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1. UVOD

FPZ LENGTH INFLUENCE

Originalni nauéni rad
REZIME
U radu se istrazuje mjesoviti nacin loma u pokusima delaminacije u kojima
se koriste simetricni dvostruki konzolni uzorci optereceni momentom
savijanja. Sprovedene su MKE simulacije s primjenom modela kohezivne
zone u kojima su razmatrane razlicite konfiguracije opterecenja pokusa i
dvije vrijednosti kriticne energije loma, odnosno dvije duljine zone procesa
loma. Na osnovu rezultata simulacija je uradena podjela energije loma i
odredena mjesovitost nacina loma, tj. proracunati su udjeli nacina I i
nacina Il loma u ukupnoj energiji loma. Numericki odredene mjesovitosti
nacina loma za razlicite konfiguracije su usporedene s rezultatima
dobivenim primjenom dvije analiticke teorije podjele energije loma, koje su
postavili Williams te Hutchison i Suo. Ostvarena je odlicna suglasnost
izmedu numerickih i analitickih rezultata.

Original scientific paper
SUMMARY
Mixed-mode fracture in delamination test utilizing double cantilever
specimens loaded with bending moments is investigated in the paper. FEM
simulations are performed using cohesive zone model where different
configurations of test loadings and two critical fracture energy values, ie.
two fracture process zomne lengths, are considered. Fracture energy
partitioning is performed and fracture mode-mixity is determined using
simulation results, i.e. mode I and mode Il fracture parts in total fracture
energy are calculated. The fracture mode-mixities numerically determined
for different configurations are compared with results obtained using two
analytical fracture energy partitioning theories, according to Williams and
to Hutchinson and Suo. An excellent agreement between numerical and the
analytical results is observed.

1. INTRODUCTION

Mnogi suvremeni materijali se prema svojoj
strukturi mogu svrstati u slojevite materijale, kao
npr. slojeviti kompoziti. Slojevita struktura
materijala se takoder javlja i kod lijepljenih
spojeva.  Razdvajanje  izmedu  slojeva,
delaminacija, predstavlja jedan od najznacajnijih
mehanizama loma u ovim materijalima i
otpornost na delaminaciju je vrlo znacajna s
aspekta dizajna dijelova od slojevitih materijala.
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Many modern materials can be classified as
layered materials based on their structure, e.g.
layered composites. The layered structure is also
found in adhesive joints. Interlaminar separation,
delamination, represents one of the most
important failure modes in these materials and
delamination resistance is very important from
the design aspect of layered materials parts.
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Prilikom delaminacije, rast pukotine je
ograni¢en duz ravnine sucelja izmedu slojeva,
koja predstavlja kriticno mjesto u materijalu.
Uslijed nemoguénosti promjene pravca rasta
pukotine moze do¢i do pojave mjesovitog nacina
loma, tj. mogu se pojaviti razliciti omjeri udjela
razli¢itih nacina loma u ukupnoj energiji loma i
mozZe se dobiti mjeSovitost nac¢ina loma u punom
opsegu, od Cistog nacina I do ¢istog nacina II
loma. Kako bi se poznavale tocne vrijednosti
lomne Zzilavosti pri dizajnu, potrebno je za
odredeni materijal poznavati krivulju loma t;.
funkcionalnu ovisnost kritiéne energije loma G¢
0 mjeSovitosti nacina loma. Pored toga,
razmatranje krivulje loma je znacajno i kod
samog dizajna i razvoja slojevitih materijala ili
ljepila za razlicite vrste spojeva.

Za ispitivanje delaminacije se koriste razliciti
pokusi s uzorcima u obliku greda koje se
delaminacijom razdvajaju na dva kraka [1-5]. U
tim pokusima lomna zilavost se mjeri kriticnom
brzinom oslobadanja energije deformiranja,
poznatom veli¢inom iz teorije Mehanike loma
[6], koja se iz prakticnih razloga Cesto naziva i
energija loma. Vecina pokusa delaminacije
imaju konfiguraciju optereCenja u ravnini i
mogu biti s ¢istim na¢inom loma I ili na¢inom
loma II, te s njihovom mjeSavinom. Na osnovu
eksperimentalnih rezultata takvih pokusa, tj.
uopéeno rezultata mjerenja sile, pomicanja i
rasta pukotine, moguce je odrediti samo ukupnu
energiju loma. Kako bi se ta eksperimentalno
izmjerena kriticna energija loma povezala s
odredenom mjeSovitosti nac¢ina loma neophodno
je napraviti podjelu energije loma na udjele od
razli¢itih na¢ina loma. U tu se svrhu mogu
primijeniti razli¢ite analiticke 1 numericke
metode, koje u odredenim slucajevima mogu
dati vrlo razlic¢ite rezultate [7-13].

Dva pionirska analiticka rjeSenja za podjelu
energije loma u pokusima delaminacije, prema
Williamsu [14] i Hutchinson i Suu [15],
izazivala su veliko interesiranje u znanstvenoj
zajednici u posljednjih 30-tak godina za ovu
problematiku. Naime, ova dva rjeSenja daju
razli¢ite rezultate za pokuse delaminacije s
asimetricnim geometrijama uzoraka, S$to je
izazvalo daljnja istrazivanja i predlaganje
brojnih drugih rjesenja.
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During delamination, a crack propagation is
limited to the interface plane between layers,
which represents a critical spot in a material. Due
to inability of alteration of a crack propagation
direction, mixed mode fracture can occur, i.e.
different ratios of different fracture modes can be
present in the total fracture energy and a fracture
mode-mixity can be observed in a full rage, from
the pure mode I to the pure mode II fracture. In
order to know exact fracture toughness values in
a design, it is required to determine a failure
locus for a specific material, i.e. a functional
dependency of critical energy fracture G upon
fracture mode-mixity. Moreover, the failure
locus consideration is also important in a design
and development of layered materials or
adhesives for different types of joints.

Different tests utilizing beam specimen
separating in two arms are used for delamination
testing [1-5]. In these tests, fracture toughness is
measured with strain energy release rate, a
known concept from Fracture mechanics [6],
which is also often called fracture energy for
practical reasons. Most of the delamination tests
have in plane load configuration and can be with
pure mode I fracture or mode II fracture and with
their mix. From experimental results of these
tests, i.e. generally from results of force,
displacement and crack growth measurement, it
is possible to determine only the total fracture
energy. In order to relate the experimentally
measured critical fracture energy with the
specific fracture mode-mixity it is necessary to
partition a fracture energy to parts from different
fracture modes. For this purpose, different
analytical and numerical methods can be used,
which can in specific cases give very different
results [7-13].

Two pioneering analytical solutions for fracture
energy partitioning in delamination tests, after
Williams [14] and Hutchinson and Suo [15],
caused a great interest in scientific community in
the last 30 years. More specifically, these two
solutions give different results for delamination
tests with asymmetric specimen geometries, thus
initiating further research and proposals of
numerous other solutions.
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Nedavno predlozeno rjesenje od Conroya i dr.,
nazvano SACA (polu-analiticka kohezivna
analiza; eng. semi-analytical cohesive analysis)
[13, 16], u kome se, za razliku od dva pionirska
rjeSenja, uzimaju u obzir i svojstva materijala
uzorka 1 svojstva sucelja izmedu slojeva
definiranog modelom kohezivne zone, obecava,
1 ¢ini se kako bi moglo biti rjeSenje ovog
problema. Svojstva materijala uzorka i
kohezivne zone se razmatraju preko njihovog
utjecaja na duljinu zona procesa loma (eng.
fracture process zone, FPZ), na osnovu
jedinstvene ovisnosti mjesovitosti nacina loma o
duljini  FPZ  pokazanoj u  nedavnim
istrazivanjima ove problematike [7-13]. Posto
pokusi s asimetri¢nim uzorcima nisu tema ovog
rada, SACA rjeSenje se ovdje nece detaljnije
razmatrati.

U ovom radu se razmatraju pokusi delaminacije
sa simetricnom geometrijom uzoraka (jednake
debljine krakova), za koje se dva prethodno
spomenuta pionirska rjeSenja slazu. Primjenom
pionirskih analitiCkih rjeSenja se dobije
mjeSovitost nacina loma neovisna o svojstvima
materijala uzorka i sucelja spoja izmedu slojeva,
tj. krivulja loma ovisna samo o konfiguraciji
opterecenja. Cilj ovog rada je utvrditi ovu
ovisnost numericki, primjenom  modela
kohezivne zone (CZM; eng. Cohesive zone
model) u simulacijama loma (delaminacije)
metodom konac¢nih elemenata. Za istrazivanje je
koristen komercijalni softver ABAQUS [17].

2 OPIS PROBLEMA I MKE MODEL

Na slici 1 je prikazana konfiguracija pokusa
delaminacije koja je istrazivana u radu, koja
odgovara DCB-UBM pokusu (dvostuki konzolni
uzorak optereCen nejednakim momentima
savijanja) [18]. Radi se o simetricnom DCB
uzorku, s inicijalnom pukotinom od jedne
polovine ukupne duljine uzorka, kome su
krakovi optereCeni momentom savijanja u
razli¢itim omjerima.

60 mm

Recently suggested solution by Conroy at al,
named SACA (semi-analytical cohesive
analysis) [13, 16], in which, opposite to two
pioneering solutions, properties of a specimen
material and properties of an interface between
layers defined with cohesive zone model are
taken into account, is promising, and it seems
that it could be the solution of this problem.
Properties of a specimen material and a cohesive
zone are considered by their influence on a
fracture process zone (FPZ) length, based on a
unique dependence of fracture mode-mixity on
FPZ length, showed in the recent research of this
subject [7-13]. Because the tests with
asymmetrical specimens are not subject of this
paper, SACA solution will not be considered
here in greater detail.

In this work delamination tests with the
symmetrical specimen geometry (equal arm
thickness) are considered, for which two
aforementioned pioneering solutions agree.
Fracture mode-mixity independent on properties
of a specimen material and on interface between
layers, i.e. a failure locus dependent only on a
loading configuration, is obtained by using
pioneering analytical solutions. The aim of this
paper is to determine numerically this
dependence, utilizing cohesive zone model
(CZM) in FEM fracture (delamination)
simulations. Commercial software ABAQUS is
used in the research [17].

2 PROBLEM DESCRIPTION AND FEM
MODEL

Fig. 1 shows the configuration of the
delamination test investigated in the work,
matching the DCB-UBM test (double cantilever
beam specimen loaded with uneven bending
moments) [18]. It is a symmetrical DCB
specimen, with a pre-crack in the half of a
specimen length, having its arms loaded with
bending moments in various ratios.

60 mm

kohezivna zona
cohesive zone

inicijalna pukotina
precrack
(_ja'i’f]
( 34’113 = k- 1'."|

5,=3 mm

c =-0,95/-0,5/-0,25/0/0,25/0,5/1

ukljestenje
fixed support

Slika 1. Konfiguracija pokusa delaminacije
Figure 1. Delamination test configuration
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Sedam razlicitih vrijednosti omjera opterecenja
krakova (slika 1) je razmatrano u rasponu:
k =-0,95+1,00 (1)
Omjer -0,95 (umjesto -1) za slucaj istog smjera
momenata odabran je kako bi se izbjegao dodir
povrSina inicijalne pukotine i potrebe za
definiranjem kontakta povrSina u numerickim
simulacijama i1 dodatnim utjecajima koje bi
parametri kontakta mogli unijeti u rezultate.
MKE model DCB uzorka je napravljen iz dva
zasebna dijela (grede), s koincidentnim
¢vorovima koji su povezani kohezivnim
elementima nulte debljine na polovini duljine
modela (isprekidana linija), dok su u drugoj
polovini nepovezani i predstavljaju inicijalnu
pukotinu. Na povr§inama inicijalne pukotine
povrsinski kontakt nije numeri¢ki modeliran, jer
se one odmah po pocetku pokusa rastave. Grede
su modelirane s ABAQUS CPE4 (linearnim
elementima s Cetiri ¢vora za ravninsko stanje
deformacija), a kohezivna zona s COH2D4
elementima (kohezivnim elementima s 4 ¢vora).
Materijal greda je linearno elasti¢an, izotropan, s
modulom elasti¢nosti od 50 GPa i Poissonovim
omjerom 0,38.

Sirenje pukotine, tj. lom, je modeliran
primjenom modela kohezivne zone, gdje je
model materijala definiran zakonom naprezanje-
razdvajanje kojim se opisuje cijeli proces loma.
Naprezanje se odnosi na veli¢inu sile po jedinici
kohezivne povrsine, a razdvajanje na relativno
pomicanje izmedu dvije povezane tocke u
kohezivnoj zoni. Naprezanje i razdvajanje su
podijeljeni u komponente u normalnom i
tangentnom pravcu. KoriSten je bilinearni
kohezivni zakon s poCetnim linearno-elasticnim
ponasanjem i linearnim razvojem oStecenja
definiranim pomocu energije loma [19, 20].
Pocetno linearno-elasticno ponasanje CZM je
definirano s nespregnutom matricom krutosti, s
proizvoljno  velikom  vrijedno$¢u  krutosti

K, =K, =10"Pa, jednakom za oba pravca.
Inicijacija  oSte¢enja je definirana putem
kvadratnog kriterija nominalnih naprezanja:

tz [2
sl =t
v)

s jednakim vrijednostima za kriti¢nih naprezanja

2)

u oba pravea £, =, =¢°.
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Seven different arm loading ratios (Fig. 1) are
considered in the range:
k=-0,95+1,00 (D)
Ratio -0,95 (instead of -1) for the case of the
same moment direction is chosen to avoid
contact between precrack surfaces and necessity
to define the contact procedure in numerical
simulations and potential additional influences
on simulation results from contact parameters.
The FEM model is made from two separate parts
(beams) with coincident nodes connected along
a half of the length (dashed line) with zero-
thickness cohesive elements (having nominal
thickness equal to 1). Other half of beams have
unconnected coincident nodes, representing pre-
crack. Surface contact on pre-crack surfaces is
not numerically modelled since they are
separated immediately after the test initiation.
ABAQUS CPE4 (4-node bilinear plane strain
quadrilateral) elements are used for modelling
beams and COH2D4 (4-node two-dimensional
cohesive) elements for modelling cohesive zone.
The beam material is linear elastic, isotropic
with the modulus of elasticity 50GPa and
Poisson’s ratio 0,38.

Crack propagation, i.e. fracture, is modelled
using cohesive zone model, where material
model is defined with a traction-separation law
describing the entire fracture process. The
traction refers to the force intensity divided by
cohesive surface area, and the separation refers
to the relative displacement between two
connected points in cohesive zone. The traction
and the separation have components in normal
and tangential direction. A bilinear cohesive law
is used with initial linear-elastic behaviour and
linear damage evolution defined by fracture
energy [19, 20].

The initial CZM linear-elastic behaviour is
defined with uncoupled elasticity matrix, with
arbitrary high set wvalue of stiffness

K, =K, =10"Pa, equal in both directions.
Element damage initiation is defined using the
quadratic nominal stress criterion:

t ’ t ’
sl =
£ £
with equal critical stress values in both directions
=1 =t.

2
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Ukupna energija loma pri mjeSovitom nacinu
loma je definirana putem linearnog zakona:

Gl GII
s jednakim kritiénim energijama za oba pravca
(na¢ina loma) G| =G| =G°.

3)

U istrazivanju je uporabljena vrijednost
interlaminarne ¢vrsto¢e od t° =45 MPa idvije
vrijednosti  kriticne  energije loma od

GC=200/3OOOLZ. lako se na taj nacin
m

razmatraju samo dvije kombinacije svojstava
CZM za razliCite konfiguracije opterecenja
(slika 1), smatralo se kako bi se drugim
kombinacijama svojstava dobili ili bliski ili
rezultati izmedu rezultata dobivenih s ove dvije
kombinacije. Ova pretpostavka je utemeljena na
rezultatima prethodnih istrazivanja autora [8, 9],
u kojim je istrazivana konfiguracija pokusa s
optere¢enjem momentom samo jednog kraka
uzorka, uz razmatranje viSe razli¢itih
kombinacija svojstava CZM, te i asimetricne
geometrije uzorka, pored simetri¢ne. Rezultati
za simetricnu konfiguraciju (konfiguracija sa
k=0, slika 1) su pokazali zanemarivu ovisnost
mjeSovitosti naCina loma o svojstvima CZM
(duljini FPZ), te su u ovom radu iz prakti¢nih
razloga za istrazivanje odabrane samo dvije gore
navede kombinacije svojstava CZM s kojim ¢e
se ostvariti i dvije ekstremne duljine FPZ.
Kako bi se ostvario trazeni odnos opterecenja
momentom gornje i donje grede simulacije su
izvodene u dva koraka. U prvom koraku uzorak
je bio opterecen momentima u odgovarajué¢im
omjerima koji bi doveli do stanja neposredno
prije pocetka rasta pukotine, a u drugom koraku
rast pukotine ostvarivan je rotacijom krajeva
krakova grede koji su numericki modelirani kao
kruta  tijela  (krajnja  linijja  ¢vorova).
Odgovarajuci omjer kutova rotacije je odredivan
iterativno, ponavljanjem simulacija dok zadani
omjer kutova rotacije ne bi ostvario i trazeni
omjer momenata savijanja uz prihvatljivu
gresku. OptereCenje momentom savijanja je
pra¢eno putem registracije reaktivnog momenta
u ¢vorovima gdje je zadavana rotacija.
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Total fracture energy in mixed-mode fracture is
defined by a linear law:

ié + G_fé =1 ,
GI GII
with equal critical energies in both directions

(fracture modes) G{ =G =G°.

The value ¢° =45 MPa for interlaminar strength

3)

and the two values GC=200/3OOOL2 for
m

critical fracture energy are used in the research.
Although in this way only the two combinations
of CZM properties are considered for various
load configurations (Fig. 1), it is believed that
other combinations would produce close results
or results between those from the two
combinations. This assumption is based on the
results from the previous research of authors
[8, 9], where the test configuration with moment
loading on a single specimen arm is investigated,
with consideration of various CZM parameter
combinations on both asymmetrical and
symmetrical specimen geometries. The results
for the symmetrical configuration (configuration
with £ = 0, Fig. 1) showed a negligible
dependence of fracture mode-mixity on CZM
properties (FPZ length), and for the practical
reasons only two aforementioned CZM
parameter combinations are chosen here for
investigation, thus providing two extreme FPZ
lengths.

In order to achieve a required ratio of the upper
and lower beam moment loading simulations are
conducted in two steps. In the first step specimen
is loaded with moments in a required ratio with
an intensity enough to induce the onset of
preceding crack growth initiation, and in the
second step crack growth is induced by rotation
of beam arm ends modelled as rigid bodies (end
line of nodes). An appropriate ratio of rotation
angles is determined iteratively, repeating
simulations until the set rotation angle ratio also
generates a required moment loading ratio with
an acceptable error. The bending moment
loadings are monitored by registering reaction
moments in the nodes where rotation is applied.
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3 ANALITICKA PODJELA ENERGIJE
LOMA

U ovom radu se razmatraju dvije pionirske,
suprotstavljene teorije podjele energije loma u
pokusima delaminacije rjeSenja prema
Wiliamsu [14] i prema Hutchinsonu i Suu [15],
poznate i kao globalno i lokalno rjeSenje u
kasnijim znanstvenim diskusijama. U oba rada je
razmatran problem delaminacije u homogenoj
izotropnoj gredi, debljine A, Sirine B, s medu-
lamelarnom pukotinom na udaljenostima 4 1 4
od gornje i donje povrsine, slika 2.

3 ANALYTICAL FRACTURE ENERGY
PARTITIONING

In this paper, two pioneering, confronting,
fracture energy partitioning theories for
delamination tests are considered — solutions by
Williams [14] and by Hutchinson and Suo [15],
known also as global and local solutions in later
scientific discussions. In both solutions the case
of delamination in homogenous isotropic beam,
with height # and width B, containing an
interlaminar crack at distances /4, and 4, from the
top and bottom surface is considered, Fig. 2.

Sirina B width B ) M,

'ﬂ‘| ﬁ hl

h i
M, ) h, j) -

Slika 2. Delaminacija razmatrana u analitickim teorijama [14] i [15]
Figure 2. Delamination considered in analytical theories [14] and [15]

Raspodjela energije loma u rjeSenju Williamsa
napravljena je usvajanjem sljedecih (globalnih)
uvjeta za deformacije i optere¢enja prilikom
nacina I i na¢ina II loma:

- Cisti nac¢in II loma dobije se ako nema
normalnog razdvajanja izmedu dva kraka, tj. ako
im se elasti¢ne linije podudaraju,

- cisti nacin I loma dobije se ako su momenti
koji djeluju na dva kraka jednaki i suprotnih
smjerova. Podjela energije u rjesenju
Hutchinsona i Sua ucinjena je preko faktora
intenziteta naprezanja (lokalno), izvedenih uz
odredena  pojednostavljenja  (linearnost i
dimenzionalnost, prema navodima autora).

Kao §to je ve¢ reCeno, primjenom ovih
rjesenja za asimetricnu geometriju delaminacije
(hi#hy) dobiju se razliCiti rezultati podjele
energije. Medutim, za simetricne geometrije
(hi=h2) oba rjesenja daju jednake rezultate, i
moze se izvesti izraz za mjesovitost nacina loma
u obliku:

G, 4(1+k)
G T+k(2+7k) *

u kome je mjeSovitost nacina loma izrazena
omjerom energije vezane za nacin I loma u
ukupnoj energiji loma.
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Fracture energy partitioning in the Williams
solution is done by assuming following (global)
deformation and loading conditions for mode I
and mode II fracture:

- pure mode I fracture is obtained if there is no
normal separation between two arms, i.e. there
elastic lines are coincidental,

- pure mode II fracture is obtained if moments
acting on two arms are equal and opposite.
Fracture energy partitioning in the Hutchinson
and Suo solution is done using stress intensity
factors (local), obtained with specific
simplifications (linearity and dimensionality,
according to authors).

As already mentioned, employing these
solutions for asymmetrical delamination
geometries (71#h,) different energy partitioning
results are obtained. However, for symmetrical
geometries both solutions give equal results, and
the expression for the fracture mode-mixity can
be obtained as:

G, A(l+k)
G T+k(2+7k) @

where the fracture mode-mixity is given with the
ratio of mode I fracture energy to the total
fracture energy.
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Treba uociti da u jednadzbi (4) mjesovitost nacin
loma ovisi samo o &, odnosno omjeru intenziteta
momenata savijanja koji opterecuju uzorak.
MjesSovitost nacina loma prema jednadzbi (4) ne
ovisi o svojstvima kohezivne zone niti o
materijalu uzorka, $to je i cilj ispitati.

4 NUMERICKA PODJELA ENERGIJE
LOMA

Iako su energije vezane za nacin I i nacin Il loma
ukljuc¢ene u Abaqus jednadzbe njih nije moguce
dobiti kao izlazne vrijednosti MKE analize.
Zbog toga se raspodjela energije loma mora
raditi numerickim prora¢unom pomocu izlaznih
vrijednosti naprezanja i razdvajanja. U tu svrhu
se mogu primijeniti globalni [10, 21] 1 lokalni
pristup [20, 22], koji se razlikuju u veli¢ini
kohezivne zone uklju¢ene u proracun. Kako su
prethodna istrazivanja pokazala da oba pristupa
daju suglasne rezultate [7, 9, 12], ovdje je
koristen samo globalni pristup, zasnovan na
proracunu J-integrala [23].

J-integral oko pukotine se svodi na kohezivnu
zonu, pa se energija vezana za nacin I i nacin II
loma moze odrediti pomocu izraza :

! I
00 00,
G = dx , G,= Sdx , 5
1 ‘([Gax x it '[Tax X )

gdje je [ duljina kohezivne zone u proracunu, &,
1 & sunormalno i tangentno razdvajanje, a o i
7 su normalna i tangentna naprezanja u
kohezivnim elementima. Osa x ima pravac i
smjer rasta pukotine.

4 USPOREDBA NUMERICKIH |
ANALITICKIH REZULTATA

Rezultati mjeSovitosti nacina loma dobiveni
integracijom prema jednadzbi (5), koristeci
rezultate numerickih simulacija opisanih u
poglavlju 2, su wusporedeni s analitickom
krivuljom, jednadzba (4), prema rjeSenjima
Williamsa i Hutchinsona i Sua. Usporedba je
prikazana na slici 3, gdje je omjer GV/G
uporabljen za definiranje mjeSovitosti nacina
loma. Usporedba pokazuje mala odstupanja
izmedu analitickih 1 numeri¢kih rezultata, te
izmedu numerickih rezultata dobivenih s dvije
razliite energije loma s kojima su ostvarene
dvije razli¢ite duljine FPZ (tablica 1).
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It should be noted that in Eq. (4) fracture mode-
mixity is depended only on £, ie. ratio of moment
intensities acting on a specimen. According to
Eq. (4), fracture mode-mixity is not dependent
on cohesive zone nor material properties, and the
goal is to investigate it.

4 NUMERICAL FRACTURE ENERGY
PARTITIONING

Although mode I and mode II fracture energy
partitions are included into Abaqus equations,
they are not available as FEM analysis outputs.
Therefore fracture energy partitioning must be
performed numerically, using outputs for
tractions and separations. For this purpose global
[10, 21] and local approach [20, 22] can be
implemented, which differ in the size of a
cohesive zone included in the calculations. Since
previous research showed that both approaches
give agreeable results [7, 9, 12], only the global
approach is used here, which is based on
calculation of J-integral [23].

The J-integral around a crack is reduced to a
cohesive zone and energies related to mode I and
mode II fracture can be calculated with
expressions:

1 1
o5 a6,
Glzjaaxﬂdx , Gllzjra;dx, (5)

0 0
where / is the length of integrated cohesive zone,
onand & are normal and tangential separations,
and o and 7 normal and shear stresses in
cohesive elements. Axis x also coincides with a
crack propagation direction.

4 COMPARISON OF NUMERICAL AND
ANALYTICAL RESULTS

Results of fracture mode-mixity obtained from
integration with Eq. (5), using the FEM
simulations described in Chapter 2, are
compared with the analytical curve, Eq. (4),
according to Williams and Hutchinson and Suo
solutions. Fig. 3 shows the comparison, where
Gi/G ratio is used for fracture mode-mixity
definition. Small deviations between numerical
and analytical results, and also between
numerical results obtained with two different
fracture energies, providing two different FPZ
lengths (Tab. 1), are observed.
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Slika 3. Usporedba numerickih i analitickih rezultata
Figure 3. Comparison of numerical and analytical results

Tablica 1. Duljine FPZ zabiljeZene u MKE simulacijama
Table 1. FPZ lengths registered in FEM simulations

Moments ratio FPZ lengths for different critical fracture energies / mm
Omjer momenata Duljine FPZ za razlicite kritine energije loma / mm
k G°=200 J/m2 G=3000 J/m2
-0,95 2,4 11,8
-0,5 2,2 10,6
-0,25 2 9,2
0 2 8,8
0,25 1,8 6,4
0,5 1,8 54
1 1,6 5
5 ZAKLJUCAK 5 CONCLUSIONS

Provedeno numericko istrazivanje je pokazalo
vrlo malu ovisnost mjeSovitosti nac¢ina loma o
duljini FPZ za slucaj delaminacije simetri¢nog
grednog uzorka. Numericki rezultati se odlicno
slazu s dvije pionirske analiticke teorije podjele
energije, prema Williamsu i prema Hutchinson i
Suo, ¢ime je potvrdena primjenljivost ovih
teorija kod pokusa delaminacije sa simetricnim
grednim uzorcima.
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