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Erittlr materials fragment when ecploded or under impact. The study of fragmentation = of
practical importance in many areas ranging from archasclogy to milling, In the last f=n y=ars much
progress has been achieved in the understanding of the fagment sz= and velocty dignbutions a=s
function of the total snergy, the geometry and the material strength. Scaling laows analegeous to
thome of critical phenomena, have besn formulated. Hecent scperiments of ecploding =g shells and
chrstmeas balls have given inmight also into the hagmentation of comainers, For the cases of shells,
new critical evponents are obtained. These results are confirmed by numerical simulations Thess

laves ar= important to understand space dabris

I. INTRODTUIZTION

Fragmentaton, i.e. the breaking of parficulabe mateti-
als imbo smaller pisces is abimdant in natime and undetlies
several industrial processe=s, which atbmacked a conbimioas
inbetest in scentific and enginesting ressarch crer the
past decades [1-18]. Fragmenbation phenomena can be
ohsstved on a btoad range of length scales ranging fom
the collisional evohition of astetoids and meteot impacks
on the astrophysical scale, thooigh geclogical phenomr
=na and indistrial applications on the inb=tmediate xcal=
derrn b0 the break-p of lange moleciles and beay ma-
clei om the atomic =scale. In laborabory ecperiments on
the Fagmenbation of solids, the sne=tgy input & usually
achieved by shooting a projectile inbo a solid block [4-9],
making an ecplosion inside the sample [2, 3 or by the
collision of macroscopic bodies (free fall impact) [11-18].
D= to the viclent nakire of the process, chssrvabions
on fragmenbing systetrs are ofben resbricksd to the final
skate, making the Fagment sie [volimes, mass, change,
...} to be the main chatack=risbkic quantity. The most
striking obesration on fagmentation is that the dista-
bitkion of Fagment =izes shows a pover law beharior,
l‘l:ldepﬂ:ld!:l:l‘l:].". cm the way of mparbing enengEy, rde'..:.:l:ﬂ:
micioscopic mterackons and length scales imrrolved, with
an exponent depending only on the dimensionality n:nfi:]:u:
system [2-17]. During the past years escperimental [2-17]
and theoretical [18-41] efforts focimed on the validiby re-
gion and the reason of the obestred umiversality in 1, 2
and 3 dimen=sions. Detailed shidies revealed that tmnteer-
sality prevaik for latge snoiigh inpiit enstgies when the
syetem falls apart into small enoigh pieces [T-10, 13-
18, 18-27], horevver, ab lowrer enetgies a systematic de-
pendence of the exponent on the inpit =ne=rgy == 2+i-
denced |28, 2]. Becent itrrestigaticts on the kor enetgy
litmit of Fagmentation suggest that the power law dis-
tributon of fragment sices atmes due bo an wnderlving
critical point [21, 22, 27, 34, 24, 28]

Besides the :i::du:.‘l:n:.l and social impact of the fadl-
ure of shell like sysbems, they ate abo of high scentific
importance for the wnderstanding of Fagmenbation phe-

nomena. Formetr shidies on Fagmentabion have focized
on the behavior of bulk sysbem=in ofe, tro and three di-
memmons Under impact and explomive loading, hower=r,
hardly amy shidizs have been devoted to Fagmentation
of shells [38]. The peculiarity of the break-up of cosed
shell originates from the fact that the local sknichire
iz inherently tro-dimensional, howerer, the dypamics of
the systems, the mobion of matetial elements, deforma-
tion and stress shates are three-dimensional which allows
for a rich variety of failure modes [38].

Closed shells made of solid matetials are often imed
in =very day life, indistrial applications and engine=:-
it prackics a= conbainets, pressiite vess=lk or combiskon
chambets. From a sbrichiral point of wer aitcraft vehi-
clez, launch vehicles ke rockets and bilding blocks of a
space station are also shell-like systeme, and even cerkain
Frpes of modemn huiddimngs can be considered a= shelks.
The egg-=hell a= natiir='s oldest container proved to b= a
teliable consbuckion for probecting life. In most of the
applicaticrs shell-like constrixctions op=rats 1nder an in-
ternal pressire mixh higher than the surrounding one.
Hence, car=fil design and opimizabion of sbrictiral and
tmatetial properhbies i= reqitited b0 snsitre the skability and
reliability of the system. Clos=d shells u=ially fail due to
an excess inbethal load which can arize sither a= a 1e-
skt of dorly drivding the sysbem above its shability hmdt
dirring its 1Eage of mrvice Hme, o by a pressur= puils=
caigad by an eplosrre shock immide the shell. Dhie o
the widespread applications, the failiir= of shell =ysbeims
is a very imporbant sdentific and technological problem
which has also an snotimois social impact due o the na-
man costs arising, for inskance, in acddenbal events.

II. SOME EXPERIMEINTS

Hen =igs provide an exc=ll=nk poe=ibility for the sthidsy
of fragmentation of thin brittle shells of dizscrdered mate-
rials with the addibional ad-antages of bemng cheap and
eary to handle, making the patience of sdenkids the only
limiting factor for the subsequent improvrement of the ax-



FIG. 1: Time evolution of the ecploson of an sggshell, con-
sacutive snapshots taken by a high speed camera. The time
differance betvmen the mapshots = 0001 =ac.

perimenbal results. Chir excperimenls were perdorimed on
crdinary brownand white sgg-shells, [n the preparations,
fitst tro holes of regular circular shape wete drilled on the
bothom and top of the =g throigh which the conbenb of
the =gg was blowrout. The nside was car=fully washed
and ritmed otk several Hmes and finally the emptr shells
wete dried in a mmicrowasve m-enh:gel:n:]af.:.]lmmu—
tirre of the =gg-sh=ll. In the impact experiments inkack
=57 -=hell are catapultad onbs the groimd at a high spe=d
u=Eng a simple s=tip of rubber hands, The experimental
s=tiip provided a relatively high =netgy impact withoik
the posmibiliby of vatyving the imparted energy. The =igs
are shot directly mbo a plastic bag bouching the groumd
=0 that no Fagments are lost for further evaluakion.

In the =xplosion ecpetitrent imibally the sgg-shel] is
Hooded with hydrogen and hing vertically inside a plaskic
bag. The combustion reackion is inikiated by igniting the
escaping by drogen on the top of the egg. The hydrogen
imimediately re=acts with the O:rgen which isako drawn
iip inhs the =gy throigh the botbom bole, misdng with
the remaming bydrogen. When =noiigh air ha= =nbered
to form a combisbible mischire inmide the =g@, the Hame=
back-fire= thiough the top hole and starts the =y quick
ecobherimic teackion. The experiment is cartied out inside
a soft plastic bag so that secondary Fragmenbations due
to Fagment-wall collimions do pot occur, Arthetmore, mo
pieces were lost afber explosion. Since the pressure which
builds up diuring combustion can slightly be chamged by
the hole =mz= ie the =maller the hole, the higher the
pr=s=ime at the eplosion, we perhotimed s=veral s=ties of
ecpetitnents with hole diametet= d bebreen 1.2 and 2.4

It i= possible bo followr the Hime evolubion of the =x
plk=ion and impact proce=sses by means of a high spe=d
cameta tnder wall controlled conditions. Thies cotmsci-
tive snapehots of the =xplosion process are pres=int=d in
Fig. | taken by a camera of 1000 Hz frecuency. The ig-
nikion book place ak the top of the =gg in Fg. la). The
imstant of back-firing and the imbation of combustion is
captired m Fig. 1b), while m Fig. lc) already the Aying
pieces can be zeen. Based on the snapshots the tobal du-
tabion of an explosion i= eskimated o be of the order of
1 millizecomd.

FIG. 2: Time merie= of the impact of an sgg=hel]l vith the
hard ground. The consscutive snapshots wers taken by a high
spesd camera of 1 kKHz.

In the impact experiment the egy hits the ground in
the direckion afiizla:gi:r.r:n az it i dluskraksd by the
pictitre setiex of Fig. 2. Afber hithing the groumd (Fig.
Zhj, the =EE, siffer= 5:.:.-:]1.1.:.1 collapse a= it moves forward
IF:l.EI 2e—h I n:.:.k:.l:g. the= :|.1:r.|p.:.q:|: Proceess IE]..!I.‘I!."-‘EI‘-‘ ].I\JCDEEI.'
compared to the ecplosion.

The re=siilted =gg-shell pizces are then carefully ocl-
lect=d and placed on the tray of a scanner withouit crrer-
lap. In the scammed image fagments ar= s==n a=z black
spots on a white background and wete hirther analyz=d
by a clhister seatching code. [n the ins=t of Fig. 3 an ex-
ample of scanned pisces of an impact expetiment iz showrn
whete the broad vatiation of sizes can also be nobiced
with the naked eve. A dusty phase of chatbered pieces
[-J."‘] was also cheetved in the i:-:perm-:-:nlz with Fagment
sizes falling in the order of the pixel siz= of the scanner.

Az the main quantibative resilt of the epetiments
we evaliiated the mas= distrbitbion of Fagments Fim)
which & defined =0 that Fim)Aim provides the proba-
bility of finding a fragiment with mass falling bebre=n m
and m+ Am. Fig. ) pres=nl= the fagiment mass distribu-
toms Fim) for impact and explosion experiments avet-
aged crrer 10-20 egg-shells for @ach curve. For the impack
e periment, a porer law behavior of the Eagment ma=s
distribution

Flm)rem™ il

can be obesstved over thiee crdet= of magnitiide whete
the ~ahi= of the ecponent can be detetmined =rith high
precsion o v = 1352002, Exploson expariments re-
sulk al=o in a power law distobubion of the same= alu=
of 7 for small Fagments with a relabively broad ciut-od
for the latge ones. Smaller hole diameter d in Fig. 3,
i.e. highet pressite, gives ris= to a larger nimmber of frag-
ments with a smaller cub-of mass and a fasber decay of
the distribubkion Fim) at the latge fagments. Hobe that
the relativelr small value of the ecponent + can indicaks a
clearage mechanizm of shell fragmentation and i= signifi-



Fim)

FIG. 3: Comparizon of fragment mass distributions obtained
b ecplosmion scperiments with too hole sizes and the impact
ecperiment to the simulation resu s The insst shows a frpe
ical scanned st of fagments,

cantl diff=rent from the =xcperimental and theoretical re-
silts on Fagmeohing tro-dimensional bulk systeres whet=
1.5 < v < 2 has been found [2, T, 8, 12-18, 21, 22, 31~

37], and from the thres-dimemsional ones whers T = 2 is
obimined [2, & 8, 23, 40].

IOT. SIKMULATIONS

Wt of the theoretical shidies on Fragmenhation relay
om latge scale compiiter simmilations since capabiliti=s of
analytic appmaches ar= rather imibed in this field duie to
the complexity of the bieak-up process. Over the past
year= the Dicrebs Element Method [DELI) proved bo
be a very eficent ninmerical techmicue for Fagmentation
phenomena [21, 22, 27, 2d-41].

In arder o imrresbigate the agmentation of sphetical
shell we conshiicked a threedimensional discrete =le-
ment mode]l such that the surface of the 1mit gphet= i=
dizcrebized ints randomly shaped triang les [ Delaimar tri-
angillation) by throwing pointz randomly and md=pen-
dently on the sirface [43, 44]. The nodes of the triamgu-
lation represent point-bk= material zlement=s m the model
whoss ma== &= defined by the area of the Vorono polrgon
assighed to it [38, 43, 4]. The bondes betresn nodes are
assimmed to be springs having lnear elastic behavior up to
failire. Disorder & introediuced @ the model solely by the
randommmness of the tess=llation =o that the mass as=igned
to the nodes, the length and cross-seckion of the springs
are determined by the bessellabion [quenched sbruchral
dizorder). Afber prescribing the inikal conditions of a
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spectfic fragmentation process, the time evolubion of the
system &= followred by mobritg the eqiabion of mobon of
nodes by a Predichos-Cotteckot method of foitth crder

miti= PP F= LR i=1,.. N, ()
w]::re.l.":i" i= the mim of forces ex=rbed by the sprimgs con-
neck=d to nod= 1, and _E:i""" denot=s the =-cbernal driving
forc=, which depends on the loading condition. To fa-
cilitate the relaxation of the system at the =nd of the
Fagmentabion proces, a small rscois damping force 1'-_':5
was alzo inbrodicsd in Eq. (2]

In otdetr bo accoumnt for crack formation in the model
spongs are assimed to br=ak when their deformation =
ecceeds a cettain breaking threshold -, A fized thresh-
ald vahie £ = 0.03 & s=t for all the springs resulting in
a mndom sequence of breaking= due to the discrdeted
spihg properbies. The brealing ctitetich iz evaliated
at mach iteration shep and those springs which fulfill the
conditich are removed from the smilation. A= a resilt
of siccessive spritg breakinges cracks micleats | gromr and
metEe on the spherical sirface which can give ris= to a
complete break-ip of the shell inbs smaller pisces.

Fragment= of the shell are defined in the model a= ==t=
of nodes |material el=ments) conpeck=d by the remaining
inbact springs. The process & sbopped when the system
has athained a relaced sbabes, 2. when thet= is o spring
breaking crrer a large mimber of ibstation skepe.

In computer smulabions fro different ways of load-
it have been considersd which model the ecperimental
conditiorne and represent limiking cames of snetgy inpub
tabes: I::i.:l pressure pufse.:.n:] I::ii.:l z'mp:cf'lmd. A pre==iTe
pillze in a shell & cartied ot by imposing a fized ter-
nal presstire P from which the forces F™ acking on the
triatgular sitface aleiments are calculabed a=

Fr# = Pd:A;, (2

where Ad; denctes the actual area of triangle ; and the
force points in the diteckion of the local normal ;. The
force Fr=t ig sially shared by the three nodes of the tri-
angle for which the equation of mobicn Eq. () iz sobed.
The impact loading realizex the limiking case of itshan-
tateciE epetgy Wput by giving a fiesd imdbal radially
crisnted velodty ve bo the material elements and followr-
igg the resulted Hime evochibion of the syebem by solring
the equation of motion Eq. [2).

IV, FRAGHENMT MMASSES

Large =cale similations have been performed varving
the conbrol patameters, e the fized pressire P, and
the mmparbed enetgy £ over a beoad ramge. In the sima-
labicms tro cut-offs arize for the agment mass=s, where
the lowrer one = defmed by the single unbreakable mate-
rial element= of the model and the upper one i= due to
the fimite mize of the sysbem.



The most imporbant characteristic quankity ofour s
t=m which can alzs be compated o the =cpetitmenial re-
siilt= iz the masm= distribibion of Er.:lg:l:nm'lz: .Fl:m:l. det
impact loading for £, < E_ we foumd that Fim) has a
pronoinced peak at latge fragments indicating the pr==-
ence of latge damaged pieces. Approaching the critical
poiit E: the peak gradually disappears and the distriba-
tion asympbotically becomes a power law ab B Above
the critical point the power lor remaits for small fag-
ments followed by a cut-off for the lange ones, which de-
creasss with increasing E,.

For pressire loading F{m) can only be evahiatsd aborre
P and it always shows a power law beharior for =mall
Fagmentz with a relabively broad clit-of for the large
cnies. For the purposs of comparison, a mass distriba-
tHion Fim) obbained at an impact eneniy close to the
critical point E_, and distributions at tro different pres-
sire vahlies Fo of the ratio 1.6 ar= plott=d in Fig. 3 alomg
with the eperimental results. For impact an excellenk
agre=iment with the experimenbal and theoretical remilts
iz evidenced. For pressure loading, the functional foorm
of Fim) has a mice qualitati-e agreement with the ecper-
imental fndings on the ecplosion of =gg=, furthermore,
distribitbionz at the zame rabio of pressite -alie= oh-
tained by similaticts and eperiments show the zame
tendenicy of erolitbion, s== Fig. 3.

Fig. 4 demomstratzs that by rescaling the mas= d:'u.'l:l.'.i.a-
bubices above the criical point by plobbing Fim) - M
az a funchion of m/M an excellent data collapee i= ob-
tained with § = 1.6 £ 003, The daka collapss itpli== the
valdity of the scaling form

Flm) ram™ - flm/M], N

trpical for cribical phenomena. The citb-off fitnckion §
hazs a sitmple exponential form exp (—m/ M| for impack
loading, and a mote complex one conbaming also an ex-
ponential componett for the pressime cass [s=e Fig. d).
The avemge Fagment mass M occinring in the scaling
form Eq. (4] divegges according o a power low when ap-
proaching the critical poink. The good quality of collapes
and the functional form Eq. (4) alzsoimply that the axpo-
nent T of the mass diskibubion does ot depend on the
vahi= of the pressine Fs ot the kinebic energy E,; conbrary
to the hilk Fagmentabon whete an epetgy dep=ndence
of 7 was reported [28].

The rescal=d plot=s make possible an accimate d=terimi-
naton of the eponent +, where = = 1,35 &£ 003 and
= 15851+ 003 were obtained for impact and pres=iiz=
loading, tespeckively. Hence, a good quantibative agres-
ment of the theoretical and eperimental valies of the
ecponent T & evidenced for the impact loading of shelk,
hemrever, for the case of pressure loading the mumerically
obiined ecponent furped out b be somewhat higher
than in the case of exploded =guE.

1a° i 1n?
m/M

FIG. d: FResmcaled plot of the ma=s diEtnbutions of vanous
presmurs vahies above the critical point B o Fo. The d ashed
line indicates the fitted power law with an ecponent - = 1.55%
003,

V. DISCUSSION AMD OUTLOOK

We presenbed a detailed experimenbal and theoretical
stiudy of the break-up of closed shells ariming du= to a
shock inside the shell. For the pittpose of ecpetiment=s
browrn and white hen =ggshells wete carefidly pr=pated
to enmire a high degres of britklenes of the dizcrder=d
shell material The break-ip of the shell wa= shidi=d
under two diffetent loading condibions, e =cplosion
caimed by a combishible mizdtire and impact with the
hard groimd. As the mamn cuboome of the expetiments,
the ma== distribubion of fagment= proved to ke a power
la=r in both loading cases for =mall Fagment sizes, howr-
eret, qialitabive difetences wet= chtained in the lidt of
latge Fagments for the shape of the ciubof.

Simulations revealsd that depending on the value of
F, and E_, the final cutcome of the break-up process
can be cla==ified inks tro shates, i e damaged and Fag-
tr=ntbed with a shatp tramsibion in betereen ak a crikical
valiie of the contiol paraimeb=t= Fr and E.. In the fag-
menbsd rtegime pover law fagment mas dEtribubions
wate obbained n satigfacbory agreement with the =xperi-
mental findings. Analyzing the behaviot of the sysbeim in
the vicinity of the critical point P, E_ we showed that
powet law distribiibions afis= in the break-ip of shells
die to an underlyving phasz= transition betreen the dam-
aged and fagmented states, which provved to be abrupt
for explosion, and conbinvous for impack.

Diae fo ths unique characterisbics, the break-up of shells
defines a new unire rmaliby class of Bagime nkation phenom-
ena, diffetent from that of the tro- and threedimensional
bulk sysbemz=. Based on imiverszaliby, our results should



be applicable to describe the break-up of cther clos=d
shell sysbein= composed of disctdet=d britkl materials.
Exple=ion of zhell-like fiiel containets, tanks, high pr=s-
sitre vessals often cocir aE accidental events in indisty,
of in space missicns wheate alss the explesion of complet=
satallites may cocitr creabing a high amoiint of space de-
bo= crbititg aboiit Earth. For the safety design of =hell
constrickions, and for the tacking of space debris # is
cricial b0 have a comprehensie imderstanding of the
break-up of shells. For that purpose a very useful di-
corvery was, that depending on the material the murface
to volitme rabico can scale differently giving for mskance
for glams sl affine fragment shapes [45].
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