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ABSTRACT

In practice, most engineering components undergo complex three-dimensona loading and contain, or ae
assumed to contain, cracks or crack-like flavs However, theoreticd and experimenta studies on mixed
mode |, 1l and I11 fracture have only just begun in recent years.

In this study, a generdisad criterion for the extenson of a mixed mode fracture surface in three dimensons
is proposed as an extension of the unified model, based on the notion of a Smple conversion of pure mode to
mixed mode loading energy, in direct proportion to their respective fracture energies. The criterion may be
represented as the 3-dimensional surface depicted in Figure 1.

The proposed criterion has been tested againgt the behaviour of beam specimens (Figure 2) of cement mortar
which were subjected to three- or four-point bending, as well as four-point shear. A grooved ligament which
was rotated both verticaly and horizontaly with respect to the beam section was formed in the specimen,
where each specimen had different orientations of the ligament and were subject to various loading
combinations, s0 as to provide mixed mode loading conditions a the crack front. In doing o, the crack
might be initiated and hence guided to extend dong the truncated V-shaped throat segment as a mixed mode
fracture, thereby providing a means of verifying the efficacy of the fracture envelope. The dress intendty
factors K;, K and K, of the respective modes of deformation were determined by three-dimendond finite
edement analyss, where the data pre-processng was undertaken by PATRAN, while the solution process
was carried out by ABAQUS. The results of the andlyses, as well as measurements made on the INSTRON
1334 servo-hydraulic testing machine, will be presented in the following text, and the proposed fracture
criterion thereby vaidated.
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ABSTRACT

A genadised criterion for the extenson of a mixed mode fracture surface in three dimensions is proposed.
The criterion has been tested agangt the behaviour of beam specimens of cement mortar which were
subjected to three- and four-point bending, as well as four-point shear. A grooved ligament which was
rotated verticdly as wdl as horizontally with respect to the beam section was formed in the specimen, where
esch specimen had different orientations of the ligament, so as to provide differing mixed mode loading
conditions a the crack front. In doing so, the crack could be initiated and hence guided to extend aong the
truncated V-shaped throat segment as a mixed mode fracture, thereby providing a means of verifying the
efficacy of the fracture envelope.

The dress intendity factors K, K;; and Ky, of the respective modes of deformation were determined by finite
edement analyss, where the data pre-processng was undertaken by PATRAN, while the solution process
was carried out by ABAQUS. As a result of the analyses, as well as measurements made on the INSTRON
1334 servo-hydraulic testing machine, the proposed fracture envel ope was confirmed.
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INTRODUCTION

In practice, most sructurd components undergo mixed mode loading involving tenson as wdl as in- and
out-of-plane shearing. Studies on mixed modes I, Il and Il fracture have been the subject of research in
recent decades. Various fracture criteria have been proposed, among which the maximum tangentia stress
criterion proposed by Erdogan and Sih [1] and the minimum gtrain energy criterion proposed by Sh 2] are
the more commonly used in the study of mixed mode crack growth. The gpplication of these criteria has
been extended to mixed modes I, Il and IIl loading [3]. However, it has been reported that none of the
criteria give satisfactory results under al loading conditions [4].

On the other hand, Richard and Kuna [b] have developed a loading device to achieve mixed modes I, Il and
I, as wdl as respective pure mode fractures on plexiglass and duminium specimens, while Hyde and
Aksogan [6] have used an axisymmetric bar-type specimen containing conical “crack-like’ externd flaws to
obtain mixed modes |, Il and Il fracture data. Apart from the foregoing reports, laboratory tests on mixed
modes |, Il and Il fracture are rarely found in the corresponding literature, and this may be due to the
complexities of specimen geometries and |loading conditions thet are involved in such gpplications.
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In the following discusson, a mixed mode I, Il and Il fracture criterion and test method to verify the
criterion, which is based on cement mortar beam specimens, will be proposed. The dress intendty factors of
the respective modes of loading have been evauaed numericdly from three-dimendond finite dement
andyss. The reaults of the anadyses and measurements from corresponding laboratory tests will be presented
subsequently, and shown to confirm the vaidity of the proposed fracture criterion.

BACKGROUND OF THEORY

Smilaly as in the case of the unified model [7], for pure mode |11 loading, the energy release rate Gy 14 dong
the generdized [ plane of Figure 1 may be expressed viaclosure andysis as

T
Guig == Q [0u(r,8)>u, (da- r,p)]ar, )

where the [yAr,0)) is the shear dress dong the generdized [ plane, ull,(Ca-r,00) the displacement of the
crack edge aong the z direction, as referred to the kinked branch tip, and [a the length of the kinked branch
crack. Next, by adopting K¢ as the unified mode Il stress intendity factor with respect to the generdized [
plane, it may be shown that

K :Iri(%notqZ«/Zp :K”,(cosgcosq+s'ngsjnq), (2

Ig
where K, isthe mode Il stress intengity factor dong the sdf-amilar direction, defined as
KIII :Iri(gnotqz(rio) qur ' (3)

Since the dress intengty factor KO, which is referred to the generdised [ direction of the kinked branch
tip, may be specified as

Klm = ( _licg)]®0thz (I’ - da,O)\/2p(r - da) ) (4)

in the limiting condition in which Jald0 and KL[J;; would thereby have to be evaluated with respect to the
main crack tip, Kt = King. Hence, Egn. 2 may be smplified as

2
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(amore detailed derivation may be obtained from reference [8]).

As a reault of invoking the principle of superpostion, the overdl rate of energy relesse, Gq, due to crack
extenson in the generdized [ plane when subjected to mixed mode I, Il and Il loading, may be determined
as

Gy =G +Gq +Gyy, (6)

llq

where Gy and Gjq ae the energy release rates for the tendle and shearing modes of deformation
respectively. Therefore, in the state of fracture,

Gq=Gc, (7)



where G¢c would be the generdized mixed mode critical rate of energy release. Next, based on a pro-rata
energy conversion rate of

G Ge Ge

G|q+ G||q+ qu = quG_ler Guq G, + qu G, , (8)
inview of Egn. 6 and 7, the generdlised mixed mode |, |1 and |11 fracture criterion may be expressed as
G|q " G||q i qu - 1’ (9)
GIC GIIC GIIIC
or dterndively re-stated as
2 2 2
ad  Puad , Hua? g (10)
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as depicted by the envelope of Figure 2.
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Figure 2: Unified mixed model, 11
and Il fracture envelope

LABORATORY TESTING AND FINITE ELEMENT ANALYSIS

Experimental Materials

Ordinary Portland Cement and naturd, fine-graded sand were used to cast the mortar specimens. The mix
proportions of cement : water : sand by weight was 1.0 : 0.31 : 0.8. The materids were mixed in a drum
mixer for a period of not less than 10 minutes to ensure its uniformity. The mean compressive cube strength
was measured as 86MPa in tests carried out according to BS 1881: Part 116 [9]. Stainless stedd moulds were
used for the specimens which were cured in the fog room for 28 days.

Geometry of Specimen

Figure 3 illudrates the desgn of the beam specimen. The overdl dimensons of the specimen was 500mm
(length) [0 200mm (depth) [0 80mm (width). In order to have a mixed mode HlI-1lI fracture, a 2mm wide
grooved ligament, which was rotated both verticdly (angle [) and horizontaly (angle [) was formed in the
pecimen, leaving a V-shaped throat segment. This was done by fixing a thin, sainless sed shim, coated
with mould ail, to the mould before caging, and then removing it within 3 hours of caging so as not to
adhere to the specimen. The ligament was located such that the mid-crack-front coincided with the certre of
the specimen. Two values were chosen for [ and [, namely 26.5600 and 450 respectively. Hence, four
groups of beam configuration with differing combinations of [1 and [ values were available for testing.
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Figure 3: Geonetry of beam specimen (unitsin mm)

Laboratory Set-up and Testing Procedures

The tests were conducted on the INSTRON 1334 servo-hydraulic testing machine. In order to achieve
different mode I/mode Il and mode I/mode Il loading ratios, each beam group was subjected to three
loading cases, as depicted in Figure 4. In dl cases, the specimen was smply-supported.
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Figure 4: Loading cases used in tests

The load was then gpplied monotonicaly at a rate of 0.1mm/min until the specimen failed. The force applied
and corresponding stroke displacement was automatically recorded during the entire test.

Determination of Stress Intensity Factors by FE Analysis

Four 3-dimensond finite dement modes representing the respective beam groups were generated using
PATRAN 85 [10]. Genedly, 20-node second-order quadratic brick elements were used in the modd.
Around the crack front, however, triangular prismatic dements [11] formed by collgpsng one face of
corresponding brick dements, and with the four mid-sde nodes moved to their quarter points, were
employed. Figure 5 shows the entire assembly for a beam group, which conssted of 5944 dements and
27019 nodes.

Figure5: Finite dement mesh for beam group A
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The numerica andyses were carried out by ABAQUS 5.8 [12] and the dtress intensity factors, K, K;; and
K, for each layer of dements across the throat, and in each case of unit loading, were obtained from the
corresponding noda displacements of the crack face. The dress intendty factors dong the crack front were
thereby obtained. Figure 6 shows the digtributions of K, K, and K,;; for one of the beam groups.
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Figure 6: Digributions of tress intengity factors across crack front of beam group

RESULTSAND CONCLUSIONS

For each of the beam groups, three specimens have been tested under each category of loading case.
Accordingly, thirty-six beam specimens were tested in dl.

In dl cases, the load was found to rise with stroke displacement initidly. Crack extenson garted when the
load reeched its critical vaue of Fc. As illustrated in Figure 7, the vaues of Fc were sgnificantly greater
under four-point shear loading than under four- or three-point bending. In the cases of three- and four-point
bending, the load decressed gradudly after Fc, until falure occurred in the specimen. This implies tha
additional energy was required to maintain crack extenson. However, in the case of four-point shear, the
peak |oad dropped suddenly, and the specimen was subjected to sudden failure.

The cracks were found to extend dong the grooved segment initidly, and after a certain sage, deviated from
the throat segment to extend verticaly upwards (Figure 8). The reason of such a deviation was that when the
crack approached the top face of the specimen, the length of the crack front increased. Thus, by a certain
dage, the effect of grooving would not be sufficient to guide the crack dong the grooved segment and the
crack would extend aong the more criticd direction, which was upwards.
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Figure 7: Typicd load-stroke displacement Figure 8: Failure of specimen
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The fracture toughness in pure modes I, Il and 11l had been evaluated in earlier tests on the same materid as
being 0.468MPalim, 0.759MPam and 1.12MPalm respectively. For each of the present mixed mode
fracture cases, Kq, Ki1q and Kjjq were obtained via

Klq: K, xF., (11

an = K, xF¢ (12)
and

Kmq: K xFe (13)

where K, K;; and K;; were the dress intengity factors obtained from numericd analyses, and Fc the criticd
load measured in corresponding tests. The test results are depicted in the plot shown in Figure 9. The figure
aso shows the unified fracture envelope defined by Egn. 10 superimposed on the results of the fracture tedts.
Accordingly, the agreement between prediction and experimental results was within 10%.
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Figure 9: Comparison of unified fracture envelope with test results
(different symbols for various loading and specimen configurations)

Inview of the preceding findings, the following concluson may be drawn: -

A generdized mixed mode I, Il and Il fracture criterion has been proposed as an extenson of the unified
model, based on the notion of a smple converson of pure mode to mixed mode loading energy, in direct
proportion to ther respective fracture energies. A corresponding test method has been proposed to
characterize the fracture of materia subjected to mixed mode I, Il and Il loading. On the basis of the
proposed fracture criterion and pure mode fracture toughness obtained from earlier tests, the experimenta
results show reasonably good agreement with the extended unified model prediction.
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