc.d, from til" Lu'g~,,~ ~ 1 ~ ' l ''' I; I, 

"ze (,; I x (j, ~~ m:n I,n t,:--tc s:ndICf't d cmu.c SILk J O ,O ~ x 'fU'! mm. \Ib h rcfi.l:c:ncnt 

wao '-'t'C eX l ~IJ>, ;\'~ly wh~.n fin~ ''' e"hw-, \\, ~.,,~ \If'ed 1,0 aLv,,' for :mu,,'g~ ,~Gle ,'1:11 -'i,,,e5 

.-\II JU p ",,} (Lei 'he e-,emem ,~5pe r-' r".-'i" exc.ec c. f U\lL 
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I • 

, , , 
,/ CAX3 R 

- --- \\ 2 

f-'i~,uc J 2: Srhclr.n-J(' uf ~ C:\XJ El"lT,~ll: 

BOU N DA BY cn;-.l l)lTlO~S 

Th~ J""'''" " H~1~ ll wl n,.~ :nin "i"'1Il"'I'-I." , i1l -m j)iac,," as ac>nil",d in S ... '~i''; L :..\ ,1.2. Two 

d:!:'l'l'CJI ' mdlw tc" \ ', ' ~r~ at " ~j)'l'e"" ev wvdel : lw ),1I ill.-' " b"I.I "rl::t.I'Y runditi"lI~; 

R,,('."Ist. re BOIllIu ary C"" ui lim , 

Th .. uuunJu,-:> C<J:ldi~iu;J ;:I""h''''' e;lt·a~I.,l"i:,g ~he ,",oce>' alilllll, -he unitt-in cu~e,,~ ,.]lO'{"]' 

In Fi!f,LJC 4.:1. Th" buundary t',,"d:iu", I,.' •• llll''''' - hal, no di~pl"<"Cmc.'l unu .... ,uu:,g ~he 

u,i.ll.,:, eJg... Thj; i~ ,~n (1»1""<"" :''''."tivn d",t ~er :J' r .... -he ",;ni"'"ln ~n:vuJ)t ur ..i .. HI""I., 

:'~~ulti:,g iLL the 'l',ick"",. cr,n'I".'''! 1-'" ',:me~ 

-
Line 01 Axisymmelry 

I I , 
, Ii ~ 

EncaSlre Boundilry Condition 

36 
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\ lorl(>lI ;n!; t h .. S"ppor t 

[hi ; \J (l'lnciary cUlldition ,.~ q\\ i ,. c~.' mod~ lJ jnl: U,,· l!lH '-k~ r pu:l. ,, : t,h" ph,T . ., M sh" ,,"nlll 

F,!.l""'~ -1. -1. II ",'a>; d"", ided 1.:.lat. , ,,,",I '\~I ' fJl'("" i ", 1""wC'Cn 'U:";l~(·.I' " r d !llu ·" ,g~f.l, l ~ 

<:VU11J\· I" , '" '' ,".,.." ,,"" a «.p!">",1 \V1,.h I< wid-I, and hc;~:~: vf th ~ (' :""~ I ',,, i,JU: t' 

. ~ I,'kll<: ,'. Th~ ....-h; .. ~ of : II., '''£'1'''''' "'" ~ t h'l'. <:'n,asu"d. T hiE ",,·,hod .. II"" '" I.i,~ pI"!,,, 

1~,'m<l::'I"\, ",,<1"5 " . " """ .::nd shV'I:d ~1"<J"idc'" l"C'l~ .. ,· ""lul;utl ~ k,<k~llIl£ I.),,, S'lpl-Nrt 

rcslll·~ III 1:; 21.2 'Il ;unt":;.. ... b n.nnrIlIUlllvm.1 :Ul em,,, c,,'np~ tv the ''''-.,,,,.,_J 
wun(l\n' r,."d;t;oJ: . f " uniform Ina.., ;s II"' '''] 1.1' <>t..~h"n: . h" "', odd. 

L.lne 01 Axisymmetry 

• 

~ Encastre Sour.da ry Co~d l l i or 

4 0 
.' . MATERIAL pnOPERTII·:S 

"l'ht" da.:!,ical n",,;ul / """,,,irit.y n,,\It'ri,,1 I·!,.cd 1l;S di~C'",,""~'-t'd illS"", iom 2. U .nw ll.:o...J.. The 

111::1 ... ,,1:;1 ",oad incoJp <m.l<'d .vidd h,.rJ .. lllllg:. ~tr8;n , .. "" ru:d ~t'rrpt' l lltl.-l"f' <lepCllMnC<'. 

,\ Itiel;;1 1".1'>",J 51"' ",, [";'I.- It'/p,e<iirl-<Jl' \\':\$ I\!'>U ",....). 

• 

I 

! 
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Y]ELD HAl tDEN]NG 

[ , \~i l \"" ,'irJ(; , tr~'" 'itraen CUlY,", S ""'r~ o:,bince: from sbndme: tensde te"ts nne: ":er~ 

" '!r l\ ' ~ ' t ed . ,,1,(, ~ Il ~ i ,,~.et', rig d at . c '; tr~' , "tra:n cnrw" iJ,v Eq"al.lVtI 2 I S. TL~ ~."gi tl e~.rlllg 

ftat 'r str~" "t rain Cllrv,", we,'~. l,h~ l \ "o" "el'twilllt-v true et,atir "tre" ,~n el ,.(,t'>~r:t:,m'c 

plad-H: ,1.Wll\ mT,'jj'dil \~ l-v Eqc."lwn, 2,Hi al": ~,17 . • -\ ,~>,ph ,,[, t:l~. 1:'Lee "I, l'~ ", ariel 

lngar>hmir pL~,t ir "tn<in '" gl\'Dr, j[J F;gLL:·~. -t.0 . 

. ,,,, 
·lC·" 

'J," , 
:J(~ , 

;" , "'" , 
• , ~c," , 

," 
co 

'" 
"1-------- -

. oc·[ "1 

.:1.3.2 STTI.A]N RATE 

3t,c ,~il\ :,areler.in)l; i, ir.ro"p0l'ated "sir.~; be CO\'l) ~r-Sym"'\lh, ~ CjLL"t'l'm (""'" Equation 

2 18). r , e ('ommor .. y J£""ptce: va lllCS fur "t~d IT;] "i' D .. 0 ... ,, - 1 ,~ne: II. =" were 

" sed 
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·1.3.:1 TEl\ IPEltATUllE D"EP"ENTJENCE 

Tcm]J("[atnrc de:..~nd("nt, mat,mi ,,1 j " 0I'~u.I~' w~ r~ "' '''' ' I''J 'n l ~ " '" ' ·"I e >'" (' on d jG ll.er.d 

modd nsing t he taLnbr Tvrm as descJ IL .... .l )" S~d. i "n 2.4. 1 Th~ llla '~j " ,ll " U IW II. ~~ 

\Wl~ oLt" ine" lwm :\In 'ni lOt a l.l l7"J The l.emiJeratm" etfect un '{unnR·s mud ilins and 

Ih~ yi~ ld "".~'" "r~ c,i\' ~n :n E quati uns ·1. 1 and L I: 

I,' = 2HI , Hi ' - 'i~ .. 14 , 10" "I" fur " :::; (-)(X) C 

0=:U ' l ll' (T - U lll lj" I (jT ~ .. liJ'j fur fi()() 'C < r <" 1.UO C 
( 1.TI 

'J:1/'J'N = I for T ::: 2\)0 C 

('",/,\ .. , = 1 - o.(;m 7"S(T - 200) for 2'AI "C < T < 700 C (I. .. 1 

(',,/(',0 = O,l:n - U,OOO:)AS(T - 7"(0 ) fUl 700 C :::." ::: lOOU ~ C 

..,:h~n' fl., is I h(" 1,'miJewtm" dependent "' " Ii c. yi ~ld srress a nd cr"" t he st atic ,vic lei 8t1"'" 

M t,l,., l cfcl cnc..e lcmp crMlll c v i t,l", t",nOlIe t,ed The l("sults .H(" , hown i:l Fi~ 1.l 1~' " G 

and .1. /, T Il(' YOUll{S moon],.s IS suL,jectod tu a gu,dud l i n~;ll d .... Ten'e hUll! a ,-,dll" 

uf 2{J II C I" I;,l r",~n tem ]J er.~llln' tu ·IT) (; I' a at (iOIl 'c. It '~ I hen "l!l,,~('ieJ \0" 

(, ,, ,,d ,ati,- dUll? "es lIl t mf m ,~ va; lJ ~ of 97. 9 Gl'" at, 11110 "C T he \·id d stress lS ail'cdcd 

to a :;reut("[ extent I ll('n th(" Y 01 mg '; mod"l\ls I '0" t cm",c :·"tllr~, T'le yw 1<0 .,r , "'" 1 ~m" "" 

c..unSlnn t umil100 "C "'le l ~ ,t " ~llbJ('(:t tu " ."I(~I-' clef'''Y resulti ng ill 11 '7 uf t he ruom 

tcml'o"j':J llU'c .I"~Jd "\r~'~ nt iOU - C, At j()OO ' C thc YI("ld , Ir"", '" r~ d,-wwl \0 L 7" (,f 

il.o milial room t("mperntm(" '"8J'1e A t~m]Jewtllj'(" i nCl~;"C "f ull lv 2~ 0 (' f' om '200" (' 

~ . . I; ' ''''l' t m" yi~ld ,tl'ess cl~u,y of .YJ 'X, .A (" !lrtiMlis',n of the ,.crr.l-' ,'ratn,-e cfFC'<"t un 

t ho nurm aLs",1 Yo nn",-, IIl,xiu :", "nd t,ho no, rmnliR0 y,c!d strc.os lC ~i\' ~n in r-,~ ", ~ 4.". 

O t hel , ·unsto.nU l eqllil ed a re the (ien ,il.~i ~ nd t he ,peof.c heat , ,,' il,h rummunly ,,",,<1 
Wtill("S IJ IJ " f ,Sgu "'~ ,/m" an d ~ 'i2 ,J ,/k~ J( It w''''' """,,me<:' I.'lnl , he den,i,,, and "pec. ifi, 

heat due, no, t, c.}wnp;e with ,,,m:"emt'.Jl " ! ~l l. 

lme,na l heat i" ),;"nermed t h rulC)\Jl t,l", dis.si?ation of p la,;t'IC wurl< Fe,,· this "ellci:; it i, 

assllmcd :.iLat gO '.Va uf '.'1(" I-',nstil' ,,-urli 1," cOll\'erle<:' II) he", It. ie u"sllmed that the 
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m"del i.' ad'"I>ati, dlle to t r.A w"y short ,), ra t ior. oj"",.- 1)letS!. (2 1'3; and U e S1loo cq1l~nl 

d~fc''''''.~''()ll (If,U I":: al lm\-i" f vAry hc:~ L~i·.' 1,0 j". di2syatc0 bom bc defo:'u""ion 

STRAIN BA SED SHE AR FAIUJRE CRI TERI A 

.--1. ,Lea.:' [uJ c:j'~ ni t~"i" r. WM 11",,1 ii',,- )(1(,,1, of t hc n1lmenc,,1 ,-i m '"bti",,"_ 1"w. fajlw~_ 

cr;,Hiun j" b ' ~<f·d on Ihc h d that wr. ~'1 ~wr tr.e plastic druJn 1Il tlw e'.~rL1~'11; ~x,e~d ... d a 

"I'~,-,ifi,-, \'alll~. I,lw ~'. ~mA'1 1, ,',-ae ,or.,idercel Iv hm'C fai:~d, Tb, ~l~m~nt j, I.h~r. rcmmTd 

j"rom dw_ 'n"d~1 b:; maki r.::, "n of t,w AI~me'1 1-s m"k:'iul prvl-'erti~." ~'l""ll,(, ~HO , Tr.c 

mH'l<x1 j, dHni'wd i'1 SAdior. 2,4.?,. 

MODELLING TIlE DLAST 

lr.il,iall,' t;,e ohol was Jnvd~ll~d lloinp; ovlh lL~ ~'l "a,jor. of elate mdlwd au! b,Y "I' 

\,.\'1'1P; a TJ:'~"Ul'~ di"uhdivL. How .. ':el', I.lw ,j \VL i-:qm),:on of 51ul~ ,,;,~, (1,,1 1ls>,,-J 

IxcallSC: 

• V,,1'\' finc meshcs h"\'Jng mam- clemen" )\' '' ':~ "rlA'1 ",.'rl reslllt:ng in 1))J:g rLlI ' 

l imcs ( ±l ~ hvlw_l, 'l'b~ ",ldil .Oll o[ ,: j~ cullI.ud b011r.dmy oonch ion L~')\-C~llllw 

"'j,lv,j"" "nd pla,~ \w'-., '.d """~ mark t:lC i'lll' ,: lYlt'S e \-'''Ill or",,~1 

• [", <-, II G jill lo A obl.ain",i wr.e'1 t r.A .)\\'1. F.qllCL I,ion of 0 'D l.t' \\' a, l""d ,hi r.u1; "'mp" rc 

[,,\ -oUl'~uly VJ ~xl'er: rr"'.J,bl \" cl \l~' dA,p' I..-· t.r.~ bct. ,LaL ,Lc ,hpluc~nw"t pn"ril ,· 

" I' t r.~ plates WCl'e ~'~qJl.." blc, Th~ ,j \ \' L L'l '-Li, li,,,, )) f ", '''~' model "nel I,hc rc sul l' 

"l'~. {.\·n. If! Appn .dix D. 

Ail tL~ " 'LL1 '''~'l"~nl, mod~ llir.g ,, '>Cd t.r.e mct;,od of apply i,,::, I,h~, prc,"nrA to l h~ plale t.u 

m"rl~J th, blast. 
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o-_~ 

"00 '00 '00 
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Figure 4.7: l\ormuli""J Yi",ld Slr",s" as a Function of Tcmp",rat,l!r~. 
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f igure 4.~; Elfl.'<:'t of T' ·"'p('r;n.nr,·oH 'he 'fO([ll~'S Mod"ll1~ ",.w l Yidll ~Ir .... "'. 

4.4.1 PHESSLRE D IST IUU UTION {;SED 

I'll" I>I'-';;UW di"tri lm l i, ~ , IIso.d is I.he Olto' dclined hy Bimha .!) wjo('lC 11,(, I>r""~lln' i~ 

c'Nl"!l1II OI'er t,ll<' art'" or Ih,' ' ::q ,\osiH' Bud dl'('ay, t'xPOlwrtl,inUy ""pr I,],,) 1'\.'51 of thl' 

pi",,· Th,' pr('s,mrC' UC'r&il. ~n' d('!;I 'rilwrl hy I.!,,· c'lllal.ions ; 

P(r} = ~, 

Per) = p",, - k(.-II..; 

for 

r" 
r'::;; j~j "",I 

n~ :s: !' :5 H and 
I) ~ t <: tma.' v.. .. " "'~ 
o <; I :; tm"" r", ... ~.., 

( I.,, ) 

,,·h.,1't' Pu is tJ". J"c,l'Iu rc m>IJ:ni ru, jp. Ir i~ tIM' ''UlI ~ri<,al cxpo ncnr.ial <Wo'llY. r j~ t I". radius 

fWlII I I,,· V1at(' (,:entre and f j" I] .., tJ UlI' ,,[,, 't 111(' SIan. of Ih .. hhl»t. 

Tl1l' np"n ,~ i lJlmc m .lll(, of til .. blas1 durnH,,,, ;':' !O,U. hy EqUII. ioll '!.J3 lll".d '" Ii, 1 '1'm; IJCId 

ro Ill' L iff, p.s. SlilJl llal.)ol18 )] si,,! dilf' :lnll, val ne!> [or the lJla~t d 'l.al.i,." ""'n' HlLdC'II.lU<C'I.) 

42 
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~fr<J:n 1 tv W 1-") pr<J\,;d ing ~imilui !~"c.k A bhst elufllion of 2,OIl'S "'"'0 l\.'~d [vi tlw 

munericol mvddli!l~ , 

4.4.2 DETEJU,-IINING THE EXPONENTIAL DI::;CAY 

l'hc !I\l1nenc",: a!ld experimental displ.~"'ment pmElcs vf tb'oc plasllcol1,1' ddvlTned 

')la~c.' were comu",red ~or d'fc~nt, ~x"on~"l.inl d~rnv ,,,11,,,,,, T~e b~ot experimentJ.! 

cioca,1' Cv!l"~allt ;v1' ~"c], u1ate ,,'ao rhos~n b:' m'l iInlzing ~hc re"dual sum 0; sq .,",re, '-' cl 

IW'\\'t't'n t he ~xjwnm~d.al ""d :l\lIneri'J.1 disl-'lacemer,t 1-'r<J[i!~,; ut LLl~ ~y~dy "I-'J.c~ d 

')vcnb a_vn~ U,e mdi,," v[ ~ he p l "'t~ TI,,, form"b woo ~o de~cunln~ ~he residlla l .'lUll 

, 
L (2) YP,·"."",,"'ci 
': - 1 

".'n~r~ fI. i.' th~ Lllmb~r c/ j)o:nk. D.YI'"""""~" '''"'i !e t h~ ""'P~rim~"t'fll ri'"p l a,~m('21t at a 

mriill' ,i' )"; '-'lei D.Y.'vu,-"",,'c"', i, ;n~ llun~ri<:ul di'.;ph,,,mHJ, a t a meli", ,)~ "j, 

l'iw "~';' d~ " uf t:!~ upt.imuUl expv:lc,l:al dec",:' rtl-C ,.;in'L!L Til i)l~ 4, L "nd n COil! ] ) M' '0" 
uf t],e r,umer cal Il!ld expcrimentnl displacnne,-,t pw:;l~" '-'''L '-'~ ,~~'! in A])jJt'nriix E, 

T nt' \'U1rl~ of th~ "xpon~"t,i.~l dent,)' \V.~e ;],~n "OLlLd or av~r~h'-'ir,,.; :h~ tilT"" outimum 

dOCU:i" {"ing u "due v; 1.2, This compare" :.0"' vu!ue ,-,; 1.;)4 uut.'Ll!t'd uein~ E'lUfl;iun 

2,14,,,; ddLr",l b,Y RnJ,a [~f, 

--l 9, Unlr ,)n~ ~xp"'"'rr,.."t.~1 

A Gnt,):! uf the pl'~"' ___ 'rt' dd.ribu t,io" i" g' \'H, in F')l;llr ~ 

d",'ar \',.I 11t' is rN,llircd ."nc~ all ~hc c"l-'p~d pb~t'" w~rt' 

Lh,tt'<.l ',>,' .1], :],~ ,',mnt' ~xj)I ("i\"t' ret(li! ,md lww ,im,l"r ~xplo,iv~ rna""" The pre"'S1ll'e 

disnior::io" is appli~ci to the fini t~ ~I~m"nt mudc! ,wing a ust'l' ,;uLw·,,'iLt' Vllf.OAD 

progl'",rned i!l Fvrtw!I 77, An example of the V lJl ,OAD " ~on)llti,w ll,~d ~or phc~ '/ HI 

1S )l;lVfT, 'n Apl-"':lciix F , 
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- -I 
Opt.imum 

P lat" Thickn"ss F.xploHive !l lass bnpulse 

i Test No Exponential 
(mm) (::, ) (:i , :; 

; D ecay -- , 
'Tf, 1.67 :l.S i, 12S , 1.15 --. 
Tn 1.61 :1. 5 D.Ni U 

_ .. _------_. 
17 1.97 4}) ~_tn L1J 

- ----

- ----- , 

\ I 

\ 

---,-- - . , ,., " 
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Chapter 5 

FINITE ELEMENT RESULTS 

Thi s ""din" -~"'s"r.cs th" rcmlts aLe, cj scmsiOL' of th~ Enit .. el~m~l ; - ";re.1l bt.ic"." T"C' 

foo]owing' m,,'n t.ul-'ics arc I-'rc scn:cd: 

• Ar. energy ba bLCC or. the' lllcnlC'rical nudd. 

5.1 PLATI·: MODI·: LLTNG USING A COARSE MI·:SII 

'Jh~ 'Ul"ll,~I , ; ',,," pr.",elxed ', II chi" ""reiol ', have" llufur", m.,sh lYi llg [,0" G eie:neflrs m 

the' pbt.c 1c-s,JtiLg' if. " n:""h d~Jl~it.Y of "I-'I-'HJxi:n!li",y 1 .0 x O_2Ii7mm. Th., j"".l~li,d 

l-'r()jJ(,ltj~" jL('LLd~ I. .. :npeml,l,u-" del'~"lde"re A, ', exm,",,,ic of an ABAQUS :")111 d""k 

r"r p b te T1 n '" prescnt.C'd if. Appendix C, TC'm ]J~raJ.ur" I,m! iJ "', u r the' _,inllblcd pIa I.." 

m-~ !!lv<cn lL Aj!j!''' '; ( ~ i x H 
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G.1.1 {TNCA PPED PLATES 

Jhcc Lnc"pr,..d pl:<c~s 1'.'~ " " moddkd_ '\ defm:na,iuIl tend I.~"'p~r"ture ].JLr u[ ].Jb:e 1'7 

lS ~i\"\," ill F'i~'lr~ S, ) T~, n,,..r"I, II\ " r i"'" Ar .. 8C~n a- U-.c ccIlb, ,)f-)", VIAc" an,) a- ' h~ 

b "'''ndarv vi t he :hin p~lt ')[ ,he I-'b L.c _ Thc ' .. 'nl'~mlllr .. Ti ", ac th, ("~n:l'C' ')j' :h~ phc~ 

;,al'V; a, J , '_~'nr"'l':<: lU~ ui' lwlo\'i 2UU C '" 2S iJ'-, "nd l'~Af:h~s a c~mpC'raturc auu\e ~II() C 

at ,~()r' s. Jh~ l'C'giun, tC'ml-'~m- ,-"e iIlc~~as~ s)m'"" d')wn, :ilmll~, " .. ,'_rhing" llll;x inwm 

I.empc:-acur~ ')[71111 C a: a :i:ne of 150/-'-8_ ,\.c nu "UUT did ,h .. : ~l1lP ~WCU'-~ d~p~nd~nc~ 

[~ -lLll lfI ",_,llicwn:ly h\lg~ :~mpem'"LC'; ()l' ;,:'air" ,k-cwgh d' ~ ",'h ol~ chjdn~s, uf Ih 

I-'b c~ ind icu: ing ,hat L"ftu,'~ would ')ccur [ur aIlY oj' ch ~ :h r~~ :.1nc:<ppwJ plc~, char, 

\lWC "wd~ll~d (TS. T6 ~nd TT) , 

G.1.2 CAPPED PLATES 

SLLLo~q"entlv. pbt~s which w~r~ S1lbi ('ct~d 1.0 ~h~ capping !wb.viCl LL: v-'ere ::llodd~d 

l':g ' u'~ 3,2 "how ,.' tlw -~l1lIWmCUle and di'-,pb c~l1l~m r,,:; d fe,,. plJ.l,~ '1'10. Tr_~ simu'{J' 

bon,s sl:b',ecled to S<?wr~ I"' r:ll-' ~rfn : ,.e ris~s aI, th r('(' diffcC'n: loc~_b:~,iom -

• Thc b,)llnda,y ')f -h~ Chlll part e,f ch ~ ,,'{JI,C', 

Thc m u.o- S,' \-":'C' te:n~K'lfl-llre ri S<' ;; in cr_c l C'g;')n o[ c~l-' :""cc-_'r~, This i8 ,J,cm'n in 

l'iglll'C J.:L . \ L a :i,n~ (J:' "bUll, -llJI-", a :~mpe"dll"" b"nd wic},,, widl.h c.f ~r_r"" ~.cmcnt; 
fe,""" I,h rc,l:gh I,h t,h; ,'kn"ss of the :,In,,,_ A, ch ~ slmuial,;on pr')g'-,,':;c'.', ,h~ : ~ml-'~)'" 1.' I" ~ 

uf the c,and IJeCOlll" '-' hoLI."l', th~ elemcnt,-, l\nd~,-go ~xt,"n "; "~ ~ k,ng"t>Jll ill t he radial 

(],"~ rl.ion and ',.''''~re n~rk ing oer",. , _ Th~ ~ I e" ,ent. ~ lun~a"ull C'xc.,..,),,; l'~ ".bLi < ,j>-hin , 

(d" ,im~ u' 1W lu-, :h~ drain "xcc'c()"; ,~W 'Jr..) :ndird.rng thAt fAJnrc ·,·,-i.' uC(,llr ",:,hin 

'll ~ n"n",'v band 
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T= 0 =Groseconds 

T = 27.5 ffilcroseconds 

T = :,0 =crosecmds 

'::EHP 

T = 200 microsecmds 

VALU" 

+2.00C+ 0 1 

+2.00E+0 2 

-+3 .00C ' 0 2 

+'; . 00C"02 

+5 .00[;"07 

+ 6 . 00E+02 

+7. 00E+02 

+ INFINITY 

Fi)';11CC 5_ !: Whole l\lode! Diopiac{,mc1lc and Temperal life Profiles 01' all U n<'app"rl Pbt " 

Using a CCI..'U-se 110?Sh 11 x 0_2'92mm)_ ·17 
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JL~ ,'~u'un 1'<)1 I) H ,~\'el''' HI~,nwr.l. .,junt;uli'''J '-'.~L be ,~",~:ibucl t,o t!1" cffocts of thc t.cm­

peru', U~ d~ p ~r-,l"nt m,~t""i .~I I)l'O'J ~rt'e, . ,.l. t a pMt,i rdar ,oe"liz.x. po,nt" " dit;hl,v lu,'~~, 

"mOll", 0[' ,Iw,,; (""r,,r" romp,~r",l 10 ,IJe 'un'o\lJ;(~i"g' arca" 'f!,;,; l'c ,ulb in gTeuCe[ 

ad i ,~hat I f heC<ti:lg ,h1" to t hc la:'gc ammmt, of pia ,t.ic work [~,ul lin ~ iI' t,l,e w~a1.:er.ir.g of 

t!lC aw'''']'],.j I-'w,wdJ"'" dlJH ,0 IL~ j ... iL knljwrdure. Jr.c -,vcak"niLg m atc:-:ul pru:,>­

~ I ' l ; ~" ,.,,",,11. in eVffi'. lar:l;e r str"ir.s a'Kl !1igb,r t, cmpcrdu,',-', '~ Llilu)l[",,,li"lic ~l "" :I;ation 

Of,un TL~ ir.ncaGc in t,cmpcmtm" olfsds t!1" '.'l,'uiL ,,,'.rd~,,ing tL,~t \""ally OCCl" 

with lart;c ,;lwi1le. 

,he r~~'ion of ,a'~ . . 

I'rMcn'~ a,,,l t.h" cxcc"iv" dongatio:l. a, "",r; FJ ll", re:l;ior. cl H.c cap. i,; not ,eC1l, 

T"m;ocmtmc luealia.liull ll.' ,h~ C ~:ll[~ of Il',H,' at" Offnl'S IX't.wC".'n 40 a"d 1)01le, T1w 

,,,':uli~a,ioL d(, ~, not o('('m thro1C:I;r. t!1" "nti,-" t"ickL"''''' or ,h ~ plate ,nd c'.o ~, Lot TCClll, 

.11 ~Xf"SS iv~ t"mpc: atm",; or '-'train, No apprcc i ubl~ ,~mpe"M"L~ ,-ioc oeCll",; aftcl' Go !J-". 

fl,C ,t,rai", l''''.l o,:r:llf iI, IL ~ ,w r1.:ed "":I; io,,, :',ach mll",uldic ""Iu"" (~U~ to t.!1crmal 

soft"LiL~ )I\e!icali1lg t,hat fm,tu re wou ld occm at ,,,me j",iu. lr. ul'(~ e:' t,o c'.ct.C'l'miLC 

and fmgmc:lt ,'dor:il\', a hi)"r" ni taia with . . 
,~fa ilUl~ 'han of ~r:lO ';:(, wu, 11Il lJ<X;'7(! un ,h~ "rYK~~' The 21lr:l ',k bilm", "lWIL """(~ in 

thc roodd w",; a chu''''" I;mnlwr lL~1 HIHn'''" hi~mc aftcr ,-'Xl"'lJ;;lVe ,'.cli.~1 ',di,- heding 

i:l ,h" ,u':uli~~cl r" :I; lor. The r ~",lts of t.r.c capped rnu·d ~ 1 ' imulat,ior.s an, ,r.OWl: i1l 

TaLJc 5,1. 

A j "Jl'.~m~t:'i' st"dy wit h thc aim of dctcnninll1g T,IJe nit.ica, imp'u",-' fur cumj,1Hte 

fr.<et,) l~C t!ll'OUg'lUll' I "'" I bCkr1~e.o ur ll', ~ phI." WM ; ndC'rbken. PhI ~ T-. 0 waG '" L,icctC'<1 

to var:.-iL~ im:)u l""," fl,,,cl il W,~" fo urJl tIJM, fract,m'" ""UUgllO ' lt, H.~ thclnc'G of IL" 

phtc (, CCUlTCd ,-""w","" ,h~ .m,'nde~ uj ~.:.JI) :'-I ,. ,~"d S,8SN s . Thi" r~,"ults 'n a critical 

'.lim",,, ,i'i" l ~.oe imp r.l.", hct,wee" ;,;, a:Kl :15, '1 wbch cum ,la:",; wdl v.·it" an exp~rrment.~l 

niti,al dimcn,;io:l'~" imF*~ 01' ;J4" -t1J 1_ Section :\.~,tl. 

Tl',H "n lme:i ,,,1 ea ,J vdoC! t:~,; pr~ e!ict ",e! '-',I' I he "se of t.hc ,;im pI", I'u ; lll" ~ .st,ra;"s fompUH' 

faw,)lrab:y with til(' ~xj-"'rim~j ll,fl ' ",~Ic~" From t,Lc mn1ll1al,ion r~,"llts , 11. ap,Jell.n ".0 

4S 
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T =O lTll=eccnd" 

TE;:'lf 

T =9') rruausecrn.is 

'i ALUE 
- 2 . OOE+O 1 

+2.008 .... 02 

-3 . 008- 02 

+4.0 08+02 

+5. 00E+02 

+6.0 0E+02 

+7 . 00E+02 

+INfINITY 

I 

!·j~ure G.:.!: Whole l\Iorlel !);"p]'"','m"!11 "nd TpIIlJ)('mlu.-c Pwfiloo l,r a Capped rbT!' 

l-,ing" Co"rse J\I,,,,h (I " O.2021l1!1!). 'W 
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T = 2V ffiKj """""'" Ids 

TEMP VALUE 
+2 . 00::+01 

+2 .00::+02 

+3 . 00 ::+02 

+ 4 . 00 ::+ 02 

+~ . CO ::+\J2 

+6 . 00::+02 

+ 7. 00F;+0 2 

+ TNF'T NTTY 
I 

__ J 
rj ~ lu'c ;'. :1 : lJi ~!>l fll'Cm~'UI, ni".! 'h' IH!-, cmt uIe Profile'S ill the AreH of Cal' f(~'Ul ali oll YO! 

a Co{u'S<.' !l lc'Sh (1 x (J .:t'J:.Imm), 50 
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T = 7) ffilcrosecmds 

T = 00 ffil'~rosecoocis 

EI..IT' 
VALUE 

1- 2.0 0 E + Ol 

+ 2 . 00E+ 02 

+ 3 . 0 0 E + 02 

+4.00E+02 

-1-::' .00 [;;+0 2 

+6 .00E+0 2 

+7.00E+02 

+INFINITY 

T = 100 1lllcrosecm ds 

Figtlcc ;;..\, Ui"pliU'ClIlcul iUlJ TClIlpcml.llfc Profije>< at thc I 'jal C J:i.olluJary for a Coarse 

mesh (1 x 0.28J mm) 
51 
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!'able- 5.1: COARSF, )'IESH Sn]l:LATION RESCLTS 
---

Plat e 
Bxpe riment"l EXl-'''l'iu,,,,,Lal ,\mnel'ical NUllleri"al 

Radius Velocity Tbdius VelociLy 
. -

TlO 9,:; 

! 

2~:1.7 9,5 283 

'I'ii 9,6 ~:1:I , 2 ~ ,(; 2,~,'i . l 

Fi~ 8 :llU,,1 ~ , 5 27U _9 

Tl6 9,4 ~S2,:; ~ , B I 282 , 
FiB 9 3 ·1O~,9 U,S I 303.4 , 

--- - . _ - ---- ---

thuu~h fai_ur~ i" '" a re-"',Lt of th~rmal s()ft~ni ng leading 1 0 ext~nsi w nN'king_ How.,wr, 

the- cx~e-;si\"e neci<i ' lg 8('('n in 100 num~rind ,imulati()ns 1M' n()t boon <J"""n"d in tlw 

~xpe-lime-nt,al resdt,s (sc~ Sc-di()n 3_2 3) 

" 2 ,J. PLATE NlOUELLING USING FINE .\lESHES 

IlL vrd",l' tv d .. t~'Tll in~ nw"h ocn,it,i\-it.y t he analyse-s a,-., :'~>-,~ut .. d u,ing Pl'vgl~"i\ .. ly 

EneI' nw,h~" .-h th~ m~,;h "iz~ apprva~hcs Q,US x O.US flun, [h~ fvnm,Lion o f' ,h~"l 

band" \\'~r~ ()b"",.,.~(L F\~,l l r~ 5,5 ,ho,'.'" plut .. TlO rn<xl~ll",1 w,th a ,,,,,,h si7.~ ()f 0 04 x 

0,0,1 mm in t hG re-gi()n d tlw ~q) rudiu, _ T~mpPl\~t1l r~ l() uJi7.ali,ms H~ sce-n to O('C11r 

in lh .. r~givn of th~ ~">-' boundarics and t,hc boundary of th~ thin pbl .. 

Instead of =knsiw nerking' o<'<" ,1O.,.ing in th~ ar.,a of (appin~, the- formation of ,h~ar 

balld" ar., ub"",'\-~d _ Th., p[<J~""" of ']-,.,"1' bund f"Mnatiun i3 ,I",wn in Figure 5_6, 1'i";11l'e 

5,7 shows th., S\lh;'-'::I' l ~nt fractT'~ uf rhe "OOar band dlle to the 200 % failure s[raUl 

impose-d on Lhc mode.. The fi:st "'gn of a t.cmpcr"lur~ l()culiz"Li()n in Lhe funn "f a 

,he-,," band 0<'Cur, dte-r ~2f!-s Ar 'i31-" t\w, she-H bando c"n lw J d~llt i!i..d "t '''' "rrgl~ 

of 4,~ o to Lh .. midpbn~ of Lh~ deformcd >-,]"L~. Jh~ p rimm,\' I;h~ar b"" cl il; lHl~r than 

rh .. "t"<: ()ndal y "h~a" b " n<1 R()lh ,h .. "r b"n(L d~".,k,p in te-rms of t.cm pcra[ure- "nd 

,,-idt,h, wiLh tirr>C'. llrnrc\-C'l'. the- ,e-~0ndar\-' ,hcar Lamb al-'I-"'''' Lo slup dA,,~l ()ping and 

bP,'0mA stable after U 1"_ wh'le th~ primc,l'Y she-Ul' ba:ld b.-,com~I; huLt~r ,,,;<1 widPr d"A 
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',0 iJlueu"",s iJl seraiJl. By 1(i iJ.~ the strams in tJw primnry "h.,ar band "Tar~ ~o !'xC',,"". 

2IJU ':Ic, allcl the dClYlC'nts a ,'O' dekte,: ,: I ~. to ·. h ~ I'nih.n'''' n ir. ,,·ion_ Ily 17,,, tllP ",,,nill in 

~. h~ l-'nmary "he~r band has reach< 201) % I'hrnut,h ch~ chickn~3S 01' t.hH vbr,' nne elw 

C"'l-' sO'jJamt~' from the O'late_ l'hc sh"'ar bn,,,: took.j I1-S r(l :L~cc"rc :mm first dcccccion 

0: a ·. Hm)".ra'. ul~ 10cJ,li"atioll, Th" n;)mcric",l moc.d pl"dic\., a ~rag;mcJlt with a r",c.llls 

0' :1J. 1 uut] and a v~loci'. y of ·17·1 m s " This coml-'ar"d :0 an ~xO'~rimeJl'.",l radi-lS of 

9.:; jIlIn and a \'docie,\' of 265m~ 1 The ?oor '~agmeJl: ... dociey outallled Cl Slllg a fine 

n);'."h '-,~n Iw a';CJ]I-,..d '.0 e.hH ~ 'ljly bilme time ()f 17 /Is cO!JlpJ,r"d to 1.55 /1" f(l-- ·.h~ 

'-(laL'S~. ",~sh 

At a tim~ of!)1J !l's a t"mp~r"'tme locull~[,ti()n is fCCn ut the boundurv ,/,h" thill O'ad 

()f rh~ pbte (,tt F' ,~ I.\J'" :J.S) Tlw '. ~.mpHnlh[". l(l (ali~.-ct.ion re."llt.s ,n o:cO'S'iyc rh~)'maj 

OQ:·.~ .I:n g ",.S\llei n,~ in u :-,la"ei( hing". J,e eh" L,ouJlcim,' eha·. 3\,bs~'1" ~nt y 'n'l" ac ll() 1"_ 

:'\'01"'. (If I'lw I 6""r] :-,lae~" ~xhiJ.,ie"J faJ!lll-~ a: th" \xJ\...nda(l ~' _ HOW~VH. :nilur~ Hr ~he 

GcKndur,' is" <cOmmOn caUb" of b:hl'~ ~(Jl' ~Ji and :U3mm Imij ',-lll pl"'.Hs '~a' r"-l'0t'. ~d 

by Chllll!!: [8]) 

Table .~.~. C(lIlll-'arHS t.he nr.;.n>e"lca! and ""!-",,-imcIltal r~",lk, TIl<'. e~.mp~[(I·.uf<'. :)ro'iIH~ 

of ehH mod~ll~d l-'la'.~, aI'''. "hOWll in ApI-"'Ildix 1. Ill" "iIllUlat.~d cap wlociti".s M". (l\Tt' 

50 % g;rcater then rll<'. ex:rer'mcntal YHlor.jrieo _ T hO' ?oor fragmO'llt .. doel'.}' obtaillO'd 

usin,,; a Ene me,h caIl L,e as.cr'uC<:! tv rhe Harh- faillll'e t ime o~ ±lfi fis coml-'arcd to ±55 

fi' for' th" coarse m"sh. The simllhct.cd ?lurO's haw; "' cap r",din, of ±11 mm as 01'0'000'<:1 

to ~ h~ ~X:)f'l'm".ncal val"",s 0: ±9_2mm. 

G.2.1 1<:1'1'-1:C'1' OF l\l ESl-I DENSITY 

D~p~nding on rJw ,>,,"Iy (l: ell<'- Ill",h Or ell<'- n"p".Ce rario of thO' <ckments, it's 'olllld 

that t.he sh"ar band chang;~" ,,~th respect t.o the rmmun, ,.,.:deh, angl~ and po.;ie:on of 

the "h"ar ballds. The :'~sdes of thO' cliffere nt sh~a,. L,and, f(l:' ,: i fj'~ -- H:' l t nwsh ,:".nojcie, 

cnn b~ ,~"" jn Figur". 5,;1 and t.h~ r..sul':.s are SdIlIlUal :7.e,_ :n Tabl~ 5_3_ All thc ~hear 

bands occlllT~d at an aIlgl~ of cit.her .t5·' or L')oo to th~ l-'late midplan~ und One or 

mOre """"olldmy sh~m ballds w".,-~ of tell f"!:m,,cl, Tlw "..c(lndarv slwu l' bnnds ll~llally 

5:; 
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T = 0 ITlIcrosecmds 

T= 16illlcroseccnds 

T = 40 illlcrosecmds 

T = 100 microsecC{lds 

Figure 5.,';: \Vh"", " lodel n fflon n"ti(m Il.lld T~l1lp~rawre Profik..,. for a !>'lesh Dell~it.,~· 

of OJ),! x [l.O ,1 mill. ';'1 
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T = 13 rrncrosecoods 

TEMP VAlllE 

+Z. DOE+ Cl l 

" 2 .OD~:+ OZ 

+J .OOE-.- 02 

+4 .DOE+0 2 

.. S.OOE +ClZ 

..- 6 . 0ClE ..-O Z 

~? .001':+02 

+ [NF I N II'f 

rigllT" ~. G; SlImr ll:lod Flmllntion fur a ~\I~h nellsity of O.fH Jt 1I.().lnun. 
'8 
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"' ~ N N N N co N ~ 0 :0 D D 0 D 0 D 0 r g ., + + , + + + + ~ 

< W ,,' ,,1 W ,,' W W Z -> 0 0 0 0 0 0 0 ~ 0 
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T = 60 rrucroseccnds 

T= lOOITl!crosecmds 

T= 80 rrucroseccnds 

TEMP VALUE 

+2 . 00E+01 

+2 . 008+ 02 

+1 . OOE+ 12 

+4 . 008+ 02 

+5.00 E +02 

+6.00E+02 

+1. UUE+ :J2 

, INFINI':Y 

t'i";(lrc 5,S; TCmpcml(lr<' LcWllli"lllioll al lh,., Ilonlldmy of Ihe Thill Plat" , [or a .\lcsh 

D"11'lit~· of (),1)4 x 0.04 Jilin, 
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T.~hl., ~_ :! F'\I\E 1>lESH ~l\ln .. .nION RESn.T:; 

Plat" 
1':'''1 wri tlwnt,,1 E~ I ) (l ri 1J I" ,, !.al Nunw ri o;al :'\" III " " l" i <,;a 1 
R"l di,, ~ V" I"dty rladil\~ V! ~ l o (' il y 

7' I II q 2')3 ll.0!l 17 i 

'/'II D,t) ~n:t 11 .0G 1 2~ 

TI :! , :.IlfH 10_7 175 
'1' I t) 9< ":S": ;j 10.S '1(1:.1 

I"l!l <).:3 I ~u~ 9 , 
lL 5;;0 I 

r~r,l>i n ... l ~taJ.,le, The "hem h:,ml '" idl h """ .. 01 .. ~t"mr. n': v v.-it,"l 1-11(" mroh d("nsit,1' _ th .. 

""'t:~r th,> "l"""'nh, tn" lAr~": II'.,. ,h~;ll' [,nnd, /I'lcsh d",,"i<y h.'\(1 I,TT1 .. ~'I~,·t "n Ill(> 

"0.\, 1":lel:u" 

It ir; , " spcned ' h" l lL~ I',,,,r:,,;,, '" ,Ii ,,,,'!,,.,, " "d tlw " :0<: "-,".1. locMj"n of ("'" "h~'" i",,,d" 

I" (l.;,., j " "" ·,, .... ' ;',,1 nc,j",_ i::xlX'rimcnto.l Ol<l"'.-'i",j()II" diU'" 1,,"<1 f,·r,,"!.\"·~ O\'("IL".:ot OJ, 

o.ngl.! <:of ":rh,,,r ~ _5' <Jr lJ5 ~ 10 ~I,~ ..,i0I'I?" .. "f ,;, .. pla t .. fc,r di:f~7"n" !-Cgm~nh vI' l" " 
,-,)1' 011 ",hal app" "''''!<', " .. n rando", di~'ribu',ion. L<:o~all:np .. rf ... ~li.-,n~, "ith .. r :niHcri,,] 

o.ndior gcc.mctric, det"r:nlr:~ lilt' .me:le of raih"e for" s .. ~,er.t of d,,, l <lV . 3,,61,.,.-.\ .. 

In th" ''-'I1":1 .. ,i,·,,1 n~od .. l, 1(.-<.;8\ ""p"','f~rliffi'''' r:.r. be ',\SoJ 10 d"Len-lillt' II-; ... (,n)l:\'" [-I" ~ 

,,1' IJ" "} of I,he Sil""'-I bands, 

T h~ ~ilcal b""d, me nc-sh ,.k)!~lId~!: ~ in , .. tr'-, •. l <>.f Ilw ,lwar bnnd wi d,)\, I ',:nc (,], frar;t I)r~ 

and :ng:n .. "l veloci ty_ Th~ Wid th of th ... ~hMc bAnds arc j)l'OjN[ti ol1nl U, rhp r., ,,,, h 

d"'n~il\'- the fi"c[ ,he- noe", " "; >:m,l1 ~1' lilt' '.,hc ," · b""d d~ns : !,," 1\'lw:a,lly rhrcc ~1~· Il ~r.t' 

",,\l Id hw'lI.:!''', Si,,,, 'm·l.' r],,, ",,_n' IIl:' th ... "",, )', i, lh~ ~a,-jie!' Tl.~ r::l1f! ,,( f" l~m('nl 

f--.~n",.", whi"h res,,]'-s in larg,cl' <"-<It> v.:]V;'l;.". 
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M~h = 0 00 1:. 0 08 rnr, 
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l\ 1e,I, Dens ity Tilll<' or Fai lure Shearl",,,,l \\'id r h ,\ uS I" of Fract ll r " 

c '\ ,) .. 

(,", ) 
-----

0.08 x O.O,~ 

11.(1 ,1 x 0,08 

D,tH x 1(0-1 

I; ,U:: x 1(0-1 

2(; 

., 
lb 

I\ppm",natd'; 

T],lrt' 

EI~'rwnts 

,15 ' ,""rl 13~ c 

_ 1 ~ c 

4~ c 

POSSIBLE EXPLANATlON OF TIlE MESH 

DBl'BN LJI':NT IWS UI; I'S 

Th" ·,ll ~'l.l b ends ,",re or.y rlct.U'tcd ";ith t.1l<' fi"e ,rtC'"h~s, Th" , '(1,".1 '\1\ nC")' rlo>:" not 

Ii ,0, \'~ t: l~ rp",, : 1:Ii ,, ' I" detU't. t he narm,," shear Lam!> \ 1' b,']' ,o,r~ "",,,Ikr t h,",n th" lcll!':th 

vI tb" ~: ~ ", ~nt" . Once I'], ~ n~s], is fin e e:10\l!')1 to S(,IlY' t:1" ,ileal b"",is, t h ~ 8),', ,,1' b~,lld 

widtr. is VUl'uTtium:d to thc ~~c'rlC'nt "lee, OJ:e " xpLo,r"tior fvr t his l-'{l('nom~J:vn 1" Ih~ 

1"" of an "rl:abatic ilr.it." clerr.c:1t :nvdcL T h(' mlia',,,. Ur: nc,de: rloc, nvt allvw for a",1' 

h~at t:ar. ,f~l to uc~m. l-IvW"\,~L If OJ: ~ lI'a, to ';or"irl"" "tra:1sitiur.al vn" din,,,,,sic,r,,1 

r.ca t t ransl~l l'[C,]'le, ', ""bjed t " ,orrllldic,n I :L~I. Tr.c ,olutioll r:.o,n L~ "c,I"~ rll,,ing ar. 

~xf'l i ,;:t Ull],W ]",": "ch",-,e. wh",,~ t l-,e tenp<'I c.l'.lrc vf a 'lOd" "t an in,r"lY', ~n l; :1 li:n(' is 

:-",, ~ r by tL~ &', ration: 

-/"-+'" = '/ ' + "c'l.1 'T' , ' -,'1')"1 
" "r, 

'iT' + 1"1 " , _ I, (5.1 ) 

w)-,ere ' I ~ I ""'i, t hc t(,Lll-'era t u" cot nod" -i a"r,l "Ii,',,, "t {-.Jot. DJJ i, tL~ Ll""_, q)Mirg 

21 is I L~ ti,"~ ir,."e,-,ent and c., is th" t.:' ''''''' ''- cUf',l>iv:t)' , 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

1\ lodi ~y',:1f, E,~-" "tion 5 1 to OhU1;" r 0", d" It;C I 11 r""'r"" ",-,1 r~ ~Ol " ,'ir_gl,' t.i mn h (r~'n~r.t, 

!'J "j",,'IW1:n 'IO':~ 

1"''''' -T , , 
n '::;'l , ' 
--,]" 
(,\,r-j" , 

- "1"+1" \ 1 -, , I 1 , 

E'l""liOJl (, ,2 "h"".'~ thn to, ~ 'h':lg~ jJl t~mp~rd'-,le~ ,her 1,0 (OI:dndioC1 iG i:lV(,l"K{V 

:)' 0p<lrr:o ",I t.e, 1.0,,, ",,,,,0, d ~:1,'ily "'1.l-a,-.. '1. 1'01 lin"!' m~,r.~r thc eCmjJCrJ.lUlC chm:~~ 

LClwGC ,1 e\\O ~I~m • ...,h (,LO~ 10 ,'oJl",-n;(1:1 willl)~ ~1'~IH~r aul "".I,,, t,,~ adiaLati~ ap­

vc,xim"tiun fu o 1,lw ~h,m ba:1d" Irs, v!>.li,t lkat COLC:UC lio:l wJ!: di,,-,;ij!"e~ S"f1I~ h ~I1I, 

"";"? h)m rh~ ,h~"r bau) 1-0 I,h~ snrT,)',:nd,ng d~:nc:lt" eend 1'03');]-,1,\' r~ ' LLIli'lt; ill th~ 

:'O' I<lWl llg; 1,'''-'0 d1fft~ 

• l\hkc l'''' J,~"r Ix: :rd w id~ r Gi ['I: C- eh,,:; LOn Or; ",:; "g d~"'rrJ"' woll £1:80 "a ,'C dc;;md~d 

maleLal "n--'l_" _'n; ~G, T,m rue<} l'C'U: l 1" " 'JIII1;","m S"~I-.r k.:1C: wiet", Eor ,·c:-,\' 

---'r_~ c-kmcLts, 

• 1':,(, plat-c "h'nld fmct,nrc al J. kecl' ei:LW ,i:"" t.o,~ h~"t di,'s',pat~d :rom thc 

l'cgiuL ,;,,,,dC: slow lhe' ru.lc,-ial dC')~mdali')' To;" wi:1 r"~_llll, ir_ slo,,",,- En,,.;n CLe 

"docili0> tL'e will COlT"")'" d kU~r wi", ~xlJ~ri"'w'l,al valt:CG, 

5.4 METHO!) OF PLATE FAILURE 

TO,,, Jlll"'~ricJ.i ",,,,,,,Its indimT,~ I,hat fm~t,\lr'" i:lvolvc, a lhc,-,,,,,-n,,.,.,:b,,']ml q" IH ",h~"~-~y 

;:1 crcascC: ,'l,"';L a l a Ivca li"eJ 10CiCeion :-cGd I, ;:l ;" ,--'~a-,~d temp",wlmc" WC";'(,IllL),; e'w 
)n!'1.~),;rJ: pl'Op~oti~s ""sllll,iL),; i:l "v~n )ar:.;~r strains ee:lei lGr')~fI1t.lJr.,s Hew ... ",",,'r, thc ~x­

J.n. ",dh",e uf d:vnam:~ frach:l'c "].,,,c-ee,-,, to be d~}c n)"n on t,h~ m-~S" d('nsi l ,-- ,qua:-~rl_ 

C"'''', ... IJl",h"" &1,,»1' ,"- i'_U:-,l--H ()(.'''' lr--ir_g t.h ")11 gil cx~c;si ''C tr. i " ni "g OWl' 11 wid!.o, o~ t,hc", 

clc:ncLtG, FiLl' mco,,('o ·Jrodice l'l(, fc,'T!ml;(JI' oj' "']"'0'''-' shc",,- -uand" at a:li~s ,)1' -t3 ,,' 

<)1' DG 0 cl"g,.~~" to to,,, "r_gl~ of th~ cl~f')I " n",d "bl,c. Co:npeel-io')Jl of tlw --,,,,,,,,riml "nd 

61 
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• 'Lw C'xpennC'nt,,,1 pbt.cs f"il a t. an~i .. " of -tG" 01' Do" to th~ ,,~forued plate a" 

I"'cdided IN te10 "i)'c mcsh_ 

• Te, .. ~xC<'ssiw "mi,,~ a, oL""n-.0 lJ:. t'''' Cvalse me>h simula tio)'" can )'ot lJ" 

,,,-"'Cn in tew spc,i:ncns 

The c-oarse m"":1 '1'0i' "Ll~ t,v l)lck UI' t h" she", L,,-,,,I> Le.::;"m;f thf "_0""" lJa"d" M" 

s:n ,ue,' t.he" the mesh d~,,>itr, Th~rcfore. it caE L~ conciude" 1;:O"t >he", lJ"mb "j'~ 

fc,nYJ8(', i)' tlw )'~g"vn of th .. cal' and til" cap fracture vCCUb du~ Ih~ ~xc~"n \-e "C'all," 

callsec. b,' Il, e fo,-,,,alio)' of shear h~nds The extremdy hrg" s-crains that, ocl'll! 1" 

a ';cry selOrt timC' f:=--1/J.s) ",,,kC' t.lw valu .. vf the hiCnrG "train less critic"l dlle t,o 

thC' thelmo-mcrhanical VOCC'f!8 t.e,,,!. c-"n oc-c-ur wite' tenm~rat.llrc d~p~nd"nt material 

propC'~ties, 

.') . .') THE NUMEnICAL ENERGIES 

-1:1i -; s~ction i,,\'est:~at"s t'le ",bow modd cncrgiC's a"d t'I" "),~l gi"" '''''01 ,'"d il ' the ,he,,, 

I)[\l,d "'H" "tt~'I1I'1;S to ,,~1;~rmin~ the "I'pruxinmte ~l'~q;.y l~'111il~d "', c"usC' c-"pping_ 

Plate '1'10 is ust"d fur Ibis analysis, 

G.G. I THE WHOT.E l\lOD'RL EN'RRGT'RS 

VaLous ,,)'el-~iC's can b" ubtai,,,xl from ABAQl'S Explicit as ounut VM""O~% [:16J, Tlw 

thev ,-y L ~:oind t:Of met-ho" of c"lcda:iG~ :he "l'~rgi~" is iYen i)' b~ ABAQl'S thevr,' 

externm ,,-ork, kinet,ic e,wrgy and t'le scra]), ~n"rgy, To~ ~xt",'nal ,-cork i" the C'),81'1'7 

donC' L:-' ;h~ applied prcss-,ne pnlse si "Tlbt,ing be blast.. LIe ki)'~tic ~Efrgy i" t.lw fn~--gr 

assO<'iatC'd with o],e \-e\ocit,' uf t.he individllal "lc:nent,. Tb" il,ciud~, d\~ v~l()c-i;y of 
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Ih~ I'r aL;n'~Ilt "'ld :lw kiuo'tie cncrgy ell,he meN,nl': elemenl" "s"",~i"ted with t,,~ 1'I"le_ 

riw >'tmiL ~""'rL(v '" all Ilw '-'Lerg'v lnv,u-od 'N'th r,he clc-ment de,mmni",,,_ T r_e strain 

e"e,-),;)' '"'' ;)e bl'"ken ,,,re, :h" 1'0rO\\-lIlg i,"b':c.ual C<J!L!)O:JHJt"' I.h" r~"'v\.'cnl.'-'lc cla"ic 

strain er_e'-gy; er_erl':Y "_ss e"-'at,,,, 1':l th plasl. e ,,~I'orn,a:lvu a:Jd :lw -",tJ:icial- s:wi:J 

en erg)' "s.'e,~iated W I "'il'Jeb-aUt" u"cd eV rCIrl'Re "iug'ula;- Irll,.J~S (sue" 'co nvm-gja" 

con'ron _ TI:e sl,.,..i" er_e)'Rv als" ILclulk" to'''' .'1'.·,,1, slLc~ t.h~ ,,~al, i" ,:di:J",d "" Dli % 01' 

Ihe plastic encrg;)"_ 

A l',J'a!)h vI' ,he ~nerL;ie" "s.°vei~l,cd wilh a mu"e rr_csh (_ x li,292fLn,) caL I", ,,,,,,,L i:J 

~-_I':' :; ''''' f,_11) ""d f>.ll_ EXl. H'nul work 01' 15-ili J 1" al'l'liwl dl ,rir_1': t·"e bhst (olll'"ri",,, 

Ithe first 2 i' s,_ The exlerr_al we,rk IS :,.n,";~;red irrl1Y'e(Eat,ely ide, " mmb:Luim, of 

kiLetic e"erg.', a"d s'min er_e,'I':':'_ Sl.bse(Jl ,e"tly 'h" kiD,t'c C1C'l'.)' io c-c.n"'nred '0 

stl'ai r_ H_erg)' Ilntil i: ],"Hh"s a con"'un: \'ak~ ",I' abu.lt -, 61.) J T"e l(il) ,j ,,f kinet.'c 

er_"l';~ ',' ea" be ;),Clke" IIp in te, :w,' "",mpe,n~Lts' 

Ti,e vall.e Clf the ki:wlie cIeri':,\-' (he Ie, "hte vLxa'iClL is l)-2caLL"~ th~ mo"el (oe,~s ne,t 

i"COl'pClm'~ c.arr_pi,,~, Dampi:ll', wonle. dis.<ipat~ th~ In , ~ ' . ir ~r_m-gy, ;ml, il H><Cj1:il-c-,O a 

'''lJnl,iuL; "odTic'~:J'_ Ch",xiLt a ;'~ak\;c dnLj'JIUI': ~,;ef'i.rie:F is "ClI, 8.n ea,,~( task, 

\ CClrr_""nSOL c, t;,~ wh",l~ mudel cnng)Cs fm " ii:J~ fLesh (1) _1) --1 , (I _O,rmrr_ ) '" g~_VCl 
u Fignre 5 -, 2 T"e e.,teual we,rk :s t.lw s,,]Y'e f"" )Clth :h~ Clxlr".. ,ud liL~ ,-""" " 
s'mlllc.t'Cln", l:'i~uc :i 1:) compc.rcs 'hc kinel,ic e"~r(;)' ul' u",:h t.he fi"e ,~:lCl CClUSC me,,;, 

ueu"iti",", Al't~r '!'!l-i" th~ ki:J~ I ,ic ~:J~;-';V 0; ,Iw 'ir_" mes I c.eneascs fa,' "lCl\Wl- :haL the 

CCla:sc mesh, Th:, Ca.:l be expkiLc,,;oV the '''1' o~"""r kll1el ic ene]'),;)' ",,'hc tOnc me"h 

"imlL.MioL (O;~~ tv 11.0 1m-gel' aull'a":~r l'ragrIllnt The fm!',ncLt kiL~U- "':J~l'gy i" 5U9.;J J 

l'",)' "Ie "r_e ''1'"'''' ,ud lf~SJ "Cl" the ",;.arsc mcsh, '[ ';w CX1_"" 'JIrl~ut,,1 ki " ~:I~ 8Ler),;); Clf 

Ih", ;"agnW:Jt l'or l,h:e TIO" 15'2 ~J 
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L 
Figar<' :;,li): Whole lvfodcl Energies with a CoarS<' "1 .. ",11 (1 x 0.2'92 TrUIl)_ 
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Figure 5.11: Whole :\[odd Eue.-gi<'8 Kith a Coarse Mesh Csing a Different Time .'3c~le 

(1 x 0.202 rum ), 
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.... ~~-----.~ . ·--1 

00 '" "" Ti me (flS) 

Figll r<' .'5.12: Whole Modoi'l Eller!!:i"" wi t to a Fine 1I["",h (0,04 x 0.114 mm). 

, -, 

[:-
1.0 x 0 .292 ;,;", I 

~O.()4xO . 1)4 ...." 

" '" 

Fil': 'orc '-,, 13: Compari""'" ,i tliO! K!nc l,k: Euo>rgy fOT bnth a nne o.l\d COEIrSo: Me.ll. 
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r .. G.2 THE SHEAR BAND ENERGY 

A 'Imill (,llcr~y I-'mfilc of I,ho midplaDC' cA I,hc Vb!t' in th" r~gi"ll "I' Lh~ <war l""j(~ r"1 

"jillt' m~d, 1" ' ''''''I'll Lll FigCLI <C J _14 f"r Gij["j~nl Lim ~-' _ Art~r l ~f!.' two rapid L-,llldll!-'S 

vI' Sln\lll ~ Jl ~l'~)' can k V 'J'''''n'~G mGic"lill~ tlw ["uont.i"n 0' a primo.]'? alld >emndary 

C'!Ylij L"llG. A v ~ry 'H'''P J un I-' in .,n~rgy d~n,i Ly "~~llro "rC)m t L(' llndi ,t. I:.rL,od domcnl., 

L" tlw oh~"r \)a,,,l.,l~nwnt', Th~ rap id l)lci ldLCp c,f Gtmin ~nor~y oceu>, t.hroll;';;'[ a width 

1,[ Ii _ ~ d~'ll~nL', "f wllH:h Ji'.'~ .,1~'ll~11l" [rw: \.lll'H l d\l~ to t.L(' ~1I11 % hilllrc .'_'l nun. 

In ordcr 1,0 find the sln\ln (,llngy l-('ql:."-(,u to ",,-m tly d;wlY ',-",n ll, it lS ]wce,sar:; 

t" d",t,er",in~ the widt,h c)f t h ~ "w"r kenll. Twc) diEc''C'!lL aj~a" ",ill L~ I I~f.n~d - t.hc 

frutmod r('givn "n d d,om 'J,u:d ,'ogivn, . L 10 ['-"ClLL,n0 r~gio" " 0. m",'~n'J.t.i vo o.pl-'ro"cL 

tl,o.t ]'e"Qrd; aL tho c_o:nonb I,:wt Lm-c fr"ctLlrod Lv 1)C_ung Iv th ,,,w,,r b"nd T:1C "hom 

bend TCI\'O:1 is d(,fincd a>' Ixin~ lho wiclb ,,[ lL., [n,,:IlCl'~G reg;(,n plllo t.hc(' c_~mcllL 

ciLLcr '_'lde C)[ lhc [,-" duj~G r~giun (>,.,~ fi~lll''' [,_ l,,) _ I" oom(' (" 0.'0'> L:l(, llLLmL." , ,,[ 

dcmcllt> l'hv""ll ~itlYr " id~ d t.lw fract.ll,n0 r~8'_ on 11lny '.-,e w" Imge Huw.,\,~c Lt '-'1m 

1)(' J\lotifi('d L,y the ["d L;U\l d,., >'truill ~ll~[gy ul' any ~ l ~ment. th" l, is nvt in t lw >lw"r 

L,alld c"llLa,ns lllld~r a l h rG u [ d,., "I,'"in ~ n~rsy of £"'~' ccm~ I1l Ln t.L., "j,~"r bm1d ," 

>'ttll i" Fig' ",~ ,J -_~ 

Tll vlll~r tv d~t",rlllLll~ t.ll., ,)(id:t.Jv,,(ll nmOllnt. of draill o:lc r~y tv I'vrm tlw ,h~"" bnn ll 

" nnxi,,)lll'u ener,,;y d~nci t.y whno GL('", kmd, wiJ lLvL "uno n~""lo to L(' dot.c 'T1irwG_ 

T:1C maximlUn ('nc,-~y (":[>'~l ~rw,.g)' d~llSily) W(l" d~t.~ lmined b~' "vna~ i ll~ tw ~ll~ " b')' 

d~ns' l,y of I,h ~ ~l~mcnt.s cibcr ,iG(, of tL(' ':lcnl - 'J"lld L"ll~_ An (ds~t ,L('ar '.-"",d cl:~rgy 

W,," [vLL:ld by ' llLL_ti I-'lymg t,b .. dl,,~t .,nw 'gy I I~l1f,i t.y '.-,y bc m('a ,,: tw "h~ ,~ l b,~nd l'e~i (,n 

S:;j)'iJa,-y an ojj, ~t. fmd. ,!rci l ,~gi c)n wa~ al ,,, obl"im0 l"""8 Lw .~re " cA lhc fraclll,.~d 

"~)\:C-'ll_ 

A g,-n1'l, "f th~ ,,1,,- o.i1'_ ~lle,')';i6 in t.L(' di'kIcnL ,-.-;;iv)'" '" ' ,,1O,wn in Fi~u,'(' ;'.Hi I'ur a 111 .",), 

dcnGlt."' of OJl-1 x IL04 mm _ Tl"" ,1H'm t'!l~rK>' of t. h ~ OEsNtt'd ,;war Lnnd r~gi0n " nd tL(' 

,;w"r b"lld ".,givn ~(,nt"l11 t.h ,a11l ~ "l1lol:.nt s "f cn~"gy ,,,,til -_2 (.'.G - bc fil',L ulI:lic"livll 

cA sLcm lxmd :ollllat.j()ll "" ,,...,,1 'll F'i~ur~ ,)_6 TL(' cxtm t'rwr~y J' ''<Cl':ired to form th~ 
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,],~a: oaT.d until th~ tim" (,I' frv-rtllr~ is [uund 0.1' suhlwnbg the ,;tnu" ('nn)\i(', of 

!h~ "'f,,d rcgions fr(,m Ihe elwnr 1xu:d r~gior:s a, shown lL Fignrc 5.17, Frum Fi)\llr(' 

S.Hi. it ~aT. L" detenninGd Thnl lIw "lwar oand rcqtj:'~s II J uf scram C'r.ng)' frum t,he 

,'Imt of che Lh,t to the time of ,al' rmct, ur~. AI thf' tinw ,,[ ["v-rl"r~. Ml "ddilluCla] 

mn(,llnt of 7'.J (,I' nT.~i', C"'~--gy i, rKjuir('d oomjJflred t(J thc m:rwllnding mc"s (Jf camel 

,'u]mYl(, (a, "-'C'n iT. Fig1ll" 5.171. Th~ tvtn] ,tmiCl ~:r:Hgy r""luir",j 10 [IN'lur~ lh ~ plat", 

w "l'l-'ruxirnatd~( 0,7 'ii, of th" tot.J.1 G"e,-t:Y of Ihe blv.' 1 "pplied tu the ":'"IG"'. T1u i" 

.~ppr"xi",ald.1- -t ,,, % o[ Ih~ ~xlWLm~nta.Jy :n~a'Ul'cd ki"ctic ~L~j'gY uf !.h~ f""grucnt. 

rh(' d'fccl of ~w,h dcc'ity OL the fi'WU"1 of ~')Grg)' to form .~ ehew bv-" d i" Ahown 

.n Fi"lll~ c;, lS [(Jj' :n~,h d('m;ities uf lUlL 0,05 0.00 a"d O,OSmm. It is o!;"".n",.d thd 

a li,,~ar r~laliun.'hil-' ~x"t.' ben\'~('n th~ :ncbh d('nSltv and th(' stnt.n c:r:e rgy, TIllS ccm 

1w eXl'kined by th~ lin~M reht i(Jnsllll-' bctWCX'Cl :nc,], SiL~ OLd shear b"Cld "idl,h, Ih\' 

mesh dq>CLdcClCY of thc sh~,ar haul make, il extremc+ ... lw.rd t(J d~r~,rmbe the GX[ld 

amO',lr.t of CLcrg)' :('cl'j:"d to f(,rm t1w ,'h~nl h.~n,k ,-l..cv eCC'lp;i~p obt[li,,~d ro.c OL'­

o~ lcg,cd('d as urdcr uf ma!'.T.itud~, r~Plll!.". 

G.G.3 DETETll\IIl\'l.:'-l G THE EKEHG Y 01' TEAHI.:'-l C 

Tlw ~:r:Hgy v: tf'aLClg LD"(Jh ... " twv cmlqv"cr.!.,', na:ndy dw e!, ,-am ~:r:HO' i' l\,,,lvecl i" 

\,he f(Jrm "I ion (,I' t h~, e h~M haul "Dd "D~- I-'(J"i \,If' ~n~rgie, i nvolwd at \,he G,mrT mmncrJ 

,,[ [mctLLl~, Thf' nll:n~rical :nudd w "ble cO ,irnulme ,h~ [urmativn v-nd expans;uc vI' 

r1w, "hGar b[lnd". n,,, a~\.1lal fr"rtu:" pH.>"",'A call'l(,r lx, "imulatcd pr('l-'edy. Tlw 

Le"\ th,,!. o:r:~ CVJ: d(J.s tv df':~te th(' dcm~Clcs (JjW~ th~y I+n('h a gi"Gn f"i:m~ snaiL 

ThG:'\3I'u:e ii, is i"'j>l)f;" iL1G I,v detfl'mine tlw v-mOl nt. of ('"er)\:>- ir. the fiLa] fmctur~ 

with Ihf' '-" _llTent ClllIIlel'lca] j]lVd~k ll,:)\':c'-('c the lin"l [l'adm~ l'r(,j-,.~Llv ""ems at a 

lemI'G"""""', vI' 701) "C, whirh lesult" lL rhf' !'iG1cl Mre,,, hm-ir.g [l ,-"lll(, (J[ % v[ tlw 

l'(J(,m km=l'atmc ,idd ,trcss. If (,nc [lSSlllY>CS ohm th(' ~Cl~rg.\' in-olwcl lC th" lic"l 

[rnc tmf'<',\ d-at~ is omall (IlLe to 1,1w \\'ev-k mnl,erial propertlcs. th(' c"crgy i,,,"u]wd i:r: 

the lic,,] f:.~ct"re r.a" 1w appruximnted Lv th" sHair. cr.('rgy i",-vlwd In t1w fv--mMi(J'( 

u[ tJL~ "h~a r imCld, fw:n the ,;tmt (J[ dw l,hA u:r:lil f"".rlme dll~ Tu th(' 200 % fai]u~ 

stmin It. i" d'ffirnll tv dctecniL(' th~ "[lEdit:- of thi, as,mml-'li(JL 
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fi~llrc ~ , 14: Strain "ner!';.\' Along (.he J' I&", ./I.lidr~:}i"l for DilIN('JlI. Tim"" (Mes h D"nsil ." 

of O,(J4 x 0.114 mill), 

• 

II 
• 

Shear Band Region 
(Fractured elements + 3 
~I ~ments either sidt!) 

_ Fractured _ J 
Region I 

• 

~~~~ 

Fractured 
Elements 

Element Layers Used to 
Obtain the Critical Strain 

Energy Density 

• 
I 

Figure f).15: D"fiIl(~I Il.Pgi()n" (0 Det.errnine the Al'jJwximate :3h,,<u lland Energy_ 
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125 ---- --~~~~ .- F'IOCll'Od Region 
i • Fr..ct~ R"Il "" 0fIs~1 

I~ S ..... 0.00 ReI/i01 
• S/-e,.. B.....o R.<o~ OIfoot 

--~ -----

"- - -

Tim<> (~.) 

Figufl' fl. 1 fi: Total Strain ,,[JeT!!,Y ill the Fn,, 'lilred and Shelll Band Rt>gi(lil. 

, 
! ~ FrXI...,d Region 

L~_3?he~ Band Rl'\l1OO1 

• • 12 14 

Fig uf<' 5_17: Additional Strwn Energy H.equired to Form thp Slum Ih .. d until the 

Point of Frad<lfe. 
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• Failure Region 
• Shear Band Region 

. _. Linear (Shear 9and Regiooj , 

-l.iI1e,,, (l:a l~re ~e~ionL J 

• 
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• 

y = 0544~ · 4.4211 
R' = 0.9956 

• 

y = 0.4397~ - 9.7229 
R' = 0.9805 

o ~----__ --__ --------------------__ 
0-03 004 0.05 0.00 Q,07 0.08 009 

Mesh Size (mm) 

Fi)';urc r" tR EiIccl of l>lcsh oou;ity Oll Shear lland Strain Energy. 
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ChaptccI' 6 

CONCLUSIONS 

G.' l\IOIlBLLlNG USING TElVll'ERATUJl.E 

DEPENDEI':T MATERIAL PROPERTIES 

Tcm,)cratnrc dq-, 'CT.rb1t. Flateri".! Clrvp",- t,ics wc:'" ll",d :V,- " J: "ly"il'_g peat"" '":',iut""i 

tv blast ]0"d'3. DJ:'<:'reJ:i. J:tu"~,.il',,j rhu]" w~r~ (,bto.i1'.<'<:1 j; a fCiC or <c(,,.,L~ m~sL \\·w; 

G. 1. 1 COARSE rvIESHES 

Tlw :dlnwmg general (",dusivl:s UE' Iw :rwJ~ [(,1' I,he ((,arsc meoi-, (dc-Incetl. "iL~ (,f 

1 x O.:?'JZ",m) tlwJ W"," 1':"<: 

• Tbc (,(>flC.'C lYK'S_, us= wa, able to giw' gU(,': (f"cl'S.ll nvc.dEr_),; ICsu,t" an: WI" 

,,])Ie tv vrcJ:cl 1,:1" o];':H. d :,dur~ ucc""rutdy_ 

• Tr_ ~ ('(,«l'se ty"e"_, 1\."",,1 wac llflablc to pIc(:icl (be "xa('.l. lDC'thod o[ ["Jim,", T:1C 

lYK'S_, was 'LI:"L,j~ lU [(J~nt i [y tr_ ~ :'Gnr,at.'con 0; t:,<, ,h:'m I)I' !:<,:'; , 
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6.1.2 FlNE l\lESHBS 

[':ne ruesh." (dcn-_cnt size < 0,08 x 0.rJ8 nur) W~r~ aLI" tu pr~din be Iunratiull of ",war 

ba,ILdo aILd ddennm~ the cxact mC'tlwd c,l" ro.p fa:l"re _ Hmven'r, the u\-ern!: rrud~llil1t" 

per 'unrance was !)UU!' , 'I I"s is t hought tol;c dnc tu thC' "dio.buti(' fi"itC' C'lc!r_cnt !r_ndel 

,sC'd, Th~ fuU",,-ing ('undnsiu"s ('an iJ.<. nad~ I"U l.' fine In,"hes: 

• F i"" meshe" ure a0le lu idenllfy shoar ba"ds a"d [!xDI",,, t he failmo 1'l'l"OS.5 uf 

the plates_ 

G.2 lNSICHTS INTO THE METHOD OF 

FRACTURE 

T:,,, nn:rOl'iral r"",,lts show tLnt lh" p l at~ frar\,:J[e a[l"ear" to i""o1\-C' a t Le:mo-medwnical 

<,:--,1" 'W her~ l;y i" rrea,.,d stm:" "I' " llJ('al;~~d l,-~;u \,j un ,'es111 t" i" i nccasoo tC'm pcmt ,'1'05 

,,-eakening t L" :rat"rial "l'c")pe"tiH< n,,,,u]t;ng '"" eve" larg"" strains and tCOllpC'ratu:-C's. 

'L,,,, :wu<'es:s ,"'011it" i" the 1un""tWll "1 she",l' 1",n<1s ",I, angie:; 01 "ithe: 45· or '1.35 " do­

gre0' to thc angle "fthe d""o,.,r_oo plat" ,,-it,h a widt:, 01 thrcf' c\e!r,cn ts . TLc dcgmd('{\ 

!r,atc>rial pro;J8rtics :0,,,lt in 'Il'Irf'aliolir mate,!'i"l pwpf'rties i"dicat'ng the OCCll:'l'CJlCO of 

billl:" 0.,," nak" tL0 laok uf d"",SlIlg a cri t icu! Iu,LJe "t]fl.;" I'cr a olmin l;as",I ,,,;I11,'e 

n'tena,~ tli,-ia. matter fu:- the "imulutiuns Lndert"kell ill lhi" lh ~:; , s _ Th~ Il'Ml Ole 

v'ucoss ucrars \"C'ry quiul..- - ±ll" I'rom fi,-,t i"di('ation of a tC'n-_pc:-[ltnrc iocaliz",t ivn 

011 t he I,'mL uf a she",- l"",ad unli. Imctmo is '''',mood iJ)' the ZOO 'iT, Iail ure straill. 
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G.:3 THE El\EHGY OF TEAIUN C DUIUNC 

CAPPING 

ikrcn,ining the a"'vim! of cne,),;v i",ulvc0. :n lhe f",mallUll uJ ')w "h~,~" )'"nd, '" 

a din,, ;]t l"sk s'nc<c die d,c"r bands Me mesll dqwmle",l. T)w,'";:,,,,,, all\" en~",.,i es 

"Lt.a inea ran ""1,-1-,,, reg"rded '" o"der uc map't.mle j'~'''_11,,, Sln, ~ f'n~.l f'~_r fllr" o r~llTS 

ill u\'~l' TOU C *\'~j'dy ,,'~ak~lllI,g llw n"'l~n"l prul'~l'l i ~", it may be 1"",:'-'1e lu ",""" L m~ 

\.llat llw ~I'~j'gy uc t~m-illg ClU' 00 ajJjJn'x:m~_I~d b,- the am(,lU't. o[ cnngy ,'cq\l 'r~d '" 

[UiTJl lh~ , lwul' baJ" d h'um t.lw ;,an uf llw l,l ,,;t TO t.h~ lime "c L"':L lll'e, If l)w a\Y,,'~ 

,~,s,'mpr:"n i; "al'd , =11 ,j uf en~rgy is l ~q"irc0. to form lilt' cnJ,gllwnt [or II m""h (leE,it,­

uj (i.O -> !iln (t he t(,ral ,tr.~in ~1'-"r8Y of rhe ,hear band:, I'lLS i, approy'matelv 07 ,)7, 

th, Tut~.l ~n~l'g)- ;,ppl i~ d to t,he plat.e lll'_,i is L 'PC o[ ll,,, ~Xl-'~l'ml~llt.al h- me~_"n red 

fr~/n,ent kine,ic ener~'y, Tins is a cvmpmaliv",ly >;n',,',r amount uf ener~'y (:uJ'l jJ"j'~d 

10 t,h,' rota l pb!~ stBi" enn),;v "nd the [rag"wn, lcll~l' ,'ne'pi_ The I L.I of en~n~~, 

"'Yi"ir",'l to tear t,he ,Lat.e (an unl:-- be l'eganlcu ,"-' an '''''';'''' of mll!!,l'_it\lde " nswer due 

1.0 r)", nw"h d~p~ndent l'_M, u"~ of thC' S:1e m' band'_, ,wd ,h~ a",,\1mpt;ol'_' Cosed Tv obLam 

Th~ C'"el'g>- vf shear lxna format iu". 

fi .4 CONCLUDI1\;G nE~IAI{K 

r~ml-'~w l,uI'" d''l'''ml''l'_t mne]' i,, ' pl o!-"'rtiC's aTe inkgnL tu l:'J" furm" t iol'_ vf dlC"r ba",l.; 

llEe; t he f;nbsC'C, lC'nt £'anul'e [vi thin cin:u_&I' phl~; ;nl),i"rt t o bbsLlu"ds, Tlwl'~f,,,,,, al'_V 

" '_ll1wl'lcal m "cl",ll in !!, in\'oh-ing Th~ fmrtnre of meL"ls su i.>J ~ned to hl~n luads shu',dd 

:nr:orpumt,~ kmr"'ratlll'~ ,;,'p":rJl~nt m~_t.Hi,J.! prupel":~"_ \\'lwn fmdme is muclellK! 

withour r~mp~ratm~ aepenchlt matC'c']fl1 pn'l)~rti",". a >T rain 01' sLrc,", IJw;~d [a') Ll" 

n:tC'l'ion is usually u,,,,u, Srmd d ,;mg'," '!l lh~ ,-"bes vf Llw f;,i lure n'reri vl'_ ' ran ha"~ 

a laj'g~ ~J~c(. on th" ,,,,,,, ,I n of the s:ml lla tim" , From !:'J ~ I'e0111t; of lhis , I,,,d,\' _r l' ,o.",n 

r hM the ",rnnuL,1 ycr[ol'm"ll< ~ ie' It'S" ''''I",j riw to t he rhuic~ u[ [,oj], l' ~ r I ' it~l 'vn ,,-hen 

i""')l>,uwling L..,nl'~ml un' d~p~l'_der,..e_ 
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C h apter 7 

R ECOMMENDATION S 

7.1 [l.ECOMMENUATlOKS Fon F UTU IlE n LAST 

~,XPEnTMENTATlOi'\ 

~ Inkc lh", ~}<'C:Tll.,nB o.:sill/S m.M@rl;\l~ llont have ",now n 1ll<:.t.o-lin1 ;'r",:)enin III hiWl ~t~"", 

Jr.le:; lind t."lr;pen~tm .. ~. ( k,jJj)cr h r('("rr.mended cur lh" '<,lh:",~n;.( ICl\3vl13 . 

• Th" mMe,.: t.1 prop"llic~ ~rc " .. dl dvMllnC'n IPd . 
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7.2 HECOIvIl'vIEN DATTONS O N THE MODELLTNG 

OF DYNAMIC FHACTUflE 

• l .. 5C telYl!'cratmc dependent. maT.eriai l)l'(,pert,j", when moddli ng fracture_ 

• l..5C an explicit code that allmn t.P"'pemillrc umcillction between dc'menis. This 

_s part.icularly irnpvrtulit W],t'll a :luC' mesh ,>' LL,,,d. 

• \\':Cj~"" p'-'''Hble mudd" Illa:~Laj tbM .,as .-ll~h st.rum late alld h,!:,:'] tempNQture 

dqwndcnt mat<",.:ai proped.i~" ;l!at al'~ we:J dcOClllYlfmt.eci in the jit~ratlllc. 

7.:) WOflK ON THE MODELLING OF THE 

EXPLOSION 

• Jl.k,,.,, ";cor~ need" to, ',e -,m <1,,1't.,,""" t.o det.ermine the validity of USUlg th~ J\\'L 

f'<Jllaticon OC state by fll'l-'hing fl 'conto,ct. teo contact bVlUl(hr:v lIlt~:'adj,m \'f't\wAn 

;h~ ex)'Josi"" ;l.nd tho plat."'_ 

• fhc usc of a cunstit"ti,-c mudd tu sImulate the ".\plc.<'j\,~ je sh:l Vf'ry d",iraLlc. 
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(,j C al' " TUWll, l 'J% 

nl H,,)'hl , Karl.'"n anc, Sureno"l ', [1\(' i lh'.,t()f.lS/E' p iic:d Emml)!' I")'(,I;J"""-,, .-\I,m­

,wl, Y3 ~ ~,dit i ol', l'l~~, 

IHI \\c, P Gl'U IJb ~_""r, AJ' b,'ed1g"lj,,,, "j'S'J'IlCIIlI~,' S"IJcccd to Dh'3: L<.>"'j,; It,,co''­

pond.i,,~ a:1 ,l,qs I" :'-.-I",-'e] t-iJ'" :\ ["le'~,d BHh,wi oU uf thc Explo,ivc, h 'l,_", I, 2(jo;JIj 

The 71,h SYJrlI'OI31LLIf\ (J:j SII'L[('lur-a1 raj]IJI ~, and Pla;t,icih:, !\I~lL,,-,'uLe, A,'I,llal ia, 

()rt"l,~r li){)O_ 

115_ .-\, J\.l, H."d;o,-d , D"';UHlldiuL cud I' earm~ ui' " ,"f1ljw,d r: rrElar vlatc" S"bie"r"" cO 

Lora]".,.], Ria"'- Luaci.-3 1-fast,cr" ti,c,,:., L rj"~nn')' oj' C:ljw T,,";n 'I~Q5 _ 

l'l7l T 'l1as11i, T , SllllOk",'-a, ,,:ld T , HimJll"Lu, ShapH C"r,-crh"J' ,,; 11"1, rt" ljH' Sl~~j 
L '31Ilg"Cl v" LJ 1H T *, v~,ll ~l' . J..,\lr-na _ u;' Japan Sor" ~ I:"- i'uL I~r.'iJl "'-'lu1,Y ,A' Pb;rici ty. 

JO\l ")",) u;' J a pal' SULictv f01 T-xh,101o,,'Y of PI", t .<'11.\- .: _" -:' Hh,:, , 

l~'1 H, ['",,,e'" :<:Le, C Sha8'"y. SOIIOr;! IY,.'I'"' ''''''' lli'lh ,')1""":,,, H,.h i'1",,,Mfl- e"-u in 

.-I,ILIn-I.\': ('o"c"J!I~ U'lfJ .'1pI' i:tmtiVfu, PI ~'lU'li Pl' ''' ' '1~~1. 

77 
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II LIJ I,. S C,,, I,in , R R C,;srn i'.r, ,,"d J D"I'r, ~jf"h;.n ir.-J P1'0PCl'\1 '''' 01 t..ialcl'iaj,; [([ 

Hi~~ Rat~, "j StrWll. J()l" ""] "rT-Ia"('~nj[)g, DU l iX) ",9,9). 

I~ ul E. 111,k, C H,·" ",l T. ('hyt,Ol1 J. H"Jwrni , ','1<'.J F. Ca:'dcnas-Cal'cla, _~\llL ~l C'~l 

a1'.d F;'''l",,- j·I 'lf>YIU.! Innd,i:!;,.!. i,on ,of ,,\dial,ali c ~hc£l[ D'Lld, iu ll'1d":6 Cnd~r L"IV 

VcJ;x;ty In.p"ct C0ndil.i ()nf', ","""Tal ,-,f _\latcl':"ls Eugir: rt' l'iug and IO~rf(, rrnf.ncf 

41Jl\ 71JLl-7 l6 1, 'D~3). 

I:HI .-'l. , :'>f"liu'.n C ull~,t \-'H B~}l<h' iuur ,ud S paei.11 £, ,-,f A dia Lm >- Shca! lhnds, J "le',wl 

,,[ dw M"dlf.nH~' ".nd Ph""," ,,[ S":lds 4,. (9 \ 15b1-!57b (EWi). 

1 2~1 T. G, Sb,wki and R J, C::hOIl, ShHIH' B"l1d F\orn,~l.i"m in VjS{;uplastic Mat"na_". 

l- I.,rhan'r" cl i\lo.!.f,rir,]f' 8, 13 4,3 C!989). 

12:;1 T. \y, \\'1'i,.;h' nnd 11. Odc~udu", A 11u(:d fin n,lly Fcor·,-,~d Sh,a~ Dand" .lumr",] 

of ,he 1I1cr:lw:u, ,ud PhYS1CS or Solid, 40 , ,~,7! 220 (!992) 

l~ · j l 1. S~ m:"'jj, D. R Cd:TM1, ,m d D .• -'l.. Sh,rk~y Sca!'"g of Sh~'I<' B"ud Fr"C(Ul'H 

Pl'o,-"'Cs;., s , :\-hkuJs rbdt'r l tgh Strc" ,uri l:ll,rahigl' l ,ijadjn l1-lal ~s, ~95-:,W7 

( . 91\31. 

25 IT. p, ,,( ,"', C Rubio , and 1-'. I[i',~, Sh"aI lh"d C"Ll!"di'a( "II" lnll"P11rf ,of 

I I",h A 1 igl11""nt C.om p11l-"< ~ k tbndf' and Ad va" r:~" if' G~,wwrh,.n ;~ , 2n ~ 1 . ~fiS7 

'Or; ] \L 7.hOll , ,.\ J. R(, ,,.k" rend C. R~\~rh,,"dl'a!l, D,''''' LlIc:olly P l'('l'ngating Shm 

D"'nds i" In,p,,.n -I '-'Il dN] Pr~:lU(r:}wd PI ".I'~,- I . FXl",,-'ncnl.,,,[ [ ,wC'S( '),;"tiun" u r T ~ .,-,­

",~Ult-.Ll'~ ~ 1 ~Illl j- U l ~s ,,,,d P I 'OP,~!!/'t[(,n S)W"'1. .b- ' CIl,,1 " f I he l-[~,hUl; ,', "n d I-'hv,;" 

0: Suhre" 44, 91\ 1 100(; (!H961 . 

1~71 G. Cioia "1'.<1 1\'- Un';?', Th. , T":v-Di:n~",iuL al S1rll""" '~ (,' Dynam ic ~hc"l' Da"d, 

In Th~IT IU\ ie('( ,!,la,,-;, 3,,[i<l, J() I;fnd .of t he 11c"]l£llllC' "lid Ph)", i" , .01' S.olid, 4-1, 

'J5 ' ~(j" --, ')'6" _ L-_ ,,~ l .c , ~ ). 

,: ... '\ DiLd,,, and \Y, L. Ol::nsk~d. T~n,,)()nd Fv,oln;0n 0f S:''C£ll' Band Tl ,,~'k rw;,'l . 

. burwl ,,r thH Mf_d,s.n ir ' and I-'hYlli rf' cl SoEds 45(:1'1, :; .. 5- 3b9 (19971-

is 
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'2 l!] \\- \V,ug, Sta./lv)",r.l! lUul PUJ<!, ul".in.'(' I,,,,t,u1iilU,,,, P I Md/d, .. 1 Cn"ll'nildl.(,))'u./. 

Pond oj ViC1!}, Dcfl Lm'"cIKtv p,.",,_ I?'J7 

:10 c. G L...." \\. J P"rk, S. L""" <end h , ,~ .~_'Ll. Slicw Se,- unl"' '' ~ Dnd'J)JlJl .. m 

,,f ..l.. ,j "b"ILc Slw cc- RH)(~' Fvrmcd IJ:',- lkilis' ir: iml'c:d iL" Wdklie~ U--l~ All'J.", 

\ iCtidm:,i cd " nd l\la ec~:" j , rnnOnrl LCIliS \ 2f1A, .i j7-·h~ :FI~19), 

l:11 .\1. £;h",-" .-\ , J, f("',bCS, aL'Jd C 1-l ", .. ioJxc.,an, UYL co.mwdJy P: vl',,;;oeing .~lw'" 

BunJ, m lrnl-':'.n-Londcc. l-'nT 'JlOcd l' I"le.,-ll Sllmc,'rn l ~imdnCi,'n", ,jvlll'n CL uf 

tht l\lt<:h:)IllC '3 "u l Ph,\" 3H: < A "'-' li el.' ,1~ i(lO, 10.0,;> (]il!!6:" 

-;J~ Hi'.!)i!]! , KmbJll c:ml S ')l ~" ")n_ 1_'Ie, (:d l>l"l StIF/"" 'U';;/ h 1/J.1(,J I.'.'-/r-.:''f)h£il, 

19~1~ 

:1 .. , G R. J " hn"UIl "nd \Y H , C",uk. i\ Co,-,I t ll e'VC ~.i()c.cJ "nc. l)" lO f'-U l ·"'CI_ .~l.s 

811 b j ~ ( 1 ff. t c, L ·'.r g .. SI.) amo, lLe;h .~ I .. om Ha l.t" aul High T" rnl."" un."", P i OC' _ 7tL 

8,'mp B ri,i:s l lV;, l~S :1. 
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Appendix A 

MEASUREMENT OF THE 

APPLIED IMPULSE 

Tlw ;"')"',,]"" is g'_'O'!L by chc C'qnation: 

l A.' } 

""'''<Oit' ,\1 1'3 lh~ t.v"rd '-n"," of 1-'1 '0 p~r<" Illr '.,,-t-, ,,]1 ib m-,,~hmcllc., ""d x , 1" rJl~ iJli r, ".1 

\'~lcorit:; of t.h" ner.ddllm. 

d2,T: .,d:r M 
M --, + c- + -'I." = 11 

dl} dl. jJ-
( ,1,.2) 

"'.l -. ~I·~ _T;" Ih" lK,ciwLtal di .sl'lu<.'Llcnt. C is t], c daLll-'mg n><, ,+i" ,en" rud H. is -he ,-auY3 

of the' ncnciuill:n :!loli" ,', 

1',0 
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"; ami T is th ... f->"riv<i of tJ , ... f->"mlulum th~n tbl" wlutiun w Equation 

(A.:l) 

,,-here /j i., the damping cons(an( and W,j is th~ p~Jldulum fl"'lU~ llC~' 

rr x, i" the horizontal di "plac~m~llt at tim~ t = f ami J)., is th~ horizontal uisl-'lacl"ment 

at t i m~ t = .• ;q:. t.hen W]Villg Equation A.J fur X, and X, 

The relation"hip between h\'o "\lcc~ssive amplitud~" i" given by the equaticm: 

therefore; 

J'j = d"r 
", 

2 XI 
3~~-ln­
. T x~ 

81 

(."1.4) 

( A.5) 

(."1.7) 
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Appendix B 

EXPERIMENTAL RESULTS 

Tlj~ "~.' l! lb uf "l! the ~xl',,,,.imcllt ,aj blasts undertaken arc ~i\'~n Jrl '[,eke B ,lo Th~ k~y, 

t,,~ J in lh~ lal)l~ U,"", 

PO - P :u,lic DdurJnalioll 

T - Tca~illg in the rei-on oj' the ~al' 

ST - Plastic dd'onnut,ioll with a small crack :n t.he rc~i 0n ,,[ cal'pin~ 
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·la.LJ~ IU- !::XPJ:;HnlF:1\TA t RESl" LTS 

Pia u.> T llickness I F.xpl.-.s ivf> ! Imp " lse I r. lidpoi ll t Cap Cap No\<.: I 

N. U d\"dion : M ,,-ss Vdodl)' mil';''! 

(:nm) I' ) (1\10 .\ ~"''')} I g" 
" 

(lJ,/A) 

II I·m G,J : I I, n,/'" H""',,, RIa"' 
1'1 J 57 IL'3 '10 I),/ln n ,/ IYI II 

TO I ,,')~ 1. .3 ~ "" .. , -() n "',n )lim Llll> 

n Ui2 0 I I. 7~ n,/1Yl PD 
'I 5 J G7 J,8 7 1 J 1~,7 PD 

" 1.(i : J ,b G,CG :.l O,t; I'D 
'17 , 97 4.5 i>" 113 17, 1 PD 

" j ""'J , - 6 <) ,78 ~.75 Jl/ ~" Ca.].! 

J )0:.' 1 711 6 IDA :1.6!J :t9:J.7 Cal> 

II> 1 ,;,; - :; ", :1.1-, J;IJ:.l . Cap " ._., 
J I::! 1.':;;\ 6.1b ul9 2.87 ;1111 , C,,], 

It:! /.71 .1.48 I 8 1) 1 1:1_J P I) 

7'] ~ lIN US S_2\! II 
1"1') 1;,0; 5--'8 ;0 :.l ; '!J ,5 'iT 

TIC l,~ 6.11 ; l.:.l :t!J 1 JS:.l.a C"'P 
I .7 Lti~) ;) A 5 ;U_~ T , 
Ti ' 1.7;l 7.UI 11.!J 3,65 ~U::!.'J Ca.» 

IHJ 1.7;1 H6 ',I :. 1 24_S PI) 

I ~~i: 1 7') (;,5::! 
, 

'lAG Clll'J ] :.<) Ilj:n 

1.6!.! 5. ~ 10.2 3.21 Hi"" I C'o.].! 

81 
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Appendix C 

VELOCITY DATA 

TI.l,' '-'ed;"" n,,,[ai,,,, lbe ,cal,', ,mel ncelLoc\ of ,l elelf11i llin ~ t he f-:t::, rr_ e:1t, wicvi ty. A 

"rht lOll! d ( ,:1C uf tL~ ""iJ,,"cn,)€ ""._(j",~_,, ;, ,~i\"n in Fl!nrC C.l. The x ax;, d eIl () ie>' 

t i,-ne o.ncl the,' axco del\u t es ,.-()lt~~;c , l -nf(A tLm:1."'_,v, lL~ () >'.: T,>;u J,w print,or W,," not 

\'.'()l'·" jj:~ l"'()jw rly, he ll e," th., ''Ca''')'' r"r ll~ f"l cl (jrr"' ~nt rha:1:1d' oj.aninl': at cd~r~J1l 

t iene C)O,olt;v:1,', ll"'i\-c\-IT, lie ohmp cL-ojJ in v()lca~~ \\beh ()'T-"--' ,';Le:1 "' w:re is br;Hcn 

~an IJC Sft'll in the ligLL1~, 'J"J,I~ C., ' : ulllaJIL>' lh~ [ i r- Ie A( wLirh t.he WiIC.' wc~~ IJ1Uk~1l 

,i;th resp""t to, the fir' ! ",i~c, The di,bnre between th~ Wjl~" wid1 i"~",>e ( t t,n the fi,.,t, 

Wlrc ;0 abJ gi,-cn. Fip:.lrc C.2 'r_uw' a ~;mpr_ of tL .. [m"r-' tm vn'_'JtiGn hi s((,l'Y The 

me~s'_ll'cd '.-d"ci ly .s lhe ~l'''-t:i~JjL "f lLe IJcsl Lili"t' t hOllg!: e"Fh ' et. of CoAt", 

Table (;,1: FR\C ldEKT POSiTJOK TL\lL. HL3TOTlY 

T"st '''i,." Numh",. ")lei Oist.;",,,,, From lhc Firsl \Vire 

T:.U 

T" 

T16 

ns 

Fir~ t 

U.U I'" 

I).UI" 

11.\1 P" 

n. n !-'S 

n,o !.,o 

SCCOl1d 

1071-1> 

f,~ L ,is 

10(; ps 

HOIIS 

is, Op., 

Thinl 

~ 7 S11S 

IUG W' 

FOllrth 

,: ~n, R n,~",." ---1 
.)~ ' lILS 

2,:\ I'" 

~~O I'" :n, 1'" 

1521" ' ____ -',2,',5,,-u,-___ _ 
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r - - ------- --,----

, . 
'" 

1 ••••• -* 
'\ 

I:: p, . , 
Ji Ch, 
, 

,,, 

--,---~ .. ~--'----------" 

Fil?;me er, Example of an 08eillOb('Op~ Rea.ding. 

----------

0,' 
TlO; :, - 191.13, - 0 0002 

R' - O.99<l> , TIL } - JJ), + 0,1)((1() 
000 R' - O.\>9% • , T12; , - 31O.]'h - om07 , ,- 1I.9'JR2 

T l ~' l~l.I)6, _ 11.111111 - - - --< 0,00 , 
• T10 

~ " 1I _99~ 

fU: • T11 • O,~ .. T12 , 
" • T 16 , 
• " T18 • 0.02 

£ 
r----~ 

o 00Xl6 0 [)Xl1 000015 00002 O DOO2~ 0.0003 000033 

TirrIe (s) 

Fif\mc C2: Fraf\IIlclll Positi"" Time lIist.Ory. 
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TI , ~ 1',,1 " cl f ch" b,gm~nt is IulUwn ber", "". I be tl-C<i>;,],,'m dcfo" ' ]I', t :J" [, "gme I 11, 1. :''',i !'C 

( ul V l'kce m",kir lg :,." 1",',J1 isc'2 l'\<,,"'C ( ~ , 3;_ The ~2.d;c<1 oEcI did"" r,· ;" t L ~ ,blaur., 

1"".1 V;e ~ rl I be me.a,,, -",'] pach ~lld " )X''l)cndinLl' pat J, frr-,m I he ~em rc rA I,be pi aI,e rnO"­

s"red ll sing r.lw fru grner ll , 1.:'''Je.<..''",-,v plato which is lS·jmm f,-um U\C plato cent:'o, A 

t'-~ . .i0dul'Y u:'foot u.n be (kl<JnlliL1 ~,1 ""jJlg Ih~ j'~dial o JIo,, 1. ~n"bl il\g I_ h~ I.:-\l~ L"~m~lll 

",1""ly I,,, 10 obt.,,;n ~d T:Je. nfkd, aLJ~le ~nd tho 1. :'1." 'I'du!;]!}, is gi\'Oll III 'fa':)lc C .~, 

- ----- 184 mm 

!- Velocity measuring 
device's WIres 

"- Meusured 
/ velocity 

• 
--- '- _ .... , 

• , T rCljectory Offsel 

T rue 
veloci ty 

- Test plale 
L ___ _ 

• 

Fragment trajectoty 

plute marker 

t 
Rild iil l 
offse t 

I 
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Test No 

'1'10 

I TIl 

1m 
, T I C 

Table (;,2: TRUE FRAG::'IE~T VELOClTY 

Velocity 

291.2 

333 7 O-Q.t " 

3JO.2 6 0_03 " 

282_1 7.3 o_Q.t ~ 

88 

:J:~ 

310.2 
282.1 
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Appendix D 

THE JWL EQUATION OF STATE 

J hi.s mmcnciix ('xu]n'ns the lese ,,f the ,1WL cquat il'" u[ "t.a t~ . th~ 1'O>:'Jll' ,obtain ,,,d .. .. .. . 
and th C 111.('x].'-'linOO phcr.unw LU'- " f PTU\" di,,)!; b"d irnl-'lll "~ ,, d~ ,pj t ~ l",vi cg a( c-~!) t a bl~ 

(c; sp:a ("cmPJx resl11l.s, 

D .1 TTTE FEM M ODET. 

T hO' ccuo.liun rA slate w"" m"d"llcd llS,ne; the m~tlj(Jd d~v~l'0l'"d hy Cmbb~_""" d. t he 

L ni \'ce-"j l,I' uf ('''I>''' Tln<l . T :lt' ~xl-'k,"j ''-C w," m"" t'[~d wing t lw C AX~H. J.xis:.'m,n('\ li c 

f,o\l r nude" ~l(,)DC'nts ".~th .IW L G::\lat iur. uf _s l atc ma tnwl P[()P ~ :-t.j~ '. 1'h" '. 1"" ,of bath 

1.ht' ,tanda rd kr_~ f1Iat l( ~,ont.ad r.l g" C'tllll; au, t h ~ penal l:.' c<xl lad 'Ilt~wd i() Il Wi'.' 

i:1itintoo lwt,,,,,* ,- I,he cxpbs',,, "ne. th" p_atfi .s I,U D s:.c:[al'~ , 

0.2 .lWL MATEHIAL PUOPEIlTIES 

In or rl~r t u mudc_ I,he ,J \VL cCjllat,"-,n c,[ ~la t('. ABAQU S,i Rxpli,' t rcquire> the mat~", al 

(" uolan!..; "S ~xl'l?m"c. i" E<1' , o.t,i"n 2.1'1 , The m~ l~n a.:. cu r.'vnt ' !lr~ gi\-~" >:, T!l bl ~ 

o Th" \m' t.s 0.1" >O~\-C" ~r-,m"rlQnl:.' used :mit>' :u t.h~ ~xplosiw fi~_ d J.a'nel~; , ,tIM)' , 
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TalJl~ D,~ ,IWL EQ'CAllO."l OF STATE }'IATETl.1AJ. !-'W)PERT1F;C: 

. I\\" L LquU l.i o1l o f Sial" CUllSW"!.> 

D~I.'" at,OJl \V. ,."" SI,,,,,d Cd 

,IWL ConsL.c&I, - A. 

J\VL C'''LSL.cdLC - B 

J\\,l, C',n' l:. nc ;,; 

J \Y T, C ·,ri'lan t . U, 

J\\T, C,rl'1anl - /(, 

Val" " 

l),glC}~ml!.s 

G 8977MI){l)" 

U .. L% l flx, '," 

0.20 

1..5 

1 ,1 

un , /"'. r",d g, Tr." dens'lcy of lh, c-"f!los\\'" is ,600kgm 3, T,~ d~r.()r."lion l""": uf 

the eo-:p_osi\"e E th e::qO:l<mcc Cell1101d, 

D.:] COMPAHTSON BETWEEN TUE IHFFEHE'lT 

CONTACT METHODS 

Inili[, _ ]"."" mung tlw J\ VT.. e'l"".!'Il)1l 01' ',C"l " ~l i e:ded illCvnsisc~,'l ,bl",a(~I1,,'''L de­

l' ,,,,,r"'g on I,:'\(' ,,',lml,c,' v, c':emenn used Iv mudel c),~ ~x]JI"",,\'C . A j,armnelric study 

",~s lh"n ul",:~rV;'%n l,) ( :dHrnin~ lh~ "IT...:, 0;' ',xj, lmiv" m"sl, cie'nsi:y "" lh~ .. IT~n 01' 

tIle C""ltf'" pine di,'pb,',mcnl. f,,, , 1)(,l.h the kinemdic ~vlll[,~l ,,_<:,ori,]' I1' and th" pendly 

Cl)nhn 11,,,t],(~1. 'T],i" sr. .vly i Il\'olw,d O:'''''',<;i Ilg I. h" ll1mllx'r vf de n"'nh m d w '" plos ',,_e 

[f,,,".1 x.J. to 20,20, The r'COll:I.,; Oft'llS shd:, can $' ""en i" 'Ta:)l~ D 1 [or the sl.i.n­

(brd conI act i:ltc'laniu:l [,jlC. Table D ,~ fm llcc, p~'!al,y ('O'·lt:<r.r method. In svnle ell'",s 

ell(' j(.L>s \\'H~ unal,l" \'.(, iiLi,), dll~ w ~x('~:;"i l' ~ ekment ddvnnali,m and al'~ d~nocC(1 

by " -" in the labk 

Tlw n"nnJ Cl)n,,,,, m"r,),oc\ is "cry d~jwllde)'I, on t l, ,, nlesh d"m:jrv. Tlw ""e of 

1,,::c 10 8km~11t,.; r" opposcd to :fio-: ~fi "] '::Jncr.t,o ,'''SUllS m !'.n i"(,l'~ :":C In the plate mid­

pv'nc disp:acc'nlenl v, 2(i.~ 7c" T he penalc,\" Cl)nl[,(t m~\'hod T"'m-ick s i. nl vre ~l)mast~nt 
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TuLl~ LU, }.UDPOI.\TT j 'L\'JE ;)JSPLACE~lF:r\T USI:.JC TJ-IE _'J O Hi\lA I. 

C():.JTACT \TFTH()J) 

N umh"r of .. 1",l1" l1tS N m " ber of E·klYll'lJl ~ "bo\e thl' P lace 

along !.he 1,1, ,, p h!." , U , , " l' 
, 

" 10 L I ~ ____ 
1 , .72 1 -- 2,17 2.0b ~_O8 H ,-/ 2.7D " 
6 L7(i l.H i 2. 0:\ 2.1:1 'J '7 __ 1, 2_:; I 2.76 ~ (i:i 

8 LS I 1Xl 2.11 2. 1 (i , 2JiS 2 .. ~S 2. --16 , 2 74 

"f ' _OU I. UU H:; ~ 2--1 ~ 51 Hi~ 3_5-5 3_1 8 

1.2 n~ ~. 1i2 2.C7 2 17 2.~7 2.47 , 65 T,ll 

' J '2.17 2 11 , 2.T' 2.15 ~.:!.6 '1 _ ~ 1 2A8 , 

H i '2 _0D '2. Ii-l 2.2[, 2 25 ~A4 2_32 3_17 3_28 

" l _W 'n;) '1 I '~ 2 J7 2_2S 2_:\D 2.r;7 ~.7q 

~o l _ I-l 217 2 J:; 2_:!.3 2_21 :\(:0 'J -" 
1 

_ . I .) 

"'''-l\-~' ,nt:1 1",,- Hl 1<' 11 1<'\ l ic,m- bclc,n"f'n , nn1 hr lYle', h dcnsiti~s. 

U .4 UETERlVllN INC THE IMPULSE 

;>,0 

, 64 

G_UU 

5_ J ~ 1 

,L3Q 

Z._21 

2 ill 

Tn (Cd",- teo furl,he l' \'''r i~y 6~, '·qllat.ivL <Of dar". ' I, was clocicicd t v C0mp<' r~ ll,~ iml-'uhe 

vi)U;L~d h'c,m I L ~ J IVI, EOS ,i n-nclali c"',,, wir:1 r,hose ')btair, ~d fwm eXI-'~nmtLl"liv,[J_ 

n. '1.1 ORTA ININ(~ THE Il\lPULSE 

T\UI\JEl1ICAL SOLUTION 

1 {T Fdt 
j" 

D1 

Fon THE 

(D I) 
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TaGI .. D:; J\ JJ DPOll\"T PLATE LllST'LACE\TL'H l.1:i INC TilE PE.\' ALTY 

CO-'TL\(T IdFTHun 
~ - ---- -----~- ~~ 

N",,,llPl' of "I"mrm/.s NUlul),,!" of EIl'nll' nt~ al)()ve; tIn; Piau' 

alon8' tlll' nw plat.e; 1 G ~ '" " If 10 1:',1 I -
1 1. 72 ' ~-c ., I 2.17 2.JJ(i ::,liH 2,11 ~,7U -

G Llti , /.HI ::.00 ::u:\ 2,1'/ 2 , ~:4 ) -:' ~'" U 2, G:l 

8 1.S\ IS! 2,il 2.1 (j 2, GCi , 
CD 

, 
4~ 2.7 .. -

'" .. C9 1.9U V3 ~. 24 2.31 2 8·) , 
00 3.28 , , 

" 2. 12 2.02 '2.0, 2. 17 2.37 
, , 17 ,I ric, ;Hi 

" 
2 f7 2.0 I '2.:r, 215 " ~8 

, 51 2. 18 , 
IIi 2.(jJ 2.04 '2. ~~ 'J 'F _ ._ .J 2 ~,) 

, ' " -- , --0) . , ( ~ . ~" 

" 
, 1}9 2-'2:\ '2.12 2. 17 2 . 2~ 2 ,,'l~ 2.h7 2,7\1 

i , 
'20 , 

" ~ .1 7 '2.:)5 22;3 2 21 :\.1111 :!.7: 1 

- l 
20 

-

LG .. , 
, 

(,.99 I 
-

5.2<:) 

U~ 

5. 27 

2 ~'11 

-

n·.c lmlJl!L'<' :n lh .. 2 ,\i:·C": li')Jl is J'ollnd L,' sl!bs: il l! :JJI!, th" I""act;c,n f0],('C 1"",,~"d""I:(!) 

into Eqlla:lu:lil,l: 

AlJAQCS is able lv prmicie -he 1:>01mciary force'S lor :he buu"d",'Y nod", TJ-. e:·ofore 

l;," lu:a: l'C'iH'twn f()n' .. i'; f()lllHI by s'_LnLli,,~ all d the re",:tion force'S oj' l:'lC LOllmial'Y 

"odC'S ;" t he 2 ciiroction' 

(1) T, , - -

,,-he're FB'",M~." "" is the' boundar:-' force of wl!.'1dnry Ilude n in ': l-. e 2 d;:c('~ion , Sllbst:­

lulil,-g ["l!aljoll D,~ llllu E'lualiull D,~ gi\'",,; 

(D.1) 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

Fini te Ele ment Models Loading Co nditio n 

P( r,t) 

.... " '\ 

[

I 

D. cI .2 

Axisymmetry 
::...--

l//, 
Eneastred Boun dary 

rr-.rT' U LSR RRSULT S 

Free Body Di agram 

V<,:: 
p 

> 

P( r,t} : > 

'> Axisym metry 

:::;,. 
/\+-- F c,," " ',C;'f )' 0 

A ~;ra"h of the inuulsc £IS £I f. mr t :cm of I :m~ for bo:h the JWL EOS "HI t h~ m~: lwd 

of f.pplyir.g.'. pr~s"w~ ·" "im' I ', ae~ I , h~ bb ' l, i" s'v~r. ir. FiglLC D , ~ for " la: c '1'5 , 

Th~ ,-",,-, ill ,,I,;,,,,,; of Ih~ t:'''l-'h ." (be to th~ l~ ,-,k uf d"ml'll\'g' ,,, l h~ n",d~l. Th~ :m"d sc 

"'as obrair.od b:: nndi l:~; th~ mo:;mg~ b~twoon "w" penoel s (! = ,'}16, 2 · 661.81'" for :h~ 

E O S'I g i,-in),; £I resul t of ;:; ,5 l\s for t hc cquatior: of "kc~ , U3;l\g th~ nwlhod of '-,ppl,i ng 

£I " rCSD.ere to mod~. t he bLot, an im l-'ul:;c of G, S!l.~" was oV" .in ~d. r\n ~xp~:'lmcnta l 

:mp!. l"" of 7 1:31\" "'''' oV.'.ined r~sl. l l,in s' :r. a diffc: encc ()f ,\9 ,1 X b ~c"'~~J : t,h~ 

~ ((.wt;'m of sene '-nel the cxperimcl:t,al ,'dnc, The m~thod of f.pp l,y ing " 1)('~,'8 l.r~ t o 
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I: 8 ~ 

7 

6 ~ 

"' z5 

( ~ 4 
0 
<l3 -' 
E 

2 , I 
1 / 
o ~~\/---_-

.1 0 'tOOO 2000 3000 4000 

Time (iJ5) 

·1' - Applyirlg pressure] 
- Equation of Sta~ 

5000 6000 7000 

l"igm'u D.2: ImpuLse ObtaillL'] for Diffcrellt il.fethod8 of lIIoJeJliug the Blast. 

bimulate the blast nNIlt~ in 0.4 % JifferE'll<'e from t.he experim<'ntal value "<'rif)ing t he 

method of "aklliating the impui8e. 

It, "m.;t. ill' notcd that, til<' '~l"ati()n of ,tat,,, prm-id,,'S rc"sonai,k di~plll.("'Tr"'nt, protii< .. , 

[1 41 although it Joe; ha\'e" j,emiency to Hnder preJir't th" dioplacement protileb of th" 

capped plates. lIowe\-er the slight ulluer predict ion of I,he Ji8placcmrni. profile", ('an 

Hot expill,iIJ the large diH'Tepan<'y in rhe impulHe bet",(,<,,11 thE' equal,ion of Hlat.e ane! thE' 

L"(pcrime11l,a] WJUC8. All ill('orfL,~ 1 I'WSS>l'" di,lriinllioIl lIlay rc""/I. from [anay EOS 

material propertie'S or Ih0 approximate.] forcE' balauce obtainod using II "COlll.oct to 

contact. int.E'ractiOlI' bctWet'1l the explos ive anJ tilE' plare as opposed to a more corrE'<:'t 

siwek to "ho('k int,eract.ioH. An incorrect pre;o;llre rii~triblltion rinE' 1,0 thE' J\YL F:(JS 

CaIl re><' lli. ill aocepl.abl0 Jispla('0Illml.s 0\"-" I hlH Llih l.h0 impnLse may ]x, 1'oor. II is aim 

possibl .. 1,10,,1. ABAQCS/Expli('it Ill"Y he g),-ing inr'1JITe<1, wadion fnr" " wh .. n t)", F:(JS 

is being '1~'1. 

91 
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D.5 CONCLUSION 

T he JWL equa ,i0n 0f shee is abl" to )(ive acceptabJ" dispiac"ment l'wfiles. \Vhen t he 

JYVL EOS i . being uood , the penally contact md hou should be a]Jl'lied us i l ~i "es a 

mor" cunsistenc solut ion. However, t he implll se measllred ll sing the .I\VL «[u atiun of 

~ late doe. wJt· com]Jare ",,,11 with "xperimentation. lvlu[" work should be undertaken 

to valid" ,e the use of the EOS when a " c()ntad t<J COll t u.r: t" interact ion occurs o etweell 

t he explooive and a plate. 

95 
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Appendix E 

GRAPHS OF THE OPTIMUM 

EXPONENTIAL DECAY 

'rhl" »p:w ",ix con)">",-"" t:w di'pl"':~rujnt l.".,)j-i l~ J tel" nllnc:i,,u mlC cxp"LlL~nLal 

d'L~ "(,r I.:" " ')ph ·", .. lly d~ternin"' ! f'xponent,ja] da""" of the lU L·,tir1lUy d.,[onL~" "I "L~' 

" '3, "1"6 fend 'I',. Tlw opti lrlln ~xp(," "'r·.t;"l rlac"y '0: cach plate' w''''' dHX~jj L,v Ie ' ,­

WI.S jn g t:'" r~~; ,! ,,,~l .' llir d .,,["'il'''" Iwl"'"",,, t h ~ ~ .oKi:nental and llUlll~:':"'al ,~" tu T I, e 

cEs].lla",:ncnt ,):chlc, arc i-W:l lL FiglllCS 1':.1, E .:! and K:;. Tlw .-;di d I ,',e '· ~pl~.'<'nt<" 

!"'c"t Et polyn0n;"llinc foe the cx\-'C'nrr_C'ntal "-,da. 
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" ~----------~--------- • 
o 10 2Q :lO 

P lato R ao;!kJo (rnm) 

FigllTl' Ll: OptimllIJL Disp]m'CIIlCnl Profile for Plal.e Teo (k= l.l), 

• 

, • N<mef""~.rut. 
, • ""~",""'01 0",. 
1- P<>t:( (E"",.".,rot.l Dot;o) 

P lato R,<Iiuo {rnm) 

• 

Fip;llle [; .2: Optimum Displw:t'lnent Profikl for Plate Tfl (k=L1) . 
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~ • Nurt'IGI'b1l R"uh 

" " 

Expeiimeol!il DaII! 
P E _~. 

'------

• 

figure E.3, Opt,iumm Di""IB.n~"'mt, Prohl" for Plat H Ti (k=1.15) . 
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Appendix F 

USER SUBROUTINE VDLOAD 

This is th ~ ll""~ ;\1:r'mt.in~ t.h,,[ app,j"" r.h" bins! p ressure fur the mdL~l-:[ 'd lrJ(" I ~­

It is ('(ir_ f. g1lr~ ( 1 hr pl at~ "-' 0 using fin ~xp(,n"nti"l dccay "f l ,~ . It j.; 1-'1(,g:-"LJ"d in 

l'M c., rn 77. 

, I ' _ \"' '''' i 

L 

do 1m) km = 1 nblo,k 

il l[{)t."JTinl~_lt ~_nDll) t.h ~n 

r.h"l'. 

!J!J 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

'·~_LLe:Iu[l~ Il ln:li;:nDU 

d,,,, 

",I u .. (k",) £,XP( -J. ;:J)4r( nIrCoord.>( kin .11-1.~,)J)()1:) · O_Q33-;-~nO 

"",I d 

cl"" 

,"-Ill c{b" }=o (IT):.) 

end if 

100 C"Onlmut" 

~))( -

100 
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Appendix G 

ABAQUS/EXP LICIT INPUT 

DECKS 

i\h'IY di"t'ecnt innn! dccb WCTC ,,,,,xl fe,,, the dift;, rcnt mesh d~ll"jli ~" aml rue- ~~d; yhtc . . 
Each cmdi t(' cMi,-,'" :,x.j1 llrcd., "q"UM.<, input d,,.;k. 'P,C 'lb.;! VC's'.'l!.jC io al']!lt~d ",i ng 

",WC'j sllLjuuliJj~ VDLUAD ~i \'''n ill A]JlJ~lldjx F. An exam];,!' of a cuals(' mc"h and" 

Ene J",d - rUI l'ht~ TIO;" g i, ' ~n;n e,i" "I-'y",ndix 

C.1 COAHSE MESII EXAJ\lPLE 

lliEA Dll\C 

I'L\'JE -50x(i,EXFLOSIVE l '!xS 

llL 
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E..'ICLUIPED ROn;DARY C01'-·DITIOr. 

. ~ KO IJES Ai\D EL£.I,IE'lT :-> FOR THE· PLATE 

• _\lOOE 

I , 0.0 , 0.0875 

101 ,5.0, -0 0875 

1601 , 5.0 , OJ)S73 

IW I , lUi , OJR75 

• 'lGE1'--,N"SET --BOTTOM 

t, 101 .2 

' )le E1\-.NSET =TOP 

1501.1(;01,'2 

• .'1 FIL.:'IISET= ;\ Pl.:\· rE 

BOTTO.\I.TOP,6,250 

• _\lCEK ,KSlt r =L'lR 

1,150 1.250 

' ;.JGE1\,N"SET= OUTR 

101 .I WI,250 

")lSET,KSET-MD 

1;;1 ,~·ltJ .s.;O 

-SOLID SEC110_'I . ELSET PLAT E, MAT ERJAL= STE fl. 

'102 
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~ ELLIIILt\T: 1 'Y I-' t.: = CAX·lll,J':.LSJ.': l' = I-'L:\TE 

] ],3, 25:J, 251 

HELCK"". m.sE'1'= PLATE 

J ,30 2 ,2 , 6, 250, 2W 

H. The pr"s3nre is applied on ds<.'t, PI. 

~ ELSJ.': r ,ELSET ~ PL. G Et\ERATE 

n'jLnHJ.~ 

~" KODES A'JD ELE\TEt\'1'S FOR THE SLPPOrrr 

*KODt.: 

JUO(lOl, G_O .· 0 2625 

IJ6001,5 _0 n 2625 

lO()OC~i, .'j.525,-02G2G 

11S000 5_525,O_2G25 

~:.JCt.:t\.KSET -HI'JR 

JOO(J()J 118001,1001] 

~KG E'J .\'SET=l-Io vrR 

100006, 11~orJfL1000 

*l\TTT. , KSET =_"" HO LDEl-l 

Hl'JR.HOCTR,51 

~SOL1D SECTION, ET.SET=HOLDE1L\lATEnIAT.=STEE-L 
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· I!.U:)'II!J'T .1TPE ('.\.\ lH F.L'-iF.'1 = 11Q1.DEH 

11)1100 I , I tJIJIJUl.I' IIMl2.1O II ~ 1'1.1I1I<:(L 

• F.f.( : F.:'>' ET. ... IT ..z HI )j.n Ell: 

IOI)O(j 1.5. Ll.l S.I OOO.IUOO 

')lSET, KSET .,. HJOI N.G Eo. ... ERATE 

1 061)01.11 ~')U I 1 ()()() 

' )lSFT.KSET=H ror.CF.Nf.H. ... r f. 

1 \~ illj l. \ l~')I)(U 

'.\JSL T ,KSJ:::T HBOTIQ).I.G E:'<EHATE 

H ):) I)iJ 1 , I, !):) ') I) (' J 

" .... ... , ... ' .. , ................ ... ... 
.. )' !ATF.RTAL l'Hor FnT1F-S 

n . "" ',. ',· .•• , . • " ", . ... ,', •• • , ~ , 

'\IATF.nL\1. N,\\IF=S'ITEL 

'SPJ::CII K HE.~T 

'UEl\SITY 

7-S-lfi 

·~HF.'\ H fAII,I'HF 

~1\Jf.LAS.·1 1(' m:.\T FHACTIO)l 

• ELA "TIC 

I I J j 
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2.1.0.:30 

1.; :'.0.:1.600 

L4G,U.:J,7UO 

I.U9 u .. 1,8oo 

Ul9 I.0.3.900 

I.OUI ,0.:1, I 000 

0.'-"7 ,0, :1, II 00 

· f'LA.STIC 

U_ OUI61,U .U 

(), UU2,U.005,0 

O. (IO ' ·HI ,() , U2 .. ,O 

0.003 .0.047,0 

O. Oo:J.\ (), ns,O 

0.01J.l.,U. 136.U 

U.00_126,0.18.1,0 

U.OQ.l-l4,0.U l .0 

O.UOIHI ,O.:lIJU 

0.OU2 .0. OQ.=,. 200 

0.OO2~9 .0.02.1,200 

OJ)t[!.U.(j.( 7 .200 

u.003::;.0,08,200 

0,UU4,U ,136,'200 
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O. 00-I2I).O. I~I , 200 

0_00-1+1.024 1.200 

0 0001991,0 700 

0.00U22.0.005,700 

U.OUO:''739.0.024,7(10 

0.0003:3.0.0H .700 

0.0003S5,0.08,100 

(/,O U044 ,U, l:lG, i OU 

O . ooO~(i86 , O , 184,i OO 

0.000 188'1,0,24 1 ,700 

0.0000300 '16,0.1 000 

0, (lCOo312 ,0.003, 1 [X)() 

o.uooU-I 133'I.U.U2-1 1OOO 

0.0000 IflS .0.01 i ,10()() 

O.UOOo::.S1 ,OOS.I OOU 

O.()(){l()561 .0.136. 1000 

0.OOOO7U7 16,U 1641000 

OJK)()(17370-l .0.1 11.1 000 

' f(ATF: OF:r F:KD F: r--..,. 

-I0.0f. -6,5.0 

" KITJ AL CON DI T10 N 5, TY PF:,= TEMPE.RATURE 

KPLATt:; ,20.Q 

lOG 
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KHOLDETUO,O 

U BOL'mARY CO"lDiTIOKS 

*1}OU'HJARY 

HO l_'TREKCASTRE 

HTOP,EKCASTRE 

HBOTTOlvfK~CASTRE 

IKRXS'{.\,D.-1 

*r..-1 PC 

TIE,OUTR,HJOL'l 

.. THE STEP COr-,-DlTIOKS 

'R.ESTART , WH.!TE,KUl>mEH L'lTEHVAL=~(),TI.\m )''lARKS=YF~') 

~STEP 

~DYKA)"nc, EXPLlCTT,ADTABATIC 

_00 

xDLOAD 

PL,P:L'll_' ,1,0 

~E'ID STEP 

~STEP.KLG EOM= YES 
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~D '{~'J:AlvIlC. EXPL1ClT .AmABATIC 

.ROO 

tEN D ~TEP 

C.2 FINE MESH EXAMPLE 

~IIEADINC 

Plate TlO V3111~ suP!-,vrt uVlCm!ary conditivJls w,th a m~"h (["mity of 0.04xO.0-J- mm. 

Unih: L"ngth em, mu8~ g, tim~ tis and t~mlwl'fl.llll'~ "C 

.. NODES AND ELE:\IE:'-lTS rOR THE PLATE 

>u*> "'**">~4'»H"'»'H"'»'"'* 

~:\om;; 

1 . O,() , -0 .OS75 

20 0,:.1. -0 ,087,~ 

54 0.6 . -0 0875 

242, .;35, -0 .0875 

'aG , 1 G5, -0.0875 

.t&i , 5,0 , -O.Oi\7G 

11001 , 0.0 , 0,0875 

~020 0;3. O,(J875 

44054 , O,G , 0.0875 

H2,12 , 1.35, 0.0875 

1U8 
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4427G , 1 65, 0,0875 

44486 , 5.0 0.0875 

- NCEK ,KSET '" 1I\'lt 

I, --14001 ,JOOO 

' NGEK,KSET= OVTR 

1!)6 ,HJ86,l OI)() 

YNGE:'l".KSET = 110 

:ro, 4--1020 ,1000 

'NCF,I\ ,1'i"SET =10 

54.44034 ,1 000 

'NG EN.:'l"SET ,=0 1 

212. 1 · I ~N 2 .JUOO 

~I\CR'I~SET=OOJ 

276 ,4 -127~ , WOO 

'I\FIL .:'l"SET = NPLATE 

If\lt,HO,19,1 

• :'ll liIL,..'1SET =/'IPL.-'r.TE 

10,0I,18S1 

' :'I!FIL,NSET=KPLATE 

OOI,OUTR,210,1 

~Kl'-IL,H1A.S ·1.04a65,:'lSET= KPLATE 

110,10,34.1 
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~I\' F 1L J31AS= 0, ~J 5K1 7fi, NSL"r= 1\1' J ,,!l. TE 

OU)OU,l,: 

*SOLlD SECTJO'J, ELSET=PLATE,JI,j ATER1AL=STEEL 

*ELE}'lENT ,TYTE CAXll' ,EL."lET= PLATE 

1, 1, ~ l()()~ 1001 

*ELGEK. ELSET= J-'LATE 

1 ,.. 65 ,1 ,1 ,-H , lUOO , 11)J0 

'ELSET El.~ lo·r=J-'L_GENEBAfE 

4:}()01 ,4:34,';5 ,1 

.. l\onES AI\1) ELEl1EXfS FOR TilE SLJ-'J-'ORT 

*:\' ODE 

l Glj 001_ 5_0 -11 2625 

2:12001. Ci_O, O,2132Ci 

1()()mt,3.iJ25,-O,21325 

2:120;\4, 3.WCi, 0,2132!J 

*:--lGES ,:\'SET HI:--lR 

100001,2:1211111 )01111 

~l\G E:--l,:--lSET =HOLTR 

11100:14,2:120;14,1()()0 
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*'lFll. "JSF.T=NHO LDER 

HINRHUUTIl...3.3.1 

*SOLlD SEC"TlO~\f. E.LSET= IIOLDEl-lJ,IATEHlAL= STEEL 

~ELL\lE.N'l ,TYPE · CAX,lJtELSET = IIOLDEH. 

1(J(jIj(J1 , lOOOOl -_00()12,W_002,-_0- CKII 

*ELCEK .ELSET=H01,DF.R 

l IXi OOI ,:;:;,I,-11:12,101l1l,HKlO 

* ~\fSE1' ,NSET = irl'OP,(:EKETlATE 

:2320UI,'.!32(J:H:_ 

'"SET KSr:T = llll(j'J ,GF:NEHATE 

1001111. ,lIlUln,l, . 

* ~\fSE 1' J\SET HJOI:\l.GENERATE 

1 .. -t00-.18800UOOO 

h ).[ATERl AL PHOPE,H.TlES 

~I\I.Hr:H.lAL K1\:\IE,=S1'EEL 

~SPEClf<lC llEAT 

" ,)2.0F:·e 

'nr:XSlTY 

7,S"() 

~SllEAR FAILCTlE 
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2 0 

' jJ\ELASTIC IIEt\T FR..>\GTIOt\ 

' ELASTIC 

2 , I ,O. ~,O 

I. 7S ,O, ::1,600 

1.-i6, () ,~.70U 

U -t9 ,0 .. 1 ,800 

1.09-1.0.:1,900 

1, ()()l ,U.3, 1 ()()(J 

O.~7 ,0.:1, 11((1 

' P LASTIC 

0.00181.0.0 

0.002,0.005,0 

(J,QO'H90.021.0 

0.003,0,0,17,0 

0.00:.15.0.08,0 

0.001,0.136,0 

0.00426,0.1&1,0 

0,00<144.0 .241,0 

O.OOli! 1 ,0,21]0 

O'(lU2,O.OO5,WO 

0.00249,0.024,200 
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O.OIlJ .V.I).Ij ,:tOO 

0.00:15,0 OS.~ 

Q.OI)' I.O. I36, '-'OO 

0.00426,0. IS·I,200 

0.001<1<1,0."2 11,"200 

0.0001991 ,0.; 00 

0 . 000~l! ,0.00.,) , 100 

O.OOOZ7~~ ,IJ.02 ·1, 7IJO 

0.0003.3 ,O J).!1, 101l 

0.000385 ,0.OiS, 100 

O.(X)044 ,O .l ~G, 70tI 

O.OOCWiS6,0. 18 1,700 

1J.()IJ04iSb4 .IJ. ~4 1,700 

O. OOOO:~()().I!),O, 1 000 

IJ. 01J1)O;1:12.1 J.1J1J5, 1000 

0.0000 11:J3.1.0.()').A , 1 OOU 

0.0000498,0 ~7, 1000 

o.uooa~~i1,O at!,I OOO 

O.OUOOG64 .0.13G,1 000 

OJJOOU707! 6.0. J~ ,I auo 

O.O()()(J1:171J4 ,0. 2·l l.LUOO 

· R,\TE DEPE~DE)JT 
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·IO.OE-fL ;;.0 

'"' I \,ITI.>\ I, CO N DlTIONS. TYP£ = TD I PE/-LH CRE 

Nl-'LAT F..20.0 

.'WO l DER.ZU.O 

•• ·.H . ... . . q · " ' ..•• • . •••• •• H H • • ~~ ~ 

.' P..Ot:NJ)AH.Y CO~I)JT'JOI\:; 

'AOUKIJAH.\" 

TNR,XSY) TlI l 

IlTOP,BNCASTR F. 

llUOT,ENCASTHF. 

HOt"TH .F.:\ICASTRE 

-~WC 

T rF;,OI.;TR,JI JOI /\ 

~ H' • • ••• • • • • ••• • •••• •• , xx"~' 'KKX~*' 

.. T HF: ,)T Cl-' CONDlTIO:-l~ 

"'" ....... . " ..... I. x~H · • • l xxx~H., x 

'RE~TART , \VR!TE./\l1~ IREH. IYI'ERVM.=ZO.TfME MART<S", YCS 

*i>T EP 

• DY::-JAt.nC. EXPLICIT ,ADIABATIC 

,lU 

+DLO,\D 
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pl.J>.1'lr.l.O 

~f,I\"D STEP 

' :;i r E!' 

• D \' I\" ,\ \11 C ,[,;\ PI.! CIT. A DI A SA [ I\.' 

H) 

'E'iD ~rEP 

'~'l'I:p 

~I)YN.\:'{IC LXPLlCll .. AJ) IAUA'I·JC 

IOU 

~I,:-r-: [) <.; T EP 
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Appendix H 

COARSE MESH RESULTS 

ARAQCS simnl"tic,r.s of bc,t.h p""3c i ~"lly dd(jrm~d piute, aui ,,'[,ped phtes wer~ -.ll'­

dHrtnken ,,,ing " "'a'-fie ,,,-,,,h Th" <muktwf. ~"lllper"tllre profi'es of the plat.es n..rc 

pres~nt.ed :" !.I-,ie uPl'er.clix . 

H.I PLASTICALLY DEFORMED PLATES 

Tw t('mpcrah,rc prufiks of t Le pb,ti ~,,11y cl~fOl mood plates '{'5 , '/'6 aLd "1"7 <en." ':lUwn 

ill I'igll[-"" H.l to H.:l using", C'-,"'Be mes:,. L1<." icmjJ.,nlcur~ pn-,Iil~, ar~ at .'1 I "n~ of 

(J,50 I()O "Ld 2UUliS "ft.~r t"~ "tare of l'l~ ,jrnubtio'l0. 

11.2 CAPPED PLAT ES 

'1(,mlJ<."Hltmc DI vfi]<."" uf the ,apped pbte, '/'1 0 , Til. 'I'l~, 1'111 <end 1'13 llsing" c"ar,c 

m",sL ar~ dL0\\'1l in Figur"'3 H.-l to R.i). 'LIe [h_~'_Ll"'" conlai" t~lJ1PH1'utlire pn:,fil..s "I. " 

t. im~ of 0, 30 Qr.d IOU /1.' after tlw ,;t,u'! of th~ "lJl1l],,\ion 
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T'" 0 mlcrooeconds 

T= 50 mlcr0se~or,ds 

T '" 20C' m",""" "", 

VAlliE 

t2.~~E + Ol 

+2.00E + 02 

+3.0 0£ +02 

+ 4 . 0 CE+02 

+5.00E+02 

+ 6 . 00E-<-02 

+'7. GO£+02 

tINFINI':'Y 

Figure H.l Tem]X'nt!.llre Profilps of Plate TG for a Mesh D('tlSily of 1 x O.27S mm. 
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T = 0 :nlcros"Concis 

T = 50 :n1rl,os ~ cond" 

T = 100 mICroseconds 

T = 200 mlrrc.zecond, 

TEMP VI'. LUE 

+2.0 0E +C l 

+2.0 0E +C 2 

+1.cnE +C2 

+4.00E +C2 

+5.00E +C2 

+6.0 0E +C2 

+7.COE+C 2 

+INF I N I':;Y 

Fi~llr~ ILl; Telllpora1ure ProfilC'8 of Plat(' TG for a 11C'Sh DE'11~ity of 1 x (),2(j~ mm 

liS 
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T = 0 m; crosecon", 

T _ ,ij 1<ltcro .econd, 

T = 1 DO m1croseconds 

T = 200 m;crosecoads 

TE1~P VA WE 

+2.00EtOl 

+3. 00E +02 

+4 . 00E+02 

+1i.OOE+02 

+7 . 00E +02 

+INF nrnY 

F igllrp H.3: T<'T11p<'mtnr'> Protih; of Plnt.p T7 for H III""h Om,sity of 1 x 0.328 mm. 

IHl 
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T = 50 mlClo,tconds 

T= 1)0 ml crM~conds 

':: EMP V;'.WE 

+2 . 0 0E+Ol 

+2 .0i1E+0 2 

+3 . 00E + 0 2 

+4 . 0 0E + 0 2 

+ 5 . 00E +02 

+6 . 00E +02 

+7.00E+02 

+INFINII Y 

----_. 

Figllre H.4: Temperature P rofiles of PlaT.e TW for a l\fesh Denbi t.y of 1 x 0.292 lIlTl '-
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'":' = 0 mlrro,e r:: onds 

T = 50 m1croseconds 

-::: - 100 mlrroseconds 

TENP VA T,[JE 

+2 . 0 0E +Ol 

+3.00E + 02 

+4 . 00E + 02 

+S.OOE+0 2 

t6.00EI02 

+-' . OOEt02 

, :::N::INITY 

Figure lUi: 'j'0mlx.,."t.llr{' P rofile>< o[ P bt.{' I'l l for" l\fr"h DemJ i.y o[ I x O.25S mm. 

12 1 
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T = 0 n ,croseconds 

T= 50 m,croseconds 

T ~ 100 ,mcroseconds 

TE1W 

-t2.0 0E -tO l 

t 2.0CE+ 0 2 

-t J.OOE+02 

-t4. 0 0E-t 0 2 

-t5. 00R -t0 2 

-t6.0 0E -t0 2 

. ~ -t7 . OOE -t0 2 

~ - +INFINITY 

~--- .. -.-.-------'========'-I 
Fi~"re IU;: TC'Ulycrat"rC' Profilas of P late '1'12 [or a IIlesl, )'Icusity of 1 x 0.:305 Hun. 
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T", r; n1L croseccnds 

T o; 50 mlcros ~ c"n d, 

T = 100 m1croseconds 

VAL::JE 

+:::: . 00E +01 

+:::.00E +02 

+3 . 00E +02 

+4 . 00E +02 

+ "> . 00E +02 

+ 6 .00E + 02 

.,,4' +7 .00E + 02 

~ n:,F nlIC:Y 

L_. ______ '====='::::::::"J 
Figllff' 1-1.7: Tf'IlJp<'ratllre Profi le; of Pl~l" TlG for " M~sh o"nsity of I x 0.30 mm . 

12.3 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

T = ~O m)~rosecond, 

T - 100 mlcros ec'>llds 

V?_lliE 

+2 .00E +Ol 

+2.00E +02 

+3.00E +02 

+4 .00':;+02 

+~.OOE+0 2 

+6.00E+n 2 

+7. 0 0E +n2 

+ U JF =N =TY 

F igme H.8: T('mp€ratm(' Profiles of Plate T 18 for a :'Ilesh Drnsity of I x U.2S8 mm. 
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Appendix I 

FINE MESH RESULTS 

This appen ,iix "hows t,cmp.oratnrc prufiles of the (,,,,,,,cd pla\.cs TW. rlc, 1'12, TlG 

"lid '1'18 'J8ing a lIJe"h d~nsilY of 0.04 X O_O.J)\lJll 'n Figures 1.1 t,u 1. 5. Jhc fig:lrcs 

rOIllaill IIll..., wh"l~ IL",,(~l l"l1L1Wjutur~ jJjulil~' . n;ll w']Y at the f()j]uwin~ t imes after 

ch~ .;I,act, d -:Chc blast: 

.J.. close-lt jJ ""niu11 of t h~ ,h~ur IJ"11<1 i" gin'Il iIlllIl~diat .. jy b~fuIC frartnr(', All tb. 

pht.,s ~xl.,.,r:~nc., ::"il"j~ ut the locat;,," of CUA>:Ilg and at t,h~, u(,-:nciarv of the thin 

I,Jal'" Failm~ at I,he 1.>01111<13.'), ,/ th~ ('1in plat~s ,mln0t be 50cn ill Figm",o 1.1 to I.e; 

since uu,cmtury failure OCCllr> after SOI_"' ';o.ee F igu:'., ~ _ 8)_ 

125 
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T= 0 mH:ro~ecvnds 

T = \4 mlao..,cond~ 

T = 30 mlaosecon<H 

TEMP VA WE 

-t 2.0 0 E +() 1 

-t2.0 0E t 0 2 

t 3 .()OE -t0 2 

-t1l.O'JEt 0 2 

tS . OOE1" 02 

1" 6 . 00E-+02 

+7 .00E+ 02 

+ rNFINI1 Y 

----- -

l'ig: m(' \ .1, T<'mp"mlllre P,on)"" of Plate Tt() for il Ml~lt !)('jl.i~ "r O.fH x n il'! mm. 
12[; 
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T = Om,croscconds 

T'" IS m,~o. e c on di 

Z OOfll ed Reg, on 

TEMP VA W E 

t2 . 0UEtOl 

... Z . OUE ... 02 

. 3 . 0 0 E-t 0 2 

-t4.00E ... 02 

tS . OOE+0 2 

... 6. 001':+ 02 

f 7 . 00E-t 02 

tI NFINrIY 

Tc'lUp,'ratnrl' I'rOOks of Plal ~ 'I'll for .. .'11..; 1> lkusit." of O.i).j x i) ,H4 IUIH. 
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T = 0 m·.cf o,e("I'.ds 

T = 30 rmcrole rQnris 

I 

I .... 

ZO')fficd Sect~on r ~-, .. -.,-- ----, 
, .,.,-,.. V.~ LUI:: 

- +2 .. 00 1:: .01 

+2 .. 001::11'12 

+3 .. C"O !:: /'") 2 

-+5 .. "O~:+ 02 

+6 .. 00E, 02 

t7 .. 001':+ 02 

+IN?!NIlY 

Figur" 1.:.J: Tcmp'!ttt lln' I'",tikl! (If P ",I,e TJ2 [or a Iliesh D'>ll"ity of 0.0-1 x 0.1) .. 1 1111" . 
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T = 14 rr.ICfose(;ounds 

Zoomed SectIon 

T = 30 mlcr<:>secon<is 

Z<.>omed SeCII(ln 

VAIJJ F. 

t 2 . 001': t 0 1 

t2.0 CE t 02 

t4.001;"I"02 

.. 5. 0 0E .. 02 

+6. 0'OEt02 

t7 . 001! t 02 

+:-NF:NIT¥ 

l'i~llI"C 1.-1 : ·ICm[wrallm.' Pruhl<", or PI,,\(' "JIG for a .'.Iesh I)j'"~il.y of O.fl.1 x IHI.} mm. 
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'r= 0 miCf?!e Condl 

T '" 12 mIcroseconds 

T "'- 30 m!(;t'osecond~ 

TEMP VAlliE 
t2.Cl OEt Ol 

t2.00E <0 2 

-t- 3_ 00E t 02 

t4 . 00E I0 2 

t5.Cl OE+ 0 2 

t 6.00Et 02 

-t-"1 . 00£ . 0 2 

+ INFTNIT Y 

Fho;m'c I.:;; TPWIlI:rMllTC Pro/iI •. t- ,i "' Iak TIS for " ~ 1( >ilj Ootl.,ity "f 1) ,IM x U.l» nmL 

1:10 
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