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ABSTRAGT

The so—called p-model of brittle mode I fracture is elaborated
and extended. It takes into account the influence of the crack
transverse dimensions and residual stresses near the crack
front in an unloaded body on its fracture. New interpretations
have been offered of such basic notions as a orack parameter
and a fracture parameter. Through the use of a central orack in
a polymethylmethacrylate plate as an example, it is shown what
experimental data and in what way enable one to evaluate those
parameters. The gap between p—model and classical fracture
models has been bridged by incorporations of the following
notions: an effective cut 1(k), an effective stress intensity
factor KI(k) and the initial value Kl'u of the KI(k) parameter.

Unlike their traditional analogues, the 1(k) and KI(k) parame-—

ters depend on the state of the material tested and on the
ratio of loads applied along and across the crack plane.
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INTRODUCTION

Pailures of brittle materials in compression and in tension are
usually investigated from different standpoints and indepen-
dently of each other. In the first case the continuum mechanics
approaches are mostly used, while in the second the fracture
mechanics ones are extensively applied. This unnatural gap
originates from the fundamental Griffith (1920, 1924) publica-
tions. The need for some general theory had long been felt and
was continuously becoming more urgent. To judge by the situa-
tion to date, no coherent and complete theory of such type has
yet emerged. The main obstacle here is the absence of a unified
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fracture model which would make it f i

. easible to apply the
type of analysis to‘mode I orack behaviour in tggs:%’on an(?amu?
compression under uniaxial and multiaxial loading.

In oclassical fracture models a real crack with mism

3 : atche —
fages in an unloaded body is usually replaced by a volm?xei’gls‘s
ma hemat_loal out. Thus possible influence of the orack trans—
verse dimensions .and residual stresses at its front on the
fracture are eliminated from the subsequent analysis. Naumenko
(15T, l19913.) advanced a unified model of brittle fracture
@rfr;lo el) according to whioch a neglect of the initial crack
state parameters ocan be jus:tified only in the case of macro-

THE BASIC NOTIONS OF THE UNIFIED FRACTURE MODEL

Characteristioc Crack States. For a non i
- propogating central crack
in a Blaxz.aIfIy Toaded Imearly—elastio plate (Fig.1) they are
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Fig. 1. A plate with a through orack (a) and typi iagram
; ! ical di
'load vs orack face displacement at its eil()i" (b)) &

designated "by the following indices: "u" is the initial state
at d=gq=o0; "o" is the instant when the residual stress effect
near .t}}e crack front is vanished; "e" is the moment of
transition from elastio to elasto-plastic deformation of the
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plate; "i" is the crack growth onset instant and "1" is the
state of the complete crack faces contact in a compressed body.
Of key importance are the data referring to the states "u" and
"o" which will be considered from the following standpoint. The
crack propagating in a brittle material is instantly arrested
by the complete plate unloading when the crack attained presc
ribed size 2 a, (Fig.2). Prior to and after arrest the orack
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a cavityAfomed by two surfaces symmetrical with respect to
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Supposed behaviour of an isolated through mode I

Fig. 2.
& crack at the stage of its growth with a velocity v (a),
after unloading (b) and the procedure of experimental
determination of the physical crack length (c): &4

- zone of inelastic deformation and fracture; mm - a
layer of damaged materialj; - zone of partially
remained bonds; - compression zone;

- elastically deformed material.

the xoz plane. Tn the state "W the crack surfaces cannot come
into a complete contact due to physiso-chemical material trans-
formations in the fracture process zones. Residual stresses
arising after unlvading in combination with the orack
dimensions and lLype predetermine its initial profile. For ins-
tance, a sufficiently long central through crack can have dumb-
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bell like shape (N

: aumenko 1987, 1991a).

Tack Parameters. For the p-model these are (Fig.2): a .- half
u

length of 5 vis i ifi

ually identified cent i

Tafes R f ntral crack in t
i’uf:ve; Clp the orack physical half length; P - ?ﬁe ufnligirggg
° tseul‘fof‘s.dlus of th.e equivalent elliptical hole vertices; d-
end region length; and K1u - initial stf'ess

l'IltellSity faCtOI' Value. EOI' b['l.‘tt]_e Hlatel'la]_s a V]Slb]_e Slte of
th.e GI‘aCk end m. i i o] ‘
a., be i i

region where the cohesi
o e 81lve forces p(8) are acting. Its u
(T Op) corresponds to the crack physnl%al end.ppei

Let us consider th
ters K > € procedure of the determination of rame—
Ty and p through the use a8 an example of g centrai)acrask

N a plate of optically ¢

o Y transparent model material. i is

gerﬁgiglmfghaggylate (PMMA) which has the followailn,g %%]:raé:

F=2.88 opas L ot e }aborat_ory conditions: elasticity modulus

Blon o o .4 olsson's ratio v=0.41; ultimate strength in ten-
u -4 MPa. Using the technique of combined loading of a

speci i
irplderllrggrtlio%y atesrﬂsolx??, I‘tera.nsxi'(e:rse compression and impact wedge
precrack was grown (au=0.19W, where 2§ Is

the p1 i i i

- tlfe aotfao‘;lditk})t.. After optical interferometrio determination

Bis oeacn o nitial profile, 8(x), in the Specimen midsection

T extenqsi e}ftended. The ocycle "crack opening measurement :

TEngth o =OL681WI' had been repeated ten times until the orack
w=9- was reached. (The experiments were performed

together with A.E i
; s A.E.Elagin). Then b the i
profile elliptical portion ( gyx < IextrapgéatilsonShgfwn t}l}fl

Z s )
Fig.2o. tn min max’?*
€ values du’ ap were determined ang using the known

relati i i i
Stres;ggsh&ps for a strip witn a oentral out the equivalent
u and the oorresponding magnitude of KI ~ 3.83x
v .

10" Mpa VI were
calculated. Here Gu are the tensile stresses

which s .
ch ensure tpe Similarity of the out profile and the orack

profile at r .
zmln ST < xmax' Let us replace an isolated crack by

som i i

ticgseiélgg}gal hole of equal length. The radius p of its ver-

the plate oong?g 80 tha!: at blaxial stress ratio k=q/d for
> ldered (Pig.1) the corresponding Py value at the

ins tant o i
* 1is oonstant . Charaoteristio stresses dO a.nd q
0

~ere defined experi t
b g mentally. The correspondi value of
5 Um must be regarded as tentative unntgil moreoex@eﬁgtilstle
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data for an isolated orack (a_<0.1f) are available.

Fraoture Parameters. These are: 31 is the potential energy

release rate at an infiniteeimal increment of the equivalent
21liptioal heole dimeneion a = Clp; OI ie the opening displace-
ment and dI is the opening displacement angle of the hole tips.

For some ocharacteristio ztate "h" of the plate with an isolated
crack at plane strain (Fig.1) the fracture parameters are:

o (R)=R[0, (8)1% [a+0.5p &7+0.3750P@ (1-8)2] (1-v2)/E; (1)

Om(k)=2(bh-b)[1—(l't/(1-11)2]1/2; (2)

1 4

dp, (2)=2 arotglz, (b,-b)/a, (@ - 2)172], (3)

where @ and b = p @ are the major and minor semi-axes of the
equivalent ellipse; a, and bh are the deformed ellipse semi-

axes. In the problem oonsidered the biaxiality ratio = varies
within the limits "< & <0 were 2 = qh/du. The lower bound k

corresponds to the uniaxial compreesion oase and depends on the
orack length since
1/2

g, ~ qu/[x [ap+ 0.375 rpr]] )

The values GI, dI and d = a-T,, where d is the length of the

ellipee end region, have a definite physical meaning only when
one of them is determined experimentally. Naumenko and

Mitohenko (1991) provided oonclusive evidence that for PMMA
fracture the angle CLI oan be employed as a fracture parameter,

whose characteristic valuee are independent of the k ratio. The
material charaoteristios Arg=2.5: 1O~3,
dIi=11.5v10_3 and formula (3) were used for the caloulation of
the hole tips positions Ty and the following fraoture
parameters_ values: GIO(O)=O.6 U-m;) BIO(k_)=O.26 Mm; OIi(O)=3.6
pm; 8., {(k )=3.3 um; 91o(0)=2 J/m"; 91o(%)=78.6 J/m"; 314 (0)=
11.9 3/m°; 3., (x7)=4.3 ki/m?.

corresponding

THE GRIFFITH-IRWIN (GI) MODEL

Relation (1) and the equivalence of Griffith and Irwin
approaches allow to incorporate the notions of an effeotive

mathematioal out
i(x)=[a+0.5 p 82+0.375 {oa (1~k)2] E/[E-(1-2 v°) a] (4
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and an effective stress intensity factor
R (R)=0[r1(2)]"/2=[3, (») B/ (1-12)] 172, (5)

The nonequality of the 91 (") and 911, (0) magnitudes indicates
that charaocteristio values of parameter KI(k) are dependent on

the k ratio. This dependence oan be defined if we use the
experimental results of the PMMA fracture investigation under
biaxial tension—oomprpssion loading Pisarenko et al. (1981).
They allow to write as the first approximation:

In (2)=0y (0)/(1-x [0, -0y (0)] /5™, (6)

which is valid at & < k £ 0. On the ourve obtained usi (5)
and (6) (Pig.3) two portione of the relative oconstancy o]fnihe

Ry KKy @
115 |1=theoretical curve

2-experimental line
170 (Bftis, Jones, 1982)

a - 40-4 mm
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Pig. 3. The orack onset KI(h) value variation with load
biaxiality ratio (general view is shown separately).

KI(h) values at the oraock growth onset are shown: I(-1224 € & <

<-660) and IITI(-5 < x < 0). Within them the deviation from the
nearly oconstant values of KIi(k )=3.84 MPa VW and KIi(O)= 0.62

MPaym does not exoeed 5 peroent. Portion IV of the ourve shows
the experimental data from the paper of Eftis, Jones (1982) and
the results of caloulations by eq.(5) based on those data.

THE BARENBLATT—LEONOV—PANASYUK—DUGDALE (BLPD) MODEL

To extend the limits of appliocability of the classioal fracture
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mechanios approaches the parameters of the BLPD-model, as well
as those of the GI-model are defined on the basis of the
unified fraoture model. The orack is replaced by an effecotive
out 21(k) and the positions of its tips T, are determined so
that the characteristic magnitudes of the orack tip opening
displacement Om are equal to the value obtained earlier with

the p-model. Therefore, the length of the end region clh(h) and
the cohesion foroces ph(h) must satisfy the expressions:

Pp(*) = (1

Assuming that at 2 + 2~ the Gi(k) value deoreases linearly, and
at 2 2 O: Oi(h) = oi(o), for “a PMMA plate we shall get depen-

dences shown in Fig.4. For the oase of uniaxial loading we

q(r) =x KIg(h)/S phz(k): - E)KI%(‘)/E Oy ().

Y2 o q; (k)
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Fig.4. Dependences of the orack onset end region parameters
pi(h) and di(h) on the load biaxiality for a plate in
Fig.1a (a general view is shown separately).

have:d, (0)= 157.9 um; D; (0)= 31 MPa; d; (27)= 3.4 pm and p; (k)=
= 1303 MPa. The order of the p; (k) magnitudes agrees with the

hypothesis of Williams (1980) on the existenoce of threeolevelu
of oritioal fracture stress for polymers. For PMMA at 20°C they
are: dI = 2500, dII = 550 and GIII = 130 MPa. At the same time,

the socale of the d; (k) value ochanges from the magnitude compar—

able to the oraze length to the size of the area of single fra-
oture act in a oraze. Apparently, with a deorease in the 2 ra-
tio the following fracture mechanisms dominate in succession:
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oraze formation (dIII)’ local failure of molecular bonds of van
der Waals bonds type (dII) anad breaking of the main bends ().

CONCLUSION

The unified fracture model €nables one to golve the problems of
mode I rcrack Propagation in tension and in compressicn under
uniaxial and biaxia] loading on the basis of *he eame initial
hypotheris. This faot allows to eliminate the unnatural gap
betweer: the available approaches to the investigation or thoee
phenomena and extends the limits of effioient applicability of
the oclassio fracture mechanics theories. However, interrelated
usage of the p, GI ang BLPD-models ig oonnected with the
necessity to OvVeroome a number of obstacles. One of the most
ocomplicated of them is the correct determination of the ocompre-
sB8ive load q, and the oorresponding profiles of an isolated

orack. In a laboratory €xperiment, oonsiderabla deviatione from
the oraock iBsolation conditione and the prescribed uniform field
of ocompressive stresses ape almost unavoidable. on the other
hand, the eXperience revealg that those deviations are often
acocompanied by unacespiably great quantitative ang sometimes

the Tregion, where a free surface of the through nole influences
appreoiably the oraock fraocture process zone, oan be an order of
magnitude larger than that in tension.
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