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Chapter 1

INTRODUCTION

Fxrrene loading situarions, such as Diast loads, oceas [ar mnore [requentiy than peonle
wotld like to believe, Disasters voour due to imsuilicient knowledse of desion parane-
ters. nnexpectad working conditions, actsof pod o1 by sabortage. Tt is imperacive that
designers Jook into the "what if" sitnations and leasn to limit the damage of these

dizazters saving lives and money,

1.1 BACKGROUND

Faplosive inpnlse loading on metal plates resulis in ons of four possibilicies (soo

Section 2.2 for il derailzl:

Farge inelastio deformation.
e Large melastic deforimation with partial tearing.

o Large inelastic deformation with complete Learing resuiting in the formation of

lragments,

e No oo lithie delonmation with complete teuring,






Tac large meastie detormution espounse of thin plates haz beon extenzively weootted
in the literatire. Kmpirics: anc analylical eguacions have been developed to defermine

the deformation profiles of the plates and [ailuve modes have been jdeniified,

However, the subjeet of plate frapmentation due to blast loading iz less establishec.,
Leas work on the energy evaluslion of Lae [ragnenied platles has beer cone, The energy
reqritec o Tews the plates st unkcown allthough i woulc be of grear ail Lo the

estalblizhrment of Traetiice erileria wd corld inprove siructira: codes.

1.2 OBJECTIVES OF THIS THESIS

Tac objeetive ol Lhis thesiz 18 to undertake an crergy nalance wn explosively loacec
plazes and determine the cnerey of tearing. In partiontar Lae [ollowing Herns should Le
acdrossed:

¢ Datermine the velority of the rapped fragments.

Datermire the fracture process wier u fragmenr 1z Zormed,

Lrdertake ar encgy Lalance on the plases.

Determive the amount of crergy required to mase Lhe nlale tewr,

Tirever capcluaions from the sesulls and basze secommendations on the concliziones,

1.3 SCOPE QF THIS THESIS

The seope of this study extends Lo experimental fests of plates suljecled o biast
lozels with the interion of messuring the velacity of the fragments and the suhsequent
madelling of <he platezs. A comparison of the resuils of the aumericul anc experimen-
ta] resiits nmat be mmdertalen. An energy balance of the fraconred plates vousl e

undeortaken with the ains of determining he encrgy of Learing,






1.4

Llis

PLAN OF DEVELOPMENT

Lhesiz has Lhe follesine pian of develgprnent:
{ o T

Lilerarve review - Lhis chapter ronlaing a veview of all the literature thal pertains
ta the stney. The key areas addressed are energy balunees an fractired plates.
blast explosions un cireular plates, modelling blasts, matecial pruperties and work

pertaliing to shear bangs,

Fuperimental data - the method ol nadertaking the cxperimentation and the

subsequent experimental results and obsesvativns are onilined in this chaprer.

Lethod of fizmite clement maceling - the method of modeiling Lhe plales 1z ox-

plained in detail.

Finite element resulls - Lhe resutts and cbhservalions of the finile slemesc mod-

elimmg are proseated m bhis chaster,

Clonelusions - conclusions are drawn rum the experiueata data, nimerical mod-

clilng, the subscguent cacvgy balanee and Lhe [Heraturs ceview.

Recormmmendations - snggested Turthier investigations are presenlec in this sectios.






Chapter 2

LITERATURE REVIEW

A mumber of difforent topics had Lo be reseazched [or this study. The ma'n areas aswe:

o Farly attempts to obtain the sneruy of fgaring,

o Faparimznial Bast work on boolt-in thin cirealar olates.
e Modeling the Llast waves

e Suitable material madels avaiialblo.

o The [oomation and imedellize of shear bands.
2.1 TIIE ENERGY OF THARING

Shen and Jones |1] devised & theoretical analvsis cxamining the plastic response and
lailoe of Tully elarsed olales subjected (o unilorety distriboted mpnls: loads. The
r1zid plastic anzlvels nsed an energy density Zallure ciiterion to vredict failure oL Lhe
support of the plate, The cortelation botween the cxperimental results for a thooretical
critical tmpnlss to mptire was poor, nossibiv beranse the experimental plades were not

tdeally clamiped,






Nurick aned Bryanl (2] investigated fragmersation damage as a vesult of an explosion,
Two sels of explosive tesls wore cartied out on sguare tubing of 100 x 100 mm with
thicknesses i 2 aqd Simni As a result of the blazt, cither the front face of the tube
was delurmed or 1Le resalting frasment vum the front Zace delommead e rear face. In
sorme cages e [rarment was welded on o the Dack face of the tube dus to the aigh

velociby ol the [ragmenl.

An enargy balance of the system was introdneed as:

HI."-.-‘ = HDF -+ HT'F | .'r:'.-'n |j'|]

wlhiere

Ea Total mpid energy due Lo e blast.

e Delormation stram ensrgy of e [ront plate.
Flyp == Fmergv required [or the tearmg of the front plate

Fr = Residnal kinetic enersy of the fragment,

The residual <inetic energy can be fnsther delined s

& H,u,l-(j =y HF + .Ir".-'||';|'|~ [23]

wlhere

F = Deformation strain cnerey of the rear plate,

{ip Tretion energy when the fragment 1z welded to the back face.
= Frnergy required for the teasing of the Lack plate,

Howewer, no attempt was meade to evaluate anv of the waknewrs in Fonations 2.1 and

2.2, The veluciiy of the fragment was never measvred diveclly althuigh the residual

i
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where 1w s Lhe hall widih ol tae sule. All the Impnlzes can be converfed fo dimensian-

_essampilzes nsing Lgnzsion 2.7 and Rgaaton 2.3 can now be writion in comensionless
forma:

resicnsl dimensionless imonlze — tota dinensionless inpslse

Il

(2.5
Corivies] dinsnsionless impnlse
2.2 DBLAST TEXPLOSION ON TTIIN BUILT-IN
CIRCULAR PLATES

e vesponse of Lain wiates suliers Lo varioas blast lonc'ng conditions has been studiod

for 1nany vears. Mankes and Opet |4 defoed shree failuve modes foo beams subject 1o
i pulsive loacs:

Mode f: Larpge inelasiic celorn.alivn.

Merde T Tensite teaning al Lhe edees,

Sode (77 0 Transverae ahear failire af the edecs,

Tae failize modes 2ue alse observed ineireclas plaies anbjected to anifoor blest loads
|5 and [or squane piales |6 . lliewever, when Lhin civenlar plates ave subjecied 1o

leralized blast loads the fullowing additionz] [zi e modes have been fdentificd {scw

Rels 7| and [%]1:

Marde Tie o Larpe inelastio responze wilh hinning i the ceniral area.

Moce 44 = o Partizl tearing i he cerira] area

Moce [le - Complete rearing in the centrat arca.

Mode Tie can resull i Lhe [ormeion ol o single oiveular fragnienl [ron: L he centre of

he vlate under specific luad conditions. Thiz vasnorrenon iz known as copping and

the civewar fragmentl & relerred o as a vap. Uhe fragrmens 1z almosl perfectly civenlar






Table 2 L PRACTURE RESULTS OF THIN CIRCTILAR BULLL-IN PLATES

Plate Lixplosive Dimneter
Thickness 201 Ao A0 rmm
1.6 riry Crpping  Capping and far Capping and /o
a1 Petallinge ! bonmdary toazing  bouneary shearing
2 61nm Capping Capping Cappiog and/or
i Petalling houndary sheazing
3.6mm - Petalling anel i Bongdary
Lonmdary tearing ahiearing

atil Fttie petalling oretrs arcand the fragment edge. The symmetry of the iagnent
miaes rapping an fdeal condition to ana‘yvse the teaing mechanism of plates due to

lalist Toeads,

Clivs Kim Yuen [B] perforrmed an extansive ser s of sxperiments using biit-ln cirendar
plates with a diasrete: of 10Urom and thicsnesses of 1.6, 2.6 and 3.0 mm suojected to
cxplosive loads with diameters of 25, 83 cnd $ibmm. Low letensity blast losds vesulted
in plastic deformation {mode Fard {{e) while larger inpulses resulted in tearing of the
plate fmude 141 'The cxactuature of the mode {1 learing depended oo the plate thick-
ness, sxplosive diameter and the cxplosive mess. 'Uhe failure resnlts arc surmnarized 1o
Table 2._. The LG mm plates resulted in capoing for an exalosive dianeters of 25 mim,
Tior eplssive digrmeters of 33 mn1 and 10 mm the plates copped and/or tore fsheared at
the Lendary, The 206 mn plares capped [or load dizmaters of 23 nom and 33 m. For
Lol disrueters of 40 mm the jrates capped andfor tare fsheaced at the boundars Lazge
impitlaes ofton resu ted in petalling ceonrring instead of capring foe the 1.6 mm sand
2.5 mm plates. The 3.8mim plases did not cap but they were sulvected to a combination

of petalling and for Tatlure ot Lhe Lovnadars,
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2.3 MODELLING EXPLOSIVE BLASTS

Thers are two dilferent methees of mocelime a blast wase using the firite cooment cods:
ABALS  Leplicic,. The st meshod involves modelling the Llast wave as an applies
nresslre over o giver avca [or a given vime The second methaod involves modellivg 1he

explosive 1sing the Junes-Willcns-Tee (JWT couation of state (FROSE

2.3.1 APPLYING PRESSURE T N EL THE:
EXPLOSION

Numerous people have Heed this method far moedeling blasc-loadod plates inending
Bimha 9, Gelmnan |20, Farvow |22 and Grobbelaa "12), Bimha modelled thin eiveulur
clampec plates thas were sibicetec 1o cenzrally nosttioned cslks of cxplosve while Hels

[20] and |LL: applied a uriform pressire to the srmire iate azea.

The basic tlery of the rmadelling s relating the impualse imparted on the snecimen
(which iz measured vn a ballistie serndulim) to 2 wvessure-tince cislribadlion. Tar an

axtsyineliic model, ©he relaliorship = given by Lhe equatzar:

7 / / Pietd Adi 9.0
] W)

whers

Hiriis the nressure of the blast az a furetion of vaciuz v [rom the specimens certre to

Lhe apecimers sdoe B
Ais nhe avew of the soccitnen where Che Dlast wave 19 appliec.
|

s the time the pressure 19 appied to the plate.

The exact natiure of the pressure wave 18 verv complex.  Howsver, it is possible to

approcimate the pressuse distribuizon and ot ain reasuoable firite element sobintioes,
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Bunha 9 approximated the pressure distribution as a constant pressure cver the wea
of the euplusive with an exponential decay over 1he rest of the 2iate, The pressioe

distribrtion is given as:

| Hipy= j.-ﬁj N for i _ HU, (2.10)
Flp)= he k=Rl for By 7

where £y is the presswe magnitude and & s the expocential decay,  Substituting

(f ;le) ot U= K }J (2.11)

renation 210 inte Fguation 2.9 resnlts

: Ii 1

solving for I gives:

f
e 5 O R 2.12)
i (R4 2 {0 k) — (B4 ) 0] -

The time the blast 1s appliod to Lhe plate iz reforred to as Lhe Blast duraticn. The blast

duration 1s appraxiiatod by the Sarn time of the explosive:

L

b R
I,

(2.1}
where thg 15 *he blast doration and 15 is the boa spesd of the explosive,

The walne of the exponential decay was given by the empirical equation:

B 130 — 251& + 044 (ﬁ\ ' Lo the range G5 < & Sl (2L
' i i ) it R i : EAE

)

2.3.2 USING THE EQUATION O STATE

The pse of the JWTL scnation of stave allows the modeling of the exuiosive directly,

The explogsive is modelled by assigned WL equation of state maleria: praperiies fo

0






the clements that represent the sxpussive, The explosive is then detonated ar one ar

ot delonatlion points i the axplosive.

Only teo rcvorts couic be fonnd in the literatre in which the wse of the JWL EOS
wilth AIFACUS Fxplicit has Lean dizonssed. The [rst exanple was in the ABAQUS

Fxplicic Examipla Troblerrs Manual |13] and the second by Grebbelaar | 145
THEOIY O' THE JWL EQUATION OI' STATE

The JWT FOS maodels the pressure generated by the release of chemical enesrgy in an
explosive. The equation can be writtan in tarres of the nitial cnergy per nnit mass,
(L

T 7 Y ! o i
n=2A (l _ Mt j CxXp (—Ri@j | 1 (i — o j CRD L_R‘,‘!I}[JJ + —'{J—_ e

. f iy, 7 S . Hypy & i1

whera A, H, Ay, Ay andw are material constants that mmst be celined, g1z che prossure

arcl g is the exnlosive cansity,

The arrival time of the defonaiion wave, at a pariicular noaterial voint, i detarniined
Ly the distance between the material point and the nearest detonation paint civiced by
the detonation spaed. A burn fraction s then vorrpeted that spreads the detonation

rave over saveral elamients.

EXAMPLE IN THE ABAQUS MANIUTAT,

The exanple in the ABAGUS Lxplicit larple Problers Mamal 53 consisie of mwo
concentric stesl pipes that have the anmilng betwrecn them flled with high oxplosive,
The explusive material is detonatec at for points around the cireun:lerence of the
cvlindder in both a two-dimensional ana three-dinensional model. Tine to the sym-
metry of the vrobicn:, only cne-eighth of the pipe iz modelled. A diagrar of the
{wo-dimensivnal case 13 shaown in Fignre 2.1, The interaction Lelween the exolosive

andd the zteel i throwgh concrmon nodes between the explosive and =teel elerments.

]



o
o Pahepnc P Ir i A =



-

Detonation /S —
Foint E £l ¥

Flane

5 ’reell' Sy mimetry
| Flane

Fisire 2.1: JWL Equation of Staze Example Given in the ADBACQUS Manual,

AS USED BY GROBEEFLAATL

Crobbelaar [11] was able tu nige the equation of state Lo successully msdel the defor-
reation of Radiord's |15] clavped rireolar plates. The explosive was modelled nsing
notmal axigymmetric or 30 continnm: clements that ave then wiven an 1505 material
property. Contact boundary conditions ase then imposed between the explosive oucer
strface and the plate, The BOS s then given a detonation poivt in the middle of

the exnlogive. A diagram of the explosive sctip as nsed by Grohbelaar 12 given in

[“Tgaire 202,

Cirobibelaar establizshed the use of confact with the LS using ABAQUS at the
University of Cape Town. He concluded that the JWT enabled reazonably acerrale
modelling of explusive blasts and climinated the tnesrtainties assoclated with guessing
the pressure time distribution 16 was noted that the method nses & foree based contact
aporithm that treats the cxplusive and material as two dilfcrent sonds 22 onooeed to

a shors-tu-shock interaction that oceurs between a gas and a solid.

1—i
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FCisure 2.4 The WL Equation of Stale as Uszed by Grobbelasr,

2.4 NODELLING THE MATERIAL PROPERTIES

1

Bast loading resulls in exeessive ulastic delormation at high strain rates and high
teemieralures. Materizl mode development and obiaining material proserlies al nigh
strain rales and Lemperatires is 518 an ungoing process in rescarch. 'This section shal
disenss 1he malecial models and e [allare prediction methods that are available [or
reedeling melals al high strain rales m ABAQUS Explicit 168! Two dillerenl naterial

niedels are available Tor modeiling metals, namely:

ETRY e T 1 a oy [} =
o The clessicnl tretal plaslicity model as relerred {oin (16

o The Joknson-Cook plasticity rnocel,

2.1.1 CLASSICAL METAL PLASTICITY

rgsica’ melal plasticity involves obtalning stress-sirain data from uniadal lensile

tests amel ther modifvicg lhe slress [or slraln rate and temperatwes denerdancies if

158






vooparel.

STTEATN HARDENING

1he elastic tegion 18 deseribed by the Young's modudus, However, T the plaztie redion,
Leae skress asel logarubmie wlastie strain dati is required. For an isotropic matenal,
tominal skress-strain dale can Le determined from innacdal teats, This can hen he

convarled to frae siress and logaziinmic wlastic strain by the copations in Ref, 06

i . i Sy oy
£ piaie = W pimrin Ll 8 puarysd ! £ -[],.'
0 T
i fi= Ly 3 S Fiey. iy

A - (2T

WO T 15 The TTue stress, Feaem 15 Lhe nominal siress, Sao0n 05 e ooominal stoain,

gt

4 18 the logatithmic plastie strain and £ iz the Young's modalns,

RATE DEPENDENCI

Az strall Tabe increascs, most metals show aw necrease tnovield stress, This can he an-

Flon ran he need Tk

teved  in tabular form or the Cowoes-Svinouds oo

Cowper-asmonds eoqnation s deliued 6] ax;

._;IJ." ) ! ] ) ) ) )
whoere £ 1z Lie cqnivalent plastic strain rate. opis the stalic stzess and 0 s the dynamie

stress, 0F aped 0oare mateial conatans,
TEMPERATURE DEPENDENCE

Plastic work resnlis in heat generation canging the degradation of material praopertics.
This opfion is rypirally veed inosimiclation of bolc metal formieg |17 Lb aupears that

thiz has vet Lo be applicd o the blast ssnmilation of Lan elzcular plates,

L4






ADAQUS Touphat allows aciabalic sivese snalysis o be peforpmed whee hear 1= men
eratod Iy plastic struia. The -esillicg femperalure rise is then cowmnnted asirg the
siecilie heat of the metal, The Youne's medilus acd fhe Lrue stress - logarilhmic plas
tic strair data can be ertered i Lalnidar Toom for dillerent temoeratines, ABAQUS
wil determtire the exact Young's moduitis and logaritimis plastic strain by Lasarly

nteroolating betweer: tne ralulated valies

2.2 JOHNSON-COOK PLASTICITY MODEL

The Jobnzon-Cook plasticiiy model s oar empiceal eguation that was develaped for
high-strair-rate defarmatior of most metala. In s typically ised 1 adinbatie transicrt

dynamic sinndatiors.

The medel b= mver by the souation;

B '|
- ; Copl | . - ( Ly AL s
3 =els Bael R Gl = [ {1l —8") (2197
: 2l
where
g is tne vield stress et o givern tompecratice and sivain rale,
£/ iz Lae non-dimensions] lemperalie,
A48 O w ard wroare malerial properties.
The nen-dimensional iemperslaze 1= dedned as
f for f Htrrmw-!iw&ui
) H—t, it L i R
II;II = ﬁ-rs,-l- rﬁ:rnr-:-)l1;"11|' FGr ﬂ!.“.‘?ﬂ.—tit‘-‘f:)nll': & Iljl c-: Q'i"."lﬂn'ﬁ Il,z*ju ¢
i fior [l A L

where {12 the curreni malerial temoerature, . 38 the melting temperatiwe of ike
rretal wnd Hropeiriona 18 the transitional remperature at walch A and 2 were cho-
ser, Unlortucalely determining Lhe waterial proverties far the Johazon-Cook poastic-

ity mocel 15 not ar sasy task due to the difficulties of tosting the malerizl aroperliss
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at the high strain rales and temperatures, Most modellers use materials that alveady

hiave had taeir macerial properties publisked in the literatuze,
2.4.3 FAILURE CRITERIA

bov the classical metal plasticity and toae Jolimzon-Cook plasticity madel, bata a shear
anel tensile failure eriterion are available. The chear failure miurdel i based on the walne
ol the equivalent plastic slrain, wlile tac tensise fallure model iz based on the value of
a averostotic prossure stress. Both failire metaods are opplicabile 1o high-stoain-rote

srobilerns,
Shear Tailuge Criteria

The shear failire predicts failure when the damsge parameter excesds nnily. The

damage paramcter s defined as:

e . e . . - _ph . e
where AF s an ineremeont of the cquivalent plastic sloain, {-‘} 12 the eanivalent plastic

failnre atrain and tlic swrnmation iz performed cver all nerements ol Lhe analvsiz

for ke classica] plasticity model Lae equivalent plastic stvain can e given in lalu-
lar furm az & function o the cquivalent plastic strain rate, o dimensionless pressiare-
deviatoric stress ratie, the temperatire and other predefined field varlables. '1le
Joanson-Cook sheas fallure criterin modily the equivalent plastic failure strain with

the following squation:

o
Ty = |:U1«II | dyexp (ﬁfr{EJ-! W el [2 I;rl—i-riﬁl!ﬂ 2.99)
' ¢ e 20 \ ;

16



s A A ke e e menes. o e



wlhere ¢ toody are fallnve parameters associaie] wiih the stress state, the strain raie

anc lemperalove dependenee,

e failed elementa can etther Le delered Ly setling the maierial properiies io seva, oz

Lhe elements will oo’y suppors a cozipressive pressure siess.

Tensile Failire Criteria

The ienzile fatlire eviteria assmmes that failure accurs when the pressure stress becames
more oensise then the speeified hyvdrosiatic ontod stress, The hvdvoslasic culolf stress
can be eigered as a tunction of Somaerative and other predelined fields, The [ailad
elements can elther he removed or suhjented (o various spail models, he cillerens spal)
mrodels Aave the oplions of allowing the covatoric srress components 1o he unafiociee
ot equal to zorw, and The pressure stross may be Hmsilee v she hydrostaiic enioff stress

or mav be requized Lo be o pressive,

2.5 TORMATION AND MODELLING OF SHEAIR
BANDS

Heat generatcd v plastic stzain at high strain rates hes Clzle o oo dime o low (o
rieighbonring regions, resulting in a delormelivn process that iz cssentially aclabazic,
The localized Leal generation and temperainre incrcase resuls in the region being -
jeclec to both stran-hardaning and thermal softening, Consequenlly, 12 the Lhsrmal-
softening rate overcomes the strain-hardening rate, Lhe Now stress will cecrease with
slrain, resulling in o convex siress-strain curve with a mesamum Huw slress separating
ihe Ferdening and softering roeimes. This localization strain wnally manifosts ieel?
in the furm of shear bands, wilh messurved wicths twpically o7 5 — 100 pns anc gtrains
of 3 — 100% [LE]. The vorresponding strain rate in the Zormec shear Danc s cetimated

ta e betwean 10%and 107 ¢ 1, and Lhe fenmperalare rise in the shear Dand I eslinaled

i
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t be several hondred degrees Celeius [L9], The :ethod of failuse ol many metals sus-
jected to Liph strain vates is somctimes atfribated Lo che formation of shesr bands and

they sre venerally corsideved to Le & percussor to [tactire [20] and [21

Adliabatic shesr bands have heer stidied extensively i vecent years, e, [18], 14,
Q21 22, 23], |24], 23], 26]. 27, (28], [29] aad |30]. These shear bands play a
role i1 ciacy diverse areas with high strelr rates such as halistie impact, high-soead
oriziay and shaping, mnachining ard explosive fragineatation. The stndy of shear baads
has beer analyecd primarily exoerimentaly allowieg the dewsiooment of anslyviical
{heories. The main methods nzed to gerevate the shear bands exxoorimentally ineluds:
cxplusively loeded evlinders 24]. high speed machiving tests |27, dy varmic tarsion tests
aud dyuaoric usaet fests [20]0 More recently the probiem has beer analysed nsing

acnericoal sunulation,

Liiek et ol |20] snodel ed the Lnmation of shear bands arder low velocity impact condi-
tioss, The pumneriea] aaalvsis was done v a laile eleinent hydrocods, 3R L, incoroe-
reting the Johoson-Cook constitutive saunbive. Tt was corchided that it was possible
to cruantitetively and realisuically model sdinbatic shear hanuls for & range of materials

(OTCH-Copper, 5-7 1o0l sleel aud tungstec allov).

Zhor ol &l 26 carried oul impact load cxporiments oo ore-cotched plates observing
snaxidii tenperstures o [200°C or approxinstely 90 % of the meltine soint of the
€7 300 steel. High spesd photograshy wes vzed to measire the speed of the shear
bards fiving a maxinmm ve ocity of 1200 ms™ ' Brbsequert fnite clement aralyvsis [31)
showed good apreeeat with the cxperimental work 10 all areas - nanely femoeracare
ficleds, shear band width ard shear Land prosagation speed. The pumerical analvsis
Lacluded temperature depecdent materizl provecties acd a strain based damepe [ail
ure snode:, Oree an clement fails, it is madelled ag 2 viscous fuid. The wse of the
coustitutive mnodel [or material based Inside the shear bard is motivated Ly the ma-
feriele’ ability Lo sustain pressuve, by the contirmed dissination threuph delormacion
ane [victiovel [orees zad by the high temperatore values oleerved in the experiments.

Unfortinately, mesh dens'ty deca’ls wers ol given.

Pastor et al.[23] investizated the elleet of mesh density and mesh alisnmeat un the

#







lorznanion of shear bands, They vonclided that caponrsing shear bands »equires a mmesh
size srnal. enongn to provide the vequired resolnticer. Wider elements cesult 1n the shear
Lcnids Leing diflised over several elerpents widlhs cesalting in dnetile bebaions while
frrchier mesh refinercent will result in the shiwar band width approaching zere. The
rhoice of elemens plays a ecritical vole as Jocking, puor berding pecforinanice ar poor
Leavionr nnder onasi sochiorie ronditions: decrease the band definivion and ranse a
atiffer behaviour. Lhe alignreert of 3 (it order!. 6 (serond order) and 15 [third
ocder) noded tDanguiaz elements were investigaled sesuiting in dillerent so_utiomns Tor
dillerent mesh cigmrent, Thangalar elements of nich order, such as the coblie sivain
triangle are much less inlluenced ov mesh alignnient than lower ordes ronstant strain
trimnges. However, the Lest deli-dfion and aceurary with whirhl the shear Land is
contputed, 1 lor second order elements  vroviding Lite Lriangle sides are comverienily
aligmed Tolluwing the siear band, The use of adaplive remeshing was nvaposed wheve
the mesh world e progressively refed in the region of the shear band unlil the mesh

dengity reached 173 the width of the known shear band.

Viious aralytiral rmodel hove Leen developed to simmiace the formation and spacing of
sheur Lands by varfovs seasarchears e |21 L |23 and 28] Wang [20] investigates vations
rstaldalivies inomecads incliding sheae bands Tooorder 1o provens mesh depeadenee, the
nze of two characteristic material lenglh scales were wsed 7 Lhe evolution of the shear
baad. The Gt leng b seale depesids on both she viseosity pararceter and the softening
Snavdeningg sarameter. The secomnd leno b aeals s ntrodaced by conpling secund-orac
A RR3k bal gr:w]icm_:; Lia | e j,-'iel:_'f surfare. Nwsnerival asalysi= with the mode] showed that

the width of the shear bhand 1z dominated by the lavger of the two lenglh scales.






Chapter 3

EXPERIMENTAL DATA

Althuagh experimental work has Lesn undertasen om eivensar owll-n plades sulcected
tor lovalizec IMast londs 7| and ¥, the velseity of Ll Tragaent has nol been measurec
Fxperimental tests were nmeertaken weth the atne of detenc'ning the fragraent welovity,
Lhe critical fmpilse to carse capping anc oblaiming vneapped specireens 1o calibrate
e numerical rodel. This chaprer explains the cxperimental procedure and Lhen

comments on tas rewalts of the sxperimentation.

3.1 EXPERIMENTAL PROCEDURE

The method of creating an nipidsive load 1ising plastic explosive and the rressironeni

of Lhe irapilse is the soone as used by Radlord 15

A ceseription of tac method of eresting the blast followed by a delailad deseriplion of

the apperatus nzed diring the experimentation will De given i this section.






A st of The spparatnz used durtng che experiznentanion 13 Hated beiow:

o |e test apecimens.
s he oaliiztie sendulim.,

o The volocitv-meoasiring devics,

3.1.1 METHOD OF CREATING THE BLAST

The plates were centrally luaded nzing plastic expiosive (PELL U'le explosive wag
sprend eveniy over 4 diameter of 25mm on to the centre of a polvstvrene pad. A
detonator, with ame aracn of explosive, was then attached seroendioular to the eeplre
of the explocive disk. The polystyrene ad aas o discnerer of 10U ain and o vhickness
ol 14 nux. It was Lhen eitached to the centre of Lhe blast specinen. A diagrasm of Lhe
explosive loadize 18 saown n Figire 2.0 The polvsiyrene prevents spallazior of the

fost BeeeImcIL.
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Fignre 3.1 The Fyplosive Setnp.






3.1.2 TUE TEST PLATES

The built-ia test plates are Lhe same as nsed by Clnng Kine Yuen [8], Lhey are nhade
froen v 200 e aile stesl squace woate with a thickness of 20mm Lhatl kave 100 mm
disks mmehinesd oul wf gither side of the Llate leaving a cirenlar region with a thickness
of abont Lamm, The specimens ave her hest treatec to o iove the intomal stress
caled by the meachining precess. The plates are fastenece un to 2 balliztie pendaluam
Ly wnesis of [uce belts, A diagrem of the plate s shown in Fionee 3.2 Lo orcer ta take
into accounl Lhe veviazic thickness of the plate, the thickness of the eirenlar zcerion

was ineasursc at dillerent places anad the svorage thickness recorded.

- 200 mm - - «—20 mm
in 125 mm: —[
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Fipure 3.2 Test Spcoimen Lnsnsions.






3.1.3 THE BALLISTIC PENDULUM

The La’listie perduwmn s used Lo measure Lhe fmoclse of cthe explosive blast on the

tesr specimen. The neranlim hangs [tom the celling by four wize rope: as scen in

Figire 3.3 A pen that iz attacked to the back of the veadilam recaoras the cseillation

arrplitades of the veaduhinm. Belfore each Llast the pendulzm must be basarced so

that the cenlroid of the pendulum is in the midale of the four wires by Lhe nse of

ralancing masses. Thc tonsion in the wires most e oven anc are adjnsled by Lhe use

of adjnstable sorews. Thiz is to enswre a ronstand straight swing thao car be nzed

Lo measure Lhe impuise of ke biast from the oscillation amplindes. The metliod of

determining the ‘munlse 18 explaired n Appendix A
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3.1.4 THE VELOCITY MEASURING DLEVICE

A velocitv-measuring device using & system of wives, sirmilar o that sed by Nurick
snd Shave &', is uwsed Lo weasire the speed of any fragnent that mas rezult from
zn oexplosive test, The devies can be seen in Phome 3.0 It conzlats of four slecl
wites that ave spoced 30200 apart e the path of the fragment. A 12 volt cuvrene
1= prassed throngh each of the wires. When the ragment bresss o wive, the voltzge
i the wire drops to zero. The voltage time history ol al ‘oo wirves s recorded on
an oscllosrope eralling the agmert displaccment lime istoey oo be verorded. The
firagments velocity in the direction of the wives is caleulsted frarn the gradient of a hest
fit "o throngh the fragments displarenent-tinie graph, The trajectory of the fragment
15 recorded when the fragment hits a thin plate that plastically deforsns marking the
path 67 che faemaent. The total ragment velocity ean thor be calrulated nsing the

Tea cinent trajentory,

Lt shoulel b noted that the velority-measiring device s aot glle to measiue any possi-
Lle rotationsl veloeioy the fragment may haae, Fonr wites have Leen nsed to deternnne

the consisteroy of the system,

3.2 EXPERIMENTAIL RESULTS

A series of cxplosions were nndertaken for 1.6 mm plates subjecred to plastic explosive.
The explesive rosults targed o plastic deformation to scvere cotastrophic failure.
Uhe experimental vesnles are giver it Appendix B, Seene of the plates were snl’ected
to severe plastic deformation {see Ticures 3.3 and 3.6), while lavger impulses resulted
i cappitg (zee Figure 371 and ever lavgor immpulses resulted in ratastrophic failure of

the conbral rowion,






Fiswe 340 A Diasram of the Velocity Measwing Device,

3.2.1 TFRAGMENT VELOCITY

A totzl of eleven tests were undartaleen whare the plate was subjocted to the capping
phenormenon.  The wire velority ricasiring device was used fur seven b these rests.
rezulting io [ve velucity readings sioes the fragment missed the wires on two vccasions.
The displacement time grawa of the fragments as recordedd by the velucity mieasiring
device 15 given n Fipure 3.8, Appendix O contains the raw datu. The cap velocity
s prven by the wradient of the best e finear line tarongh the data points. The high
curtclation coeflicients of the bost Ar iines pives a hign sense of confidence that the

syvstern works consistently. The recorded rap velocitios are given in Table 3.1, Thae

=






Figure 3.5: A Top View of a Plastically Deformed Plate,

Figure 3.6: Obligue View of a Plastically Deformed Plate.
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Figure 3.7: A Top View of a Capped Tlate.

fragment velocity was recorded st a maximum of 403 ms™' and a minimnm of 282
ms !, The fragment diameter, determined by o mass balance, varied from 8.0 to 9.6
min.

3.2.2 THE CRITICAL IMPULSE THAT RESULTS IN
FRACTURE

A list of the method of fracture i inereasmg dimensionless impulse is given in Ta-
ble 3.2, The dimensionless impulse tor cirenlar plates is given by Equation 2.5 and
the constants nsed for the equation are F=0.05m, B;=0.0125 1, p=7%00keg/ /" and
7p=200 MPa. The largest dimenswonless impidse not to resubt in fracture is 35.2 and the
largest dimensionless jmpilse not to result in capping it 398 Between the two men-
tiemed dimensionless impulses, one capped plate, one slightly fractured plate and one

plastically defermed plate occurred. Test T'14, subjected to o dimensionless tmpulse

a7
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Figure 3.8: Fragment Posilion Timne History

Tuble 3.1 EXPERIMENTALLY MEASURED PFRAGMENT VELOCITIES

Platce H‘agrﬁent. Fragment Correlation
Test Na : TIinpulse : - :
Thickness Diamcter Velocity Coefficient
(mnan) (N5} {rn) (ma/ 5)
P10 L7 44 9.3 w51 | o993
Til 1.5a 545 9.6 4332 (h, LR
Ti2 1.8:3 LIL&5E Rl 3.2 (LO0s2
T'iG 1.# i L1, 9.4 2825 WRALE
Ti8 Lire 11.94 03 4'[_]2.ﬁ | U,QHHE'!___ B
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of 34.7, (see Figure 3.9) resulted in extensive tearing af, the locatlon of cap forma-
tion almost resulting in the formation of a cap, Owerall one can conclude thar the

dimensionless eritical iuplse ocewurs o Lhe region of 44 - A0,

Figire 3% 806 % Tearing in the Hegiom of Capping.

3.2.3  OBSERVATION ABOUT THE FRACTURE SURFACE

Closer exarmination of the fractured surface resulted in observing a shicared surface at
angles of cither 45° or 135 ° relative to the midplane of the deformed plate (see Fignre
3100, This angle can be constant for most of the cap at an angle of either 457 (see
Figure 3.11) or 135 ° {see Fignre 3.12) or it can be at cithor angle for different. segments
in a ragdom manner [see [igures 310 and 3.13). I appears a5 though the angle

of fracture may be aftected by the microstrneture of the spectiuen in the immediate

vicinity of the cap.
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lable 3.2: FRACTURE RESULTS OF TIIE EXPERIMENTAL TES1S

Test No Dimensionless Tmpulse | Fracture Details

T4
17
i i
16
T14
113
T16
714
119
19
P10
e
121
i
| ‘720
T11
117
TI8
149
|71

N-s/m?

{363
26,4
10,9
1.1
44,7
45,2
49,1
49.3
49.8
40,0
12
118
C 43

13.2
i 449
43
16,7
8.1
548
| 63.]

e fracture
tvo fractinre
Mo fractice
No fractie
Ianging {Figue 3.17)
Mo fractiore

allshl [actire

Capypaed

Mo fractine

. Capped
| Capped
{lapped
Capped i
Capped
Capped
Cappec
Cappec
! Cappec
; Capped

P=ralling

il






Figurc 3.11: A Plate with an Angle of Fracture Mainly of 45°,
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Chapter 4

METHOD OF FINITE ELEMENT
MODELLING

This section is intended to mtrodiice the readeor to thie [nite element mathod and to
explair the meathod of mode ng plates snbjected to a blasl load csiage linite slements.

The vesiiits of the fintte element models are presented in Chanler b

4.1 FINITE FLEMENT ANALYSIS PROCEDURE

The finite elemant package nsed is ABAQUS /Explicil whichk s well suited to solving
non-irear high-speed dynamic events, The code wses an expuicit thne integratios
seheine, wilh a cenlral dillerence mile, o infegrate the cquations of melion naing the
kincmaric conditioms at one Cierement o coaleclale kinematic conditions at Lhe sext
ineremment. The state of 1he mosde] is adwnced chroagh an increment o Ling based on
the state of the model al the slarl of Lhe increment. At the slart of each Increment

Lhe pregramn sooves dymamic equilivsiam [or the eguabion:

Mip= P | [d.1)

A%






where A is the mass matiix, @ is the nodel accelerations, 2 s the exteraal applied

forees ard { ‘s the ictorma. element forees.
The stable 1ine Tinut is based on the highes* frequerncey ic the svsiem, and Losed on
an clemoent-lov-element estinate 13 can be approximsled s

; £, e
"l""f'.ul'uil!-_- =i P le'
where L5 18 the elemenl lenath snd op in Lhe wave speed of the malerial,

ABAQUS /Faplic®t chacses *he Hime incroment ta be as close ag possible Lo the stability
lirit aulomarieally. For thin cirenlar nlares subjected fo Llas! loading, local stabilities
form al the loaded edaes and the stable time i very sned resulting o mmany levarions

i aach sirmmestion,

1.2 FINITE ELEMENT MODTEL GEOMETRY

This section will deseribe he bosrdory eondifiors and clements wsed Lo corstracl the

radel,

4.2.1 NMODEL SYMMETRY

Ax axisyrmine! ric model was nsed sinee the explosive and bhie Lo plate are civenlar and
lLinve ‘he zmne centre line. This ‘s preferable bocanze 1 requives the least rrmber of cl-
emerts and will vesall in Lhe smatlest pormontational v *imes, (1o ABAGQUS fFoxnlicit
32, the romputatioral cost 1= directly proporticnal Lo the murber of degrees of freedum

in the =nodel and Lhe smallest alement, s°ze.)
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4.2.2 ELEMENTS USED

s o the desived accnracy of the modsals it was dericec to nss solid clemnents to maode.

the nlates insmaad of shell clemmenia. The elemenis need were;

CAXA

Ar axisvoimstric fonr nocad ilinear elemens with redneed integration and housglass

contzol {see IMgure 4,17

i S
/- CAX4R
)'-/- .'I
s ) ]
L 1 s — L ] 2

Iieare 4.1; Schematic of o CAXIR Flement.

CIAXRD

An axisvmmesric thoee noded Pncor element {see Tigere 4.210 This clement was only

nase Tor mesh refincmeont cowe to the fart that the elemenr has constas strain.

The esnent densiny varied greatly depending on she mocel, from the largest slement
sige of 1 x 020 mm to the smallest clemens size or 0,02 x 0.02mm. Mesh rehzement
wag csed extensively whan fine meshas were used to allow for snanageable rin fimes.

At 1o puint did the elerment asper® ratin excecc four,






Firnmure 1.2: Scherradie of a CAXS Flement.

4.2.3 BOUNDARY CONDITIONS

The pates modelled are thin civenlar-hnili-in plades as described in Section 3.1.2. Two

cdifferens methocs were atfeipled Lo model the bilt-in bonndary coneitions;

Fncastre Boundary Condiltion

The boundary coadition involves ezicastring the noces along he bnilt-in edge as shown
in Figwe 4.3. The boundary concition assumes ~har no displacement vccurs along the
bucll-iz edge. This is anapproximation thal -eciires zhe noininum amount of elements

vesuliing in Lthe quickest compiter raa times.

Line of Axisymemetry

i f,/ Encastre Boundary Conditicn

Figure 4.3: Eneastiec Bouncary Condifiens.
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Madelling the Support.

Fhis boundary condition vequires modalling the hicker pozt of the plate ag ehown in
Figraee 440 Towas decided Lt et compromize besween acevracy acd masapgeable
cutouler run Limes was o seppor! with a widshe and heigas of three times 1he place
‘Rickpess, The adpges of the support, swere ther encastred. This method allows Lhe plate
benndary nodes co mwve and shonld provide a better solution. Maodelling the support
resnlts in & 212 % jucrease in computativosl st oime eaonpared te the ercastred

boundary condition i a unifornm mesa is used 15:00ghonz che pwdel.

Line of Axisymmetry

R

S : diti J .I
/; Encasire Boutdary Conditior T

Figure 140 Modelicy the Suppors,

4.3 MATERIAL PROPERTIES

The classicad neezal nlasticity materiol madel as discussed in Seczion 2,41 was used. The
matenial model incorporated vield hardening, strain 1ate ard Lemrperature dependence.

A strain based shear failure/ predictor was also used.

ar






1.3.1 YIELD HARDENING

Engineering stress strain curves were abtainec from standarc tensile teste and were
ronverted Tnto ensineering statlc stress strain enrves by Iiquation 2,18, The enginesring
static stress strain ensves were then converfed info true static stress and logaritaimic
plastic strain aceording to BEguations 2,16 and 2,17, A graph ol thie true steess and

logaritkinie plastic strain is given o [Ngure 4.5.

FA=A)

Il
v

Tz Al e
=]
I
=

(LE+00 TONE- 1.00E-1 watE-m 200220 2aCE-M

Loganthmic Mostic Steain (%)

Fiprire 4.5 Tore Sireas and Logarthmic Plasiie Strain,

4.3.2 STRAIN RATE

Strain nardening is incorporated nsing the Cowper-Symonds equation (see Fouation
= 5 7 . ¥ Iy 3 £ — | £ B ;
2181, Tae conmmony accepted valnes fisr etec] [J-.ij of F3 o= d0de™" and v = & were
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4.3.3 TEMPERATURLE DEPENDENCE

Temperature dependent marerinl properties were incorporated in e second jealerizl
model nsing the tabnlar form as deseiibed 1 Section 2401 The mateninl prapent es
were obtaimed lrom Masa et al|1T]. 'The temperature effect tm Yunung's modnlus and

The yield siress are given n Equations 1.3 and <.1:

Fo= 20010 - 583400 7 for T < 600 'C (13
o= 80 10T — L0 970 1P for 60070 < R 1.00°C 4
Iy fl fiar T =200750

oy i =1 —DGULTS(T — 2001 Afopr 200°C < T < TUU°C (-14]

i Tpe = U133 — (LOBO3AE(T — T00) far FOOTC < < K C

where a, 15 the ternperature dependent sratic yield stress and o, the static vield stress
at the 1eforence temperatine of the tensile test. 'Uhe vesults are shown in Figures 4.0
anc 1.7, The Young's modulis is subjerted tu a greduel linear decrease from o valne
of 200 GPa at room femperatnre to 173 GPa at 6007C. It 15 then sub’edted ta a
anadiatic decay sesulting i a walie of 979 GPa an 1100 The vield stress 1s allected
to a groater extent then the Yonng's mochilus by temperature. The yield steess rernains
comstant uniil 200°C where 14 s suliject o a steep decay resulting i 11 % of the room
temperatiure vield stress at TOH°C Ar LN TC the vield stress s reduced o 2 7 of
ite initial reom temperature valne A temperature increase of only 280 7°C frarm 200°C
wili resiit in a yield stress decay of 50 4. A comparisan of the femrperature eftect an

the nurmal:sed Yonung's Modulis and the normalised yicid stress is given in Figure 4.5

(Other vonstants vequired are the density and the speafic heat, with commonly used
valies |31] of 7500 u/m? and 452 T/ke 1O 1t was assutuec Lhat Lhe density and specific

heat dues not change with femoperature 134

Tnzernal heat 1z genevated throngh the dissipation of plastic wark, For this stndy in s

assumed shat 90 % of (e piostic work iz converied 1o heat. It iz assumed that the

e






rrcrde] 12 adialatie due to the very short dicration of tae blast (2 ps; and 122 subsequent
deforinacion (150 ps) allowing very litze Lear to be dizsipated frum tac deformalion

11,

STRATN BASED SHEALR FAILURE CRITERIA

A shear [wilere evitevion was nsed for most of the numerical simalations. Thae failure
criterion is based on the fact that whenever the plastic strain in the e eiient execeded a
specific valne, the & ement was considered to have {ailed, This slement is ther remaoved
from the model by makirg all of the element’s malerial properties equal fo zere, The

metod is deserihed in Section 2.4.3.

1.4 MODELLING TITE BLAST

Iritially the blast was modelled nsing bolh the equation of statc method and by op
poving o pressure distribotion. Howsver, the JWIL MNonalion of state was not nsed

[y catise:

» Very fine meshes having manv clements were often nsed vesulting in long run
times (£12 hones], The addicon of Lae contact bonrdary eonclition belween Lhe

explosive and plate woold nave mads the n Limes even longer

s 1Tz nupnlee obtained when the WL Eqnation of slale swas nsed did nor compare
[avourably to sxpecimantal values despite the {act Lhat e displacement prolile
ot the plates were aceeplable, The JWL Egualion ol stare model and the resulis

are piver in Appendix T

All the subsequent modellitg vscd the metaod of applyizg the pressure to the plaie to

mda]l the Tlast,
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Pigure 4.8: Effect of Temporatire on the Youns's Modulus and Yicld Stress,

4.4.1 PRESSURE DISTRIBUTION USED

T'he pressure distribudion nsed s the one defined by Bimha 9 where the pressure is
copnstant over the ares of the explosive and decayvs exponentially over the rest of the
plate. The pressire derails are deseribed by the egnations:

F{T} = 'r'l r“ll L f.‘:' -”*f'l amd 0 ;: t {- tﬂias! Duralom

(1.5]
Plry= ij-’_mf_ﬂ‘” for To<r <R ared O< < Lptast Duratien

where &, is the pressure magnionde, k is the cirpineal exponenrial decay. r is the radius
fromn Lhe plate contre and £ is the time alter Lthe start of the blase.

The approximaie valiue of the blast duration s given by Equarion 2.13 amd is determined

to be 1786 ps. Siutations nsing ditferent values for the blast doration were undertaken
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from | to 20 ps) providing similar resclts, A blast deration of 2.0 us was nzed for the

munerical modelling,
4.4.2 DETERMINING THE EXPONENTTAL DECAY

The aumerieal and expeorimental displacemens profiles of thice plastically defurmed
ulates wore comparcd for diffccent exnonential derayv values. The best cxperimenzal
decay consrant “ur each plate was chosen by mirimizing the vestdual surn of sgaares ¢
between Lhe experimental srd numerical displacoment proliles at cine everly spaced
wuintz along Lhe radins of the plate. The formnla uzed to detcrmines the residual zum

of sguares i=:

n

e ; L ~ Vol ety & 5

L ; '\'lyEuwcr:mr-_ntm_: ‘ﬂ.",n"n’uT-'.'.'_-.rf,-:a.!._. [ [1.6]
=

where w1z the rumber oF points, Alpeperimenta; 18 the experimental displacement at a

rading of mp and Ay umerican 13 1he numerical displacement at a radivs of v,

T'he cesds of Lae optimum cxponential decay ave giver ic Table 4.1, end a comparison
uf the rumerical and expenimental displacomens prodies car ve sesn in Appendix B
The valne of the expanential decay was then ‘ound oy averaging she three opiimum
decuys giving a velie of 1.2, This compares to & value of 134 obtained using Equation
214 as defined by Biba (9. A Grash of the pressure distribution is geer in Figure
4.9, Unly one experimental decay value is recnired #nce all the capped plates were
Llasted with the same explosive radil and have similar explosive masses, The presswe
distriorsion is applicd to the finite element moedel using a vser subrowiize VEILOAT
prograrmed in Fortran 77, An cxample of the VDLOAD subrontine nsed Jor plate 1710

i3 giver ‘n Appendix P
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Talle L L QP UIMESED EXPONENTIAL DECAY

Test Mo

Plate Thickness

(1)

Faxplosive Mass

i)

(N

Impulse

Optitmnm 3
Exjpronential

Decay

o

i
G i
7% LAY 39 7% 1.15
T LE&]L h f f.66 3
i 1.97 4.5 = 115
i GRS i
i
1
I".__ |
3 \
T \
5 L
e
3
l‘H."""-u._\_\_
a r : | SEEes
| C & 10 15 20 2 k1N a5 A3 ah e

Fagil us eare Lhe Frale e tsr fmm)

Fignre 4.9 Pressuve Distribntion necd to Alodel the Capned Plares.
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Chapter 5

FINITE ELEMENT RESULTS

This aection areserss the reanlts arc ciscussions of the [nite elemes s sirenlations. Tae
forlowing main boplcs are presented:

o Uac mumerical results and observations for both the fise and coarse meshes.

o Possible reasons [or the mmesh dependency.

o Method of plate rartuce.

o Ar encrpy balarce on the minerical model,
51 PLATE MODELLING USING A COARSE MESIH

The stiiaticns preserted i this sertions have a nriform mesh using &0 = 6 elements in
the plate restltine ir a mesh density of appraxiznateiy 1.0 x 0267 e The mealetial
properties inclade Lemperature dependenre. An examule of an ABAQUS fnont deck
lor plate T10 i presented ir. Appendiz G, Temperature profiles of the sirmulated plates

ave given 12 Appencix H.
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5.1 UNCATPPLED PLATES

Three tnespped plases were madelled. A deformalion and temperature plot of plate 7
13 wiven in Fignre 5.1, Temnperature vises are seen a7 Lhe confre of the plate and az the
bonndary of the thin parl of Lhe plale. The Lemperatirs tise az the comee of the plate
slarks al o empersiure of below 2007C oL 25 gs and reaches a cemperature above 300 °C
at s, The reglons temperature increase slows down, Znally seeching o wmexinm
temperature of TO0°C at 8 time of L5 s A no potns did Lhe tanperature dependence
resilt in o saflicienly lavge cempeomluzes o sbzains Lhronslh che sehole chickpess of the
plate indicoting Lhat [aclure would oceur for any of zhe three ancapped plazes chat

were mnodeled (75, 76 and 7).

5.1.2 CAPPED PLATES

Subsequently. plates which were sihjected Lo The rapping bekavious were modeled.
Iignre 5.2 shows the Temperature and displocemen. resu't for plate 1700 The zsiranla-

tion is snblected to severe temperaznre rizes at three differen: loeszslions

o Tlhe region of can fracnre.
e Tle cermre of ~he plate.

e The boundary of —he <hin part of <he plate,

The moss gsevere tomperatnre 1ise i in sthe vegion of czp fruclare, This 1s shown in
Figure 3.4, AL atime of aboul 40 ps, asemperelure band with o width of thres elements
forms throngh the thickness of the nlate. As she simulation progresses, Lhe temperalinse
uf the baned berowess holier, 1he clements undesgu extensive elongation in the radial
diveciion and severe necking oceurs. The element elongalion exceeds realislic strains
el o Lime of 100 s the slraln exceeds 300 %) Indicsting that failure will ocenr wilhin

e nervow hand.
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Figure 5.1: Whole Model Displacement and Temperaid ure Profiles of an Uneapped Plate
Using a Coarse Mesh (1 x 0.2892mm}. -






Tl reuson [or 1be severe slemernl elonpition van be aseribed to the effects of the tem-
perase deperdent matesial proverties. At a particilar :ocalized point, a sliglily lazden
amonal ol slrain occars compared 1o the surroupding arcas, This resulls in grealer
adiahatic heating due to the lazge ameunt of plastic work resulling jn the weakering of
the malerial proverties doe o 1le Dise o Lemperature. The weakening matezial pron-
erties resitit n oever larger strairs aned highor temperatuzes aeul worsalistic elegzation
oreurs. The inercase in temperatiee offsets the sizale haedesing that vsvally oro

with larpe sirains.

The boedary ul the plate exoerierces tenperature localizution {see Figure 3.4). The
Loundary temperature localization occurs after the localization jr the repion of can
[varture and the exceossive clongation, as scen 10 Lhe rezion of the cap. 18 not seen,
Termperatine localizetion al Lhe centre of the piate orers between 40 aned 60 ps, The
soralization does not oceur throigh the entive thickiess: of Lhe plate and dees rot rezull

‘nexrcessive ternporatiares or strain, No appreciable lemperatuze tise coours afrer GU ps.

The strains thal oveuar in 1he necked zegion roach smrealistic values cue to thormal
softering indicating that fracture would ormw at sume puct, In ovder to determine
the time ol [ractuze, the fragnient radive and fragment velovily, a failore eritoria with
a failure strain of 200 % was imposed on Lhe modet, The 200 % failure surain used
the model was a chosen pamber Llat epznres failwe after extensive adishatic heating
i1 Lhe weralized regiarn. The reanlts of the capped nwwlel simlatiors ave showr in

Table 3.1

A parametsic study with the aim of determining the erifica: impalse [or compiete
fractiime throughenl 1he 1 bdckness of vhe plate was uneertaken. Plate 70 was suljected
to varvicg imoulses agd iL was fourd that fracture throughout the thickuaess of e
plate acourted  Lelwsen Lhe frooalse of 236N 5 and 585N s . This results in a critical
dimensiogless imprlse hetween 33 aned 35,1 wlich comuazes well with an experimental

critical dimensioniess impalse of 34 - 4} [see Section 3.2.21.

The gumerical caw velorities pradicled Ly 1he nee of the simple [alluse strains compare

frvanrably with the experimental valves From tle simolation reznlts, 1n apoears as
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Iigure 5.2: Whaole Model Displacement and Temperature Proliles of a Capped DPlate
Using a Cosarse Mesh (1 x 0.292 nin). 11
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Figure 5.3 Displacement and Temperature Profiles in the Arvea of Cap Formation for

a Coarse Mesh (1 x (.292 mm),
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Fignre 5.4: Displacersent and Temperature Proliles at the Plale Bonndary for a Coarse

mesh (1 x 0.292 mr ;.
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Fable 5.1 COARSE MESH SIMULATION RESULTS

Plate Fxperim ental ‘ Experimental Numnerical Nurmerical
Radius _ Veloelly Radins Velocily

TI0 9.3 w37 |95 285

£Il N6 i 24842 4.6 255

12 |8 3104 0.5 270.4

16 9.4 2823 9.5 282

T8 ‘ 4 402.49 0.5h J03.4

thoueh failure is as a result of thermal suftening leading to extensive necking. However,
the excesslve necking seen m the numerieal sinmulations has not been uhserved in the

experimental results (see Section 3.2.3)

5.2 PLATE MODELLING USING FINE MESHES

I wrder to determine mesh seusitivity the analvses ame repeated Using progressively
[ner meshes, As the mesh size approaches 0.0% x 0.08 mm, the formelion ol shear
bands were ubeerved. Figure 3.5 shows plate T10 modelled with a mesh size of 0.04 x
0.04 mm in the region of the cap radius. Temperatire localizations are scen ta seour

in the regivn of the cap boundaries and the boundary of the thin plate.

Inztead of extensive nerking acesring in the area of capping, the formation of shesr
Liands are observed. The process uf shear bond formation is shown in Figure 5.6, Fignre
3.7 shows the sub=equent fracture of the shear hand due to the 200 % failure sirain
imposed an Lhe model, The fizst sign of a temperature localizolion in Lhe form of a
shear band ceours after 22 s At 13 ps two shear bands can be identified ot an angle
of 437 o Lhe midplane of Lhe deformed plale. The primary shear band i« larger than
the secondary shea: band. Poth shear bunds develap. in terms of temperature and
width, wilth time. llowever, the sccondary shear bauds appear Lo stop develaping and

berome stable atter 14 g5, while the primary shear band becomes helter and wider due

32






‘o increages in strain, By 16 ps the strains in the primary shear band srars 2o exceed
20 %, and the clements are deleted e fo the failore eriterion. 13w 17 ps the shain in
the primary shear band has reached 200 % throngh the thickness of the plarte anc the
cap soparates from the vlate. Fhe shear band took 4 ps ro fractnre from first detection
of a temperature localization. The numerical mocel predicts a frasment with a racins
of 101 mm and a velocity of 471 ms !, This cumpared fo an exverimenial radiaes of
9.7 mim and a veloeity of 285 ms 1 The soor Fagment veloctty olitained 2sing a fine
mesh ran e ascribed fo Lhe ealy failme time of 17 ps comparsd o 155 ps fo- the

coarss mesl,

At a time of 90 gs a temperature localization is seen at the boundary of the thin part
of the plate {zoe Fignye 3.8). The temperaturs localization resnlts m exeessive thermal
sofieing resulling im oa slastic hings ol the boundary thad subseguent v falls at 110 us.
None of the |LGmm slates exhibited failure at the boundaries. However, Sailure an She
Loundary is a common cause of failae for 26 and 3.6 mum buili-in plates {as eporied

by Chung [8]3.

Table 3.2 compares the numerncal and experimental results, The Lemperaturs arofiles
of Lhe modelled plates are shown in Appendix 1. The simulated cap velocitiss ars over
a0 ¥ greater then the exgorimental veloeitics. The poor frapment veloelly obtained
using a fine mesh can be ascribed to the early failire $ime of £16 pgs compared o £35
= for the cuarse maesh. The sirmilated zlares have a cap radins of £11 mm as opoosed

tu The exoerimental valies of 9.2 mm,

5.2.1 LFIFLECT OF MESH DENSITY

Depending on the dersity of Lhe mesh or Lhe aspsel ratio of the clements, it s found
that the shear band changes with respect to the mumber, widlh, angle and position of
the shear bands, The resulls of the diffcrent shear bands [or cifle-ent mesh censitics
ean be see in Figure B4 and the resulis ave sumrmarized in Fable 5.3, All the shear
bands veccnrred at an angle of cither 457 or 1337 to the plate midplane and one or

maore secondary shear bands were often formed, The secondary shear bands nsually

bk






T = { mucroseconds .

T = 16 mienoseconds

T =40 microseconds

T =100 rucrosacords

Figure 5.5: Whale Model Deformatiom and Temperatore Drofiles for a hesh Density
of 0.0 x (L4 1 ol
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Fignre 5.6; Shear Band Formation for & Mesh Density of 0.04 x (L04 mum.
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Table 5.2: FINE MESH SIMULATTON RESULTS

Plate Fxperitnental | Fxpoerimental | Numerical Nunnerical
! Radius - Velocity Radius Velocity
T o o3 L 174
4 L1 0.6 234.2 11.00 J2H
Tiz | & $10.4 0T 175
TI6 |94 P 2B23 . 10.8 193
118 T 93 | 4029 L 11 A

remained stable. The shear baned width vaied extensive s with the mesh density - Lhe
arger the elemments, the larger the shear band., Mesh dersity had lirtle effert on the

rae Tading.

It s suspected hat the vhange in direction and the exact location of (he sheas bands
e to msnerical noise. Lxperimental ohiservations show fhat fractire ooows at an
angle of either 457 ar 1357 1o the midplene of 1he plate for diterent sogments of Lhe
cap in what appears o be a randorm: distribution. Local mmperfections. either marcrial
and/or geometrie, determine the anie oif ailure for a segment of the cap. Similary,
in the numerical model, lusalarmperfections can be used 1o deterrine the angle (457
or 135%) of the shear barids.

The shear bands are mesh dependent in terms of the shear band wielth, time of [iactore
and fragment welocity. The width of the shear bands are proportional to the raesh
densityv- the finer the mesh the smaller the shemwr band density, L'vpically three elesnents
would Maciure, Sioularly the smaller the snesh = the sarlier the time of fragment

fracrire which results in larger cap velueilies.

]
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Mech =008z 008 mm

Mesh=0.02 x 004 mm

Fignre 5.9 The Effcets of Mesh Density on the Shear Bands.
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Fable 5.4 ETFECT OF MESLL DENSILY ON FINE MESHES

._I\I{.?ti.l'l Density Time of Pailure Sil{:urbauui Width  Angle of Tracture
() | [ fis] [ Desrecs)
f]'.l']'t‘i'_;'-.l'l._ﬂﬁ 25 Approdimately oy el T |
0 08 22 Fliree G Tt oy 0 0 P
SRIES SR -3 - Elements 467
I_l,'.U?- x L 14 _ 457

5.3 POSSIBLE EXPLANATION OF TIIE MIESH
DEPENDENT RESULTS

The shear hands are only detected with the fre meshes, The coarze mezh doss nol
have the resoaition to detect the narrow shear bands which are araller than the lenglh
ol the clencents. Onee the meal s fine enough to sense Lae shear bands, the shear baned
width i proportional Lo the element size. Ore explaration fur this pacnomeron is the
vse of an ad'abatic firite clerment snodel. The adiabatic model does not allow tor azy
heat trarsfor Lo ocour, However, if ore was to corsider a transitioral one dinensional
Feat transfer probleqn subject to condnetion H3]. FPhe solution can be solved nsing an
explicit mimerical srhene, where the temperatie of a nwde at an increrrent 12 time s

giver by tle ecnation:

e _ _ -
[ o) Il‘r‘;t i QT; = T:EI—I ] |:GI.1J

2

rjr;.j'.+r'\r. o !.1: it

where 17 s the terpsratire ot node § asul a tine of — AL A is the nesh spacing,

At is the time Inerenent and o s the thermal diffsivity,

i






Modifving Fonation 3.7 to abtain the chioge in tenperatire Zor a sirgle time incremernt,

bk l'J:-lr"r.if"l'.:tT' RleTel s

i ) k-—“’“" ¢ 1 e gl e ra
Flash = T gt {3.2)

i ’ |:.-'f"‘\.}’.':|9 S5

Equation 3.2 shows thet the rheage in temperstiee die to condnetion is inversely
sroportioaal to the mesh density squaced. Tor finer meshes the Lemperature change
Lictweed Lwo slermeats e to rondueciion will e sreater ard make the adiabatic ap-
proxcimation far the shear bands less valid. Heat rarduction will <dissipale some heat
away Frum the shear bard to the swrwinding elements cnd possibly resulliog o the

fo'lowing twe e Tects

o MMake (e shear Beod wider sivee the scrrocndivrg elemerta will also have degraded
malerial vropertes. Thais roay resull ir a minemnm snear band wicta for vooy

“re olomerts,

o The plate should fractiure al & leler Line siace the heat dissipated from the
region saonld slow the malerial degradalioe, This will resnlt in slower fregmenl

veloritios thel will cotrezsord Deller with experimental values,

5.4 METHOTD OF PLATE FAILURE

Thae mmmerical vesults indicate that fracturs mvolves a thermno-mecliacieal evole wheveoy
ereased slrvain al a localized localion sesclls in ire-eazed temperatires wessoning Lie
rateria. properties resnlting in even larger straing sod tenperatures. However, the ox-
aet method of dynamic fracture spocers to be deserdert on the mesh densily squazed.
Coszse meshes show Sectre ooour-ing theough exeessive thivnivg over a width of three
clemerts, Fire mesacs vredicl Uie Jormalion of aarow shear vands at anges of 407

or 1457 degress to the argle of the defarmed vlate. Compearison of the snimerical znd






experimental results support the observations scen for the fre mesh:

e ‘e cxperimental plates fail at angles of 457 or 1337 tu the defurmed plate as

predicted by the Are mesh.

o Tae excessive necking as observed by tae coarse mesh simulatiors can rot be

s2en1 in thae specimens.

The coarse mesn s ol able to pick up the shear bands because the snear bands are
soracier then the mesh density, Thercfore, it can e conciuded thar shear bands ave
forrnec in the region of the cap and the cap fracture Greurs due the excessive straipns
cansec by the formatiorn of shear Lands. The extremely large sirains that orenr in
a vory short time (=4 ps) make the value of the faiiure strain less critical dne ta
the thermo-mechanical process that can oceour with temoeratire dependent material

proporties,

5.y THE NUMERICAL ENERGIES

This section investigares tae wlhole model energies and tae ercrgies involved 1 the shear
baid anc attemprs to cetermine the approximate ecergy required to canse capping.

Plate {10} 1z used for this analvsis

5.0 1 THE WHOLE MODEIL ENERGIES

Various erergies can be obtained from ABAQUS Explicit as untout variabies [36], The
theury benind tae method of ealeulating the evergies is given in the ABAQLS theury
Manuei (370 The whole modei encrgics consist of tharee mai pacts [ur the model:
external work, kinetic engrgy and tae sirain energy. Tae external work is the crergy
dome Ly the applied pressare pulse sizmlating the blast. Tae kiretic ensrpgy is the ene-gy

associated with the velority of the tndividnal elements. Tlis 1iciudes the velocine of






the [ragmeent cnd the kicetic cnetey of the moving elerpents assoriated with the plaie.
The strain energy s all the ecerpy invalved with the cloment deformation. The sirain
enevgy can ne broken into the [ollowing indivicual conmpasents: Lhe recoverasle clastic
sfrain erevgy, erergy sssociated with plast’e delornzation asd the “artificial” straiz
energy aszociated wity copstraiars wsed 1o romove singular modes (such ss avurglass
corcrol . T'he strain erergy alsc ineludes the neal sinee the aeal s delioed as 00 % ol

Lhe plastic cnorpy.

A graph ol the energics sseuriated with a eosree resh (2 20 U202 nons) can be scern: 19
Figizzes 5010 and 571, Farvernal work ol 15407 is applied duning tae blast coration
(the fret 2 psl. The exterral work is sransierred innrediately into a combination of
kizetic cacrgy and strain crergy. Subsegquently the kicetic caergy I transicired to
strain erergy antil it reaches o canstant valee of about 260 ] The 180 | of kinctic

eretgy can be sroken npp info bwo components:

s The kiretic erergy of tne fragment - 15% ).

a The kirele energy due to the visration of fhe model - 2 ).

The walie of the kinetic caergy due to plate viratio: 1z because the maocel coes not
Lcorporate camping, Damping wonle dissipate the kKneiie erergy, ont it veqguires a

camping coellic'est. Chooging o renlistic danping coeficiens is a0t an casy task,

A comuparison of tne whole model encrsies for a [ige mesh (.04 « O.0tvm) s given
i Figure 522, The exvernal work iz the sarre for both the coarse aad [ie mesy
siilations, Blgie 5,135 compares *he kinctic energy ol Lboth the fine and cosrse mesh
dengities, Alter 22 s the kiselle eaergy of the Are mesn cecreases far slower than the
coarse mesh, T'his can be expleined ov the for grealer kimelic energy of the fing mezh
sl ation cae to L larger and [aster (ragment. The fragmert kiceric eagrgy s Y03 ]
[ar the Gre mesn and 158 ] for the coartse micsh, [as experimental Kinetic energy of

the ragmeat [or plate T1000s 1322 1.
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n.5.2 THE SHEAR BAND ENERCGY

A strain enargy profile of the midplane of the plate in the region of Lhe shear Land Lo
o line mesh o= soown i Mgare 5014 o cillerent Limes. Alter 12 s two rapid baildups
ol strain energy can be observed ndicaling the lormation of a privary and sccondary
shear band, A very steep jump in energy densily ceonre rom the undisturbed clements
Liy the shear band elements, The rapid Lildep of strain encrgy occars through o wideh

ol - 9 elemenls, of which [lve elemnents [ractired due to the 200 % failure strain,

In order to find the strain encrgy required to Zomm the shear band, it 1s necessary
to deterraine the width of the shear Land. Two dificrenl areaz will Le defined - the
fractured repion and shear baed ropgion, The ractured remion s a conservative approac:
that regards all the clements that Lave fractured Lo belong to the soear band. The slicar
band region is defined ay being the widta of Lle {rartured region plis three cements
citlier side of the fractuwed reglon (see Figare 51510 In some cascs Lhe number of
clernents chousen eitker side ol the fractured region may e oo lovge, However, it can
e justificd by the [acl Lhatl the strain energy of any element that iz not in the shear
band conlaing under a thivg ol the strain energy of any coment in the shear band as

seen 10 Mg e 274

T ordder o determine the sdditiveal amponnt of strain enerey 1o [urm the sheas band,
a mwiaxipen energy density where sliear Lands wil nol futig needs to Le detemminec
The maxirmun encrgy (0ilset energy density) was determined by averaging the energy
density of the elements citiier side of thie shear band zone. An offset slear hand crergy
wag fouad by s tiplying the ollset enerey deneity Dy the aven of the shear band region.
Sarilaly an offzet fractured segion was also oblained using the area of Lhe fractured

TR 1

A prapl of the strair eneveles in the diferenl segions is shown in Fleuze 5,10 [ur a mesh
denzity of 004 % (L04d mm. The strain energy of the ofisctted shear Land region and the
stear band region contain the same amounts of cnergy otil 72 e - the frsl indieation

of sliear bund Jormation as seen i1 Figore 5.8 Tle cxtra energy requived to form the
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shear bacd until the time of fracture is [ound by subtracting the strain energics of
the wdzet vegions fram the shear bard regiors as shown i Fignre 517, From Figiee
.16, it car Le determined thal the shear band requizes 1L of strain energy from the
start of Lhe blagt to the time of cap Tracture. Af the time of Nraectire, an additional
amannt of 7] of strain ene-gy is requited compared to the surroinding arcas of ecnal
volieme {as seen in Figure 5.17). The rural strain erecgy required 1o fracture the plate
15 approximatcly 0.7 Woof the total energy of the Blast applisd to the svatemn. This is

approximately 4.4 % of the experimentally measured kinetic erergy of the fragment.

The effect of mesh dersity or the wmount of energy to form a shea- baned is shown
1 Flwwre 2,18 [or snesh densitics of 000, 005, 006 and 0.05mm . 1t 1s observed that
a linear relationship exists between the mesh density and the straln erergy, 'Lhis can
be explained by the linear relativnship between mmesh size arnd shear band width, The
mesh deperdency of the shear bard makes i extremely hard fu determine the exact
amonrt of erergy reguized to farm 1he shear bands. Ary ererples abtained car orly

bie vegarded as order of magrituds resnlts.

5.5.3 DETERMINING THE ENERGY O TEARING

The erergy of fearing involves two camponerts, namely the strain erecgy involved in
the formation of the shear bard and anv pessible energies imvolved at 1he exact mornent
of [racture,  The numerical model 1s able Lo simulate the [ormalion and expansior of
the zhear bands. The actual fraetuze process cannot be simulated properly. The
est that one eur do is o delete the elements vnee they reach o given failire srrain.
Thezefore it 1s imposzible 1o deterrnine the amornt of energy irn the firal fracture
with the ciarent nwmevical mwdels. lowever, the [inal Daclire probably gcenvs at a
tempe-ature of 700 *C, which resulis it the vield stress havire a valuee of 22 % of the
roorn temperature vield stress. If one assumes that the energy icvolved in the final
[ractmred state is srnall due 1o the weak material properties. the encrgy inwvolved in
the firul fractire can he approximated by the strair erergy involved in 1he fu-matian
ol the sheur buads frem the start of the blast urtil fractive die to the 200 % failire

strain. Tt iz diffienlt to deternire the validity of this assuuaption.
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Chapter 6

CONCLUSIONS

6.1 NODELLING USING TEMPERATURI:
DEPENDENT MATERIAL PROPERTIES
Termperatnre depondent material wroperties weve used fur avalvsing plates snojected

to Blast loads, Dilerenl pmnerical resulus were obitaircd 37 a Ene or coarse mesl was

nzec, Bolk mest densities 2 advaniages,

6.1.1 COARSE MESHES

The following gencral conclusions can be nade [or the coarse mesh {elomenl slze of

132 0202 um) that was e
« The caarze mesa used was able to give gued ovorall mocolling resuits apc was
slile to prediey Lie opsel of Sailure acearately.

e The caarse micsn nsed was nnable ta predier the exact method of Lailure, The

mesa was urable w identily the formation of the shear bapos,






6.1.2 FINLI MESHES

I ne reshes [clenment size <0 (L08 x 0.08 gun} were alile tupredict tie forrnation of ghear
Lands and determine the cxact method of rap tallnre. However, the overall modelling
perionance was pouwr, ks is thonght to Le due tu the adiabatic finite eloment modsl

ased, The tullowine conclusions can e made o fine meshes:

o Fine meshes are able Lo idenlify shear bands and cxulain the failire prucess of

the plates.

e 'he overall modelling accuzacy nsing fine meshes is poor.

6.2 INSIGHTS INTO THE METHOD OF
FRACTURE

Tae mimerical resnlbs show tlat Lhe plate fracture apoears to involve a thermao-micchanical
cvele whersliv inereased strax atb a lucalized locativn resnlig in inercased temperatires
weakening the material oropezties resulting in even larger strains and temperatures.
Tz nrocess resnits in the formatbion o1 shear bands at angies of either 4427 or 1357 de-
vreas ta the angle of the deformed plate with a widts of three cloments. The degraded
material pravperties zesnic in wnrealislic material properties indicating the ocensrenee of
failuze and make the Lask of choosing a eritical Toilive strain for a strain Lased failuze
criteria a trivia, matter fur the simulations undectoken in this thesis. The fractve
process ooonrs very quicely - 1 4s rom fizst indication of a tentperature localization

iz the o of a shear band unll fracture s imposed by the 200 9 tallure strau.






6.3 THE ENERGY O TEARING DURING
CAPPING

Determining Lhe amount of enerey involved in the fvrmation of the shear Lands s
a difienlt task since the shear bands ave mesh dependent. Thereiore any enevgies
cltainea ran only be vewarded as crder of magitude resalls, Sinee fnal fracmire oreurs
at over TO07C severely weakenivg Lhe ninterial properties, it may be possible Lo agsummne
that Lhe enersy of tearing car be approsimaled by the amonnt of energy requited Lo
[ormn The shear Land [rom the start of vhe Llast 1o the time of fzactiwe, U the abave
assumption 15 valid, =11 ) of energy iz reqrired to form Lhe Dragment [or a nesh density
of (204 e [the total strain energy of the shear band].  This is approimately 117 %
of the total energy applied to the plate and is L1 % of Lthe experimentally measied
frawment kinelie encray, L'hiz iz a comparatively small amount of cnerey compared
to the total plate strain cnerey and the lagmenl Koetie energy. The 1) of cenergy
cernived to tear the plate can only be revarded as an order of magnitede answer due
o the mesh dependent natuze of the sacar bands apd Lhe assumiptions vsed 1o oblain

the cnergy of shear bana [omation.

6.4 CONCLUDING REMARK

Temperalure dependent inateria’ propertics are inlegra to cae [ormation of shear bands
arci the snbsecent factare [ov thin cleea_ar plates snbject to blast loads, Lherefoae any
merical medelling irvalving the fractinre of metals subjecead ta blast loads should
incorporate lemperature dependent material properties. When fracture iz modelleu
without temperatire depenclent matesial properties, a sfrain or siress based [olloe
critorion s ustally used. Srmall chonges fu the valnes of the failure criterions can have
a large elect on the vesults of the sirmilations, From tae reanlts of this study if iz seen
that the girnclural performanes s less sepaitive to the cholve of [2ilne eriteriun when

incorpuraling Lemperalore dependenye.






Chapter 7

RECOMMENDATIONS

7.1 RECOMMENDATIONS FORTFUTURE BLAST
EXPERIMENTATION

Make the supecimens vsing marepials that have <nown material oronerties at high strain

1alen and temperstures. Capperis recommended Zor the Sollowing reasons:

The materizl prapertics are well documented.

o |t 35 tsotroplc,

It dauecs not uncerdgo a phase change ob high temperatures,

o [t iz casily obteinalle.






7.2 RECOMMENDATTONS ON THE MODELLING
OF DYNAMIC FRACTURE

s [ so temperatire dependent material properties swhen modelling fracture.

s Lige an explicit code that allows temiperature condnetion between elements. This

i particularly important when a Jdne mesh 13 used,

o Wiere possible model & material that aas aich strain rate and higa temperature

dependent material properties that are wel documented in the litcratiue.

7.3 WORK ON THE MODELLING OF TIIE
EXPLOSION

e Mare work needs to Le wmdertaken to determine the validity of using the JWL

ernation o state by applving a contact to contact boundary interaction Letween

lie explosive and the plate.

s The use of a constitutive model to simulate the explosive is still very desivable.
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Appendix A

MEASUREMENT OF THE
APPLIED IMPULSE

The rapzlse is piver by The cquation:

=0 (A1)

witers M os Llie toral rass of 1he perdaine P all it attachments snd 2. 08 tle nic el

velority of the nerdizbinn,

The equation of cotion for o sendulum 18 assiresd to be given by Lie squalion:

12 dr A )
M 407 4 g =0 (A2
T g T e :

xhere 1 s the harizortal displecerent, 7 15 the dampitg coefivient and K is The vacias

of the pendulum matiure,

il






If 3 = ;. 7o Mg )r_ and T is the period of the pendulum then the solution to Equation
A2 s

T .
=" sinduyl) (A3
e

where 3 is the damping constant and w, 1z the pendulum frequency,

If xyig the hovizontal displacement at line & = % and oy 15 the harizonlal displacement

at time ¢t = ;»_42 then solving Equation A3 for 2 and &4 -

i '
capTia o 4 :
Tol== e (RE a Er [Ii‘!l..-ﬁ]
i
The relationship between two successive amplitudes is given by the equation:
Tl 14T A6
e Ab
= (A6)
therefore:
-
3= oy — (A7)
{ Tz






The initial pendrinm velocity ran be formd oy snbstituring Loguation A7 inlo

Feaation Aud:

. 20 gy ——
Fam iy [A.5)

52






Appendix B

EXPERIMENTAL RESULTS

The rezulls of all the experimental blasts nndertalken are siven in 1elic B 1. The keys

wsed In the table are:

ni/m - not measired

PD - Plastic Deforiation

Cap - Capped

T - Tcating in the region ol the cap

=1 - Plaslie delormation with a small evack in the redion of eappings

H - The plate’s cap is atil] artaclied 1o Lhe plale

53
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Table B.1: EXPERIMENTAL RESULTS

Plawe Thickness ’ Fxplasive [ Trnpulse [ Midpoint Cap | € Iap Note
No " mass Dellection | Mass | Veloeity
[ mm ) (g) {INmi  {ami (EY o {m/a)

'l 149 (.3 | L1065 - niny  nim E]Fl.n:r
72 1.57 . 1.0 = it i L
T3 152 1.3 8,20 — n/im | n/m Cap
T4 L.62 ( .79 i - PD
33 1.G7 3.8 g 127 — - PL
{8 1! 3.5 (.60 2014 - L PD
7 .07 4.5 5.63 17.1 - PD
t 79 1.72 6 0,78 2F8 | nim Cap
{14 1.7 6 10.4 369 | 293.7 Clap
i1 | 1.33 5 8.5 a5 | 3332 Cap
1’12 i 1.43 .25 10.9 — 287 |al04 Cap
P13 2 e A48 .61 2% - - PD
T4 1.69 4.38 1 5.0 - H
$1% 1.78 5.48 10.2 24.5 - il
TW6 |18 6.11 LT 301 2823 Cap
1T 1.65 a.45 1.4 - - B
i T18 | 173 7.01 11.9 365 | 4029 Cap
{ 1Y .73 4.58 usl 24.8 - - PD
| 720 | 1.79 6,52 119 246 | nim Cap
721 169 5.4 10.2 - 321 | n/m Cap







Appendix C

VELOCITY DATA

This sertion condains the carn and noetlod of delermining the fragrment velocity, A
urint out of one of the oxrilloscone 1eadings iz given in Figare (L1 The x axis denotes
time and the ¥ axes denotes voltage, Unfortunstey, the osclloscone printer was not
working properly, Fence the reason fur ke Towe diflerent channels stanting at cizlerenn
time position:. [owever, tae sharp dvop in vollage wlich ocen-s when a wire is bragen
ran Lo seen in Lhe [gure, Talle €U0 cantains the Lire at which the wires were broken
with respect to the first wire. The distance between the wires with resnect ta the first
wire is alzo given. Figaro (12 shows a grapk of the [ragment position history. The

measured velueity is the gradient of Lko best [t line throngh each set of cara,

Table .1 FRAGMENT POSITION TIMLE HIS'TORY

Tast | Wire Mimnther and Tlistance From Lhe Firsl "t"'t"ire"
Mo First second Third Fourth
{0 on) 306 nun; (G0 ) (008 rem

CTH0 | 0.0 s 10T s 35 '
LTI | i s 809 s TS s

T2 D) s L0 s L0 s

T16 0.0 us 110 s 29 {3 | 327 s ;

t0a o gs THO sz 1od s ‘ 225 ps |

=0
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Fragment Poaition from firet ware {m)
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B o, o IS, e'/j ¥ [l
Firre C.1: Example of an Oscilloscope Reading.
A
g | TI0: y=291,18x~ 0 0002
Ri=109993
TLL w= 333 + 00006
0.08 | Ri= 09994
T12: » =315 - 04007
| R* (10982
Fla: v 2H2.06x - DAKI03 =i
: ; T
Lt R (1.999K e
| Ti8: y=402.65x + 00001 m T11
[ K= 09994
004 | 4 T12
s TI6
[ ¥ T18
0.2
0 S St P - : T
0 0a0005  0.0001 Q00015 00002 000025  00a03 Q00035
Tirme (8}

Figure U2 Fragment Position Thme History.
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The palh of Lhe Fagment is known becanss the fragrment deforms the Dragment Loajee
The radial offzet distance is the dstance

rory plele marking is path (see Fienre (030
Leiween {he measused palh and a perpendicalar path from the centre of the plate mea-

snved naing the fragment Lrajectory plate which iz 1840mm from the plate centre, A

trajectory witaet can be determiped csing the radial oflsel enabling the =ue [eoment

velocity fo be obtained. The allzel angle and the Loe velocity is given in Tanle €2,

L 184 mm . ?
‘  Velocity measuring
A device’s wires
7 Measured
velocity !
¥
SN EEN " ] L4 ;
T Trajactory Oftset T ;
Radial
T = G offset
rue
velocity —L
.II :;
Fragment trajectory
— Test plate )
Hate marker

Fignre C.3: Velocity THagram Showing the Measured and Tiue Velucity,

£ e
=1






Table C.2: TRUE FRAGMENT VELOCITY

Test No | Measured | IRadial Offset | Trajectory Angle | True
Velocity Offset Velocity
(m/ s} (mm) (") (m/s)
| 'I'10 201.2 24 7.437 295.1
11 333 7 0.04° 33 |
| T12 310.2 i 0.03° 3102 |
- Té 2821 1.3 0.04° 2821
TI18 4027 9 0.05° 402.7 ;

s






Appendix D

THE JWL EQUATION OF STATE

Thiz appendix cxplains the nee of the JWL cquation of state, the results obiained
anc the neexplained pheromeon of proadding bad impualsss despite having accentable

cispacemelt results.
D TTIE FIEM MODIEL

The ccuatbiun of state was moudelled nsing the methud developed by Groblbe aar at the
Univessity of Cape Tuwn, Toe explusive was modceled using the CAXAR axisymmetric
four nodecd elements with JYWL couation of state material prope-ties, The use of hoth
the standard kirematic rontact zlgorithin arnc the penalty contact inferaction weas

imitiated hetweer: the cxplogive anc the plate’s top sulace,

D2 OWL MATERIAL PROPERTIES

In onder to model the JWL conation of etate. ABAQUS/Explicit roquires the matesial
ronstants a8 explainec in Equation 2,15, The material constants are given in Lable

0.0, The units arc diven cormmonly used uamits in the explosive ficld tamely, Mbar,

o






Talile D L BOTTSEON- O S EATE NMEXTERTAL PFROPERTITS

JWL L:ql.lu[.il:_.ﬂ.'l ui’ S-l-i:Lc_duuﬁtaultﬁ | Yalue

Delaration Wave Speed - £ - l].-.'*?.[f}"fr.rl Ir.m. N
CJWL Constant - A G.0077 M bas
P bl 0.7 2950 by

TN Ciansbentl — | .25

JWT Constant - Hy i 1.5

IWI Constant - Ry : L

Interral Eaergy per unit volume - B, 0008 pe Zem !

e, s, aeed B, The density of the oxplosive is 1600 kem 3, The detoruation point of

the explosive 12 the explosive controid,

D.3 COMPARISON BETWEEN TIHE DIFFERENT
CONTACT METHODS

Lnitial rans using the JWT equation of state vicded jneonsislenl dispiacerments do-
pending on the ramber of eements used to moclel Lhe explosive. A parametric study
was Lhen undertacen Lo delerming the eflect of explosive mesk density on Lhe eflect of
the centre plate displacement for both the kKinemelic conlact agorithm and the penalty
comtact rmethod. This study invelved changing the mimher of elements in the explosive
Mo 4 x4 1o 20« 200 The restlts of this study ran be seen 11 Table .2 for the stan-
dard contact interaction anc Lable D3 for the penalty contuct method. In some cases
Lhe jobs wers unalile to linish die 1o excessive element defurmalion and are denoted

L 7-7 i Lhe Lable

The normal contuct method is very depencent on the mesh density. The nse of
1% % 13 elements as apposod to 161 16 clomerts results in &n increase in the plate mid-

puirt displacemenl of 26.3 YW, The penally conlact method provides & more eonsistent

i)






Taldle 12 MIDPOINT PLATE DISPLACEMENT USING THE NORMAL
CONTACT METHOL

- Muamber of elerments .

Murmber of Fleimments above the Plate

S N R B [10 1z ] 14| 6] 18 20
1 LT LvT| 207|206 208 | 244|279 —  —
6 176 | 18| 203 | 218 217 | 281 | 276 285 404
8 151 | 184 | 204 | 296 | 285 | 255 | 2451 274 600 |
L0 60 | 1Lug | 243 | 2.24 | 251 | o84 | 355 3.8
12 CB1E | 202 | 2,07 | 207 | 257 | 247\ 465 34) 5.0
14 217 | 200 | 297 | 215 | 298 | 281 [ 2481 - 4.3%
16 00 | 204 | 295 | 205 | 244|252 | 307 ] 3.2% 52T |
18 209 | 223 | 202 [ 217 | 295 | 2.0 | 267 | 279 270 |
20 (214|217 | 205 295|221 | aem | 2w =

answer wits less Huetnations botween stimilar riosh densitics,

D.4 DETERMINING THE IMPULSIE

Ir cmeler to further veridy the squationr: of stats, i was decided to compare the mpolse

untaired tram the JWL EOS sitzlations with those obrained from experimenst aticn.

DA OBTAINING THE INMPULSE POl THE
NUMERICAL SOLUTION

A Nee hody diagram of the madel is shown in Figure 1.1

The impiise s defined Ly tas cqration:

T
1 / Fat (M1}
ok

tl






Table D.3; MIDPOINT PLATE DISPLACLEMENT USING T2 PENALTY
CONTACT METHOD

Mitmiler of elements Nil-lf_llJCI' of Eumnh abrove the T’IF:iTZIZ:

along the the plate | 4 6 | & 1o ] 12 | 14 | 16 | 18 | 20
4 170 w5 avr]aus |20 oad|amm]| = -
i L7618l | 205 | 208 | 217 | 204 | 276 | 263 4641
8 LS4 L8t | 204 | 206 | 265 | 2,55 | 248 2..-"-4fr_1.99|
1 OO 10U | 248 | 204 | 231 | 284 | 355 | 898 -
12 212 | 202 | 207 | 207 | 257 247 465 | 391 520
14 207 | 200 | 247 | 2.15 | 238 251 | 2.4 - 4.3%
|6 200 | 204 | 225 | 295 244 D050 | a17 528 oy
I8 2,00 | 223 | 212|217 | 228 239 | 2.67 2.?9%2?n
20 .04 | 217 | 2.u5 g3 2921 | g0 | 2781 —

The impulsze in Lhe 2 dizerlion iz [ound by substiteiing the reaction force Frunsae, U

inte Equaiion L3 L
i
J]-I'.Z - / I-"_'Ha!.lnduf',';g ':l“r‘r'r “-}2:'
A

ADBAQUS s able Lo provide she boundary forees [or the bourdary nodes. Thercfore
Lhe Lotal reaction foree is fonnd by sueneing all of the reaction forees ol Lac boundary
rodes i the 2 direction:

LDawewbary Nodes

ITIB;,WMM';;-) I\_I'r.l e E -E'-'H:;nlmrirn'm,. I:'r :I"-i'l (U ' 31'

n—|

i3 the bhoundary furee of bomadary node nin the 2 direction, Substi-

------

Luling Ecwalion B3 inle Equation D.2 sives:

o Ooundury Svores

I = j Z FHrJ!.’-ﬂlil‘L"”:'.-'?n i {U"'[;I
1

e to the svmmetry of the problem, the reaction forees i9 Lhe | direction cancel ant.

o






Finite Element Models Loading Condition

Axisymmetry

Pl |
{rAd
1 Encastred Boundary
-

Free Body Diagram

Coanciary 1

F
- A v
,,,3 Eoondary 2

o

E;Eisﬁrﬁmetry

f‘\t FI:-.L'Jur..ﬂ.'ary A

F

Citniiary 1

IMiggure T2.1: Tree Body Diagram of the Tinte Elamen: MMadel.

D.a.2 IMPULSE RESULTS

A graph of the imslse as a Finction of time for both the JWL EOS ord the methoed

of applyving a presanre To sinvilate Lhe blast iz giver in Fignre 1.2 for plate {3,

The vseillativns of the graph s dae to the lack of damping in the model. The mpilse

was obrained by finding the average betiween two porlods [ = 346.2 - 6618 us for the

EOS] giving a vesult of 3.5 ¥ & [or the cquation of stale, Using the method of applying

a pressure to model the blast, an impulse of G839 N s was oblained. An experimental

miprlee of T.13 Ne was oblained resilting in a differcnee of 491 % belwsen the

aation of stare end the expeorimental velne, The method of applying a prassure to

Y3







Py
R/ \/

— Applying pressure
-Equation of State

f\ /\\

/
4 0 1000 2000 3000 4000 5000 6000 7000
Time {(Js)

Figwre D2 Impnilze Obtained for Different Methods of Modelling the Blast,

simulate the blast results in 0.4 % difference from the experimental value verifving the

method of caleulating the impulze,

It mmist be pnoted that the eguation of state provides reasonable digsplacement profiles
[14] although it does have = tendency to under prediet the displacement profiles of the
capped platez, Iowever the slight vunder prediction of the dizplacement profiles ean
1ot explain the large discrepancy in the impulse between the equation of state and the
cxporimental values, An incorrect pressare distribution may resalt from fasliy EQS
material propertics or (he approximated foree balance obtained using & “conlact to
contact interaction” between the explosive and the plare ag opposed to & more correct
shock ro shock interaction. An incorrert pressure distribution due to the JWL FEQOS
can resdll in acceptable displacemonts even though the impnlze may be poor, Tt s alzo
possible that ABAQUS /Fxplicit mey be giving incorrect reaction forees when the FOS

15 bcing wsed.
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D.5 CONCLUSION

The JWL equalien of stale 12 able to ¢ive acceptable displacement profiles. When the
JWIL EOS is being used, the peualiy contact melliod should be applied as 16 gives a
more consistenl selution. However, the impulse measured nsing the JWL equation of
state does not compare well with experimentation. More work should be undertaken
Lo validate the use of the EOS when a "cuntact to contact” interaction ovenrs between

the explusive and a plate,
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Appendix E

GRAPHS OF THE OPTIMUM
EXPONENTIAL DECAY

This apne icix corpares e displacenenl profile of the nmircrical anc experincental
data for the optinally deterrinsd sxponential dacay of the plastically delirnec alales
Ta, T6 and 7'7. The optirirm expanertial dacay Jor cach plate was chosen Ly i -
iriamg tae residnal amy of squares between the ecoerimental and numerical data, Tle
displacement vrodles are given i Pignres L1, B2 and B3, The solid lire represents a

Lieat fit palynomial line for the experimental data,
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Appendix F

USER SUBROUTINE VDLOAD

This iz the nser subroutine that appiies che blast presswre for the murericel mode
Tt iz rorfgured for plate 1710 nsing an expomential decay of 1.2, It s programed in
| e it

subrontine vdlosd (mblock. adim. stepTime, total Tinme,

| r"_I.H}J'l-I|j1'.L']P. ('IJ"{-_:-'Jr'J':'d;-,1 el LY, dirCs, Jtvp

2 valne

meeluee Sealaopararsine

dimenzion rusCoordsinbioek adin:, velocityi nhlock odine ),
| dirCos{nblock nedirundim;, valneinhlock}

C

iy TN krn = 1. nblock

il [rotal Time 1. 2.0T0) then

il fewrCocrds(lom, 1 1.23D07 cher
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Appendix G

ABAQUS/EXPLICIT INPUT
DECKS

Many different input decks were nzed for the different mesh densilies and Loz eack: plate.
Each confignzation scgnired a separate input deck. "he blast pressure is applied csing
g tser subroutine VOLOAD given in Appendix Fo An exampie of a coavse mesh and a

Line mssl for plate T10 i siven in 1his appendix
G.1 COARSE MESII EXAMPLE

THEADING
Flare T10 using suppost boundary conelitions with g mesh density of 1x0.04 mune

Units: Length ent, mass &, Ume us and temperatos ©C

B e e P e T SRk (EEE S (R CE R T e e

PLATLE -30x6,EXFLOSIVE  12x8

Hun tirme= 10010

LI






ENCLAMPED BOUNDARY CONDITION
R R T T e T T
HNODES AND ELEMENTS FOR THE PLATE
*NODE

1, 0.0, -0.0875

101 , 5.0, -00875

1601 , 5.0, 0.0875

L5OL1 , 040, DOBTS

*NGEN NSET-EBOTTOM

1, 101 2

*NGEN NSET=TOPF

1301.1601,2

*NFILNSET=NPLATE
BOTTOM.TOP.6,230
*NGEN,NSET=INR

1,1501.250

"NGEN NSET=0UTR

10L,1601,250

*NSET,NSET--MD

701,840,530

*SOLID SECTION, ELSET - PLATE MATERTAL=STEEL
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PELEMENTI'Y PE=CAXAR ELSIT=PLATLS
1.1, 3, 243, 251

“RLGEN, BELSET=PLATE

1,00 2.2 ,6, 230, 250

“* The pressire is applicd on clset PT.

SRR BLSE TP GRENVERATE

12531 13492

v e o ok ke S R ke Mk cE ek o ok ks sk kR o ok i e

** NODES AND ELEMENTS FOR Tl SCPPORT
shont o ok st n o o st o s R o e
QB

oo L, 5.0 -0.2623

118001, 5.0 . 0.2625

L0086, 3.525,-12625

| L8006, 5.525, 0.2625

SNGEN NSET-HINR

100001, 115001 1600

*NGEN NSET=HOUTR

000G, 1180067000
*INFTL.NSET=NHOLDULER
HINR.HBOUTR.S.1

=201 SECTION, ELSET=HOGLDER MATERTAT=51T11: 1
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"ELEMENT. TYPE=CAXIR ELSET=HOLDER

*NSET.NSET=HJOIN.GENERATE
LSOO, T1200] . THK)
*NSET.NSFET=HTOP.GENEFRATFE
L1001 1180061

FNSLET NSET HEOTTOM,GENLERATLE
LEDGT 1, ]

S R SR )

e EEEL RN

P ATATERIAT PROPERTIES

*INELASTIC HEAT FRACTION

*ELASTIC

G







2.1,0.3.0
1.75.0.:3,600
£.46,0.3,700
1.249.0.3,800
1.004.0.3.900
LOUL 0.3, 1000
0.97,(3.4,1100
*PLASTIC
0LOD181,0,0
(.02 ,0.0086,0
0.00249,0,024,0)
0.003,0.047 .0
0.0035,0.08,0
0.004,0.136,0
0.00426.0.184,0
(.00444,0.241.0
0.00181,0.200
0.001:2.0.005,200
0.00249.0.024,200
0.060:4,0.047,200
0.0033,0.08,200
(1,004,0.136,200
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0.00426,10. 184,200
0.00444.0.241.200)
0.0001941,0.700
0.00022,0.045,700
0.0002739,0.024,700
0.00033,0.047,700
0.000385.0.08,700
(1000440, 136,700
0.0004686,0. 184,700
0.0004584,0.241,700
0.000030046,0,1000
0.0000332,0.005, 1000
0.0000471334,0.10 24, 1000
0.0000498.0.047,1000
0.00005451,0.05, 1000
0.0000664,0.136, 1000
O0.000070716,0. 134, 1000
0.000073704.0.211.10D0
*RATE DEPENDENT
40.0E-6, 5.0

*INITIAL CONRITIONS TYPE=TEMPERATURE

NPLATE 20.0
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NHOLDETR,20.0

o bk A ook o ko ek e A o =k

# BOUNDARY CONDITIONS
R R R e s
*BOUNDARY

HOUTRENCASTRE
HIOP,ENCASTRE

HBOTTOM ENCASTRE

INR.XSYMM

*MPC

TIE OULTRAIOLN
T T nmnra, oo
++ THE §TEP CONDITIONS
N OT SV GECIUNSY i, OO CRO
*RESTART, WRITE NUMBER INTERVAL=20,TTME MARKS=YES
*STET

*DYNAMIC, EXPEICIT, ADTARATIC
A0

“DLOAD

PLPANU,LDO

“FEND STEP

*STERPNLCEOM=YES






“DYNAMIC, EXPLICIT ADIABATIC
R

*ENIHTER

.2 FINE MESH EXAMPLE

FHEADING
Plate T10 vsing supoert boundary conditions with a mesh density of 0040004 mm.
Units: Length em, mass £, time ps and temperature “C

T A A A R R R TR R

** NODES AND ELEMENTS I'OR THE PLATE
TR E R P TR P S B S LR PR A
*NODLE

1,00, -0.0875

20 . 3, -00875

a4 . 05, -0.0873

242 | 1.3%, -0LO0875

276, 1.63, -0L057H

486, 5.0, 00875

44001 , 0.0, .O8Th

42020 03 O.0875

44054 , 0.0, 0.0875

44242 |, 1,35, LO8TH

1us






44276 , 1.65, 0.0875
44486 , 5.0 . 0.0875
*NGEN NSET=INR

1, 44001 ,1000

*NGEN NSET=0UTR
186 44486, 1000
*NGEN.NSET=II0

20, 44020 ,1000

*NCGEN NSET=I0
54,44034 ,1000

*NGLEN NSET:=0l

212, 44242 1000
*NGEN NSET=00I
276 44276, 1000

*NFIL NSET=NPLATE
INIZ.I10,19,1
*NFILNSET-=NPLATE
10,01,188.1

FNFIL NSET=NPLATE
OOLOUTR,210.1
*NFIL,BIAS +1.04865 NSET=NPLATE

110,10 .34 1
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FNFILBIAS=0.9351T0, NSET=NPLATE
QOLOOL,

*SOLID SECTLION, BELSET=PLATEMATERTAL=5TLLL
*ELEMENT TYPE (CAXAR ELSI I =PLAIL
Todgad, TH02 06

*ELGLEN, ELSET=PLATE

1455 .1 .1, 44, 100, 1600

* The pressuss s appilisc on elwet PL

FELSE L ELSET=PL GENLEEATE

43007 43455, 1

ENODLES AND ELEMENTS PORCTHE SUPPORT
sopoh g chokeok b b ke A e kb e b kake b heoke sk ke ke sk sk skookeake ke ke e sk ke sk

*NODE

100001, 5.0 -1.2625

232001, a.0 . 0.26%5

100034, 0.525.-0.2625

239054, 3.595, 10,9625

*NGENNSET HINR

1005407, 232001 L1000

*NGENNSET=HOLTR

100034, 232034, 10400
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FNFILNSET=NHOLDER

HINR, HOUTIR,33.1

FEOLID SECTION, ELSITI=1TOLOLER MATLERIAL=STIEL
*FELEMENT 1Y PE-CANAR LELSET=IOLDER
TOGUOT , 10000, 00002, 107002, 07007

*ELGEN ELSET=HOLDER

100007 33,7, 1132 10040, L0

FNSET NSET=ITTOP,GENERATE

232000 2320540

*NSET NSET=HBOL GENERATE

L0000, LO0E, .

*NSETNSET ~HIJOIN GENERATE

L4400~ TSR0 1040

P ST R A A R e R R ]

** AMATERLAL PROPERTLLES

o o ok ok 2 b ok 3 o ok s b ko e g
*MATERIAT., NAMUE=STEEL
*SPRCLFIC HHEAT

452.0F-8

FENEITY

7546

FSIIEAR DATLURE
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2.0
“INELASTIC HEAT FRACTION
*BELASTIC
2.1,0.3,0
L.75,0.3,600
1.46,0.3,700
1.249.0.3 800
1.094,0.3,900
1.001,0.3,1000
0.07,0.3,1100
*PLASTIC
0.00181.0,0
0.002,0.005,0
(,00249.0.024,0
0.003,0.047,0
0.0045.0.08,0
0.001,0.136,0
0.00426,0.184,0
0.00444.0.241,0
0.00181,0,200
0.002.0.005, 200

0.00249.0.024,200
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0.003.0.047 200
0.0035,0.08,200
0.004.0.136,200
0.00426.,0.184,200
0.00414,0.211,200
0.00018991,0,700
0.00022.0.005,700
0.0002749,0.024,700
0.00033.0.047 700
0.0N0385,0.08,700
0.00044,0, 136,700
0.0004686,0. 184,700
0.0004884,0.24 1,700
0.000030045.0,1000
10.0000332.0.005, L0600
0.000041334.0.024,1000
0.0000498,0.047,1000
0.0000581,0.08,1000
0.0000664.0. 136, 1000
0.000070716,0.184, 1000
0.000073704,0.241,1000

*RATE DEPENDENT
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10.0E-6, 4.0

“INITIAL CONDITIONS, TYPE=TEMPERATLURE
NPLATE,20.0

NUOLDER.20.0

e L = = s e

= BOUNDARY CONDITIONS

b KRR R S
PROUNDARY

INR.XSYNMM

NTOPENCASTRE

HEBOT ENCASTRE

HOUTR ENCASTRE

*NPC

TIF,OQUTR.HJIOIN

HEEEFNEE L VTN b wmn g g porgg §

** THE STEP CONDITIONS
*RESTART, WRITE.NUMBER INTERVAL=20.TIME MARKS=YES
*STEP

*DYNAMIC, FXPLICIT,ADIABATIC

10

*DLOAD
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PL.PANUG1.0

"EXD STEP

¥ I'EF

"DYNAMIC, EXPLICTT.ADIABATIC
An

“IEND STEP

“HTEP

*DYNAMIC. EXPLICIL ADIABATIC
A00

YEND STEP






Appendix H

COARSE MESH RESULTS

ABAQUS sitmulations of hath plustically deflormed plates ard capped plates were -
¢ L 3 I EpEa:]
devtaken using a coarse mesh. The smulstion Temperature profiles of the plates we

prezented in this apperdix.
H.1 PLASTICALLY DEFORMED IPLATIES

The temperatire profiles of the plastically defarmed plates 1'5, 16 ard 17 are shown
in Figures H.1 to H.3 uging a cosrse mesh. The femperaliore proliles are at s Lime of

(b, B 106 el 200 JL5 Ll'H'.(—':T' the start of the simuolations.

1.2 CAPPED PLATES

Temperatwe orofiles of the capped plates 10, 7711, 712, T'16 end T'18 using & coarse
mesh are slown n Figures H4 to HE, The [iures contair temperatire profiles ot a

time of 0, 30 ard 100 g5 after the start of the sipmlation.
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T =0 rucroseconds

T=50rmuacroseconds

TEMP W LU E
+2.NNE+DL

+2 . 0E+02
— +3 . NOE+DZ
+d _DCE+DZ
+5.00E+02
+6 . 00E+02
+7.C0E+DZ
+INEFINITY

Iigure H.1: Temperature Profiles of Plate TS for a Mesh Density of 1 x 0,275 mm.
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T="0 mcroseconds

T = 50 mitros=conds

T= 100 microseconds

T = 200 rruerececonds

TEMP VMATLOR
+2.C0E+C1 '

+2.0DE+C2
_ +3 _GNE+E2 ‘
| +4 . DOE+C 2
+5.00E+L2 |
+6.CO0E+LC 2
+7.CNE+02
+IMNFITIITY

Figure IL2; Temperature Profiles of Dlate T4 for a Mesh Dengity of 1 x (.268 min.
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0 roicrcsecon ds

T

T— "Jimcraseconds

100 rrueroseconds

s

O mmicroseconds

D 41

e o

WVELUOE

+Z2.D0E+01

E+n2

to . nn

+3.00E+0Z

+4.00E+02
+5 . 0DE 102
+&.00E+02

+7.00E+DZ

+IWE IMITY

Figure H.3: Temperature Profiles of Plate T7 for a Mesh Density of 1 x 0,328 mm.
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T =0 micrnserondds

T = 50 rnicrosecends

T= 190 micreerconds

“EMP WELUE
+2 .ODE+D1

+2.0NE+02
- +2.00E+0DZ2
+4 .O0E+0Z
+5.D0E+D2

+6  ODE+DZ

NE ]
qﬁ,’@ +7 . 00E+02
T FINFIMNITY

Figure H.4: Temperature 'rofiles of Plate T10 for a Mesh Density of 1 x 002292 mm.
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T =10 rmurcroseconds

T = 50 microseconds

T = 100 muicresenonds 1

WATIIE
+Z.00E+01

~ +2.00E+D2

— +3.0D0E+DZ

— +4d . C0E+DZ2
+5 . D0E+D2
+ELDOEHDE
+TL.00E+D2
FIWNEIWNITY [

Figure L5 Temperature Profiles of Plate T11 {or & Mesh Density of 1 x 0.258 mm.
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T=10rueraseconds

T= 50 mirraseconds

T = 100 micreseconds

WIBETITRE
+Z.00E+01

— $Z.0CE+4D2
— 4+3.00Ex02
+4.00E+02
+5.00FR+02
+6.00E+D 2

R e b B D o

- +INFINITY

Figwre IL6: Tewperature Profiles of Plate T12 for a Mesh Mensity of 1 x 00305 mm.
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T =1 rmcraseconds

T = 90 microgeconds

T = 100 mirrnzeconds

VWATLIE
+Z.00E+01
+Z .00E+02Z
+Z.00E+02Z2
+4.00E+02

— +RUNNE+LZ
+& O0E+02

- +FL00E+DZ

+IWEIMNITY

Figure H.7; Temperatare Prafiles of Plate T16 for 4 Mesh Density of 1 x (.30 mm.
123






T=0mi~reseconds

T =90 mi~rozeconds

T = 100 tnicrosecands

WELUE
— +2 00E+D1

+2.00E+02

" +32.00E+DZ

+4.00=+02
— +5_00E+02 |

+6.00E+N2
— +7.00E+N2

+IMEZNITY

Figure H.8: Temperature 'rofiles of Dlate TI8 for a Mesh Density of 1 x U258 mn.
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Appendix 1

FINE MESH RESULTS

This anpendix shows temperatnre profiles of the capoed plates T'L0, 111, 112, T'1G
and 15 asing a nesh densicy of (004 x 0.0 o in Figures L1 to L5 LThe figures
contain 1liree whole model temperature profiies, nanely at the following times after

ke atact of the blast:

e Tune equals te zero,
o Jusl before fraciure.

o Time of 30 us

A ciose-up section of 1he shear band is given inunediately betore fracture. All the
plates experience Taiiure al 1he location of cavping and at the Loundary of the thin
plate. Failure at the boundary of the thin plates cannot be scen in Figures L1 1o 1.0

since boundary failure ocours after Sus fsee INgure 55).






T= 0 microseconds

T= 14 microseconds

Zoomed Fegion

T = 30 microseconds

‘ Zoomed Region

TEMP VALIE
+2.00E+C1

+2.00E+02
+3.00E+0D2
+4.00E+02

+5_0DDE+D02
+6_00E+02
+7.00E+02

+INEINITY

Frgure L1 Temperatire P'rofiles of Plate T10 for o Mesh Density of 0004 x 0,04 mm.
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T = () microseconds

T= 18 micaseconds

Zoomed Feglon

T = 30 mtcroseconds

i

Zoomed Regton

VALUE
+2.00E+D1

+2 . 0DE+D2
F3.0DE+D2
+d4 .0DE+02

— +5.00E+D2
+6.00E+D2

+7.00E+D2

+IMEFINITY

Figure [.2: Tunperature Profiles of Place '1'11 for o Mesh Density of (LTd x (1.04 mm.
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T = (i mscroseconds

T= 14 microsernunds

Zeaoraed Section

T = 30 microseronds
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| TEMP VAELUE
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+2_D0E4D2

+£ . DDE+D2
+5.008+02
+6.0DE+02
+7 .ANE+D2

+INFINITY

Figure 1.3 Temperature Profiles of Piste 112 for a Mesh Density of 0.04 x 0.04 min
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T = 0 microseconds

T =12 micraseconds

Zoomed Fegion

T = 30 microseconds

o a—

Zoomed Region

TEMP YALUE
+Z2 . 0O0B+01

+Z2_DDE+4D2
+3.00E+D2
+4 . 00E+D2
+5.00E+D2
+6.00E+0D2
~ +7.D00E+402
+INFINITY

Figure LG Temperature Profiles of Plate TI8 for a1 Mesh Density of 0.04 x U.04 mm.
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