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Bevezetés

Mechanikai igénybevétel hatására szilárdtestek eltörnek, azonban mind a

törés folyamata, mind annak végeredménye függ a test anyagi jellemzőitől,

a mechanikai terhelés alkalmazásának módjától és a peremfeltételektől. Két

végén befogott rendezetlen szerkezetű próbatest lassan növekvő húzófeszült-

ség hatására tipikusan két darabra törik, viszont ha a terhelést dinamiku-

san alkalmazzuk fragmentáció jön létre, amikor a szilárdtest nagyszámú

apró darabra esik. A fragmentációs jelenségek létrejöttében az anyag ren-

dezetlen belső szerkezete és fizikai tulajdonságainak heterogenitása kulcsfon-

tosságú, nagyszámú repedés szimultán keletkezése, kölcsönhatása, fejlődése

és összeolvadása csak erős heterogenitást mutató anyagokban lehetséges.

Aprózódás elérhető úgy is, ha egy testből kismértékű energia közléssel egy-

szerre csak kisebb darabokat törünk le, de ezt a folyamatot sokszor meg-

ismételjük. Mind a gyors, mind a lassú fragmentáció gyakran előfordul a

természetben és számos ipari alkalmazásuk lehetséges, ami a jelenségkör

tudományos vizsgálatának hajtóereje1.

A fragmentációs folyamatokra vonatkozó legfontosabb ḱısérleti eredmény

az, hogy a keletkezett darabok tömegének eloszlása hatványfüggvény visel-

kedést mutat, amelynek exponense nem függ az anyagi minőségtől, az ener-

giabetáplálás módjától és a releváns hosszúságskálától. A legkülönbözőbb

anyagokkal végzett ḱısérletek és realisztikus számı́tógépes szimulációk meg-

mutatták, hogy az univerzalitás a ridegen törő, rendezetlen szerkezetű anya-

gok esetén áll fenn, ilyenkor a hatványfüggvény exponensét elsősorban a

fragmentálódó test dimenziószáma határozza meg. Lassan növelve a betáp-

lált energiát a szilárdtest kezdetben csak károsodik, a fragmentáció elérésé-

hez az energiának át kell lépnie egy küszöbértéket. A károsodott és frag-

mentált állapotok közötti átmenet kritikus energiájának közelében a rend-

szert skálatörvények jellemzik, ezért az univerzális fragmenstömeg-eloszlások

egy magyarázata a háttérben meghúzódó folytonos fázisátalakulás2,3. A

méréstechnika fejlődésével ma már a dinamikus fragmentációs folyamatok-

ban is lehetőség van arra, hogy nagysebességű kamerák alkalmazásával meg-

1J.A. Aström, Statistical models of fragmentation, Advances in Physics 55, 247 (2006).
2F. Kun and H. J. Herrmann, Transition from damage to fragmentation in collisions

of solids, Phys. Rev. E 59, 2623 (1999).
3F.K. Wittel, F. Kun, H.J. Herrmann, and B.-H. Kroplin, Fragmentation of shells,

Phys. Rev. Lett. 93, 035504 (2004).
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határozzuk egyedi fragmensek sebességét is. Az alkalmazások szempontjából,

a keletkezett darabok sebességének eloszlása mellett különösen fontos a

tömeg és a sebesség korrelációjának kvantitat́ıv jellemzése. A szakiroda-

lomban bizonyos mérések a korrelációk jelenlétére utalnak, mı́g mások ezzel

ellentétes eredményre jutottak 4,5.

Laboratóriumi körülmények között lassan növekvő, egy-, vagy három-

tengelyű nyomásnak kitett próbatestben egy törési sáv jön létre, amelyben a

repedések nagy koncentrációja az anyag fragmentációját eredményezi. Ilyen

lassú fragmentáció a felelős 1000 kilométeres méretskálán az egymáshoz

nyomódó geológiai kőzetlemezek között kialakuló felőrölt sávokért, ame-

lyek befolyásolják a lemezek közötti surlódási erőt és ezért komoly szerepük

van földrengések kialakulásában is. A lassú nyomás által okozott frag-

mentációs folyamatokat is univerzális hatványfüggvény-tömegeloszlások jel-

lemzik, ugyanakkor ennek háttere máig nem tisztázott. A fragmensek alakja

befolyásolhatja a törési sávot makroskálán jellemző súrlódás mértékét, en-

nek ellenére nem készültek erre vonatkozó szisztematikus vizsgálatok.

Célkitűzések

Kutatómunkám során a gyors és lassú fragmentációs jelenségeknek a gyakor-

lat számára rendḱıvül fontos, intenźıven kutatott területeivel foglalkoztam.

A gyors energiabetáplálással kiváltott, dinamikus fragmentációs folyamatok

esetén a közelmúltban több olyan ḱısérleti eredmény született, amelyek a

tömegeloszlás exponensének energiafüggését mutatták ki6,7. Azt találták,

hogy az energia növelésével a hatványfüggvény exponensének értéke növek-

szik, majd az eloszlás exponenciálissá válik. A mérési eredményeket két

dimenzóban végzett számı́tógépes szimulációk is alátámasztották8 . Ezek az

eredmények megkérdőjelezik a korábban megalapozottnak tűnt univerzalitás

4N. Onose, A. Fujiwara, Mass-velocity distributions of fragments in oblique impact

cratering on gypsum, Meteorit. Planet. Sci. 39, 321 (2004).
5T. Kadono, M. Arakawa, N. Mitani, Fragment velocity distribution in the impact

disruption of thin glass plates, Phys. Rev. E 72, 045106(R) (2005).
6E.S. Ching, S. Lui, and K.-Q. Xia, Energy dependence of impact fragmentation of

long glass rods, Physica A 287, 83 (2000).
7T. Kadono and M. Arakawa, Crack propagation in thin glass plates caused by high

velocity impact, Phys. Rev. E 65, 035107 (2002).
8S.M.N. Sator and F. Sausset, Generic behaviours in impact fragmentation, Europhys.

Lett. 81, 44002 (2008).
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érvényességét és a fragmentációs jelenségek fázisátalakulásokkal mutatott

analógiáját is. Doktori munkám egyik fontos célkitűzése annak tisztázása,

hogy mi okozza az univerzalitás sérülését, milyen feltételek esetén jöhet létre

energiafüggő tömegeloszlás. A kérdés elméleti fontossága mellett gyakorla-

ti jelentőséggel is b́ır, a tömegeloszlás exponensének értékét használják a

mérnöki tervezésben.

Az űrszemét fő forrását a földkörüli pályán történt robbanások, azaz

fragmentációs események adják. Az űrszemétfelhő időfejlődését és az általa

jelentett veszélyt csak a fragmensek sebességeloszlásának, valamint a tömeg

és sebesség korrelációjának ismeretében lehet meghatározni. Ércek, kőzetek

őrlésekor az ütközésekkel keltett fragmensek további ütközéseket szenved-

hetnek el, ahol a másodlagos fragmentáció eredményének számı́tásához szin-

tén elengedhetetlen a tömeg-sebesség korreláció ismerete. Célul tűztem ki a

gyors fragmentációban keletkezett darabok sebességének részletes vizsgála-

tát és annak tisztázását, milyen feltételek esetén jöhet létre tömeg-sebesség

korreláció.

A lassan növekvő nyomás alatt lejátszódó fragmentációs folyamatok

esetén laboratóriumi körülmények között vizuálisan könnyű azonośıtani a

próbatest felsźınén a törési sávot, amely magába foglalja a fragmenseket, a

kvantitat́ıv jellemzéshez azonban ez nem elegendő. Célom volt kifejleszteni

egy eljárást, amely legalább számı́tógépes szimulációk esetén pontosan meg-

adja a törési sáv térbeli helyét és irányát, ami aztán kiinduló pontul szolgál a

részletesebb vizsgálatokhoz. A fragmensek tömegeloszlása mellett tisztázni

akartam az alakjuk törvényszerűségeit is. A laboratóriumi eredmények ge-

ológiai méretekre történő felskálázásához a vizsgálatokat különböző rend-

szerméreteknél akartam elvégezni, hogy skálatörvényeket tudjak megállaṕı-

tani.

A nyomás alatti fragmentáció egy lassan fejlődő törési folyamat ered-

ménye. Állandó sebességű összenyomás esetén mikroskálán a repedések

lavinákban keletkeznek, amelyek a makroszkopikus töréshez közeledve a

törési sávban lokalizálódnak. Kutatómunkám fontos célkitűzése volt a törési

sáv kialakulásához majd a makroszkopikus töréshez vezető dinamika jel-

lemzése. Ehhez a repedési lavinák idősorának fejlődését elemeztem, ahol

elsősorban a rekord méretű, azaz a korábbiaknál nagyobb események meg-

jelenésére koncentráltam. A rekordok statisztikai elemzésével arra kerestem
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választ, lehet-e azonośıtani a törési sáv kifejlődésének, azaz a makroszko-

pikus törésnek előjeleit, amelyet felhasználhatunk a gyakorlatban akár ka-

tasztrófák előrejelzésére is.

Vizsgálati módszerek

Kutatómunkám során a rendezetlen anyagok lassan növekvő nyomás vala-

mint lövedékbelövéssel kiváltott gyors energiabetáplálás hatására létrejövő

törési és fragmentációs folyamatait vizsgáltam elméleti eszközökkel. A szak-

területen az analitikus számı́tások lehetőségei erősen korlátozottak, azért

vizsgálataimhoz a heterogén anyagok egy realisztikus diszkrételem-modelljét

használtam, amelyet kutatócsoportunk korábban fejlesztett ki9. A modell-

ben a vizsgált anyagot gömb alakú részecskék véletlen pakolásaként álĺıtjuk

elő, amelyeket törhető, kohéźıv kontaktusok kapcsolnak össze. A kezdeti

struktúra és a részecskék kölcsönhatásának részletei jól illeszthetők konkrét

anyagfajtákhoz, ı́gy a modell képes figyelembe venni mind az anyag rende-

zetlen mikroszkopikus szerkezetét, mind pedig deformációjának és törésének

legfontosabb jellemzőit. Az általános modellben implementáltam az általam

vizsgált rendszereket majd a szimulációval kapott eredményeket egy függet-

len feldolgozó programmal, off-line módon dolgoztam fel. Több kutatási

probléma megoldásánál alapvető fontosságú volt a nagy rendszerméret. Eh-

hez a szimulációs programot OpenMP használatával párhuzamośıtottuk,

ami lehetővé tette, hogy a részecskék számát 104-től 2.5× 105-ig változtat-

hassam. A számı́tógépes szimulációkhoz erősen támaszkodtam a debreceni,

budapesti, és a szegedi szuperszámı́tógépekre.

Kutatómunkám tisztán elméleti jellegű, de a legtöbb esetben konkrét

ḱısérleti eredmények, illetve a gyakorlat számára fontos problémák mo-

tiválták. A realisztikus számı́tógépes szimulácóim lehetővé tették, hogy

ḱısérletileg nehezen mérhető mennyiségeket is nagy pontossággal határozzak

meg, ı́gy kiegésźıtsem a ḱısérletileg hozzáférhető információt. Ilyen például a

fragmensek sebessége, ahol mérésekkel csak a keletkezett darabok egy kisebb

részhalmaza követhető, mı́g a szimulációkban részletesen tudtam elemezni a

darabok teljes sokaságának statisztikáját. Elméleti eredményeimet igyekez-

9F. Kun, I. Varga, S. Lennartz-Sassinek, and I. G. Main, Rupture Cascades in a

Discrete Element Model of a Porous Sedimentary Rock, Phys. Rev. Lett. 112, 065501
(2014).
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tem összevetni laboratóriumi ḱısérletekkel és terepi mérések eredményeivel.

Eredményeim fontos részeként olyan adatfeldolgozó eljárásokat dolgoztam

ki, amelyek laboratóriumi mérések kiértékelésére is használható.

Új tudományos eredmények

1. Rendezetlen anyagok egy realisztikus diszkrételem-modelljének kere-

tében részletesen vizsgáltam a háromdimenziós térbe ágyazott, kvá-

zi-kétdimenziós, lapszerű próbatestek lövedékbelövés által okozott di-

namikus fragmentációját. Változtatva a próbatest vastagságát arra

kerestem a választ, milyen mechanizmus felelős a fragmenstömegel-

oszlás exponensének ḱısérletekben megfigyelt energiafüggéséért, ami

tudományos érdekessége mellett nagy gyakorlati jelentőséggel b́ır

[P1,EP1,EP2].

a) A modellszámolások alapján azt a meglepő eredményt kaptam,

hogy a tömegeloszlás τ exponensének viselkedése függ a próbatest

vastagságától: vékony lapok fragmentációjakor az exponens nem

mutat univerzalitást, a betáplált energia növelésével a τ = 1.7

értékről a τ = 2.4 értékre nő. Vastag, tömbszerű próbatestek

esetén viszont az energiafüggés eltűnik, az exponens az univerzális

τ = 1.9 értéket veszi, a betáplált energia csak a tömegeloszlás

levágását befolyásolja [P1].

b) A repedések térbeli elhelyezkedésének elemzésével megmutattam,

hogy az exponens energiafüggését a repedési mintázatban leját-

szódó szerkezeti átmenet okozza, ami csak akkor jön létre, ha egy

alacsonyabb dimenziós fragmentálódó objektum magasabb di-

menziós térbe van beágyazva. Vékony lapokban a fragmentációs

küszöbenergia közelében, egy jó közeĺıtéssel kétdimenziós, ren-

dezett szerkezetű repedési mintázat jön létre, amit a rugalmas

hullámok interferenciaképe határoz meg. Ennek egyik fontos

következményeként a hatványfüggvény-tömegeloszlást lokális ma-

ximumok és minimumok tagolják. Nagy energiákon már a min-

ta vastagságában is aktiválódik a repedések keletkezése, aminek

következtében a repedési kép háromdimenzióssá válik és nagy-

fokú rendezetlenséget mutat. Köztes energiákon a repedési min-
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tázat a két szélső eset keveréke, ahol a keveredés mértéke függ az

energia konkrét értékétől [P1].

c) Adatfeldolgozó eljárást dolgoztam ki az egyes fragmentációs me-

chanizmusok által generált darabok szétválogatására a széttörési

folyamat végállapotában. A felületen lévő darabok és a tel-

jes egészében a próbatest belsejébe eső, úgynevezett tömbi frag-

mensek részhalmazait külön-külön elemezve megmutattam, hogy

tömegeloszlásuk hatványfüggvény-viselkedést mutat univerzális

τ = 1.7 és τ = 2.4 exponensekkel a betáplált energia minden

értékénél. Az eredmények alapján azt a következtetést vontam le,

hogy az egyes fragmentációs mechanizmusok mindig univerzális

tömegeloszlást eredményeznek. Az univerzalitás látszólagos sé-

rülését az okozza, hogy két univerzális mechanizmus eredményét

keverjük össze a betáplált energiától függő mértékben. Elméleti

eredményeim alapján sikerült a szakirodalomban található több

ḱısérleti eredményt megmagyarázni [P1,EP1,EP2].

2. A világűrben lejátszódó fragmentációs jelenségek (például aszteroidák

ütközése, rakétaüzemanyag-tartályok és műholdak felrobbanása) e-

setén a fragmensek tömege mellett sebességük eloszlása, valamint a

tömeg és sebesség korrelációja is nagyon fontos szerepet játszik a frag-

mensfelhő további időfejlődésében. A tömeg és sebesség korrelációját

ipari körülmények között alkalmazott fragmentációs eljárásokban is

figyelembe kell venni. A kvázi-kétdimenziós testekkel végzett diszk-

rételem-szimulációimmal megvizsgáltam, milyen körülmények között

és milyen mechanizmussal jöhet létre tömeg-sebesség korreláció löve-

dék belövés által kiváltott fragmentációban [P2,EP3].

a) DEM szimulációkban változtatva a lapszerű próbatest vastag-

ságát és a lövedék sebességét részletesen elemeztem az egyedi

fragmensek sebességének statisztikáját. Megmutattam, hogy lö-

vedékbelövés esetén a legnagyobb sebességű darabok a belövés

helyének kis környezetében, valamint a próbatestnek a belövés

helyével átellenes oldalán keletkeznek. Ezek a fragmensek ha-

tározzák meg a sebességkomponensek eloszlásának levágását. A

belövés irányára merőleges sebességkomponensek eloszlásai a len-



7

dületmegmaradás következtében szimmetrikus függvények nulla

átlaggal, amelyek szórása a belövési sebességgel lineárisan nő,

mı́g a lap vastagságának hatványfüggvényeként csökken. Az el-

oszlások függvényalakja hatványfüggvény aszimptotikával ren-

delkezik, amelyet exponenciális levágás követ. A belövés irányába

eső sebességkomponens függvényalakja megegyezik a másik két

komponensével, viszont az eloszlás a lendületmegmaradás követ-

keztében aszimmetrikussá válik. A szimulációval kapott eredmé-

nyeim nagyon jó egyezést mutatnak rázással gerjesztett, szemcsés

anyagok esetén mért sebességeloszlásokkal10 [P2,EP3].

b) Szimulációim alapján megmutattam, hogy a fragmensek tömege

és sebessége között létrejöhet korreláció, ami a lövedék sebes-

ségétől és a rendszer geometriájától függ. Korrelációt csak a

vékony, kvázi-kétdimenziós lapok esetén sikerült kimutatni, a

lapvastagság növelésével a korreláció fokozatosan eltűnik: vékony

lapoknál a fragmentációs küszöb alatti károsodási fázisban a kis-

tömegű fragmensek átlagos sebessége a tömegük hatványfügg-

vényeként csökken. A lövedék sebességének növelésével a kis

fragmensek tömege és sebessége fokozatosan függetlenné válik

egymástól, ezzel párhuzamosan viszont a fragmentációs kritikus

pont közelében ismét hatványfüggvény korreláció jön létre, de

a nagytömegű fragmensek tartományán és kisebb exponenssel.

Részletes vizsgálataimmal sikerült feltárni a tömeg-sebesség kor-

reláció okát is: vékony lapok esetén a repedési mintázat szerke-

zetének egy fontos következménye, hogy a fragmenseknek mind

a tömegét, mind a sebességét az eredeti próbatestben elfoglalt

helyük határozza meg. A tömeg-sebesség korreláció hátterében

a tömegnek és a sebességnek a poźıciófüggése áll, amit sikerült

numerikusan meghatározott skálatörvényekkel léırni [P2,EP3].

3. Heterogén anyagok lassú összenyomásakor az anyagban fokozatosan

mikrorepedések keletkeznek, majd a makroszkopikus törés kritikus

pontjának közelében a repedések egy úgynevezett törési sávban loka-

lizálódnak, ahol a nagy repedéssűrűség miatt az anyag fragmentálódik.

10H.M. Jaeger, S.R. Nagel, R.P. Behringer, Granular solids, liquids, and gases, Reviews
of Modern Physics 68, 1259 (1996).
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Diszkrételem-modellünk keretében szimulációkat végeztem henger a-

lakú próbatesteknek a hossztengelyükkel párhuzamos nyomás alatt

lejátszódó törési folyamatának megértésére széles tartományon változ-

tatva a próbatest méretét. A törési sávnak a próbatestben elfoglalt

helyét és belső szerkezetét vizsgáltam a benne létrejött fragmensek

statisztikájának elemzésével [P3].

a) A próbatestben keletkezett egyedi fragmensek térbeli poźıciójából

kiindulva egy algoritmust fejlesztettem ki, amely nagy megb́ızha-

tósággal szolgáltatja a törési sávnak a testben elfoglalt helyét és

iránýıtását. A törési sáv középponti śıkjának iránýıtottságát jel-

lemző polárszögek az anyag heterogenitása miatt fluktuálnak. A

hengeres próbatest hossztengelyére merőleges śıkban a φ polár-

szög valósźınűség eloszlása egyenletesnek bizonyult a [0, 2π] in-

tervallumon, ami arra utal, hogy a rendszer szimmetriája miatt

a φ szög teljesen véletlenszerűen választódik ki. Megmutattam,

hogy a terhelés irányával bezárt Θ szög eloszlása a rendszerméret

növelésével egyre keskenyebb lesz. Végesméret skálázással si-

került megállaṕıtani, hogy a nagy rendszerek határesetében a

szög 30 fokhoz konvergál, ami nagyon jó egyezést mutat a mérési

eredményekkel11 . A törési sávban a fragmensek térbeli eloszlását

elemezve megállaṕıtottam, hogy a sáv relat́ıv vastagsága a pró-

batest méretének hatványfüggvényeként csökken, azaz a rend-

szerméret növelésével a sáv egyre élesebben definiált [P3].

b) A lassan növekvő nyomás hatására a törési sávban a próbatest

fragmentálódik, a sávon ḱıvül viszont a henger befogott végeihez

kapcsolódva két nagyobb darab marad, amelyek belsejében csak

károsodás halmozódik fel. A törési sáv fragmenseinek tömegel-

oszlása hatványfüggvény-viselkedést mutat, összhangban a labo-

ratóriumi és geológiai töréseken végzett mérések eredményeivel12 .

Az exponens értéke függetlennek bizonyult a próbatest méretétől,

ı́gy a törési sáv kiterjedésétől. A törési sávban lejátszódó lassú

11M. S. Paterson and T.-F. Wong, Experimental Rock Deformation: The Brittle Field,
(Springer, Berlin, 1978).

12D.L. Turcotte, Fractals and chaos in geology and geophysics, (Cambridge University
Press, 1997).
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fragmentáció egy nagyon érdekes sajátsága, hogy a fragmensek

alakja önaffin-viselkedést mutat: a kis fragmensek izotróp alakú-

ak, ugyanakkor a nagyobb darabok elnyúltak lesznek és minél

nagyobb egy darab, annál elnyúltabbá válik. Megmutattam,

hogy az önaffinitás következtében a fragmensek tömege a tehetet-

lenségi sugaruk hatványfüggvényeként nő, de az exponens értéke

kisebb, mint a beágyazó tér dimenziója. Hasonló viselkedést di-

namikai fragmentációban nem mutattam ki [P3].

4. A nyomás alatti fragmentáció egy lassan fejlődő törési folyamat ered-

ménye, ahol a makroszkopikus töréshez közeledve a repedési lavinák a

törési sávban lokalizálódnak. A törési sáv kialakulásához vezető dina-

mika megértéséhez a repedési lavinák idősorának fejlődését elemeztem

a rekord méretű események statisztikáján keresztül. Eredményeimet

referenciaként összevetettem a független, azonos eloszlású véletlen vál-

tozók (Independent Identically Distributed, IID) idősorának rekord-

statisztikájára vonatkozó szakirodalmi eredményekkel13 . Mivel az ana-

litikus IID eredmények végtelen idősorokra vonatkoznak, a véges min-

ta hatásának elemzéséhez egy helyetteśıtő adathalmazt is előálĺıtot-

tam úgy, hogy a szimulációval kapott idősorban megszüntettem a kor-

relációkat az események véletlenszerű újrakeverésével [P4].

a) A repedési lavinák idősorában rekordként azonośıtottam azokat

az eseményeket, amelyek mérete minden előző eseménynél na-

gyobb. Megmutattam, hogy a rekordok darabszáma a törési fo-

lyamat során a repedési események számának hatványfüggvénye-

ként nő, majd a makroszkopikus töréshez közeledve, egy karakte-

risztikus rekordszámon túl, a növekedés tovább gyorsul. A rekor-

dok méretének és életidejének (a rekord megdöntéséhez szükséges

események számának) eloszlása hatványfüggvénynek bizonyult

viszonylag alacsony exponensekkel. Az adott rendű rekordok

méretének eloszlását elemezve univerzális, a rekord rendjétől függ-

etlen függvényalakot találtam, amelynek aszimptotikáját szintén

hatványfüggvény jellemzi. Megmutattam, hogy a törési folya-

13G. Wergen, Journal of Physics A: Mathematical and Theoretical Physics 46, 223001
(2013).
S. N. Majumdar and R. M. Ziff, Phys. Rev. Lett. 101, 050601 (2008).
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mat rekordstatisztikája jelentősen eltér a teljesen korrelálatlan

IID viselkedéstől, mı́g az újrakevert repedési idősor megfelelő

eredményei jól egyeznek az IID analitikus jóslataival. Az eltérés

az egymást követő lavinák között létrejövő korrelációnak tulaj-

dońıtható [P4].

b) A rekordokat jellemző mennyiségek átlagértékét a rekordrend-

jének függvényeként vizsgálva megmutattam, hogy a törési fo-

lyamatnak két jól elkülönülő szakasza van: kezdetben a rekordok

megdőlésének folyamata lassul, amit a rekordok növekvő életideje

és az egymást követő rekordok közötti relat́ıv méretnövekmény

csökkenése jelez. Azonośıtottam egy karakterisztikus rekordren-

det, ami fölött a rekorddöntés felgyorsul rohamosan csökkenő

életidővel és növekvő relat́ıv méretnövekményekkel. Elemezve

a rendszer mechanikai válaszát és a repedések térbeli elhelyez-

kedését megállaṕıtottam, hogy a karakterisztikus rekord rend a

mechanikai válasz nemlineáris szakaszának kezdetét jelöli. A re-

kordok vizsgálatán keresztül módszert javasoltam a folyási kü-

szöbnek a repedési lavinák idősorából történő kimutatására, ı́gy

a katasztrofális töréshez vezető gyorsulási szakasz korai előjelének

azonośıtására [P4].

c) A rekordok a repedési események idősorát alsorozatokra bontják.

Ezek méreteloszlását vizsgálva hatványfüggvény-eloszlásokat kap-

tam exponenciális levágással. Az eredmények jelentőségét az ad-

ja, hogy a hatványfüggvény exponense a makroszkopikus törés

kritikus pontjához közeledve fokozatosan csökken, ami hasonlóan

a földrengések esetén megfigyelt úgynevezett b-érték-anomáliához,

felveti a katasztrofális esemény előrejelzésének lehetőségét. Java-

soltam, hogy a földrengések esetén alkalmazott rögźıtett számú

eseményt tartalmazó ablakok helyett az idősorok feldolgozásánál

az egymást követő rekordokat előnyösebb ablakhatárnak tekin-

teni, és a feldolgozást fluktuáló eseményszámmal elvégezni [P4].
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Introduction

Solid materials break when subject to mechanical loads, but both the pro-

cess of the breakup and its final result depend on the material properties

of the sample, on how the mechanical load is applied and on the boundary

conditions. A sample with disordered micro-stucture clamped in both ends

typically breaks into two pieces due to tensile stresses, however if the load

is applied dynamically, fragmentation occurs in which the solid breaks up

into a large number of small sized pieces.

The disordered internal structure and the heterogenity of the physical

properties of the material are crucial in the emergence of fragmentation

phenomena since the simultaneous generation, interaction, evolution and

merging of a great number of cracks can occur only in materials with a

high degree of heterogenity. The breakup can also be achieved if small

fragments are chopped off one at a time by imparting only a small amount

of energy to a solid repeatedly. Both the dynamic and the slow (quasistatic)

fragmentation are abundant in nature and they form the basis of a large

number of industrial applications typically in ore processing, which is the

primary motivation for their scientific study1.

The most important experimental finding on the fragmentation phe-

nomena is that the probability distribution of the masses of the generated

pieces has a power-law functional form with an exponent that is independent

of the material properties, the way of energy input and the relevant length

scale. Experiments and realistic computer simulations performed on a lar-

ge variety of materials showed that universality exists for brittle materials

with disordered micro-structure where the power law exponent is primarily

determined by the dimensionality of the fragmenting body. When slowly

increasing the imparted energy the solid body first gets damaged so that

to achieve fragmentation the energy has to surpass a threshold value. Near

the critical energy of the transition between the damaged and fragmented

states the system is characterized by scaling laws, therefore, an underlying

continous phase transition has been suggested as a possible explanation of

1J.A. Aström, Statistical models of fragmentation, Advances in Physics 55, 247 (2006).
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universality 2,3.

With the development of measurement techniques, recently it has beco-

me possible to determine the velocity vectors of inidividual fragments even

in dynamic fragmentation processes by means of high-speed imaging. For

applications both the statistics of fragment velocities and the correlation

between the mass and velocity of fragments have a high importance. In the

literature, some measurements claimed the existence of correlations, while

others arrived at a contradicting conclusion 4,5.

In laboratory experiments performed under slowly increasing uniaxial

or triaxial compression a damage band emerges inside the sample in which

the high concentration of cracks results in the fragmentation of the mate-

rial. This kind of slow fragmentation, occurring on 1000 km length scales

between tectonic plates pushed against each other by geological processes,

is responsible for the emergence of grinded bands in the Earth crust, which

affect the friction force between the plates, and hence, play an important

role also in the generation of earthquakes.

Fragmentation processes caused by slow compression are also characte-

rized by universal power law mass distributions, however, their origine has

not yet been clarified. Despite that the shape of fragments can affect the

maco-scale friction in the damage band, there have not yet been systematic

investigations in this diection.

Objectives

In my PhD research I studied problems of the dynamic and quasistatic

fragmentational phenomena, which are in the forefont of current scientific

reseach and have a high relevance for practical applications. For dynamic

fragmentation induced by sudden energy input, recent experiments pointed

out the energy dependence of the exponent of the fragment mass distribu-

2F. Kun and H. J. Herrmann, Transition from damage to fragmentation in collisions

of solids, Phys. Rev. E 59, 2623 (1999).
3F.K. Wittel, F. Kun, H.J. Herrmann, and B.-H. Kroplin, Fragmentation of shells,

Phys. Rev. Lett. 93, 035504 (2004).
4N. Onose, A. Fujiwara, Mass-velocity distributions of fragments in oblique impact

cratering on gypsum, Meteorit. Planet. Sci. 39, 321 (2004).
5T. Kadono, M. Arakawa, N. Mitani, Fragment velocity distribution in the impact

disruption of thin glass plates, Phys. Rev. E 72, 045106(R) (2005).
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tions 6,7. It has been found that with increasing energy the power law ex-

ponent increases and eventually the distribution becomes exponential. The

experimental results were confirmed by computer simulations performed in

two dimensions 8. These novel findings question the validity of the univers-

ality established before and the analogy of fragmentational phenomena with

phase transitions as well. One important objective of my doctoral thesis is

to clarify the cause of the violation of the universality, and the conditions

that are necessary for the emergence of energy dependent mass distribu-

tions. These questions, along with their theoretical importance, also have a

high practical relevance, since the value of the fragment mass distribution

exponent is used in engineering design.

On orbit explosion events around Earth are the main source of space

debris. The time evolution of the debris cloud and the associated danger

can only be determined with proper knowledge of the statistics of fragment

velocities and the correlations between the mass and the velocity of the

fragments. During the milling of rocks and ore, the generated fragments

undergo further collisions, where the mass-velocity correlation is also es-

sential to compute the result of secondary fragmentation. My objective is

the detailed study of the velocities of pieces generated in dynamic fragmen-

tation, and to clarify the conditions under which correlations can emerge

between the mass and the velocity of fragments.

For fragmentation processes induced by slowly increasing compession in

laboratory experiments the visual identification of the damage band con-

taining the fragments is rather straightforward, however, it is insufficient

for a quantitative analysis. One of my objectives was to work out a reliable

procedure for the precise determination of the location and orientation of

the shear band at least in computer simulations, which can be a starting

point for more detailed investigations. Besides the distributions of the frag-

ment masses I also wanted to clarify whether their shape obeys also any

laws. In order to scale up the laboratory results to geological length scales

I wanted to perform these investigations on different system sizes in order

6E.S. Ching, S. Lui, and K.-Q. Xia, Energy dependence of impact fragmentation of

long glass rods, Physica A 287, 83 (2000).
7T. Kadono and M. Arakawa, Crack propagation in thin glass plates caused by high

velocity impact, Phys. Rev. E 65, 035107 (2002).
8S.M.N. Sator and F. Sausset, Generic behaviours in impact fragmentation, Europhys.

Lett. 81, 44002 (2008).
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to determine scaling laws.

Fragmentation under compression is the result of a slowly evolving bre-

akup process. Under compression at a constant spead, on the micro-scale

cracking occurs in avalanches, which localize in the shear band when app-

roaching macroscopic failure. An important objective of my work was to

characterize the dynamics of the system which leads to the localization in

the damage band and eventually to macroscopic failure. For this purpose I

analyzed the evolution of time series of cracking avalanches, where I mainly

focused on record events, i.e. on those cracking events which are greater

than all previous events. Analysing the record statistics of bursts, I wanted

to clarify whether early signatures of localization to the damage band and

precursors of macroscopic failure can be identified which could be exploited

to forecast the imminent catastrophic events.

Methods of investigation

During my PhD research I performed a theoretical study of the facture

and fragmentation of heterogeneous materials induced by slowly increasing

compresssion and by sudden energy input with a projectile impact. In this

field, the capabilities of analytic approaches are severly limited, so that my

investigations are based on a realistic discrete element model of heterogene-

ous materials, which has recently been developed by our research group9. In

the model the material studied is represented by random packing of spheres,

which are connected by breakable, cohesive beams. The initial structure and

the details of the interactions of the particles can be easily fitted to the spe-

cific type of materials considered, so the model is able to capture both the

disordered micro-structure and the most important mechanisms of defor-

mation and cracking. In the general framework of the model I implemented

the specific systems of my research and I developed an independent soft-

ware package for the off-line evaluation of the simulation esults. For the

solution of several problems, the large system size proved to be crucial. For

this need, the simulation program was parallelized by means of OpenMP,

which enadbled me to vary the number of particles from 104 to 2.5 × 105.

9F. Kun, I. Varga, S. Lennartz-Sassinek, and I. G. Main, Rupture Cascades in a

Discrete Element Model of a Porous Sedimentary Rock, Phys. Rev. Lett. 112, 065501
(2014).
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My computer simulations heavily relied on the high performance computer

facilities located in Debrecen, Budapest and Szeged.

My research is entirely of theoretical nature, but most of the research

problems were directly motivated by specific experimental results and quest-

ions that are important for practical applications. My realistic simulations

allowed for the precise measurement of quantities that are difficult to access

during measurements. For example the velocity of the fragments, where

only a small subset of pieces can be tracked during measurements, but I

could analyze the statistics of the complete ensemble of particles in the

simulations. I compared my theoretical results to laboratory experiments

and field measurements. As part of my results I created data processing

procedures which can be applied also to evaluate laboratory experiments.

New scientific results

1. I studied the impact induced dynamic fragmentation of quasi two-

dimensional plate-like objects embedded in the three dimensional space,

in the framework of a realistic discrete element model of heterogene-

ous materials. By varying the thickness of the samples, I wanted to

uncover the mechanisms responsible for the experimentally observed

energy dependence of the exponent of the distribution of fragment

masses, which has both a high scientific importance and a great sig-

nificance for practical applications [P1,EP1,EP2].

a) Computer simulations revealed the astonishing result that the

behaviour of the mass distibution exponent τ depends on the

thickness of the sample: for the fragmentation of thin plates the

exponent does not show universality, namely, τ increases from

1.7 to 2.4 as the imparted energy inceases. However, for three-

dimensional bulk samples the energy dependence disappears, and

the exponent has a universal value of τ = 1.9, in this case the im-

parted energy only influences the cutoff of the mass distributions

[P1].

b) Analysing the spatial position of cracks, I showed that the energy

dependence of the exponent is caused by a structural transition

in the crack pattern, which only occurs when a lower dimensional
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fragmenting object is embedded in a higher dimensional space.

In thin plates near the critical energy of fragmentation, a quasi

two-dimensional crack pattern with an ordered sructure emerges,

which is dominated by the interference of tensile waves. A very

important consequence is that the power-law mass distributions

are decorated with local minima and maxima. At higher energies

cracking is gets also activated in the bulk of the sample, consequ-

ently, the crack pattern becomes three dimensional with a high

degree of disorder. At intermediate energies the crack pattern

is the mixing of the two extreme cases, where the mixing ratio

depends on the particular value of the impact velocity [P1].

c) I have developed a data processing method to separate the pieces

in the final state of the breakup process, generated by different

fragmentation mechanisms. Separately analysing the subsets of

fragments ceated on the surface and those completely submerged

in the bulk of the sample, I proved that their mass distributions

have a power law behaviour with universal exponents τ = 1.7

and τ = 2.4, respectively, for all the values of the impact energy.

Based on the results, I concluded that each fragmentation me-

chanism always generates a universal mass distribution. The

apparent violation of the universality is caused by the mixing of

the two universal mechanisms with an energy dependent mix-

ing ratio. My theoretical findings povide explanations for several

experimental observations [P1,EP1,EP2].

2. For fragmentation phenomena occurring in space (e.g. the collision of

asteroids, explosion of rocket fuel tanks and satellites), besides the

mass of the fragments their velocity distribution, and the correlati-

on between the mass and the velocity also play an important role in

the further time-evolution of the fragment cloud. The mass-velocity

correlations must be taken into account also in fragmentation-based

methods applied by the industry. With discrete element simulations

performed on quasi two-diemnsional bodies, I studied the circumstan-

ces and mechanisms that could lead to the generation of mass-velocity

correlations in impact-induced fragmentation [P2,EP3].
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a) In discrete element simulations of impact induced breakup, varying

the thickness of plate-like samples and the velocity of the projec-

tile, I performed a detailed analysis of the velocity statistics of the

single fragments. I showed that in case of projectile impact pieces

with the largest velocities are generated near the impact site and

on the side opposite to the impact. These fragments determine

the cutoff of the distribution of the velocity components. The

conservation of linear momentum implies that the distributions

of the velocity components perpendicular to the direction of im-

pact, are symmetric functions with zero average. Their standard

deviation linearly increases with the impact speed, while it decre-

ases as a power law of the plate thickness. The functional forms

of the distributions have power law asymptotics, followed by an

exponential cutoff. The functional form of the velocity compo-

nent aligned with the impact velocity is the same as the other

two, but the distribution becomes asymmetric, due to momentum

conservation. My results obtained by computer simulations are

in a particularly good agreement with the velocity distributions

measured on vibrationally driven granular matter 10 [P2,EP3].

b) Based on simulations I showed that correlations can emerge bet-

ween the mass and the velocity of fragments, depending on the

impact velocity and on the geometry of the system. Correlation

could only be pointed out in thin, quasi-two dimensional plates,

while it gradually disappears with increasing plate thickness: for

thin plates in the subcritical phase of damage the average velocity

of small fragments decreases as a power law of their masses. With

increasing impact velocity the mass and velocity of small frag-

ments gradually becomes independent, however, near the critical

point of fragmentation correlation develops again but for large

masses and with a smaller exponent. With detailed investiga-

tions I could uncover the source of correlation: for thin plates, as

the consequence of the structure of the crack pattern, the mass

and velocity of fragments are both determined by their location

10H.M. Jaeger, S.R. Nagel, R.P. Behringer, Granular solids, liquids, and gases, Reviews
of Modern Physics 68, 1259 (1996).
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in the original sample. The underlying mechanism of the emer-

gence of mass-velocity correlations is the positional dependence

of the mass and velocity of fragments, which I could successfully

describe with scaling laws [P2,EP3].

3. During the slow compression of heterogeneous materials micro-cracks

are gradually nucleating in the sample. Near the critical point of mac-

roscopic failure the cracks get localized in a so-called damage band,

where the material becomes fragmented due to the high concentrati-

on of cracks. In order to understand this slow fragmentation process

I performed computer simulations in the framework of our Discete

Element Model applying uniaxial compression on cylindrical samples

varying the sample size over a broad range. I studied the location of

the damage band inside the body and its internal structure by analy-

sing the statistics of the generated fragments [P3].

a) Based on the spatial location of single fragments, I developed an

algorithm that provides the location and orientation of the da-

mage band inside the sample with a high reliability. The polar

and azimuthal angles characterizing the orientation of the cent-

ral plane of the damage band fluctuate due to the disorder of the

material. The probability distribution of the polar angle φ per-

pendicular to the axis of the cylinder proved to be uniform over

the [0, 2π] interval, which implies that the angle φ is randomly

selected due to the symmetry of the system. I also showed that

the distribution of the angle Θ with respect to the direction of

loading becomes narrower with increasing system size. Finite

size scaling revealed that in the limit of large system sizes, the

most probable angle converges to 30 degrees, which is in a very

good agreement with the measured values11. Analysing the spa-

tial distributions of fragments inside the damage band I showed

that the relative thickness of the band decreases as a power law

of the sample size, so that the band becomes sharply defined with

increasing system size [P3].

11M. S. Paterson and T.-F. Wong, Experimental Rock Deformation: The Brittle Field,
(Springer, Berlin, 1978).
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b) Due to the slowly increasing compressive load the material gets

fragmented inside the damage band, however, outside the band

two large residues survive which suffer solely some damage. In-

side the damage band the mass distribution of fragments has a

power law functional form in agreement with measurements on

laboratory and geological fractures12. The value of the exponent

proved to be independent of the sample size, and hence, of the

extention of the damage band. A special feature of the fragmen-

tation process occurring in the damage band is that the fragments

have a self-affine character: small fragments have an isotrophic

shape, while the larger ones are elongated and the larger they

are the more elongated they become. I showed that due to the

self-affinity the mass of the fragments increases as a power law

of the radius of gyration, but the value of the exponent is lower

than the dimension of the embedding space. Similar behaviour

in dynamic fragmentation could not be pointed out [P3].

4. Compression induced fragmentation is a slow process, where cracking

avalanches get localized into the damage band when approaching mac-

roscopic failure. In order to understand the dynamics giving rise to the

emergence of the damage band, I analyzed the evolution of the time

series of cracking avalanches through the statistics of record breaking

events. As a reference, I compared the results to the record statistics

of the time series of Independent Identically Distributed (IID) ran-

dom variables from the literature13. Since the analytical IID results

are valid only for infinite time series, I also generated a surrogate data

set by randomly reshuffling the events of the fracture time series to

destroy correlations and get information about the effect of the finite

sample size [P4].

a) I identified those avalanches as records of the fracture time seri-

es, which have a size greater than any previous event. I showed

12D.L. Turcotte, Fractals and chaos in geology and geophysics, (Cambridge University
Press, 1997).

13G. Wergen, Journal of Physics A: Mathematical and Theoretical Physics 46, 223001
(2013).
S. N. Majumdar and R. M. Ziff, Phys. Rev. Lett. 101, 050601 (2008).
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that the number of records during the breaking process grows as

a power law of the total number of events, and near the macros-

copic failure, beyond a characteristic record number the increase

accelerates. The size and lifetime of records (number of events

necessary to break a record) proved to be power law distributed

with relatively low exponents. For the size distribution of re-

cords of a specific rank I found a universal functional form with

power law asymptotics. I showed, that the record statistics of the

breaking process differs significantly from the completely uncor-

related IID behaviour, while the results of the shuffled time series

agree very well with the analytic predictions of IIDs. The dif-

ference can be attributed to the correlation between subsequent

avalanches of the fracture time series [P4].

b) Analysing the average quantities of records as a function of the

record rank, I showed that the breakup process has two clearly

distinct stages: initially the record breaking process slows down

indicated by the growing waiting times and decreasing relative si-

ze increments between consecutive records. I identified a charac-

teristic record rank beyond which the record breaking accelerates

with rapidly decreasing waiting times and growing relative size

increments. I concluded by the analysis of the mechanical respon-

se of the system and the spatial location of the cracks, that the

characteristic record rank nearly coincides with the yield point

of the system where stronger non-linearity sets on. I suggested

a method to detect the point of yielding from the time series of

fracturing events, and hence, to identify an early signature of the

onset of acceleration towards catastrophic failure from the time

series of the cracking avalanches [P4].

c) Records subdivide the complete time series of events into sub-

series, which are characterized by power law size distributions

with exponential cutoffs. This result has a high significance be-

cause as the system aproaches the critical point of macroscopic

failure, the power law exponent gradually decreases, similarly to

the b-value anomaly observed for earthquakes, which addresses

the possibility of forecasting the catastrophic event. I suggested,
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that instead of the event windows containing a fixed number of

events applied in the studies of earthquakes, it is advantageous to

consider the records as window borders and perform the b-value

analysis with fluctuating event numbers [P4].
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4. Pál G., Mágneses mintázatok
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