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Numerical calculations of the singular stressfields of failing
mode-l| cracksin comparison to experiments

A. Blazquez, J.F. Kalthoff, I. Palomind, A. Fernandez-Cantéli

Summary

The stress fields at initiation of a kinked crack startiognfa crack subjected
to mode-ll loading conditions is investigated. Special emphasisvén go the
changes the stress fields experience in the transition phasédfore to after the
kinked crack is initiated. The stress field that builds up at the cooteh after the
kinked crack initiated is also studied for comparison. The BEM, @ite inherent
high spatial resolution, is used as an adequate technique for this kind of
investigations. The validity of the numerical data is confirmedeXxyerimental
results obtained by caustic and photoelastic techniques.

I ntroduction

A crack subjected to shear (mode-Il) conditions of loading (denoted mothe
crack) in brittle materials fails by initiating a tensi(enode-l) kinked crack
(denoted daughter crack) propagating at an angle of about -70° witcrés the
direction of the original mother crack. Between the mother aiadkthe daughter
crack a notch is formed.

This paper is aimed to investigate the transition of the mod@dk tip stress
singularity of the mother crack before instability to the twogslarities after
instability, i.e. the mode-I singularity at the daughter crack and the addiioess
singularity at the notch that is formed. In consideration of the gty resolution
needed to accomplish this task, the BEM was considered, primarilyodie
precision required for determining the stress fields in the imatedicinity of the
crack tip but also because of the short lengths considered for thietefacigack.
The feasibility of the BEM-calculations for such fracture meatsapplications
are confirmed by comparison with experimental results obtained usirsgic and
photoelastic techniques.

Numerical calculations

The boundary element calculations are performedaforArcan-Richard-
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type specimen of widthiv= 50 mm prepared with a pre-existing crack of léngt
of half the width, see Fig. 1a,b. The specimen szshpsen to be in accordance
with practical test data that apply for measurihg fracture toughness of the
aluminium alloy Al 7075 [E= 71000 MPa, v=0.34, Ry..=533 MPa,
Kic = 30 MPa nY?, K. = 44.4 MPa rH?).
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Fig. 1. Arcan-Richard setip: a) specimen, b) grips, ¢) complete model us
the numerical calculation. d) simplified modnd mesh siz

For the solution of the elastic problem, a plane model under plane strai
conditions is considered using a multibody approach. Six bodies are considered
initially as shown in Fig. 1c: Two solids represent the field mériest of the
specimen where the cracks are located. Two other solids constitute nigezfiries
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(dark grey); for these reinforced zones a Young modulus 10 timeg hingimethat
of the base material is used. For the last two solids representiggpbe stiffness
1000 times higher than that of the base material is assumed [1].

All the calculations were performed with the aid of a boundary estérmode,
based on linear elements [2], assuming weak solutions for the bouadry
interface conditions [3] with limitations of the rigid solid motiactarding to the
formulation proposed by [4]. Figure 1d shows the approximate size of the elements
in the significant regions of the boundary element model. The size&s bdeen
maintained for all the calculations carried out.

Solving the foregoing problem allows one to establish the interaciimoesg
the different solids, particularly among the solids defining thekéimed parts of
the specimens and the ones concerning the field of study. Assuming these
interactions not being changed during the process, the stress file&hiitinity of
the crack can be analyzed for different crack lengths, seel&igrhe interface
among the solids is defined as having an inclinatior7@f°, with respect to the
crack plane of the original mode-Il mother crack.

Numerical and experimental results

The stress field results are shown in the form of angular distribtorzsious
distances from the singularity origin and in the form of contour lofgwincipal
stress differences.

Angular stress distributions at various radial distances:

The results are presented with respect to three coordinatensystth origins
at the tip of the corresponding stress singularities (see Figh2)indiceav, D,
and N are used for characterizing the mother crack, the daughtds, enad the
notch , respectively. The stress field singularities at pheftthe mother crack and
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Fig. 2. Coordinate systems considered in the present study for the ¢
mother crack, for the kinked daughter crack and for the corner
built between the two.
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the daughter crack are found to show &° dependence (as expected in fracture
mechanics). The singularity coefficient of the notch, howerver, teegul0.41 in
accordance with the results in [5] for a notch of an opening angle of 836ig. 13
the stresses, multiplied by the singularity dependence, are plottedléngth of
the daughter crack of 0.1 mm. In all cases the results are mechll the stress
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Fig. 3: Angular stress distributions at varying distances, r, from singulsity
function of the respective angular orientatiénsép andéy: a) around
the tip of the mother crack, b) around the tip of the daughter cratk a
¢) around the corner notch.
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intensity factor of the mother cradk;,. The stresses around the singularity are
given at different radial distances The corresponding analytical results of the
near tip stress fields for mode-Il or for mode-l loading [6] ateo given
(continuous line) for comparison.

Figure 3a shows the numerical results for the original mothek txefore the
daughter crack ariseay= 0, reference ang,). For circles of different radii the
numerical results are practically coincident with the analimes for a typical
mode-II stress field. Figure 3b shows the normalized stress distributmmrsdathe
tip of the daughter crack. The stress field for a very swadille ofr (compared to
the crack length) approaches notably a typical mode-| strédsRmr distances far
away from the crack tip (compared to the crack length), a madeeks field, i.e.
the stress field of the mother crack, results. Please notangied; is shifted in
relation tody (used in Fig. 3a) due to the different reference axes used. Bigure
gives the singular stress field that was found around the cornédr. Adtis stress
field for small radial distances agrees well with the tedol the stress distribution
around a notch (250° opening angle) derived analytically in [5]. kdegnized
that the stress field is of compressive character. At largendiss (compared to the
length of the daughter crack), when the corner notch is circumdgcth® mode-Ii
stress field around the mother crack results (see Fig. 3arfguarison: again note
the shift due to the differently defined angles used).

Similar results as reported were found for shorter and largethe of the
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Fig. 4: Shadow optical caustic images for the configuration: mother crack
daughter crack and corner notch, a) for various radii of the shadow
optical initial curves and b) for positive (upper) and negative €ipw
reference.
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daughter crackap=0.01 and 1 mm, or even longer lengths) not given here
because of space limitations, see [7].

Shadow optical caustic investigations were performed [8, 9] andsauk for
comparing the numerical with experimental results. Based on tbess$ at a
circular contour around the stress singularity of given radjuise. the so-called
initial curve, caustics of different geometrical shape and arze generated
depending on the character of the stress field [10]. For a givess fingularity,
the radiusr, of the initial curve is controlled by optical parameters of the
measuring arrangement and can, thus, be varied.

Figure 4a shows shadow optical caustic images for the configuraftian
mode-Il loaded mother crack of 50 mm length and a 2 mm long daugatdr air
an angle of 70° in a specimen made of the epoxy resin Araldite Bnidk initial
radii r, (0.6 mm) the observed caustic is a typical mode-I| caustica(sed-ig. 4b,
upper part); for larger initial radii (5 mm) the caustic isypical mode-I caustic
representing the loading condition of the original mother crack. At the cornér notc
a light concentration area is observed in Fig. 4a, for betterliziatian shown in
Fig. 4b as a dark shadow spot in a reference plain of negativeirsiticating a
compressive stress concentration at the corner notch [9, 10] (pletsehe
different orientations of crack configuration and loading). These ewpatal
observations are in full agreement with the BEM results of Fig. 3.

Contour lines of principal stress differences:

The numerical BEM results are further used to calculate conioes bf
principle stress differences which are experimentally obsengedcacalled

Fig. 5: Isochromatic fringes for configuration: methcrack, daughter cra
and corner notch, a) BEM calculation, b) photoelastic recording :
selected discrete lines of b).

Proceedings of the 2004 International Conference on
Computational & Experimental Engineering & Science
26-29 July, 2004, Madeira, Portugal



Advances in Computational & Experimental Engineering & Science
Copyright 2004 Tech Science Press 1789

isochromatic fringes by photoelastic techniques. These fringes @ssum
characteristic geometrical shapes and sizes for parti¢dtéasoncentration fields.
Figure 5a shows the numerically calculated fringes; Figuresndbba give the
experimentally observed fringes for experimental conditions as egpaittove

[8, 9]. In close neighbourhood of the stress origins the mode-I singudas $iteld

at the tip of the daughter crack and the symmetric compressass field at the
corner notch, as well as the mode-Il stress field formed geratistances are
clearly identified and in good agreement with the BEM results.

Conclusions

The BEM is found a suitable method to perform numerical calculafams
complex problems in fracture mechanics as those related to mode-Il ormuxed
loaded cracks for which failure is associated with both a chiantpe type of the
stress singularity and an increase in the number of the singatasities involved.
This is demonstrated for the transition of a shear mode-Il sirtyutdra mother
crack into the mode-I singularity around the daughter crack tip aodharession
singularity around the corner notch. Both stress fields are of syionmature
although loading and crack geometry are not symmetric.

The calculations have shown that the mode-I stress field arounigp thiethe
daughter crack builds up as a consequence of the existence of the dexagtite
in particular also for very small length of the daughter crack. It mustidognized,
though, that theK, dominated region is arbitrarily small. The BEM results are
compared to and were found to be in good agreement with results ofnespiai
investigations by shadow optical and photoelastic techniques.

The high spatial resolution of the BEM was the essential prereqdos
performing the study as reported.
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