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Breakup of shells under explosion and impact
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A theoretical and experimental study of the fragmentation of closed thin shells made of a disordered brittle
material is presented. Experiments were performed on eggshells under two different loading conditions: frag-
mentation due to an impact with a hard wall and explosion by a combustion mixture giving rise to power law
fragment size distributions. For the theoretical investigations a three-dimensional discrete element model of
shells is constructed. Molecular dynamics simulations of the two loading cases resulted in power law fragment
mass distributions in satisfactory agreement with experiments. Based on large scale simulations we give
evidence that power law distributions arise due to an underlying phase transition which proved to be abrupt and
continuous for explosion and impact, respectively. Our results demonstrate that the fragmentation of closed
shells defines a universality class, different from that of two- and three-dimensional bulk systems.

DOI: 10.1103/PhysRevE.71.016108 PACS nunider64.60.Ak, 46.50+a

[. INTRODUCTION a solid block[4-9], making an explosion inside the sample
) ] [2,3], or the collision of macroscopic bodidfree fall im-
Closed shells made of solid materials are often used ifhacy [11-17. Due to the violent nature of the process, ob-
everyday life, industrial applications, and engineering pracservations on fragmenting systems are often restricted to the
tice as containers, pressure vessels, or combustion chambefigal state, making the fragment sigéolume, mass, charge,
From a structural point of view, aircraft vehicles, launch ve-etc) the main characteristic quantity. The most striking ob-
hicles like rockets, and building blocks of a space station argervation on fragmentation is that the distribution of frag-
also shell-like systems, and even certain types of moderment sizes shows a power law behavior, independent of the
buildings can be considered as shells. The eggshell as nasay of imparting energy, relevant microscopic interactions,
ture’s oldest container proved to be a reliable constructio@nd length scales involved, with an exponent depending only
for protecting life. In most of the applications shell-like con- on the dimensionality of the systef@-18. During recent
structions operate under an internal pressure much high&ears experimentP—18 and theoretica19-42 efforts fo-
than the surrounding one. Hence, careful design and optimgused on the validity region and the reason for the observed
zation of structural and material properties is required to enUniversality in one, two, and three dimensions. Detailed stud-

sure the stability and reliability of the system. Closed shelld€S have revealed that universality prevails for large enough

usually fail due to an excess internal load which can arisdPut energies when the system falls apart into small enough

either as a result of slowly driving the system above its stap'e‘;eS [1713'13_1(17’19_2]% ?ﬁwever, at tlowetrh er)ergltes a
bility limit during its usage or service time, or by a pressureSyS ematic dependence of the exponent on the input energy

pulse caused by an explosive shock inside the shell. Due yas evidencefi29,30. Recent investigations on the low en-

the widespread applications, the failure of shell systems is grgy limit of fragmentation suggest that the power law dis-

very important scientific and technological problem Whichg';tlné)tgcmtE);grggrggr&sgz‘seggnses due to an underlying criti-

also has an enormous social impact due to the human costs |, aqdition to the industrial and social impact of the fail-

arlf:mg, for Instance, in ﬁ\cc;)denqu evefnts. icul il ure of shell-like systems, they are also of high scientific im-
. ragmentapon, € the brea ing o particulate m"?“e“a ﬁaortance for the understanding of fragmentation phenomena.
into smaller pieces, is abundant in nature and underlies S€¥ormer studies on fragmentation have focused on the behav-

eral industrial processes, which have attracted continuous N5y of bulk systems in one, two, and three dimensions under

terest in scientific and engineering research over recent d‘la‘rhpact and ‘explosive loading: however, hardly any studies

cadeq 1-17]. Fragmentation phenomena can be observed oEave been devoted to fragmentation of ShE]. The pe-

a broad range of length scales ranging from the collisiona uliarity of the breakup of closed shells originates from the

evolution of asteroids and meteor impacts on the astrophysract that the local structure is inherently two dimensional,

cal scale, through geological phenomena and industrial a5, yever, the dynamics of the system, the motion of material
plications on the intermediate scale, down to the breakup o lements, deformation, and stress states are three dimen-

large molecules_and heavy nuclei on the_ atomic spale. IIgional, which allows for a rich variety of failure modg39].
laboratory experiments on the fragmentation of solids, the In this paper we present a detailed experimental and the-

energy input is usually achieved by shooting a projectile intooretical study of the fragmentation of closed solid shells aris-

ing due to an excess load inside the shell. Experiments were
performed on brown and white hen eggshells and on quail
*Electronic address: feri@dtp.atomki.hu eggshells under two different loading conditions: fragmenta-
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tion due to an impact with a hard wall and explosion by a
combustion mixture have been considered, resulting in
power law fragment size distributions. For simplicity, our
theoretical study is restricted to spherical shells such that a
three-dimensional discrete element model of spherical shell
systems was worked out. In molecular dynamics simulations
of the two loading cases, power law fragment mass distribu-
tions were obtained in satisfactory agreement with experi-
ments. Based on large scale simulations we give evidence
that power law distributions arise due to an underlying phase . 1. Time evolution of the explosion of an eggshell, Con-
transition which proved to be abrupt for explosion and con-gecytive snapshots taken by a high speed camera. The time differ-
tinuous for impact. Analyzing the energetics of the explosionence between the snapshots is 0.001 s.
process in the two loading cases and the evolution of the
fragment mass distributions, we demonstrate that the frag- It is possible to follow the time evolution of the explosion
mentation of closed shells defines a universality class differand impact processes by means of a high speed camera under
ent from that of two- and three-dimensional bulk systems. well controlled conditions. Three consecutive snapshots of
the explosion process are presented in Fig. 1 taken by a
camera of 1000 Hz frequency. The ignition took place at the

Hen eggs provide an excellent possibility for the study oftop of the egg in Fig. (). The instant of backfiring and the
fragmentation of thin brittle shells of disordered materialsinitiation of combustion is captured in Fig(td), while in Fig.
with the additional advantages of being cheap and easy t&(c) the flying pieces can already be seen. Based on the
handle, making the patience of scientists the only limitingshapshots, the total duration of an explosion is estimated to
factor for the subsequent improvement of the experimentdpe of the order of 1 ms.
results. Our experiments were performed on ordinary brown In the impact experiment the egg hits the ground in the
hen eggshells. In the preparation, first two holes of regulaglirection of its longer axis, as is illustrated by the picture
circular shape were drilled on the bottom and top of the eggeries of Fig. 2. After hitting the grour{dig. 2(b)], the egg
through which the content of the egg was blown out. Thesuffers gradual collapse as it moves forwdféigs. 2c)-
inside was carefully washed and rinsed out several times and(h)], making the impact process relatively long compared to
finally the empty shells were dried in a microwave oven tothe explosion.
get rid of all moisture of the eggshell. The drying process The resulting eggshell pieces are then carefully collected
proved to be essential to ensure that the cuticula, which car@nd placed on the tray of a scanner without overlap. In the
not be blown out, completely loses its toughness. scanned image, fragments are seen as black spots on a white

In the impact experiments, intact eggshells are catapulteflackground and were further analyzed by a cluster searching
onto the ground at a high speed using a simple setup ofode. In the inset of Fig. 3 an example of scanned pieces of
rubber bands. The experimental setup provided a relativelgn impact experiment is shown where the broad variation of
high energy impact without the possibility of varying the Sizes can also be noticed with the naked eye. A dusty phase
imparted energy. The eggs are shot directly into a plastic bagf shattered piecg#3] was also observed in the experiments
touching the ground so that no fragments are lost for furthewith fragment sizes falling in the order of the pixel size of
evaluation. the scanner. The massof fragments was determined as the

In the explosion experiment initially the eggshell is number of pixels in the scanned image. Since shattered frag-
flooded with hydrogen and hung vertically inside a plasticments were also comparable to normal dust pieces in the air,
bag. The combustion reaction is initiated by igniting the es-
caping hydrogen on the top of the egg. The hydrogen imme al
diately reacts with the oxygen which is also drawn up into

. . <
the egg through the bottom hole, mixing with the remaining o p—
hydrogen. When enough air has entered to form a combus -
tible mixture inside the egg, the flame back-fires through the|
top hole and starts a very quick exothermic reaction. The v, : v, &
H

Il. EXPERIMENTS

experiments are carried out inside a soft plastic bag so tha
no secondary fragmentations due to fragment-wall collisiong
occur; furthermore, no pieces were lost after explosion. Sincq
the pressure that builds up during combustion can be slightl
changed by the hole size, i.e., the smaller the hole, the highe
the pressure at the explosion, we performed several series (
experiments with hole diametedsbetween 1.2 and 2.5 mm.
The limit values have practical reasons: a drilling nail of
large diameter typically breaks the eggshell; on the other FIG. 2. Time series of the impact of an eggshell with the hard
hand, it is extremely difficult to blow out an egg through a ground. The consecutive snapshots were taken by a high speed cam-
hole of diameter 1 mm or less. era of 1 kHz.

016108-2



BREAKUP OF SHELLS UNDER EXPLOSION AND IMPACT PHYSICAL REVIEW F1, 016108(2005

Q—dz2m_m 10-1:
2 A d~1.2 mm
107 ¢ { — simulation P,=600 Pa
E O —— simulation P,=1000 Pa 102
3 B — impact E
10 3 [0 — impact simulation b
E 107
-4 L E
A E
= 100k 10%
= 10 TR:
6L r
10 ; 10‘5 E
107 L t | @ —— Brown hen egg
10°E | & — White hen egg
sl E | O — Quail egg
107 F
5 e P 107 & L ' '
10 10 10 10 10 10° 10° 10" 10° 10*
H]/Mtot n]-/Mtot

FIG. 3. (Color onling Comparison of fragment mass distribu- FIG. 4. Comparison of fragment mass distributicfisn) ob-

tions obtained by explosion experiments with two hole sizes and th?ained in impact experiments on brown and white hen eggs, and
impact experiment to the simulation results. The inset shows a typiquail eggs

cal scanned set of fragments.

. . : ame functional form. For small fragment masses the distri-
they were excluded in the analy_S|s by setting the lower cuto utions can be well fitted by a power law with exponents
of fragment masses to a few pixels. 1.35+0.02,1.32+0.03, and 1.32+0.03, for brown and white

As the main quantitative result of the experiments wey, : ; -
ST A en eggs and quail eggs, respectively. The results of Figs. 3
evaluated the mass distribution of fragmeRtsn) which is and 4 demonstrate that the value of the exponeistinde-

defined so thalF(m)Am provides the probability of finding @ engent of the size and microscopic material properties of
fragment with mass falling between andm+Am. Figure 3 1o shells and of the way of loading.
presents the fragment mass distributiéite) of brown eggs It is important to note that the value of obtained for
for impact and explosion experiments averaged over 10-2@ne|| systems is significantly different from the experimen-
eggshells for each curve. For the impact experiment, a powgg| and theoretical results on fragmenting two-dimensional
law behavior of the fragment mass distribution buk systems where 187<2 has been found
F(m) ~m” (1) [2,7,8,13—1_7,22,23,35—3&1nd from three-dimensional ones
where > 2 is obtained2,5,6,40,41
can be observed over three orders of magnitude where the
value of the exponent can be determined with high precision
to 7=1.35+£0.02. Explosion experiments also result in a
power law distribution of the same value ofor small frag- Most of the theoretical studies on fragmentation relay on
ments with a relatively broad cutoff for the large ones. Alarge scale computer simulations since the capabilities of
smaller hole diametedt in Fig. 3, i.e., higher pressure, gives analytic approaches are rather limited in this field due to the
rise to a larger number of fragments with a smaller cutoffcomplexity of the breakup process. Over recent years the
mass and a faster decay of the distributitfm) for the large  discrete element methoEM) has proven to be a very
fragments. Comparing the number of fragments obtained, thefficient numerical technique for fragmentation phenomena
ratio of the pressure values in the explosions at hole diamF22,23,28,35-4Psince it has the ability to handle large de-
etersd=1.2 and 2.0 mm, presented in Fig. 3, was estimatedormations arising dynamically, and naturally captures the

IIl. SIMULATIONS

to be about 1.6. propagation and interaction of a large number of simulta-
In order to investigate the effect of the material and sizeneously growing cracks, which is essential for fragmentation.
of the shell on the shape of the mass distributigm), we In order to investigate the fragmentation of spherical

carried out impact experiments with three different types ofshells we constructed a three-dimensional discrete element
eggs, i.e., besides the above experiments with brown hemodel such that the surface of the unit sphere is discretized
eggs, the impact experiment was repeated with white hemto randomly shaped trianglé®elaunay triangulationby

eggs and quail eggs. Due to differences in their chemicathrowing points randomly and independently on the surface
composition, white hen eggshells have different microscopi¢44,45. Based on the triangulation, the dual Voronoi tessel-
properties from the brown ones resulting in a significantlylation of the surface is also carried out as illustrated in Fig. 5.
lower strength. Also, in addition to the different material, the The nodes of the triangulation represent pointlike material
volume of quail eggshells is about one-fourth of that of theelements in the model whose mass is defined by the area of
hen eggs. Figure 4 shows that in spite of the differences athe Voronoi polygon assigned to thdid7,44,43. The bonds

the shells, the mass distributions of their fragments have thbetween nodes are assumed to be springs having linear elas-
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TABLE |. Parameter values used in the simulations.
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AK“RS&%*\ Initial radius R m 1
. 4"\‘“\\\\\‘ Initial volume Vo m3 4.19
WS‘\‘& Initial surface A m? 12.56
‘V““’}A\\ Shell thickness th m %10
»’ ‘ ‘%‘ Total mass Mot kg 0.816
g“» A Number of triangles N, ~44000
)"‘ﬁ' Number of nodes Ny, ~21000
4 AA Mass density p kg/m?3 1300
V'AV 4&‘ Time step At S 3%X1077
<’ Damping coefficient Vd kg/s 0.1
/ k Spring Young modulus Y N/m? 10°
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springs. The process is stopped when the system has attained
a relaxed state, i.e., when there is no spring breaking over a
large number of iteration steps. The main advantage of the
DEM is that it makes it possible to monitor a large number of
microscopic physical quantities during the course of the
simulation, which are hardly accessible experimentally, pro-
viding a deep insight into the fragmentation process. With
FIG. 5. Example of the Delaunay triangulation of a sphericalthe present computer capacities, DEM models can be de-
surface. The dual Voronoi lattice is also shown in the lower leftsigned to be realistic so that the simulation results can even
quadrant. complement the experimental information, extending our un-
derstanding. The most important parameter values used in

tic behavior up to failure. Disorder is introduced in the modelour simulations are summarized in Table I.

solely by the randomness of the tessellation so that the mass In computer simulations two different ways of loading
assigned to the nodes and the length and cross section of thave been considered, which model the experimental condi-
springs are determined by the tessellatignenched struc- tions and represent limiting cases of energy input rafigs:
tural disorde). After prescribing the initial conditions of a pressure pulseand (i) impact load A pressure pulse in a
specific fragmentation process, the time evolution of the sysshell is introduced by imposing a fixed internal pressige
tem is followed by solving the equation of motion of nodesfrom which the forcesF}9Xt acting on the triangular surface
by a predictor-corrector method of fourth order elements are calculated as

mri=F+F4 9 i=1,..N, 2) ﬁth= PoAI;, 3

where |EIS is the sum of forces exerted by the springs con-whereA; denotes the actual area of triangland the force

nected to nodé, andF™ denotes the external driving force, .'la_?]int? n ﬂllix?i_rection |C|Jf thﬁ Iocdalbnorrr?a,l;hsee alsg Fig. f5.h
which depends on the loading condition. To facilitate the) '€ forceF;™ is equally shared by the three nodes of the

relaxation of the system at the end of the fragmentation prot-rlangle for which the equation of motion E(p) is solved.

Vi q ing f "é% Iso introduced Since the surface area of the shell increases, the expansion
CEsSS, a small viscous damping foregwas aiso Introduced nger constant pressure implies a continuous increase of the

in Eq. (2). o driving force and of the imparted energy.

In order to account for crack formation in the model, g jmpact loading realizes the limiting case of instanta-
springs are assumed to break when their deformati@x- o5 energy input by giving a fixed initial radially oriented
ceeds a certain breaking thresheldA fixed threshold value —q15city 3, to the material elements and following the result-
ec=0.03 is set for all the springs, resulting in a random Ses, time evolution of the system by solving the equation of
quence of breakings due to the disordered spring properties, jiion Eq.(2). The control parameter of the system which
The breaking criterion is evaluated at each iteration step a”?etermines the final outcome of the process are the fixed

tEose. sprllngs which satlsfly thfe condlthn are r_emoved II'rO ressurePy and the initial kinetic energi, for the pressure
the simulation. As a result of successive spring breakingy ,ise and impact loading, respectively.

cracks nucleate, grow, and merge on the spherical surface,
which can give rise to a complete breakup of the shell into
smaller pieces.

Fragments of the shell are defined in the model as sets of In the simulations, in both loading cases the spherical
nodes(material elemenjsconnected by the remaining intact shell is initially completely stress-free with no energy stored

IV. THE BREAKUP PROCESS
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in deformation. When a constant pressure is imposed, the 80 i
total energyE;, of the shell increases due to the work done I

by the filling gas, 70
v 60
Eii(V) = PodV=PyAV, (4) .
Vo & 50
whereV denotes the actual volume during the expansion and & 0
AV is the volume change with respect to the initial stége 8
The total energy can be written as the sum of the kinetic = 30

energy of material elemenk;, and of the elastic enerdy,,

stored in deformationEy,=Ey,+Ee, whereE, is propor- 20 Ty o

tional to the chang@A of surface ared of the expanding 4 v \
sphere with respect to the initial surfadg. Introducing the 10, \?' Mow
relative volume changdv=AV/V, as an independent vari- R

. '( 0|.|.|.|.|.|.|.|.|.
%brlri,sthe total energy and the elastic energy can be cast in th 0 0.0L 002 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Av = AV/V,
EtOt = POVOAU y (5)
FIG. 6. The kineticE,;,, elasticEg, and totalE,, energies as a

Eq = C[(Av +1)Y3-1]?, (6)  function of the relative volume change. Open symbols stand for

h th f h . dint of expansion under constant pressure while the filled ones characterize
where the surface chang®A is expressed in terms dfv. the impact loading. The sudden drop of the total and elastic energy

Furthermore, the paramet€rof the system depends on the 4 5, ‘indicates the rapid breakup of the system. Egj of the
properties of the triangulation and the characteristic phys'c%ressure loading the thick solid line follows E@), while for Eq

quantities of springéYoung modulus, length, thicknesstis  ihe function given by Eq(6) was fitted with C=312000 as a
interesting to note that a specific pressure vaRdeexists,  parameter.

below which the expansion always stops at a maximum vol-
ume changelvn,, depending onPy; however, forPo>P,  preakup of the systerfiragmentation) Note thatP,< P,
the expansion always keeps accelerating. For a gign The critical volume chang&u., where fragmentation sets
<Py the value ofAvy,, can be determined from the condi- in during the expansion, can be identified by the location of
tion Ei=Eg so that the sudden drop of the elastic energy in Fig. 6 caused by the
- 13_172 large amount of spring breaking which occurs in a very nar-
PoVoAvimax= Cl (Avmact D~ 17, ™ rov?/ Av interval, rgsul'gng in a r%pid formation of cracks on
andPj can be identified as the highest pressure for which Eqthe surface. The value afv. is mainly determined by the
(7) can be solved foAv . Usually Av,,,, can only be re-  fixed breaking threshold, and the disordered spring prop-
alized at low pressure values, because at higher pressures thgies. Since the shell is under constant pressure the nucle-
system suffers complete breakup much belbwy,,,, due to  ated microcracks can grow and join giving rise to planar
the finite strength of the springs. Figure 6 illustrates the evopieces surrounded by a free crack surf@itagmenj, as is
lution of the totalE,, kinetic Ey;,, and elastids, energies as illustrated in Figs. {)-7(e). First large fragments are
a function ofAv for both pressure and impact loading. In the formed which then break up into smaller pieces until the
case of pressure loading it can be observed that the totalurviving springs can sustain the remaining stress; see Figs.
energyE;, extracted from the simulations agrees well with 7(c)—7(e). For simplicity, in the simulations the pressure is
the analytic prediction of E(5). The numerical value of the kept constant even if the system has lost its integrity, which
multiplication factorC of the elastic energy was obtained by formally has the consequence that pieces of the shell formed
fitting the expression Eq6) to the curve ofEg(Av) in the  in the final state of fragmentation keep accelerating under the
figure. Due to the constant pressure, the total fétacting  action of a constant force, which explains the increasing ki-
on the shell is proportional to the actual surface aFea netic energyEy, in Fig. 6 following fragmentation. The vol-
~ AP, so that the system is driven by an increasing forceume of the system is numerically calculated as the sum of the
during the expansion process. Since the driving fdfde-  volume of pyramidal objects defined by the surface elements
creases with a diminishing rate when approaching the limiend the center of the sphere, which provides a meaningful
volume change\v,, it follows that the pressure loading result even after breakup in Fig. 6 in the vicinity ®.. The
case is analogous to the stress controlled quasistatic loadimgitical pressureP,, required to exceed the critical volume
of bulk specimens. According to the simulations, under presehangeAuv, to achieve fragmentation, can be estimated as
sure loading there exists a critical pressixebelow which  P.=Eq(Avc)/(VoAv,).
the expansion always stops at a finite volume and the shell When loading is imposed by an instantaneous energy in-
only suffers partial failurédamagejn the form of cracks but  put E,, there is no further energy supply, and the total energy
keeps its integrity. When the pressure excegshowever, of the system is either constant or decreases due to the vis-
the system surpasses the critical volume chakgewhen a  cous dissipation and the breaking of springee Fig. 6.
large amount of springs abruptly break resulting in theSince the elastic enerdy,, is solely determined by the de-
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unbreakable material elements of the model and the upper
one is due to the finite size of the system.

For both types of loading above the critical point the typi-
cal fragment size obtained at the instant of breakup decreases
with increasing control parameter, which can be described
analytically in terms of an energy balance argument similarly
to the one given in Ref.27]. The loading energy of a shell
region of linear extensioh and massn~L?, i.e., the energy
stored in the motion of particles separating the piece from its
surroundings, can be written a$m/M,q]Eyin(Av)L?
=[Eyin(Ave) /Mof]L*, where E,i,(Av,) denotes the total ki-
netic energy of the shell at the instant of breakup &hg is
the total mass of the shell. The separation of the piece from
its surroundings costs energy proportional to the fragment
surface~L. The equilibrium fragment size can be obtained
by minimizing the sum of the loading and surface energy
densitiespg:

g~ Eyin(Ave) L2+ E ®)
Miot L
with respect toL, which results inL~Eg It has been
shown in the previous section that at the critical pdtptE,
the total kinetic energy of the system when breakup occurs
takes zero valu&,;,(Av.)=0. It follows that above the criti-
cal pointEy, has a linear dependence on the distance from
the critical point so thaE;,(Avy) ~ (Py—P¢) for Py> P,
andEy;,(Av,) ~ (Eg—E.) for Eq> E. hold. Substituting these
tesults into Eq(8), the typical fragment mass at the instant
of breakup can be cast into the form

FIG. 7. Cracks on the shell surface. Final states of impact ex
periments at energids,/ E.~ 0.8 (a) and 2.8(b). Time evolution of
the cracking process under a constant pressufe,tP.~4.0 (c),

(d) until the final relaxed state is reach), with a magnified view m~ (Py— P22 for Py > P, (9)
of fragmentd(f). Particle positions are projected back to their initial
states on the surface. Fragments are identified as shell pieces sur- m~ (Eq - EC)—2/3 for Ey> E,. (10)

rounded by cracks.

Equationg9) and(10) express that the typical fragment mass
formation, the curve oE, and the critical volume change ©btained at the time of breakup decreases according to a
Av, where breakup arises in Fig. 6 coincide with the corre;Power law with increasing distance from the critical point.
sponding values of the pressure loading. Similarly to thelhe exponent of the power law is universal in the sense that
pressure loading case, simulations revealed that a criticdi does not depend on specific material properties of the shell.
value of the imparted energf. can be identified below Later on during the fragmentation process the elastic energy
which the shell maintains its integrity, suffering only dam- Stored in deformation may rgsult in successive breakings of
age, while exceeding, gives rise to a complete fragmenta- the large fragments. Hence, it can be expected that @gs.
tion of the shell. The resulting fragments on the shell surfacé&nd (10) describe the scaling behavior of the largest frag-

obtained in the fragmented regime can be seen in Figs. 7 Ments, which did not undergo substantial size reduction until
and 7b). reaching the final relaxed state.

A. Largest fragments
V. FRAGMENT MASSES
To characterize the degree of fragmentation, i.e., the size

To give a quantitative characterization of the breakup Oﬂ'edUCtion achieved in the Simulations, we calculated the av-
shells and to reveal the nature of the transition between therage mass of the largedfl 5/ Moy and of the second larg-
damaged and fragmented states, large scale simulations hag&t(M2"/ M) fragments normalized by the total mass as a
been performed varying the control parameters, i.e., the fixetlnction of the pressurB, and input energ¥, in the case of
pressureP, and the imparted enerdy, over a broad range. pressure and impact loading, respective®s,36. The re-
The most important characteristics of our fragmenting shelbults are presented in Figs. 8 and 9. It can be seen that in
system that can be compared to the experimental findings isoth cases the maximum fragment mass is a monotonically
the variation of fragment masses when changing the contralecreasing function of the control paramet&gs and Eg;
parameters. In the simulations two cutoffs arise for the fraghowever, the functional forms are different in the two cases.
ment masses, where the lower one is defined by the singleow pressure values in Fig. 8 result in a breaking of springs;
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10°0 o ——y : — between the largest and second largest fragments, indicating
E V\QT o~ ' ] the complete disintegration of the shell into pieeagmen-

5 © 0 (Mmax/Msor, tation). The value of the critical pressurB, needed to
u iﬁg( /Mt0t> ] achieve fragmentation and the functional form of the curve

of (Mpad My above P, was determined such that

(Mmax/ Moy Was plotted as a function of the differen(i®,
| -P,| varying P, until a straight line is obtained on a double
P>P. o 11 logarithmic plot. The result is presented in the inset of Fig. 8
. ] where a power law dependence(M ../ Moy is evidenced
10 10 ] as a function of the distance from the critical point:

vy
o|
1

<M s/ o>

(MimadMiop ~ | P = P for Po > Py 11

] The exponentr=0.66+0.02 was obtained in good agreement
Pc with the analytic prediction of Eq9). Detailed studies in the

vicinity of P revealed a finite jump of botfM a/ Mo and
103 — (M2nd/ M, at P, which implies that fragmentation occurs as
P an abrupt transition at the critical point, see Fig. 8.

0 In Fig. 9 the corresponding results are presented for the
case of impact loading as a function of the total enefgy
imparted to the system initially. The mass of the largest frag-
ment is again a monotonically decreasing function of the
control parameter; however, it is continuous in the entire
energy range considered. Careful analyses revealed the exis-
tence of two regimes with a continuous transition at a critical

however, hardly any fragments are formed except for singld@lué of the imparted energf. In the inset of Fig. 9
elements broken out of the shell along cracks. Hence, théMmax My i shown as a function of the distance from the
mass of the largest fragment is practically equal to the totaftitical point [Eo—E| where E; was determined using the
massM,,, of the system, while the second largest fragment iss@me technique as fdt.. Contrary to the pressure loading,
orders of magnitude smallédamage. However, when in-  (Mma/ Moy exhibits a power law behavior on both sides of
creasing the pressure above the threshold vajube largest  the critical point but with different exponents,

fragment mass becomes much smaller than the total mass;

furthermore, in this regime there is only a slight difference (MnadMiop) ~ |Eo = EJ? for Eg < Eq, (12

10

FIG. 8. Average mass of the larged¥l ./ M,y and second
Iargest(MZm“adx/ Moy fragment normalized by the total mass as a
function of imposed pressuf®,. The inset presents a log-log plot of
(Mmax! Moy @s a function of the distance from the critical point

Po—P.. In the main figure the value ¢, is indicated by an arrow.

05 5 o : ' ]
10 ; m";""" oecs - ] (MmadMiop ~ |Eo = E¢|™ for Eg > E. (13
[ : ¥ E,<E, 17
r ° 1] The numerical values of the exponents were obtained as
10'E 7| =0.66+0.02 ang3=0.5+0.02, above and below the critical
F 1] point, respectively. Note that the value efcoincides with
: Eo>Ec % 1 the corresponding exponent of the pressure loading and is in
10 F 102kt good agreement with the analytic prediction of Er). Be-
' : low the critical point the second largest fragment is again
orders of magnitude smaller than the largest one, which im-
plies that in this energy range the shell suffers only damage
in the form of cracks, while above the critical point the
breakup of the entire shell results in comparable values of the
102 F E largest and second largest fragment masses. At the transition
i E. ] point E, between the damaged and fragmented states the
] mass of the second largest fragment has a maximum, while
102 10° the curve of the largest one exhibits a curvature charge

E, Fig. 9.

:O <Mmax/NItot>
L 2nd /Mtot>;

max

FIG. 9. <Mmax/Mtot> and(Mﬁ]”;’X/th) as a function of the im- B. Average fragment mass
parted energy. The inset presents a log-log plot of the largest mass
as a function of|[Eo—E,|, where the increasing and decreasing More insight can be obtained into the fragmentation pro-
branches characterize the damaged and fragmented states, respe@ss by studying the so-called single-event moments of frag-
tively. The location ofE, is indicated in the main figure. ment masses
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FIG. 10. The average fragment mass as a function of the im- EO
posed pressurB,. The inset presents a log-log plot of the average
mass as a function of the distance from the critical p&t P, for
pressure valueBy> P.. The value ofP. is the same as in Fig. 8.

FIG. 11. The average fragment mass,/M,) as a function of
the imparted energ¥,. The two regimes can be clearly distin-
guished. The location of the critical point proved to be exactly the
same as in Fig. 9. The inset shows a log-log plot of the average

(14) mass as a function 9E;—E.

ML= > mni(m) - MX .,
m
fitting v=0.79+0.02, which practically coincides with the

j .
whereM, denotes thé&th moment of fragment massesin | o o¢ pressure loading.

the jth realization of a fragmentation process, antm) is
the number of fragments of massin eventj. The ratio of
the secondV}, and the firstM} moments provides a measure
for the average fragment mass in a specific experinent

C. Fragment mass distributions

The most important characteristic quantity of our system
YT which can also be compared to the experimental results is the
Mi=—2 mass distribution of fragments(m). Under impact loading
M} for Eg<E; we found thatF(m) has a pronounced peak at

Averaging over simulations with different realizations of dis- large fragments indicating the presence of large damaged
order, the average fragment maﬂs(szlMil) was obtained pieces(see Fig. .12 Approaching th? C.”“C?" PoInEc the_
as a function of the control parameter of the system. Egglgmgrezasd;aglgv\(liésra:gsvegcs 3&? ég?] ?Egé?\lljgoig i?g m1|32t()ttr|](;?lly

Due to the abrupt nature of the transition from the Ola‘m'above the critical point the power law remains for small frag-
aged to the fragmented states at the critical pres8direan-

not be evaluated belo®w, under pressure loading. However,
when P, exceeds the critical pressuRg, the average frag-
ment mass monotonically decreases in Fig. 10. The inset of

Fig. 10 showdM as a function of the distance from the criti-
cal point|P,— P where the same value &% was used as in

Fig. 8. A power law dependence &f is evidenced as a
function of |Py—P|:

(15

(16)

for Po> P, and the value of the exponent was obtained to be
v=0.8+£0.02. For impact loadingl can be evaluated on both
sides of the critical point with a sharp peak in the vicinity of
E. which is typical for continuous phase transitions in finite
systemgsee Fig. 11 A power law dependence ®f on the
distance from the critical point,

MW |PO_ Pc|_7

M ~ [Eo- E7, (17)

is again revealed foEy,> E., which is illustrated in the inset FIG. 12. Mass distribution of fragments at various energies be-
of Fig. 11. The value of the exponent was determined bylow and above the critical point.
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F(m)
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e,
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m/M
FIG. 14. Rescaled plot of the mass distributions for imparted

FIG. 13. Mass distribution of fragments at various pressuregnergies above the critical poii> E.. The dashed line shows the
values. fitted power law with an exponent=1.35+0.03.

m/Mtot

ments, followed by a cutoff for the large ones, which de-contrary to the bulk fragmentation where an energy depen-
creases with increasini. dence ofr was reported29].

For pressure loading(m) can only be evaluated above  The rescaled plots make possible an accurate determina-
P.. The evolution ofF(m) with increasing pressure is pre- tion of the exponentr, where 7=1.35+0.03 and
sented in Fig. 13, where the mass distribution always shows 1.55+0.03 were obtained for impact and pressure loading,
a power law behavior for small fragments with a relatively respectively. Hence, a good quantitative agreement of the
broad cutoff for the large ones. For the purpose of comparitheoretical and experimental values of the exponeistevi-
son, a mass distributioR(m) obtained at an impact energy denced for the impact loading of shells; however, for the case
close to the critical poinE,, and distributions at two differ- of pressure loading the numerically obtained exponent turned
ent pressure valugd, of the ratio 1.6, are plotted in Fig. 3 out to be somewhat higher than in the case of exploded eggs.
along with the experimental results. Excellent agreement
with the experimental and theoretical results is evidenced for
impact loading. For pressure loading, the functional form of VI. DISCUSSION AND OUTLOOK
F(m) has a nice qualitative agreement with the experimental
findings on the explosion of eggs; furthermore, distributions
at the same ratio of pressure values obtained by simulatiorg
and experiments show the same tendency of evolusee

We presented a detailed experimental and theoretical
dy of the breakup of closed shells. For the purpose of

Fig. 3.

Figures 14 and 15 demonstrate that by rescaling the mass 10°
distributions above the critical point by plottifgm)M? as a »
function of m/M an excellent data collapse is obtained with =« 107 F
6=1.6+£0.03. The data collapse implies the validity of the |E 2
scaling form —~107F

— = 107 F
F(m) ~ m™f(m/M), (18) =
10%F

typical for critical phenomena. The cutoff functidnhas a

simple exponential form expm/ I\W) for impact loadingsee s
Fig. 14, and a more complex one containing also an expo- 10
nential component for the pressure casee Fig. 15 The L . .

average fragment ma$d occurring in the scaling form Eq. 10 107 L 10°

(18) diverges according to a power law given by E(K5) m/M

and(17) when approaching the critical point. The good qual-

ity of collapse and the functional form E(L8) also imply FIG. 15. Rescaled plot of the mass distributions of various pres-

that the exponent of the mass distribution does not dependsure values above the critical poiRg> P.. The dashed line indi-
on the value of the pressur@, or the kinetic energyE,  cates the fitted power law with an exponemt1.55+0.03.
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experiments brown and white hen eggshells and quail egg- Due to their unique characteristics, the breakup of shells
shells were carefully prepared to ensure a high degree dafefines a universality class of fragmentation phenomena that
brittleness of the disordered shell material. The breakup ofs different from that of two- and three-dimensional bulk
the shell was studied under two different loading conditionssystems. The local geometry of shell structures is two dimen-
i.e., explosion caused by a combustible mixture and impacgional; however, their dynamics proceeds in the embedding
with the hard ground. As the main outcome of the experi-three-dimensional space, which allows for a rich variety of
ments, the mass distribution of fragments proved to be #ailure modes not present in bulk solids. This effective di-
power law in both loading cases for small fragment sizesmensionality of the fragmenting system plays a crucial role
however, qualitative differences were obtained in the limit ofin the generation of cracks, which finally determines the ex-
large fragments for the shape of the cutoff. Experiments ofponent of the fragment mass distribution. The effect of the
eggshells with different material properties and overall sizeémbedding spatial dimension on the dynamics of fragmenta-
result in fragment mass distributions of the same functionation has also been recently discussed in R48]. Based on
form with practically the same value of the exponent universality, our results should be applicable to describe the
which indicates the universality of shell fragmentation. breakup of other closed shell systems composed of disor-
We worked out a discrete element model for the breakuglered brittle materials. Explosions of shell-like fuel contain-
of shells which provides an insight into the dynamics of theers, tanks, and high pressure vessels often occur as accidental
process by simultaneously monitoring several microscopi€vents in industry, or in space missions, where also the ex-
quantities in the framework of molecular dynamics simula-plosion of complete satellites may occur, creating a high
tions. In the simulations two ways of loading have been conamount of space debris orbiting Earth. For the safety design
sidered, which mimic the experimental conditions and repreof shell constructions and for the tracking of space debris, it
sent limiting cases of energy input rates: during an expansiois$ crucial to have a comprehensive understanding of the
under constant pressuRy the shell is driven by an increas- breakup of shells. Due to the universality of fragmentation
ing force with a continuous increase of the imparted energyphenomena, our results can be used for these purposes.
while the impact loading realizes the instantaneous input of In the fragmentation of bulk systems under appropriate
the energyE,. Simulations revealed that, depending on theconditions a so-called detachment effect is observed when a
value of P, andE,, the final outcome of the breakup processsurface layer breaks off from the bulk and undergoes a sepa-
can be classified into two states, i.e., damaged and fragate fragmentation procef9,37]. This effect also shows up
mented, with a sharp transition between at a critical value ofn the fragment mass distributions in the form of a power law
the control paramete®; andE.. In the fragmented regime, regime of small fragments of an exponent smaller than for
power law fragment mass distributions were obtained in satthe large ones. Our results on shell fragmentation can also
isfactory agreement with the experimental findings. Analyz-provide a possible explanation of this kind of composite
ing the behavior of the system in the vicinity of the critical power law of bulk fragmentatiof29,37.
point P, E;, we showed that power law distributions arise in
the breakup of shells due to an underlying phase transition
between the damaged and fragmented states, which proved This work was supported by the Collaborative Research
to be abrupt for explosion, and continuous for impact. TheCenter SFB381 and by OTKA Grants No. T037212 and No.
parameters characterizing the shell in the computer simulavi041537. F.K. was supported by the Research Contract
tions were not fitted to any specific material. The qualitativeFKFP 0118/2001 and by the Gyorgy Békési Foundation of
and quantitative agreement of the experimental and theorethe Hungarian Academy of Sciences. The authors are also
ical results further supports the universality of the fragmen-+thankful for the technical support of H. Gerhard from IKP of
tation of shell systems. the University of Stuttgart.
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